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Abstract
A goal of quantum information processing is to build hybrid quantum systems that store
quantum information in nodes, and process and transmit quantum information between nodes.
One way to transmit quantum information between nodes is via phonons, which are quanta of
mechanical vibrations. Phonons are versatile due to their intrinsic coupling to different quantum
systems, such as photons, as well as spins. However, coherent control of qubit interactions requires
strong coupling between spins and phonons, which has yet to be demonstrated in solid-state
platforms. Diamond shows potential as a platform for strong spin-phonon coupling, offering
excellent material properties enabling high quality optical and acoustic resonators, and also hosting
color centers with spin transitions that can be read out optically. In this thesis, we present progress
made towards interfacing the silicon vacancy (SiV) spin with optomechanical crystals (OMCs) in
diamond as a spin-phonon system. We first present a theoretical understanding of how the SiV spin
can couple to phonons, and how large spin-phonon coupling rates can be engineered with acoustic
modes in phononic crystals. We then explore OMCs, which are phononic crystals that also couple to
optical modes in the same crystal, and how they provide an optical interface to the acoustic modes
that couple to SiV spins. Following this, we show our efforts in advancing diamond nanofabrication
techniques through reactive ion beam angled etching and quasi-isotropic etching. Finally, we
present our progress in characterizing the SiV-OMC system, towards realizing an interface that
coherently couples SiV spins and phonons in OMC acoustic modes.
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Introduction

Phonons - quanta of mechanical vibrations - are promising candidates for quantum
systems 1 , both as nodes for storing quantum information, and as transducers for transmitting
quantum information. The utility of phonons as quantum nodes have been demonstrated in
phonon-based memories. 2,3 They can also mediate multi-qubit entanglement and gates, such as in
phonon modes of trapped ion systems. 4 In addition, phonons serve as good quantum transducers 5
as they can couple between different qubits in various ways, 6 such as through radiation pressure
with photons in optomechanical crystals, 7 and piezoelectric coupling with electric fields in
superconducting qubits. 8 Phonons also mediate coupling via strain to spin qubits, such as color
centers in diamond 9,10,11,12,13,14 and quantum dots. 15,16 However, strong coupling between spin
qubits and phonons in strain fields have yet to be achieved. To achieve strong coupling to spin qubits
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with phonons, one needs a spin qubit with a large strain susceptibility, combined with a resonator
that has a large zero-point displacement amplitude.

0.1 Diamond as a quantum optical material
Diamond is a suitable material for realizing strong coupling between spin qubits and phonons. Due
to its large bandgap of 5.5 eV, diamond is able to host a large variety of luminescent color centers - so
called because their fluorescence lies within the visible spectrum - with both ground and excited
electronic states in the bandgap. 17,18 Additionally, its high Debye temperature 19 precludes coupling
between lattice modes in diamond and electronic states in color centers, allowing for stable and
coherent emission. 20,21,22 Many of these color centers, including the nitrogen vacancy (NV)
center 20,23,24 and the silicon vacancy (SiV) center, 25,26,27,28 also host long-lived spin transitions that
can be read out optically. These have enabled quantum information processing using such spin
transitions in color centers. 29,30,31,32,33,34
Diamond is also known for its superior mechanical properties, such as its large Young’s modulus
E ∼ 1050 GPa and large speed of sound v ∼ 18 000 m s-1 , which allows for high frequency (few to
10 GHz) mechanical resonators to be made at the micro- and nano-scale, as compared to other
mechanical materials 35,36 In addition, diamond also has low thermoelastic damping, which arises
due to temperature gradients between regions experiencing compressive and tensile stresses as a
mechanical resonator vibrates, leading to energy loss in the form of heat flow across this temperature
gradient. 37,38,39 Consequently, mechanical resonators with high mechanical quality factors can be
realized.
Additionally, diamond’s high refractive index of n ∼ 2.4 and large transparency window,
spanning from 0.22 to 20 µm, 17 allow for light to be confined in nanoscale structure with low
absorption. This, coupled with advances in bulk diamond nanofabrication techniques, 40,41,42 have
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enabled diamond nanophotonic structures such as ring resonators, 42,43 microdisk resonators, 41,44
and photonic crystals 43,45 to be demonstrated.

0.2

The silicon vacancy center in diamond

The negatively-charged silicon vacancy center (SiV– ) consists of a silicon atom sited between two
adjacent missing carbon atoms in a diamond lattice. [Fig. 0.1(a)] The electronic structure of the
SiV– consists of ground state (GS) and excited state (ES) manifolds, each of which is doubly
degenerate and is split into two levels by spin-orbit coupling. This gives rise to two GS levels split by
the ground state splitting ΔGS = 46 GHz and two ES levels split by the excited state splitting ΔES =
255 GHz. Additionally, by applying a magnetic field, each orbital level is further split into two spin
sublevels. 46,47 A qubit can thus be defined in the spin sublevels derived from the lowest GS orbital
level. [Fig. 0.1(b)]
The SiV– has 70% of its total emission into its zero phonon line (ZPL), 48,49 meaning that a spin
qubit in the SiV– can be read out 25 and controlled 26 optically. The inversion symmetry of the SiV–
means it does not couple to small electric fields, making it insensitive to electric field noise 50 and
thus has a small inhomogeneous distribution 51 and low spectral diffusion. 52

0.3 Phononic crystals and optomechanical crystals
In order to generate large strain fields per phonon, small acoustic mode volumes are required. To
illustrate this, we start with the definition of zero-point fluctuation displacement xzpf , which is the
displacement amplitude of a mechanical resonator due to motion imparted by a single phonon.
The zero-point fluctuation displacement xzpf of a mechanical resonator is related to its effective
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Figure 0.1: (a) Atomic structure of the negatively‐charged silicon vacancy center (SiV– ). C, V, and Si refer to carbon,

vacancy site, and silicon respectively. (b) Electronic structure of the SiV– center showing the zero‐phonon line (ZPL),
orbital level splitting within the ground state (GS) and excited state (ES) manifolds, and the Zeeman‐split spin sublevels
when a magnetic field is applied. A qubit can be defined in the spin sublevels of the lowest ground state orbital.

mass meff by

s
xzpf =

ℏ
,
2meff ωm

(0.1)

where the effective mass meff is defined as the integral of squared normalized displacement q
weighted by density ρ over the volume domain of the mechanical resonator,
Z
meff =

dx ρ(x) |q(x)|2 .

(0.2)

Heuristically, the effective mass would be a product of its density and its effective mode volume Vm ,
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via the relation meff = ρVm . As such, the zero-point displacement scales inversely with the effective
√
mode volume of the phonon mode via xzpf ∼ 1/ Vm .
One way to localize phonon modes to small mode volumes is to employ a phononic nanobeam
crystal, which consists of a one-dimensional (1D) waveguide patterned quasi-periodically. This
pattern comprises two types of unit cells: mirror unit cells, which support acoustic bandgaps; and
defect unit cells, which are geometrically deformed from the mirror unit cell. In mirror unit cells,
bandgaps arise due to alternating regions with high and low density and Young’s modulus, analogous
to optical bandgaps in photonic crystals which result from alternating regions of refractive index
contrast. 53 A bandgap that excludes modes of a particular symmetry but supports modes of all other
symmetries is called a symmetry bandgap, while a bandgap that excludes modes of all symmetries is a
complete bandgap. An appropriate deformation that shifts the frequency of the guided mode into
the bandgap of the mirror unit cell allows the mode to be localized in the resultant phononic crystal.
As there are no modes of identical symmetry to the phonon mode of interest within the acoustic
bandgap by definition, the motion of the defect unit cell is not coupled to that of the guided modes
of the mirror unit cells, and consequently the phonon mode is localized within the defect unit cell.

0.4 Our spin-phonon system: silicon vacancy spin in
optomechanical crystals
The spin-phonon system of choice studied here consists of a spin defined in SiV– , coupled to a
localized acoustic mode of a diamond phononic crystal. The SiV– has been experimentally shown to
be amenable to mechanical deformations, 54 with strong spin strain susceptibilities of 100
THz/strain calculated for a spin qubit defined within ground state orbitals. 47 High spin-phonon
coupling rates can be achieved if the SiV– is embedded in a phonon mode that provides high strain
fields per phonon. To do so, phonon modes need to be localized to wavelength-scale mode volumes
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and can be done using phononic crystals.
Such a system is analogous to a cavity-emitter system in cavity quantum electrodynamics
(CQED), whereby an emitter with an electric dipole couples to a tightly localized photonic mode in
an optical cavity. CQED systems involving SiV– in photonic crystals have been demonstrated to
show high spin-photon coupling rates, 55,56 and have been subsequently used to demonstrate
quantum registers, quantum network nodes, and memory-enhanced quantum
communication. 32,33,34 However, the CQED approach utilizes optical transitions in the SiV– that
involves the excited state, and thus qubit coherence times will be fundamentally limited by
spontaneous emission from the SiV– excited state.
In contrast, the spin-phonon system studied in this work used phononic crystals suspended in
free space. In this implementation, phonon modes do not propagate in free-space and thus do not
radiate, unlike how photon modes can couple to the continuum of radiation modes in vacuum. As
such, phonon dissipation can only occur through damping of phonon modes through processes
such as clamping losses and coupling to modes of opposite symmetries due to fabrication-induced
asymmetry. In phononic crystals, the effect of the acoustic mode on the SiV– can be interrogated
through confocal spectroscopy by measuring changes in SiV– fluorescence. 54
In addition to phononic crystals with a single defect cell, we also considered optomechanical
crystals (OMCs) that co-localize optical and acoustic modes in the same nanobeam, 45 with an SiV–
coupled to the acoustic mode. The telecommunication resonance wavelength of the optical mode
makes it compatible with fiber optical interfaces, while sensitive transduction of the acoustic mode
via the optical mode is possible by virtue of large optomechanical coupling rates achieved. 45
A special type of phononic crystal is the optomechanical crystal (OMC), which are 1-D phononic
crystal nanobeams that are also photonic crystals, and co-localizes both optical and acoustic modes
with low scattering losses. 7 For diamond OMCs localizing acoustic modes at GHz frequencies, the
co-localized optical modes would be at telecommunication wavelengths of ∼ 1550 nm, due to the
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speeds of light and sound in diamond differing by four orders of magnitude. 45 As both optical and
acoustic modes have similar mode volumes on the order of their respective wavelengths, the optical
and acoustic modes overlap well with each other, giving rise to large optomechanical coupling
strengths gOM ∼ 100 – 200 kHz. These optomechanical coupling rates allow for sensitive
transduction and probing of the acoustic mechanical mode via the optical mode, which can be
interfaced via fiber optics at telecommunications wavelengths. 45 In conjunction with spin-phonon
coupling, coherent interactions between phonons and photons would enable hybrid
spin-phonon-photon quantum systems to be built.

0.5 Outline of this thesis
In this thesis, we outline the progress made towards quantum optomechanics in diamond, through
spin-phonon coupling of a silicon vacancy spin qubit to localized acoustic modes in phononic and
optomechanical crystals, the latter of which provides a complementary fiber optical probe of
acoustic modes using light in the telecommunications wavelength range.
Chapter 1 gives a theoretical formulation of the strain response of a spin defined in the SiV–
center, the coupling rate of an SiV– spin to a single phonon in localized acoustic modes, as well as
predictions of various signatures of this spin-phonon coupling that can be observed experimentally.
Chapter 2 presents numerical simulation results of spin-phonon coupling rates in diamond
phononic crystals. We study phononic crystals with different cross-sections and unit cell geometries,
and compare between different phononic crystal designs to evaluate feasibility for spin-phonon
coupling.
Chapter 3 introduces cavity optomechanics and optomechanical coupling, which we leveraged as
an optical probe of localized acoustic modes in optomechanical crystals (OMCs). We present
optimized OMC designs for optomechanical and spin-phonon coupling, and prescribe how these
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OMCs can be engineered for single-ended fiber coupling for subsequent SiV-OMC experiments.
Chapter 4 describes our efforts in developing new hard mask methods to fabricate triangular
cross-section OMCs using reactive ion beam angled etching. We discuss the requirements for such
hard masks, and present results from fabrication and measurement of nanophotonic devices using
different hard mask methods.
Chapter 5 describes our efforts in using an alternative etching method, quasi-isotropic etching,
which relies on differential etch rates of crystal planes to fabricate free-standing rectangular
cross-section devices. We present measurements of rectangular OMCs from quasi-isotropic etching,
as well as demonstrate two-dimensional phononic crystal slabs that are not possible to fabricate using
angled etching.
Chapter 6 presents measurements of triangular and rectangular OMCs at ambient and cryogenic
environments, showing an improvement in mechanical quality factors as OMCs are cooled to
cryogenic temperatures. We also present initial progress towards observing spin-phonon coupling
between SiV– spins and OMC acoustic modes at liquid helium temperatures, as well as at millikelvin
temperatures in a dilution refrigerator.
Additional methods and discussions are included in the appendices.
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1

Theory of silicon vacancy center
spin-phonon coupling

The silicon vacancy center in diamond offers attractive properties in phonon-based
quantum systems due to its sensitivity to strain fields, by virtue of its large ground state susceptibility
of 1 PHz/strain in its orbital levels and 100 THz/strain for Zeeman-split spin sublevels. In this
chapter, we provide a theoretical formulation for the strain response of a negatively-charged silicon
vacancy center (SiV– ) and the coupling rate between an SiV– spin and a single phonon in a localized
acoustic mode supported by a phononic crystal.
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1.1 Strain response and spin-phonon coupling to silicon
vacancy centers
1.1.1 Strain response of orbital levels in SiV–
The effect of strain on the SiV– spin transitions can be analyzed by first considering the effect of
strain on the orbital levels, then treating the magnetic field as a perturbation. The total Hamiltonian
for the orbital levels is the sum of the spin-orbit and strain Hamiltonians, i.e.
(1.1)

Ĥorbital = ĤSO + Ĥstrain .
The spin-orbit Hamiltonian in the pure orbital basis {|eX ↑⟩, |eX ↓⟩, |eY ↑⟩, |eY ↓⟩} is 46



0

ĤSO

0 1

0







1
i
 0 0 0 −1
= − λSO L̂Z ⊗ ŜZ = − λSO 
,


2
2
−1 0 0 0 


0 1 0 0

(1.2)

where λSO = 46 (255) GHz is the level splitting in the ground (excited) state manifolds due to
spin-orbit coupling, and ⊗ denotes a tensor product. The orbital angular momentum L̂Z and Pauli
spin ŜZ operators are given by




 0 i
L̂z = 
,
−i 0


1 0 
Ŝz = 
.
0 −1
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(1.3)

(1.4)

The strain Hamiltonian acts solely on the orbital states, and in the product space of orbital and spin
states, it takes the following form 46,47

Ĥstrain



α−β
0
γ
0







γ 
α−β
0
γ 
α − β
 0

=
,
 ⊗ IS = 


γ
α+β
0
α+β
0 
 γ


0
γ
0
α+β

(1.5)

where I is the identity matrix, and the subscript S denotes the spin subspace. The components of the
strain Hamiltonian are linear combinations of strain tensor components SIJ acting on specific
symmetries of the orbital states 47

α = t⊥ (SXX + SYY ) + t∥ SZZ ,

(1.6)

β = d (SXX − SYY ) + fSXZ ,

(1.7)

γ = −2dSXY + fSYZ ,

(1.8)

where t⊥ , t∥ , d, f are strain susceptibilities that characterize the response of the orbitals to strain SIJ
in the SiV– coordinate basis I, J = X, Y, Z. The form of the strain Hamiltonian is identical for both
ground and excited state manifolds, but with different strain susceptibilities. The eigenstates of
Ĥorbital are the spin-orbit eigenstates {|e+ ↑⟩, |e+ ↓⟩, |e− ↑⟩, |e− ↓⟩} within each manifold. The
orbital components of the spin-orbit eigenstates {|e+ ⟩, |e− ⟩} are related to the pure orbitals
{|eX ⟩, |eY ⟩} via |e± ⟩ =
(|e+ ⟩, |e− ⟩) =

√1
2

(∓|eX ⟩ − i|eY ⟩), which can be written in matrix form as

√1 T (|eX ⟩, |eY ⟩), where
2



−1 −i
T=
.
1 −i
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(1.9)

The eigenenergies are
E± = α ±

1
2

q
λ2SO + 4β 2 + 4γ 2 ,

(1.10)

and the splitting within each manifold as a function of strain is
Δ = E+ − E− =

q
λ2SO + 4β 2 + 4γ 2 .

(1.11)

We now switch from the basis of pure orbitals to work in the basis of spin-orbit eigenstates. In
this new basis, the spin-orbit Hamiltonian is diagonal:


e

ĤSO±

−1


λSO 
0
=−

2 
0

0


0 0

0



1 0 0

.

0 1 0

0 0 −1

(1.12)

To transform the strain Hamiltonian, we perform a change of basis

α

e



±
Ĥstrain
= T · Ĥstrain · T−1



0



 0
α

⊗ IS = 

0
β + iγ

0
β + iγ

12

β − iγ
0
α
0


0



β − iγ 

.

0 

α

(1.13)

The orbital Hamiltonian in the basis of spin-orbit eigenstates is

α + λSO /2

e

e

e

±
±
Ĥorbital
= ĤSO± + Ĥstrain

1.1.2




0

=

 β + iγ

0

0



β − iγ

0



α − λSO /2
0
β − iγ 

 . (1.14)

0
α − λSO /2
0


β + iγ
0
α + λSO /2

Strain response of spin levels in SiV–

However, coupling between eigenstates with opposite spin cannot occur as the spin degeneracy is
not lifted, and matrix elements corresponding to states of opposite spin character are zero. To lift the
spin degeneracy of the spin-orbit eigenstates, a magnetic field B = (BX , BY , BZ ) needs to be
applied, and allows a qubit to be defined with {|e+ ⟩, |e− ⟩} within the lower orbital branch of the
ground state manifold. This corresponds to a Zeeman Hamiltonian ĤZ added to Ĥorbital in
equation 1.14.
The Zeeman Hamiltonian has two components, arising from the interaction of the magnetic field
with the electron spin ĤZ,S , and the orbital angular momentum ĤZ,L . The first component due to
electron spin is

Bz

e

±
ĤZ,S



Bx + iBy

= γS IL ⊗ B̂ · Ŝ = γS 

0


0



Bx − iBy

0

−Bz

0

0

Bz

0

Bx + iBy

0




0

,

Bx − iBy 

−Bz

where the subscript L refers to the orbital subspace, and γS = 14.1 GHz/T is the electron
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(1.15)

gyromagnetic ratio. The second component due to orbital angular momentum is

e

±
ĤZ,L



Bz 0
0
0




 0 Bz
0
0 


= γL B̂Z · L̂Z ⊗ IS = γL 
,


0 
 0 0 −Bz


0 0
0
−Bz

(1.16)

where L̂Z in the basis of spin-orbit eigenstates is




1 0 
L̂Z = 
,
0 −1

(1.17)

and γL = 0.1γS is the orbital gyromagnetic ratio, with the prefactor of 0.1 taking into account
quenching of the orbital angular momentum. 46 The Zeeman Hamiltonian is thus
e

e

e

±
±
HZ ± = ĤZ,S
+ ĤZ,L


(γL + γS ) BZ γS (BX − iBY )
0
0





γS (BX + iBY ) (γL − γS ) BZ
0
0


=
.


0
0
(−γL + γS ) BZ γS (BX − iBY ) 



0
0
γS (BX + iBY ) (−γL − γS ) BZ

At zero strain, the spin transition frequency is ωs = 2 (γS + γL ) BZ .

1.1.3

Coupling rate of SiV– qubit to phonons

We now aim to show that mixing between spin-orbit eigenstates of opposite spin and orbital
characters, specifically the qubit levels {|e+ ↑⟩, |e− ↓⟩}, is now allowed if magnetic field
components perpendicular to the SiV– axis BX , BY are present. For simplicity, we assume the
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(1.18)

off-axis magnetic field is aligned only along the x-axis of the SiV. If BX is small in magnitude relative
to λSO , the resulting spin-orbit eigenstates can be expressed using perturbation theory up to the first
order as 47
γS BX
|e− ↑⟩
λSO
γS BX
|e+ ↓⟩ .
= |e+ ↑⟩ +
λSO

e− ↓′ = |e− ↓⟩ +

(1.19)

e + ↑′

(1.20)

The qubit levels now correspond to orbitals with distinct character. In addition, the possibility of
defining a qubit within the ground state manifold makes it less susceptible to spontaneous
decoherence processes as compared to a qubit that uses an excited state. 47,57
The spin-phonon coupling rate can be obtained as the coupling strength between the perturbed
qubit states due to the strain Hamiltonian:

gSP =

e

±
e− ↓′ Hstrain
e + ↑′

=

2γS BX p 2
β + γ2.
λSO

(1.21)

Assuming a B-field oriented along [001], the off-axis magnetic field BX is related to the magnetic
√
√
field along the SiV– axis BZ by BX = 2BZ , and hence γS BX ≈ ωs / 2. By tuning the spin
transition frequency ωs in resonance with a mechanical mode oscillating at frequency ωm , we can
couple the qubit levels to strain oscillating at ωm with a coupling rate of gSP . We can finally express
the spin-phonon coupling rate in terms of the mechanical mode frequency and the strain
experienced by the SiV– due to a single phonon from the mechanical mode
√
gSP =

2ωm

λSO,GS

q
[dGS (SXX − SYY ) + fGS SYZ ]2 + [−2dGS SXY + fGS SXZ ]2 ,

(1.22)

where the suffix GS signifies that the values of λSO,GS = 46 GHz, dGS = 1.3 PHz/strain, and fGS =
−1.7 PHz/strain for the ground state should be used, 47 and SIJ are strain components in the SiV–
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basis due to a single phonon in the mechanical mode.

1.2

Acoustic eigenmodes in phononic crystals

1.2.1

Solid mechanics theory

The displacement field q of an acoustic mode is obtained by solving the equation of motion,
assuming no body forces, in both vectorial and component forms 58
∇ · σ = ρ (x)

∂2q
∂t2

⇔

∂σij
∂ 2 qi
= ρ (x) 2 ,
∂xj
∂t

(1.23)

where ∇ = (∂/∂x, ∂/∂y, ∂/∂z) is the divergence operator, σ is the stress tensor, i, j = 1, 2, 3, and
(x1 , x2 , x3 ) = (x, y, z) is the position vector in the Cartesian coordinate basis. σ is related to the
strain tensor via the elastic constitutive relation assuming a non-viscous medium, and is a tensorial
analogue of Hooke’s Law,
σ=C:S

⇔

(1.24)

σij = Cijkl Skl ,

where C is the rank-4 elasticity tensor, S is the strain tensor, and : denotes multiplication between a
rank-4 tensor and a rank-2 tensor. The strain tensor is defined as the symmetric derivative of the
displacement field,
S = ∇s q

⇔

1
Sij =
2
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∂qi ∂qj
+
∂xj ∂xi


,

(1.25)

where ∇s is the symmetric gradient operator. Due to the symmetry of the strain tensor, it can be
written as a column vector with its six unique values:







S1

Sxx

  

  

 Syy  S2 
  

  

  

 Szz  S3 
 ≡  .

S=
  
2Syz  S4 

  
  

2S  S 
 xz   5 
  

S6
2Sxy

(1.26)

This notation, along with the ordering xx, yy, zz, yz, xz, xy → 1, 2, 3, 4, 5, 6, is termed Voigt
notation. This simplifies matrices to vectors, and rank-4 tensors of size 3 × 3 × 3 × 3 to 6 × 6
matrices. In particular, for the case of diamond, its cubic symmetry means that the elasticity tensor
takes the following form



C11

C12 C12

0

0

0





C12 C11 C12 0
0
0 






0
0 
C12 C12 C11 0

,
C=

 0
0
0 C44 0
0 




 0
0
0
0 C44 0 




0
0
0
0
0 C44
with (C11 , C12 , C44 ) = (1076, 125, 578) GPa being the elasticity constants of diamond. 59
Combining equations 1.23, 1.24 and 1.25, and assuming a time-harmonic solution
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(1.27)

q(x, t) = q(x)e−iωm t with ωm being the acoustic mode frequency, gives the eigenvalue equation


1
2
q,
−
∇ · C : ∇s q = ωm
ρ (x)

(1.28)

2 and eigenmodes q.
which has eigenvalues ωm

Here, we solve for acoustic eigenmodes of phononic crystal nanobeams with their lengths
oriented along the [110] crystallographic direction, as anti-symmetric guided modes couple less
strongly to cross-sectional asymmetry for nanobeams oriented along the [110] direction, as compared
to those oriented along the [100] direction. 45 In addition, SiV– centers oriented along the [110]
direction couple most strongly to flexural and compressive modes, and this will be discussed in
Section 1.2. As the elasticity constants are defined relative to the [100] crystallographic direction, we
rotate the anisotropic elasticity tensor by 45 degrees about the [001] direction. The 6 × 6 tensor in
Voigt notation for rotation by an angle θ about the z-axis is 58,60


cos2 (θ)

sin2 (θ)



 sin2 (θ)
cos2 (θ)



0
0

R (θ) = 


0
0



0
0


− 21 sin (2θ) − 21 sin (2θ)


0

0

0

sin (2θ)



0
0
0
− sin (2θ)



1
0
0
0

,


0 cos (θ) − sin (θ)
0



0 sin (θ) cos (θ)
0


0
0
0
cos (2θ)

(1.29)

and the rotated elasticity tensor is
C′ (θ) = R (θ) : C : R (θ)T ,

(1.30)

where T denotes the matrix transpose. The rotated elasticity tensor is used in equation 1.28 to solve
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for the acoustic eigenmodes of the phononic crystals studied here.

1.2.2 Calculating the spin-phonon coupling rate to acoustic eigenmodes
After solving for the acoustic eigenmodes of the phononic crystal, the spin-phonon coupling rate
can be calculated. This involves the following steps:
• Extract the strain tensor at the position where the SiV– is to be placed.
• Normalize the strain tensor such that its components correspond to strain due to a single
phonon.
• Perform symmetry operations to project the strain tensor from the corresponding position in
the simulation domain, if the target position is not in the simulation domain (which was
truncated due to symmetry)
• Rotate the symmetry-projected strain tensor from the simulation coordinate basis to the
SiV– coordinate basis.
• Calculate the spin-phonon coupling rate using equation 1.22.
To obtain the true spin-phonon coupling rates with a single phonon, we need to ensure that we
are using strain amplitudes that correspond to a single phonon. To do so, we need to normalize the
strain tensor using equation 0.1,

S = Sunnormalized
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xzpf
.
max (|Q|)

(1.31)

1.2.3 Symmetry operations for displacement and strain fields in phononic
crystals
The existence of symmetry planes allows the phononic crystal to be truncated, with the appropriate
symmetry or anti-symmetry boundary conditions applied to the simulation domain. With
symmetry planes defined by x = 0, y = 0, z = 0, we refer to the part of the phononic crystal where
x ≥ 0, y ≥ 0 (and z ≥ 0 for rectangular cross section) as the primary domain. However, to obtain
strain tensor components at a target position outside of this domain, we will need to use symmetry
operations to project the strain tensor from its corresponding position in the primary domain.
We define the parity operator pi , i = x, y, z, where pi = +1, −1 for even and odd symmetry
about the i-axis (or jk-plane, where j, k refer to components orthogonal to i); and the sign flip
operator mi , i = x, y, z that flips the sign of one coordinate, i.e. mi xj = (−1)δij xj with δij being the
Kronecker delta function. Using these operators, the displacement field components (qx , qy , qz )
obeys the following transformation

qi (mj x) = (−1)δij pj qi (x) .

(1.32)

In full, the transformation x → −x transforms (qx , qy , qz ) as
qx (−x, y, z) = −px qx (x, y, z) ,

qy (−x, y, z) = px qy (x, y, z) ,

qz (−x, y, z) = px qz (x, y, z) .
(1.33)

The corresponding transformations for y → −y are
qx (x, −y, z) = py qx (x, y, z) ,

qy (x, −y, z) = −py qy (x, y, z) ,

qz (x, −y, z) = py qz (x, y, z) ,
(1.34)
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and those for z → −z are
qx (x, y, −z) = pz qx (x, y, z) ,

qy (x, y, −z) = pz qy (x, y, z) ,

qz (x, y, −z) = −pz qz (x, y, z) .
(1.35)

These relations can be understood using the displacement profiles in Fig. 1.1. Using the flexural
mode supported by the rectangular cross-section unit cell as an example, its parity operator encoding
the mode symmetries is (px , py , pz ) = (+1, +1, −1), i.e. even about the yz- and xz-planes, and odd
about the xy-plane. The motion of its top apex in the primary domain (y ≥ 0, z ≥ 0) is in the +yand −z-directions. Analyzing the motion of the other apexes in the cross-section in terms of that in
the primary domain:
• Going to the opposite top apex in (y ≤ 0, z ≥ 0), its motion is in the −y- and −z-directions,
i.e. qy (−y) = −py qy (y) = −qy (y) and qz (−y) = py qz (y) = qz (y) as prescribed by
equation 1.34.
• Next, for the bottom apex with (y ≥ 0, z ≤ 0), its motion is in the −y and −z-directions.
Using equation 1.35, we have qy (y, −z) = pz qy (y) = −qy (y, z) and
qz (y, −z) = −pz qz (y, z) = qz (y, z), which describes the same flip in direction of qy only.
• Finally, for the last apex in (y ≤ 0, z ≤ 0), its motion is in the +y and −z-directions,
identical to the motion in the primary domain. Using both equations 1.34 and 1.35, we have
qy (−y, −z) = −py pz qy (y) = qy (y, z) and qz (−y, −z) = −py pz qz (y, z) = qz (y, z),
which agrees with observation once again.
With the definitions listed in equations 1.33, 1.34, 1.35, along with the sign flip operator mi , we
can substitute them into equation 1.25 to give the projection of strain tensor components from the
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Figure 1.1: Illustration of symmetry operations on displacement field.

primary domain to other domains:




S (−x, +y, +z) = px 1 1 1 1 −1 −1 S (x, y, z) ,


S (+x, −y, +z) = py 1 1 1 −1 1 −1 S (x, y, z) ,


S (+x, +y, −z) = pz 1 1 1 −1 −1 1 S (x, y, z) .

(1.36)
(1.37)
(1.38)

These transformations leave the normal strain terms Sii unchanged, and invert the sign of the shear
strain terms Sjk that has sign flip in either j- or k-coordinates.
The symmetry-projected strain tensor obtained from the above procedure is defined in the
simulation basis, i.e. with the x-axis along the [110] direction and z-axis along the [001] direction.
Hence, rotations are required to project this strain tensor Ssim from the simulation basis into the
SiV– basis. First, we do a rotation clockwise by θ = 45◦ to transform the simulation basis x′ , y′ , z′
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into the Cartesian basis x, y, z, for which the rotation matrix is R−1
Z , where




cos (θ) − sin (θ) 0



RZ (θ) = 
 sin (θ) cos (θ) 0 .


0
0
1

(1.39)

Next, we perform a rotation to go from the Cartesian basis to the SiV– basis X, Y, Z. This rotation is
R−1
SiV , which in turn can be expressed as a row vector of basis vectors in the Cartesian basis,
R−1
SiV


=


(1.40)

XSiV YSiV ZSiV .

The basis vectors corresponding to the four possible orientations of the SiV– Z-axis,
[111], [1̄11], [11̄1], [1̄1̄1], are

XSiV , YSiV , ZSiV


√


(−1, −1, 2) / 6,





√


 (1, −1, 2) / 6,
=
√



(−1, 1, 2) / 6,





√

 (1, 1, 2) / 6,

√
(1, −1, 0) / 2,
√
(1, 1, 0) / 2,
√
(−1, −1, 0) / 2,
√
(−1, 1, 0) / 2,

√
(1, 1, 1) / 3;
√
(−1, 1, 1) / 3;
.
√
(1, −1, 1) / 3;
√
(−1, −1, 1) / 3

(1.41)

Therefore, the full transformation of the strain tensor from the simulation basis to the SiV– basis is
−1
SXYZ = RSiV RZ Ssim R−1
Z RSiV .

(1.42)

The spin-phonon coupling rate can then be calculated from equation 1.22 using components of
SXYZ .
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1.3 Signatures of spin-phonon coupling
Spin-phonon coupling can be measured experimentally by optically-detected acoustic resonance
(ODAR), cooling of the acoustic mode using the spin, and acoustically-induced transparency (AIT).

1.3.1

Optically-detected acoustic resonance

When the qubit frequency ωs is tuned such that it is in resonance with the acoustic mode with
frequency ωm , the resonant phonons from the acoustic mode provide another channel for the qubit
to relax to its lower state, in addition to phonon-assisted processes already present. 47 This is
analogous to the Purcell effect in cavity quantum electrodynamics (CQED), where the decay rate of
an optical emitter is enhanced when placed in a resonant optical cavity.
The total relaxation rate of the qubit is given by Γtot = Γs + ΓA , where Γs is the bare relaxation
rate in the absence of an acoustic cavity. ΓA is the acoustic mode-induced relaxation rate, given by

ΓA =

nth g2SP γs
γs2
4

+ (ωs − ωm )2

(1.43)

,

where γs is the qubit dephasing rate, nth is the number of thermal phonons and gSP is the
spin-phonon coupling rate. On resonance, this reduces to

ΓA (ωs = ωm ) =

nth g2SP
.
γs

(1.44)

To observe ODAR, we would pump on e.g. the C1 optical transition for an effective optical
pumping from the lower qubit state |eg+ ↓⟩ to the upper qubit state |eg− ↑⟩ at a rate Γopt , when
accompanied by spin-conserving radiative decay at a rate γr to the upper qubit state. As the qubit
frequency is swept across the acoustic mode frequency by tuning the magnetic field, we will observe
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Figure 1.2: Schemes for observing signatures of spin‐phonon coupling. (a) Level diagram showing scheme for observing

optically detected acoustic resonance (ODAR). (b) Level diagram showing scheme for cooling of the acoustic mode me‐
diated by the SiV– spin. The Jaynes‐Cummings ladder is shown schematically in the blue dashed box. (c) Level diagram
showing scheme for observing acoustically‐induced transparency (AIT). Inset: Spectrum of excited spin population as a
dunction of microwave detuning.

enhanced fluorescence when the qubit frequency is resonant with the acoustic mode. [Fig. 1.2(a)]

1.3.2 Cooling of acoustic mode using the SiV– spin
The interaction between the SiV– spin and the acoustic mode can be treated as a two-level system
interacting with a bosonic field, and thus can be described using a Jaynes-Cummings Hamiltonian
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of the form 61

ĤSP =



ωs
(|e⟩ ⟨e| − |g⟩ ⟨g|) + ωm b̂† b̂ + gSP b̂σ̂+ + b̂† σ̂− ,
2

(1.45)

where |g⟩ = |e− ↓′ ⟩ and |e⟩ = |e+ ↑′ ⟩ are the ground and excited states of the SiV– qubit
respectively, b̂† and b̂ are the phonon creation and annihilation operators respectively, and σ̂+ and
σ̂− are the raising and lowering operators for the SiV– spin respectively. In this formulation, the
eigenstates of the Jaynes-Cummings Hamiltonian are tensor product states (|g, e⟩ ⊗ |n⟩) of the bare
qubit states |g⟩, |e⟩ and the phonon number states |n⟩. Therefore, one can move up and down the
Jaynes-Cummings ladder for the SiV– spin-phonon system by exchanging quanta between spin and
phonon excitations.
To observe cooling of the acoustic mode, we pump on the C4 transition, which leads to optical
pumping between |g⟩ and |e⟩ after spin-conserving radiative decay to |g⟩. Spin-phonon coupling
mediates the excitation of the qubit by removing a phonon from the acoustic mode at a rate
√
gSP / n. The cycle then repeats with optical pumping. In the Jaynes-Cumming ladder, optical
pumping removes the spin excitation while conserving phonon number, while spin-phonon
coupling exchanges a phonon for a spin excitation [Fig. 1.2(b)].

1.3.3 Acoustically-induced transparency
Coherent interactions between the SiV– spin and acoustic mode phonons occur when the
spin-phonon cooperativity
CSP =

4g2SP
,
(n + 1) κm γs

(1.46)

where n is thermal phonon population in the acoustic mode, is greater than 1. As a result, quanta of
spin excitations and acoustic mode phonons can be exchanged coherently. This can be observed in
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so-called acoustically-induced transparency (AIT), which is an analogue of
electromagnetically-induced transparency (EIT) in atomic physics, 62 and dipole-induced
transparency (DIT) in CQED. 63
To observe AIT, we first tune the qubit in resonance with the acoustic mode, and optically pump
the qubit to its lower state |eg+ ↓⟩ at a rate Γopt , similar to that done for ODAR. At this point, the
number of thermal phonons in the acoustic resonator is (n − 1). We then apply a microwave drive at
a frequency ωMW that is swept across the acoustic mode resonance frequency. When the microwave
drive is resonant with the acoustic mode, i.e. ωMW = ωm , the qubit is driven to its upper state with
the same number of thermal phonons |eg− ↑⟩ |n − 1⟩. Spin-phonon coupling then mediates the
transition to the state |eg+ ↓⟩ |n⟩ by addition of a phonon into the acoustic mode, accompanied by
relaxation of the qubit back to its lower level. The exchange between spin excitation and phonon
√
occurs at a rate gSP / n. The net effect is the shelving of the spin excitation, induced by the
microwave drive, into the acoustic mode with a longer lifetime than the qubit (as κm ≪ γs ) [Fig.
1.2(c)]. This manifests itself as a transparency dip of height 1/(1 + CSP ) in the excitation spectrum
of the qubit, shown in the inset of Fig. 1.2(c).
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2

Design of diamond phononic crystals for
spin-phonon coupling

Coherent spin-phonon interactions require a spin-phonon cooperativity
CSP = 4g2SP /(nth + 1)κm γs greater than one, where nth is the thermal population of phonons, κm
is the mechanical damping rate of the acoustic mode and γs is the dephasing rate of the
negatively-charged silicon vacancy center (SiV– ). At temperatures of 4 K, achievable with
commercially available helium-4 cryostats, these parameters are nth ∼ 16 for an acoustic mode at 5
GHz, γs ≈ 4 MHz, 26 and κm ≈ 20 kHz for diamond OMCs at cryogenic temperatures. 64 As such,
coherent spin-phonon interactions can be achieved at 4 K if gSP surpasses 1 MHz.
Here, we present numerical simulations of spin-phonon coupling rates for different phononic
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crystal geometries for coupling to SiV– spins, formulate design rules to maximize coupling, and show
that single-phonon coupling rates on the order of 1 MHz can be reached with localized phonon
modes at 5 GHz frequency. We will also compare coupling rates between different geometries that
support defect modes at approximately 5 GHz to remove frequency-dependent effects, in order to
evaluate which geometry is advantageous for spin-phonon coupling.

2.1

Considerations for phononic crystal designs and modes

In this work, we consider the following cross-sections and geometries for diamond phononic crystals
with single defects:
• Triangular cross-section waveguides with holes
• Rectangular cross-section waveguides with holes
• Rectangular cross-section block-tether crystals
We chose these designs because of their feasibility in fabrication. Reactive ion angled-etching using
oblique-incident oxygen ions has been employed successfully to fabricate triangular photonic
crystals comprising of waveguide with holes 40,43 , while crystallographic etching using oxygen plasma
at zero forward bias has been used to fabricate rectangular photonic crystal nanobeams. 65 Phononic
crystals with block-tether geometry can potentially be fabricated using crystallographic etching due
to the etch terminating on the {100} plane on the underside of the beam, giving a rectangular
cross-section. 41 However, block-tether geometries – or geometries with rapidly-varying widths along
its length in general – are difficult to produce with triangular cross-section. This is because
shadowing of oblique-incident ions in the concave regions of the geometry results in non-uniform
etching rates and mask redeposition, leading to roughness. 40 As such, we do not consider
block-tether geometries with triangular cross-sections.
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For waveguide-hole phononic crystals, the unit cells are parameterized by their lattice constant a,
width w, and hole diameters along the x- and y-axis in plane hx , hy [Fig. 2.1(a),(b)]. For triangular
cross-sections, the unit cells are also parameterized by the bottom apex half-angle θ that is fixed at
35◦ , having been used in fabrication of diamond optomechanical crystals supporting mechanical
modes. 45 For rectangular cross-section, the thickness t is an independent parameter [Fig. 2.1(b)].
On the other hand, the unit cells of block-tether are characterized by a, w, t, as well as the length of
the block tx and the thickness of the tether ty [Fig. 2.1(c)]. To take into account lithography
constraints, we limited the smallest widths of gaps (hx , hy , a − tx ) and features
((a − hx ), (w − hy )/2, ty , tx ) to be at least 100 nm.
To design the phononic crystal, we first selected a mirror unit cell with a large bandgap. This was
done through a parameter sweep of the unit cell geometries, and computing the acoustic
bandstructure of each unit cell using finite element simulations (FEM; COMSOL, Solid Mechanics
and Livelink with MATLAB modules). 66,67 The figure of merit is the bandgap-to-midgap frequency
ratio, which stays constant even if the unit cell is scaled uniformly. The final unit cell was then
rescaled such that the midgap frequency is at 5 GHz, which is the target qubit frequency for SiV–
spin. We then chose a defect unit cell that shifts the guided mode to a localized mode, whose
frequency lies in the bandgap of the mirror unit cell. The full phononic crystal geometry was formed
by appending sections of mirror unit cells on both sides of the defect unit cell [Fig 2.1(d)], and its
displacement profile of the full phononic crystal was computed using eigenmode simulations in
COMSOL. As these phononic crystals have planes of symmetry – the xz- and yz-planes for
triangular cross-section, and xy-, xz- and yz-planes for rectangular cross-sections (based on the
coordinate axes defined in Fig. 2.1) – the simulation domain can be reduced by simulating a quarter
or an eighth of the full triangular or rectangular phononic crystal respectively.
We focused on two types of modes, flexural and compression modes, as they are fundamental
modes that have the lowest frequencies. This minimizes mode crossings with other modes as the unit
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Figure 2.1: Geometry parameterization for different unit cells studied: (a) triangular cross‐section, waveguide‐hole, (b)

rectangular cross‐section, waveguide‐hole, (c) rectangular cross‐section, block‐tether. (d) Example of phononic crystal
with triangular cross‐section and waveguide‐hole geometry, showing mirror and defect unit cell segments. (e) Table
comparing between flexural and compression acoustic modes studied for different unit cell geometries. The displace‐
ment field q and strain tensor trace Sxx

+ Syy + Szz are shown for each combination of unit cell geometry and mode

type.
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cell is deformed. In addition, both modes have large strain components (SYY − SXX ) (equation
1.22) in the SiV– basis (X, Y, Z) for appropriate SiV– orientations, giving rise to large spin-phonon
coupling rates. The displacement field q and strain tensor trace Sxx + Syy + Szz profiles (where
lowercase x, y, z refer to the Cartesian coordinate basis) are shown for different unit cells in Fig.
2.2(e). The flexural mode is characterized by motion of its top apexes in the +y- and −z-directions
for unit cells of both cross-sections, with additional motion of its bottom apexes in the −y- and
−z-directions for rectangular cross-section unit cells. This corresponds to even symmetry in the xzand yz-planes for both cross-sections, and odd symmetry in the xy-plane for the rectangular
cross-section. The odd symmetry is evident from the node along the y-axis in the strain trace profiles
for rectangular cross-section unit cells. On the other hand, the compression mode involves
displacement of the cross-sectional sidewalls, with motion in +y- and +z-direction for the triangular
cross-section unit cells, and motion in +y-direction only for rectangular cross-section unit cells. For
the compression mode, it has even symmetry about all symmetry planes for both cross-sections, as
seen from the absence of nodes along any symmetry planes.
As these phononic crystals are designed for silicon vacancy centers to be introduced via ion
implantation and annealing, 32,56 we extracted the strain tensor at specific depths beneath the top
surface, namely 20 nm for flexural modes and 100 nm for compression modes. For flexural modes,
the strain is maximized at its top surface; however, as SiV– centers are sensitive to surface defects, we
chose a depth of 20 nm as a compromise between emitter stability and strain maximum. For
compression modes, the strain is maximized close to the center of the phononic crystal cross-section.
We standardized the depth to 100 nm, as ion-induced damage of the crystal lattice occurs at higher
densities as the ion implantation depth is increased.
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2.2 Triangular phononic crystal waveguides with holes
For triangular waveguide-hole phononic crystals, we first studied a mirror unit cell named T1 that
has geometry parameters (a, w, hx , hy ) = (775, 1007, 155, 806) nm. This unit cell supports a
symmetry bandgap from 2.74 to 6.97 GHz, as well as a complete bandgap from 3.58 to 6.23 GHz
[Fig. 2.2(a)]. We chose a mirror unit cell with a complete bandgap as the complete bandgap provides
robustness against fabrication-induced asymmetries, since there are no modes in the complete
bandgap to couple to. This principle has been employed in phonon shields to limit radiation of
acoustic energy away from phononic crystals. 68,69 The flexural and compression modes are derived
from the 4th and 8th symmetric guided modes respectively. In the triangular unit cell, the flexural
mode is characterized by lateral and vertical motions of the top apexes, while the compression mode
is characterized by lateral motion of the sloped sidewalls. We first analyzed the flexural mode, as it
defines the upper bound of the lowest symmetric band gap and thus requires the least deformation
to localize it in the bandgap as compared to other modes.
The defect cell of triangular waveguide-hole phononic crystal is parameterized by its lattice
constant ad and hole diameters hx,d , hy,d ; its width is kept at w, the same as the mirror unit cells. A
sweep of the defect cell parameters ad /a, hx,d /ad and hy,d /w reveals certain trends in the flexural
mode frequency and spin-phonon coupling. The flexural mode frequency decreases most sensitively
with increasing parameters ad /a and hx,d /ad [Fig. 2.2(b)]. This can be thought of as a
redistribution of the effective mass towards the outer edges of the unit cell, which lowers the stiffness
of the bridge between the holes, and hence lowers the mode frequency. The trends in spin-phonon
coupling rates with the geometry parameters is less trivial, but it generally decreases with ad /a and
hx,d /ad and increases with hy,d /w [Fig. 2.2(c)]. This is best understood in terms of narrow bridges
being able to concentrate strain more effectively, thus increasing the strain field amplitude per
phonon. Thus, the strategy would be to first minimize ad to increase the coupling rate, then increase
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Figure 2.2: T1 mirror unit cell and sweeps of defect unit cell geometry. (a) Acoustic bandstructure of the mirror unit cell

with (a, w, hx , hy ) = (775, 1007, 155, 806) nm. The complete bandgap is represented by the red shaded rectangle,
while the symmetry bandgap spans the gray and red rectangles. The flexural and compression guided modes are marked
by the circle and triangle respectively. (b) Localized flexural mode frequencies swept over defect unit cell geometry

(ad , hx,d , hy,d ). (c) Spin‐phonon coupling rates of [111]‐oriented SiV– at 20 nm depth in flexural mode, swept over
(ad , hx,d , hy,d ).
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hx,d to further increase the coupling rate while simultaneously lowering the mode frequency, and
finally choosing an optimal wd to fine-tune the coupling rate.
Subject to fabrication constraints, the defect cell with (ad , hx,d , hy,d ) = (543, 434, 705) nm
supports a flexural mode at 5.30 GHz that gives the largest spin-phonon coupling rate. For a
[111]-oriented SiV– at 20 nm depth, the spin-phonon coupling rate is 2.73 MHz. The displacement
profile exemplifies the effectiveness of the mirror unit cell: the displacement is localized within the
defect region, with the mirror unit cells adjacent to the defect unit cell not experiencing any
significant displacement [Fig. 2.3(a)]. This effect is also evident from the lateral spin-phonon
coupling profile, where the coupling rate decays away from the central defect into the mirror unit
cells [Fig. 2.3(b)]. From the cross-sectional coupling profile, the coupling rate is maximized at the
top surface of the cross-section, at the midpoint of the top edge [Fig. 2.3(c)]. As progressively greater
depths, the spin-phonon coupling first decreases to zero near the centroid of the cross-section, before
increasing and then decreasing towards the bottom apex. Across the width of the unit cell, the
coupling rate is maximized at the center and decays towards the edges. Both trends along the width
and thickness of the cross-section can be interpreted in terms of strain being the position derivative
of displacement: in low-displacement regions of the flexural mode, the strain is maximized, with the
converse being true. From the bar plot of strain tensor magnitudes, the strain tensor at the optimal
position has Syy as its largest component in the geometry basis, with the largest contribution to gSP
coming from SYY in the SiV– basis, consistent with the discussion in Section 1.2 [Fig. 2.3(d)].
To investigate how the nature of the bandgap – complete or symmetric – affects the spin-phonon
coupling rates, a second mirror unit cell named T2 with only symmetry bandgap was also studied.
This unit cell is defined by the geometry parameters (a, w, hx , hy ) = (619, 1098, 231, 678) nm, and
has the lowest symmetry bandgap spanning from 4.01 to 5.98 GHz bounded by the 3rd and 4th
symmetric guided modes at the Γ-point [Fig. 2.4(a)]. Unlike the T1 unit cell, the T2 unit cell has the
3rd anti-symmetric guided mode intersecting this bandgap, making it only a symmetric bandgap.
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Figure 2.3: T1 phononic crystal supporting flexural mode. (a) Displacement profile in xy‐ and yz‐plane of localized flex‐

ural mode at 5.30 GHz, with (ad , hx,d , hy,d ) = (543, 434, 705) nm. (b) Spin‐phonon coupling profile in xy‐plane. (c)
Spin‐phonon coupling profile in cross‐section. Line plots show variation of spin‐phonon coupling along red dashed hori‐
zontal and vertical lines at 20 nm depth and center of beam respectively. (d) Strain tensor components in the geometry
and SiV– bases at the point of optimal coupling, given by intersection of red dashed lines in (c).

For this unit cell, the flexural and compression modes are derived from the 4th and 7th symmetric
guided modes at the Γ-point respectively. The defect cell that maximizes this geometry, subject to
fabrication constraints, is one with (ad , hx,d , hy,d ) = (557, 446, 878) nm, which supports a flexural
mode at 4.97 GHz with a spin-phonon coupling rate of 2.23 MHz to a [111]-oriented SiV– at 20 nm
depth. The displacement [Fig. 2.4(b)] and spin-phonon coupling profile [Fig. 2.4(c)] decay over
two mirror unit cells in this phononic crystal, compared to one mirror cell in the T1 phononic
crystal. However, the flexural character of the mode remains largely similar, as evidenced by the
cross-sectional displacement [Fig. 2.4(b)] and spin-phonon coupling profiles [Fig. 2.4(d)], and
strain tensor components at the position of optimal coupling [Fig. 2.4(e)].
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Figure 2.4: T2 unit cell and phononic crystal supporting flexural mode. (a) Acoustic bandstructure of the mirror unit cell

with (a, w, hx , hy ) = (619, 1098, 231, 678) nm. The symmetry bandgap is represented by the gray shaded rectangle,
with a mode of odd symmetry traversing the bandgap (blue dashed line). The flexural and compression guided modes
are marked by the circle and triangle respectively. (b) Displacement profile in xy‐ and yz‐plane of localized flexural mode
at 4.97 GHz, with (ad , hx,d , hy,d ) = (557, 446, 878) nm. (c) Spin‐phonon coupling profile in xy‐plane. (d) Spin‐phonon
coupling profile in cross‐section. Line plots show variation of spin‐phonon coupling along red dashed horizontal and
vertical lines at 20 nm depth and center of beam respectively. (e) Strain tensor components in the geometry and SiV–
bases at the point of optimal coupling, given by intersection of red dashed lines in (d).
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Defect unit cells in T1 and T2 phononic crystals also support compression modes, in addition to
flexural modes. The compression mode is characterized by motion of sidewalls in their cross-section
[Fig. 2.5(a), (e)], The spin-phonon coupling profile for compression modes decays to zero near the
first mirror cell [Fig. 2.5(b), (f)]; in its cross-section, the coupling profile has a maxima near its
centroid, decaying to zero at the top surface and bottom apex of the cross-section [Fig. 2.5(c), (g)].
The Syy component of the strain tensor contributes most to the coupling rate [Fig. 2.5(d), (h)],
similar to the flexural mode. For the T1 phononic crystal, the compression mode at 6.66 GHz,
supported by a defect cell with (ad , hx,d , hy,d ) = (620, 496, 302) nm, maximizes the spin-phonon
coupling rate of 0.68 GHz for a [111]-oriented SiV– at 100 nm depth. The T2 phononic crystal
supports a localized compression mode at 8.54 GHz with a defect cell having (ad , hx,d , hy,d ) = (619,
495, 878) nm, giving a spin-phonon coupling rate of 2.74 MHz at the same depth. Consistent with
the abovementioned argument, the defect mode appears localized if the defect mode frequency is
sufficiently far away from those of the guided modes supported by the mirror cell [Fig. 2.5(a)-(c)].
However, for the T2 phononic crystal, the coupling rate is high despite non-zero displacement fields
in the mirror region [Fig. 2.5(e),(f)]. This further supports the argument that for large spin-phonon
coupling rates, a complete bandgap is not necessary and a symmetry bandgap is sufficient.

2.3

Rectangular phononic crystal waveguides with holes

In contrast to triangular unit cells, the rectangular unit cells are better candidates for localizing the
compression mode. For triangular unit cells, there are two symmetry planes, the xz- and yz-planes,
and both flexural and compression modes are even about both symmetry planes. On the other hand,
rectangular unit cells have an additional symmetry plane about the xy-plane. While the compression
mode is even about the xy-plane, the flexural mode is odd about this plane. One consequence of this
is that the compression guided mode is now closer to the symmetry bandgap, and a smaller defect is
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Figure 2.5: compression modes supported by T1 and T2 phononic crystals. (a) Displacement profile in xy‐ and yz‐plane

of localized compression mode at 6.66 GHz supported by a T1 phononic crystal with (ad , hx,d , hy,d ) = (620, 496,
302) nm. (b) Spin‐phonon coupling profile in xy‐plane. (c) Spin‐phonon coupling profile in cross‐section. Line plots show
variation of spin‐phonon coupling along red dashed horizontal and vertical lines at 100 nm depth and center of beam
respectively. (d) Strain tensor components in the geometry and SiV– bases at the point of optimal coupling, given by
intersection of red dashed lines in (c). (e) Displacement profile in xy‐ and yz‐plane of localized compression mode at 8.54
GHz supported by a T2 phononic crystal with (ad , hx,d , hy,d ) = (619, 495, 878) nm. (f) Spin‐phonon coupling profile in
xy‐plane. (g) Spin‐phonon coupling profile in cross‐section. Line plots show variation of spin‐phonon coupling along red
dashed horizontal and vertical lines at 100 nm depth and center of beam respectively. (h) Strain tensor components in
the geometry and SiV– bases at the point of optimal coupling, given by intersection of red dashed lines in (g).
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needed to localize the compression mode in the bandgap for rectangular unit cells as compared to
triangular unit cells.
Following the same procedure as with triangular unit cells, we selected mirror unit cells with large
bandgap-to-midgap ratio, such that the midgap frequency is at 5 GHz when the unit cell is rescaled.
We then formed the defect cell by changing its lattice constant a and hole diameters hx and hy , while
keeping the width w and thickness t constant. The first unit cell, named R1, has geometry
parameters (a, w, t, hx , hy ) = (1144, 1144, 915, 229, 915) nm, supporting a symmetry bandgap from
4.04 to 5.96 GHz [Fig. 2.6(a)]. The compression mode is derived from the 2nd guided mode of
even-even symmetry (about the xy- and xz-planes), while the flexural mode arises from the 3rd
guided mode of odd-even symmetry. As both compression and flexural modes are above the
symmetry bandgap, an appropriately chosen defect will shift both modes into the symmetry
bandgap. For the compression mode, the mode frequency decreases with ad and hx,d , and increases
with hy,d , which acts to make the mode less stiff [Fig. 2.6(b)]. The spin-phonon coupling rates
increase with hx,d and hy,d , and decrease with ad [Fig. 2.6(c)]. Like the flexural mode, the
spin-phonon coupling rates are improved by reducing the size of the bridge in the central defect cell,
which acts to concentrate the strain field. Therefore, the design strategy for compression modes in
rectangular waveguide-hole phononic crystals would be to first maximize hx,d and hy,d to maximize
coupling rate and lower the mode frequency, and then maximize ad such that the mode remains in
the bandgap while further increasing the coupling rate.
For the compression mode in a R1 phononic crystal, the defect cell that gives the highest
spin-phonon coupling rate for a [111]-oriented SiV– at 100 nm depth has (ad , hx,d , hy,d ) = (572,
458, 915) nm. The localized compression mode frequency is at 5.12 GHz, with coupling rate of 0.87
MHz. For a rectangular cross-section unit cell, the compression mode is characterized by
displacement in the y-direction, uniform throughout its thickness [Fig. 2.7(a)]. This is also evident
in the spin-phonon coupling profile, which is almost uniform with thickness [Fig. 2.7(c)]. The

40

(a)

z
y

x

(b)

(c)

Figure 2.6: R1 mirror unit cell and sweeps of defect unit cell geometry. (a) Acoustic bandstructure of the mirror unit

cell with (a, w, t, hx , hy ) = (1144, 1144, 915, 229, 915) nm. The complete bandgap is represented by the red shaded
rectangle, while the symmetry bandgap spans the gray and red rectangles. The flexural and compression guided modes
are marked by the circle and triangle respectively. (b) Localized compression mode frequencies swept over defect unit
cell geometry (ad , hx,d , hy,d ). (c) Spin‐phonon coupling rates of [111]‐oriented SiV– at 100 nm depth in compression
mode, swept over (ad , hx,d , hy,d ).
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Figure 2.7: R1 phononic crystal supporting compression mode. (a) Displacement profile in xy‐ and yz‐plane of localized

compression mode at 5.12 GHz, with (ad , hx,d , hy,d ) = (572, 458, 915) nm. (b) Spin‐phonon coupling profile in xy‐
plane. (c) Spin‐phonon coupling profile in cross‐section. Line plots show variation of spin‐phonon coupling along red
dashed horizontal and vertical lines at 100 nm depth and center of beam respectively. (d) Strain tensor components in
the geometry and SiV– bases at the point of optimal coupling, given by intersection of red dashed lines in (c).

strain tensor in the geometry basis is dominated by Syy , and gSP sees the greatest contribution from
SYY [Fig. 2.7(d)]. This uniformity of spin-phonon coupling rate with thickness provides robustness
against straggle in SiV– depths due to the ion implantation and annealing process, as there will be a
higher yield of SiV– centers that see high coupling rates. In contrast, the compression mode in
triangular cross-section phononic crystals has a maximum coupling rate along its thickness, which
then requires precision in ion implantation and subsequent post-selection of SiV– centers that are
close to the optimum depth.
The flexural mode can also be localized in the bandgap of the R1 mirror unit cell. With a defect
cell having (ad , hx,d , hy,d ) = (343, 240, 572) nm, a flexural mode at 5.71 GHz can be localized and a
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Figure 2.8: Flexural mode in R1 phononic crystal. (a) Displacement profile in xy‐ and yz‐plane of localized compression

mode at 5.71 GHz, with (ad , hx,d , hy,d ) = (343, 240, 572) nm. (b) Spin‐phonon coupling profile in xy‐plane. (c) Spin‐
phonon coupling profile in cross‐section. Line plots show variation of spin‐phonon coupling along red dashed horizontal
and vertical lines at 20 nm depth and center of beam respectively. (d) Strain tensor components in the geometry and
SiV– bases at the point of optimal coupling, given by intersection of red dashed lines in (c).

coupling rate of 1.30 MHz can be achieved for a ⟨111⟩-oriented SiV– at 20 nm depth. The flexural
mode is characterized by vertical and lateral motion of the top apexes of the unit cell, together with
its bottom apexes moving opposite in direction to the top apexes [Fig. 2.8(a)]. While the
spin-phonon coupling rate is maximized at the top surface of flexural modes for both triangular and
rectangular cross-sections, it is also maximized at the bottom surface for rectangular cross-section,
with a nodal plane across the xy-plane [Fig. 2.8(c)]. This is consistent with the strain profile induced
by the flexural mode, which is maximized at the center of the top and bottom faces of the unit cell.
Like the triangular cross-section, the strain tensor at the optimal position for coupling is dominated
by SYY [Fig. 2.8(d)].
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As the thickness of the rectangular unit cell can be varied independently of its width, we also
investigated how the coupling rate changes for a thinner unit cell that we name R2. This unit cell is
parameterized with (a, w, t, hx , hy ) = (721, 1009, 288, 360, 706) nm, and has a symmetry bandgap
from 3.98 to 6.02 GHz. [Fig. 2.9(a)] The R2 unit cell has 2 bands of opposite symmetry traversing
the symmetry bandgap, in contrast to the R1 unit cell with one band of opposite symmetry
traversing its symmetry bandgap. For the R2 unit cell, the compression and flexural modes are
derived from the 2nd even-even and 2nd odd-even guided modes.
For a R2 phononic crystal, a defect unit cell with (ad , hx,d , hy,d ) = (433, 346, 807) nm maximizes
the spin-phonon coupling rate for the compression mode localized at 6 GHz. [Fig. 2.9(b)]. The
corresponding coupling rate to ⟨111⟩-oriented SiV– centers is 2.29 MHz at 100 nm depth below the
surface [Fig. 2.9(d)], which is higher compared to the maximum coupling rate for the compression
mode in the R1 phononic crystal. This increase can be attributed due to the difference in mechanical
mode volumes: as a thinner unit cell localizes the compression mode to a smaller mode volume, its
zero-point displacement and strain field amplitudes increase. This is confirmed by the fact that SYY
in the compression mode of the R2 phononic crystal is about double [Fig. 2.9(e)] that of the same
mode in the R1 phononic crystal [Fig. 2.7(g)].
Another consequence of having a thinner unit cell is that the flexural mode frequency is lowered,
with the mode frequency scaling with thickness and inversely with width. As the flexural mode for
the R2 unit cell lies below the symmetry bandgap, small defect unit cells are needed to raise its
frequency into the bandgap, but the resultant unit cells are incompatible with the fabrication
constraints. Therefore, we did not study the flexural mode for the R2 unit cell.
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Figure 2.9: R2 unit cell and phononic crystal supporting compression mode. (a) Acoustic bandstructure of the mirror

unit cell with (a, w, t, hx , hy ) = (721, 1009, 288, 360, 706) nm. The symmetry bandgap is represented by the gray
shaded rectangle. The flexural and compression guided modes are marked by the circle and triangle respectively. (b)
Displacement profile in xy‐plane of localized flexural mode at 6 GHz, with (ad , hx,d , hy,d ) = (543, 434, 705) nm. (c)
Spin‐phonon coupling profile in xy‐plane. (d) Spin‐phonon coupling profile in cross‐section. Line plots show variation of
spin‐phonon coupling along red dashed horizontal and vertical lines at 100 nm depth and center of beam respectively.
(e) Strain tensor components in the geometry and SiV– bases at the point of optimal coupling, given by intersection of
red dashed lines in (d).
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2.4

Rectangular phononic crystals with block-tether unit
cell

In addition to hole-based geometries, block-tether geometries can also be used to localize flexural and
compression modes. Phononic crystals based on block-tether geometries have been implemented in
lithium niobate, 70 and also as Lamb wave resonators for coupling to nitrogen vacancy centers in
diamond. 71 In this section, we study how block-tether phononic crystals can also be used to localize
compression and flexural modes.
The unit cell of choice is parameterized by (a, w, t, tx , ty ) = (816, 1020, 204, 612, 204) nm,
supporting a complete bandgap from 3.79 to 6.21 GHz [Fig. 2.10]. While a complete bandgap is not
necessary for large spin-phonon coupling rates, as discussed earlier, it is able to provide robustness to
fabrication imperfections, as it excludes the localized mode from coupling to other modes due to
symmetry breaking. The compression and flexural modes are derived from the 3rd even-even and
2nd odd-even guided modes. The defect cell is formed by varying a, w and tx .
As the guided mode from which the flexural mode is derived lies below the bandgap, a smaller
defect cell is needed to raise its frequency into the bandgap. This is done by reducing wd , which is
possible for the block-tether geometry, but not for rectangular waveguide-hole geometry where the
width of the defect cell is constrained to be the same as that of the mirror cell. Reducing ad also raises
the flexural mode frequency [Fig. 2.11(a)]. The spin-phonon coupling rate for the flexural mode
increases with decreasing ad and tx,d , but is maximized for wd = 0.7w, which is chosen for the defect
cell geometry [Fig. 2.11(b)]. Therefore, a good defect cell for localizing flexural modes in block-tether
phononic crystals should be chosen by first minimizing tx,d , and then optimizing over ad and wd .
For the flexural mode, the maximum spin-phonon coupling rate to an SiV– at 20 nm depth is
3.33 MHz, for a defect cell with (ad , wd , tx,d ) = (571, 714, 114) nm supporting a flexural mode at
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Figure 2.10: Block‐tether unit cell acoustic bandstructure, of the mirror unit cell with (a, w, t, tx , ty ) = (816, 1020,

204, 612, 204) nm. The complete bandgap is represented by the red shaded rectangle. The flexural and compression
guided modes are marked by the circle and triangle respectively.

5.70 GHz [Fig. 2.11(c)]. Along the length of the phononic crystal, the coupling rate is highest in the
defect cell, and decays to zero within the first mirror unit cells from the defect cell [Fig. 2.11(d)], as
there is non-zero displacement in the adjacent mirror unit cells. Like its hole-based counterpart, the
coupling rate for the flexural mode is maximized at the top and bottom edges of the cross-section
with a node in the xy-plane [Fig. 2.11(e)], and has the largest contribution from SYY [Fig. 2.11(f)].
For the compression mode, the mode frequency is almost constant with tx,d and ad , and is most
sensitive to wd [Fig. 2.12(a)]. The spin-phonon coupling rate increases most sensitively with
decreasing wd as well for ad , tx,d around the geometry with optimal coupling. At larger tx,d =
0.4ad , the coupling rate increases with ad , but this variation is less pronounced as tx,d is reduced
[Fig. 2.12(b)]. The design strategy would be to minimize ad and tx,d to maximize coupling rates,
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Figure 2.11: Block‐tether phononic crystal supporting flexural mode. (a) Localized flexural mode frequencies swept

over defect unit cell geometry (ad , wd , tx,d ). (b) Spin‐phonon coupling rates of [111]‐oriented SiV– at 20 nm depth in
flexural mode, swept over (ad , wd , tx,d ). (c) Displacement profile in xy‐ and yz‐plane of localized flexural mode at 5.70
GHz, with (ad , wd , tx,d ) = (571, 714, 114) nm. (d) Spin‐phonon coupling profile in xy‐plane. (e) Spin‐phonon coupling
profile in cross‐section. Line plots show variation of spin‐phonon coupling along red dashed horizontal and vertical lines
at 20 nm depth and center of beam respectively. (f) Strain tensor components in the geometry and SiV– bases at the
point of optimal coupling, given by intersection of red dashed lines in (e).
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then tune wd such that the compression mode lies within the bandgap. The defect cell with
(ad , wd , tx,d ) = (408, 1530, 122) nm supports a mode at 6.16 GHz that is just below the upper edge
of the bandgap [Fig. 2.12(c)]. The spin-phonon coupling rate to an SiV– at 100 nm depth is 2.06
MHz, and is mostly uniform with depth as with rectangular hole-based phononic crystals. Along the
length of the phononic crystal, the coupling rate decreases rapidly from the center and drops to zero
outside the defect cell [Fig. 2.12(e)]. In the cross-sectional plane, the coupling rate is maximized near
the intersection between the block and the tether, with a slight decrease near the center of the
phononic crystal [Fig. 2.12(f)].

2.5

Comparison between different orientations of phononic
crystal and SiV

2.5.1 Phononic crystals oriented along [110] crystallographic direction
For phononic crystals defined with their length oriented along the [110] crystallographic direction,
the four possible SiV– orientations are divided into two classes, A and B. Class-A SiV– are oriented
along [111] and [1̄1̄1] directions, i.e. with their Y- and Z-axes aligned primarily along the width and
length of the phononic crystal respectively. Class-B SiV– are oriented along [1̄11] and [11̄1] directions,
with their Y- and Z-axes aligned primarily along the length and width of the phononic crystal
instead. Given that the flexural and compression modes both involve extension along the width of
the beam (y-axis in the geometry basis), we would expect Syy to be large. As the Y-axis of the Class-A
SiV– , [11̄0] and [1̄10], correspond to the in-plane projection of a dangling bond, and are also aligned
along the y-axis of the phononic crystal [1̄10], we would expect Class-A SiV– to experience large
SYY . However, for Class-B SiV– , the geometry y-direction [1̄10] is parallel to the SiV X-directions
[11̄2], [1̄12] and Z-directions [1̄11], [11̄0], and thus Syy projects onto SXZ and SZZ instead.
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Figure 2.12: Compression mode in block‐tether phononic crystal. (a) Localized compression mode frequencies swept

over defect unit cell geometry (ad , wd , tx,d ). (b) Spin‐phonon coupling rates of [111]‐oriented SiV– at 100 nm depth
in flexural mode, swept over (ad , wd , tx,d ). (c) Displacement profile in xy‐ and yz‐plane of localized compression mode
at 6.16 GHz, with (ad , wd , tx,d ) = (408, 1530, 122) nm. (d) Spin‐phonon coupling profile in xy‐plane. (e) Spin‐phonon
coupling profile in cross‐section. Line plots show variation of spin‐phonon coupling along red dashed horizontal and
vertical lines at 100 nm depth and center of beam respectively. (f) Strain tensor components in the geometry and SiV–
bases at the point of optimal coupling, given by intersection of red dashed lines in (e).
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These observations are supported by the bar plots of tensor components in Figs. 2.13 and 2.14.
For Class-A SiV– , SYY in the SiV– basis is almost as large as Syy in the geometry basis, which helps to
maximize the (SXX − SYY ) term in equation 1.22. For Class-B SiV– , the largest terms are SZZ in
line with our intuition, as well as SXZ . More importantly, (SXX − SYY ) is small, and SZZ does not
contribute to spin-phonon coupling in equation 1.22. As a result, Class-B SiV– have much lower
coupling rates than Class-A SiV– .

2.5.2

Phononic crystals oriented along [100] crystallographic direction

In the case of the phononic crystal aligned along the [100] axis, all four orientations of the SiV– are
equivalent relative to the crystallographic orientation, and the projection of Syy onto SYY are the
same. Therefore, we would expect all four orientations to see similar spin-phonon coupling rates,
with these rates intermediate between Class-A and B SiV– in [110]-oriented phononic crystals.
From Figs. 2.15 and 2.16, the strain component Syy in the geometry basis is projected into a
mixture of SYY , SZZ , SYZ , SXZ , and SXY for both modes. In particular, the strain components are
the same across both classes, except with a sign flip in SYZ and SXY , which is a consequence of the
mirror symmetry between the [111] and [1̄11] about the [100] direction. Notably, the disparity in
coupling rates between both classes is less than that for phononic crystals oriented along the [110]
direction, with Class-B SiV– seeing a larger coupling rate than Class-A SiV– centers. The lower
coupling rates here compared to Class-A SiV– centers in [110]-oriented phononic crystals can be
attributed to the reduced magnitude of (SXX − SYY ) for both classes of SiV– , and the higher
coupling rate for Class-B SiV– is due to SXY and SXZ having the same sign.
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Figure 2.13: Compression mode in different phononic crystal geometries, oriented along [110] crystallographic direc‐

tion. Comparison of displacement profiles, spin‐phonon coupling rates and cross‐section profiles, and strain tensor in
SiV– and geometry bases, between different phononic crystal geometries with optimal coupling rates presented ear‐
lier in this chapter. Coupling rates and strain tensor components are shown for an SiV– at 100 nm depth below the top
surface.
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Figure 2.14: Flexural mode in different phononic crystal geometries, oriented along [110] crystallographic direction.

Comparison of displacement profiles, spin‐phonon coupling rates and cross‐section profiles, and strain tensor in SiV–
and geometry bases, between different phononic crystal geometries with optimal coupling rates presented earlier in this
chapter. Coupling rates and strain tensor components are shown for an SiV– at 20 nm depth below the top surface.
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Figure 2.15: Compression mode in different phononic crystal geometries, oriented along [100] crystallographic direc‐

tion. Comparison of displacement profiles, spin‐phonon coupling rates and cross‐section profiles, and strain tensor in
SiV– and geometry bases, between different phononic crystal geometries with optimal coupling rates presented ear‐
lier in this chapter. Coupling rates and strain tensor components are shown for an SiV– at 100 nm depth below the top
surface.
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Figure 2.16: Flexural mode in different phononic crystal geometries, oriented along [100] crystallographic direction.

Comparison of displacement profiles, spin‐phonon coupling rates and cross‐section profiles, and strain tensor in SiV–
and geometry bases, between different phononic crystal geometries with optimal coupling rates presented earlier in this
chapter. Coupling rates and strain tensor components are shown for an SiV– at 20 nm depth below the top surface.
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2.6 Comparison between different unit cell geometries at
similar frequencies
To compare spin-phonon coupling rates across different geometries, we selected designs with
maximal coupling rates near 5 GHz so as to remove frequency-dependent effects, since the coupling
scales with mode frequency (equation 1.22). These results are summarized in Table 1. For the
flexural mode, a phononic crystal derived from the T2 unit cell gives the largest coupling rate of 2.23
MHz compared to phononic crystals derived from other unit cells. Results for the R2 unit cell are
not shown, as it does not produce flapping modes compatible with fabrication constraints. For the
compression mode, the block-tether unit cell gives the largest coupling rate of 1.25 MHz.
Compression modes from triangular cross-section unit cells have been excluded as they cannot be
localized near 5 GHz. For all unit cells, a reduction in bridge width (a-hx for hole-based geometries,
tx for block-tether unit cell) in the defect cell relative to the mirror cell are needed for large coupling
rates > 0.7 MHz. For rectangular unit cells, thinner unit cells lead to larger spin-phonon coupling
rates for both modes, due to a reduction in mode volume.

2.7 Conclusion
In summary, we studied how spin-phonon coupling rates can be engineered in phononic crystals of
different geometries – waveguide-hole in triangular and rectangular cross-sections, and block-tether
in rectangular cross-sections – subject to fabrication and implantation constraints. We also
presented design strategies to localize flexural and compression modes within bandgaps of each unit
cell, and to maximize the spin-phonon coupling rates for each combination of mode type and unit
cell. For all unit cells, the coupling rates are primarily improved by reducing the width of the bridge
(ad − hx,d ) between the central defect holes for hole-based geometries, or the width of the defect

56

Table 2.1: Summary of phononic crystal geometries and spin‐phonon coupling rates for different unit cells hosting

flexural and compression modes near 5 GHz.

Flexural mode
Cross section,

Defect geometry

t

(a − hx )

(ad − hx,d )

ωm

gSP at 20 nm

unit cell

parameters

(nm)

or tx (nm)

or tx,d (nm)

(GHz)

depth (MHz)

Triangular,

(ad , hx,d , hy,d ) =

T1

(697,558,503) nm

719

620

139

4.99

1.85

Triangular,

(ad , hx,d , hy,d ) =

T2

(557,446,878) nm

784

388

111

4.97

2.23

Rectangular,

(ad , hx,d , hy,d ) =

R1

(686,549,915) nm

915

915

137

4.95

0.98

Rectangular,

(ad , wd , tx,d ) =

Block-tether

(489,816,147) nm

204

612

147

5.05

1.94

Compression mode
Cross section,

Defect geometry

t

(a − hx )

(ad − hx,d )

ωm

gSP at 100 nm
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361
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(ad , wd , tx,d ) =
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(734,1836,220) nm

204

612

220

5.05

1.25

block tx,d for block-tether geometries. We also found that complete acoustic bandgaps are not
necessary for mirror cells in phononic crystals for high coupling rates; however, having mirror unit
cells with complete acoustic bandgaps will help in experiments by reducing mechanical mode
dissipation due to coupling with unwanted modes that would otherwise exist in a symmetry
bandgap. 68,69 Comparing between cross-sections, triangular cross-section offers higher spin-phonon
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coupling rates compared to rectangular cross-sections, as well as localizing the flexural mode within
the lowest symmetry bandgap. The rectangular cross-section is more effective at localizing the
compression mode in the lowest symmetry bandgap, with the compression mode being uniform
with depth. This allows for robustness against straggle in SiV– depths arising from ion implantation,
which would lead to greater yield of SiV– centers experiencing optimal coupling, in contrast to
flexural modes that require SiV– centers to be precisely located near the top surface of the phononic
crystal. Given the large parameter space of phononic crystal and OMC designs that give
spin-phonon coupling rates greater than 1 MHz, combined with currently realizable experimental
parameters (spin dephasing rate of 4 MHz 26 and OMC acoustic mode damping rates of ∼ 20 kHz
at 4 K), 64 coherent spin-phonon interactions can be achieved. This would pave the way for
quantum computing with SiV– spins mediated by phonons. 1
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3

Design of diamond optomechanical crystals

Phononic crystal nanobeams, if appropriately designed, can also simultaneously
localize optical modes and act as an optomechanical system, where the optical mode serves as a
sensitive probe of the localized acoustic modes. An example of this is the optomechanical crystal
(OMC), a one-dimensional nanobeam crystal consisting of mirror unit cells supporting both optical
and acoustic bandgaps, and a series of geometrically-tapered defect unit cells bounded by mirror
segments. This structure co-localizes both optical and acoustic modes with low scattering losses. 45
We show that the acoustic modes supported by OMCs can also couple to negatively-charged silicon
vacancy center (SiV– ) spin qubits via spin-phonon coupling, paving the way for hybrid
spin-phonon-photon quantum systems.
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Figure 3.1: Schematic of canonical optomechanical system, comprising a Fabry‐Pérot cavity with two mirrors separated

by length Lcav , supporting an optical mode of frequency ωcav and decaying at a rate κo . One of the mirrors is mov‐
able along x, having mass meff and oscillating at a frequency ωm and decaying at a rate κm .

3.1 Hamiltonian formulation of cavity optomechanics
The canonical optomechanical system is a Fabry-Pérot cavity, comprising two mirrors separated by a
length Lcav , with one mirror connected to a spring and able to oscillate at a frequency ωm . When
stationary, the cavity supports optical modes at frequencies ωcav = 2πc/Lcav , and this frequency
changes as ωcav (x), a function of the mirror displacement x [Fig. 3.1]. Treating the canonical
Fabry-Perot cavity as a quantum system, it can be modeled as the sum of two simple harmonic
oscillators corresponding to the optical cavity modes and mechanical displacement, with the system
Hamiltonian Ĥsys :
Ĥsys = ℏωcav (x) â† â + ℏωm b̂† b̂,

(3.1)

where â† and â are the photon creation and annihilation operators, and b̂† and b̂ are the phonon
creation and annihilation operators.
For small displacement amplitudes x of the movable mirror, we can expand ωcav (x) as

ωcav (x) = ωcav + x
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∂ωcav (x)
+ ··· .
∂x

(3.2)

Keeping the first-order term in this expansion, and substituting it into equation 3.2, leads to
Ĥsys = ℏωcav â† â + ℏ

∂ωcav (x) †
x̂â â + ℏωm b̂† b̂,
∂x

(3.3)

where x̂ is the quantized position operator. It can be expressed in terms of b̂† and b̂ as


x̂ = xzpf b̂ + b̂† ,

(3.4)

where the zero-point fluctuation (zpf) amplitude of the mechanical mode is

xzpf

q
= ⟨0 |x̂2 | 0⟩ =

s

ℏ
2meff ωm

,

(3.5)

where |0⟩ denotes the ground state of the mechanical mode, and meff is the effective mass of the
mechanical mode. Rewriting equation 3.3 in terms of equation 3.4, we have
Ĥsys = ℏωcav â† â + ℏ



∂ωcav (x)
xzpf b̂ + b̂† â† â + ℏωm b̂† b̂,
∂x

(3.6)

where the middle term is the interaction Hamiltonian that describes the coupling between the
optical cavity modes and mechanical displacement


Ĥint = ℏgOM b̂ + b̂† â† â,

(3.7)

with
gOM =

∂ωcav (x)
xzpf
∂x

(3.8)

being the vacuum optomechanical coupling rate quantifying the interaction rate between a single
photon and a single phonon in terms of the frequency shift of the optical cavity mode frequency.
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3.2

Signatures of the optomechanical interaction

For the discussion that follows, we first transform to a frame rotating at the laser frequency ωl , in
which the Hamiltonian in equation 3.3 becomes
Ĥsys = −ℏΔâ† â + ℏ



∂ωcav (x)
xzpf b̂ + b̂† â† â + ℏωm b̂† b̂,
∂x

(3.9)

where Δ = ωl − ωcav is the detuning of the laser relative to the optical cavity resonance. The
photon and phonon operators now oscillate as â ∼ eiΔt and b̂ ∼ e−iωm t .
The effects that can be observed, arising from the optomechanical interaction, can be understood
by introducing a linearization approximation, valid for when the driving optical field is classical in
amplitude, or when the optomechanical coupling rate g0 is less than the optical cavity decay rate κ
such that a single photon does not shift the optical cavity resonance by more than a cavity
linewidth. 72 In the linearization approximation, we split the photon operator into the sum of an
average amplitude α and a fluctuating component δâ,

â = α + δâ.

(3.10)

Substituting this into the interaction Hamiltonian (equation 3.7) gives


Ĥint = ℏgOM b̂ + b̂† (α + δâ)† (α + δâ) .

(3.11)




Ĥint = ℏgOM |α|2 + αδâ† + α∗ δâ + δâ† δâ b̂ + b̂† .

(3.12)

Expanding this gives
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The first term, proportional to |α|2 , gives the average radiation pressure force and results in a
constant shift in the energy of the optomechanical system, while the last term, proportional to
δâ† δâ, is small relative to the other terms. Thus, we omit these terms for purposes of this discussion.
Expanding the Hamiltonian, keeping terms proportional to the photon field amplitude α and
assuming that it is real, gives


Ĥint = ℏgOM α δâ† b̂ + δâb̂† + δâb̂ + δâ† b̂† .

(3.13)

The first and second terms oscillate as e±i(Δ+ωm )t , while the third and fourth terms oscillate as
e±i(Δ−ωm )t . We thus have two regimes depending on the laser detuning and the mechanical mode
frequency.
If the laser is blue-detuned laser by a mechanical mode frequency, i.e. Δ = +ωm , the resonant
part of the interaction Hamiltonian is



Ĥint (Δ = +ωm ) = ℏgOM α δâ b̂ + δâb̂ ,
† †

(3.14)

where the rotating wave approximation has been applied to neglect the fast-oscillating terms δâ† b̂,
δâb̂† with time-dependence e±2iωm t . This Hamiltonian describes scattering of a pump photon into
the optical cavity mode, accompanied by the creation of a phonon in the mechanical mode,
amplifying the mechanical mode. At sufficiently high input photon amplitudes, this leads to
self-sustained oscillations of the mechanical mode in a phenomenon called phonon lasing 73 [Fig.
3.2(a)].
On the other hand, for a laser red-detuned by a mechanical mode frequency, i.e. Δ = −ωm , the
part of the interaction Hamiltonian resonant with this process is


Ĥint (Δ = −ωm ) = ℏgOM α δâ† b̂ + δâb̂† .
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(3.15)
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Figure 3.2: Signatures of the optomechanical interaction. (a) A laser pump photon at frequency ωl blue‐detuned relative

to the optical cavity resonance ωcav by a mechanical mode frequency ωm scatters into the optical cavity by adding a
phonon into the mechanical mode. Left: level diagram; n and m denote number of photons and phonons in the optical
and mechanical modes respectively. Right: density of modes for optical cavity (purple curve), pump (red solid line) and
sidebands (red dotted line) imparted by motion of the mechanical mode (green). (b) A red‐detuned laser pump photon
scatters into the optical cavity by removing a phonon from the mechanical mode. Left: level diagram; right: density
of modes. (c) With a red‐detuned pump and a weak probe laser ωp that is swept across the cavity, optomechanically‐
induced transparency occurs when the probe is resonant with the pump photons scattered by the mechanical mode.
Left: level diagram; right: density of modes.
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Similar to the blue-detuned case, the fast-oscillating terms δâb̂, δâ† b̂† vary as e±2iωm t , and can be
neglected under the rotating wave approximation. This interaction Hamiltonian represents the
scattering of a laser pump photon into the optical cavity mode, accompanied by the removal of a
phonon from the mechanical mode, leading to damping and cooling of the mechanical mode [Fig.
3.2(b)].
Coherent phenomena can also be observed in optomechanical system if the optomechanical
cooperativity, defined as
COM =

4no g2OM
,
κo κm

(3.16)

is greater than one. nc is the intracavity photon number, related to the photon operators via
nc = â† â . In this regime, the optomechanical interaction occurs at a faster rate than the optical
and mechanical mode decay rates. An example of this is optomechanically-induced transparency
(OMIT), 74,75 where photons from a strong pump scattered by the mechanical mode and those from
a weak probe interfere destructively, leading to a transparency window in the optical spectrum. In
the presence of only the pump red-detuned by a mechanical frequency, modulation of the pump by
the mechanical mode due to the optomechanical interaction imparts sidebands on the pump, of
which the upper sideband is resonantly enhanced by the optical cavity density of states. As a weak
probe field is swept across the cavity resonance, it beats with the pump field. If the pump-probe
detuning is equal to the mechanical mode frequency, the mechanical mode is driven resonantly,
accompanied by the destructive interference of pump and probe photons [Fig. 3.2(c)]. This
manifests as a transparency window in the optical spectrum with height ∼ COM / (COM + 1). 72
This destructive interference requires that the pump photons, scattered by the mechanical mode, are
phase coherent with the probe photons, thus demonstrating the coherent nature of the
optomechanical interaction.
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3.3 Overlap integral formulation of the optomechanical
coupling rate
To quantify the optomechanical coupling rate in an OMC, we consider two contributions to the
optical cavity frequency shift due to mechanical deformations. The first is the moving boundary
(MB) effect, where the effective cavity length changes due to deformation of the material boundaries
– a microscopic analogue of the Fabry-Perot cavity with movable mirror discussed earlier. The
second effect arises from the photoelastic effect (PE), where the effective refractive index of the
medium changes due to stresses in the medium. The total optomechanical coupling rate gOM is the
sum of cavity frequency shifts from MB and PE effects, multiplied by the zero-point fluctuation
amplitude, i.e.


gOM =

∂ωo
∂x

∂ωo
+
∂x
MB


xzpf ,

(3.17)

PE

where ωo is the optical cavity mode frequency and x is a generalized coordinate within
non-homogeneous systems like optomechanical crystals.
The cavity frequency shift can be computed using first-order perturbation theory:
∂ωo
ωo
=−
∂x
2

R

d3 x E∗ (x) ∂ε(x)
∂x E (x)
,
R
d3 x ε (x) |E (x)|2

(3.18)

where ε (x) is the permittivity of the medium, E (x) is the unperturbed electric field profile, and
E∗ (x) is the complex conjugate of E (x).
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3.3.1 Moving boundary effect
The moving boundary contribution to the cavity frequency shift is 76
H
∂ωo
∂x
where

H

=
MB



dA (q · n̂) ΔεE2∥ − Δε−1 D2⊥
,
R
d3 x ε |E|2

(3.19)

dA denotes a closed surface integral bounding the volume, q is the normalized

displacement field, n̂ is the surface normal directed outwards from the surface, E is the electric field,
D is the electric displacement field (not to be confused with the mechanical displacement field Q),
the subscripts ∥ and ⊥ refer to field components parallel and perpendicular to the surface
−1
respectively, Δε = εdiamond − εair and Δε−1 = ε−1
diamond − εair .

3.3.2

Photoelastic effect

The photoelastic contribution to the shift in the general material permittivity tensor ε is 77
∂ε (x)
∂x

=−
PE

1
ε : p : S : ε,
ε0

(3.20)

where ε0 is the vacuum permittivity, p is the photoelastic tensor, and S is the strain tensor defined
from the displacement field q = (qx , qy , qz ), with elements
1
Sij =
2



dqi dqj
+
dxj dxi


.

(3.21)

Here, i, j each refer to the x−, y−, z− components, and xi , xj = x, y, z. As the strain tensor is
symmetric with at most six unique components Sxx , Syy , Szz , Syz , Sxz , Sxy , this allows for Voigt
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notation to be used so as to simplify the tensor to a six-element column vector:








S
S
 xx   1 
  

 Syy  S2 
  

  

  

 Szz  S3 
 ≡  .
S=
  

2Syz  S4 
  

  

2S  S 
 xz   5 
  

S6
2Sxy

(3.22)

As diamond is an isotropic material with cubic symmetry, the photoelastic tensor in Voigt notation
takes the form of a 6 × 6 matrix with three unique values



p11

p12 p12

0

0

0





p12 p11 p12 0

0
0






0
0
p12 p12 p11 0

,
p=

0
0
0 p44 0
0




0
0
0
0 p44 0 




0
0
0
0
0 p44

(3.23)

where (p11 , p12 , p44 ) = (-0.25,0.043,0.172) are the photoelastic coefficients of diamond. 78
Previously realized diamond optomechanical crystals 45 were fabricated with their length oriented
along the [110] crystallographic direction, as cross-sectional asymmetry couple less strongly to
anti-symmetric guided modes as compared to those fabricated along the [100] crystallographic
direction. To take into account this change of in-plane orientation, corresponding to a clockwise
rotation by θ = 45◦ about the z-axis (or [001] crystallographic direction) in the xy-plane, the
photoelastic tensor should be rotated. The 6 × 6 tensor in Voigt notation for rotation by an angle θ
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about the z-axis is 60


sin2 (θ)

cos2 (θ)





 sin2 (θ)
cos2 (θ)



0
0

R (θ) = 


0
0



0
0


− 21 sin (2θ) − 21 sin (2θ)

0

0

0

sin (2θ)



0
0
0
− sin (2θ)



1
0
0
0

,


0 cos (θ) − sin (θ)
0



0 sin (θ) cos (θ)
0


0
0
0
cos (2θ)

(3.24)

and the rotated photoelastic tensor is
p′ (θ) = R (θ) : p : R (θ)T ,

(3.25)

where T denotes the matrix transpose. Combining equations 3.18, 3.20, 3.25, and using the relation
ϵ = ϵ0 n2diamond , where ndiamond = 2.4 is the refractive index of diamond, give


R
∂ωo
∂x

′
  p1j Sj


dV

= −ϵ0 n4diamond
PE

p′6j Sj





p′5j Sj  Ex 


 
 
′
′
′
E∗x E∗y E∗z 
p6j Sj p2j Sj p4j Sj  Ey 

 
p′5j Sj p′4j Sj p′3j Sj
Ez
,
R
d3 x ε |E|2

(3.26)

which, upon expansion, becomes
∂ωo
∂x

PE

ϵ0 n4
= − R diamond2 ·
d3 x ε |E|

Z
d3 x

h

p′1j Sj |Ex |2 + p′2j Sj |Ey |2 + p′3j Sj |Ez |2




+ p′4j Sj E∗z Ey + E∗y Ez + p′5j Sj E∗x Ez + E∗z Ex

i
′
∗
∗
+ p6j Sj Ey Ex + Ex Ey ,
(3.27)
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with j = 1, 2, 3, 4, 5, 6 being to the Voigt components, and Einstein summation convention is
implied.

3.3.3 Displacement normalization
To obtain accurate values for the optomechanical coupling rate, the displacement amplitude should
be properly normalized. Assuming a normalized displacement field q (x) that is proportional to the
unnormalized displacement field Q (x) by a normalization constant a: q = aQ. The potential
energy of the system, without proper normalization, is
1 2
U = ωm
2

Z

d3 x ρ (x) |Q (x)|2 .

(3.28)

For a mechanical oscillator with effective mass meff , its potential energy can be computed when the
displacement amplitude is maximized at qmax , giving

U=

1
2 2
meff ωm
qmax .
2

(3.29)

As both potential energies should be equal, this gives the relation
Z
meff q2max

=

d3 x ρ (x) |Q (x)|2 .

(3.30)

By definition, the effective mass is defined as the integral of squared normalized displacement
weighted by its local density
Z
meff =

3

2

d x ρ (x) |q (x)| =
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Z

d3 x ρ (x) a2 |Q (x)|2 .

(3.31)

Equating 3.30 to 3.31 gives the normalization constant

a=

1
1
=
.
qmax
max (|Q (x)|)

(3.32)

3.4 Design process and rationale
The optomechanical coupling rate gOM is maximized when the overlap integrals between the electric
field and displacement field (for moving boundaries, equation 3.19) or strain (for photoelastic
effects, equation 3.27) are maximized. To this end, we chose to use optomechanical crystals
(OMCs), which are one-dimensional (1D) photonic crystal nanobeams that are phononic crystals
simultaneously. OMCs localize both optical and acoustic modes to similar mode volumes on the
order of their respective wavelengths, giving rise to large optomechanical coupling rates between few
hundered kHz to 1 MHz. OMCs have been demonstrated in a variety of material platforms, such as
silicon, 7 aluminum nitride, 79 silicon nitride, 80 gallium arsenide, 81 diamond, 45 lithium niobate, 82
and gallium phosphide. 83 For diamond OMCs localizing acoustic modes at GHz frequencies, the
co-localized optical modes are at telecommunication wavelengths of ∼ 1550 nm. Large
optomechanical coupling strengths gOM ≈ 100 – 200 kHz allows for sensitive transduction and
probing of the acoustic mode through coupling via fiber optic interfaces at telecommunication
wavelengths. 45
The OMC geometry comprises a waveguide with quasi-periodically patterned elliptical
perforations. The unit cell geometry is parameterized by their lattice constant a, width w, and hole
diameters along the x- and y-axis in plane hx , hy . The thickness of the rectangular unit cell is t, [Fig.
3.3(a)] while the thickness triangular unit cell is parameterized by its etch angle θ by the relation
t = w/(2 tan θ) [Fig. 3.3(b)]. Elliptical holes were chosen due to the relative ease of replicating such
holes in electron beam lithography, as compared to rectangular hole shapes with sharp corners,
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which will become filleted after lithography. 7 In addition, photonic crystal nanobeams with circular
holes were demonstrated with high optical quality factors. 43 The 1D nanobeam was chosen, as
compared to two-dimensional (2D) slabs, because they can be realized using angled etching 40,43,42 .
Subsequently, this choice was carried over to rectangular cross-section nanobeams when we adopted
the use of quasi-isotropic etching 41,84 , as nanobeams can be undercut and released in shorter time 65
as compared to microdisks 41 and photonic crystal slabs 85 . These fabrication considerations will be
elaborated in Chapters 4 and 5.

3.4.1 Symmetry and mode choices
We analyze how to maximize gOM in OMCs from two considerations: symmetry and mode choice,
and for two cross-sections that can be realized with current fabrication techniques that will be
expanded in Chapters 4 and 5: angled etching and quasi-isotropic etching.
Both moving boundary (equation 3.19) and photoelastic effect (equation 3.27) contributions to
the optomechanical coupling rates are quadratic with respect to electric and/or electric displacement
fields E, D. As such, regardless of the symmetry of the optical mode, the quadratic electric field
terms such as |E|2 and |D|2 will be greater than zero unless at nodes in the optical mode. Therefore,
symmetry considerations alone do not impose constraints on what optical modes are suitable.
The overlap integral for the moving boundary contribution is linear with respect to the
displacement field q (equation 3.19), while the overlap integral for the photoelastic effect is linear
with respect to strain S (equation 3.27). As such, acoustic modes with odd symmetry about any of
the symmetry planes in the OMC will lead to the overlap integral having opposite signs in regions
opposite the symmetry plane(s) and canceling, leading to zero optomechanical coupling rates.
Therefore, the only relevant acoustic modes are those that are symmetric about all of its symmetry
planes.
We then choose the types of optical and acoustic modes that would maximize gOM . Fundamental
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Figure 3.3: OMC unit cell definition, geometry parameterization, and optical and acoustic mode selection. (a) Definition

of rectangular cross‐section OMC unit cell. (b) Definition of triangular cross‐section OMC unit cell. (c) Top: In‐plane
geometry of OMC. Bottom: variation of lattice constant a and hole dimensions hx ,hy as a function of mirror segment
number. (d) Comparison between normalized electric fields, flexural and compression mode displacement and strain
fields for triangular and rectangular cross‐sections.
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optical modes are preferred as their electric fields are predominantly polarized along one direction.
For these modes, the terms with products of different field components in equation 3.27, i.e. of the
form E∗i Ej are typically small, and the photoelastic overlap integral would be maximized by terms
that scale as E2i . For acoustic modes, the displacement of adjacent unit cells should be in phase. As
both the moving boundary (equation 3.19) and photoelastic integrals (equation 3.27) are linear with
respect to displacement or strain, acoustic displacement fields in opposite direction across adjacent
unit cells would have their contributions to the overlap integral canceled out by each other,
decreasing the optomechanical coupling rate.

3.4.2 Optical and acoustic modes - from guiding to localization
The in-plane OMC geometry consists of two mirror segments bounding a defect region in between
the mirror segments. Each segment comprises multiple unit cells, each with a single perforation. The
mirror unit cell supports both optical and acoustic guided modes, for which their guided mode
frequencies as a function of wavevector k can be plotted in bandstructures. Wavevectors with k = 0
and k = π/a (a being the lattice constant) are high-symmetry points, and are referred to as the Γand X-points. The oscillation phase between adjacent unit cells are identical for a mode at the
Γ-point, and are π out of phase for a mode at the X-point. The bandstructure may also contain
bandgaps, which are ranges of frequencies in which no guided modes exist.
In an optical bandstructure, the light line demarcates the boundary between bound and leaky
modes. Bound modes exist below the light line and are confined within or near the material domain
due to total internal reflection, and exist as guided modes. Above the light line, optical modes are no
longer confined within the material boundary, instead leaking out into lower-index regions (such as
air or vacuum). 86 Optical guided modes are classified as being transverse-electric-like (TE-like) or
transverse-magnetic-like (TM-like), depending on their dominant field polarization. In our OMCs,
we chose to use the fundamental TE-like mode at the X-point, which has been used to demonstrate
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high optical quality factor photonic crystals at telecommunication wavelengths 43 [Fig. 3.3(d)]. The
absence of nodal points in its dominant field component Ey in its cross-section maximizes the
electric field components in the overlap integrals (equations 3.19 and 3.27).
Acoustic modes cannot be guided in vacuum and are confined only in the material domain. For
suspended structures, their acoustic bandstructures do not have the analogue of the light line in
optical bandstructures, and guided acoustic modes exist for all wavevectors. These guided acoustic
modes are classified based on their symmetry in the unit cell cross-sections. For the triangular unit
cell, the only symmetry plane is the xz-plane, giving two possible symmetries, while for the
rectangular unit cell. the additional symmetry in the xy-plane gives it four possible symmetries.
Bandgaps that exclude modes of a specified symmetry (typically even symmetries about all unit cell
symmetry planes), but have modes of other symmetries traversing them, as symmetry bandgaps. As
for bandgaps that exclude modes of all symmetries, they are referred to as complete bandgaps.
The acoustic modes are chosen at the Γ-point, as these modes oscillate in phase for adjacent unit
cells and thus maximize the overlap integrals. We then looked for acoustic modes that maximize
overlap with the chosen fundamental TE-like optical mode. The best acoustic mode candidate is the
mode of compressive character, referred to as the swelling 45 or breathing 7 modes for triangular and
rectangular cross-section OMCs. The displacement is primarily in the y-direction, identical to the
direction in which the dominant electric field component is polarized, which maximizes the moving
boundary integral. Additionally, the cross-sectional strain profile for the compressive mode is most
similar to the cross-sectional electric field profile, thus maximizing the photoelastic integral. We also
chose to study the flexural mode, which is even about the xz-plane in the triangular cross-section and
its guided mode frequency is above the native bandgap. Due to its broken symmetry about its
xy-plane, it gives a non-zero optomechanical coupling rate. However, for rectangular cross-sections,
the flexural mode is odd about the xy-plane, and hence the optomechanical coupling rate is zero
from symmetry considerations [Fig. 3.3(d)].
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To localize optical and acoustic modes into their respective bandgaps, the unit cell geometry needs
to be deformed in order to lower the acoustic flexural or compressive mode frequencies. This is
achieved by introducing a defect region, comprising multiple unit cells that tapers geometrically
from the mirror unit cell to the central defect cell [Fig. 3.3(c)]. This geometric tapering allows for
optical modes to be localized with high optical quality factors (Q). 87 The geometry of the full OMC
is parameterized by the mirror unit cell geometry (a, w, hx , hy ) (and additionally t for rectangular
cross-section), and two additional parameters d and b that define how the lattice constant and hole
eccentricities vary in the defect region. The new parameters d and b define the defect unit cell
parameters adef , hx,def , hy,def as:
adef (n) = a (1 − d f(n)) ,

(3.33)

hx,def (n) = hx (1 − d f(n))1−b ,

(3.34)

hy,def (n) = hy (1 − d f(n))1+b .

(3.35)

Here, n = (k − 1)/ndef is an index that runs from 0 to 1, where ndef is the number of defect holes
from the central defect hole to the mirror segment, and k is 1 for the central defect hole and ndef for
the defect hole adjacent to the mirror segment. The taper function that defines how
adef , hx,def , hy,def varies in the defect region is f(n) = 1 − 3n2 + 2n3 , where f(n) is 0 and 1 for the
mirror cell and central defect cell respectively. This function is chosen as it has zero slope at the
interface between the mirror and defect region, thereby minimizing the scattering loss at the
mirror-defect interface, and increasing the optical and mechanical quality factors of the OMC. 88

3.4.3 Simulation procedure
To observe spin-phonon coupling between strain fields in acoustic modes and an SiV– spin, while
using optical fields as a probe of acoustic modes via optomechanical coupling, we sought OMC
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designs that have:
• Large spin-phonon coupling rates gSP ,
• Large optomechanical coupling rates gOM and optical quality factors Q to reduce the input
optical power required, and
• Sufficient optical transmission T through the waveguide to facilitate high-efficiency
fiber-coupling interface via the waveguide. 89
Due to the complex nature of these requirements, along with the large parameter space of OMC
geometries, we chose optimal geometries based on simplex method optimization 68,90,91
implemented in MATLAB. 67 Here, a fitness function is evaluated for each geometry parameterized
by a vector. For triangular cross-sections, the vector is (a, w, hx , hy , d, b) with θ fixed at 35◦ , while
the vector for rectangular cross sections is (a, w, t, hx , hy , d, b), with the addition of thickness t, as
the thickness and width of the rectangular cross-section can be varied independently. Subsequent
geometries are generated by adding small deviations to the vector, with the deviations influenced by
previously-iterated geometries that minimize the fitness function. This algorithm thus steers the
search towards optimal geometries. After the fitness function converges, the search was restarted
with random starting points to circumvent the possibility of the search converging to local minima,
and repeated for multiple starting points.
For this work, the fitness function was the product of gOM , Q, T and gSP , with a negative sign so
that the minimized fitness function maximizes the constituent quantities. Each term was scaled to
the order of 1 to prevent any term from dominating the fitness function. Additionally, gOM was
normalized to the optical wavelength to prevent the optimization algorithm from favoring larger
geometries that improve Q and gOM , and Q was capped with a cutoff at 5 × 106 to prevent
artificially high but experimentally unrealizable optical Q’s from excessively weighting the fitness

77

function and skewing the search. The optical transmission is calculated by 92

T=

Q2wg
,
Q2

(3.36)

where Qwg is the coupling rate to the waveguide.
For each geometry, the optical and acoustic mode profiles can be obtained through a combination
of finite element method (FEM) and finite-difference time-domain (FDTD) methods. Optical mode
simulations were performed using both FEM (COMSOL) 66 and FDTD (Lumerical FDTD), 93
while acoustic eigenmode simulations were performed in COMSOL only. The appropriate
symmetry boundary conditions were applied to symmetry planes to truncate the simulation domain
and reduce the simulation time. In COMSOL, the solutions from the optical and acoustic
eigenmode simulations were stored in their respective datasets. A joint dataset was created from both
datasets, and the optomechanical coupling rate was obtained by extracting the optical and acoustic
displacement fields, and then evaluating the integrals in equations 3.19 and 3.27 using the joint
dataset. 94,45 The moving boundary integral was evaluated over all free and fixed surfaces, which
excluded surfaces lying on symmetry planes. Spin-phonon coupling rates for SiV– spins in localized
acoustic modes in OMCs can also be calculated from the acoustic eigenmode simulations, using the
procedure outlined in Chapter 1.2.
Optical and acoustic bandstructure simulations for single unit cells were performed as sweeps of
eigenmode simulations. The yz-planes at both ends of the unit cell were specified to have Bloch
symmetry with wavevector k to account for periodicity across the lattice constant a. The wavevector
k was swept across multiple values between the Γ- and X-points inclusive, and an eigenmode
simulation was performed at each value of k. To account for modes of all symmetries, the sweep was
repeated for all possible symmetries.
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3.5 Optimized diamond optomechanical crystal designs
In this section, we present optimized designs for triangular and rectangular cross-section OMCs.
The optical mode wavelengths, acoustic mode frequencies, and spin-phonon coupling rates are
summarized in Table 3.1.
Table 3.1: Table summarizing optical mode wavelengths λo , acoustic mode types and frequencies ωm , optomechanical

coupling rate gOM and its moving boundary gMB and photoelastic gPE contributions, SiV– depth below top surface,
and spin‐phonon coupling rates gSP for Class‐A and B SiV– .

Design

λo

Acoustic

ωm

gOM

gMB

gPE

SiV–

gSP

gSP

(nm)

mode

(GHz)

(kHz)

(kHz)

(kHz)

depth

(MHz),

(MHz),

(nm)

Class-A

Class-B

0

1.83

0.22

20

1.65

0.18

0

1.67

0.22

20

1.43

0.19

234

2.93

0.58

100

1.93

0.41

172

1.81

0.19

100

1.67

0.19

Triangular

1507

Flexural

6.58

127.4

55.4

72.0

Rectangular

1555

Flexural

6.26

0

0

0

Triangular

1507

Compressive

9.78

290.5

54.5

236.0

Rectangular

1555

Compressive

8.54

255.5

27.6

227.9

3.5.1 Triangular cross-section OMC
The optimized triangular OMC design has mirror unit cell geometry (a, w, hx , hy ) = (528, 936, 197,
578) nm, etch angle θ = 35◦ , and defect parameters (d, b) = (0.19258, 2.2761). From its optical
bandstructure, the mirror unit cell supports a quasi-bandgap from 183.3 to 209.3 THz, with the
TE-like guided mode at the X-point at 183.3 THz situated beneath the quasi-bandgap [Fig. 3.4(a)].
The defect region, with hole dimensions decreasing in eccentricity from the mirror to the central
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defect cell, raises the mode frequency into the quasi-bandgap above it. The localized TE-like mode
supported by the triangular OMC has a resonance wavelength of 1507 nm (198.9 THz) [Fig. 3.4(c)].
Additionally, the acoustic bandstructure of the mirror unit cell shows a symmetry bandgap from
4.71 to 7.02 GHz, with the flexural and compressive Γ-point guided modes at 7.02 and 11.74 GHz
respectively [Fig. 3.4(b)]. The defect region leads to lowering of acoustic mode frequencies, and the
localized acoustic flexural mode of the OMC has a mode frequency of 6.58 GHz, within the
symmetry bandgap [Fig. 3.4(d)]. The defect region also lowers the frequency of the acoustic
compressive mode to 9.78 GHz as localized in the OMC. While this mode is not situated within a
symmetry bandgap, as it crosses the 5th symmetric guided mode band, it is still well localized within
the defect region, with negligible displacement amplitudes in the mirror segment [Fig. 3.4(e)].
The compressive mode localized in the OMC gives a large optomechanical coupling rate gOM =
290.5 kHz to the TE-like optical mode, with contributions due to the moving boundary effect gMB
= 54.5 kHz and photoelastic effect gPE = 236.0 kHz. The large overlap between the electric field and
strain tensor profiles results in the large photoelastic contribution, consistent with the discussion
above. For the flexural mode supported by the OMC, its optomechanical coupling rate is gOM =
127.4 kHz, with moving boundary and photoelastic contributions of gMB = 55.4 kHz and gPE =
72.0 kHz respectively. While its cross-sectional strain profile shows a nodal region extending from its
top apexes to its centroid, its profile is not purely anti-symmetric due to the broken symmetry about
the y-axis [Fig. 3.3(d)]. Therefore, there is a non-zero overlap between the strain field and the electric
field of the optical mode, leading to a significant photoelastic effect contribution to the
optomechanical coupling rate.
We also compare the spin-phonon coupling rates for both modes. As SiV– centers implanted near
surfaces are susceptible to local pre-strain, which acts to reduce the spin-strain susceptibilities and
subsequently the spin-phonon coupling rate, 47 we compare spin-phonon coupling profiles extracted
at the cross-sectional plane between the two central holes. For OMCs fabricated with their length
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Figure 3.4: Optimized triangular OMC unit cell and localized modes. (a) Optical bandstructure of unit cell. Solid black

and dotted blue curves beneath the light cone (gray shaded area) represent TE‐like and TM‐like modes, with the TE
quasi‐bandgap represented by the light gray rectangle. Red hollow square denotes TE‐like guided mode at X‐point,
while red solid square denotes localized TE‐like mode in the OMC. (b) Acoustic bandstructure of unit cell. Solid black
and dotted blue lines represent modes of even and odd symmetries about the yz‐plane. Red hollow circle and green
hollow triangle denote guided acoustic flexural and compressive modes, while red solid circle and green solid triangle
denote localized OMC acoustic flexural and compressive modes respectively. (c) Simulated electric field profile (y‐
component) of localized TE‐like mode in OMC. (d) Simulated displacement field profile of localized acoustic flexural
mode in OMC. (e) Simulated displacement field profile of localized acoustic compressive mode in OMC.
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oriented along the [110] crystallographic axis, the SiV– centers can be classified into two classes. We
term SiV– centers with their axis oriented along the [111] and [1̄1̄1] directions as Class-A SiV– ; these
SiV– have their axis parallel to the length of the OMC. SiV– centers with their axis oriented along the
[1̄11] and [11̄1] directions are referred to as Class-B SiV– ; these SiV– have their axis parallel to the
width of the OMC. For both flexural and compressive modes, Class-A SiV– have much higher
coupling than their Class-B counterparts. For Class-A SiV– , the maximum spin-phonon coupling
rate to the flexural mode is 1.83 MHz at the top surface [Fig. 3.5(a)]; for the compressive mode, the
maximum coupling rate is 2.93 MHz at a depth of 234 nm below the surface [Fig. 3.5(c)].
From the bar plots of strain tensor magnitudes, Class-A SiV– predominantly experience the SYY
strain component in the SiV– coordinate basis, while Class-B SiV– see large SXZ and SZZ [Fig.
3.5(b), (d)]. This is due to the flexural and compressive modes having predominant displacement
along its width axis, i.e. large Syy strain in the OMC geometry basis, which then projects differently
onto the SiV– basis for different classes of SiV– . The strain component SYY is larger for the flexural
mode, but the magnitudes of SXX and SXZ are larger for the compressive mode. As both effects have
similar extents, the increase in maximum spin-phonon coupling rates can be attributed solely to the
increase in mode frequency; an increase in mode frequency by 50% leads to an increase in
spin-phonon coupling rate by 60%. However, the maxima are not optimal positions for SiV– centers
to be implanted at. At the top surface, for which the coupling is maximized for the flexural mode,
SiV– stability is compromised by its proximity to the top surface; implanting SiV– centers near the
centroid (∼ 234 nm depth from top surface), where the coupling mode is maximized for the
compressive mode, requires large ion energies ∼ 367 keV (calculated using the Stopping Range in
Matter software package 95 ) will result in significant ion-induced damage. Therefore, for
experiments, we will consider SiV– centers implanted at 20 nm and 100 nm depths for the flexural
and compressive modes respectively (corresponding to ion energies of ∼ 27.5 and 150 keV) so as to
trade spin-phonon coupling rate for SiV– stability.
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(a)

(b)

(c)

(d)

Figure 3.5: Spin‐phonon coupling profiles for acoustic flexural and compressive modes in optimized triangular OMC

design. (a) Cross‐section profile for acoustic flexural mode, with line plots along its width and depth at slices denoted by
the red dashed horizontal and vertical lines respectively. (b) Strain tensor components in the SiV– and OMC geometry
bases of the flexural mode at the point of optimal coupling (given by intersection between the red dashed lines in (a)). (c)
Cross‐section profile for acoustic compressive mode, with line plots along its width and depth at slices denoted by the
red dashed horizontal and vertical lines respectively. (d) Strain tensor components in the SiV– and OMC geometry bases
of the compressive mode at the point of optimal coupling (given by intersection between the red dashed lines in (c)).
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3.5.2

Rectangular cross-section OMC

The optimized rectangular OMC design is parameterized by mirror unit cell geometry
(t, a, w, hx , hy ) = (344, 558, 763, 190, 591) nm, and defect parameters (d, b) = (0.2044, 2.152). The
mirror unit cell supports an optical quasi-bandgap from 175.3 to 202.7 THz, bounded below by the
TE-like guided mode at the X-point [Fig. 3.6(a)]. The defect region raises the optical mode
frequency, with the rectangular OMC supporting the localized TE-like mode with a resonance
wavelength of 1555 nm (192.8 THz) [Fig. 3.6(c)]. The mirror unit cell also supports a full symmetry
bandgap (for modes symmetric about both xy- and xz-planes) from 4.58 to 9.40 GHz, with the
compressive Γ-point guided mode at 10.35 GHz [Fig. 3.6(b)]. Due to the additional xy-symmetry
plane compared to the triangular cross-section, the flexural mode in the rectangular cross-section is
now an odd mode about this plane, while still being even about the xz-plane. The flexural Γ-point
guided mode is at 6.81 GHz. The defect region supports localized acoustic flexural and compressive
modes at 6.26 and 8.54 GHz respectively, lowered from their guided mode frequencies [Fig. 3.6(d),
(e)].
The localized compressive mode in the rectangular OMC gives a large optomechanical coupling
rate gOM = 255.5 kHz to the TE-like optical mode, similar to that of its triangular counterpart, with
contributions due to the moving boundary effect gMB = 27.6 kHz and photoelastic effect gPE =
227.0 kHz. As is the case with the triangular OMC, the large photoelastic contribution arises from
the large overlap in electric field and strain tensor [Fig. 3.3(d)]. However, the moving boundary is
lower for rectangular OMCs than for triangular OMCs, as the only moving boundaries in
rectangular OMCs are those parallel to the xz-plane. This is in contrast to triangular OMCs having
more moving boundaries in its sidewalls and top surface. The flexural mode has zero
optomechanical coupling, from symmetry considerations discussed in Chapter 3.4. This is because
the flexural mode now has odd symmetry about the xy-plane, which is not the case with triangular
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Figure 3.6: Optimized rectangular OMC unit cell and localized modes. (a) Optical bandstructure of unit cell. Solid black

and dotted blue curves beneath the light cone (gray shaded area) represent TE‐like and TM‐like modes, with the TE
quasi‐bandgap represented by the light gray rectangle. Red hollow square denotes TE‐like guided mode at X‐point,
while red solid square denotes localized TE‐like mode in the OMC. (b) Acoustic bandstructure of unit cell. Solid and dot‐
ted lines denote even and odd symmetries about the xy‐plane. Black and blue lines denote even and odd symmetries
about the yz‐plane. Red hollow circle and green hollow triangle denote guided acoustic flexural and compressive modes,
while red solid circle and green solid triangle denote localized OMC acoustic flexural and compressive modes respec‐
tively. (c) Simulated electric field profile (y‐component) of localized TE‐like mode in OMC. (d) Simulated displacement
field profile of localized acoustic flexural mode in OMC. (e) Simulated displacement field profile of localized acoustic
compressive mode in OMC.
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OMCs. The presence of the odd symmetry plane cancels moving boundary and photoelastic
contributions above and below this plane [Fig. 3.3(d)]. As a result, the acoustic mode cannot be
probed via optomechanical coupling. However, it can still be probed via confocal spectroscopy of
the SiV– 54 to interrogate the effect of the acoustic mode on the SiV– spin.
The spin-phonon coupling rates to Class-A SiV– , at the cross-sectional plane between the two
central holes, is 1.81 MHz at a depth of 172 nm (i.e. half its thickness) to the compressive mode [Fig.
3.7(a)], and 1.67 MHz at the top surface for the flexural mode [Fig. 3.7(c)]. The strain tensor
components for both modes and classes of SiV– are distributed similarly for rectangular and
triangular OMCs, with SYY being the dominant component for Class-A SiV– in both modes, and
SXZ and SZZ being the dominant components for Class-B SiV– [Fig. 3.7(b), (d)]. However, the
increase in coupling rate for compressive mode compared to flexural mode is less than the increase in
mode frequency, showing that the strain component magnitudes are lower for the compressive
mode. For the flexural mode, there is a node along the y-axis in the spin-phonon coupling profile in
the cross-section, owing to the odd symmetry about the xy-plane. However, the compressive mode
has fairly uniform coupling rates in depth (with variation less than 10%), correlating with its uniform
strain profile. The compressive mode in rectangular OMCs thus offers an advantage in robustness
against depth uncertainties during ion implantation, as the implantation process results in a
distribution of SiV– depths.

3.5.3 Dependence of spin-phonon coupling on number of defect holes
We also analyze the effect of varying the number of defect cells on the spin-phonon coupling rates.
As the number of defect cells is increased from 1 to 30, the acoustic mode frequency of the flexural
mode decreases by about 7% [Fig. 3.8(a)], while the zero-point displacement decreases by about 50%
[Fig. 3.8(b)]. As the spin-phonon coupling rate scales with acoustic mode frequency and strain
amplitude, which in turn scales with zero-point displacement, the spin-phonon coupling rate to a
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(a)

(b)

(c)

(d)

Figure 3.7: Spin‐phonon coupling profiles to Class‐A SiV– for acoustic flexural and compressive modes in optimized

rectangular OMC design. (a) Cross‐section profile for acoustic flexural mode, with line plots along its width and depth
at slices denoted by the red dashed horizontal and vertical lines respectively. (b) Strain tensor components in the SiV–
and OMC geometry bases of the flexural mode at the point of optimal coupling (given by intersection between the red
dashed lines in (a)). (c) Cross‐section profile for acoustic compressive mode, with line plots along its width and depth at
slices denoted by the red dashed horizontal and vertical lines respectively. (d) Strain tensor components in the SiV– and
OMC geometry bases of the compressive mode at the point of optimal coupling (given by intersection between the red
dashed lines in (c)).

[111]-oriented SiV– at 20 nm depth decreases by about 50% [Fig. 3.8(c)]. As the zero-point
displacement scales inversely with mode volume, evident from the increase in effective mass (Fig.
3.8(d), this trend shows that an increase in mode volume along the length of the OMC does reduce
the spin-phonon coupling rate. This increase in mode volume, however, does not scale linearly with
the number of defect cells: for OMCs with 7, 15, and 30 defect cells, the displacement and
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(a)

(g)

(b)

(c)

(h)

(d)

(e)

(i)

(f)

Figure 3.8: Variation of triangular OMC performance figures with length of defect region. (a) Localized acoustic flexural

mode frequency. (b) Zero‐point fluctuations in acoustic displacement amplitude. (c) Spin‐phonon coupling rate to Class‐
A SiV– at a depth of 20 nm below the surface. (d) Effective mass. (e) Total optical Q‐factor. (f) Optomechanical coupling
rate. (g‐i) In‐plane acoustic displacement and spin‐phonon coupling profiles for (g) 7 defect cells, (h) 15 defect cells, (i) 30
defect cells.

spin-phonon coupling profiles decays to zero at the 4th, 5th, and 7th unit cell from the central defect
cell [Fig. 3.8(g)-(l)]. The corresponding coupling rates at 20 nm depth are 1.95, 1.81, and 1.55 MHz.
The coupling rate for an OMC with 30 defect cells is still above the 1 MHz needed for unit
spin-phonon cooperativity. Thus, from a spin-phonon coupling consideration alone, an OMC with
a long defect region is not necessarily detrimental. Choosing a good OMC design would also depend
on the optical Q, which increases with the number of defect cells before saturating after about 24
defect cells (Fig. 3.8(e)); and on the optomechanical coupling rates, which peaks at 130 kHz for 7
defect cells and decreases to 117 kHz for 30 defect cells [Fig. 3.8(f)].
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3.6

Engineering the input mirror for single-ended coupling

Previously realized diamond optomechanical crystals were designed as symmetric cavities, with equal
number of mirror and defect cells about its central yz-plane. 45 These were probed using an
adiabatically tapered optical fiber, with input light in the tapered region coupling to the optical
cavity mode of the OMC via evanescent coupling, with the scattered light from the OMC measured
in transmission. However, given that the photons from the optical cavity mode can couple into two
modes propagating in opposite directions in the fiber, with photons only detected from the output
end of the optical fiber, means that half of the scattered photons are lost. 96 The detection efficiency
is thus reduced, which motivates the need to find a coupling scheme that couples more than half (or
ideally all) the scattered photons to the detection channel. Additionally, for spin-phonon coupling
experiments that involve SiV– centers embedded in OMCs, we would like to have free-space
spectroscopy of SiV– centers from above the OMC [Fig. 3.9(a)]. This rules out the possibility of
using evanescent tapered fiber coupling that requires the fiber to contact the OMC from above,
obstructing the free-space spectroscopy path. Therefore, we would need to seek a coupling method
with high-efficiency that can be deployed in-plane with the waveguide.
To couple light from an optical fiber to the OMC via in-plane coupling with a waveguide, we
proceed through three stages:
• Couple input light from an optical fiber to a diamond waveguide
• Transition the waveguide optical mode to a Bloch mode in the mirror region of the OMC
• Optimize the coupling between the mirror and defect regions of the OMC.
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Figure 3.9: Full OMC device and in‐plane OMC geometry. (a) SEM showing a full OMC device, with optical fiber taper

contact with diamond waveguide taper shown schematically. SiV– centers implanted in OMCs were probed using con‐
focal illumination from above the device. SEM image taken at 60◦ stage tilt. (b) In‐plane geometry of OMC designed for
single‐ended coupling, showing an engineered input mirror comprising of a waveguide mirror taper and reduced number
of mirror holes.

3.6.1 Fiber-waveguide coupling
Fiber-waveguide coupling can be done by utilizing adiabatic coupling between a conical optical fiber
taper (OFT) and freestanding diamond waveguide tapers (DWT), which has been shown to achieve
coupling efficiencies greater than 90% in diamond photonic crystal cavities at visible wavelengths 89
[Fig. 3.9(a)]. The tapered fiber is created by pulling a single-ended single-mode optical fiber out of
hydrofluoric acid (HF), with a layer of o-xylene on top of HF that helps the formation of a conical
taper via a meniscus at the fiber boundary. The DWT tapers in width from a sharp tip to the OMC
device width. As the thickness of diamond waveguides fabricated through angled etching scales with
their width as t = w/(2 tan θ), with θ being the bottom apex half-angle of the cross-section, the
gradual change in width along the length of the DWT translates to a gradual increase in cross-section
area. The gradual change in cross-section areas of both OFT and DWT means that the optical mode

90

stays the same over the length of the taper. Through contact of the OFT onto the DWT, the
effective index varies adiabatically over the contact length, and high-efficiency coupling is achieved as
the optical mode transitions adiabatically from OFT to DWT modes via a hybridized supermode. 97

3.6.2

waveguide mirror taper

The next step of coupling that needs to be optimized was the waveguide-OMC mirror interface. A
sharp transition between the waveguide and the OMC mirror results in large insertion losses due to
scattering at this interface. This scattering arises due to mode mismatch between the waveguide
optical mode and the Bloch mode supported by the mirror. 98,99 This can be mitigated by
introducing a waveguide mirror taper (WMT) that comprises a series of air holes that gradually taper
in size, starting from small holes at the input end to larger holes resembling the OMC mirror. This
promotes an adiabatic transition between the waveguide and Bloch mirror modes [Fig. 3.9(b)].
The geometry of the WMT was chosen using the same gradient search optimization procedure in
section 3.4.3. The vector parameterizing the geometry is the lattice constant and hole diameters
aend , hx,end , hy,end of the end WMT unit cell closest to the waveguide. The WMT unit cells are
defined by tapering the difference between the end WMT unit cell and the OMC mirror cell, by
aWMT (m) = aend + (a − aend ) f(m),

(3.37)


hx,WMT (m) = hx,end + hx − hx,end f(m),

(3.38)


hy,WMT (m) = hy,end + hy − hy,end f(m).

(3.39)

Here, m = (k − 1)/nWMT runs from 0 to 1, where nWMT is the number of holes in the WMT, and
k indexes the holes in the WMT starting from the OMC mirror cell. The taper function is
f(m) = 1 − 3m2 + 2m3 , and equals to 0 and 1 for the end WMT cell and OMC mirror cell
respectively. We set nWMT = 5 as a compromise between efficiency (which increases with nWMT ,
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and waveguide coupling rate (which increases with decreasing nWMT = 5).
For each WMT design generated, we used FDTD simulations (Lumerical) 93 to launch the
fundamental TE-like waveguide mode into the WMT, and calculate the reflection spectrum R
around the cavity mode wavelength. Reflection from the WMT involves three scattering process:
scattering from the waveguide mode to the forward propagating Bloch mode; from the forward
propagating Bloch mode to the backward propagating Bloch mode; and finally from the backward
propagating Bloch mode to the waveguide mode. 100,101 The greater the coupling efficiency of the
waveguide mode to both forward- and backward-propagating Bloch modes, the greater the reflection
R. Therefore, the out-of-plane loss is given by L = 1 − R. We chose L at the optical cavity mode
wavelength as the fitness function, which was minimized using the same simplex method used for
optimizing OMC geometries 68,90,91 . The optimized designs for the triangular and rectangular
OMCs are shown in Fig. 3.10. The loss as a function of wavelength for both cross sections shows a
window corresponding to the optical quasi-bandgap of the mirror segment, with a pronounced dip
with loss minima between 1 × 10-3 and 2 × 10-3 .

3.6.3

Choosing number of input mirrors

Finally, we aim to increase the coupling rate between the defect region of the OMC and the WMT.
We can model the OMC as a double-ended cavity, connected to a waveguide on one end, and
terminated by a strong mirror on the other end. We can use coupled mode theory to calculate the
optical reflection spectrum as a function of the coupling rate of the input waveguide. 86 The optical
reflection coefficient is


R (ω) = 

ω−ωo
ωo
ω−ωo
ωo

2
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+
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Qwg
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2
2 ,

(3.40)

where ω is the optical frequency, ωo is the optical cavity resonance frequency, and Qsc and Qwg are
partial quality factors describing coupling into radiation modes and waveguide modes respectively.
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Figure 3.10: Optimized waveguide mirror taper designs for triangular and rectangular OMCs. (a) Top: optimized waveg‐

uide mirror taper (WMT) for optimized triangular OMC design, with schematic showing power balance. Bottom: plot
of loss as a function of wavelength. (a) Top: optimized waveguide mirror taper (WMT) for optimized rectangular OMC
design, with schematic showing power balance. Bottom: plot of loss as a function of wavelength.

On resonance ω = ωo , this becomes

R (ωo ) =

Q2t

1
1
−
Qsc Qwg

2
,

(3.41)

where Qt is the total optical quality factor and we have used the relation 1/Qt = 1/Qsc + 1/Qwg .
The reflection coefficient is minimized when critical coupling occurs, i.e. Qsc = Qwg , such that
there is equal coupling from the optical mode to both the waveguide and radiation modes. This
occurs for 6 mirror cells for both triangular and rectangular OMCs [Fig. 3.11]. We then take into
account fabrication-induced losses by introducing a fabrication-limited Qfab of 3 × 10 5 , and total
Q-factor is now 1/Qt = 1/Qsc + 1/Qwg + 1/Qfab . As Qfab is lower than Qsc , its introduction
lowers the number of mirrors needed to reach critical coupling to 3 for both cross-sections. As Qfab
varies depending on fabrication processes and conditions, the number of input mirror cells for
which critical coupling is achieved also varies. To take this uncertainty in Qfab into account, we

93

(a)

(b)

Figure 3.11: Sweep of partial optical Q‐factors and reflection coefficient with varying input mirrors. (a) Q‐factors and

reflection coefficients for triangular OMC. (b) Q‐factors and reflection coefficients for rectangular OMC. In both plots,

Qsc , Qwg , Qfab are the partial scattering, partial waveguide, and fabrication‐limited optical quality factors. The total
quality factor is denoted by Qtot and its fabrication‐limited counterpart is Qtot,fab . The reflection coefficients without
and with fabrication imperfections taken into account are R and Rfab respectively.

fabricate OMC devices with different number of input mirrors around the fabrication-limited
minimum. This ensures that critical coupling is achieved for OMC devices having the optimal
number of input mirrors given a Qfab associated with the fabrication of the devices.
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4

Development of new hard masks for
reactive ion beam angled etching of
diamond

Diamond is a promising material for realizing photonic devices due to its high refractive index
(n = 2.4), its wide bandgap (5.5 eV) and transparency window, and large-power handling capability.
Leveraging on these properties, devices such as nanowires, 102 gratings, 103,104,105 and mirrors 106 have
been realized. Diamond also has strong third order optical nonlinearity which has been leveraged to
realize frequency combs, 107 Raman lasers, 108,109 and supercontinuum sources. 110 Perhaps the most
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exciting application of diamond is in quantum photonics enabled by a wide variety of color centers
that exist within diamond’s wide bandgap, featuring bright coherent optical transitions and long
spin coherence times. A good example is the negatively-charged silicon-vacancy center (SiV– ) that
has been integrated into quantum photonic devices such as photonic crystal nanobeams. 56 These
were subsequently used to demonstrate coupling between SiV– centers and photons with high
cooperativity, 33 paving the way for quantum memory nodes 32 and memory-enhanced quantum
communication. 34 To produce high-performance quantum photonic devices in diamond, tight
confinement of optical modes with low optical loss is needed. These requirements can be met if
diamond devices are supported by lower-index substrates or are suspended in air (free-standing).

4.1 Approaches for creating free-standing diamond devices
One often pursued approach relies on fabrication of thin diamond films – free-standing or on low
index substrates – followed by etching devices in these films. Diamond thin films can be realized
using a combination of laser slicing and reactive ion etching, or using ion implantation and
electrochemical etching. Recently, a variant of this approach has been developed that uses diamond
regrowth and fusion bonding before electrochemical etching, and lastly diamond etch to remove the
damaged layer. 111
An alternative approach relies on bulk machining methods – angled etching and quasi-isotropic
etching – that are used on bulk diamond substrates to realize free-standing diamond devices.
Despite great promise and versatility offered by isotropic undercut approach, 41,44,65,85,112 including
recent work on device transfer and large scale integration, 113 state of the art quantum photonic
devices are still made using angled-etching approach. 32,33,34 The first angled etching of diamond was
done by housing the diamond substrate in a home-made Faraday cage within an inductively-coupled
plasma reactive ion etching (ICP-RIE) chamber. 40,43,114 The Faraday cage modifies the trajectories
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Figure 4.1: Comparison between conventional reactive ion etching (RIE), angled RIE, and ion beam etching, with process

flow for angled etching. (a) Schematic for conventional reactive ion etching (RIE). (b) Schematic of angled RIE using a
Faraday cage to modify ion trajectories after entering the cage. α is the half‐apex angle of the cage. Right: Photograph
of Faraday cage with sample mounted inside it. (c) Schematic of ion beam etching, with stage tilted at angle α relative
to ion beam. (d) process flow for angled etching: (i) mask definition, (ii) anisotropic etching, (iii) angled etching, (iv) mask
removal. α defines the etch angle, related to the Faraday cage half‐apex angle in (b) and the stage angle in (c).

of ions in the chamber: instead of travelling at normal incidence to the sample [Fig. 4.1(a)], they are
redirected normal to the Faraday cage boundaries, and hence they travel at oblique incidence to the
sample [Fig. 4.1(b)]. This results in undercutting of diamond nanostructures and produces devices
with triangular cross sections. However, the Faraday cage does not redirect the ion trajectories
uniformly, leading to varying degrees of undercut across a bulk diamond substrate. 114 As a result,
angled etching performed with Faraday cages are inconsistent and not reproducible from run to run.
More recently, angled etching of diamond devices has been performed via reactive ion beam
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angled etching (RIBAE). 42 In this method, the ion beam is generated in an ion gun external to the
etching chamber, and collimated and accelerated towards the chamber through a series of grids [Fig.
4.1(b)]. Importantly, the ion beam can be made uniform over the large area (diameter as large as
4-inch in the case of the tool used in this work). This, combined with automatic stage tilt and
continuous rotation during the etch process, ensures improved undercut etch uniformity over the
entire area of a bulk diamond substrate, which is on the order of 4 mm × 4 mm currently. RIBAE
has been used successfully to fabricate photonic devices like diamond mirrors, 106 dispersion
engineered waveguides for supercontinuum generation, 110 and photonic crystal cavities used in
cavity QED experiments. 32,33,34 The main challenge of this approach is significant mask erosion,
more significant than in vertical etches, that therefore ultimately limits the width of the devices that
can be realized. For example, while devices operating in visible could readily be achieved, those at
telecommunication wavelengths have been elusive. Furthermore, mask erosion ultimately impacts
the Q of fabricated devices.
To address these challenges, we compared different mask materials suitable for RIBAE. We also
examined the requirements for different nanophotonic geometries, such as photonic crystal
nanobeam cavities and waveguides. These results provide insights into the nature of lateral erosion
of masks during angled diamond etching, enabling improved optical performance of fabricated
devices. Furthermore, the results of this study can be applied to any material for which no thin film
platform is available, and where fabrication must be done from bulk substrates.

4.2

Requirements for hard masks

A proper mask material for angled etching processes should be sufficiently thick, have high
selectivity, good aspect ratio tolerance, high resolution and smooth sidewalls. A sufficiently thick
mask is required to withstand erosion during both vertical and angled etches. The mask should also
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have a high selectivity to diamond during the etching processes, since low selectivities lead to high
vertical and lateral erosion rates in both vertical and angled etches, which will change the mask shape
and deform the final device geometry. For geometries that have perforations in waveguides, such as
photonic crystal nanobeams, the mask needs to be made thick enough to protect the incident ion
beam from etching into the perforations and inducing sidewall roughness. As these geometries have
features with small lateral dimensions relative to the thickness, the mask would need a good tolerance
to high aspect ratios; this also requires high resolution in the lithography process for the mask to be
accurately defined throughout the depth of the mask. Finally, smooth sidewalls are needed for the
mask material, as roughness in the mask that is transferred into diamond during the etching
processes will result in higher optical scattering loss rates.
We evaluated several combinations of mask materials in this work: (i) hydrogen silesquioxane
(HSQ) on titanium (Ti) adhesion layer (hereafter shortened to HSQ-Ti); (ii) HSQ on niobium (Nb)
adhesion layer, (HSQ-Nb); (iii) templated Nb or alumina using poly(methyl methacrylate)
(PMMA); and (iv) HSQ on alumina adhesion layer (HSQ-alumina)

4.3 Device design, fabrication, and measurement
The photonic crystal devices in this work consist of a clamp on one end, followed by the photonic
crystal, a tapered support to provide tethering to the substrate via a thin fin that does not induce
coupling losses, 43 and finally a tapered waveguide for adiabatic fiber coupling. 89 Optical reflection
spectroscopy was performed using a tunable laser source (TSL, Santec) and a photodetector (New
Focus). The total optical quality factor Q can be split into two contributions Qsc and Qwg due to
coupling of the optical cavity mode to radiation modes in free space and to waveguide modes
respectively. To increase coupling through the waveguide, the photonic crystal was designed to have
a less reflective mirror on the end closer to the tapered waveguide than the end closer to the clamp.
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Racetrack resonators in this work are designed to have resonances in the telecommunication
wavelength range, and are tethered to the substrate by a thin fin at the bottom apex of the cross
section. This provides structural stability while minimizing optical losses into the substrate. 43 The
racetrack resonators are measured through optical transmission spectroscopy using a dimpled fiber
taper. 42,43
The fabrication process we used to evaluate different mask materials consists of four steps [Fig.
4.1(d)]: defining the mask material, vertical etching to transfer the mask pattern into diamond,
angled etching to undercut diamond to suspend devices above the substrate, and removing the mask
material to produce the final suspended devices. In a device with triangular cross section, its thickness
t is related to its width w through the etch angle θ, via the relation t = w/(2tanθ). To fully suspend
the structures, the vertical etch depth should theoretically be at least the final thickness of the device.
In practice, the etch depth is chosen to be larger to take into account evanescent leakage of light into
the substrate for nanophotonic devices, and non-uniformity of etching photonic crystal devices in
particular, where vertical etch rates in narrow features are lower than that in the wider ones.
Prior to mask definition, the diamond substrate was cleaned in 49% hydrofluoric acid (HF) for 5
minutes, piranha solution (96% sulfuric acid and 30% hydrogen peroxide in 3:1 ratio) for 5 minutes,
then ultrasonic agitation in acetone followed by methanol, and finally dried with a nitrogen gun.
Following the mask definition process, which will be explained in further details for each mask
material, a vertical oxygen etch was performed in a PlasmaTherm Versaline ICP-RIE system to
transfer the mask pattern into diamond. This recipe used a flow of 40 standard cubic centimeters per
minute (sccm), pressure of 10 milliTorr, bias and ICP powers of 100 W and 700 W.
Angled etching with RIBAE was done with an Intlvac Nanoquest Ion Beam Etching System
using oxygen ion beams from a Kaufman & Robinson ion beam source. Two recipes were used in
this work: (i) beam voltage 200 V, accelerator voltage 26 V, beam current 100 mA, ICP power 170
W, oxygen flow 38 sccm; (ii) beam voltage 150 V, accelerator voltage 22 V, beam current 80 mA, ICP
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power 130 W, oxygen flow 30 sccm. For both recipes, the stage angle was α = 45◦ .
For mask removal, the diamond substrate with devices was immersed in a solution of 49% HF and
60% nitric acid in 1:1 ratio for 5 minutes, followed by piranha solution for 5 minutes, and lastly dried
through a critical point drying process with carbon dioxide.

4.4 Results for different mask methods
4.4.1

HSQ-Ti mask

We first considered a mask with hydrogen silesquioxane (HSQ; FOx from Dow-Corning) and
titanium (Ti) [Fig. 4.2(a)]. HSQ is a negative-tone electron beam resist that cures to form silicon
dioxide after electron beam lithography (EBL) and development, while Ti serves as an adhesion layer
between HSQ and diamond, as well as a charge compensation layer for the lithography process.
After cleaning of the diamond substrate, the mask definition proceeded first through physical vapor
deposition of a 40 nm layer of Ti, followed by spin-coating of HSQ. For fabricating photonic crystals
operating in the telecommunication wavelength range (around 1550 nm), a 1 µm layer of HSQ was
needed to shadow the holes from being etched during the angled etching process, while for photonic
crystals for SiV-photon experiments (around 737 nm), HSQ was spun to a thickness of 600nm. This
was followed by electron beam lithography (125 keV, Elionix) and development in 25%
tetramethylammonium hydroxide (TMAH) solution. Prior to the vertical oxygen etch, the Ti layer
was etched in the aforementioned PlasmaTherm Versaline ICP-RIE with argon/chlorine (Ar/Cl2 )
for 1 minute with gas flows of 25 and 40 sccm respectively, pressure of 8 milliTorr, bias and ICP
powers of 250 W and 400 W respectively.
The automatic stage rotation during RIBAE improved the etch cross-section uniformity.
Previously, with Faraday cage angled-etching, a lack of stage rotation during the etch would result in
asymmetric cross-sections [Fig. 4.2(b)]. This was only improved by performing multiple etches of
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shorter durations, with the stage rotated manually after each etch was complete and the sample was
unloaded [Fig. 4.2(c)]. With automatic stage rotation during RIBAE, the cross-section was
guaranteed to be symmetric [Fig. 4.2(e)]. While the HSQ-Ti mask stack has advantages in terms of
smoothness, resolution and thickness, it suffered from high top-down and lateral erosion rates [Fig.
4.2(d)], as well as excessive micromasking [Fig. 4.2(f)].
With RIBAE using the recipe with 200 V beam voltage, the HSQ-Ti mask stack has been used to
angle-etch racetrack resonators with optical Q’s of 286 000, 42 as well as photonic crystals in visible
wavelengths. 32,56,115 For waveguides, the mask needs to be sufficiently thick and wide to withstand
lateral and top-down erosion of the HSQ mask. For photonic crystals, there is an added requirement
for the mask to be thick enough to shadow the holes from being etched. However, the maximum
realizable aspect ratio of HSQ limits the range of thickness where features can be reliably reproduced.
While visible-wavelength photonic crystals have been successfully fabricated using HSQ-Ti mask
stack and used to demonstrate memory-enhanced quantum communication, 32,33,34 the same mask
stack was unsuccessful in producing photonic crystals at telecommunication wavelengths. Firstly,
limitations in aspect ratios that can be achieved with HSQ imposes an upper limit on its thickness,
above which features cannot be faithfully reproduced with lithography. Secondly, the larger widths
of telecommunication-wavelength photonic crystals as compared to their visible-wavelength
counterparts means that a longer duration of RIBAE is needed to fully suspend the photonic
crystals. This leads to a greater extent of mask erosion as well as mask redeposition, contributing to
roughness in both outer edges of waveguides and inner sidewalls of holes.

4.4.2 HSQ-Nb mask
To overcome the large extent of mask erosion arising from HSQ mask, we explored the use of a metal
mask for oxygen RIBAE, as many metals form a resistant oxide layer upon oxidation. Metals such as
chromium, 116 aluminum, 103,117,118 and niobium 42,106 have previously been used as metal masks for
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Figure 4.2: Reactive ion beam angled etching (RIBAE) using hydrogen silesquioxane (HSQ)‐Ti mask. (a) Schematic of

HSQ‐Ti mask stack for angled etching. (b) Scanning electron microscope (SEM) image of an asymmetric cross‐section
of the beam from Faraday cage angled etching if cage not rotated. (c) SEM image of a symmetric cross‐section of beam
with Faraday cage rotation between etches. (d) SEM image of cross‐section of beam during ion beam angled etching (e)
SEM image of cross‐section of the beam after ion beam angled etching was completed. Continuous rotation of stage
during ion beam etching gives a symmetric cross‐section. (f) Close up view of the cross‐section in (e), showing imperfect
cross‐section due to micromasking. (g) SEM image of photonic crystal after angled etching with HSQ‐Ti mask. After
etching for a duration necessary to release the photonic crystal, excessive mask erosion led to etching into the holes of
the photonic crystal, while mask redeposition due to Ti led to roughness along the edges of the photonic crystal. Scale
bars in (b) – (e), (g) represent 1 µm. All SEM images were taken at a 60◦ tilt.
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diamond etching. Here, we chose niobium due to its high selectivity and low erosion rate, as well as
its ease of etching in Ar/Cl2 etch.
To fabricate diamond photonic devices with niobium masks, niobium (∼ 200nm) was sputtered
onto cleaned diamond substrates, and HSQ was then spin-coated on top of niobium. Following
EBL and development, the mask pattern defined in HSQ is transferred into the niobium layer with
an anisotropic Ar/Cl2 etch, and then transferred into the diamond substrate using an anisotropic
oxygen etch for 10 mins. This was then followed by oxygen RIBAE to suspend the photonic
structures, and mask removal to remove HSQ and niobium. Although HSQ was not removed prior
to angled etching, it did not serve as the primary mask material here as it was eroded at a faster rate
compared to niobium during the oxygen RIBAE step [Fig. 4.3(a)].
We first used the HSQ-Nb mask to etch cantilevers, using the recipe with 200 V beam voltage,
and observed their cross-section. This mask resulted in a well-defined triangular cross-section
without mask redeposition and roughness along the waveguide edges as compared to the HSQ-Ti
mask stack [Fig. 4.3(b)]. This was due to the lower mask erosion rate of niobium as compared to
HSQ during the oxygen RIBAE step, as well as the absence of the Ti layer that led to micromasking.
Using a stage tilt of α = 45◦ resulted in a top apex angle of ∼ 53◦ , with the discrepancy arising from
mask erosion that narrowed the width of the mask.
To demonstrate the effectiveness of the improved triangular cross-section, we fabricated ring
resonators with HSQ-Nb mask and compared them to those fabricated using HSQ-Ti mask. 42
After the RIBAE step, the diamond substrate with fabricated ring resonators was cleaned first with a
mixture of nitric acid, phosphoric acid, and HF in 1:1:1 ratio to remove HSQ and Nb, followed by
cleaning in piranha mixture, acetone, and methanol, before critical point drying with carbon dioxide.
Optical Q’s of fabricated ring resonators were measured by coupling light from a tunable laser
source (Santec) evanescently through a dimpled tapered fiber (ThorLabs), 43 which was tapered to a
diameter of ∼ 1 µm by pulling under a hydrogen flame followed by dimpling. 119 This allows the
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Figure 4.3: RIBAE of photonic structures using Nb mask. (a) Scanning electron microscope (SEM) image after (duration)

of ion beam angled etch of the cantilever with Nb mask. (b)(i) SEM image of a completely etched cantilever. (ii) Close‐up
view of the cross‐section of the cantilever, with a final etch angle close to 53◦ . (c) The optical transmission spectrum
of racetrack resonator fabricated with Nb mask, with optical resonance at 1621.0 nm, total optical Q of 730 000, and
intrinsic optical Q of 776 000. (d) Process flow for templated Nb mask on diamond. (i) Spin coating of PMMA, (ii) elec‐
tron beam lithography and development of PMMA template, (iii) sputtering of Nb into PMMA template, (iv) completed
sputtering with Nb fully planarized over PMMA template, (v) planarization of Nb with argon ion beam at grazing inci‐
dence angle, (vi) final Nb mask on diamond. (e) SEM image after removal of PMMA revealed Nb mask. (f) SEM image of
photonic crystal after angled etching with Nb mask. (g) The optical reflection spectrum of photonic crystal fabricated
with Nb mask, with optical resonance at 1566.2 nm, total optical Q of 11 100, and intrinsic optical Q of 39 700. Scale
bars in (a), (b), (e), (f) represent 1 µm. All SEM images were taken at a 60◦ tilt.
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fiber to be positioned in close proximity to the ring resonator. The position of the dimpled tapered
fiber was controlled with motorized stages and optimized for critical coupling to the ring resonator.
The resulting transmission was measured with a photodetector (New Focus). For ring resonators
fabricated with HSQ-Nb mask stack, total optical Q’s of 730 000 were measured [Fig. 4.3(c)], an
improvement from the total optical Q’s of 286 000 measured from similar ring resonators fabricated
with HSQ-Ti mask stack, 42 thus demonstrating that the improved smoothness of the triangular
cross-section resulted in lower optical scattering losses.

4.4.3 Nb mask via inversion of PMMA template
However, metal masks possess grain structure, which subsequently transfers into diamond as
sidewall roughness. To circumvent this, we devised an alternative patterning process through mask
inversion [Fig. 4.3(d)]. In this modified process, Poly(methyl methacrylate) (PMMA, 950 C4,
MicroChem) was spun onto a cleaned diamond substrate. The thickness of PMMA set the final
thickness of the mask. The mask pattern was written in PMMA using EBL; due to the positive tone
of the resist, this resulted in trenches and pillars where waveguides and holes were defined. After
development with methyl iso-butyl ketone (MIBK) diluted in 1:3 ratio with isopropyl alcohol (IPA)
for 60 seconds, the template was completed. The template was then inverted through sputtering of
niobium such that the template is conformally covered, followed by an etchback to remove excess
niobium on top of the PMMA template.
To fully planarize the PMMA template through sputtering, the required material thickness is
equal to half the width of the widest feature if the deposition is conformal. In our photonic crystal
devices, this would correspond to the clamps of 3 µm width, which would require a 1.5 µm-thick
layer of niobium to be sputtered. In the case of incomplete planarization, an etchback that uses
conventional top-down etching would etch niobium at the bottom of unplanarized features, leading
to an absence of mask in those regions. To avoid the need for a thick niobium layer, we employed an
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argon ion beam at grazing incidence for the etchback process instead. With the correct choice of ion
beam incidence angle and thickness of the sputtered niobium layer, unplanarized features can be
preserved by virtue of its sidewall coating shadowing the argon ion beam from reaching the bottom
of the unplanarized region. The grazing-incidence argon ion beam milling was performed in the
same Intlvac Nanoquest tool used for oxygen RIBAE, with the following parameters: argon flow 15
sccm, beam voltage 300 V, accelerator voltage 36 V, beam current 100 mA, ICP power 110 W, stage
angle 20◦ .
After the milling step to remove excess niobium on top of PMMA, thereby leaving the niobium
mask surrounded by exposed PMMA, the PMMA was removed by immersion in Remover PG
(MicroChem) for 24 hours to complete the mask definition process [Fig. 4.3(e)]. Device fabrication
then proceeded with top-down oxygen etch followed by oxygen RIBAE. The niobium mask
patterned in this way produced smooth sidewalls in the holes as inherited from the smoothness of
the PMMA template, which then translated to smooth sidewalls in diamond as well after the
anisotropic etch. However, after the oxygen angled RIBAE step, the holes became roughened. The
roughening of holes was due to insufficient mask thickness to shadow the holes during the angled
etching process [Fig. 4.3(f)].
In turn, the insufficient mask thickness resulted from physical limitations in the sputtering
process. This was because sputtering is not perfectly conformal; sharp convex corners at the top of
trenches see a greater flux of incoming adatoms as compared to concave corners at bottom of
trenches. Complete coating is possible for sufficiently low aspect ratios, given as the ratio of the
height of a trench to its width. Above a critical aspect ratio, the disparity in coating at top corners of
trenches compared to bottom corners would result in insufficient sidewall coating and voids within
the mask. A mask with voids and incomplete sidewall coating would be compromised in its ability to
withstand lateral erosion, especially over long durations of oxygen RIBAE for telecommunication
wavelength photonic crystals.
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Optical Q’s of telecommunication wavelength photonic crystals were measured in reflection
using tapered fibers fabricated by pulling out of HF solution. 89,97,120 These tapered fibers were
placed in contact with the diamond waveguide taper connected to the photonic crystal to allow for
efficient adiabatic coupling of light into the photonic crystal. The optical reflection spectrum of a
telecommunication photonic crystal, fabricated with template-patterned Nb mask, is shown in Fig.
4.3(g). The telecommunication wavelength photonic crystals fabricated with the modified niobium
masking process and RIBAE were measured to have lower intrinsic optical Q of 39 700, compared to
270 000 measured in telecommunication photonic crystals fabricated with HSQ-Ti mask and
Faraday cage angled etching. 45 Here, intrinsic optical Q was compared instead of total optical Q to
exclude variations in waveguide coupling rates, as the two devices were measured via different means
(reflection vs transmission respectively). The degraded Q’s can be attributed to roughened holes
arising from insufficient Nb mask thickness and hole shadowing during oxygen RIBAE, even though
the Nb mask gave a better cross-section compared to HSQ-Ti mask in Faraday cage angled etching.

4.4.4 HSQ-alumina mask
The low measured optical Q’s of telecommunication wavelength photonic crystals using
PMMA/Nb mask as compared to those achieved with HSQ-Ti mask (with Faraday cage angled
etching) shows that a thick mask is needed to shadow the photonic crystal holes from being etched
and produce high optical Q’s. However, it is difficult to deposit thick layers of commonly used hard
mask materials without accumulating stress and/or without grain structure. A compromise was
reached by using a thick HSQ layer, but with a thin alumina underlayer instead of a metallic
underlayer as in the HSQ-Ti process [Fig. 4.4(a)]. An alumina layer approximately 1 nm thick was
deposited via atomic layer deposition (Cambridge NanoTech) after the diamond substrate cleaning
step, but prior to spin coating of 1 µm of HSQ. After EBL and development, a short Ar/Cl2 etch
was used to remove the alumina layer prior to top-down diamond etching.
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Figure 4.4: RIBAE of photonic crystal with telecommunication resonance wavelength using HSQ/alumina mask. (a)

Schematic of HSQ‐alumina (Al2 O3 ) mask stack for angled etching. Here the alumina layer is 1 nm thick and serves as an
adhesion layer. (b) Scanning electron microscope (SEM) image showing cross‐section of completely etched cantilever,
prior to HSQ mask removal. (c) SEM image of the same cantilever in (b), after HSQ mask removal, with a final etch angle
close to 58◦ . (d) SEM image of photonic crystal after angled etching with HSQ‐alumina mask. (e) The optical reflection
spectrum of photonic crystal fabricated with HSQ‐alumina mask, with optical resonance at 1520.0 nm, total optical Q of
35 300, and intrinsic optical Q of 250 000. Scale bars in (b) – (d) represent 1 µm. All SEM images were taken at 60◦ tilt.
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We first fabricated cantilevers with the HSQ-alumina mask stack to demonstrate smooth
triangular cross-sections during and after the RIBAE process [Fig. 4.4(b), (c)], resembling that from
the single-stack PMMA/Nb process described earlier [Fig. 4.3(b)(ii)]. We used using the recipe with
a lower beam voltage of 150 V to achieve a lower erosion rate of HSQ. The amorphous nature of the
alumina underlayer means that there is no grain structure that results in diamond sidewall roughness
via top-down diamond etching, while the thinness of the layer eliminates mask redeposition.
Therefore, the combined HSQ-alumina mask stack can be considered an effective single-stack mask
[Fig. 4.4(b)].
The cross-section of a cantilever fabricated using the HSQ-alumina mask has a top apex angle of
∼ 58◦ , [Fig. 4.4(c)] which is 13◦ off of the stage tilt of α = 45◦ used. The greater discrepancy for the
HSQ-alumina mask using RIBAE at 150 V beam voltage, compared to 8◦ for HSQ-Nb mask and
200 V beam voltage, signifies that lateral mask erosion is much more pronounced without a metal
underlayer. This is in spite of a lower beam voltage recipe used with the intention of reducing
physical sputtering of HSQ by oxygen ions. However, the vertical mask erosion is reduced at lower
beam voltages, as shown by the successful etch of telecommunication wavelength OMCs using
HSQ-alumina mask, compared to unsuccessful etch using HSQ-Ti mask.
Telecommunication-wavelength photonic crystals were then fabricated with HSQ-alumina mask
with the process outlined above, using the same design that was used for the PMMA/Nb process,
but with the waveguides widened to account for mask erosion during RIBAE. The waveguides were
deliberately made wider at the lithography step to account for lateral erosion during RIBAE, given
the significant HSQ erosion rate observed when HSQ-based masks were used. A scanning electron
micrograph (SEM) of a completed device is shown in Fig. 4.4(d). Optical Q’s of these photonic
crystals were measured in the same way as those made with PMMA/Nb mask, through reflection
spectroscopy using an HF-etched optical fiber adiabatically coupled to the photonic crystal. For a
photonic crystal fabricated with the HSQ-alumina mask, optical reflection spectroscopy revealed an
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intrinsic optical Q of 250 000. This is nearly an order of magnitude improvement from the Q of 39
700 measured from photonic crystals fabricated with PMMA/Nb mask, showing that a sufficiently
thick mask is needed for high optical Q’s.

4.5 Conclusion
The lack of high-quality diamond materials through heteroepitaxial methods has motivated the
development of nanofabrication techniques in bulk substrates. The angled-etching technique is
studied in particular here owing to the success of fabricating quantum photonic devices in the visible
wavelength range using the reactive ion beam angled etching (RIBAE) technique. To extend this
success of angled-etching to devices in the telecommunication wavelength range, various mask
choices were evaluated based on their ability to produce smooth triangular cross-sections reliably.
The cross-sections should have no roughness due to mask redeposition or insufficient shadowing
during the angled etching process.
We outlined a set of criteria for a good mask stack: it should be sufficiently thick, have high
selectivity, good aspect ratio tolerance, high resolution and smooth sidewalls. However, through
measuring optical Q’s of photonic crystals fabricated from HSQ-Ti, PMMA/Nb, or HSQ-alumina
masks, we found that it was not possible to satisfy all four criteria simultaneously. A compromise
was reached for the HSQ-alumina mask, which was sufficiently thick and gave smooth sidewalls but
had a lower selectivity compared to Nb, and worse resolution and aspect ratio tolerance compared to
PMMA. Despite not satisfying all four criteria, telecommunication wavelength photonic crystals
fabricated with RIBAE using HSQ-alumina mask gave the highest intrinsic optical Q’s compared to
the other mask choices, and this Q was comparable to those previously demonstrated with Faraday
cage angled etching. Therefore, we conclude that with the right choice of mask, RIBAE can produce
the same quality devices as Faraday cage approach, with added advantages of producing these devices
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over areas that are orders of magnitude larger, and with much better uniformity and yield.
While diamond is specifically studied for its relevance to quantum photonics, the same
considerations for choice of mask can also be applied to bulk materials where no heteroepitaxial or
thin-film-on-insulator platforms are available. However, limitations on mask thicknesses prevent
devices larger than telecommunication wavelength scale to be fabricated. Devices wider than those
intended for telecommunication wavelengths would take a longer RIBAE etch to be fully
suspended, which in turn require a thicker mask to account for lateral and top-down mask erosion.
However, thick deposited materials (> 1 µm) typically exhibit large stresses, which can lead to
delamination from substrates. In addition, pattern transfer into a thick layer requires a first mask
layer with sufficient selectivity and high resolution, especially for devices with small features such as
photonic crystals. These considerations would preclude common masking methods involving
pattern transfer or lift-off, and would require fine-tuning of deposition processes to minimize
stresses, or innovative deposition techniques that can provide a thick mask material with low
accumulated stress, high resolution, and large aspect ratios.
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5

Quasi-isotropic etching of diamond

optomechanical and phononic crystals

Angled etching methods have enabled high quality optical, mechanical, and
optomechanical devices in single-crystal diamond. Faraday cages in reactive ion etchers were first
used to realize photonic crystals and ring resonators at both telecommunication and visible
wavelengths 40,43 , nanobeams and cantilevers with mechanical resonances at MHz frequencies, 121
and optomechanical crystals (OMCs) supporting optical modes at telecommunication wavelengths
and acoustic modes at GHz frequencies. 45 The subsequent introduction of reactive ion beam
angled etching (RIBAE) offers improved device performance due to lower operating gas pressures,
independent control of ion energy and flux, as well as uniform etching rates over wafer scale. 42 Ion
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beam etching tools also allow for constant rotation of the sample stage to improve etch uniformity,
as well as control of the stage tilt angle that opens the space of cross-sections that can be fabricated.
In particular, RIBAE has been used to fabricate high quality quantum photonic devices operating at
visible wavelengths and hosting negatively-charged silicon vacancy centers (SiV– ), which have been
used to demonstrate quantum network nodes 33 , quantum registers 32 , and memory-enhanced
quantum communication. 34
However, angled etching methods limits the types of devices that can be made in single-crystal
diamond. Firstly, there is a limit on how wide the devices can be, and consequently the range of
optical resonant wavelengths that can be accessed. Fully suspending wider devices require longer
etch times, which in turn requires thicker masks. Even thicker masks with features having high
aspect ratios are needed for photonic crystal devices that require shadowing of hole features, which
are difficult to achieve with readily accessible materials and deposition techniques as discussed in
section 4.2. Additionally, the shadowing of features from the obliquely-incident ions by the mask
places a lower limit on the separation between adjacent devices. This prevents the fabrication of
structures that need to be closely spaced together, such as double photonic crystals, 122,123 photonic
crystal mirrors for evanescent coupling, 124 and two-dimensional (2D) photonic crystal slabs. 85,125
An example of a bulk etching method that does not require directional control of the incident ion
trajectories is the crystallographic etching method 84 , also termed quasi-isotropic etching. 41 In this
etching process, a dense oxygen plasma at high ICP powers with zero forward bias in a ICP-RIE tool
is used to etch diamond along its different crystal planes. At the operating pressures (∼ 10 milliTorr)
and power densities in ICP-RIE tools, the dominant species responsible for etching are oxygen
radicals and ions. 126,127 The zero forward bias in the oxygen plasma means that the etch is fully
chemical in nature without any physical components. Consequently, the mask is not eroded during
this etch, and thus the mask only needs to be thick enough to withstand erosion during the
top-down process. As such, the requirements for masking quasi-isotropic etching is relaxed relative

114

to RIBAE.
In this section, we describe the development of quasi-isotropic etching processes in the Center for
Nanoscale Systems in Harvard University, and how it has been used to fabricate diamond
optomechanical crystals and phononic crystal 2D slabs.

5.1 Principle of crystallographic etching
Crystallographic etching occurs when different crystal planes of a material etch at different rates.
The most common application of crystallographic etching is in silicon-based
micro-electro-mechanical systems (MEMS), where wet anisotropic etching results in grooves and
trenches. 128,129,130,131,132,133,134 Crystallographic etching has also been observed in diamond under a
variety of conditions, such as oxidative etching, 135,136 hydrogen etching 137,138 and catalytic
etching. 139,140,141,142,143 For masked features in diamond etched in oxygen plasma, the etch
mechanism was studied in detail by Xie et al. 84 For masks with their edge aligned along the ⟨100⟩
direction, the substrate surface (i.e. the [001] plane) etches down and reveals sidewalls having {100}
faces. Edges of the mask that are aligned to the ⟨110⟩ direction reveal the {111} plane after etching
[Fig. 5.1(a)]. The differences in etch rates between different crystal planes, with etch rates decreasing
in the order of {110}, {100}, and {111}, can be attributed to the different activation energies
involved in removing carbon and forming reaction by-products at the respective crystal planes. 135,136
The resulting shapes of etched features depend on the plane that etches the slowest. In diamond,
it was observed that the {111} plane etches the slowest. Hence, an etch mask with rectangular
window with edges aligned to the ⟨110⟩ crystallographic direction will reveal pyramidal pits after
sufficient etching. 84 Conversely, with an etch mask without holes, the same etch will result in
pyramids. This effect was utilized in the fabrication of diamond tips for atomic force microscopy
(AFM) applications, 144 as well as optical diffraction gratings. 105
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Figure 5.1: Crystallographic etch mechanism and quasi‐isotropic etch process. (a) SEM image showing evolution of

(100) and (111) planes during crystallographic etching of diamond, arising from edges aligned along ⟨100⟩ and ⟨110⟩
respectively. (b, c) Schematic of quasi‐isotropic etch (QIE) evolution for ⟨100⟩ and ⟨110⟩ orientations respectively.
Blue and red dashed lines denote {100} and {111} planes respectively. (d‐i) Schematic of fabrication process using
QIE. (d)(i) Mask definition. HSQ‐Ti mask proceeds via: (ii) Deposition of Ti and spin‐coating of hydrogen silesquioxane
(HSQ) and Ti, (iii) Electron beam lithography (EBL) and development of HSQ, (iv) Top‐down etching of Ti, ZEP/SiN mask
proceeds via: (v) Deposition of SiN and spin coating of ZEP, (vi) EBL and development of ZEP, (vii) Top‐down etching
into SiN and removal of ZEP. After mask definition, the process continues with (e) Top‐down etching of diamond, (f)
conformal deposition of alumina sidewall protection layer, (g) breakthrough etching of alumina, (h) QIE of diamond, and
(i) removal of mask and alumina sidewall protection layer.
(a) Reprinted with permission from Xie et al. 84 ©2018 John Wiley & Sons, Inc.

5.2

Quasi-isotropic etching for suspended devices

Given that the etch profile of diamond under crystallographic etching can be influenced by the
orientation of the mask atop of it, suspended diamond devices can be created by protecting the
sidewalls. This method is termed as quasi-isotropic etching (QIE), 41 where the quasi- prefix
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accounts for the non-uniform etch rates in different directions. The QIE method was inspired by the
single-crystal reactive etching and metallization (SCREAM) method, used for creating
high-aspect-ratio MEMS structures in single-crystal silicon. 145 The SCREAM method was adapted
to single-crystal diamond in fabrication of microdisk resonators 41 , optomechanical waveguide
resonators 146 , 1D photonic crystal nanobeams, 65,112 and 2D photonic crystal slabs. 85
In this configuration, quasi-isotropic etching occurs in the top-down, lateral, and bottom-up
directions. The mechanism was explored by Khanaliloo et al., 41 where exposed vertical sidewalls
aligned along the ⟨100⟩ and ⟨110⟩ orientations correspond to {100} and {110} planes, which etch
inwards and evolve to {100} and {111} planes respectively [Fig. 5.1(b), (c)]. Lateral etching of the
sidewalls is then accompanied by upward etching of the bottom {100} surface, with this plane
remaining unchanged. If the etch duration is long enough such that the {100} or {111} planes
etched from opposite sidewalls converge, the structure becomes fully suspended, with an
accompanying reduction in the thickness of the structure. 41 The total duration of this etch is the
sum of the duration taken for opposite sidewalls to converge, and additional duration for the
structure to be thinned to the optimal thickness.
We used a variant of this method to create suspended rectangular OMCs and phononic crystal
(PnC) slabs. The steps are:
• Mask definition [Fig. 5.1(d)]
• Top-down etch [Fig. 5.1(e)]
• Conformal deposition of material sidewall protection [Fig. 5.1(f)]
• Breakthrough etch to leave sidewall protection [Fig. 5.1(g)]
• Quasi-isotropic etch using oxygen plasma at zero forward bias [Fig. 5.1(h)]
• Removal of mask and sidewall protection layers, and critical point drying [Fig. 5.1(i)]
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Prior to mask definition, the diamond substrates (optical grade SC PL ⟨100⟩ plates, [N] < 1 ppm
for type IIa and < 200 ppm for type Ib, Element Six; surface treated using procedure in Appendix
A.1) were cleaned using 49% HF, then piranha solution (3:1 mixture of sulfuric acid (96%) and
hydrogen peroxide (30%)), followed by ultrasonic agitation in acetone followed by methanol, before
drying with nitrogen gun. Mask definition then continued through one of two ways depending on
the structure fabricated. For rectangular OMCs fabricated in this work, we used hydrogen
silesquioxane (HSQ; FOx-16, Dow-Corning) on top of a Ti adhesion layer as a mask [Fig. 5.1(d)(ii)].
A Ti layer of 10 nm thickness was deposited via electron beam evaporation (Denton). The HSQ was
diluted in methyl isobutyl ketone (MIBK, Kayaku Advanced Materials (formerly MicroChem)),
then spin coated. Electron beam lithography using 125 keV electron beam acceleration voltage
(Elionix) was performed to define the OMC geometry, and subsequently developed using 25%
tetramethyl ammonium hydroxide (TMAH) [Fig. 5.1(d)(iii)]. The Ti layer was etched in a
PlasmaTherm Versaline inductively-coupled plasma reactive ion etcher (ICP-RIE) with an
argon/chlorine (Ar/Cl2 ) mixture (25 and 40 sccm respectively, pressure 8 milliTorr, RF power 250
W, ICP power 400 W) [Fig. 5.1(d)(iv)].
PnC slabs have a much smaller characteristic length scale, as compared to the OMC, and hence
require a more sensitive electron beam resist than HSQ to be used. Therefore, we used ZEP resist
(ZEP 520-A, ZEON Specialty Materials) to define the pattern that wass first transferred into silicon
nitride (SiN), then into diamond. SiN was chosen for its good selectivity to diamond in oxygen
etching, as well as its ease of etching in fluorine-based chemistry with high selectivity using ZEP. To
create the mask for PnC slabs, SiN (200 nm thickness) was deposited onto diamond using
plasma-enhanced chemical vapor deposition (PECVD, STS), followed by spin coating of 300 nm of
ZEP-520A [Fig. 5.1(d)(v)]. The SiN deposition was done with a silane (SiH4 )/ammonia (NH3 )
mixture diluted in nitrogen (N2 ) (35, 55, and 1960 sccm respectively), pressure 900 milliTorr, and
high frequency generator power of 20 W. A 5 nm layer of Au was deposited via electron beam
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evaporation (Denton) to serve as a charge compensation layer during electron beam lithography.
Electron beam lithography was done with the Elionix FS-125 tool, using 125 keV electron beam
acceleration voltage. After lithography, the Au was first removed using gold etchant (Transene), and
the ZEP then developed using o-xylene (Sigma-Aldrich), and rinsed in isopropyl alcohol (IPA) [Fig.
5.1(d)(vi)]. The SiN layer was etched in a STS ICP-RIE etcher with a mixture of sulfur hexafluoride
(SF6 ), octafluorocyclobutane (C4 F8 ), and hydrogen (H2 ) (10, 10, and 3 sccm respectively), at 4
milliTorr operating pressure, with platen power 75 W and coil power 900 W. After etching the SiN
layer, the ZEP was removed by ultrasonic agitation in Remover PG (Kayaku Advanced Materials).
5.1(d)(vii))
After the respective mask definition steps, top-down etching of diamond for both OMC and
PnC structures was performed using oxygen (30 sccm, pressure 10 milliTorr, RF power 100 W, ICP
power 700 W) in the abovementioned PlasmaTherm Versaline ICP-RIE tool [Fig. 5.1(e)]. Sidewall
protection was daposited using atomic layer deposition (ALD) of alumina, via alternating pulses of
trimethyl aluminum (TMA) and water, to produce a layer 15-20 nm thick [Fig. 5.1(f)]. The alumina
layer was thick enough to provide sufficient adhesion to the mask and diamond sidewalls, while
being thin enough such that the thickness of the diamond structure behind the alumina layer could
be inspected via scanning electron microscopy (SEM). A breakthrough etch was then done on the
ALD alumina layer, using the same Ar/Cl2 recipe above to etch its top layer and expose the diamond
substrate surface. This leaves the sidewalls of the mask and top-down etched diamond protected
[Fig. 5.1(g)].
The quasi-isotropic etch was then deployed (oxygen, 40 sccm, 10 milliTorr, RF 0 W, maximum
ICP 1100 W), with the carrier wafer kept at an elevated temperature of 150◦ C to increase the etch
rate [Fig. 5.1(h)]. The ICP powers and carrier wafer temperature were the maximum possible within
safety operating limits of the etching tool used. We unloaded the sample periodically to inspect the
etch profile and thickness of the structure to be suspended using SEM. After the sample was fully
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suspended, the mask (HSQ-Ti or SiN) and sidewall protection layers (alumina) were removed by
immersing the chip in 49% HF, cleaned in piranha mixture, and lastly critical point dried with
carbon dioxide [Fig. 5.1(i)].

5.3 First quasi-isotropic etch of diamond nanobeams
For the first attempt at using quasi-isotropic etching to fabricate diamond nanobeams, we fabricated
two types of nanobeam structures: OMCs, and so-called ribbed cavities with periodic modulations
in its width. Both structures were approximately 1000 nm wide. The rectangular OMCs were
designed to co-localize optical modes at telecommunication wavelengths and mechanical modes at
GHz frequency. The characteristic length scales are the optical and acoustic wavelengths, both of
which are around 1 µm. The optimized geometry is shown in Chapter 3.5. The sizes of features in
the rectangular OMC, such as its width and its hole sizes, were on the order of few hundred nm. The
ribbed cavities were inspired by alligator photonic crystal waveguides, 147,148 and we included such
structures to test their feasibility in QIE, given that the modulation of waveguide width makes it
impossible to fabricate ribbed cavities in RIBAE.
A mask consisting of HSQ (thickness 400-500 nm) and Ti (10 nm) was used, with a diamond
top-down etch depth of 400 nm. The QIE was performed with ICP power of 900 W, chosen so as
to replicate the parameters used by Xie et al. 84 The thickness of the structure was inspected in an
SEM tool using secondary electron scattering through the alumina sidewall protection [Fig. 5.2(a)].
As secondary electron emission result from inelastic collision with surface features, there is a
difference in contrast between regions where there is diamond directly behind the alumina and
where the diamond has been undercut. There is also a contrast between the HSQ and diamond
layers due to their different material compositions. Using these observations, the thickness of the
diamond that has seen undercut can be measured by identifying the region of darker contrast behind
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Figure 5.2: Inspection of thickness of diamond structure using SEM. (a) SEM image taken at 2 kV accelerating voltage

with secondary electron (SE) detection, showing different contrast between HSQ, alumina on diamond, and alumina
without diamond behind it. (b) SEM image taken at 10 kV accelerating voltage with SE detection, where electrons pene‐
trate through HSQ and alumina, and only scattering off diamond to give it a dark contrast. (c) SEM image taken at 10 kV
accelerating voltage, without backscattered electron detection, showing alumina sidewall protection protruding beneath
holes in the OMC. Image (a) is taken at stage tilt of 60◦ , while images (b) and (c) are taken at stage tilt of 85◦ . Scale bars
correspond to 1 µm.

the alumina sidewall protection. Interestingly, at appropriate higher accelerating voltages (compared
to 2 kV used for most SEM images listed, unless otherwise specified), the electron beam penetrated
sufficiently into the alumina and diamond, revealing the air holes in the OMC [Fig. 5.2(b)], and the
alumina on the inner sidewalls of these holes [Fig. 5.2(c)].
We analyzed the etch progression for nanobeams aligned along two orientations: ⟨100⟩ and ⟨110⟩
directions. As the quasi-isotropic etching proceeded for ⟨100⟩-oriented nanobeams, the substrate
surface receded downward, accompanied by lateral etching of sidewalls and upward etching of
bottom surface [Fig. 5.3]. This is evident from the clamp, which was made wider than the
nanobeam so that the lateral etch does not fully undercut the clamp in the time taken to undercut
the nanobeam, and thus provides mechanical support for the nanobeam. At the clamp, the sloped
sidewall resulted from lateral etches to different extents along its height. The clamp was narrowest at
the depth closest to where the substrate surface started before the quasi-isotropic etch, having seen
the longest duration of etching, and widened towards the new substrate depth as well as the
underside of the clamp. The roughness of the sidewall was likely due to step formation from oxygen
stabilizing dangling bonds at the surface. 135
As the nanobeams are released, but before they are completely etched, fins formed on the
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Figure 5.3: Quasi‐isotropic etching of ⟨100⟩‐oriented nanobeams. Scanning electron micrographs (SEMs) of the clamp,

OMC, and ribbed cavities after top‐down etching (i.e. prior to QIE) and after 2, 4, 5 hours of quasi‐isotropic etching are
shown. Images were taken at stage tilt of 60◦ , and scale bars correspond to 2 µm.

underside of the beam, as well as on the substrate surface directly underneath the nanobeams. While
these fins gradually disappeared for ⟨100⟩-oriented nanobeams [Fig. 5.3], they remained on
⟨110⟩-oriented nanobeams [Fig. 5.4]. This observation can be attributed to the fins being of the
{100} planes for ⟨100⟩-oriented nanobeams, which etch faster than the {111} planes on the fins
underneath ⟨110⟩-oriented nanobeams.
The nanobeams were suspended from the surface after 5 hours of etching for ⟨100⟩-oriented
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Figure 5.4: Quasi‐isotropic etching of ⟨110⟩‐oriented nanobeam. Scanning electron micrographs (SEMs) of the clamp,

OMC, and ribbed cavities after 2, 4, 5 hours of quasi‐isotropic etching are shown. Images were taken at stage tilt of 60◦ ,

and scale bars correspond to 2 µm.

nanobeams, [Fig. 5.5(a), (d)], while for ⟨110⟩-oriented nanobeams, they were suspended after 4
hours [Fig. 5.5(g)]. However, suspension of nanobeams was not sufficient to produce rectangular
cross-sections, as evident from SEM images of the underside of nanobeams. This was done by
stamping the chip with its face containing nanobeams placed on a epoxy stamp on a silver-coated
silicon chip. The nanobeams are broken off the chip and end up backside facing up on the epoxy
stamp. A few observations can be made from inspecting the underside of undercut nanobeams. For
both ⟨100⟩- and ⟨110⟩-oriented nanobeams, the etch was incomplete as there were still features
remaining on the underside of the beams. As these features were either shadowed by the edge of the
nanobeam, or had insufficient contrast with the nanobeam behind the alumina layer, they were
unable to be observed before the mask and sidewall protection layers were removed and the
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Figure 5.5: Suspended nanobeams after QIE, and underside of nanobeams stamped off. (a) SEM of ⟨100⟩‐oriented

OMC after 5 hours of QIE and removing of mask. (b) SEM of underside of ⟨100⟩‐oriented OMC on epoxy stamp, with
fin indicated. (c) SEM showing close up in hole region of OMC in (b), showing a {100} plane on the underside, and

spurs between holes. (d) SEM of ⟨100⟩‐oriented ribbed cavity after 5 hours of QIE and removing of mask. (e) SEM of
underside of ⟨100⟩‐oriented ribbed cavity on epoxy stamp. (f) SEM showing close up of ribbed cavity in (e), showing
small spurs in the ribbed region and a fin in the waveguide region. (g) SEM of ⟨110⟩‐oriented OMC after 5 hours of

QIE and removing of mask. (h) SEM of underside of ⟨110⟩‐oriented OMC on epoxy stamp, with fins indicated. (i) SEM

showing close up in hole region of OMC in (h), showing {111} planes defining fins on the underside. Images were taken
at stage tilt of 60◦ , and scale bars correspond to 2 µm except for (c), (f), (i).

nanobeams were broken by stamping.
On the underside of ⟨100⟩-oriented nanobeams, there were spurs remaining between the holes in
the OMC region, and a fin along the length of the beam in the waveguide region [Fig. 5.5(b), (c)].
For ribbed cavities, the spurs were smaller, though the fin remained on the waveguide region [Fig.
5.5(e), (f)]. This was likely due to oxygen ions and radicals being transported more easily to the
underside of the ribbed cavities, compared to regions between holes on the underside of OMCs. On
the other hand, for ⟨110⟩-oriented beams, the underside showed sloped planes between edges of

124
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Figure 5.6: Non‐uniformity of OMC thickness from QIE due to breakthrough etch. (a) Extremely non‐uniform thickness

along length of OMC. (b) Less extreme, but still non‐uniform thickness along length of OMC. Arrows denote regions
of pronounced non‐unifomity. (c) Uniform thickness along length of waveguide not patterned with holes. Images were
taken at stage tilt of 60◦ , and scale bars correspond to 2 µm.

holes and waveguides, with these planes likely of the {111}-family [Fig. 5.5(h), (i)]. The variation in
fin heights were likely related to the distances between adjacent air-diamond interfaces, with larger
distances correlating to larger fins. For example, the fin was the tallest at the waveguide region as the
QIE needs to etch laterally through half the width of the waveguide. Conversely, the mirror region
had the smallest distances between the waveguide and hole edges, leading to thinner fins [Fig. 5.5(h)].

5.3.1 Issues with breakthrough etch
Despite the imminent success of the first etch, etching of OMCs on subsequent chips did not
succeed. On these chips, the thickness was non-uniform along the length of the OMC [Fig. 5.6(a),
(b)], but was uniform along waveguide regions without any holes [Fig. 5.6(c)]. This effect must have
been related to the presence of holes in the OMC region, and was likely due to the breakthrough
etch of alumina being 3 seconds longer on these chips compared to the first etch listed in the
previous section. The duration was prolonged with the intention of ensuring the etch was complete
on the substrate and in the holes, but turned out to be counterproductive. The prolonged
breakthrough etch of alumina likely introduced additional channels for oxygen ions and radicals
through the holes, and enhancing the local etching rate on the underside of the nanobeam.
On the other hand, the etching of the first chip likely succeeded because the breakthrough etch
was complete on the substrate surface, but incomplete in the holes of the OMC. This can be
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attributed to the lag effect common in RIE, where narrow features etch slower than wide features
due to a reduced flow of reactants into narrow features. 149 Incomplete breakthrough etching in the
holes of the OMC would have resulted in some alumina remaining at the bottom of the holes, which
acted as a barrier against oxygen flow in the holes. From these observations, we concluded that the
breakthrough etch must be precisely timed such that alumina on the substrate is just about etched,
with the RIE lag effect ensuring that alumina inside the holes are not completely etched.
The process was subsequently modified such that the etch rate was first checked with alumina on
test silicon chips, and using this etch rate to determine the actual duration of breakthrough etch on
the diamond chip. For etch rate checks, silicon chips were placed in the chamber along with the
diamond chips during the ALD process, with both silicon and diamond chips undergoing the same
amount of deposition.
Another effect observed due to the breakthrough etch was the delamination of the alumina layer
from the mask sidewall. This arose due to sloped faces appearing at the corners of the mask from the
diamond top-down etch, which was replicated by the alumina layer from ALD due to the conformal
nature of the deposition. In the breakthrough etch, the sloped faces of the alumina layer sees the
incident ions at grazing angles, which leads to higher sputtering yields. The resultant etch rate was
thus faster than the top-down etch rate experienced on flat surfaces. For a mask that was too thin, the
breakthrough etch terminated past the mask-diamond interface, and the sidewall protection layer
only covered part of the diamond sidewall. The part of the diamond sidewall not covered by this
layer was exposed to the isotropic etch. To compensate for this, the mask thickness was increased
such that for the same duration of breakthrough etching, the sidewall protection layer still adheres to
the mask.

126

5.4 Measurements of successfully-etched OMCs
After rectifying issues arising from the breakthrough etch, we were able to successfully fabricate
rectangular OMCs. In this section, we present optical and mechanical characterization results for
two chips that were successfully fabricated.
The OMCs were designed to optimize both optomechanical and spin-phonon coupling rates, as
well as preferential coupling to the waveguide (Chapter 3.4). The optimized OMC had width and
thickness of 763 nm and 344 nm respectively. The full nanobeam geometry comprised of a clamp at
one end, followed by the OMC, and finally terminated by a waveguide taper for adiabatic coupling
to a conical optical fiber taper. 89 Optical and mechanical spectroscopy of OMCs were performed at
ambient temperature and pressure, for which the methods are described in Appendix B.1. In
particular, mechanical spectra were acquired by blue-detuning the laser pump by a mechanical mode
frequency.
For the first chip (chip ID: 181030), a HSQ mask thickness of ∼ 800 nm was used, and the
starting diamond top-down etch depth was ∼ 750 nm. The OMCs were oriented along the ⟨100⟩
direction, as the underside of the OMCs from the first etch revealed smoother underside compared
to those oriented along the ⟨110⟩ direction. QIE was performed at an ICP power of 1100 W, with the
carrier wafer kept at 150◦ C. The increased ICP power and narrower OMCs, compared to the first
etch, meant that 4 hours was also sufficient to fully suspend the OMCs. A completed rectangular
OMC device is shown in Fig. 5.7(a). Optical reflection spectroscopy of two OMCs with the best
optical performances revealed resonance dips at 1626.0 nm and 1631.5 nm respectively, with fitting
to a Lorentzian revealing total optical quality factors (Q) of 1.29 × 104 and 1.20 × 104 respectively
[Fig. 5.7(b), (c)]. The waveguide and scattering partial Q-factors Qwg , Qsc were Qwg = 1.97 × 104
and Qsc = 3.72 × 104 for the OMC with optical resonance at 1626.0 nm, while those for the OMC
with optical resonance at 1631.5 nm were Qwg = 1.91 × 104 and Qwg = 3.23 × 104 respectively. The

127

(a)
OMC

diamond
waveguide taper

clamp
(b)

10 µm

(c)

λ0 = 1626.0 nm
Q = 1.29 x 104
Qwg = 1.97 x 104
Qsc = 3.72 x 104

λ0 = 1631.5 nm
Q = 1.29 x 104
Qwg = 1.91 x 104
Qsc = 3.23 x 104

Figure 5.7: First successfully‐etched rectangular OMC (chip ID: 181030), with measurements. (a) SEM of full rectangular

OMC device, consisting of clamp, OMC, and diamond waveguide taper for fiber coupling. Image taken at stage tilt of
60◦ . (b) Optical reflection spectrum of best performing OMC. (c) Optical reflection spectrum of second‐best performing
OMC.

scattering partial Q-factors were lower by an order of magnitude compared to the best-performing
OMC fabricated with HSQ-alumina mask in RIBAE (Chapter 4.4.4), which has Qsc = 2.50 × 105
and Qwg = 4.11 × 104 . The larger Qsc , by an order of magnitude, and larger Qwg for the OMC
fabricated via RIBAE indicates a greater extent of fabrication imperfections in the OMC fabricated
via QIE. This is corroborated with SEMs of undersides of OMCs that were stamped onto
epoxy-coated silicon chips. The undersides were found to be non-uniform, and likely to induce
optical scattering losses. As the optical resonance wavelengths were too red of the operating
bandwidths of filters and amplifiers used for mechanical spectroscopy, mechanical spectra could not
be measured.
On the second chip (chip ID: 181216), the OMCs were also oriented along the ⟨100⟩ direction.
The HSQ mask thickness was kept the same, but the diamond top-down etch depth was increased to
1000 nm to ensure that smaller holes in the OMC were fully etched into the diamond. While the
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Figure 5.8: Optical and mechanical spectroscopy of second successfully‐etched rectangular OMCs (chip ID: 181216).

(a) Optical reflection spectrum of rectangular OMC with highest total optical Q. (b) Optical reflection spectrum of rect‐
angular OMC with next highest total optical Q. (c) Radio‐frequency (RF) thermal noise spectrum of acoustic breathing
mode in OMC with highest total optical Q. (d) Radio‐frequency (RF) thermal noise spectrum of acoustic breathing mode
in OMC with second‐highest total optical Q.

same ICP power of 1100 W was used, the increased top-down etch depth meant that 10 hours of
QIE was needed, with the longer duration needed for upwards etching to take place and thin down
the OMC to the target thickness. The two best OMCs on this chip had optical resonances of 1598.7
nm and 1591.7 nm respectively, with Lorentzian fits to the reflection spectra giving total Q-factors of
1.16 × 104 and 1.40 × 104 , (5.8(a), (b)) comparable to those on chip ID 181030 [Fig. 5.7(b), (c)].
Their scattering partial Q-factors were 4.71 × 104 and 4.49 × 104 respectively, an improvement from
those on chip ID 181030, signifying an improved quality of QIE. With the shorter resonance
wavelengths compared to chip ID 181030, and more importantly lying in the operating bandwidth
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of filters and amplifiers, mechanical spectroscopy could be measured. These revealed Lorentzian
radio-frequency (RF) thermal noise spectra at approximately 9.1 GHz, corresponding to the acoustic
breathing mode that was also studied in OMCs made from silicon, 94 with weakly-driven mechanical
Q-factors of 7800 and 5200 for the OMCs with the highest and second-highest total optical
Q-factors respectively. (5.8(c), (d)) These demonstrate that high quality factor acoustic modes are
also supported in diamond OMCs made with QIE. The values of Q measured here were similar to
those measured for OMCs fabricated via angled etching, specifically the acoustic swelling mode near
9.5 GHz. 45 These results provide promise for realizing high quality factor optomechanical
resonators, at least comparable to those fabricated via angled etching, if underside of OMCs can be
made smoother by optimizing the QIE process.

5.5 Quasi-isotropic etching of 2D phononic crystal slabs
After demonstrating that OMCs previously realized with angled etching can also be made using
QIE, we etched structures using QIE that cannot be fabricated using angled etching. One example is
2D phononic crystal (PnC) slabs, where the width of the whole structure is much larger than its
thickness. The PnC slabs support complete acoustic bandgaps centered at 50 GHz, which translates
to acoustic wavelengths on the scale of 100 nm – an order of magnitude smaller than OMCs. This
manifests in the much smaller feature sizes of the PnC slab. The PnC slabs are 80 nm thick, and
comprise of a 2D square array with a lattice constant of 135 nm, with each unit cell consisting of a
circular block of diameter 100 nm and connected to four tethers of width 10 nm [Fig. 5.9(a), (b)].
As a result of the large mass contrast between the block and tether, the unit cell supports a large
complete bandgap of 34 GHz centered at approximately 50 GHz spanning the irreducible Brillouin
zone (Γ, X, M points), corresponding to a gap-to-midgap ratio of 68% [Fig. 5.9(c)]. The unit cell
was designed to suppress phonon processes between orbital levels in the ground state of the SiV– , 54
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Figure 5.9: Design and fabrication of 2D phononic crystal slabs to suppress 50 GHz phonons. (a) Top‐down SEM of in‐

plane 2D phononic crystal (PnC) geometry etched into SiN mask on diamond. (b) PnC unit cell geometry definition. (c)
Acoustic bandstructure of 2D PnC unit cell. (d) Variation of bandgap size as a function of PnC slab thickness (e) Variation
of bandgap size as a function of spread in joints. (f‐h) SEMs of phononic crystals after QIE, with arrays of (f) 10 × 10, (g)
17 × 17, (h) 25 × 25 unit cells. (i‐k) Close‐up SEMs of (d‐f) respectively. Pyramidal spur in (k) is due to incomplete QIE.
Images were taken at stage tilt of 60◦ . Image credit: (a), (d)‐(k) Kazuhiro Kuruma
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as the bandgap does not support phonon modes resonant around the ground state splitting
frequency of 46 GHz. In addition, the large bandgap makes the PnC slab robust to fabrication
imperfections, which is especially relevant as we have found that current QIE etches of OMCs do
not give smooth underside surfaces. This is supported by a sweep of complete bandgap size as a
function of slab thickness, with gap-to-midgap ratios greater than 48% achievable for slab
thicknesses varying between 50 to 100 nm [Fig. 5.9(d)]. The bandgap is also robust to varying
spreads in radius of the joint at the block and tether, changing only by 3 GHz as the joint radius is
increased to 30 nm, further demonstrating the robustness of the PnC unit cell to fabrication
imperfections, since rounding typically arises due to proximity effects in lithography and mask
erosion during etching [Fig. 5.9(e)].
Owing to the smaller feature sizes involved as compared to the OMCs, we used ZEP electron
beam resist (ZEP-520A, ZEON Specialty Materials) as the first mask layer, then transferred the
pattern from ZEP to SiN using a fluorine-based etch chemistry. The thicknesses of the ZEP and SiN
layers were 300 nm and 200 nm respectively. Removal of ZEP revealed the intended geometry of
circular blocks connected by tethers. The fabrication process continued with diamond top-down
etch, ALD of alumina, breakthrough etch, diamond QIE, and mask removal.
Due to the inverted tone of ZEP resist relative to HSQ, regions of ZEP exposed to electrons during
electron beam lithography are removed during development. With ZEP/SiN, most of the surface of
the chip was masked, opposite to HSQ masks that left most of the substrate surface exposed. As
such, windows were exposed around the PnC slab, in order to reveal exposed diamond substrate
surfaces from which QIE can begin. The reduction in exposed substrate area reduces the etch rate,
and prolongs the etch duration to 16 hours to suspend slabs of approximately 2 × 2 µm2 . On the
other hand, by defining identical windows around different PnC slabs, the flow of reactants through
different windows will be identical. This allows the etch profile and etch rate to be controlled.
We fabricated 2D PnCs of different array sizes: 10 × 10, 17 × 17, and 25 × 25 unit cells [Fig.
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Figure 5.10: First iteration of of 2D phononic crystal slabs after QIE. (a), (b) PnC slab with array of 17 × 17 unit cells,

oriented along ⟨100⟩ direction. (c), (d) PnC slab with array of 17 × 17 unit cells, oriented along ⟨110⟩ direction. Im‐

ages (a) and (c) were taken at stage tilt of 60◦ , and revealed crystal plane marked in these images. Images (b), (d) were
taken top‐down and shows distinction between suspended and unsuspended regions of PnC slabs. Image credit: (a)‐(d)
Kazuhiro Kuruma

5.9(d)-(f)]. After 16 hours of QIE, the 10 × 10 and 17 × 17 unit cell arrays were suspended [Fig.
5.9(g), (h)], while for the larger array of 25 × 25 unit cells, a pyramidal spur remained on the
underside of the PnC slab, denoting that the etch is incomplete [Fig. 5.9(i)]. The pyramidal spurs
remaining on the substrate surface beneath the PnC slab signified that the etch is limited by the
slowest etching plane, i.e. the {111} plane.
The crystallographic nature of the etch was evident near the edges of the windows. For PnC slabs
oriented along ⟨100⟩, the vertical sidewalls were {100} planes, with the corners revealing {111}
planes [Fig. 5.10(a)]. For PnC slabs oriented along ⟨110⟩, {111} planes were evident beneath the
window edges [Fig. 5.10(b)]. Additionally, top-down SEM inspection of the PnC slab revealed the
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extent of lateral etching. Larger PnC slabs displayed a central region with darker contrast, indicating
that there was still diamond remaining underneath the PnC slab. For PnC slabs oriented along
⟨100⟩, this region is square in shape, a consequence of the etch proceeding laterally along {100}
planes [Fig. 5.10(c)]. For ⟨110⟩-oriented PnC slabs, this region resembled more of a circle, signifying
that intermediate planes are revealed along with the expected {111} planes [Fig. 5.10(d)].
On the next iteration of PnC fabrication, we changed the configuration of the PnC such that it
was patterned on a strip of size 1.5 × 10 µm, bounded by much larger windows of size 10 × 10 µm
on both sides [Fig. 5.11(a)]. As these windows were much larger than those used in the first iteration
[Fig. 5.10], which increased the flow of oxygen ions and radicals to the underside of the slab, the etch
time was optimized such that the PnC slab is completely etched. The PnC pattern used in this
iteration consisted of 10 × 30 unit cells, and the slab was fully undercut after 10 hours of QIE. While
the slab thickness was nonuniform [Fig. 5.10(b)], the inclusion of larger windows did help to fully
undercut the PnC slab, as indicated by the absence of large spurs that were evident in the previous
iteration of PnCs [Fig. 5.10(c)].

5.6

Conclusion

We have demonstrated optomechanical crystals (OMCs) and 2D phononic crystal slabs fabricated
using quasi-isotropic etching (QIE) of diamond, which etches different diamond planes at different
rates. The non-physical nature of QIE means that a thick mask is not needed to protect the etch
against mask erosion, as is the case with RIBAE. While the optical performance of OMCs fabricated
with QIE did not surpass that from OMCs fabricated with RIBAE, the mechanical Q-factors are
similar, demonstrating the utility of QIE for fabricating high quality mechanical resonators. In
addition, the crystallographic nature of QIE enables rectangular cross-section structures, especially
2D slabs, to be produced. Once the etch is optimized, the QIE can be used to fabricate more
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Figure 5.11: Next iteration of 2D phononic crystal slabs with larger bounding windows. (a) SEM of 2D PnCs patterned

on strips and bounded by large windows. (b) SEM close‐up of a 2D PnC slab in (a). (a), (b) were taken at at stage tilt of
60◦ . (c) Top‐down SEM of 2D PnC. (d) Close‐up SEM of 2D PnC in (c). Image credit: (a)‐(d) Kazuhiro Kuruma

structures that would otherwise not be realizable with RIBAE, such as ribbed cavities or evanescent
couplers, thus serving as a complementary toolkit for on-chip quantum photonics and phononics in
diamond.
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6

Progress in observing spin-phonon
coupling with silicon vacancy centers in
diamond optomechanical crystals

We outline the development of diamond optomechanical crystals (OMCs), starting with
demonstrations of high cooperativities at room temperature, enabling coherent optomechanical
interactions. This is then followed by measurements of diamond OMCs at cryogenic temperatures,
and by integration with the negatively-charged silicon vacancy (SiV– ) center. We describe our
progress towards demonstrating spin-phonon coupling between an SiV– spin qubit and a localized
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acoustic mode in the OMC, and using the OMC optical mode as a probe of the acoustic mode and
its interaction with the SiV– spin qubit.

6.1

Triangular optomechanical crystals at room
temperature

In this section, we describe optical and mechanical mode spectroscopy of triangular OMCs. These
OMCs, featured in Burek et al., 45 were designed to be doubly-clamped, with its in-plane geometry
optimized for large optomechanical coupling rates. The OMCs were fabricated using Faraday cage
angled etching. Optical and mechanical mode spectroscopy of triangular OMCs were performed in
transmission using evanescent tapered fiber coupling. 45 We demonstrated sufficiently high
optomechanical cooperativities – up to 20 – to observe optomechanically-induced damping and
large-amplitude self-oscillations (so-called “phonon lasing”). The high cooperativity also enabled
coherent optomechanical interactions through optomechanically-induced transparency (OMIT).

6.1.1

Optomechanically-induced damping and phonon lasing

The triangular OMCs supported an optical resonance at λo = 1529.2 nm (ωo /2π = 196 THz), total
and scattering optical quality factors (Q) of Qo = 1.76 × 105 and Qo = 2.70 × 105 as revealed with a
Lorentzian fit to the optical transmission spectrum (with corresponding decay rates of κo /2π = 1.11
MHz and κsc /2π = 715 MHz) [Fig. 6.1(a)]. In addition, the triangular OMCs supported acoustic
flexural (so-called “flapping”) mode at ωm = 5.52 GHz [Fig. 6.1(b)] and compressive (so-called
“swelling”) mode at ωm = 9.45 GHz [Fig. 6.1(c)], with mechanical Q-factors of 4100 and 7700
respectively as measured in ambient environment. The acoustic flapping and swelling modes
coupled to the telecommunication wavelength optical mode with optomechanical coupling rates of
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Figure 6.1: Optical and mechanical mode spectroscopy, phonon lasing, and optomechanically‐induced damping in trian‐

gular OMCs. (a) Transmission spectrum of optical cavity resonance centered at 1529.2 nm. (b) RF thermal noise spec‐
trum of acoustic flapping mode in OMC. (c) RF thermal noise spectrum of acoustic swelling mode in OMC. (d) RF ther‐
mal noise spectra of OMC acoustic flapping mode, acquired with a blue‐detuned pump at increasing intracavity photon
numbers nc , showing a sharp increase in peak amplitude at the onset of phonon lasing. (e) Optomechanically‐induced
damping of OMC acoustic swelling mode, where RF thermal noise spectra broaden and decrease in peak amplitude
when driven with a red‐detuned pump.

123 kHz and 217 kHz, from measurements of the acoustic mode linewidth as a function of input
optical power.
By driving the acoustic mode using pump photons either blue- or red-detuned from the optical
cavity resonance, the optomechanical interaction scatters the pump photon into the cavity
resonance, accompanied by the addition or subtraction of phonons from the acoustic mode, leading
to optomechanically-induced amplification or damping (Chapter 3.2). For a blue-detuned pump, as
the optical pump power wass increased (and accordingly the intracavity photon number nc ), the
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radio-frequency (RF) thermal noise spectra of the acoustic mode became narrower in linewidth,
accompanied by an increase in amplitude. As the acoustic mode linewidth approached zero, i.e.
when the optomechanical cooperativity COM = 4nc g2OM /κo κm approached one, the acoustic
mode is excited into large amplitude self-oscillations that is also known as “phonon lasing” 73 [Fig.
6.1(d)].
On the other hand, when the pump was red-detuned relative to the optical cavity resonance,
damping of the acoustic mode occurs. As nc was increased, the RF thermal noise spectrum exhibited
increased linewidths, along with decreased peak amplitude. At an optomechanical cooperativity of
about 20, achieved for the swelling mode, its RF thermal noise spectrum had a linewidth of about
22 times its bare linewidth, with its peak amplitude barely above the noise floor of the spectrum [Fig.
6.1(e)].

6.1.2 Optomechanically-induced transparency
With COM > 1 demonstrated for both acoustic flapping and swelling modes, coherent phenomena
in the form of optomechanically-induced transparency was also observed. Here, the acoustic mode
was driven with a strong control pump laser at ωc , with the optical resonance swept across with a
weak probe ωp . When the pump-probe detuning (Δpc = ωp − ωc ) matched that of the
pump-cavity detuning (Δoc = ωo − ωc ) (i.e. both detunings are at the acoustic mode frequency
(Δpc = Δoc = ωm )), the two-photon resonance condition was met. At this condition, scattered
photons from the pump into the optical cavity resonance destructively interfere with the probe
photons also at the optical cavity resonance, leading to a transmission window with linewidth
corresponding to the acoustic mode linewidth [Fig. 6.2]. The coherent nature of OMIT comes
from the fact that destructive interference requires the probe and scattered pump photons to be
phase coherent.
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Figure 6.2: Optomechanically‐induced transparency (OMIT) observed in acoustic flapping mode of triangular OMCs.

Left: OMIT transmission spectra as a function of probe detuning from the control pump laser Δpc , taken at varying
detunings Δoc of control pump laser ωc from the optical cavity resonance ωo . When Δpc is exactly an acoustic mode
frequency, a transparency window appears at ωm in the transmission spectrum. Right: Zoomed‐in spectra of the OMIT
transparency window.

6.2 Triangular optomechanical crystals at liquid helium
temperatures
In this section, we describe optical and mechanical mode spectroscopy of triangular OMCs at liquid
helium temperatures in a closed-cycle cryostat (Fusion F2, Montana Instruments).
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6.2.1 Design, fabrication, and room-temperature characterization
The design for triangular OMCs was optimized for optomechanical coupling and spin-phonon
coupling, using the design procedure outlined in Chapter 3.4. Triangular OMCs were fabricated on
electronic grade single-crystal diamond substrates (EL SC plates, [N] < 5 ppb, Element Six), using
Faraday cage angled etching. 45 The OMCs include diamond waveguide tapers for single-ended
coupling using conical optical fiber tapers, using the measurement setup described in detail in
Appendix B.1.
The fabricated triangular OMCs [Fig. 6.3(a)] supported an optical resonance at λo = 1562.1 nm
(ωo /2π = 191.9 THz), with a Lorentzian fit to the optical reflection spectrum giving total,
waveguide, and scattering optical quality (Q) factors of Qo = 1.01 × 105 , Qwg = 1.36 × 105 and Qsc
= 3.90 × 105 respectively [Fig. 6.3(b)]. The corresponding decay rates were κo /2π = 1.90 GHz,
κwg /2π = 1.41 GHz, and κsc /2π = 0.49 GHz respectively. Mechanical spectroscopy was first
performed in ambient environment with the laser frequency ωl blue-detuned by a mechanical
frequency ωm relative to the optical cavity resonance ωo , i.e. ωl = ωo + ωm . Two localized acoustic
modes were well transduced, one of flexural character (so-called “flapping” mode 45 ), and the other
of compressive character (“swelling” mode). The RF thermal noise spectrum of the acoustic
flapping mode showed a resonance at ωm,f /2π = 5.02 GHz with mechanical Q-factor of ∼ 5000
[Fig. 6.3(c)], while that of the acoustic swelling mode had a resonance frequency of ωm,s /2π = 8.21
GHz with mechanical Q-factor of ∼ 4000 [Fig. 6.3(d)].

6.2.2

Optical and mechanical mode spectroscopy at liquid helium
temperature

Prior to measurements in the closed-cycle cryostat, the diamond OMC chip was cleaned with 49%
hydrofluoric acid, followed by piranha mixture (3:1 mixture of 96% sulfuric acid and 30% hydrogen
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Figure 6.3: Triangular OMC optical and mechanical mode spectroscopy at liquid helium temperature. (a) Scanning elec‐

tron micrograph (SEM) of triangular OMC device, taken at a stage tilt of 60◦ . (b) Reflection spectrum of optical cavity
resonance. (c‐d) RF thermal noise spectrum of OMC acoustic flapping mode at 5.02 GHz, taken (c) in ambient environ‐
ment and (d) at liquid helium temperatures. (e‐f) RF thermal noise spectrum of OMC acoustic flapping mode at 5.02
GHz, taken (e) in ambient environment and (f) at liquid helium temperatures.

peroxide), and then rinsed in water before immersion in methanol, and finally critical point dried
with liquid carbon dioxide. This process served to clean contaminants originating from the ambient
environment, and terminate the diamond surface with oxygen so as to reduce mechanical
dissipation. 150 Measurements of mechanical Q-factors under ambient pressure and in vacuum
environment, on both acoustic modes on multiple OMCs, showed no significant difference between
both conditions, indicating that the measured mechanical Q-factors are not limited by air damping.
At liquid helium temperatures (∼ 4 K), optical and mechanical spectroscopy were performed
with the setup in Appendix B.1, with the fiber and sample mounted in the Montana cryostat as
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described in Appendix B.3. The optical input power was adjusted to the minimum possible to
transduce the acoustic mode, so as to prevent excessive heating and subsequent melting of the optical
fiber taper. While optical fiber integrity was not compromised with high power measurements in
ambient environment, 45 the reduced dissipation of heat away from the fiber taper at vacuum meant
that the input power should be minimized. In our experience, we found that the maximum input
power should be capped at 100 µW.
Preliminary measurements of OMC acoustic modes at liquid helium temperatures (∼ 4 K) gave
mechanical Q-factors of 281 000 [Fig. 6.3(e)] and 48 000 [Fig. 6.3(f)] for the swelling and flapping
modes respectively, an improvement of 55- and 11-fold compared to their mechanical Q-factors in
ambient environment. This increase in mechanical Q-factors of diamond OMCs at cryogenic
temperatures are limited by the thermal phonon bath. Specifically, this can be attributed to the
suppression of phonon-phonon scattering losses. At cryogenic temperatures on the order of few K,
the dominant loss mechanism is Landau-Rumer losses, due to phonons in the acoustic mode
scattering off individual thermal phonons and leading to energy losses. 151,152
The optical wavelength and Q-factors, as well as the acoustic flapping mode frequency and
Q-factor, were measured as a function of time after the cryostat reached base temperature (∼ 4 K),
up to 72 hours. Most significantly, there was a gradual red-shifting of optical resonance wavelengths
[Fig. 6.4(a)], accompanied by a corresponding decrease in mechanical frequencies [Fig. 6.4(b)] and
Q-factors [Fig. 6.4(c)]. However, optical Q-factors showed some scatter, but did not display
significant change over the duration of this measurement [Fig. 6.4(d-f)]. Mechanical Q-factors were
recovered after heating the cryostat to 100 K, cooling it down to base temperature, and re-measuring
the acoustic flapping mode soon after base temperature is reached. As such, we believe that there
could be vapor condensation on the OMCs that dampened the mechanical mode, given that
mechanical Q-factors were found to be sensitive to surface treatments for mechanical resonators
made in silicon 68,153 and diamond. 150
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Figure 6.4: Variation of triangular OMC properties over time in liquid helium cryostat. Plots are shown for (a) optical

cavity resonance wavelength, (b) acoustic flapping mode frequency, (c) mechanical Q‐factor, (d) total optical Q‐factor, (e)
partial waveguide optical Q‐factor, (f) partial scattering optical Q‐factor.

6.2.3

Postscript

Due to degradation of the reactive ion etcher used for Faraday cage angled etching, as well as a lack of
suitable mask developed for the new ion beam etching tool that arrived after, triangular OMCs
could not be fabricated. Hence, following this chip, fabrication and measurements were performed
with rectangular OMCs.
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6.3

Rectangular optomechanical crystals at liquid helium
temperatures

6.3.1 Design and fabrication
The rectangular OMC design was optimized with the process outlined in Chapter 3.4, similar to
that for triangular OMCs in Chapter 6.2, with the figures of merit being optomechanical coupling
and spin-phonon coupling. To implant SiV– centers into the OMCs at targeted locations, we first
etched alignment markers into a electronic-grade single-crystal diamond substrate (EL SC, [N] < 5
ppb, Element Six). We performed masked implantation of silicon through apertures defined in
electron beam resist aligned to the previously etched markers, followed by subsequent annealing in a
ultrahigh vacuum furnace. The masked implantation and annealing process is described in greater
detail in Appendix A.2. For this sample, the silicon ions were implanted at a dose of 1.25 × 1012 /cm2
and beam energy of 27.5 keV, to target 3 to 4 SiV– centers at a depth of (20 ± 5) nm as determined
using simulations performed using the Stopping Range in Matter (SRIM) software package. 95 The
apertures were placed such that they would overlap the regions between the central defect hole in the
OMC and the holes adjacent to it on both sides.
After SiV– centers were generated, OMCs were fabricated via quasi-isotropic etching, following
the procedure in Chapter 5.2. HSQ-Ti mask was used, with electron beam lithography of OMC
masks performed by aligning to previously etched markers. This ensured that the regions between
the central defect hole and its adjacent holes are aligned to the apertures in which SiV– centers are
implanted. As tapered supports etch differently in quasi-isotropic etching as compared to angled
etching, they are unable to serve as mechanical supports for rectangular cross-section OMCs, and
thus were not included in the final OMC devices on this chip [Fig. 6.5(a)].
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Figure 6.5: Rectangular OMC optical and mechanical mode spectroscopy at liquid helium temperature. (a) Scanning

electron micrograph (SEM) of triangular OMC device, taken at a stage tilt of 60◦ . (b) Reflection spectrum of optical cav‐
ity resonance. (c‐d) RF thermal noise spectrum of OMC breathing mode at 9.22 GHz, taken (c) in ambient environment
and (d) at liquid helium temperatures.

6.3.2

Optical and mechanical mode spectroscopy

The optical reflection spectrum of a rectangular OMC showed an optical resonance centered at λo =
1544.4 nm (ωo /2π = 194.1 THz) [Fig. 6.5(b)]. A Lorentzian fit gave the total, waveguide, and
scattering optical Q-factors of Qo = 1.03 × 104 , Qwg = 1.36 × 104 and Qsc = 4.25 × 104 respectively,
with corresponding decay rates of κo /2π = 18.9 GHz, κwg /2π = 14.3 GHz, and κsc /2π = 4.6 GHz
respectively. The acoustic breathing mode, which is of a compressive character, had a resonance
frequency of ωm /2π = 9.22 GHz with mechanical Q-factor of ∼ 1900 measured in ambient
environment as shown by the RF thermal noise spectrum [Fig. 6.5(c)]. As discussed in Chapter 3.4,
the flexural mode has odd symmetry in rectangular unit cells and cannot be probed via
optomechanical coupling, unlike its triangular counterpart.
Prior to measurements in the Montana cryostat (Appendix B.3), the same cleaning procedure as
in Section 6.2.2 was performed. At a temperature of ∼ 4 K, using the minimum permissible optical
power to transduce the acoustic mode, the RF thermal noise spectrum of the acoustic breathing
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mode showed a Lorentzian centered at frequency 9.20 GHz with mechanical Q-factor of 60 000
[Fig. 6.5(d)]. This mechanical Q-factor is 30 times compared to that measured in ambient
environment, and 25% better than that supported by the acoustic swelling mode in triangular
OMCs in Chapter 6.2.2, which is also of a compressive character.

6.3.3

Spectroscopy of silicon vacancy centers in rectangular
optomechanical crystals

Spectroscopy of SiV– centers in the abovementioned rectangular OMCs was performed using a
free-space confocal setup, the details of which are described in Appendix B.2. Resonant excitation of
the SiV– spot in the OMC produced a spectra centered around 737 nm with four peaks,
characteristic of the four optical transitions between the pair of states in each of the ground and
excited state manifolds of the SiV– [Fig. 6.6(a)]. Fitting of the spectral positions using the theory in
Meesala et al. 47 gave a ground state splitting of ΔGS = 143 GHz, which is greater than that at zero
strain ΔGS = 46 GHz. Given that the splitting increases with increasing strain as predicted by
equation 1.11, 47 the larger ground state splitting of this SiV– in the rectangular indicates that the
SiV– is pre-strained. This SiV– is likely in a local environment with high strain, which can arise from
defects in the diamond crystal lattice, or from etch-induced damage.
To lift the two-fold spin degeneracy of each orbital using the Zeeman effect, we applied a
magnetic field using a permanent magnet (K&J Magnetics) behind the sample, with the magnet
translated using a piezo-based nanopositioner (Attocube) to provide a magnetic field tunable with
position. With the magnet positioned directly behind the sample, the resulting spin transition
frequency is ωs = 9.3 GHz. By stepping the nanopositioner and acquiring a resonant excitation
spectrum at each step, we could calibrate the magnetic field experienced by the SiV– at each step of
the nanopositioner by measuring the center wavelength of the C1 optical transition [Fig. 6.6(b)].
The resonant excitation spectrum centered around the C line is shown in Fig. 6.6(c).
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Figure 6.6: Spectroscopy of SiV– centers implanted in rectangular OMCs. (a) Left: Level diagram showing orbital states

in ground and excited state manifolds, and the optical transitions corresponding to the A, B, C, D lines of the SiV– . Right:
Resonant excitation spectrum of SiV– implanted in rectangular OMC, with peaks corresponding to the A, B, C, D lines.
(b) Magnetic field tuning of the SiV– C1 line. (c) Left: Level diagram showing relevant spin sublevels upon applying a
magnetic field, and relevant C1, C2, C3, C4 optical transitions between the spin sublevels. Right: Resonant excitation
spectrum of the C1, C2, C3, C4 optical transitions of an SiV– implanted in rectangular OMC.
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6.3.4 Unsuccessful attempt at measuring spin-phonon coupling
Our attempt to measure the spin-phonon coupling rate at ∼ 4 K in the Montana cryostat was met
with issues and was ultimately unsuccessful. Firstly, with the current configuration of the cryostat,
the maximum achievable magnetic field could tune unstrained SiV– centers to spin transition
frequencies of only about 6 GHz. Higher spin transition frequencies could only be reached if the
SiV– had considerable pre-strain, as was the case with the abovementioned measured SiV– . However,
the spin-phonon coupling rate gSP scales as 1/ΔGS , where ΔGS is the ground state splitting. In
(2+n)

addition, the spin relaxation rate scales with g2SP /γ, which in turn scales with 1/ΔGS

, where n ≥

1 is an exponent that describes how the phonon density of states in the OMC scales with ΔGS . 47 As
such, a larger ΔGS due to pre-strain in SiV– reduces gSP and the spin relaxation rate, resulting in a
lower contrast between the spin relaxation rates when on- and off-resonant with the acoustic mode.
Another issue was with thermalization of the OMC and the optical fiber taper. While we were
able to observe lines corresponding to distinct optical transitions between the spin sub-levels, this
was only possible when the fiber was not in contact with the diamond waveguide taper at the end of
the OMC device [Fig. 6.7(a)]. When the fiber was brought into contact, but without any input
optical power, the lines began to broaden and merge [Fig. 6.7(b)]. If the fiber was in contact with
the device, and optical power was input in the fiber, the lines disappeared [Fig. 6.7(c)]. These
observations signify that the SiV– centers are being locally heated up once the fiber is brought in
contact with the OMC.
This effect can be attributed to two reasons. Firstly, due to the orientation of the fiber
feedthrough and the radiation shield in the Montana cryostat, the optical fiber could not be properly
thermalized to the radiation shield, which is maintained close to the base temperature. This indicates
that the temperature of the fiber is higher than that of the diamond waveguide taper, leading to the
heating of the OMC device. More importantly, the device itself was not thermalized properly. This
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(a)

(b)

(c)

Figure 6.7: SiV– spectra indicating insufficient thermalization of OMC. (a) Resonant excitation spectrum of SiV– im‐

planted in OMC when not in contact with optical fiber taper. SiV– lines are apparent. (b) Resonant excitation spectrum
of SiV– implanted in OMC when optical fiber taper is in contact with diamond waveguide taper, but with no input op‐
tical power in the fiber taper. SiV– lines broaden and overlap with each other. (c) Resonant excitation spectrum of SiV–
implanted in OMC when optical fiber is in contact with input optical power to the diamond waveguide taper. SiV– lines
are no longer visible.
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is likely due to a lack of thermal sinking between the fiber/diamond waveguide taper region and the
OMC. This will be elaborated on in Chapter 6.4.3.

6.4 Spectroscopy of silicon vacancy centers at dilution
refrigerator temperatures
6.4.1 Motivation for operating at millikelvin temperature
To improve the feasibility of observing signatures of spin-phonon coupling, we moved to operate at
even lower temperatures than liquid helium temperatures (∼ 4 K). One signature of spin-phonon
coupling that can be observed is the modification of the spin qubit T1 time due to phonons in the
acoustic mode, resonant with the spin transition, providing an additional channel for the spin qubit
to relax. This is done through optically detected acoustic resonance (ODAR) spectroscopy, where
the acoustic mode is detected through measuring the SiV– fluorescence. A higher ODAR contrast
CODAR = (Γs + ΓA )/Γs , where ΓA and Γs are the the acoustic mode-induced and bare spin qubit
relaxation rates respectively, would allow this effect to be observed more easily. Given that the qubit
states become admixtures of strain and spin-orbit eigenstates in the presence of off-axis magnetic
fields and static strain (equation 1.19), as outlined in Chapter 1.1.2, phonon-assisted transitions are
now allowed between all four spin sublevels in the ground state manifold. There are three main
phonon-assisted mechanisms that increase the rate of spin relaxation ΓS = 1/2πT1 :
• Single-phonon resonant absorption, where the spin qubit absorbs a phonon of the same
frequency as its spin transition and flips its spin. This is dominant at temperatures lower than
4 K [Fig. 6.8(a)].
• Two-phonon resonant process, with each phonon resonant between one of the qubit states,
and a common spin sublevel in the upper orbital branch. This is the dominant mechanism at
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Figure 6.8: Phonon‐assisted decoherence processes in the SiV– spin qubit, defined in |e−
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4 K [Fig. 6.8(b), (c)].
• Two-phonon off-resonant process, with each phonon resonant between one of the qubit
states, and a virtual level between the upper qubit state and a spin sublevel in the upper orbital
branch. Due to the off-resonant nature of this process, the absorption rate will be weaker
than its resonant counterpart by a function of the detuning from the upper orbital branch,
and thus only becomes significant at temperatures much higher than 4 K [Fig. 6.8(d)].
Additionally, the spin qubit also experiences dephasing at a rate γs = 1/2πT∗2 due to a
two-phonon resonant process [Fig. 6.8(b), (c)]. This occurs by absorption of a phonon resonant
between sublevels of the same spin character but opposite orbital character in the ground state
manifold, followed by emission of a phonon of the same frequency. The decoherence arises due to
the phonon emission occuring at a random time interval after phonon absorption, resulting in the
spin qubit acquiring a random phase after the two-phonon process. Given that the phonon
frequencies involved are close to the ground state splitting, this two-phonon resonant process is also
dominant at temperatures around 4 K.
Going to temperatures lower than 4 K will improve the ODAR contrast by freezing out the
population of thermal phonons, thus suppressing the two-phonon resonant processes dominant at 4
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K and responsible for spin dephasing and relaxation. This can be seen from the expression of ΓA ,

ΓA =

nth g2SP γs
γs2
4

+ (ωs − ωm )2

,

(6.1)

where nth is the number of thermal phonons and gSP is the spin-phonon coupling rate. When the
spin qubit is resonant in frequency with the acoustic mode, ωs = ωm , the ODAR contrast is

CODAR = 1 +

4nth g2SP
.
Γs γs

(6.2)

Therefore, CODAR is improved if both the spin relaxation rate Γs and dephasing rate γs are
decreased.
Freezing the thermal population of phonons at millikelvin temperatures also reduces
phonon-phonon scattering losses in the acoustic mode, 151,152 resulting in lower mechanical damping
rates, and consequently improving the spin-phonon cooperativity. Acoustic modes in silicon OMCs,
with phononic bandgap shields to limit acoustic radiation loss out of the acoustic mode, 68 had
mechanical Q-factors of about 5 × 1010 measured at millikelvin temperatures. 69 This corresponded
to phonon lifetimes of 1.5 µs, only limited by residual two-level system defects typically present in
amorphous materials. 154 In silicon, an amorphous layer forms due to native oxide formation 155 and
etch-induced damage. 156 However, this amorphous layer is not present in diamond. Together with
its low intrinsic defect density of 104 /cm2 to 106 /cm2 in lab-grown CVD diamonds, 157,158 which is
expected to be lower in electronic grade single-crystal diamond substrates, we can reasonably expect
diamond OMC acoustic modes to have similar mechanical Q-factors at millikelvin temperatures,
and high spin-phonon cooperativities greater than one are more readily attained.
To reach temperatures below liquid helium temperatures, a dilution refrigerator (LD-250,
Bluefors) was used. The Bluefors dilution refrigerator used in subsequent measurements was also

153

integrated with a free-space confocal setup for SiV– spectroscopy, a fiber optical setup for OMC
optical and mechanical mode spectroscopy, and a superconducting magnet for magnetic field
tuning. Details of the setup in the dilution refrigerator can be found in Appendix B.4.

6.4.2

Spectroscopy of silicon vacancy centers

We repeated spectroscopy of SiV– centers in the rectangular OMC, measured in the Montana
closed-cycle cryostat previously, in the Bluefors dilution refrigerator. At a sample stage temperature
of ∼ 50 mK and zero magnetic field, the SiV– spectrum showed four lines corresponding to the four
orbital transitions under resonant excitation [Fig. 6.9(a)]. In addition, using a cryogen-free 3-axes
superconducting vector magnet (American Magnetics Inc.) to apply a tunable magnetic field up to 1
T (10 kG) field strength along the [001] direction, we were able to observe Zeeman splitting of the C
line [Fig. 6.9(b)]. At the maximum field strength, the spin transition frequency was about 20 GHz,
well above that attainable using the magnet in the Montana cryostat and thus allowing for
high-frequency acoustic modes to be interfaced via the spin.
However, at temperatures below 500 mK, the B and D lines should not be visible under resonant
excitation. This is because there is a greatly reduced phonon population at the ground state splitting
frequency of ΔGS = 46GHz, and thus the SiV– has a dominant thermal population in the lower
ground state orbital. As such, only A and C lines that involve the lower ground state orbital should
be visible. 159 Given that we observed all four lines, which can only occur when there is significant
thermal population in the upper ground state orbital level, we conclude that there is still
considerable local heating of SiV– centers in our OMCs even at dilution refrigerator temperatures.
Another source of local heating arises from our use of a green laser for repumping SiV– centers to
the negative charge state. This can be seen from confocal spectroscopy of bulk-like SiV– in the
markers etched in the chip, which would be better thermalized with the sample stage as these
markers are not suspended from the substrate, unlike the OMCs. Without the green repump laser,
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Figure 6.9: Spectroscopy of SiV– implanted in rectangular OMC at millikelvin temperatures. (a) Resonant excitation

spectrum of SiV– orbital transitions. (b) Tuning of SiV– spin transitions (C1, C2, C3, C4) with magnetic fields up to 10 kG
(1 T). (c) Comparison of SiV– resonant excitation spectrum with green repump laser on (thick green trace) and off (thin
gray trace).

we observed only the A and C lines, indicating that SiV– in bulk-like environments and properly
thermalized with the substrate. However, with the green repump laser switched on, we observed all
four lines of SiV– , indicating that the power from the green laser was sufficient to heat the SiV–
centers locally [Fig. 6.9(c)]. From our observation of SiV– in OMCs and in bulk-like features, we
conclude that the local heating experienced by SiV– is due to optical heating from lasers used in
confocal excitation, as well as improper thermalization of OMCs.
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Tapered supports
Figure 6.10: SEM of visible wavelength photonic crystal with multiple tapered supports, taken at a stage tilt of 60◦ .

Image credit: Bartholomeus Machielse

6.4.3 Mitigating thermalization in rectangular OMCs
Additional evidence that the OMCs suffer from insufficient thermalization with the substrate came
from measurements of angle-etched photonic crystals with implanted SiV– centers, in both
Montana closed-cycle cryostat 115 and the dilution refrigerator. 32,33,34 These photonic crystal devices
comprised of two tapered supports between the diamond waveguide taper and the photonic crystal
waveguide, in addition to one between the photonic crystal device and the clamp [Fig. 6.10]. As the
thickness of the waveguide cross-section scales with its width for a fixed etch angle, the widest regions
of the tapered supports provide physical support and contact with the substrate, thus providing
channels for excess heat in the fiber to be conducted away from the waveguide before it can reach the
photonic crystal device. However, the current iteration of rectangular OMCs are connected to the
diamond waveguide taper without any thermal to the substrate in between. As such, better
thermalization of the rectangular OMCs is necessary. While tapered supports cannot be etched to
the same thickness as the OMC using quasi-isotropic etch, thermal contact can be provided in the
form of tethers between the waveguide and large diamond pads away from the device.

6.5

Next-generation triangular optomechanical crystals

While the rectangular OMCs studied in the previous section could be improved in terms of device
design to offer better thermalization, we decided to revert to angle-etched triangular OMCs. This
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was motivated by a better understanding of mask choices on the etch profiles in the ion beam
etching (IBE) tool, as discussed in Chapter 4.3, and increased stability of IBE tool operation. In
addition, diamond quantum photonic devices at visible wavelengths, fabricated with the IBE tool
and implanted with silicon vacancy centers, were used to demonstrate quantum interference
between multiple SiV– centers in the Montana liquid helium cryostat, 115 as well as
memory-enhanced quantum communication, 34 quantum registers, 32 and quantum network
nodes 33 in dilution refrigerators. This shows that the devices are well thermalized to their respective
environments by virtue of having multiple tapered supports. We adapt this device geometry to our
new triangular OMCs that are fabricated.

6.5.1 Fabrication of new triangular optomechanical crystals
The fabrication process for triangular OMCs with SiV– centers started with etching of alignment
markers into electronic-grade single-crystal diamond (EL SC, [N] < 5 ppb, Element Six), followed by
implantation of silicon ions through electron beam resist mask, and then subsequent annealing to
generate SiV– . The marker etch, implantation and annealing process are described in Appendix A.2.
A depth of 20 nm was chosen for SiV– placed in the acoustic flapping mode of the OMC, based on
considerations outlined in Chapter 2.1. This depth corresponds to a beam energy of 27.5 keV as
calculated using SRIM. 95 The implantation dose was 1.25 × 1012 /cm2 to ensure approximately 3 to
4 SiV– centers per implantation aperture, which were positioned between the central defect hole in
the OMC and the holes adjacent to it on both sides.
The fabrication process continued with mask definition, top-down etching, angled-etching, and
lastly mask removal and critical point drying. This procedure is described in detail in Chapter 4.3,
with some modifications. The mask used was a 1 µm-thick layer of HSQ, on top of 200 nm-thick
layer of niobium (Nb) deposited via DC magnetron sputtering (AJA International). Nb was chosen
due to its low erosion rate in oxygen RIBAE, 106 and its low extent of mask redeposition that enabled

157

smooth triangular cross-sections to be realized (Chapter 4.4.2). The Nb thickness was chosen to
complement the HSQ mask thickness in terms of withstanding mask erosion and provide
shadowing of holes in the OMC during the angled etching process (Chapter 4.2). Finally, it provides
good contrast with HSQ and diamond under electron beam exposure. As the final OMCs need to
be aligned to previously implanted apertures, clear inspection and precise location of the alignment
markers in the SEM is needed prior to electron beam lithography. While HSQ-alumina mask was
shown to give the best performing devices (Chapter 4.4.4), the mask stack did not provide good
contrast for clear imaging of markers. This was also the case with HSQ-Ti mask stack. Nb, with its
higher atomic number, would be able to provide sufficient secondary electron scattering to the SEM
detector and hence also provide clear imaging of the marker for aligning the mask to.
The OMC mask geometry was aligned to the alignment markers during electron beam
lithography. As the implantation apertures were also aligned to the same markers, this ensures that
the SiV– spots would be aligned to the central defect of the OMCs. After development, but prior to
the top-down etch of diamond, the mask pattern was transferred to Nb using the same
argon/chlorine mixture used to etch Ti (flow rates 25/40 sccm, pressure 8 milliTorr, RF power 250
W, ICP power 400 W). After angled etching, the Nb and HSQ were removed in a 1:1 mixture of 49%
hydrofluoric acid and 60% nitric acid, and the substrate with devices then cleaned with piranha
mixture and finally critical point dried with carbon dioxide. The full OMC device geometry is shown
in Fig. 6.11(a), with a close up of the OMC region in Fig. 6.11(b). Fig. 6.11(c) shows the cross-section
of an OMC that broke off and flipped upside down during the fabrication process, and illustrates the
smoothness of sidewalls and triangular cross-section arising from using Nb as a hard mask material.

6.5.2

Optical and mechanical mode spectroscopy

Optical and mechanical mode spectroscopy was performed in ambient environment using the setup
described in Appendix B.1. The traingular OMC optical reflection spectrum showed an optical
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Figure 6.11: Fabrication and spectroscopy of next‐generation triangular OMCs. (a) SEM of full triangular OMC device

geometry, with its constituent parts highlighted. (b) Close‐up SEM of OMC region in SEM in (a). (c) SEM of OMC flipped
on its backside, demonstrating smoothness of sidewalls from RIBAE using HSQ on Nb mask. (d) Reflection spectrum
of optical cavity resonance centered at 1601.2 nm. (e)‐(h) RF thermal noise spectra, acquired with OMC in ambient
environment, of possible localized acoustic modes centered at (e) 5.64 GHz, (f) 5.65 GHz, (g) 9.20 GHz, and (h) 10 GHz.
SEM images in (a)‐(c) were taken at a stage tilt of 60◦ .

resonance centered at λo = 1601.2 nm (ωo /2π = 187.2 THz) with a total optical Q-factor of Qo =
2.79 × 104 (κo /2π = 6.71 GHz) [Fig. 6.11(d)]. Sharp resonances were found at ωm /2π = 5.64, 5.65,
9.20, 10.00 GHz, with mechanical Q-factors of 4800, 4600, 3900, 2800 respectively [Fig.
6.11(e)-(h)]. We identify these as likely candidates of localized OMC acoustic modes given their ease
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of transduction. While the first two modes were similar in frequency to the acoustic flapping mode
in previous triangular OMCs, and the third and fourth similar to the acoustic swelling mode, the
exact nature of these modes cannot be established at the time of writing this dissertation, and more
measurements will be performed to determine the exact nature of the modes. After spectroscopy in
ambient environment, we will load this chip in the Bluefors dilution refrigerator, and will proceed to
characterize spin-phonon coupling between these acoustic modes to the SiV– spin using the
experiments outlined in Chapter 1.3.
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7

Conclusion

In this thesis, we have presented our efforts towards achieving strong spin-phonon coupling
using diamond as a material platform, hosting negatively-charged silicon vacancy center (SiV− ) spins
coupled to localized acoustic modes supported by optomechanical crystals (OMCs). We first studied
the theoretical basis behind strain-mediated coupling of SiV− spin qubits to phonons, as well as the
acoustic eigenmodes supported by phononic crystals. We then presented results on how phononic
crystals can be designed to maximize spin-phonon coupling between SiV− spin qubits to tightly
localized acoustic modes in phononic crystals.
The optomechanical crystal (OMC), being a phononic crystal that also tightly localizes optical
modes, was chosen as they simultaneously provide acoustic modes with large spin-phonon coupling
rates, and a fiber optical interface to probe the acoustic modes by virtue of large optomechanical
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coupling rates. To fabricate these OMCs, we leveraged advances in diamond nanofabrication by
improving on hard masks for reactive ion beam angled etching (RIBAE). We also explored the use of
quasi-isotropic etching (QIE) to fabricate rectangular cross-section OMCs with uniform
spin-phonon coupling rates along its depth, providing robustness against uncertainties in SiV−
depth arising from silicon ion implantation.
Finally, we presented our experimental efforts in demonstrating spin-phonon coupling, starting
with high-cooperativity OMCs room temperature that exhibited large optomechanically-induced
damping, phonon lasing, and coherent optomechanical phenomenon in the form of
optomechanically-induced transparency. The next incremental step was to characterize OMCs at
liquid helium temperatures, where mechanical quality factors were improved by at least an order of
magnitude compared to ambient environment. The improved mechanical quality factors allow
spin-phonon cooperativities of one to be reached with modest spin-phonon coupling rates of 1
MHz, enabling coherent spin-phonon coupling to be observed. Operating at even colder
temperatures in the dilution refrigerator would suppress phonon-assisted transitions in the SiV−
and phonon-phonon interactions in diamond. These would improve the SiV− spin coherence times
and mechanical quality factors respectively, and consequently boost spin-phonon cooperativities.

7.1

Outlook

Demonstrating spin-phonon coupling in our SiV-OMC system - between SiV− spin qubits and
localized OMC acoustic modes - will enable phonon-mediated quantum gates and networks,
single-phonon nonlinearities with the SiV− , and spin-phonon-photon hybrid quantum systems.
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7.1.1

Phonon-mediated quantum gates and networks

An important component of quantum networks is two-qubit gates that allow information to be
transferred between qubits. These have been implemented in trapped ions, 4 where collective
motional modes supported by all the ions mediate state transfer between single ion qubits. 160 An
implementation of phonon-mediated two-qubit gates in a solid-state platform like diamond will
involve two SiV− spins situated in the same acoustic mode of a phononic crystal. A two-qubit gate
between the SiV− spins mediated by the strain field of the common acoustic mode, analogous to
that in trapped ion systems, can be implemented. The large coupling rates, combined with low
mechanical dissipation rates in diamond and low spin decoherence at cryogenic environments, will
enable two-qubit operations at a high rate. Being in a solid-state platform, such a gate can be
fabricated on-chip and thus is scalable. Transfer of phonon wavepackets between SiV− spins via
phonon waveguides has also been proposed, 161 serving as the foundation of phonon-based quantum
networks with nodes comprising SiV− spins.

7.1.2 Single-phonon nonlinearities with the SiV−
An extension of the above idea is to use the SiV− spin as a source of single phonons, allowing for
single-phonon nonlinearities controlled by the SiV− spin. This is in analogy to optomechanical
systems, where large optomechanical coupling rates allow for a single photon to trigger emission of a
single phonon. 162,163 However, the optomechanical interaction is inherently a parametric process
involving three-wave mixing, with pump photons at ∼ 200 THz frequencies used to generate
phonons at few GHz frequencies. The disparity in energy scales by a few orders of magnitude means
that this process is inefficient, and phonons can only be generated probabilistically. 164 However,
spin-phonon coupling between SiV− spins and GHz phonons in diamond phononic crystals is a
resonant process, and thus the SiV− spin can act as a deterministic source of phonons.
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Single-phonon nonlinearities via the SiV− spin can also be used to generate non-classical mechanical
states. 164,165

7.1.3 Spin-phonon-photon system
Lastly, we can add the optical modality to the spin-phonon hybrid quantum system to enable
additional means of controlling spins, phonons and photons. In the current SiV-OMC system, the
OMC optical mode is used as a weak probe of the OMC acoustic mode in order to interrogate the
interaction between the SiV− spin and the acoustic mode. Given the large optomechanical coupling
rates achieved in diamond OMCs, coherent photon-phonon interactions are also possible. 45 The
resultant spin-phonon-photon system would be able to interface telecommunication- and
visible-wavelength optical modes, as well as GHz frequency spin excitations and acoustic modes. A
classical analogue of this system was realized using gallium arsenide optomechanical crystal cavities
integrated with phononic waveguides and interdigitated transducers, allowing for excitation,
control, and readout in the optical, acoustic, and radiofrequency (RF) domains. 166
The SiV-OMC spin-phonon system can be scaled down such that its optical cavity resonances are
in the visible wavelength range. This scaling halves each of its geometric dimensions, consequently
resulting in approximate doubling of the acoustic mode frequencies. The spin-phonon coupling rate
(equation 1.22) scales linearly with both the acoustic mode frequency ωm and the zero-point
fluctuation in strain amplitude Szpf . The scaling of the latter with acoustic wavelength can be
√
estimated for the flexural mode using Euler-Bernoulli beam theory, 167 giving Szpf ∼ 1/ l3 t2 w for a
cantilever of length l, thickness t and width w. Thus, Szpf is about 8 times greater for visible-scale
OMCs, giving a total improvement in spin-phonon coupling by a factor of 16. The spin-phonon
coupling rates of gSP ∼ 16 MHz is now much greater than the SiV− spin dephasing rate γs ∼ 4
MHz 26 and acoustic mode damping rate κm ∼ 20 kHz 64 at temperatures of ∼ 4 K, meaning that
the SiV-visible OMC system is now in the strong coupling regime (gSP > γs , κm ). This would
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enable nonlinear quantum optomechanical effects to be observed, such as phonon blockade, where
the absorption of a phonon by the SiV− spin suppresses the acoustic mode from being populated. 61
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A

Additional fabrication methods
A.1

Surface treatment of single-crystal diamond plates

Optical grade (types IIa, [N] < 1 ppm; or Ib, [N] < 200 ppm) single-crystal diamond substrates
received from Element Six were first polished mechanically (done commercially by Delaware
Diamond Knives, Inc.), which reduced the root-mean-square (RMS) surface roughness to < 5 nm.
This is followed by a tri-acid clean, a standard acid and solvent clean, and lastly the pre-etch.

A.1.1 Tri-acid clean
In mechanical polishing, graphitic carbon would arise due to wear debris or chipped diamond
fragments, depending on the diamond substrate crystal orientation and polishing direction. 168 The
tri-acid clean serves to remove such graphitic carbon on diamond surfaces. The tri-acid mixture

166

comprised of three acids in a 1:1:1 ratio: sulfuric acid (96%), nitric acid (60%), and perchloric acid
(70%). 169 The tri-acid clean was done in a fume hood, with the tri-acid mixture kept boiling in a
round-bottomed flask and under reflux, i.e. using a condenser connected to the round-bottomed
flask to cool tri-acid vapor and return the condensed tri-acid to the round-bottomed flask. The
condenser was also connected to a gas washing bulb to ensure that no tri-acid vapor escapes the
apparatus. 170 The diamond substrates were kept in the boiling tri-acid mixture for an hour, after
which heat to the round-bottomed flask is turned off. The apparatus is allowed to cool to room
temperature before retrieving the diamond substrates and kept in deionized water after the tri-acid
clean.

A.1.2

Standard acid and solvent clean

In this cleaning process, the diamond substrates were cleaned by immersion in hydrofluoric acid
(49%) to remove non-organic contaminants such as metals and oxides. After rinsing in deionized
water, the clean continued with piranha solution (3:1 mixture of sulfuric acid (96%) and hydrogen
peroxide (30%)). The diamond substrates are rinsed again in deionized water, before ultrasonic
agitation in acetone followed by methanol. Lastly, the diamond substrates are dried using a nitrogen
gun.

A.1.3

Pre-etching

The process of polishing diamonds typically introduce strain within several microns from the top
surface. To remove this strained diamond layer, we performed a pre-etch in a PlasmaTherm Versaline
inductively-coupled plasma reactive ion etching (ICP-RIE) tool. The pre-etch consists of an
argon/chlorine (Ar/Cl2 ) etch for 30 minutes (flow rates 25/40 sccm, pressure 8 milliTorr, RF power
250 W, ICP power 400 W), followed by an oxygen etch for 30 minutes (30 sccm, pressure 10
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milliTorr, RF power 100 W, ICP power 700 W). 169 The (Ar/Cl2 ) etch step combines the physical
sputtering of argon with isotropic reaction of chlorine with carbon to smooth the diamond
surface, 171 while the oxygen etch step etches the strained diamond layer away to reveal the unstrained
layer beneath.

A.2 Masked implantation and annealing process for
generating silicon vacancy centers
To perform targeted implantation of silicon ions and subsequently generate silicon vacancy centers
at desired locations, we used a masked implantation approach, where a mask containing apertures is
defined on electronic grade diamond substrate, and then sent to a commercial foundry (Innovion)
for silicon ion implantation. 32 After removing the mask, a tri-acid clean (Appendix A.1.1) followed
by a standard clean (Appendix A.1.2) were performed to remove graphitic carbon generated from
the implantation process. The ion-implanted chips wre annealed in an ultrahigh vacuum furnace
(Kurt J. Lesker) to generate silicon vacancies. Device fabrication continues after another round of
tri-acid and standard cleans [Fig. A.1].

A.2.1

Defining alignment markers

To define alignment markers, the electronic grade diamond substrate was first cleaned using the
standard clean procedure in Appendix A.1.2. A 10 nm thick layer of Ti was deposited using electron
beam evaporation (Denton), followed by spin coating of HSQ. Electron beam lithography (EBL)
was performed at 125 keV (Elionix), followed by development in tetramethylammonium hydroxide
(TMAH, 25%). The developed marker pattern is transferred into diamond using a PlasmaTherm
Versaline ICP-RIE tool, first etching Ti with Ar/Cl2 etch (flow rates 25/40 sccm, pressure 8
milliTorr, RF power 250 W, ICP power 400 W), followed by an oxygen etch (30 sccm, pressure 10
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Figure A.1: Schematic of process for masked implantation.

milliTorr, RF power 100 W, ICP power 700 W). The HSQ and Ti mask is removed, and the
substrate cleaned, using the standard clean procedure followed by drying with a nitrogen gun

A.2.2 Defining PMMA mask for implantation
We then performed masked implantation of silicon by defining apertures in a bilayer resist of methyl
methacrylate/poly(methyl methacrylate) (MMA/PMMA, both from Kayaku Advanced Materials).
The thickness of PMMA to be spin coated depends on the implantation depth, which in turn
depends on the silicon ion beam energy used during implantation. The penetration depth of silicon
ions into PMMA, for a given ion beam energy, was determined using the Stopping Range in Matter
(SRIM) software package. 95 A MMA/PMMA bilayer slightly thicker than the penetration depth
was used so as to prevent silicon ions from penetrating into diamond where apertures are absent.
After spin coating MMA/PMMA, we spin coated a layer of Espacer (Showa Denko) for charge
conduction during the subsequent EBL step (Elionix, 125 keV). The Espacer is then removed by
immersion in water for 1 minute, and the MMA/PMMA layer developed using a mixture of
MIBK:IPA in 1:3 ratio (Kayaku Advanced Materials).
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Figure A.2: Aperture patterns for masked implantation (black squares and rectangles), overlaid on the in‐plane spin‐

phonon coupling profile of the acoustic compressive mode in rectangular OMC. (a) Pair of square apertures defined
beside central defect hole. (b) Rectangular aperture spanning central defect hole and half of the adjacent hole on both
sides. (c) Misalignment of square apertures reduces the yield of SiV centers sited beside the central hole. (d) Misalign‐
ment of rectangular apertures preserves the yield of SiV centers beside the central hole.

For OMCs presented in this work, the spin-phonon coupling rates for both acoustic flexural and
compressive modes are maximized in-plane near the central defect hole. We patterned two types of
apertures: pairs of square apertures on either side of the central defect hole [Fig. A.2(a)], and
rectangular apertures of 1 µm length that spanned the central defect hole and half the hole on both
sides of it [Fig. A.2(b)]. Both square and rectanguler apertures had widths ranging from 62.5 to 100
nm, to ensure that SiV centers had at least 90% of the maximum coupling rate at the targeted
implantation depth. On the rectangular OMC chip, we found that square apertures were more
susceptible to alignment inaccuracies during the lithography of OMC masks. This led to apertures
not fully overlapping the dielectric region between the holes, resulting in few to no SiV centers in
OMC devices aligned to square apertures [Fig. A.2(c)]. On the other hand, rectangular apertures
were more robust to lateral alignment inaccuracies as they would still overlap with the dielectric
region between holes, giving higher yields of SiV centers after fabricating OMCs [Fig. A.2(d)].
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A.2.3 Ultrahigh vacuum annealing
After implantation at a commercial ion implantation foundry (Innovion), the MMA/PMMA mask
was removed by immersing the diamond substrate in Remover PG (Kayaku Advanced Materials) for
12 to 24 hours. After rinsing in IPA or methanol, and drying with nitrogen gun, the substrate is
tri-acid cleaned (Appendix A.1.1) to remove graphitic diamond on the surface that was created from
the ion implantation process. This is followed by a standard clean and dry procedure. Annealing was
performed in a ultrahigh vacuum furnace (Kurt J. Lesker) at pressures < 10−6 Torr to generate SiVs
in the regions that were exposed by the apertures in the MMA/PMMA bilayer defined before. The
temperature in the furnace was slowly ramped to ∼ 1400 K to allow vacancies to migrate to the
implanted silicon ions and form SiV centers, and to anneal divacancies and other defects. 172,173,174
As the annealing process also creates graphitic diamond, the diamond substrate was tri-acid cleaned
again, followed by a standard cleaning and drying process, before device fabrication with masks
aligned to the alignment markers created in Appendix A.2.1.
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B

Experimental setups for measurements
B.1 Optical and mechanical spectroscopy of
optomechanical crystals
The setup used for optical and mechanical spectroscopy of optomechanical crystals (OMCs) is
shown in Fig. B.1. uses a tunable laser source (Santec TSL-510) as a pump to couple to the device
under test (DUT). The pump was sent into a variable optical attenuator (VOA, EXFO FA-3150) to
set the pump power. For measurements in reflection, a circulator was used to route optical power to
and from the DUT. A fiber polarization controller (FPC) was used to adjust the polarization of the
fiber mode to ensure maximum coupling to the DUT. The fiber from the output end of the FPC
was spliced onto an optical fiber taper, fabricated by pulling an SMF-28 uncladded optical fiber
(ThorLabs) out of hydrofluoric acid solution with an o-xylene layer on top to promote gradual taper
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Figure B.1: Setup for optical and mechanical spectroscopy of optomechanical crystals.

formation. 89
For characterization in ambient environment, motorized stages (Suruga) were used to control the
position of the optical fiber taper, and a nanopositioner was used to control the position of the DUT
relative to the optical fiber taper.
Reflected laser signal from the DUT was routed from the optical fiber taper back to the circulator
via the FPC. Past the circulator, the reflected signal was then split using a 90:10 coupler. On the 90%
path, the signal was amplified by an erbium-doped fiber amplifier (EDFA, Manlight), and passed
through a bandpass filter (JDS Uniphase TB9) centered on the optical cavity resonance to remove
amplified spontaneous emission noise outside the bandwidth of interest. The filtered amplified
output was then detected by a 12 GHz-bandwidth photoreceiver (D1, New Focus 1544-B), with the
radiofrequency (RF) response of the OMC acoustic mode monitored using a real-time spectrum
analyzer (RSA, Tektronix RSA5126A) connected to the 12 GHz-bandwidth photoreceiver. The 10%
path led to a photodetector with 125 MHz bandwidth (D2, New Focus 1811) that measured the DC
response of the optical cavity reflection.
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B.2

Confocal specroscopy of silicon vacancy centers

Confocal spectroscopy of silicon vacancy centers (SiV) was performed using a home-built scanning
confocal microscope. We used a continuous wave tunable Ti:Sapphire laser (M Squared,
SolsTiS-2000-PSX-XF) for resonant excitation of SiV centers, and collect the long wavelength
phonon sideband emission using an avalanche photodiode (APD, Excelitas). For off-resonant
excitation, we use a 700 nm laser (ThorLabs, LP705-SF15), and collect the zero-phonon line (ZPL)
emission using an APD. To identify location of SiV centers, the 700 nm laser is scanned across a
region of interest, with the resulting ZPL emission mapped. A green diode laser at 520 nm
(ThorLabs, LP520-SF15) was used to pump SiVs into the correct negative charged state [Fig. B.2(b)].

B.3 Liquid helium cryostat setup
Experiments at liquid helium temperatures were performed in a closed-cycle 4 K helium cryostat
(Montana Instruments Fusion F2). Two stacks of three piezo-nanopositioners (Attocube, 2×
ANPx101 and 1× ANPz102 per stack) were used to control the positions of the sample and optical
fiber taper independently [Fig. B.2(d)]. Spectroscopy of SiV was done via an objective with 0.9 NA,
100× magnification, 1 mm working distance (Olympus) mounted in the cryostat behind a radiation
shield. A tunable magnetic field was provided by mounting a permanent magnet (K&J Magnetics)
on a nanopositioner (Attocube, ANP X51), with the nanopositioner attached to the sample
nanopositioner stack [Fig. B.2(c)].

B.4 Dilution refrigerator setup
A dilution refrigerator, as its name implies, uses a dilution process to cool environments to below
liquid helium temperatures. Specifically, this involves two isotopes of helium – He-3 and He-4.

174

(a)

(c)

(d)

Optical fiber taper
Diamond
sample

Magnet
below
sample

z

z

y

y

x

x

Sample
stack

Fiber
stack

4K cryostat /
dilution refrigerator

Figure B.2: Setup for confocal spectroscopy of silicon vacancy centers. (a) Confocal scan image over region of interest.

(b) Schematic of confocal microscope setup. (c) Image of diamond sample mounted above permanent magnet in Mon‐
tana closed‐cycle cryostat. (d) Schematic of nanopositioner stacks and optical fiber taper in closed‐cycle cryostat and
dilution refrigerator.

Cooling occurs due to the heat of mixing as He-3 atoms are transferred from the pure He-3 phase to
the diluted phase containing mostly He-4. This dilution is endothermic, which removes heat from
the chamber and thus cools it down. Dilution cooling is advantageous to conventional evaporative
cooling, where cooling occurs by extracting heat to transform the coolant from the liquid to the gas
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phase. For evaporative cooling, the cooling power decreases exponentially as the temperature
decreases, as the number of particles transforming from the liquid to the gas phase decreases.
However, the cooling power decreases only as T2 in the dilution process. Additionally, He-3 has a
constant solubility of 6.6% in He-4 even as the temperature approaches zero, which allows for large
He-3 flow rates. Both the polynomial dependence of cooling power and constant solubility of He-3
in He-4 allows for much lower temperatures of few mK to be reached, as compared to evaporative
cooling. 175
In the Bluefors dilution refrigerator, the sample, fiber and objective positions were each
controlled by stacks of nanopositioners (Attocube, 2× ANPx101 and 1× ANPz101 for fiber stack,
2× ANPx312 for sample stack, ANPx311 for objective) mounted on a frame, which is mounted to
the bottom of the mixing plate. (Fig. B.4(d)) For OMC spectroscopy, the fiber was spliced to the
setup described in Appendix B.1. For SiV spectroscopy, a home-built scanning confocal microscope
setup was used, with a cryo-compatible objective mounted on the aforementioned frame. To provide
a tunable magnetic field, a superconducting vector magnet (American Magnetics Inc. Cryogen-Free
3-Axes) was mounted on the 4K plate.
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