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Abstract 

 

Realizing complex three-dimensional structures in a range of material systems is critical to a variety 

of emerging nanotechnologies. This is particularly true of nanomechanical and nanophotonic systems, 

both relying on free-standing small-scale components. In the case of nanomechanics, necessary 

mechanical degrees of freedom require physically isolated structures, such as suspended beams, 

cantilevers, and membranes. For nanophotonics, elements like waveguides and photonic crystal cavities 

rely on light confinement provided by total internal reflection or distributed Bragg reflection, both of 

which require refractive index contrast between the device and surrounding medium (often air). Such 

suspended nanostructures are typically fabricated in a heterolayer structure, comprising of device (top) 

and sacrificial (middle) layers supported by a substrate (bottom), using standard surface nanomachining 

techniques. A selective, isotropic etch is then used to remove the sacrificial layer, resulting in free-

standing devices. While high-quality, crystalline, thin film heterolayer structures are readily available for 

silicon (as silicon-on-insulator (SOI)) or III-V semiconductors (i.e. GaAs/AlGaAs), there remains an 

extensive list of materials with attractive electro-optic, piezoelectric, quantum optical, and other 

properties for which high quality single-crystal thin film heterolayer structures are not available. These 

include complex metal oxides like lithium niobate (LiNbO3), silicon-based compounds such as silicon 

carbide (SiC), III-V nitrides including gallium nitride (GaN), and inert single-crystals such as diamond. 
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Diamond is especially attractive for a variety of nanoscale technologies due to its exceptional 

physical and chemical properties, including high mechanical hardness, stiffness, and thermal 

conductivity. Optically, it is transparent over a wide wavelength range (from 220 nm to the far infrared), 

has a high refractive index (n ~ 2.4), and is host to a vast inventory of luminescent defect centers (many 

with direct optical access to highly coherent electron and nuclear spins). Diamond has many potential 

applications ranging from radio frequency nanoelectromechanical systems (RF-NEMS), to all-optical 

signal processing and quantum optics. Despite the commercial availability of wafer-scale nanocrystalline 

diamond thin films on foreign substrates (namely SiO2), this diamond-on-insulator (DOI) platform 

typically exhibits inferior material properties due to friction, scattering, and absorption losses at grain 

boundaries, significant surface roughness, and large interfacial stresses. In the absence of suitable 

heteroepitaxial diamond growth, substantial research and development efforts have focused on novel 

processing techniques to yield nanoscale single-crystal diamond mechanical and optical elements.  

In this thesis, we demonstrate a scalable ‘angled-etching’ nanofabrication method for realizing 

nanomechanical systems and nanophotonic networks starting from bulk single-crystal diamond substrates. 

Angled-etching employs anisotropic oxygen-based plasma etching at an oblique angle to the substrate 

surface, resulting in suspended optical structures with triangular cross-sections. Using this approach, we 

first realize single-crystal diamond nanomechanical resonant structures. These nanoscale diamond 

resonators exhibit high mechanical quality-factors (approaching Q ~ 105) with mechanical resonances up 

to 10 MHz.  

Next, we demonstrate engineered nanophotonic structures, specifically racetrack resonators and 

photonic crystal cavities, in bulk single-crystal diamond. Our devices feature large optical Q-factors, in 

excess of 105, and operate over a wide wavelength range, spanning visible and telecom. These newly 

developed high-Q diamond optical nanocavities open the door for a wealth of applications, ranging from 

nonlinear optics and chemical sensing, to quantum information processing and cavity optomechanics. 

Beyond isolated nanophotonic devices, we also developed free-standing angled-etched diamond 
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waveguides which efficiently route photons between optical nanocavities, realizing true on-chip diamond 

nanophotonic networks. A high efficiency fiber-optical interface with aforementioned on-chip diamond 

nanophotonic networks, achieving > 90% power coupling, is also demonstrated. 

Lastly, we demonstrate a cavity-optomechanical system in single-crystal diamond, which builds upon 

previously realized diamond nanobeam photonic crystal cavities fabricated by angled-etching. 

Specifically, we demonstrate diamond optomechanical crystals (OMCs), where the engineered co-

localization of photons and phonons in a quasi-periodic diamond nanostructure leads to coupling of an 

optical cavity field to a mechanical mode via the radiation pressure of light. In contrast to other material 

systems, diamond OMCs possess large intracavity photon capacity and sufficient optomechanical 

coupling rates to exceed a cooperativity of ~ 1 at room temperature and realize large amplitude 

optomechanical self-oscillations.  
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Chapter 1 

Background 

With their extraordinary glamour and attraction, natural diamonds have been heavily sought after 

throughout modern history (albeit controversially at times [1]). The prominence of diamond jewelry stems 

from the stone’s superlative physical qualities: its optical brilliance and seemingly timeless lifespan.  

However, unlike materials similarly revered by jewelers such as platinum or gold, diamond is readily 

synthesized. Man-made diamonds have only existed since the 1950s [2], yet today are produced at an 

estimated rate of nearly 4500 million carats (900 metric ton) per year as of 2015 estimates [3], exceeding 

all mine production by nearly fifty times (importantly, production of industrial-quality natural diamonds 

is merely a byproduct of gem-quality diamond mining). Industrial uses of synthetic diamond are well 

rooted in its extreme hardness and thermal conductivity (the highest of any bulk material [4]). 

Accordingly, synthetic diamond bits are ubiquitous components in mining, drilling, and precision 

machining applications [5]. Nevertheless, the overwhelming majority of synthetic diamond production 

yields “bort” grade material: dark shards with varying levels of crystallization and opacity.  

With continually improving and expanding growth techniques – namely the evolution of low pressure 

chemical vapor deposition (CVD) [6] – synthetic diamond has witnessed resurgence in the last two 

decades as a viable engineering material for advanced mechanical, thermal, and optical applications. 

Specifically, the realization of diamond substrates with high thermal conductivity [7], and ultra-low stain-

related birefringence and absorption [8] – now available up to 120 mm in diameter and 2 mm thick in the 

case of polycrystalline material [9]– has generated commercial success in optical solutions for high-power 

laser applications [8-10] and thermal management solutions for ultra-high-speed gallium nitride (GaN) 
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integrated circuits [11-13]. Moreover, the availability of high-quality and isotopically pure single-crystal 

diamond substrates [14, 15] have enabled major joint academia-industry research initiatives focused on 

diamond optical-spintronics for quantum information science and technology (QIST).  

 

1.1. OPPORTUNITIES FOR NANOSCALE OPTICS IN DIAMOND 

 

The material properties of diamond [4, 16] (summarized in Table 1, in comparison to competing 

materials) feature a high refractive index (n ~ 2.4), and a wide transparency window spanning the 

ultraviolet (band edge at 0.22 μm) to the mid-infrared, apart from a moderate absorption band between 

2.5 and 6.5 μm due to multi-phonon excitation [4, 8-10, 17]. In combination with its mechanical and 

chemical robustness, low absorption, and its high thermal conductivity and small thermal expansion, 

diamond can withstand significant optical power densities while avoiding thermal lensing [8]. 

Consequently, manufacturers of kW-class CO2 lasers have long made extensive use of optics machined 

from CVD polycrystalline diamond [18]. Along similar lines, its broadband transparency and high 

damage threshold make diamond well suited for exploiting nonlinear optical effects, which have 

applications in areas such as telecommunications, signal processing, and metrology [19-22]. While 

diamond is a centrosymmetric crystal, and thus possesses only an intrinsic third-order nonlinear 

susceptibility (χ(3)) [23], its large intensity-dependent refractive index (the Kerr coefficient) of n2 = 

1.3x10-19 m2/W [24, 25] is comparable to that of materials like silicon nitride (Si3N4, n2 = 2.5x10-19 m2/W) 

[19, 20], which have already proven to be good candidates for integrated nonlinear optics at telecom 

wavelengths. Additionally, diamond has the largest Raman gain coefficient (~ 15 cm·GW-1) among all 

relevant materials [26]. Stimulated Raman scattering in diamond could potentially yield coherent sources 

of substantial power, operating at wavelengths inaccessible by current technologies.  
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Table 1.1 | Optical, mechanical, and thermal properties of diamond and 

competing materials.  In this plot, Eg is the bandgap energy, E is the Young’s 

modulus, κ is the thermal conductivity, ρ is the mass density, and c is the sound 

velocity. 

 
 

Whereas nonlinear optical processes in bulk materials suffer from low efficiencies, employing 

wavelength-scale optics such as on-chip waveguides and cavities (i.e. nanophotonics) enables superior 

light confinement and field enhancements [27-29], thus tailoring strong light-matter interactions. In the 

case of Raman-scattering in diamond, engineered high quality factor (Q-factor) optical cavities resonant 

with an incident pump beam and at the phonon scattered Stokes wavelength would provide the necessary 

optical feedback to stimulate the process and achieve lasing action [27, 30]. The lasing power threshold in 

such a system scales directly with the photon lifetime of the resonant cavity modes (i.e. inversely with 

optical Q-factor), and is also linearly proportional with the cavity mode volumes [31]. Indeed, orders of 

magnitude smaller threshold powers – reaching the mW range – were demonstrated in on-chip optical 

cavities [32] compared to bulky, external-cavity geometries (Watt level thresholds) [26, 33-37]. As well, 

since the intrinsic material dispersion of diamond is normal for visible to infrared wavelengths, the 

engineered geometrical dispersion afforded by nanoscale diamond waveguides is necessary to yield net 

E g  (eV)
Transmission 

window (μm)

Refractive 

index (n )
E  (GPa) κ  (W/m·K) ρ  (g/cm

3
) c  (m/s)

Diamond 5.47 0.22 - 20 2.4 1100 2200 3.52 17700

Si 1.12 1.1 - 6.5 3.5 162 140 2.33 8300

Si3N4 5 0.3 - 5.5 2 800 33 3.24 15800

3C-SiC 2.39 0.2 - 5 2.6 390 1.4 3.21 11000

SiO2 9 0.38 - 2.2 1.5 95 10 2.65 6000

Sapphire 9.9 0.17 - 5.5 1.8 340 24 3.98 9200

AlN 6.14 0.2 - 13.6 2.1 294 150 3.26 9500

GaN 3.44 0.36 - 7 2.4 294 130 6.1 6900

GaP 2.26 0.54 - 10 3.2 140 100 4.13 5800

GaAs 1.42 0.9 - 17.3 3.7 116 52 5.32 4700

InP 1.34 0.93 - 14 3.5 89 68 4.8 4300

ZnO 3.4 0.37 - 2 110 30 5.6 4400

TiO2 3.5 0.42 - 4 2.5 250 10 4.26 7700
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anomalous cavity dispersion [19, 20]. Hence, nanophotonics would enable compact, on-chip diamond 

frequency combs based on four-wave mixing by the χ(3) nonlinearity [25]. Finally, integrated and 

compact, chip-scale diamond nanophotonics are of interest for their scalability and mass-producibility.  

 
 

1.1.1. DIAMOND: A QUANTUM OPTICAL MATERIAL 

 

Along with its desirable optical properties, diamond is also rich in lattice defects revealing the optical 

activity of their electronic and vibrational transitions, with in excess of 500 optical defect centers known 

[17, 38]. In the case of luminescence defect centers (i.e. color centers) the large diamond bandgap energy 

(~ 5.5 eV) is a particularly favorable condition, as radiative transitions require that both the ground and 

excited electronic states lie within the bandgap. Moreover, diamond’s extreme stiffness and thus, high 

Debye temperature (~ 2000 K) [4], limits significant electro-phonon coupling to lattice modes of optical 

defects. This makes diamond color centers unique compared to other solid-state emitters (i.e. epitaxial 

quantum dots) in that many provide stable, coherent single photon fluorescence at room [39, 40] and even 

elevated temperatures [41]. For a small subset of diamond color centers, optical signatures of an 

associated electron spin has been observed and subsequently exploited for applications including quantum 

information processing (QIP) and magnetometry [38, 42]. Without doubt, the most notable of this faction 

is the negatively charged nitrogen vacancy center (NV–, zero phonon line (ZPL) at ~ 637 nm), as its spin-

dependent fluorescence can be used to optically read out its electron spin polarization [39, 43, 44]. 

Initialization of the NV– center electron spin is also performed optically, and its state manipulated with 

microwave fields. Last but not least, unlike spins associated with quantum dots in III-V semiconductor 

systems, a diamond lattice comprised of the spin-free 12C (98.9% naturally abundant) yields exceptional 

coherence times, reaching nearly ~ 2 ms at room temperature for NV– centers in ultrapure, isotopically 
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enriched single-crystal diamond substrates [14, 15]. 

The combination of its electron spin acting as a long lived solid state quantum bit (qubit) able to store 

information, with emitted single photons carrying the spin state information (“flying” qubits), provides 

the diamond NV– center with the quantum mechanical functions necessary for QIP. With NV– centers 

buried deep in single-crystal diamond substrates, seminal results including photon entanglement with a 

single-spin [45], a quantum bit memory exceeding 1 second via coupling to nearby longer-lived 13C 

nuclear spins [46], two photon interference for the generation of indistinguishable photons [47, 48], 

entanglement of two distance solid-state qubits [49], and finally, deterministic quantum teleportation over 

a distance of 3 meters [50], were successfully demonstrated. Most recently, entanglement of the electron 

spins from two remote NV– centers in diamond, separated by 1.3 km, enabled the first demonstration of 

loop-hole free violation of Bell’s inequality [51] – strongly supporting the existence of quantum-

mechanical entanglement phenomenon. 

 Building on these results, major advancements are surely to come by engineering the NV– center 

emission through coupling to well-defined radiation channels: namely, those provided by diamond 

nanophotonics [38, 52-54]. Specifically, QIP with optically interfaced diamond NV– centers faces two 

major obstacles: (1) most photons emitted by NV– centers remain inside the diamond as a consequence of 

total internal reflection (TIR); and (2) the NV– center has a moderate excited state lifetime (τ ~ 12 ns in 

bulk), with the majority of its emission spread over a wide band due to phonon-mediated transitions. As 

such, only 3 to 5 % of emitted photons are in the ZPL at ~ 637 nm, with the remaining fluorescence into a 

phonon side band (PBS) out to nearly 800 nm. Accordingly, recently demonstrated entanglement between 

two remote NV– centers (a landmark result) was constrained to a rate of a single entanglement event only 

every few minutes, fundamentally limited by the photon production and collection efficiencies [49].  

Potentially, QIP with negatively charged silicon vacancy (SiV–) centers [55] in diamond is a viable 

solution, as their fluorescence properties boast narrow band emission (> 70 % of photons emitted into the 
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ZPL at ~ 740 nm) and faster photon production (τ ~ 1 ns in bulk) [56]. Recent experiments focused on the 

SiV– spectral properties have revealed its electronic structure [57, 58], as well as observed extremely 

narrow inhomogeneous distribution in the optical transition frequencies of as-grown SiV– emitters in the 

bulk [59], already less than a factor of ten compared to its natural radiative linewidth. This enabled the 

observation of two-photon quantum interference from a pair of SiV– centers without the need for spectral 

tuning [60].  Moreover, unlike the NV– center, the SiV– retains its optical coherence as a result of its 

inversion symmetry and thus, vanishing permanent electric dipole moment for the SiV– orbitals. As such, 

the SiV– does not exhibit significant spectral diffusion stemming from fluctuating charges in the lattice or 

on the diamond surface [61], a promising attribute in the context of integration with monolithic nanoscale 

optical components [62]. Lastly, the SiV– electron spin has recently been optically identified [61, 63], 

though more work is ultimately necessary to develop a similarly coherent SiV– spin-photon interface as 

the NV– center [64].  

Configuring the diamond substrate with broadband collection optics – i.e. machined diamond solid 

immersion lenses (SILs) [65, 66] or diamond nanowire single photon sources [67] – can substantially 

improve the collection efficiency of NV–, SiV–, or other color center emission. Indeed, these approaches 

have been used in nearly all the relevant QIP experiments [47-51, 68]. Hence, the development of 

diamond nanophotonics is necessary for further progression of solid state QIP, as well as future scalability 

and integration [38, 52-54]. Specifically, resonant coupling of NV– or SiV– centers to monolithic diamond 

optical cavities would provide both the spectral filtering necessary to ensure a high percentage of color 

center emission into its ZPL, as well as enhancement of the photon production rate (reduced emitter 

lifetime) via the Purcell effect [62, 69-72]. Even with moderate optical Q-factors (~ 102 to 103), the 

wavelength scale mode volume inherent to photonic crystal cavities (V ~ (λ/n)3) provides sufficient 

coupling such that the cavity field may operate as an efficient interface between photons and coherent 

quantum emitters – an essential element of quantum networks comprised of nonlinear optical devices 

operating at the single-photon level [73]. Ultimately, diamond nanophotonics is a clear route to practical 
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devices which are scalable to larger quantum photonic networks involving many color centers as quantum 

nodes.  

 

1.2. OPPORTUNITIES FOR NANOSCALE MECHANICS IN DIAMOND 

 

Nanomechanical systems [74], i.e. engineered sub-micron scale mechanical components, are of 

interest for a range of technical and fundamental research, from frequency selective oscillators and 

passive filters for radio frequency (RF) signal processing and microwave communications [75], to high 

speed mechanical memory elements [76, 77] and ultrasensitive mass or charge detectors [78, 79]. 

Specifically, small-scale mechanical systems are ubiquitous in current cellular, GPS, and wireless 

technologies, where their integrated nature allows for efficient coupling of individual on-chip and on-

board components, thus minimizing signal losses. In nearly all aforementioned applications, a key figure 

of merit which encompasses the mechanical component performance is the product of its natural 

frequency (fo) and mechanical Q-factor (Q) [74]. High fo·Q is essential in passive RF filter applications 

requiring deep off-band rejection and low phase noise. As well, applications in precision measurements 

benefit greatly from high fo·Q, since a mechanical resonator’s minimum detectable force (Fmin) per unit 

bandwidth is set by thermal force noise, as given by: 
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where kc is the resonator spring constant, and kbT is the available thermal energy (product of 

Boltzmann’s constant and system temperature) [80-82].  

Diamond’s superior material properties offer a number of advantages in the realization of 

nanomechanical systems. Owing to its large Young’s modulus (E ~ 1000 GPa) and low mass density (ρ ~ 

3.52 g/cm-3), diamond possesses the largest sound velocity ( Evsound   ~ 18 000 m/s) among all 

materials relevant for small-scale mechanical systems [16, 83]. Consequently, diamond resonators are 

able to support higher mechanical resonant frequencies than equivalent geometries in other material 

platforms. Moreover, diamond exhibits extremely low thermoelastic dissipation (TED), which is the 

intrinsic loss mechanism limiting mechanical resonators operating in the RF regime [81, 82]. Specifically, 

as a resonator vibrates, regions of the structure experience counteracting compressive and tensile stresses 

resulting in temperature gradients; this in turn yields energy loss due to the heat flow. The mechanical Q-

factor associated with this TED mechanism can be expressed as [81, 82]: 
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In the above expressions, α is the thermal expansion coefficient, T is temperature, E is the Young’s 

modulus, ρ is the mass density, Cp is the heat capacity, f is the resonator linear natural frequency, and Fo 

is a characteristic frequency set by the thermal time constant for heat transfer, which is dependent on the 

resonator geometry and material properties. For the simple case of a rectangular cross-section cantilever 

with thickness t, the expression for Fo is given by [81, 82]: 

 

 
22 tC

F
p

o



  (1.5) 

 

where κ is the thermal conductivity.  As made evident by the above relationships, diamond, with its 

extremely high thermal conductivity, would ultimately enable nanomechanical systems to be engineered 

with much larger Q-factors than more conventional material platforms, i.e. silicon.  

 

1.2.1. DIAMOND NANOMECHANICS: A ROUTE TO HYBRID QUANTUM SYSTEMS 

 

In addition to classical applications of diamond nanomechanical systems, recent experiments have 

shown coherent coupling of the diamond NV– center ground state electronic spin to mechanical resonators 
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via lattice strain modulation [84-88], thereby opening avenues for phonon-based hybrid quantum systems 

in diamond. Currently, the spin-phonon coupling rate in these systems can enable manipulation of the 

NV– center spin state at large driven mechanical amplitudes, but is insufficient to provide a detectable 

back-action on the mechanical mode from the spin. This is largely due to the intrinsically small strain 

susceptibility of the NV– spin levels, and the relatively large size of the mechanical resonators. One way 

to boost this interaction into the strong spin-phonon coupling regime would be to engineer truly nanoscale 

mechanical resonators, with feature sizes of a few hundred nanometers, and with frequencies in the 

hundreds of MHz to few GHz range – such mechanical modes would provide a large change in local 

strain per phonon. Such a system may ultimately be used to map non-classical spin qubit states as well as 

quantum states of light onto phonons and vice-versa [89], and will enable fundamentally new ways to 

prepare, control, and read out the quantum states of diamond color centers. 

 

 

1.3. PROGRESS TOWARDS DIAMOND NANOMECHANICAL AND 

NANOPHOTONIC SYSTEMS 

 

Realizing complex three-dimensional structures in a range of material systems is critical to a variety 

of emerging nanotechnologies. This is particularly true of nanophotonic and nanomechanical systems, 

both relying on free-standing small-scale components. In the case of nanomechanics [74], necessary 

mechanical degrees of freedom require physically isolated structures, such as suspended beams, 

cantilevers, and membranes. For nanophotonics, elements like waveguides and photonic crystal cavities 

rely on light confinement provided by TIR or distributed Bragg reflection, both of which require 

refractive index contrast between the device and surrounding medium (often air) [90, 91]. Such suspended 
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nanostructures are typically fabricated in a heterolayer structure, comprising of device (top) and sacrificial 

(middle) layers supported by a substrate (bottom), using standard surface nanomachining techniques [92-

94]. A selective, isotropic etch is then used to remove the sacrificial layer, resulting in free-standing 

devices. While high-quality, crystalline, thin film heterolayer structures are readily available for silicon 

(as silicon-on-insulator (SOI)) or III-V semiconductors (i.e. GaAs/AlGaAs), there remains an extensive 

list of materials with attractive electro-optic, piezoelectric, quantum optical, and other properties for 

which high quality single-crystal thin film heterolayer structures are not available. These include complex 

metal oxides like lithium niobate (LiNbO3), silicon-based compounds such as silicon carbide (SiC), III-V 

nitrides including gallium nitride (GaN), and inert single-crystals such as diamond. 

Ideally, an integrated nanoscale mechanics or photonics platform in diamond would mimic (to some 

degree) the planar technologies which have been developed in SOI since the mid-1990s. In the context of 

silicon nanophotonics, large scale integrated photonic networks comprised of low loss (< 1 db/cm) 

waveguides are a reality [95-97], and include key passive elements like waveguide splitters/couplers, and 

high optical Q-factor microring resonators [98] and photonic crystal cavities [99], all operating at infrared 

wavelengths used by most fiber optic telecommunication systems (namely, λ ~ 1550 nm). Moreover, 

efficient off-chip coupling schemes are available [100, 101] (< 0.5 dB insertion loss for state-of-the-art 

[102]), providing near seamless transition of photons on-chip into commercial optical fibers. Such a 

requirement is especially pertinent in applications involving single photons, such as quantum optics with 

diamond color centers [103].  

 

1.3.1 OPTICAL-GRADE SYNTHETIC DIAMOND SUBSTRATES 

 

While the maturity and flexibility of silicon-based nanoscale mechanics and photonics is a result of 

advanced material processing and fabrication, the infancy of optical grade synthetic diamond brings about 
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significant challenges to the realization of similar integrated nanomechanics and nanophotonics platforms. 

Current state-of-the-art synthetic diamond material is produced by CVD using microwave plasmas for the 

activation method, since it has proven to minimize the amount of impurities incorporated during growth. 

By microwave plasma CVD, wafer-scale nanocrystalline diamond thin films (with average grain sizes 

between 10 and 100 nm) on foreign substrates (typically SiO2) are readily available [104]. While 

recently, such films were used to demonstrate integrated microring resonators at telecom wavelengths 

[105], substantial propagation losses (in excess of 50 dB/cm) were observed. This was the result of 

scattering and absorption losses at grain boundaries – which become even more prevalent at shorter 

wavelengths – and significant film roughness. Moreover, nanocrystalline thin films typically exhibit 

inferior material properties, large interfacial stresses, and are not suitable for the incorporation of 

spectrally stable color centers. Similar reasons have also limited the development of diamond-based 

micron and nanometer scale mechanical systems in wafer-scale nanocrystalline diamond thin films on 

supporting substrates [104, 106, 107]. 

Polycrystalline diamond substrates with much larger average grain sizes (on the order of 10 μm), are 

also available [9], and are routinely used for optical components serving long, mid-IR wavelength 

applications (i.e. high power CO2 lasers and infrared spectrometers). However, this material is only grown 

in hundreds of microns to millimeter thicknesses and is ultimately inapt for shorter wavelength 

applications, where inter-grain strain yields significant birefringence and grain boundaries remain a 

sizeable contribution to material loss.  

Single-crystal diamond is by and large a more suitable material for diamond nanomechanics and 

nanophotonics operating in the visible to near-infrared spectrum. Commercially available single-crystal 

diamond substrates are grown with the lowest levels of background impurities (for instance, nitrogen as 

low as ~ 1 ppb), minimal strain-related birefringence, and nearly isotopically pure (99.7% 12C enriched) 

[8, 9, 15]. Such high quality, low optical loss single-crystal material enables the incorporation of color 

centers suitable for QIP experiments [14, 15], as well as boasts the best reported physical properties for 
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synthetic diamond [7]. Unfortunately, CVD grown single-crystal diamond is only available via 

homoexpitaxial growth on a pre-existing single-crystal seed or substrate [6]. Though some limited efforts 

towards heteroepitaxial growth of thick single-crystal diamond films on lattice-matched iridium substrates 

[108] has been reported, the overall quality of this material is considerably less than homoexpitaxial 

grown diamond.  

 

1.3.2. BULK SINGLE-CRYSTALS VERSUS MEMBRANES 

 

In the absence of suitable heteroepitaxial growth, substantial efforts by the diamond nanomechanics, 

nanophotonics, and quantum optics communities have focused on novel processing techniques to yield 

engineered nanostructures in single-crystal diamond. The majority of this work has centered on 

developing a thin film diamond-on-insulator (DOI, where the insulator is SiO2) technology, followed by 

conventional planar fabrication techniques to realize either supported or suspended diamond 

nanomechanical or nanophotonic devices. Towards DOI, crystal ion slicing techniques – analogous to 

SOI fabrication – have been utilized [109-117]. Ion slicing of single-crystal diamond employs high 

energy ion-bombardment (typically ~ MeV He+) to form a sub-surface damaged graphite-like layer, 

which may be subsequently removed by electrochemical etch. As well, newly developed homoexpitaxial 

regrowth on single-crystal diamond ion sliced membranes have advanced this methodology [118]. 

Though nanophotonic devices have been demonstrated with this method, ion slicing has not achieved 

widespread use due to sizeable limitations in the ability of high temperature annealing to repair residual 

crystal damage and release large film stresses resulting from ion bombardment and subsequent thermal 

treatments.  

For the most part, efforts towards DOI have involved heterogeneous integration of laser cut single-

crystal diamond slabs (commercially available from ~ 5 to 30 μm thick) onto supporting silica substrates, 
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with subsequent oxygen plasma etching to thin the slab near a target thickness ~ 500 nm or less. 

Mechanical resonators [80, 119, 120], optical microring resonators [25, 32, 69, 121-123], and photonic 

crystal cavities [62, 70, 72] have been realized in such thinned diamond membranes, with recent results 

demonstrating ultra-low propagation loss optical waveguides at slightly less than 1 dB/cm [25, 32]. While 

this approach remains promising, complications due to material handling, scalability, repeatability, and 

sheer difficulty of removing tens of microns of diamond while preserving uniform hundred-nanometer 

scale films limit this approach significantly. Moreover, the integration of diamond thin films on foreign 

substrates places considerable restrictions on post processing techniques needed to stabilize implantation-

defined color centers, which often include high temperature (up to ~ 1200 oC) annealing [124-126].  

Prompted by the shortcomings of demonstrated DOI platforms, the community has also explored 

focused ion beam (FIB) milling of diamond nanostructures in bulk diamond single-crystal substrates 

[127-129]: a significant departure from conventional planar fabrication wisdom. The three-dimensional 

capabilities of FIB patterning enabled carving of free-standing diamond nanostructures from a bulk 

substrate, thus providing the necessary refractive index contrast for operation. However, FIB-induced 

artifacts – including Ga+ implantation and crystal damage, redeposited material, tapered sidewalls, and 

one-of-a-kind devices – generally compromise the final material quality and irrefutably limit device 

performance.  

With inspiration from FIB milling, we have conceived and developed a scalable three-dimensional 

nanofabrication method for suspended nanostructures from bulk single-crystal diamond substrates. This 

fabrication process employs anisotropic oxygen plasma etching performed at an oblique angle to the 

substrate surface (referred to hereafter as “angled-etching”). Angled-etching yields free-standing 

nanobeams – with triangular cross-sections – directly from single-crystal diamond substrates, and has 

been used to demonstrated high Q-factor nanomechanical resonators and nanoscale optical cavities in 

single-crystal diamond, as well as the first demonstration of a diamond cavity-optomechanical system 

operating in the resolved sideband regime.   
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1.4. OUTLINE OF THESIS 

 

Herein, we describe the aspects of angled-etching, an unconventional, yet scalable fabrication 

platform, which we have developed to demonstrate state-of-the art nanomechanical and nanophotonic 

resonators in bulk single-crystal diamond substrates. Chapter 2 describes the original proof-of-concept 

demonstration of angled-etching [130, 131], accompanied by optimized fabrication details and post-

fabrication device inspections. 

In Chapter 3, the mechanical resonance characteristics of freestanding, single-crystal diamond 

nanobeams fabricated by angled-etching techniques are reported [132]. Resonance frequencies displayed 

evidence of significant compressive stress in doubly clamped diamond nanobeams, while cantilever 

resonance modes followed the expected inverse-length-squared trend. Mechanical Q-factors on the order 

of 104 to 105 were recorded in high vacuum.  

Chapter 4 describes the realization of key nanophotonics devices (racetrack resonators and photonic 

crystal cavities) in single-crystal diamond by angled-etching [133]. These devices feature large optical Q-

factors, in excess of 105, and operate over a wide wavelength range, spanning visible and telecom. 

Additionally, we describe the fabrication and characterization of on-chip nanophotonic networks in bulk 

single-crystal diamond, and demonstrate a high efficiency (> 90 % power coupling) fiber-optical interface 

with aforementioned on-chip diamond nanophotonic devices. 

In Chapter 5 we describe the demonstration of a cavity-optomechanical systems in single-crystal 

diamond [134], which builds upon previously realized diamond nanobeam photonic crystal cavities 

fabricated by angled-etching. Specifically, we demonstrate diamond optomechanical crystals, where the 
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engineered co-localization of photons and phonons in a quasi-periodic diamond nanostructure leads to 

coupling of an optical cavity field to a mechanical mode via the radiation pressure of light. 

In Chapter 6, we describe a recent significant collaborative effort utilizing diamond nanotechnologies 

realized by angled-etching. Several appendices are also included to supplement the information and 

discussions included in each chapter.  
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Chapter 2 

Angled-etching nanofabrication of diamond 

nanostructures 

 

The key aspect of our angled-etching nanofabrication approach, illustrated in Figures 2.1 (a), is the 

realization of anisotropic oxygen-based plasma etching at an oblique angle to the substrate surface, 

resulting in undercut and eventually suspended nanostructures with triangular cross-sections. Single-

crystal diamond nanobeams fabricated in this manner will support mechanical resonances, as well as 

guided optical modes given the refractive index contrast afforded by the free-standing structure. Angled-

etching is performed in a standard inductively coupled plasma-reactive ion etcher (ICP-RIE), however the 

diamond substrate is housed within a specifically designed aluminum Faraday cage which modifies the 

trajectory of the incident plasma ions towards the sample surface. Specifics regarding the fabrication 

procedure are given in Section 2.1, with details of the Faraday cage designs provided in Section 2.2. 

Proof-of-concept device prototypes are discussed in Section 2.3, and post-fabrication device inspections 

are described in Section 2.4. 

 

2.1. ANGLED-ETCHING NANOFABRICATION DETAILS 

 

Angled-etching fabrication of diamond devices (schematically illustrated in Figure 2.1 (b)) begins 

with standard optical grade single-crystal diamond (CVD grown type IIa substrates, < 1 ppm [N], 
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Element Six), typically 3 x 3 mm2 in area. While larger, higher purity single-crystal diamond substrates 

(i.e. up to ~ 25 mm2 CVD grown ‘electronic grade’ substrates, < 5 ppb [N], Element Six) are available; 

financial limitations and material availability restrict their use to select applications. Throughout this 

work, <100>-oriented diamond substrates were used, however angled-etching techniques may also be 

applied to <110> and <111> oriented substrates as well.   Received substrates are initially polished to a 

surface roughness < 5 nm RMS (performed commercially by Delaware Diamond Knives, Inc.), followed 

by cleaning in a boiling mixture consisting of equal parts concentrated sulfuric, nitric, and perchloric acid.  

 

 
Figure 2.1 | Angled-etching nanofabrication scheme.  (a) Illustration of the 

angled-etching fabrication scheme used to realize free-standing structures in bulk 

single-crystal diamond. (b) Angled-etching fabrication steps: (i) define an etch 

mask on substrate via standard fabrication techniques, (ii) transfer etch mask 

pattern into the substrate by conventional top down plasma etching, (iii) employ 

angled-etching to realize suspended nanobeam structures, (iv) remove residual 

etch mask. 
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Cleaned, polished substrates are then treated to a pre-fabrication surface preparation performed in a 

UNAXIS Shuttleline ICP-RIE. This includes a 30 minute etch with the following parameters: 400 W ICP 

power, 250 RF power, 25 sccm Ar flow rate, 40 sccm Cl2 flow rate, and 8 mTorr chamber pressure, 

immediately followed by a second 30 minute etch with the following parameters: 700 W ICP power, 100 

RF power, 50 sccm O2 flow rate, and 10 mTorr chamber pressure. The purpose of this pre-fabrication step 

is to remove several microns from the top of the diamond substrate which are likely strained due to initial 

mechanical polishing, and also reduce the surface roughness to < 1 nm RMS [135]. Figure 2.2 (a) and (b) 

display large area representative atomic force microscope (AFM) images of a single-crystal diamond 

substrate before and after surface preparation respectively, with a significant reduction in overall surface 

roughness apparent. Striations on the diamond surface observed in Figure 2.2 are the result of diamond 

polishing carefully aligned to the high wear direction of the diamond, also known as the “easy direction” 

[136]. In the case of the <100>-oriented diamond substrate, the easy direction on the (100) surface plane 

is along the <100> direction. Striations are significantly reduced in the final polished and pre-etched 

surfaces (Figure 2.2 (b)), but are exceedingly difficult to remove completely.  

 

Figure 2.2 | Surface preparation of polished single-crystal diamond 

substrates. AFM images of a representative <100>-oriented CVD type IIa 

diamond substrate (a) as received after mechanical polishing carefully aligned to 

the easy access (performed by Delaware Diamond Knives), and (b) after surfaced 

preparation by extended Ar/Cl2 and O2 plasma etching processes. The surfaces 

RMS is approximately 1 to 2 nm and ~ 300 pm in (a) and (b) respectively.  
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Following surface preparation, a silica etch mask is patterned on the diamond substrates using 

hydrogen silsesquioxane (HSQ, FOX®-16 from Dow Corning) negative resist and electron beam 

lithography. Prior to spin-coating HSQ, the bare diamond substrate surface was coated in a ~ 20 to 40 nm 

thick layer of titanium, deposited by electron beam lithography. The purpose of this titanium layer was to 

promote adhesion of the exposed HSQ resist during the development and subsequent plasma etching 

steps, as well as provide a charge compensation layer during electron beam lithography. Exposure of the 

HQS is done via an electron beam lithography system operating at 125 kV (Elionix F-125). Unexposed 

HSQ is removed in tetramethylammonium hydroxide (TMAH, 25% diluted solution).  

 The exposed HSQ (silica) etch mask pattern is transferred into the diamond via a conventional top 

down anisotropic plasma etch – also in the UNAXIS Shuttleline ICP-RIE – again in a two-step process. 

This includes a 35 to 60 second etch with the following parameters: 400 W ICP power, 250 RF power, 25 

sccm Ar flow rate, 40 sccm Cl2 flow rate, and 8 mTorr chamber pressure, immediately followed by a 

second 3 to 5 minute etch with the following parameters: 700 W ICP power, 100 RF power, 50 sccm O2 

flow rate, and 10 mTorr chamber pressure. These ICP-RIE parameters result in perpendicular etching of 

diamond structures at a rate of approximately 200 nm/min, and were optimized for smooth, near vertical 

side walls [137]. The purpose of the initial short Ar/Cl2 plasma etch was to first remove the blanket 

titanium charge compensation layer, while the subsequent O2 plasma transferred the etch mask pattern 

into the diamond substrate. The diamond is typically etched to a depth between 600 and 1000 nm, 

depending on the particular structure being fabricated. While not schematically represented in Figure 2.1 

(b), the final silica etch mask resulting from exposed HSQ is not limited to solid strip line structures, but 

may also contain intricate internal features required for fabrication of perforated or slotted diamond 

nanobeams, limited only by the lithographic process. Such internal features are also transferred into the 

diamond during this top down etch step, allowing for the fabrication of free-standing nanobeam structures 

with engineered photonic or phononic bandgaps. 

Following the top down plasma etch, the angled-etching step is performed to realize the final free-
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standing diamond nanobeam structures. Angled-etching is achieved using the same ICP-RIE parameters 

as the initial O2 plasma top down etch, but also includes housing the sample inside a specifically designed 

aluminum Faraday cage to direct the plasma ions to the substrate surface at the intended angle (refer to 

next section) [138, 139]. Additionally, 2 sccm of either Cl2 or Ar gas is bled into the chamber during the 

angled-etching step. This additional chlorine or argon gas was included in the oxygen plasma diamond 

etch in order to prevent mask redeposition and subsequent roughening of the suspended features. 

Throughout the angled-etching step, periodic manual sample rotation (~ 30 s intervals) was implemented 

to average the effective etch angle across the substrate (discussed in more detail in Section 2.4). 

 

 

Figure 2.3 | Angled-etching steps with corresponding SEM images. (a) 
Angled-etching nanofabrication steps with corresponding SEM images: (i) define 

an etch mask on substrate via standard fabrication techniques (panel (b)), (ii) 

transfer etch mask pattern into the substrate by conventional top down plasma 

etching (panel (c)), (iii) employ angled-etching to realize suspended nanobeam 

structures (panel (d)), (iv) remove residual etch mask (panel (e)). All SEM images 

taken at a stage tilt of 60o. 
 

After angled-etching, the residual etch mask is removed in concentrated hydrofluoric acid. In the case 

of long suspended diamond nanobeams, critical point drying after removing the etch mask is used. Figure 
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2.3 illustrates the angled-etching process with corresponding SEM images collected from the same array 

of diamond nanobeams after each fabrication step. The particular diamond nanobeams shown are 

perforated structures, where holes in the original silica etch mask resulted in airholes in the final structure. 

The function of these structures will be described in detail in Chapter 4. 

 

2.2. FARADAY CAGE DESIGNS 

 

As alluded to previously, angled-etching is achieved by housing the diamond substrate within a 

specifically designed aluminum Faraday cage, which is subsequently placed within the ICP-RIE system. 

The Faraday cage shields the diamond substrate from the electromagnetic fields which build up inside the 

ICP-RIE system and are responsible for acceleration of plasma ions towards the sample surface [139]. 

Although the Faraday cage has small grid openings on its surface, the effect of an external field is 

drastically attenuated within a small distance of the openings. Thus, during plasma etching, the potential 

gradient builds up over the face of the Faraday cage and accelerates ions along a path perpendicular to the 

cage surface. After ions move through the potential gradient and past the metal grid, they are no longer 

accelerated and travel virtually unimpeded inside the cage towards the substrate. Therefore, with a 

properly designed Faraday cage geometry, plasma ions may be directed to the sample surface at an 

oblique angle in multiple directions. It is important to emphasize that while different configurations of 

Faraday cages can be used, angled-etching is not realized through simple tilting of the substrate within a 

plasma etcher without a Faraday cage [140]. 

In our work, Faraday cages consisted of two parts: (1) a structural base machined from aluminum and 

(2) commercially available wire mesh (also aluminum). The mesh (woven 250 µm diameter wire at a 2 x 

2 mm2 pitch) is bent around the machined structural base and fixed with aluminum bolts, thus forming the 



23 
 

completed Faraday cage. Aluminum is used since is not chemically attacked by oxygen plasma, does not 

erode at a significant rate during an etching process, and forms only a thin, stable oxide layer.  

 

 

Figure 2.4 | Faraday cage designs. Images of constructed Faraday cage 

designed used in this work: (a) triangular prism Faraday cage with incline angle 

of θ = 45o, and (b) conical Faraday cage with incline angle of θ = 60o.  The 

position of the single-crystal diamond substrate within each Faraday cage is 

indicated, and insets show models indicating the directions in which angled-

etching occurs.  
 

Two specific Faraday cage designs are generally used for angled-etching. The main design constraint 

for the Faraday cages is the load-lock height clearance of our ICP-RIE system, which is approximately 20 

mm. The first Faraday cage design is a triangular prism structure shown in Figure 2.4 (a), which allows 

for angled-etching in two simultaneous directions (see inset). The ion incidence angle relative to the 

substrate surface normal (the etch angle, θ) is defined by the incline angle of the Faraday cage. The 

incline angle of this Faraday cage was θ = 45o, and its height and length were 10 mm and 50 mm 

respectively. The distance between cage bottom and the surface of the diamond substrate fixed at ~ 3.5 

mm using an aluminum sample mounting block. A hole in the bottom of the cage allowed it to be placed 

over the mounted sample on the ICP-RIE wafer carrier. The second Faraday cage used in this work was a 

conical design shown in Figure 2.4 (b), where angled-etching occurred in all directions simultaneously 
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(again, see inset). The conical Faraday cage was constructed in a similar fashion as the triangular prism 

Faraday cage, and had a bottom diameter of 20 mm with an incline angle of θ = 60o. The diamond 

substrate surface fixed at a height of ~ 10 mm from the cage bottom in a similar fashion as before. 

 

 

2.3. PROOF-OF-CONCEPT ANGLED-ETCHING DEMONSTRATION 

 

Figure 2.5 (a) displays scanning electron microscopy (SEM) image of an array of suspended single-

crystal diamond nanobeams fabricated by optimized angled-etching techniques with the triangular prism 

Faraday cage design. The nanobeam structures appear smooth and straight, and are suspended above the 

diamond substrate with significant clearance (~ 2 µm). A range of nanobeam widths is accessible by 

angle-etching, from sub-100 nm up to several microns, with long suspended nanobeams (in excess of 100 

microns) possible. Figure 2.5 (b) and (c) show SEM images of curved nanobeam waveguides and wheel-

and-spoke suspended nanobeam rings fabricated using the conical Faraday cage design, with the same 

processing conditions as described previously. Since the conical cage enables angled-etching in all 

directions, suspended nanobeams at arbitrary curvatures are possible.  

As a point of reference, Figure 2.6 (a) to (d) display representative SEM images of diamond 

nanobeams fabricated by angle-etching with parameters which were not yet optimized. In Figure 2.6 (a) 

and (b), significant micromasking is observed, yielding “grassy” needle-like features. For the fabrication 

run corresponding to Figure 2.6 (a), the global nature of the observed micromasking was attributed to 

non-ideal surface preparation. Specifically, without properly cleaning the polished diamond surface in a 

boiling mixture consisting of equal parts concentrated sulfuric, nitric, and perchloric acid, residual surface 

contaminants yielded rough grassy texture over the entirety of the sample following angled-etching. 
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However, once implementing this tri-acid cleaning procedure, these global micromasking features were 

eliminated. 

 

 

Figure 2.5 | Proof-of-concept diamond nanobeams fabricated by angled-

etching. SEM images of (a) an array of suspended ~ 500 nm wide solid diamond 

nanobeams fabricated with a triangular prism Faraday cage. Inset shows a close-

up SEM image of the free-standing diamond nanobeam. SEM images of 

suspended (b) ~ 500 nm wide nanobeam wheel-and-spoke ring structure and (c) ~ 

500 nm wide curved nanobeam, both fabricated with the conical Faraday cage.  
 

Figure 2.6 (b) reveals a fabrication run in which local micromasking was observed in the vicinity of 

the etched structures. This local variety of micromasking was attributed to erosion of the etch mask 

during the angled-etching step. Since our angled-etching occurs in multiple directions simultaneously,  
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Figure 2.6 | Angled-etching with non-optimized parameters. SEM images of 

diamond nanobeams fabricated by angled-etching with various non-optimized 

parameters. (a) Global micromasking is observed and attributed to improper 

surface preparation and cleaning. (b) Local micromasking is observed and 

attributed to mask erosion in the vicinity of the etched structures. (c) and (d) 

display fabricated nanobeams with a non-optimized etch angle and a non-ideal 

etch mask preparation.  
 

small clusters of the etch mask which erode from the patterned structures are in the direct line of incident 

plasma ions from other directions. With an etch mask of even moderate selectivity, these clusters yield 

rough, needle-like features on the etching faces of the structure, making it difficult to fully clear the 

diamond nanobeams. In fact, for the diamond nanobeam shown in Figure 2.6 (b), excessive etch times 

were necessary to achieve the clearance observed. To circumvent this local micromasking effect, it was 

necessary to bleed a small amount of gas which would reduce the selectivity of the etch mask into the 

plasma etch. For the final optimized parameters, 2 sccm of either Cl or Ar was introduced with the 50 
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sccm of O2 during the angled-etching plasma etch. It is believed that this trace amount of gas removed 

any eroded mask clusters from the etching surfaces throughout the course of the angled-etching step, 

eliminating the formation of needle-like grassy features.  

Finally, Figure 2.6 (c) and (d) display the result of fabrication runs which had a non-optimized etch 

angle and improper etch mask preparation, respectively. In Figure 2.6 (c), the prescribed etch angle was 

quite steep, and the final diamond nanobeam was not sufficiently cleared. This was resolved in later 

fabrication attempts by introducing the initial top down plasma etch to provide adequate clearance of the 

diamond nanobeam, prior to the actual angled-etching step. In Figure 2.6 (d), the preparation of the etch 

mask was non-ideal, yielding etch mask residue in the local vicinity of the nanobeam feature. As a result, 

a significant amount of surface roughness on the final suspended structure was observed. 

 

2.4. POST-FABRICATION DEVICE INSPECTIONS 

 

To characterize the etch angle of the fabricated structures, suspended nanobeams were cross-

sectioned by FIB-milling.  Prior to milling, the diamond nanobeams were sputter coated with ~ 150 nm of 

gold, which provides charge compensation during FIB exposure. FIB cross-sections also require coating a 

section of the nanobeam in a thick layer of platinum using ion beam-assisted deposition. A 30 kV Ga+ ion 

beam was then used to mill away the platinum and gold coated diamond, exposing the triangular cross- 

section for SEM imaging. Figure 2.7 (a) and (b) shows representative FIB milled cross-sections of 

diamond nanobeams fabricated with triangular prism and conical Faraday cage designs respectively. 

The corresponding etch angles were measured to be approximately 35o and 50o. A ~ 10o deviation 

from target etch angle is observed for both Faraday cage designs and attributed to several factors, 

including the non-ideal verticality of the O2 plasma etch conditions for single-crystal diamond, and also a 
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dependence of etch angle on sample height observed within the Faraday cage (i.e. samples near the 

bottom of the cage etch at slightly steeper angles due to the plasma parameters and small Faraday cage 

size). From the cross-sections, the diamond nanobeams also appear slightly asymmetric, though it is 

difficult to quantitatively characterize the cross-sectional symmetry by FIB-milling alone. 

 

 

Figure 2.7 | FIB-milled diamond nanobeam cross-sections. SEM images of 

FIB cross-sectioned diamond nanobeams fabricated with etch angles of (a) ~ 35o, 

and (b) ~ 50o. The designated “etch angle” is depicted on the images. Scale bars 

correspond to 200 nm. All SEM images were taken at a 60o stage tilt. 
 

In typical post-fabrication SEM analysis of free-standing diamond nanobeams, the angled-etched 

surfaces are mostly hidden from view; even at large stage tilts (for instance, see the inset of Figure 2.5 

(a)). As well, given the insulating nature of diamond, high resolution SEM becomes problematic due to 

charging effects, despite operation at low acceleration voltages. To circumvent this problem, we 

developed a stamping technique to liberate angled-etch diamond nanobeams from their bulk diamond 

substrate onto a smooth silver thin film supported by a silicon wafer. While this technique is ultimately 

destructive, it ensures that many diamond nanobeams are removed from the sample and transferred to a 

conductive substrate, with most ending up on their back side such that the angled-etched surfaces are 
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revealed. Since many diamond nanobeams are transferred at once, it also enables ensemble 

characterization, which allows for concrete conclusions regarding the fabrication process to be made.  In 

this technique, a silver thin film (~ 100 nm thick) is first deposited onto a clean silicon wafer by electron 

beam evaporation. No specific adhesion layer is used in this deposition step. A second cleaned silicon 

wafer is then spin coated with a thermally curable epoxy. The epoxy coated silicon wafer is cleaved into 

reasonably sized chips (~ 1 cm2), which are then flipped over and pressed onto the silver coated silicon 

wafer. The epoxy coated silicon chips are then removed carefully by tweezers, with the silver film 

adhered to the epoxy and peeled cleanly off the original silicon wafer. This silver thin film transfer 

enables a very smooth film surface over large areas, which is essential for contacting the diamond 

nanobeams with sufficient van der Waals interaction to break them off of their supporting diamond 

substrate. After preparation of the conductive silver films, the diamond substrate containing nanobeams to 

be inspected is flipped upside down on the silver coated substrate and pressed down with moderate force 

(i.e. several taps with a pair of tweezers). This forces the diamond nanobeams to contact the silver film 

and break off from their original substrate.  

Figure 2.8 (a) to (e) shows a series of high-resolution SEM images taken of perforated diamond 

nanobeams transferred onto silver substrates. The smooth and polycrystalline nature of the silver thin film 

is immediately apparent in the SEM images. Moreover, the roughness on the angled-etched surfaces 

exhibit an interesting bimodal character (refer to Figure 2.8 (b) and (c)), with an extremely rough region 

localized to the upper portion of the angled-etched surface adjacent to the top side of the diamond 

nanobeam. In the lower portion of the angled-etched surfaces, a very smooth surface is apparent, and any 

roughness is not directly visible with the resolution of the SEM. This bimodal character in the surface 

roughness of the angled-etched sides is quite unique, and its origins are not presently understood. 

However, current knowledge suggests the greater degree of roughness near the upper half of the angled-

etched surface results from micro-masking during fabrication. It is likely that as the angled-etching takes 

place, small clusters erode from the silica etch mask and are driven towards the opposite face of the 
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etching diamond nanobeam. As this happens, incident ions from the opposite direction are also etching 

the structure, and encountering this flux of eroding silica clusters. Since silica is ultimately a good 

masking material, the small silica clusters are in all likelihood micromasking the upper half of the angled-

etch surface, resulting in the significant surface roughness.  

 

 

Figure 2.8 | High resolution SEM images of devices post-fabrication. (a) 
SEM image of an individual diamond nanobeam liberated from its original bulk 

diamond substrate and adhered to a silver coated silicon chip. (b,c) High 

resolution SEM images of the angled-etched surfaces of the diamond nanobeam, 

revealing a bimodal character in the surface roughness. (d) SEM image of a 

liberated diamond nanobeam which is laying on one of its angled-etched surfaces, 

revealing the smooth nature of the interior air hole surfaces.  
 

 

While most diamond nanobeams are directly transferred to the silver film and appear upside down, 

some diamond nanobeams break off and land on one of their angled-etch sides. This prospective allows 
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for inspection of surface roughness on the air holes interior, a location inaccessible by other imaging 

methods such as atomic force microscopy. In Figure 2.8 (d), the SEM image reveals that the interior of 

the air holes is quite smooth, without noticeable striations resulting from any micromasking during the 

initial top down etch. A similar style of bimodal surface roughness like that found on the angled-etched 

surface is not apparent on the interior of the air holes, which is expected since the air holes are only 

defined by the initial top down oxygen plasma etch, and are protected during angled-etching by 

shadowing from the silica etch mask. Additionally, the air holes appear round and symmetrical, a further 

indication of optimized lithographic parameters.  

 

 

Figure 2.9 | Angled-etched diamond nanobeam cross-sectional symmetry. 
High resolution SEM images of the backside of diamond nanobeams fabricated 

by angled-etching (a) without and (b) with sample rotation during angled-etching. 

A significant improvement in the cross-section asymmetry (Δ) is observed. Insets 

tilted SEM images of broken diamond nanobeams, revealing the diamond 

nanobeam cross-section. 

 
 

Evidently, a unique consideration of angled-etched diamond nanobeam structures is their triangular 

cross-section symmetry. For instance, uneven sample mounting during the angled-etching step or 

diamond substrate wedge tolerances will lead to a distribution of effective etch angles across the sample, 
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breaking symmetry in the final device cross-section. To circumvent this, periodic sample rotation was 

implemented during angled-etching to average the effective etch angle across the substrate. High-

resolution SEM images shown in Figure 2.9 (a) and (b), respectively, reveal perforated diamond 

nanobeams (oriented upside down) fabricated without and with sample rotation during angled-etching, 

with insets displaying a tilted cross-sectional view. Sample rotation appears to reduce the degree of 

asymmetry (defined as the offset in the bottom apex of the triangular cross-section from its centerline) 

considerably. 

Further device inspection via transmission electron microscopy were also conducted, and discussed in 

the Appendix. 
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Chapter 3 

Nanomechanical resonant structures in single-

crystal diamond  

 

In the past, fabrication of single-crystal diamond nanomechanical systems has mainly utilized crystal 

ion slicing [109, 110], where irradiation of a single-crystal diamond substrate with energetic ions creates a 

sub-surface graphitized layer which can be selectively removed. However, residual crystal damage and 

large film stresses resulting from ion implantation significantly reduces final device quality [109-112]. 

Recently, micron-scale single-crystal diamond cantilevers [80, 119] – exhibiting mechanical Q-factors > 

105 – were fabricated via a DOI platform [69, 120-122], created by thinning diamond slabs adhered to a 

supporting substrate. Though this approach remains promising, without heteroepitaxially grown thin 

films, further development of truly nanoscale mechanical systems in single-crystal diamond requires 

exploring alternative device fabrication avenues. In this chapter, the characterization of fabricated 

diamond nanomechanical resonators is described in Section 3.1. The nanomechanical properties of doubly 

clamped nanobeam resonators are presented in Section 3.2, and Section 3.3 discusses the characterization 

of diamond nanobeam cantilevers. 

 

3.1 CHARACTERIZATION OF DIAMOND NANOMECHANICAL RESONATORS 

 

Figure 3.1 displays SEM images of fabricated diamond nanobeam mechanical resonators. Free-
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standing nanobeams were 10 to 85 µm long, with widths between 500 nm and 1.3 μm. Optical grade, 

<100>-oriented, single-crystal diamonds (< 1 ppm [N], Element Six) were used throughout this work. In 

general, angled-etching fabrication offers excellent yield (> 95%) and throughput (> 103 devices/mm2), 

with over 500 devices measured in this work. Nanobeams shown in Figure 3.1 (a) and (b), which are 

doubly clamped nanomechanical resonators, are suspended above the diamond substrate with significant 

clearance (~ 1.5 µm). As displayed in Figure 3.1 (c), focused ion beam (FIB) milled cross-sections 

revealed a symmetric triangular shape, with a bottom apex half-angle of θ ~ 50o. Figure 3.1 (d) and (e) 

show images of as-fabricated single-crystal diamond nanobeam cantilevers, which displayed identical 

substrate clearance and cross-section to doubly clamped nanobeams.  

Diamond nanobeam Brownian motion was characterized via optical interferometric displacement 

detection, employing a focused laser at normal incidence to the substrate [141, 142]. In this detection 

scheme, interference between light confined within the nanobeam and the standing light wave – which 

originates from the incident laser interfering with light reflected from the substrate – provided ample 

displacement sensitivity to out-of-plane motion. Additionally, optical characterization of nanobeam 

resonators in a similar configuration has previously been shown to provide comparable sensitivity to in-

plane resonator motion [143]. The characterization set up, shown schematically in Figure 3.1 (f), 

employed a tunable telecom laser (Santec TSL-510) focused by an objective (NA = 0.5), through a 

vacuum chamber view port, on the diamond nanobeams. Individual nanobeams were positioned under the 

focused laser spot using motorized stages. Light reflected from the sample was collected by a 

photodetector (New Focus model 1811). A spectrum analyzer (Tektronix RSA3303B) at the 

photodetector output revealed mechanical resonances. All measurements were conducted at ~ 10-6 Torr 

and room temperature.  
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Figure 3.1 | Fabricated diamond nanobeam mechanical resonators. (a) 
SEM image of an array of freestanding doubly clamped single-crystal diamond 

nanobeams. (b) SEM image and (c) corresponding FIB cross-section of an 

individual as-fabricated ~ 675 nm wide diamond nanobeam. SEM images of (d) 

an array of freestanding single-crystal diamond cantilevers and (e) an individual 

as-fabricated ~ 675 nm wide diamond cantilever. All SEM images taken at a 60o 

stage tilt. (f) Schematic of the optical characterization setup. 
 

 

 

3.2 DOUBLY CLAMPED DIAMOND NANOBEAMS 

 

The transverse vibrations of rigid nanobeams are described by Euler-Bernoulli theory [144], which 

yields a relationship for nanobeam resonance frequency that is inversely proportional the length squared 

and directly proportional to the width. Since the diamond nanobeam cross-section is not axially 

symmetric, out-of-plane and in-plane bending moments are 363wtI x   and 483twI y  , 

respectively. As such, the geometry dependent resonance frequencies (fn) are: 
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where E is the Young’ modulus, ρ is the material density, and l is the nanobeam length. The 

parameter kn is a mode index, which is determined from boundary conditions associated with the specific 

type of nanobeam resonator [144]. From the triangular nanobeam cross-section in Figure 3.1 (c), Eq. (3.1) 

and Eq. (3.2) indicate the same order out-of-plane vibrations occur at lower frequencies than in-plane 

resonances. 

Figure 3.2 (a) displays a thermomechanical power spectral density (PSD) collected from a 675 nm 

wide, 55 μm long doubly clamped diamond nanobeam. High-resolution thermal noise spectra of the 

observed resonances are displayed as insets. Since diamond nanobeams are not externally actuated, the 

voltage spectral density of the thermal fluctuations, Sv
½ (μV/Hz½), may be converted to a displacement 

spectral density, Sz
½ (pm/Hz½), via equipartition theorem [145]. To do so, the spring constant of each 

mode was determined via finite element method (FEM) simulations (COMSOL Multiphysics). 

Thermomechanical calibration of doubly clamped diamond nanobeams took into account the built up 

compressive stress determined through FEM fits to the frequency versus length plots in Figures 3.2 (b) 

and (c), as will be discussed shortly. Fitting to calibrated thermomechanical spectra gave the resonance 

frequency, mechanical Q-factor, conversion from voltage to displacement, and displacement noise floor. 
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The mechanical Q-factors are approximately 9,400, 10,900, and 19,000 for the three mechanical modes, 

respectively.   

Mechanical resonance frequencies measured from ~ 565 and 675 nm wide doubly clamped 

nanobeams are plotted in Figure 3.2 (b) and (c) as a function of length. Here, only the first three observed 

resonance frequencies are plotted. Although the higher-frequency resonances appear to follow an inverse 

power law relationship with length, the lowest frequency mode displays a complicated behavior, not 

following trends predicted by Euler-Bernoulli theory. Such a discrepancy between theory and experiment 

is a strong indication the diamond nanobeams are compressively stressed [146, 147], which modifies the 

expected resonance frequencies as: 
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where σ is the magnitude of uniaxial compressive stress along the length of the beam and A is the 

cross-sectional area. As such, compressive stress lowers the resonance frequency, with the term under the 

square root in Eq. (3.3) vanishing when the stress approaches the critical Euler buckling load σc, which for 

a doubly clamped beam, is defined as: 
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In the context of Figure 3.2 (b) and (c), Eqs. (3.3) and (3.4) may be alternatively viewed in terms of a 

critical buckling length, lc, given a built-in compressive stress. Previous reports noted that experimental 

resonance frequencies of polycrystalline silicon resonators were strikingly different for beams longer than 

the critical-buckling length dictated by a built-in compressive film stress [147], while shorter nanobeams 

were well approximated by Eq. (3.3). Similar observations are made here in Figure 3.2 (b), where the first 

experimental resonance mode of 565 nm wide nanobeams reaches a minimum near l ~ 25 μm, beyond 

which the resonance frequencies increase and level off until l ~ 40 μm. Away from this point, resonance 

frequencies eventually recover an inverse-power-law relationship. The local minimum near l ~ 25 μm 

represents the transition from a compressively-stressed, unbuckled nanobeam to a buckled nanobeam (i.e. 

critical buckling length). The increase in resonance frequency for lengths slightly greater than 25 μm is 

likely due to the significant release of compressive stress through buckling deformation, while nanobeams 

much longer than 25 μm will recover the frequency-versus-length trend predicted by Euler-Bernoulli 

theory. A similar trend, though less pronounced, is observed in Figure 3.2 (c) for 675 nm wide diamond 

nanobeams, with a minimum in the first experimental resonance now near l ~ 40 μm.  

FEM simulations were employed to fit the experimental data in Figure 3.2 (b) and (c), as shown by 

dashed lines. Built-in compressive stress was applied by gradually increasing the initial material strain. 

By employing non-linear solvers and this monotonically increasing parameter, the software is able to 

avoid the bifurcation in solutions normally associated with the buckling of a rigid beam and calculate the 

final deformed shape for a given compressive stress. A non-linear eigenfrequency solver is then used to 

calculate the mechanical modes of the resulting stressed and deformed structures. Their simulated flexural 

shape allowed discrimination between in-plane and out-of-plane vibrations, as well as determining the 

mode order by the number of anti-nodes. The simulations show excellent agreement with experimental 

data for all three plotted modes, and interestingly, also predict a spectral crossing of the first and second 

resonance mode shapes. It is important to note the fitting parameters employed in the simulations (initial 



39 
 

material strain and Young’s modulus) were extremely sensitive to the experimental data near and to the 

left of the buckling transitions. 

 

 

Figure 3.2 | Nanomechanical properties of doubly clamped diamond 

nanobeams. (a) Representative thermomechanical power spectral density of a ~ 

675 nm wide and 55 µm long doubly clamped diamond nanobeam revealing three 

resonance peaks, with corresponding high-resolution thermally calibrated noise 

spectra of the first, second, and third resonance modes shown as insets. 

Experimentally measured mechanical resonance frequencies of (b) ~ 565 nm wide 

and (c) ~ 675 nm wide doubly clamped diamond nanobeams, plotted as a function 

of nanobeam length. Dashed lines correspond to FEM simulations, with the local 

minimums in (b) and (c) representing the transition from a compressively-

stressed, unbuckled nanobeam to a buckled nanobeam. 
 

From simulation, the estimated built-in compressive stress was ~ 140 MPa, assuming a diamond 

Young’s modulus of roughly 900 GPa. Origins of compressive stress in fabricated nanobeams are not 

entirely clear, especially since the nanostructures are fabricated from a bulk crystal, making interfacial 

stresses unlikely. Presumably, stress may have originated from the etch mask used during fabrication, 
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though further investigation of stress in diamond nanobeams is beyond the scope of the present study. 

Knowledge of built-in stress in angled-etched nanobeams – in the context of diamond nanomechanics 

with integrated NV–, or other color centers, is particularly important since spectral properties of diamond 

color centers are impacted by both local and global lattice perturbations. 

 

3.3 DIAMOND NANOBEAM CANTILEVERS 

 

Ultimately, the potentially adverse effects of compressive stress on resonance frequency and 

mechanical Q-factor are circumvented in nanobeam cantilevers, where axial stress is released by the free-

ended structure. Figure 11 (a) displays a thermomechanical power spectral density for an 880 nm wide, 20 

µm long cantilever. Two resonance peaks are revealed, with lower and higher frequencies now – by 

Euler-Bernoulli theory – attributed to out-of-plane and in-plane flexural modes, respectively.  By Eq. 

(3.1) and Eq. (3.2), the ratio of the same order in-plane to out-of-plane resonance frequencies reflects the 

etch angle through: 
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Applying this relation to the experimental data gave an etch angle of 53.5o ± 2o, which is an ensemble 

estimate and in close agreement with that obtained from FIB cross-sections. Measured out-of-plane 

cantilever resonances are plotted in Figure 3.3 (b). Here, the expected 2lf   trend is clear. Dashed lines 

in Figure 3.3 (b) are calculated with Eq. (3.1), using appropriate beam geometries and ρ = 3500 kg/m3. 
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From the fits, the Young’s modulus was estimated to be ~ 901 ± 58 GPa. This low modulus value for 

single-crystal diamond is likely due to the high level of nitrogen doping in the substrates. We note that 

diamond nanomechanics from single-crystal substrates developed here enables investigation of resulting 

material properties and processes latitude for synthetic diamond growth in a chip-scale manner, as has 

previously been done with silicon-based substrates and thin films [147-149]. 

 

 

Figure 3.3 | Nanomechanical properties of diamond nanobeam cantilevers. 

(a) Representative thermomechanical power spectral density of an 880 nm wide 

and 20 µm long diamond nanobeam cantilever revealing out-of-plane (lower 

frequency) and in-plane (higher frequency) resonance peaks (shown as insets), 

with corresponding high-resolution thermally calibrated noise spectra of the (b) 

out-of-plane and (c) in-plane resonance modes. (d) Mechanical resonance 

frequencies and (e) Q-factors estimated from fundamental out-of-plane resonance 

modes of diamond cantilevers plotted as a function of nanobeam length, with the 

dashed line given as a guide for the eye. 
 

High-resolution thermal noise spectra of the out-of-plane and in-plane resonance peaks displayed in 
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Figure 3.3 (a) are shown in Figures 3.3 (c) and (d), respectively. Again, thermomechanical calibration is 

carried out on the acquired spectra. The mechanical Q-factors, estimated from FWHM of the peaks, are 

approximately 47,800 and 50,800 for the two modes, respectively. The highest measured Q-factor in the 

range of fabricated cantilevers was ~ 94,000. Q-factors estimated for fundamental out-of-plane diamond 

cantilevers resonances are plotted in Figure 3.3 (e), with the dashed line as a guide for the eye. From 

Figure 3.3 (e), the mechanical dissipation displays a limited dependence on length, though higher Q-

factors for longer nanobeams are apparent. This likely suggests diamond cantilevers are limited by 

clamping losses, and longer devices would likely increase mechanical Q-factor [150-152].  
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Chapter 4 

Nanophotonic devices in single-crystal diamond 

 

In this chapter we demonstrate state-of-the art nanophotonic resonators in bulk single-crystal diamond 

substrates, fabricated by angled-etching. Our devices feature large optical Q-factors, in excess of 105, and 

operate over a wide wavelength range, spanning visible (400 nm to 800 nm) and telecom (1.3 μm and 

1.55 μm). In section 4.1, we present one dimensional photonic crystal cavities (referred hereafter as 

“nanobeam cavities”) operating at telecom wavelengths. These nanobeam cavities feature Q-factors on 

par with those typically found in devices fabricated in standard photonic materials, by conventional 

means. Considering their wavelength scale mode volume (V ~ (λ/n)3), diamond nanobeam cavities 

reported here feature the highest Q/V figure of merit demonstrated in single-crystal diamond to date [16].  

In section 4.2, we demonstrate low optical loss free-standing waveguides carved from a bulk diamond 

crystal, realized using novel tapered vertical support structures. Free-standing looped-waveguide 

racetrack resonators, fabricated by angled-etching, are shown to support high-Q resonances in the telecom 

band. Fabrication and characterization of diamond nanobeam cavities and racetrack resonators operating 

at visible wavelengths is presented in Section 4.3. These newly developed high-Q diamond optical 

nanocavities open the door for a wealth of applications, ranging from nonlinear optics and chemical 

sensing, to quantum information processing and cavity optomechanics. Finally, in Section 4.4 we realize 

on-chip nanophotonic networks in bulk single-crystal diamond, and demonstrate a high efficiency (> 90 

% power coupling) fiber-optical interface with aforementioned on-chip diamond nanophotonic devices. 
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4.1 DIAMOND NANOBEAM CAVITIES AT TELECOM WAVELENGTHS 

 

Following the demonstration of free-standing diamond nanobeams starting from a bulk single-crystal 

(described Chapter 2), the necessary refractive index contrast now exists to realize engineered diamond 

nanophotonic structures. Therefore, we demonstrate diamond photonic crystal nanobeam cavities using 

our angled-etching approach [130]. These devices consist of a waveguide perforated with a chirped lattice 

of elliptically-shaped air holes, resulting in a photonic bandgap structure, which has been engineered to 

support localized resonances with ultra-high Q-factors and ultra-small mode volumes [99]. Figures 4.1 (a) 

to (c) display a representative single-crystal diamond nanobeam cavity fabricated with etch angle θ ~ 35o 

for operation in the telecom band.  

 Since the nanobeam thickness and width are linked through angled-etching, global scaling of the 

nanobeam cavity dimensions results in tuning of the cavity resonance while maintaining all cavity figures 

of merit (i.e. Q-factor and mode volume). Therefore, the nanobeam cavity design used in this work is 

parameterized by the target fundamental transverse electric (TE-like) cavity mode resonance wavelength, 

λTE. Note, more detailed description of diamond nanobeam cavities designs described in this chapter are 

given in Appendix B. 

Our design – based on previously developed design principles [153, 154] – has the following 

parameters: a nanobeam width w = 0.58λTE, lattice constant (hole spacing) a = 0.319λTE, and elliptical 

hole minor radius r = 0.087λTE. Furthermore, to minimize the scattering and maximize the cavity Q, the 

major radius of the elliptical hole array is decreased quadratically, over 31 periods, from r1 = 0.145λTE at 

the center of the cavity, to r31 = 0.087λTE at its end. We modeled the devices using finite-difference time-

domain (FDTD, Lumerical Solutions Inc.) methods, and found they support both transverse magnetic  
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Figure 4.1 | High-Q diamond nanobeam photonic crystal cavities. Scanning 

electron microscope (SEM) images of (a) diamond nanobeam photonic crystal 

cavities, with close-up (b) prospective and (c) top down views. Note, a ~ 35o etch 

angle was used to fabricate devices shown. Scale bars for SEM images in (a), (b), 

and (c) correspond to 10 μm, 1 μm, and 2 μm respectively. All SEM images were 

taken at a 60o stage tilt. Simulated cross-sectional and top down electric field 

intensity profiles of the fundamental quasi- (d) transverse electric (TE-like) and 

(e) transverse magnetic (TM-like) nanobeam photonic crystal cavity modes. Note, 

top down mode profiles correspond to top face of the nanobeam cavity. 

Theoretical figures of merit for the fundamental nanobeam photonic crystal cavity 

modes are Q-factors of QTM ~ 1.3x105 and QTE ~ 3.0x106, with mode volumes VTM 

~ 2.55(λ/n)3 and VTE ~ 2.26(λ/n)3, (the subscript refers to the cavity mode 

transverse polarization). (f) Representative normalized broadband spectrum of a 

fabricated diamond photonic crystal cavity collected by fiber taper measurement, 

with inset optical micrograph indicating the fiber taper coupling position. High 

resolution spectra of the fundamental (g) TM-like and (h) TE-like cavity modes, 

with Lorentzian fits to the data also shown. The taper-loaded Q-factors (extracted 

from Lorentzian fits to the data) of the fundamental and second order TM-like 

cavity modes were 24,000 and 3,700 respectively, while the first three TE-like 

cavity modes had loaded Q-factors of 183,000, 94,000, and 22,000, respectively. 
 

(TM-like) and TE-like resonances (with the fundamental TM-like resonance, λTM, located at 0.9λTE), with 

representative mode profiles shown in Figure 4.1 (d) and (e) respectively.  The dual mode nature of the 
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triangular cross-section nanobeam cavities is of interest for applications in nonlinear optics and 

wavelength conversion [155-157]. Theoretical figures of merit for the fundamental cavity modes are Q-

factors of QTM ~ 1.3x105 and QTE ~ 3.0x106, with mode volumes VTM ~ 2.55(λ/n)3 and VTE ~ 2.26(λ/n)3, 

(the subscript refers to the cavity mode transverse polarization). Additionally, due to the gradual nature of 

the chirped lattice of air holes, the devices also support higher order longitudinal modes of both 

polarization. We note that devices shown in Figure 4.1 are based on a design with fundamental cavity 

resonances located at λTE = 1680 nm and λTM = 1507 nm respectively.  

A normalized transmission spectrum of a representative diamond nanobeam cavity is shown in Figure 

4.1 (f). Transmission measurements in the telecom band were collected via fiber taper coupling [158] to 

suspended single-crystal diamond nanobeam cavities. Fiber tapers were manufactured from SMF-28 fiber 

(Corning) by the conventional flame anneal and pulling method [159], resulting in a final diameter of ~ 1 

μm. The fiber taper was mounted in a U-shaped configuration, resulting in self-tension of the taper region 

and allowing it to be position in close proximity to the desired diamond device [160]. Since the diamond 

nanophotonic devices are positioned above the diamond substrate in excess of 2 microns, dimpling the 

fiber taper was not necessary. The fiber taper was spliced into an optical set-up, and its position with 

respect to the device under test was precisely controlled via motorized stages with 50 nm encoder 

resolution. Two tunable lasers (Santec TSL-510, tuning range from 1480 to 1680 nm) were used, along 

with an inline fiber polarizer, and high gain InGaAs detector (EO Systems, IGA1.9-010-H) to record 

transmission spectra. All displayed spectra were normalized by transmission data collected from an 

uncoupled position.  

Two sets of transmission dips are observed, and are attributed to cavity resonances: dips located near 

1610 nm correspond to TE-like modes, while those located near 1490 nm correspond to TM-like modes. 

The experimentally obtained fundamental resonance wavelengths for the two modes indicate λTM,exp ~ 

0.92λTE,exp, which is in good agreement with FDTD predictions. The absolute values of cavity resonances 

are blue shifted by roughly 5% from the target values, which is likely due to the uncertainty in the actual 
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etch angle. The latter was previously estimated to deviate up to 2o degrees from the nominal value [132] 

(see Chapters 2 and 3). High resolution spectra of fundamental TM-like and TE-like transverse cavity 

modes are shown in Figure 4.1 (g) and (h) respectively. The loaded Q-factor of the fundamental TE-like 

cavity mode is remarkably high at QTE ~ 183,000 and compares very well to the state-of-the-art silicon 

photonic crystal nanobeam cavities realized by standard fabrication techniques. We note that the loaded 

Q-factor of the fundamental TM-like nanobeam cavity is approximately QTM ~ 24,000. Nearly an order of 

magnitude reduction in cavity Q for this mode is likely due to its localization at the bottom apex of the 

nanobeam, which increases its losses by scattering from overlap with etched surfaces and leakage into the 

diamond substrate. 

 

 

4.2 DIAMOND RACETRACK RESONATORS AT TELECOM WAVELENGTHS 

 

Of the myriad of on-chip optical cavities demonstrated to date, ring and racetrack resonators are 

arguably the most ubiquitous [98]. Conceptually, the optical cavity is a waveguide looped back on itself, 

and the resonance is formed when the optical path length is an integer multiple of the wavelength. In the 

context of angled-etching, creating a free-standing looped waveguide represents a challenge, since 

suspended devices must be supported by at least one physical attachment to the bulk substrate. While 

free-standing wheel-and-spoke optical cavity structures [161, 162] (as demonstrated in Chapter 2) are an 

intuitively obvious solution, spoke attachment points to the looped triangular cross-section waveguide are 

difficult to fabricate, resulting in significant scattering losses. To circumvent this, we have developed 

novel vertical support structures [163], shown in Figure 4.2 (a) - (c), and used it to realize single-crystal 

diamond racetrack resonators. This was accomplished by positively tapering the width of the 20 μm long 

straight portions of the racetrack resonator by 15 % of the nominal value. Note, a ~ 50o etch angle 
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(designated as the semi angle at the bottom apex of the triangular cross-section) was used to fabricate 

diamond racetrack resonators shown in Figure 4.2. In angled-etching [130], wider features require more 

time to be fully released from the substrate. As a consequence, wider sections can remain attached to the 

substrate resulting in a pedestal-like support at their center. At the same time, the tapered nature of the 

vertical support structure minimizes optical losses. 

A typical normalized transmission spectrum (again collected by fiber taper coupling) from diamond 

racetrack resonator is shown in Figure 4.2 (f). Two distinct sets of transmission dips are observed, 

corresponding to fundamental TE-like and TM-like modes of the structure, shown Figure 4.2 (d) and (e), 

respectively. Nearly critically coupled resonances displayed in Figure 4.2 (g) and (h) reveal loaded Q-

factors of QL,TE ~ 151,000 and QL,TM ~ 113,000, where the subscript indicates the cavity mode transverse 

polarization. We note that the term loaded Q-factor refers to the Q-factor that includes losses due to fiber 

taper coupling, and at critical coupling is half the intrinsic Q-factor (i.e., QL = ½Qi ). The latter is 

determined by losses due to scattering, material absorption, leakage to the substrate (if any), and 

waveguide bends/overlaps. From our measurements, we estimate intrinsic Q-factors to be Qi,TE ~ 302,000 

and Qi,TM ~ 226,000. From measured Q-factors, an upper limit on the diamond waveguide transmission 

loss (α) is estimated to be ~ 1.5 dB/cm for both guided modes via the relationship [164]: 

 

 





i

g

Q

n2
  (4.1) 

 

where ng is the mode group index, and λ is the resonant wavelength. While this loss value is roughly 

five times greater than that recently reported for single-crystal diamond waveguides fabricated via the 

membrane thinning approach, it is also an order of magnitude smaller than losses of polycrystalline 

diamond ring resonators also operating at telecom wavelengths [105].  
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Figure 4.2 | High-Q diamond racetrack resonators. Scanning electron 

microscope (SEM) images of (a) 25 μm bend radius diamond racetrack resonator, 

with close-up (b) side and (c) top views. The nominal (wo) and maximum (ws) 

width (indicated on figure) of the tapered vertical are approximately 1.1 μm and 

1.27 μm, respectively. Note, a ~ 50o etch angle was used to fabricate devices 

shown. Scale bars for SEM images in (a), (b), and (c) correspond to 10 μm, 5 μm, 

and 2 μm respectively. All SEM images were taken at a 60o stage tilt. Simulated 

quasi- (d) transverse electric (TE-like) and (e) transverse magnetic (TM-like) 

mode profiles (λ = 1.55 μm, electric field norm) of a suspended 1.1 μm wide 

diamond waveguide. (f) Representative normalized broadband spectrum of a 1.1 

μm wide and 37.5 μm bend radius diamond racetrack resonator collected by fiber 

taper measurement. Inset shows optical micrograph indicating the fiber taper 

coupling position. High-resolution spectra of near critically coupled (g) TE-like 

and (h) TM-like modes, with Lorentzian fits to the data also shown. Lorentzian 

fits in (g) and (h) yield loaded Q-factors of QL,TE ~ 151,000 and QL,TM ~ 113,000 

respectively. 
 

To illustrate how a vertically supported, triangular cross-section diamond nanobeam functions as a 

low loss optical waveguide, optical eigenmode solver software (MODE Solutions, Lumerical Solutions 

Inc.) was used to simulate the ideal vertical support cross-section. Figure 4.3 (a) and (b) show 

fundamental TE-like and TM-like mode profiles of the support cross-section, respectively, for a 

propagation wavelength of λ = 1550 nm. Here, the nanobeam width is increased 15 % from a nominal 

waveguide width of 1.1 μm, resulting in a 165 nm wide diamond ‘fin’ supporting the waveguide. The 

distance between the diamond substrate and the bottom of the diamond waveguide was varied from 1 to 2 
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microns. The optical loss estimated from simulation, which is plotted in Figure 4.3 (c), confirmed the 

ideal support cross-section can be well below 1 dB/cm for both supported modes, given the separation 

between the bottom of the waveguide and substrate exceeds ~ 1.8 μm. Additionally, increasing the 

relative width modulation to 25%, while keeping the width of diamond fin at 165 nm, lowers the optical 

loss slightly from the nominal design.  

 

 

Figure 4.3 | Vertically supported diamond waveguide analysis.  Simulated 

mode profiles (λ = 1.55 μm, electric field norm) of the 1.265 μm wide (a) 

transverse electric (TE-like) and (b) transverse magnetic (TM-like) vertical 

support waveguide modes. Here, the width of the diamond ‘fin’ region supporting 

the waveguide is 165 nm. (c) Plotted optical loss estimated from simulations for 

the TE/TM-like modes of a diamond vertical support structure as a function of 

separation between the bottom of the diamond waveguide and substrate (labeled 

‘Support distance’). (d) Scanning electron microscope (SEM) image of focused 

ion beam (FIB) cross-sectioned tapered vertical support near its maximum width 

(scale bare corresponds to 1 μm). All SEM images were taken at a 60o stage tilt. 
 

Figure 4.3 (d) shows a FIB-milled cross-section of the pedestal-like structure achieved in the vicinity 

of the maximum width of the vertical support. Note this cross-section is taken from the diamond racetrack 

resonator which produced the data shown in Figure 4.2.  The separation between diamond waveguide and 

the substrate for this structure is nearly 2 μm. While not detrimental to device performance (as confirmed 

experimentally), irregularity in the pedestal-like cross-section is clearly observed and attributed to an etch 
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rate anisotropy, where material was removed at a slightly faster rate from the right side of the support 

shown in Figure 4.3 (d).  

With the demonstration of diamond racetrack resonators supporting high optical Q-factors, we have 

shown it is possible to vertically support angled-etched diamond waveguides, while not sustaining 

substantial optical losses. In order to demonstrate the flexibility and scalability of such vertically 

supported waveguides, we have also developed ultra-long optical path length, and thus small free spectral 

range (FSR), looped diamond waveguide resonators. Figure 4.4 shows several example devices fabricated 

with total path lengths of approximately 0.5 mm, 1 mm, 1.5 mm, and 2 mm. In order to produce such 

structures, a total of 8, 13, 23, and 28 support structures, respectively, were used along the waveguide 

path. We note that the linear density of support structures for these waveguides varies, and is 

fundamentally limited by the length of diamond waveguide which is not susceptible to snapping down (a 

parameter which varies with waveguide geometry, substrate separation, and whether critical point drying 

is used).  

In such long optical path lengths, the projected FSR can easily reach sub-nm for these devices at 

telecom wavelengths. Narrow FSR resonators have applications in nonlinear optics [32, 165, 166], such 

as the generation of on-chip diamond Raman lasers where it is necessary to have a cavity resonance 

specifically positioned at both an incident laser pump wavelength and also the longer Raman-scattered 

(Stokes) wavelength. Smaller FSR greatly improves the probability of having such exactly placed cavity 

modes. To confirm that low loss waveguiding persists in this large looped diamond waveguide structures, 

fiber taper coupling was again used to collect transmission spectra in the telecom band. Figure 4.4 (e) 

shows a broad band spectrum (with the fiber taper coupling position displayed as the inset) taken from the 

device shown in Figure 4.4 (c). Three sets of modes are revealed, two of which are high-Q and attributed 

to the fundamental modes of TE-like and TM-like transverse polarization, while the third is likely a 

higher order transverse mode as per the low Q-factor. The estimated loaded Q-factor for one of the 
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fundamental looped waveguide modes was QL ~ 99,000, as shown in Figure 4.4 (f), which confirms 

angled-etched diamond waveguides are low loss, scalable photonic elements. 

 

 

Figure 4.4 | Long optical path length, looped diamond waveguides. SEM 

images of several fabricated devices comprised of long, looped diamond 

waveguides with on-chip optical path lengths of approximately (a) 0.5 mm, (b) 1 

mm, (c) 1.5 mm and (c) 2 mm long. The inset displays suspended, close packed 

curved waveguides with significant clearance. (e) Representative normalized 

broadband spectrum of the resonator shown in panel (c) collected by fiber taper 

measurement, with the fiber taper coupling position indicated by the inset. (f) 

Corresponding high-resolution spectra of a cavity resonance, with loaded Q-

factors indicated.  
 

 

 

4.3 DIAMOND OPTICAL NANOCAVITIES AT VISIBLE WAVELENGTHS 

  

To utilize the broadband nature of diamond, we explored the potential of our angled-etching approach 

to realize optical cavities operating at visible wavelengths. Visible diamond cavities are of great interest 
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for the enhancement of emission properties of diamond’s luminescent defects, such as the negatively SiV–

center (ZPL at λ ~ 740 nm) [59-61, 63, 167] and, in particular, the NV– center, with its ZPL at λ ~ 637 nm 

[62, 69-72, 122]. To realize visible band optical cavities in diamond, all design parameters for devices 

operating at telecom wavelengths are scaled down by a factor of approximately 2.5, and no additional 

modeling was needed. This design flexibility is an inherent property of angled-etching in which device 

thickness is coupled to its width. The same is not true for the planar technologies where one dimension is 

always fixed by the thickness of the device layer (e.g. a 220 nm thick silicon device layer in the case of 

SOI). Therefore, angled-etching allows for the integration of devices operating over a wide wavelength 

range (UV to mid-IR) to be easily integrated on the same diamond chip [133].  

 

 

Figure 4.5 | Diamond optical nanocavities fabricated for operation at 

visible wavelengths. Scanning electron microscope (SEM) images of (a) a 

fabricated diamond racetrack resonator supported from the bottom and (b) a 

fabricated diamond nanobeam photonic crystal cavity operating at visible 

wavelengths. Scale bars for SEM images in (a) and (b) correspond to 10 μm and 5 

μm respectively. All SEM images were taken at a 60o stage tilt. 
 

Figure 4.5 (a) shows a fabricated visible band diamond racetrack resonators, with a ~ 500 nm wide 

suspended waveguide and 17.5 μm bend radius. In such devices, the material segment supporting the free-

standing waveguide is estimated to be ~ 90 nm thick. A broadband normalized transmission spectrum, 
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shown in Figure 4.6 (a), is obtained again by fiber taper coupling, using a combination of tunable red 

laser (635 nm to 639 nm) and super-continuum source. For transmission measurements at visible 

wavelengths, fiber tapers were manufactured from commercial SM-600 fiber via wet etching in 

hydrofluoric acid [168]. Bare SM-600 fiber was again mounted in a U-shape configuration, followed by 

localized wet etching in hydrofluoric acid near the center. The hydrofluoric acid was covered with a thin 

layer of o-xylene on top in order to promote gradual taper formation via the oil/water interface meniscus. 

A two-step etch process which included ~ 30 minutes of etching in concentrated hydrofluoric acid, 

followed by ~ 30 to 50 minutes etching in 5:1 buffered oxide etch (BOE) was used to thin the final taper 

region to a diameter of ~ 500 to 700 nm. Following visible fiber taper formation, the mounted fiber was 

again spliced into the same physical set up as described for telecom band measurements. A fiber coupled 

supercontinuum laser source (EXW-4, NKT Photonics) and optical spectrum analyzer (OSA, HP 70950B, 

minimum resolution bandwidth of 0.08 nm) were used to collect broadband spectra in roughly the 680 to 

800 nm band. To gauge the instrument resolution, a HeNe laser was connected directly to the OSA. 

Measurement of the resulting laser emission spectra yielded a line width ~ 70 pm, which is artificially 

broadened by the instrument resolution. As such, any measured Q-factor near and above 9,000 was 

deemed resolution limited. To avoid this resolution limitation, a tunable red laser (New Focus Velocity 

TLB 6304 laser, coarse tuning range of 634.8 to 638.9 nm and fine tuning range of 70 pm) and visible 

band photodetector (New Focus 1801) were also used to collect transmission spectra. The fine tuning 

range of the laser was used to accurately measure the Q-factors of cavity modes supported by the 

diamond racetrack resonators within the ~ 4 nm coarse laser tuning range. 

The insets of Figure 4.6 (a) display the fiber taper coupling position with the laser tuned off and on 

resonance; the diamond race track resonator lights up due to scattered light when the laser is resonant 

with the optical cavity. We note that due to the small coupling gap necessary at visible wavelengths, van 

der Waals and or electrostatic attraction between the fiber taper and diamond device forced these 

measurements to be taken with the fiber taper touching the device. This ultimately limited coupling 
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Figure 4.6 | Optical characterization of diamond racetrack resonators at 

visible wavelengths. (a) Normalized broadband transmission spectrum collected 

by fiber taper coupling from a diamond racetrack resonator (17.5 μm bend radius 

and ~ 500 nm beam width) using: i) a tunable red laser and photodiode in 635 nm 

to 639 nm range (grey curve), and ii) super-continuum source and spectrometer in 

688 nm to 720 nm range (red curve). Two sets of supported resonances – the 

quasi- transverse electric (TE-like) and transverse magnetic (TM-like) waveguide 

modes – are again apparent.  The insets reveal the fiber taper coupling position 

with a red laser tuned off and on resonance with the optical cavity. (b) 

Corresponding high resolution spectra of two cavity modes near ~ 637 nm 

collected via a tunable laser, with Lorentzian fits to the data also shown. 

Lorentzian fits to each resonance in (b) yield loaded Q-factors of ~ 33,000 and 

59,000. 
 

efficiency and measured cavity Q-factors. High resolution spectra, collected with the tunable laser, of 

racetrack resonator cavity modes located at approximately ~ 637 nm, are shown in Figure 4.6 (b). 

Measured loaded Q-factors of the cavity modes were ~ 33,000 and ~ 59,000.  For cavity modes at longer 

wavelengths, accurate measurement of their Q-factors by a tunable laser was not possible. However, Q-

factors for resonances near 800 nm estimated from spectra collected by super-continuum excitation 
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exceed the resolution limit of the spectrometer, and thus were at least 104.  Therefore, free-standing 

diamond waveguides fabricated by angled-etching operate with low loss over a large, nearly 200 nm wide 

bandwidth that covers visible and near-infrared wavelengths.  

 

 

Figure 4.7 | Free-space transmission measurement details. (a) Schematic of 

the free-space transmission measurement setup used to characterize diamond 

nanobeam cavities operating at visible wavelengths. See the Methods section of 

the main text for a detailed description. (b) Scanning electron microscope (SEM) 

image of a diamond nanobeam cavity (same as Figure 1 (a) of the main text) with 

a zoomed in image of a specifically placed notch in the diamond nanobeam 

included as an inset (scale bar corresponds to 2 μm). The locations where light is 

in- and out-coupled from the diamond nanobeam cavity via notches are illustrated 

on the image. All SEM images were taken at a 60o stage tilt. 
 

Figure 4.5 (b) shows a representative diamond nanobeam cavity fabricated using the same design as 

previously described in Section 4.1, with a target resonance for the fundamental TE-like cavity mode of 

λTE = 710 nm. In order to characterize such structures, a free-space coupling technique was used in lieu of 

fiber taper coupling, given the challenge of obtaining proper fiber alignment to small visible nanobeam 

cavities. The free-space measurement set up – shown in Figure 4.7 (a) – allowed for in- and out-coupling 

of light at opposite ends of the nanobeam (using specifically placed notches as local broadband couplers, 

illustrated in Figure 4.7 (b)), thus enabling the free-space transmission measurements. Transmission 



57 
 

measurements conducted by free-space coupling utilized a home built confocal microscope in which a 

high numerical aperture (NA = 0.95) objective was used to focus laser light onto the sample. The input 

laser optical path was scanned using a galvo mirror imaged onto the back of the objective with a pair of 

lenses comprising a 4f imaging system. Additionally, a beam splitter was placed between the input 

channel galvo mirror and the 4f imaging system in order to incorporate a collection channel with 

independent scanning control via its own set of galvo mirrors. The free-space coupling set up was thus 

able to pump and collect light at two spatially separated positions, which allowed for free-space 

transmission measurements. Positioning of a target device under the objective was accomplished by 

precision motorized stages. Light from a supercontinuum laser source (EXW-4, NKT Photonics) was 

coupled into the diamond nanobeam cavity, with light out-coupled from the structure sent to a 

spectrometer. Free-space polarizers were also included in both the input and collection channels.  

A set of representative transmission spectra, collected via super-continuum excitation and spectrometer, 

taken from the same device but at different input/collection polarizations, are shown in Figure 4.8 (a). 

These spectra correspond to TM-like (green curve) and TE-like (blue curve) polarized light transmitted 

through the diamond nanobeam waveguide which contains the optical cavity. Stop band (no transmission) 

and pass bands (high transmission) of the photonic crystal are clearly seen (the approximate location of 

the transition indicated with a dashed grey line), with the sharp resonances in the stop band corresponding 

to cavity modes. High resolution spectra of the fundamental TM-like and TE-like cavity modes are shown 

in Figures 4.8 (d) and (e), revealing waveguide coupled Q-factors of QTM ~ 4,400 and QTE ~ 5,100, 

respectively. Of the fabricated visible band nanobeam cavities, our best device had a measured Q-factor 

of QTE ~ 8,200. The extremely small on-resonance transmission value (< 5%) recorded for both TE-like 

and TM-like cavity resonances is attributed to large fabrication-induced radiative losses (most likely 

scattering due to surface roughness and/or material absorption), as evident from the measured Q-factors 

being much smaller than Q-factors of the cavity design. As a result, the cavity losses into the feeding 

waveguide are minimal, preventing a large detected on-resonance signal in the transmission spectrum. 
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Figure 4.8 | Optical characterization of diamond nanobeam cavities at 

visible wavelengths. (a) Representative broadband transmission spectra of a 

fabricated diamond nanobeam photonic crystal cavity operating in visible 

collected via free space coupling at different input polarizations. High resolution 

spectra of the fundamental (b) TM-like and (c) TE-like cavity modes, with 

Lorentzian fits to the data also shown. Lorentzian fits in (b) and (c) yield 

waveguide coupled Q-factors of QTM ~ 4,400 and QTE ~ 5,100, respectively. 
 

 

4.4 FIBER-INTEGRATED DIAMOND NANOPHOTONIC NETWORKS 

 

By routing photons via vertically supported diamond waveguides which connect numerous optical 

elements (namely photonic resonators) and incorporating on-chip/off-chip coupling schemes, a truly 

integrated diamond nanophotonics platform may be realized. The main outstanding issue is how to 
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efficiently link off-chip fiber optics with on-chip diamond nanophotonic networks. To this end, we 

demonstrated such an integration scheme, as described in what follows.  

In silicon nanophotonics, popular on-chip coupling schemes realized through conventional planar 

fabrication include grating couplers [101, 169] or mode-size converters for end-fire coupling from 

macroscopic fibers [100, 170]. However, the additional fabrication complexity necessary to realize such 

on-chip coupling structures make these schemes impractical (at the current time) for diamond 

nanophotonic networks fabricated by angled-etching. Nevertheless, off-chip/on-chip coupling to optical 

fiber networks may be adapted for diamond nanophotonics realized by angled-etching. Namely, by 

employing a single-ended conical optical fiber taper, physical contact between the fiber taper tip and a 

free-standing diamond waveguide taper would yield highly efficient coupling of light via adiabatic mode 

transfer. Such a scheme was originally proposed by T.G. Tiecke et al. [103], and developed for silicon 

nitride nanophotonic systems. Following this scheme, we demonstrate efficient coupling (> 90 % power 

coupling) with on-chip diamond nanophotonic networks.  

Figure 4.9 displays a series of SEM images revealing a prototype diamond nanophotonic network for 

operation at telecom wavelengths, realized by angled-etching techniques. The on-chip nanophotonics 

consist of four key components: (1) free-standing diamond waveguides, (2) integrated diamond optical 

nanocavities (Figure 4.9 (b) and (c)), (2) vertical tapered supported structures (Figure 4.9 (d) and (e)), and 

finally, (4) free-standing diamond waveguide tapers (Figure 4.9 (f)). Of the diamond nanophotonic 

resonators we demonstrated previously [133], one-dimensional photonic crystal nanobeam cavities offer 

seamless integration with on-chip diamond waveguides, since the cavity architecture is built into a 

suspended nanobeam segment [153]. Additionally, the diamond nanobeam cavity design presented in 

Section 4.1 enables both high Q-factor and high on-resonance transmission by engineering cavity losses 

to the waveguide to dominate all other loss channels, such as radiation losses due to scattering and/or 

material absorption [154]. Thus, a diamond nanobeam cavity suspended by tapered vertical support 

structures on each end may be optically interfaced with via light transmitted through the feeding 
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waveguide. The relevant cavity design parameters are discussed in detail in the Appendix B. Moreover, 

the ability to couple light from off-chip optical fibers to such on-chip integrated diamond optical 

nanocavities may provide a preferred route for fiber-coupled, high bit-rate, all-optical QIP with diamond 

color centers.  

 

 

Figure 4.9 | Integrated diamond nanophotonic networks. SEM images of (a) 

an array of on-chip diamond nanophotonic systems designed for operation at 

telecom frequencies, each consisting of four key components: (1) free-standing 

diamond waveguides, (2) integrated diamond optical nanocavities (panels (b) and 

(c)), (3) vertical tapered supported structures (panels (d) and (e)), and finally, (4) 

free-standing diamond waveguide tapers (panels (d) and (f)). 
 

Free-standing diamond tapers gradually change the effective refractive index of the waveguide mode 

along the propagation direction, such that all optical power remains in the target eigenmode. This 

minimizes coupling to other higher-order and radiation modes, enabling highly efficient adiabatic 

transfer. Generally, this slowly changing effective index is easily achieved by tapering the waveguide 

lateral dimensions over a length many times longer than the wavelength of propagating light. In the case 
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of silicon nanophotonics, waveguide tapers for telecom light reach lengths of several hundred microns 

[102]. However, as is the case for free-standing diamond nanobeam waveguides, the length of the taper is 

limited, since one that is too long will fail mechanically (snap down), touch the substrate and leak light 

into the bulk diamond. Therefore, it is important to determine the longest diamond waveguide taper 

length available via angled-etching fabrication techniques.  

 

 

Figure 4.10 | Adiabatic transfer between fiber taper and diamond waveguide 
taper modes. (a) Schematic of fiber-waveguide coupling. The fiber (blue) has a 

conical shape and is attached to a tapered triangular cross-section diamond 

waveguide taper (red). (b) Effective index (neff) of the fiber and waveguide modes 

for an opening angle of the fiber (waveguide) of 3.5° (1.5°). (c) Cross sections of 

|E|2 obtained from the FDTD simulation at various points along the coupler for the 

TE-like diamond waveguide mode polarization. 
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A linear taper was chosen for fabrication simplicity and the taper was designed to evolve from the 

standard diamond waveguide width, down to a sub < 100 nm point. Figure 4.9 (d) show SEM images 

vertically supported waveguide sections for operation in the telecom band (width ~ 1 μm), leading into 

diamond waveguide tapers. Diamond tapers with various lengths were fabricated to determine the 

maximal taper length that consistently resulted in a free-standing structure. Lengths of 25 μm to 65 μm, in 

steps of 5 μm, were tested. Following these tests, a taper length of 40 μm (as shown in Figure 4.9 (d)) was 

chosen to ensure a near unity fabrication yield of diamond tapers. Figure 4.9 (f) reveals a final taper tip 

radius < 100 nm. The final diamond taper angle is ~ 2 o. 

Figure 4.10 (a) schematically represents the coupled diamond waveguide taper and single-ended 

optical fiber taper system. In the region of physical contact between the tapering waveguides and optical 

fiber, the propagating guided modes couple via their evanescent fields forming a hybridized “supermode”. 

The efficiency of adiabatic conversion between the fundamental diamond waveguide mode and single-

mode optical fiber is ultimately set by the fraction of optical energy which remains in this supermode 

throughout propagation in this region [103]. Via an eigenmode solver (MODE Solutions, Lumerical), we 

calculate the effective indices of our diamond waveguide taper design physically coupled to a single-

ended optical fiber taper (with a taper angle of 3.5o), as shown in Figure 4.10 (b). Here, we consider both 

TE-like and TM-like fundamental waveguide modes, and plot the calculated effective indices of the fiber 

mode, waveguide mode, and hybridized supermode of the combined structure. With this geometry, the 

latter has an effective index of neff greater than ~ 1.2 over the entire length of the coupler, for both TE-like 

and TM-like diamond waveguide modes. To confirm adiabatic mode transfer, we employ FDTD 

simulations (Lumerical) to launch a propagating fundamental mode of either TE-like or TM-like 

polarization down the diamond waveguide, and monitor the power output in the HE11 optical fiber mode 

after the coupling region. A power transfer greater than 98 % was confirmed for both polarizations of the 

fundamental diamond waveguide mode. Also, while the combined structure supports propagation modes 

of two polarizations, they are orthogonal and thus do not couple. Figure 4.10 (c) to (e) display cross-
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sectional field profiles obtained from the FDTD simulation at various points along the coupler for the TE-

like diamond waveguide mode polarization. 

 

 
Figure 4.11 | Single-mode optical fiber taper fabrication and 

characterization. (a) Schematic of fabrication of single-ended conical fiber 

tapers by hydrofluoric acid etching. (b) Illustration of the fiber taper refractive 

index profile, with a corresponding (c) SEM image of a fabricated fiber taper tip. 

(d) Schematic of the fiber optical network used to the characterized on-chip 

diamond nanophotonic networks with single-ended optical fiber tapers. 
 

Single-ended conical optical fiber tapers were fabricated by a wet etching technique, where 

commercial telecom single-mode optical fibers (SMF-28, Corning) were submerged in hydrofluoric acid 

(HF) to form the taper profile [168], as depicted in Figure 4.11 (a) and (b). Specifically, the HF was 

contained in a Teflon beaker and layer with a thin layer of o-xylene on top in order to promote gradual 

taper formation via an oil/water interface meniscus which wicks up the fiber. The meniscus height 

depends on the diameter of the fiber: as the diameter reduces with acid etching, the meniscus height 

decreases, naturally tapering the fiber diameter over a length defined by the etch rate and initial fiber 
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diameter. When the acid etches completely through the fiber diameter, the fiber taper tip has finished 

forming and the process self-terminates. By drawing the fiber out of the HF solution, the taper length can 

be extended, which enables full control over the final taper angle. In general, for taper angles less than ~ 

5o, adiabatic transfer of the HE11 optical fiber mode over the length of the fiber taper tip is achieved, and 

coupling to radiation or higher order fiber modes is suppressed. Figure 4.11 (c) shows a SEM image of a 

representative fiber taper tip fabricated by HF etching, with a final taper angle of ~ 6o.  

To characterized fabricated on-chip diamond nanophotonic networks, the single-ended optical fiber 

taper was installed into a custom set up, where its position with respect to the device under test (DUT) 

was precisely controlled via motorized stages. The optical fiber network used to collect optical spectra 

from the integrated diamond nanobeam cavities is shown in Figure 4.11 (d). Two tunable lasers (Santec 

TSL-510, tuning range from 1480 to 1680 nm) were used, along with an inline fiber polarizer, and high 

gain InGaAs photodetector (EO Systems, IGA1.9-010-H) and power meter to record reflection spectra.  

Laser light was sent to a 2x2 99:1 fiber coupler, with 1 % of input light sent to the optical fiber taper and 

DUT, and 99% of reflected light returned to the photodetector and power meter. All collected spectra 

were normalized by reflected data collected from a fiber-coupled retroflector (Thorlabs, P5-SMF28ER-

P01-1) with > 98% reflection over the laser tuning bandwidth. 

Figure 4.12 (a) displays an optical micrograph of the coupling region where the optical fiber taper tip 

is in physical contact with the diamond waveguide taper (the contact length is ~ 30 μm). A normalized 

reflection spectra collected from a representative device is shown in Figure 4.12 (b). A set of reflection 

dips attributed to localized resonances of the diamond nanobeam cavity with TE-like polarization. In 

Figure 4.12 (d), a high-resolution scan of the fundamental TE-like cavity mode at 1638.1 nm is shown, 

with a Lorentzian fit to the spectra yielding a total Q-factor of ~ 187,000, with nearly 20% on-resonance 

extinction. Higher order longitudinal modes of the cavity have much lower measured Q-factors, but are 

perfectly waveguide damped, yielding critically coupled resonances.  
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Figure 4.12 (d) to (g) show optical micrographs collected overhead of the cavities with an infrared 

camera. In each image, the laser position is tuned relative to the fundamental TE-like cavity mode, with 

light scattered by the cavity visible when the laser is tuned closed to resonance. With the laser tuned off-

resonance, only a small amount of scattered light at the entrance to the cavity structure is visible, which is 

likely the result of insertion losses between the propagating waveguide mode and the perforated 

nanobeam cavity structure.  

 

 

Figure 4.12 | Reflection spectra collected via fiber taper tip coupling. (a) 

Optical micrograph of the fiber-waveguide coupling region. (b) Normalized 

broadband reflection spectra of a diamond nanobeam cavity operating at telecom 

wavelengths. Reflection dips correspond to cavity modes, with a high-resolution 

spectra of the fundamental TE-like cavity mode included in (c). Corresponding 

overhead infrared camera images of the nanobeam cavity taken with the laser 

wavelength tuned (d) –10 pm, (e) 0 pm, (f) + 20 pm, and (g) + 40 pm from the 

cavity resonance. Light scattered out of the waveguide is visible when the laser is 

tuned close to the cavity resonance, confirming the spectral feature is a cavity 

mode. 
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Away from the localized resonances, we assume the diamond nanobeam cavity ideally reflects all the 

light, allowing for a calculation of the coupling efficiency. To do so, the laser is tuned just off-resonance 

from the second order TE-like cavity mode, and the input polarization is adjusted to maximize the 

reflected signal. The input power to the fiber taper tip (Pin) and the reflected powers after the 2x2 coupler 

(Pr) are measured with a calibrated power meter. The normalized reflection is thus given by 

FCmBScinr PP 
2

 , where c is the coupling efficiency of the fiber-waveguide tapers, BS is the 

calibrated coupling ratio of the 2x2 fiber coupler, m is the reflection of the nanobeam cavity Bragg 

mirror, and c is the coupling efficiency of the FC-FC fiber coupler immediately before the fiber taper tip 

(measured to be ~ 95 %). We assume m ~ 1 and neglect any losses of the propagating mode down the 

diamond nanobeam waveguides, and thus estimate a lower bound on the fiber taper tip coupling 

efficiency. For the measurement displayed in Figure 4.12, we estimate a coupling efficiency c ~ 96 % at 

a laser wavelength near 1650 nm. Note that the broadband spectrum in Figure 4.12 (b) plots a reflected 

signal normalized by the broadband fiber retroreflector, and is thus a secondary measurement of coupling 

efficiency. Here, the normalized reflection (assuming near unit reflection of the fiber retroreflector) is ~ 

2

cinr PP  , since the fiber retroreflector and fiber taper experience the same system losses From the 

plot in Figure 4.12(b), an estimated coupling efficiency of ~ 94 % is extracted at ~ 1650 nm, in line with 

the measurement made with the power meter. The variable reflected signal in Figure 4.12 (b) is attributed 

to wavelength-dependent changes in fiber polarization. 
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Chapter 5 

Diamond optomechanical crystals 

 

Optomechanical crystals (OMCs), first demonstrated in silicon [171], and later in other materials like 

silicon nitride [172, 173] and gallium arsenide [174], have emerged as a fruitful optomechanics platform, 

wherein radiation pressure effects provide exquisitely sensitive optical control of mechanical vibrations. 

Such systems have enabled demonstrations of quantum ground state cooling [175], optomechanically 

induced transparency [176], squeezed light [177], and wavelength conversion [156]. Highly coherent 

photon-phonon interactions in OMCs is the direct result of the ability to engineer a large single-photon 

optomechanical coupling rate (go), while retaining sufficiently small optical (κ) and intrinsic mechanical 

(γi) dissipation rates. Similar structures realized in single-crystal diamond – which features a unique 

combination of superior mechanical, thermal, and optical properties [4] – are expected to exhibit 

pronounced optomechanical interactions, quantified by the cooperativity parameter ioc gnC 24  

(where nc is the intracavity photon number). Specifically, diamond’s wide bandgap (~ 5.5 eV) precludes 

two- or multi-photon absorption over a wide wavelength range (from visible to infrared). This, combined 

with its high thermal conductivity and small thermal expansion, enables monolithic diamond optical 

cavities that can withstand significant optical power densities, while avoiding degradation in optical 

linewidth or drifts in resonance wavelength due to thermal lensing. Diamond’s large intracavity photon 

capacity can thus result in large cooperativities necessary for either strong mechanical driving or effective 

laser cooling [175]. Moreover, diamond is among the stiffest materials known and possess extremely low 

thermoelastic mechanical damping, with recently demonstrated monolithic diamond cantilevers exhibiting 

mechanical Q-factors in excess of 106 at room temperature [80].  
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In this chapter, we make use of these features to demonstrate OMCs in single-crystal diamond with 

unique performance. Our diamond OMCs support a ωm/2π ~ 6 GHz mechanical cavity coupled to a co-

resonant photon field at ωo/2π ~ 200 THz, with vacuum optomechanical coupling rate of go ~ 100 kHz.  

With an optical linewidth of κ/2π ~ 2.5 GHz, this diamond OMC system operates in the so-called resolved 

sideband regime (ωm/κ > 1), necessary for efficient radiation-pressure driven dynamic backaction. This 

enables our diamond OMCs to be optically driven to C > 1 at room temperature, highlighted by the 

observation of “phonon lasing” in our structures [178]. Section 5.1 describes the optimized diamond 

OMC design, as confirmed by optical and mechanical eigenmode simulations, followed by a discussion 

of fabricated devices in Section 5.2. Section 5.3 describes optical and mechanical mode spectroscopy of 

fabricated diamond OMCs. In section 5.4, we discuss the optomechanical transduction observed under 

high input laser power, where optomechanical self-oscillations were observed. 

 

5.1 OPTIMIZED DIAMOND OPTOMECHANICAL CRYSTAL DESIGN 

 

Diamond OMCs consist of a one dimensional nanobeam photonic crystal cavity fabricated in single-

crystal diamond [133] (discussed previously in Chapter 4) using previously introduced ‘angled-etching’ 

techniques [130] (see Chapter 2). The nanobeam cavity is based on a triangular cross-section diamond 

waveguide perforated with a periodic lattice of elliptically shaped air holes. A photonic bandstructure of 

one unit cell in this waveguide (Figure 5.1 (a)), shown in Figure 5.1 (b), includes both transverse electric 

(TE-like, solid black lines) and transverse magnetic (TM-like, dashed blue lines) guided modes. In this 

work, we focus on TE-like modes near the X-point frequency of ωo/2π ~ 200 THz (λ ~ 1550 nm), since 

they can lead to the realization of very high Q-factor optical cavities[133]. Importantly, our photonic 

crystal waveguide also supports acoustic guided modes that are spatially overlapped with optical modes,  
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Figure 5.1 | Diamond optomechanical crystal optimized design. (a) Solid 

model representation of the triangular cross-section diamond unit cell as 

fabricated by angled-etching. The unit cell is parameterized by the etch angle (θ), 

width (w), lattice constant (a), and major and minor elliptical air hole diameters 

(hw, hh). Corresponding (b) optical and (c) mechanical band structures of a 

nominal unit cell with θ = 35o and (a, w, hw, hh) = (540, 930, 590, 295) nm. In (b), 

the grey shaded region indicates the continuum of radiation and leaky modes that 

exist above the light line for the structure. Below the light line, supported 

transverse electric (TE-like) and transverse magnetic (TM-like) guided modes are 

indicted by solid black and dashed blue lines, respectively.  In (c), mechanical 

guided modes shown are for propagation along the x-axis, with y-symmetric and 

y-antisymmetric vector symmetries again indicated by solid black and dashed blue 

lines, respectively. Mechanical simulations assume guided mode propagation is 

oriented with the in plane [110] crystallographic direction, with the z-axis is 

oriented with [001]. The red shaded regions in (b) and (c) highlight the optical 

and mechanical symmetry bandgaps of interest, respectively. (d) Three-

dimensional mechanical displacement profile of the “flapping” guided mode 

originating from the Γ-point of the fourth band with y-symmetric vector 

symmetry – identified as the mechanical mode which yields large displacement 

and strain overlap with the optical guided mode originating from the X-point of 

the first (dielectric) TE-like band. Right panels in (b) and (c) show the tuning of 

the X-point optical and Γ-point mechanical modes of interest as the unit cell is 

transitioned smoothly from the nominal unit cell to a defect cell with reduced 

lattice constant and decreased y-axis air hole eccentricity, specifically (adefect, 

hw,defect, hh,defect) = (481, 430, 328) nm. 
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and can couple to them via radiation pressure. The corresponding mechanical bandstructure (Figure 5.1 

(c)) reveals a rich library of guided acoustic modes in the few to 10 GHz frequency range. The guided 

modes, categorized by even (solid black lines) and odd (dashed blue lines) vector symmetries about the y-

axis, again yield symmetry based quasi-bandgaps. Following OMC design rules [179, 180], we identified 

the guided mode derived from the Γ-point of the fourth y-symmetric band (frequency of ωm/2π ~ 6 GHz) 

– referred hereafter as the “flapping” acoustic mode (Figure 1 (d)) – as the mechanical mode of interest 

for large optomechanical coupling. We also focused on this particular mode due to a large acoustic quasi-

bandgap below its native band (indicated by the shaded pink region in Figure 5.1 (c)).   

To supplement our discussion on the guided acoustic phonon modes of diamond optomechanical 

crystals (OMCs) fabricated by angled etching, we present normalized displacement profiles of the 

nominal unit cell at the Γ (kx = 0) and X (kx = π/a) of the mechanical bandstructure displayed in Figure 5.1 

(c). Figure 5.2 and 5.3 reveal the guided acoustic modes categorized by even (solid black lines) and odd 

(dashed blue lines) vector symmetries about the y-axis, respectively, with displacement profiles 

originating from the indicated band edges shown as insets (prospective, top down and cross-section views 

included). Note, the unit cell lattice constant in the displacement profiles is displayed between the (hw,n, 

hh,n) and (hw,n+1, hh,n+1) center points, in order to clearly reveal displacement components within the air 

holes. Mechanical simulations included here and throughout the main text use the full anisotropic 

elasticity matrix of diamond [181], where (C11, C12, C44) = (1076, 125, 578) GPa.  However, due to 

considerations expanded upon in later in Section 5.2 of this chapter, devices characterized in this work 

were ultimately fabricated with their x-axis oriented with the in plane [110] crystallographic direction. 

Thus, a rotated version of anisotropic elasticity matrix ensured proper device orientation in our 

simulations, with guided mode propagation along the x-axis aligned with the [110] crystallographic 

direction, with the z-axis aligned with [001]. Only a small (< 10 %) change in the guide mode frequencies 
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was observed between simulations with unit cell x-axis alignment to the [100] and [110] in plane crystal 

directions.  

 

 

Figure 5.2 | Symmetric diamond OMC acoustic guided modes. Acoustic guided modes 

with y-symmetric vector symmetries supported by angled-etch diamond OMCs. Normalized 

three-dimensional mechanical displacement profiles of the guided modes originating from the Γ-

point and X-point are included as insets. 

 

While the mechanical bandstructures reveal a rich library of guided acoustic modes in the few to 14 

GHz frequency range, only guided modes originating from y-symmetric bands ultimately couple to the 

optical cavity [180]. Additionally, modes originating from the Γ-point ensure large optomechanical 

coupling rates in the final design [179]. With this in mind, two modes from the Γ-point of y-symmetric 

bands enable design of diamond OMCs with large single-photon optomechanical coupling rates, go. 

Specifically, the Γ-point modes from the 4th and 7th y-symmetric bands, referred to as the “flapping” and 

“breathing” modes, respectively, were both investigated. However, due to its higher guided mode 
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frequency, fabricated structures based on designs optimized for the diamond OMC breathing mode were 

not studied in this work, however remain of interest for future investigations.  

 

 

Figure 5.3 | Antisymmetric diamond OMC acoustic guided modes. Acoustic guided modes 

with y-antisymmetric vector symmetries supported by angled-etch diamond OMCs. Normalized 

three-dimensional mechanical displacement profiles of the guided modes originating from the Γ-

point and X-point are included as insets. 

 

The final diamond OMC design relies on transitioning from a “mirror” region formed by the base unit 

cell in Figure 5.1 (a) to a “defect” cell, with its dimensions selected to simultaneously raise and lower the 

frequencies of the target optical and mechanical modes of interest, respectively, into their respective 

quasi-bandgaps. Gradually reducing the unit cell lattice constant while also decreasing the air hole aspect 

ratio (hw/hh) achieves the necessary band edge tuning (see insets of Figure 5.1 (b) and (c)). Out-of-plane 

scattering losses in the optical cavity were then minimized by transitioning from the mirror region to 

defect cell over seven lattice periods. This “defect region” is parameterized by the maximum change in 

lattice constant in the defect region, d = (1 – adefect/anominal), the aspect ratio of the center hole, and 
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curvature of the transition. Figure 5.4 illustrates the mirror to defect cell transition of our optimized 

diamond OMC design.  

 

 

Figure 5.4 | Mirror-to-defect cell transition (a) Plot of the diamond 

optomechanical crystal defect region unit cell parameters along the length of the 

nanobeam, in units of anominal. Normalized (b) optical Ey field and (c) mechanical 

displacement profile of the optical and mechanical modes localized by the defect 

region.  
 

The optimized design was determined via previously described numerical optimization methods, 

based upon FEM simulations (COMSOL) to calculate the optical and mechanical cavity resonance 

frequencies, ωo and ωm, the optical Q-factor, Qo, and the single-photon optomechanical-coupling rate, go. 

In the optimization, the mirror region unit cell geometry (w, a, hw, hh) and the aforementioned defect 

region parameters were varied, and a fitness function for the optimization was set such as to converge on 

a design with the largest go.  Both moving boundary (go,MB) and photo-elastic contributions (go,PE) to the 

single-photon optomechanical coupling rate were considered [174, 179], with go,MB given by: 
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where Q is the normalized displacement field, n


is the outward facing surface normal, E and D are 

the electric and displacement fields respectively, the subscripts 
||

 and  subscripts designate field 

components parallel and perpendicular to the surface respectively, ε is the material permittivity, 

airdiamond  
, and 

111   airdiamond 
. The photo-elastic contribution to the optomechanical 

coupling rate, go,PE, for a cubic crystal with m3m point symmetry and the x-axis and y-axis aligned to the 

[100] and [010] crystal directions, respectively, is given by: 
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where Σ is a summation, according to Einstein notation x  y  z  x. Sij are the stain tensor 

components, and pij are the photoelastic coefficients of diamond [182]: (p11, p12, p44) = (-0.25, 0.043, -

0.172).  

As mentioned previously, diamond OMCs were fabricated with their x-axis aligned with the [110] 

crystallographic direction. In the calculation of go,MB this was taken into account by using a rotated 
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version of the elasticity matrix. To determine, go,PE, a rotated version of the photo-elastic tensor ( ijp
) was 

used, where:  
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with θ = 45o. The final expression for go,PE is then:  
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where:  
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Normalized electric field (Ey) and mechanical displacement profiles (xz-plane) of the final optimized 

diamond OMC design are shown in Figure 5.21 (b) and (c), respectively.  The optimized design – which 

assumes x-axis orientation aligned with the in plane [110] crystallographic direction – has an optical 

resonance at ωo/2π = 195 THz (λo = 1539 nm), radiation-limited optical Q-factor of 1.02 x 106, mode 

volume of 0.75(λ/n)3, mechanical resonance at ωm/2π = 6.11 GHz, effective mass of 607 fg, and zero-

point motion of xzpf = 3.1 fm. The final coupling rate for this design was go/2π = 116 kHz, and included a 

moving boundary and photo-elastic contribution of go,MB/2π = 53 kHz and go,PE/2π = 63 kHz, respectively. 
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5.2 FABRICATED DIAMOND OPTOMECHANICAL CRYSTALS 

 

Fabrication of diamond OMCs utilized angled-etching techniques [130] (described in Chapter 2). The 

final fabricated structures, displayed in Figure 5.5 (a) to (c), reveal excellent reproduction of the intended 

design. Evidently, a unique consideration of angled-etched structures is their triangular cross-section 

symmetry [130, 132]. For instance, uneven sample mounting during the angled-etching step or diamond 

substrate wedge tolerances will lead to a distribution of effective etch angles across the sample, breaking 

symmetry in the final device cross-section. Because of such asymmetry, localized mechanical and optical 

cavity modes will inevitably couple to anti-symmetric guided modes, which exist in their respective 

quasi-bandgaps, bringing about potentially significant loss. To circumvent this, periodic sample rotation 

was implemented during angled-etching to average the effective etch angle across the substrate. 

We investigated this problem further by stamping angled-etch diamond optomechanical crystals onto 

a smooth silver-coated silicon wafer (discussed previously in Chapter 2). High-resolution SEM images 

shown in Figure 5.6 (a) and (b), respectively, reveal diamond OMCs (oriented upside down) fabricated 

without and with sample rotation during angled-etching, with insets displaying a tilted cross-sectional 

view. Sample rotation appears to reduce the degree of asymmetry (defined as the offset in the bottom 

apex of the triangular cross-section from its centerline) considerably. However, even minimal asymmetry 

significantly reduces the simulated optical and mechanical Q-factors, as illustrate in Figure 5.6 (c) and (d) 

respectively, depending on the in-plane orientation of the device relative to the [100] crystal direction. 

Optical Q-factors of asymmetric diamond OMCs were performed by FDTD simulations (Lumerical 

Solutions, Inc.), while mechanical Q-factors were simulated by FEM simulations (COMSOL) using 
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previously described techniques [180]. Interestingly, symmetry breaking in devices with their x-axis is 

oriented along the [110] crystal direction couple more weakly to guided modes of antisymmetric 

character, and thus, are likely more robust to fabrication imperfections (beyond cross-sectional 

asymmetry alone). Therefore, fabricated diamond optomechanical crystals characterized in this work 

were oriented along the [110] crystallographic direction. 

 

 

 

 

Figure 5.5 | Fabricated diamond optomechanical crystals. SEM images of 

(a) a fabricated diamond optomechanical crystal, (b) zoomed in view of the defect 

region, and (c) high-resolution image of fabricated air holes comprising the Bragg 

mirror region. (d) SEM image of an (inverted) diamond optomechanical crystal, 

liberated from the diamond substrate via stamping on a silver-coated silicon 

wafer. Inset shows a tilted (60o) SEM image of a broken diamond optomechanical 

crystal, revealing the triangular cross-section.  
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Figure 5.6 | Fabricated diamond optomechanical crystal cross-sectional 

symmetry. High resolution SEM images of the backside of diamond 

optomechanical crystals fabricated (a) without and (b) with sample rotation 

during angled-etching. A significant improvement in the cross-section asymmetry 

(Δ) is observed. Insets tilted SEM images of broken diamond nanobeams, 

revealing the diamond optomechanical crystal cross-section. The influence of 

cross-sectional asymmetry on the optical and mechanical Q-factors (as a function 

of in-plane nanobeam orientation with the major crystallographic directions) is 

plotted in (c) and (d) respectively. Optical Q-factor simulations were performed 

using finite difference time domain simulations, while mechanical Q-factor 

simulations were performed by finite element method using previously described 

techniques [180]. 
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5.3 OPTICAL AND MECHANICAL MODE SPECTROSCOPY 

 

A normalized optical transmission spectrum – characterization set up shown in Figure 5.7 (a) – of a 

representative diamond OMC with its resonance at λo = 1532.6 nm (ωo/2π = 196 THz), is shown in Figure 

5.7 (b). Characterization of fabricated diamond OMCs, performed under ambient conditions, used a 

dimpled fiber taper (schematically displayed in Figure 5.7 (a)) to evanescently couple to the device under 

test (as illustrated by the optical micrograph included as the inset). A tunable telecom laser diode (New 

Focus Velocity TLB-6328, C-band) was used locate the optical cavity resonance. A small percentage of 

the input laser sent to a wavelength meter (λ-meter) via a 90:10 coupler (BS) enabled a stabilized laser 

frequency position. For measurements displayed in Figure 3, the laser was coupled directly to a variable 

optical attenuator (VOA), while high power measurements displayed in Figure 4 used an erbium doped 

fiber amplifier (EDFA) to boost the input power. A tunable filter placed after the EDFA removed the 

majority of amplified spontaneous emission (ASE) from the transmitted signal. After the VOA, the laser 

light was first sent through a fiber polarization controller (FPC) to maximize coupling with the device 

under test, and then into the dimpled fiber taper. The dimpled fiber taper position with respect to the 

device under test was precisely controlled via motorized stages with 50 nm encoder resolution. Optical 

scans of the device under test were initially collected with the dimpled fiber taper hovering above the 

device, to evaluate the optical cavity parameters under weak fiber coupling. For final measurements, the 

dimpled fiber was placed in direct contact with the device under test, in a position such as to maximize 

coupling while minimizing parasitic losses due to dielectric loading of the cavity by the silica fiber taper. 

A 2 x 2 fiber switch (SW2) was used to control the direction of light through the device region and allow 

for precise calibration of insertion and bidirectional coupling losses. After passing the device, the  
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Figure 5.7 | Optical and mechanical mode spectroscopy. (a) Schematic of the 

fiber-optical set up for optical and mechanical mode spectroscopy (see Methods 

for description of symbols), with an optical micrograph of the dimpled fiber taper 

in contact with the diamond optomechanical crystal device under test. (b) 

Normalized optical transmission spectrum, centered at λo = 1532.4 nm (ωo/2π = 

196 THz), of a diamond optomechanical crystal measured with the dimpled fiber 

taper hovering (black circles) and touching (blue circles) the device, with 

corresponding Lorentzian fits indicated by solid red lines. With the dimpled fiber 

taper in contact with the device, the Lorentzian fit yields an optical linewidth of 

19.5 pm and ~ 57% on-resonance transmission, corresponding to a measured total 

and intrinsic optical Q-factor of 7.85 x 104 and 1.20 x 105, respectively. (c) 

Optically transduced power spectral density of the fundamental ‘flapping’ mode 

at ωm/2π = 6.023 GHz. Note, this mechanical spectrum was collected at low input 

laser powers and reveals the thermal Brownian motion of the cavity. The 

Lorentzian fit, indicated by the solid red curve, estimates a mechanical Q-factor of 

~ 3800. (d) Measured mechanical linewidth (γ) collected at laser detuning of Δ = 

+ωm (red circles) and Δ = –ωm (blue circles). Black circles indicate the intrinsic 

mechanical linewidth values (γi) obtained by taking the average of the detuned 

data. An average value of γi/2π = 1.63 +/- 0.012 MHz is estimated from the plot. 

(e) The optomechanically induced damping (γOM, black squares), calculated by 

subtracting γi from the blue-detuned mechanical linewidths, plotted versus 

intracavity photon number. A linear fit (red line) yields go/2π = 101 kHz. The (f) 

optically amplified mechanical loss rate and (g) optical spring shifted mechanical 

frequency measured as a function of laser frequency blue detuned from the cavity, 

at an constant intercavity photon number of  nc = 2.5 x 104. Fits to (f) and (g) 

yield γi/2π = 1.60 MHz and go/2π = 102 kHz, consistent with values estimated 

from mechanical linewidths versus intercavity photon number. 
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transmitted signal was switched between a low speed and high speed path, in order to collect the optical 

cavity spectrum and mechanical cavity spectrum respectively. In the high speed path, transmitted laser 

light is optically amplified by a second EDFA and then detected by a high-speed photodetector (D1, New 

Focus 1554-B, 12 GHz bandwidth). The high speed detector is connected to a real-time spectrum analyzer 

(RSA) to measure photocurrent electronic power spectrum and monitor the mechanical cavity response. 

In the low speed path, transmitted laser light is sent to a nanosecond photodetector (D2) used to measure 

the DC transmission response of the optical cavity. 

A Lorentzian fit to the optical cavity resonance gives a measured total and intrinsic optical Q-factor of 

7.85 x 104 and 1.20 x 105, respectively. The corresponding total cavity decay rate, fiber taper coupling 

rate, and intrinsic optical decay rate are κ/2π = 2.49 GHz, κe/2π = 0.86 GHz, and κi/2π = 1.63 GHz, 

respectively. With the expected diamond OMC mechanical resonance at ~ 6 GHz, the optical cavity 

decay rate places the optomechanical system into the resolved sideband regime, with ωm/κ ~ 2.42. In this 

regime, while the input laser is either red- or blue-detuned from the optical cavity position by a 

mechanical frequency (Δ = (ωo – ωl) = ± ωm), mechanical motion of the acoustic mode modulates 

transmitted light, giving rise to a sideband of the input laser resonant with the optical cavity.  The other 

first-order motional sideband (which is not resonant with the optical cavity) is suppressed in this scenario.  

As a result, mechanical motion produces an intensity modulation in the radio frequency (RF) power 

spectrum of the photodetector. The RF spectrum of thermally excited mechanical mode at room 

temperature (i.e., thermal Brownian motion) is shown in Figure 5.7 (c), and reveals a Lorentzian 

mechanical resonance of the diamond OMC centered at ωm/2π = 6.023 GHz with a Qm ~ 3800. This 

corresponds to a f·Q product of ~ 2.3 x 1013 Hz, which is among the highest demonstrated for either a bulk 

or small-scale diamond mechanical oscillator at room temperature [16, 80, 86, 183]. 

With the aforementioned laser detuning conditions, optomechanical backaction causes an additional 

damping rate in the resolved-sideband limit [184]: 
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  (5.13) 

 

for Δ = ± ωm, where nc is the intracavity photon number, calculated from the input laser power (Pi) by 

the relation: 
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Figure 5.7 (d) plots a series of mechanical linewidth taken with both red- and blue-sideband laser 

detuning as a function of input power, to the maximum output of the laser (nc ~ 31,000 photons). The 

effects of backaction are clearly visible, and from the mean value extracted from γred and γblue data points, 

the estimated intrinsic mechanical linewidth is γi = 1.63 +/- 0.01 MHz. The optomechanical coupling rate, 

calculated as γOM = γi – γblue, is plotted versus nc in Figure 5.7 (e), where a linear fit yields a single-photon 

optomechanical coupling rate of go/2π = 101 kHz. This estimate differs only slightly from our design, 

which we attribute to uncertainty in the photo-elastic constants of diamond at telecom frequencies. To 

verify our estimate of γi and go, the laser frequency was first blue-detuned and then swept between Δ = ωm 

± κ while maintaining a constant nc, thus tracing the optically amplified mechanical damping rate (Figure 

5.7 (f)) and the optical spring shifted mechanical frequency (Figure 5.7 (g)). Fits to this data followed 

expressions for the optical springing and damping terms [184], given by: 
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These fits yielded a second estimate of γi = 1.60 MHz and go = 102 kHz, in close agreement with the 

previously stated values. A static thermal softening of the diamond material likely causes the slight 

deviation of data in Figure 5.7 (g) from a pure radiation-pressure driven back-action optical spring effect. 

As the detuning approaches zero and the laser enters the cavity resonance, the diamond OMC temperature 

is raised due to non-negligible linear optical absorption, resulting in thermal expansion and a reduction in 

Young’s modulus [185]. 

 

5.4 HIGH POWER OPTOMECHANICAL TRANSDUCTION AND PHONON 

LASING 

 

To drive γOM beyond the level reached with the tunable laser output alone, an erbium doped fiber 

amplifier (EDFA) was inserted after the pump laser to enable large nc. Figure 4 (a) plots the mechanical 

linewidth at high input powers, with the laser blue-detuned by a mechanical frequency, while Figure 4 (b) 

plots corresponding cooperativity values, C = γOM/γi, calculated with the previously determined γi. At an 

input power corresponding to approximately nc ~ 105, the diamond OMC reached C ~ 1, exciting the 

mechanical cavity into large amplitude optomechanical self-oscillations, so-called “phonon lasing” [178]. 



85 
 

Mechanical spectra of the diamond OMC taken below, at, and above this phonon lasing threshold (shown 

in Figure 5.8 (c)) show an over 60 dB increase in peak amplitude, with a threshold input power of nc,thr ~ 

105.  

For a second diamond OMC device, a similar measurement scheme was carried out, with nc increased 

beyond the observed phonon lasing threshold. The relevant parameters experimentally extracted for this 

device (λo Qi, κ/2π, ωm/2π, γi/2π, go/2π) = (1544.5 nm, 1.54 x 105, 2.62 GHz, 6.13 GHz, 1.74 MHz, 106 

kHz), yielded a nc,thr > 9.0 x 104 (as represented by the vertical dashed blue line in Figure 5.8 (e)). By 

increasing nc beyond this value with the laser tuned to the red motional sideband, a final cooperativity 

value  C ~ 1.8 was reached at an optical cavity occupation of nc ~ 1.7 x 105 photons (see Figure 5.8 (f)). 

Beyond this input power level, thermal-optic bistability shifts (likely originating from surface absorption) 

made it difficult to achieve precise laser detuning equal to the mechanical frequency, resulting in 

measured mechanical linewidths that deviate from the linear fit of the data. This established a second 

maximum power threshold (nc,max), indicated by the vertical dashed grey line. In relation to previous 

reported limits, diamond OMCs have an intracavity photon capacity over twice as large as OMC 

structures realized in silicon nitride [172, 173].  

With this result, we have demonstrated resolved sideband cavity-optomechanics in single-crystal 

diamond, where optomechanical coupling via radiation pressure was sufficient to exceed a cooperativity 

of ~ 1 for an intracavity photon population on the order of 105. Present devices also offer a promising 

platform for reaching much larger cooperativities when, for instance, operated at cryogenic temperatures, 

where mechanical Q-factors of diamond resonators have been shown to improve significantly [80]. 

Moreover, incorporating diamond color centers with monolithic OMCs is an interesting route to 

applications in quantum-nonlinear optomechanics. Diamond is rich in optically active defects (color 

centers), such as the nitrogen-vacancy (NV) center, which behave as atom-like systems in the solid state 

[40]. Recent experiments [84-88] exploring coherent coupling of the NV electronic spin to phonons in 
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Figure 5.8 | High power optomechanical transduction and phonon lasing. 

(a) Measured mechanical linewidths and (b) corresponding cooperativity values 

collected with the amplified pump laser resonant with the blue detuned motional 

sideband (Δ = –ωm), as a function of intracavity photon number (nc). Data points 

collected with (open squares) and without (black circles) the amplified pump laser 

are included. Note, the cooperativity values measured without the amplified pump 

were calculated using γOM data plotted in Figure 3 (e), using the previously 

measured intrinsic mechanical linewidth, γi/2π ~ 1.63 MHz. (c) Noise power 

spectral densities (NSPD) collected below, at, and above the input power 

threshold for phonon lasing. The large shoulder feature and small satellite peak in 

the above-threshold mechanical spectrum correspond to beating of the phonon 

laser line with low-frequency modes of the nanobeam structure. The inset (d) 

plots the peak NSPD amplitude versus input optical power, indicating the 

intracavity photon threshold for phonon lasing is at nc ~ 105. (e) Measured 

mechanical linewidths (γ) collected at laser detuning of Δ = +ωm (red circles) and 

Δ = –ωm (blue circles) as a function of input photon number for a second diamond 

optomechanical crystal device. Black circles indicate the intrinsic mechanical 

linewidth values (γi) obtained by taking the average of the detuned data, up to the 

phonon lasing threshold, nc,thr (indicated by the vertical blue dashed line). An 

average value of γi/2π = 1.74 MHz is estimated from the plot for this device. The 

onset of thermo-optically induced bistability shifts of the cavity resonance due to 

high intracavity photon population is indicated in (f) by the vertical grey dashed 

line. The inset shows the corresponding optomechanical cooperativity (C = γOM/γi, 

black squares) plotted versus intercavity photon number. A linear fit (red line) to 

the cooperativity values yields go/2π = 106 kHz for this device. 
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mechanical resonators via lattice strain have demonstrated manipulation of the NV spin state at large 

driven mechanical amplitudes, but remain far below the strong spin-phonon coupling regime. One way to 

boost this interaction would be to engineer truly nanoscale resonators, with feature sizes of a few hundred 

nm, and with frequencies in the hundreds of MHz to few GHz range – such mechanical modes would 

provide a large change in local strain per phonon [88]. The localized phononic modes of OMCs not only 

satisfy these requirements [186], but also are conveniently actuated and transduced with optical fields in 

the well-established telecom wavelength range. Diamond OMCs with integrated color centers may 

ultimately be used to map non-classical spin qubit states as well as quantum states of light onto phonons 

and vice-versa [89], and will enable fundamentally new ways to prepare, control, and read out the 

quantum states of diamond qubits. Lastly, individual diamond OMCs integrated into larger arrays coupled 

through phononic waveguides [187] could enable long-range spin-spin interactions mediated by phonons 

[188]. 
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Chapter 6 

Outlook 

 

With the angled-etching nanofabrication scheme presented in this thesis, we have shown single-

crystal diamond to be a viable nanophotonics platform, which will enable further breakthroughs in both 

classical and quantum optics. For instance, when fabricated around spectrally stable color centers, 

diamond nanobeam cavities will enable large enhancement of zero-phonon line emission via the Purcell 

effect, as well as efficient collection of emitted photons. As well, monolithic single-crystal diamond 

nanophotonic structures are ultimately compatible with post-growth color center incorporation techniques 

(high energy implantation) and post processing techniques needed to stabilize implantation-defined color 

centers, which often include high temperature (~ 1200oC) annealing [124-126]. In this outlook chapter, 

we describe recent experiments [189] conducted by the team of A. Sipahigil, R.E. Evans, and D.D. 

Sukachev, which we have collaborated with to realize efficient coupling of a SiV–color center to a 

diamond nanophotonic device fabricated by angled-etching. In this work, SiV– centers are 

deterministically positioned in fabricated diamond nanobeam cavities via targeted silicon implantation, 

followed by high temperature annealing. Substantial attenuation of resonant optical transmission by 

individual SiV– centers is observed, with the resonant scattering saturating at less than one photon per 

system’s bandwidth. This result represents an important step forward to the realization of fully integrated, 

scalable nanophotonic quantum devices. 
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6.1 SILICON VACANCY CENETERS COUPLED TO DIAMOND NANOBEAM 

CAVITIES 

 

The SiV– color center in diamond [55] boasts a unique set of properties for solid-state emitters. 

Specifically, its optical transitions are consistently near lifetime-broadened and the inhomogeneous 

distribution of an ensemble can be on the order of the lifetime-limited linewidth [59]. These properties 

originate from the inversion symmetry of the SiV– center, which results in a vanishing permanent electric 

dipole moment for the SiV–
 orbitals and a reduced sensitivity to external electric fields [60]. Optical 

transitions of the SiV– center are therefore protected from the charge dynamics in the solid-state 

environment that in typical systems result in broadened inhomogeneous distributions and spectral 

diffusion [190, 191]. This allows for integration of SiV– center in nanostructures while maintaining their 

spectral stability [61, 126].  

To leverage the robust optical transitions of the diamond SiV– center, individual emitters are 

deterministically positioned inside diamond nanobeam cavities fabricated by angled-etching (see Chapter 

4) with small mode volumes and large quality factors. Fabricated diamond nanobeam cavities (shown in 

Figures 6.1 (a) and (d)) consist of an anchor for mechanical support, a notch for free space-waveguide 

coupling, a waveguide section (no holes) on each side and a cavity defined by a gradually tapered set of 

holes. The cavity is designed [189] such that the cavity photons decay predominantly to the waveguide 

and the system has high transmission on resonance (see Appendix B for more details). To characterize the 

mode volumes of the diamond nanobeam cavities, a diamond substrate with a high and uniform density of 

SiV– centers across the nanocavity was studied. The cavity mode profiles in such samples were 

experimentally measured by monitoring the SiV– center fluorescence rate into the waveguide mode as a 

700 nm excitation laser was spatially scanned across the nanocavity. The resulting emission rates are 

shown in Figure 6.1 (c), for the cases when the fundamental (blue), and second order (red) mode of the 
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cavity were tuned on resonance with the SiV– center ensemble (achieved by gas condensation tuning). In 

this approach, the photon detection rate is proportional to the local intensity of the cavity mode resonant 

with the SiV– center ensemble. Using this technique, we infer a cavity mode volume of V ~ (λ/n)3 for the 

fundamental mode used in the experiment [189]. 

 

 

Figure 6.1 | Diamond nanocavities with deterministically positioned SiV– 

centers. (a) SEM image of nanophotonic crystal cavity and (b) simulated energy 

density profile of the cavity mode. (c) Experimental measurement of the cavity 

mode profile using a high and uniform density SiV– sample. Fluorescence in the 

waveguide mode (Ch. 3) is monitored as the excitation laser is spatially scanned 

across the nanocavity for first- (red) and second-order (blue) cavity resonances 

tuned to the SiV– transition. (d) After cavity fabrication, SiV– centers are 

deterministically positioned at the center of each cavity using focused Si+ ion 

beam implantation. (e) Fluorescence image using resonant excitation 

demonstrates near-resonant SiV– creation at the center of multiple cavities. Figure 

adapted with permission from Ref. [189]. 
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To obtain optimal coupling between the individual quantum emitter and the cavity mode in the 

integrated devices, the emitters are positioned at a field antinode using a focused Si+ ion beam to implant 

Si at the center of the cavity as shown in Figure 6.1 (c). The targeted implantation was followed by 

annealing of the sample at ~ 1175 oC in ultra-high vacuum to form SiV– defects and mitigate crystal 

damage from fabrication and implantation steps [124-126]. Targeted Si+ implantation allows arbitrary 

three-dimensional positioning of the emitters inside the cavity with sub-wavelength (close to ~ 40 nm) 

accuracy [189], in a highly flexible process that also allows for control over the isotope and number of 

implanted Si ions. Unlike approaches where nanophotonic structures are fabricated around pre-

characterized or randomly positioned solid-state emitters [167, 192, 193], targeted implantation allows 

scalable fabrication of thousands of SiV–-cavity nodes on a single diamond sample. As an example, 

Figure 6.1 (d) and (e) show an SEM with corresponding fluorescence image using a narrowband resonant 

excitation laser at frequency 406.706 THz. The observation of SiV– center fluorescence in different 

nanostructures demonstrates the presence of near resonant emitters in all SiV–-cavity nodes. A three-

channel confocal microscope is used to characterize the response of the coupled SiV–-cavity system. 

Using a high numerical aperture (NA = 0.95) objective, three spatially separated optical beams are 

focused on the nanostructure (as illustrated in Figures 6.1 (a)) and are used, respectively, to excite the 

waveguide mode (Ch. 1), to detect fluorescence and control the SiV– center (Ch. 2), and to detect 

transmission (Ch. 3). The excitation laser frequency (ν) is scanned across the SiV– resonance (νo) while 

we monitor the transmission and fluorescence field intensities (Figure 6.2 (a)). Three peaks are observed 

in fluorescence, corresponding to three SiV– centers in a single cavity [189]. Each of these three 

resonances results in strong extinction of the cavity transmission indicating that all three SiV– centers 

couple to the cavity mode. 
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Figure 6.2 | Response of the coupled SiV–-cavity system. (a) Transmission 

(blue) and SiV– fluorescence (red) are simultaneously measured as the excitation 

laser frequency, ν, is scanned across the SiV– resonance at νo/2π = 406.706 THz. 

Three SiV– centers are resonantly coupled to the cavity, resulting in suppressed 

transmission at the corresponding frequencies. (b) Optical transition linewidths 

with the cavity detuned (orange) and on resonance (red) with the atomic 

transition. On resonance, the transition is radiatively broadened from 298(5) to 

590(30) MHz (c) with a corresponding lifetime reduction from 1.8(1) to 0.6(1) ns 

due to the enhanced radiative decay. A single SiV– center results in strong 

extinction, ΔT/T = 38(3) %, in transmission. (d) Transmission and fluorescence 

response is nonlinear at the level of a single-photon per emitter lifetime. Atomic 

saturation at the single-photon level power broadens fluorescence (increased Δν) 

and reduces ΔT/T. Figure adapted with permission from Ref. [189]. 
 

The strength of the SiV–-cavity coupling can be directly evaluated using the data presented in Figures. 

6.2 (b) and (c). When the cavity is off-resonant with the emitter, the transition linewidth is γ = 298(5) 

MHz and the excited state has a lifetime of τe = 1.8(1) ns (yellow curves in Figures 6.2 (b) and 6.2 (c)). 

This is close to the lifetime-broadening limit with additional non-radiative broadening likely due to a 

combination of finite-temperature effects [64] and residual spectral diffusion. When the cavity is tuned on 

resonance, the optical transition linewidth is radiatively broadened to 590(30) MHz with a corresponding 
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reduction in lifetime τe as shown by the red curves in Figures 6.2 (b) and (c). At the same time, we find 

that a single SiV– center results in ΔT/T = 38(3) % extinction of the probe field in transmission. Based on 

the radiative broadening shown in Figure 6.2 (b), we infer a cooperativity of C = 4g2/κγ ~ 1 for the SiV–-

cavity system with cavity QED parameters (g, κ, γ) = 2π(2.1, 57, 0.30) GHz. This cooperativity estimate 

is consistent with the transmission extinction measured in Figure 6.2 (b) when effects associated with the 

multi-level structure of SiV– are accounted for [189]. To probe the nonlinear response of the system, the 

experiment in Figure 6.2 (b) was repeated at increasing probe intensities. As expected, we find that the 

atomic and system transmission response saturates at a level less than a single-photon per emitter lifetime 

(Figure 6.2 (d)), resulting in power broadening in fluorescence (Δν) and reduced extinction in 

transmission (ΔT/T) [189, 194].  

Having demonstrated an efficient interface between photons and a coherent solid-state quantum 

emitter, this SiV–-cavity coupled system was also used to implement a quantum optical switch controlled 

by switching the metastable state of an individual SiV– with an optical field. Photon correlation 

measurements were used to verify optical switching at a single photon level [189]. These observations 

open up unique possibilities for realizing scalable systems involving multiple emitters strongly coupled to 

nanoscale cavities with a number of potential applications in quantum information processing, quantum 

nonlinear optics and quantum communication. Specifically, efficient generation of indistinguishable 

single-photons with GHz bandwidth, realization of deterministic two-photon gates [195] and photonic 

Bell-state analyzers [196] become possible in an integrated solid-state platform. Moreover, systems 

involving multiple emitters per cavity as well as multiple atom-cavity nodes can be realized using our 

deterministic fabrication approach. Our observations in Figure 6.2 (a) already demonstrate that strong 

coupling of three emitters to the same cavity mode is possible. This, coupled with further advances in 

photon collection efficiency (such as that demonstrated in Chapter 4) and improved diamond nanobeam 

cavity design and fabrication, will ultimately yield fully integrated, scalable quantum photonic networks.  
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Appendix A 

Diamond one-dimensional photonic crystal 

“nanobeam cavity” design 

The one dimensional diamond photonic crystal cavity structure (referred to simply as “nanobeam 

cavity”) discussed in Chapter 4 was conceived using previously developed design principles [153, 154]. 

Our nanobeam cavity design consists of a triangular cross-section diamond waveguide perforated with a 

chirped lattice of elliptically-shaped air holes. The base triangular cross-section unit cell (Figure B.1 (a)), 

is parameterized by the etch angle (θ), width (w), lattice constant (a), and major and minor elliptical air 

hole diameters (dz, dx). Note, based on optimized fabrication processes (see Chapter 2), the unit cell etch 

angle (designated as the semi angle at the bottom apex of the triangular cross-section) was fixed at either 

θ = 35o or θ = 50o in our design. 

Figure A.1 (b) displays a representative photonic bandstructure for a nominal unit cell with θ = 50o 

and (a, w, dz, dx) = (260, 470, 140, 140) nm. Here, quasi-transverse electric (TE-like, solid black lines) 

and quasi-transverse magnetic (TM-like, dashed blue lines) guided modes exist below a continuum of 

leaky and radiation modes bounded the light line (grey shaded region), and give rise to symmetry based 

bandgaps sufficient to realize highly localized resonances. In our convention, the TE-like modes have odd 

vector symmetry with respect to the reflection across the y = 0 longitudinal symmetry plane of the 

nanobeam (see Figure B.1 (a) for coordinate conventions). With the chosen unit cell dimensions, a large 

TE-like bandgap spanning ~ 390 to 460 THz exists (indicated by the pink shaded region in Figure A.1). 



95 
 

Therefore, these particular unit cell dimensions are suitable for localizing TE-like cavity modes at visible 

wavelengths. 

 

Figure A.1 | Diamond nanobeam cavity design. (a) Schematic representation 

of a nominal triangular cross-section diamond unit cell as fabricated by angled-

etching. The unit cell is parameterized by the etch angle (θ), width (w), lattice 

constant (a), and major and minor elliptical air hole diameters (dz, dx). 

Corresponding (b) photonic bandstructure of a nominal unit cell with θ = 50o and 

(a, w, dz, dx) = (260, 470, 140, 140) nm. In (b), the grey shaded region indicates 

the continuum of radiation and leaky modes that exist above the light line for the 

structure. Below the light line, supported transverse electric (TE-like) and 

transverse magnetic (TM-like) guided modes are indicted by solid black and 

dashed blue lines, respectively. A quasi-bandgap based on symmetry for the TE-

like guide modes is indicated by the pink shaded region. (c) Schematic of the air 

hole 16-hole array cavity design with the air hole aspect ratio (dz/dx) plotted as a 

function of mirror segment number. (d) Normalized optical Ey field profile of the 

fundamental localized cavity mode of diamond nanobeam cavity design in (c). 

The fundamental cavity resonance for this design with the unit cell dimensions 

used to calculate the photonic bandstructure in (b) is at λTE = 743 nm, designated 

by the dashed red line in (b). 
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In our design, hole-to-hole spacing (“periodicity”) is kept constant throughout the lattice of air holes, 

and the optical cavity is localized by quadratically tapering the major elliptical air hole diameter, dz, as 

depicted in Figure A.1 (c) for a 16-hole array on each side of the x-axis mirror plane. Specifically, the 

major elliptical air hole diameter is dz = dx at the ends of the air hole array, and is scaled to dz = 1.67dx at 

the array center. This gradual tapering gives rise to linearly increasing mirror strength (from the x = 0 

plane outward) along the waveguide (symmetric about the cavity x-axis mirror plane), thus achieving a 

Gaussian-like attenuation profile of the localized cavity mode. As was demonstrated elsewhere, a 

Gaussian-like attenuation minimizes the spatial Fourier harmonics of the cavity mode inside the 

lightcone, thereby maximizing its radiation Q-factor (Qrad) [154]. The total cavity loss is comprised of 

both radiation losses into free-space (denoted Qrad) and coupling losses to the feeding waveguide (denoted 

Qwg). Conveniently, Qwg may be independently increased by simply adding more mirror segments along 

the waveguide.   

To calculate the cavity design optical resonances and losses, we employed finite-difference time-

domain methods (FDTD, Lumerical Solutions Inc.). For the unit cell dimensions used to calculate the 

bandstructure in Figure B.1 (a), the fundamental TE-like cavity resonance is located at λTE = 743 nm, 

which is designated by the dashed red line in Figure A.1 (b). By the angled-etching process, the diamond 

nanobeam thickness (t) is intrinsically linked to its width (w) by the etch angle (θ), via the relationship

. Thus, with the scale (conformal) invariance of Maxwell’s equations, global scaling of 

the nanobeam cavity dimensions (with a fixed etch angle) results in tuning of the cavity resonance while 

maintaining all cavity figures of merit (i.e. Q-factor and mode volume). For this reason, we parameterized 

the nanobeam cavity design by the target fundamental TE-like cavity mode resonance wavelength, λTE. 

Diamond nanobeam cavity design parameters (as confirmed by FDTD simulations) are summarized in 

Table B.1 for etch angles of θ = 35o or θ = 50o.  

 

 tan2wt 
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Table A.1 | Diamond nanobeam cavity design parameters. Design 

parameters parameterized by the target fundamental TE-like cavity mode 

resonance wavelength, λTE, as confirmed by FDTD simulations. The major 

elliptical air hole diameter is dz = dx at the ends of the air hole array, and is scaled 

to dz = 1.67dx at the array center. 

 

 

The cavity figures of merit generated from FDTD simulations were the cavity mode volume (V), and 

the partial optical Q-factors (Qrad, Qwg). From the partial optical Q-factors, the total cavity loss (Qtot) is 

given by the relation: 
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Additionally, the on-resonance transmission of the fundamental cavity mode was calculated by the 

relation [153]: 
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Etch angle         

(θ )

Lattice 

constant        

(a )

Width        

(w )

Minor 

diameter 

(dx )

35
o

0.319λTE 0.580λTE 0.174λTE

50
o

0.349λTE 0.653λTE 0.191λTE



98 
 

Table A.2 summarizes the cavity figures of merit for our quadratically tapered cavity design 

(assuming an etch angle of θ = 50o) with an 11-hole, 16-hole, 21-hole, and 31-hole array (symmetric 

about the x = 0 mirror plane). Note, the length of air hole array has minimal effect of the location of the 

fundamental TE-like cavity resonance position. Since radiation losses of the fabricated structure are 

typically limited by scattering due to fabrication imperfections (primarily surface roughness), the number 

of mirror segments in the final cavity design is generally chosen to fix Qwg to the same order as the Qtot, 

thus achieving a waveguide damped cavity where the majority of optical energy leaks into the feeding 

diamond waveguide (preferred for integrated nanophotonic networks).  With currently optimized angled-

etching fabrication parameters [133], this corresponded to a cavity design with a 31-hole array for devices 

operating telecom frequencies, and 16-hole array operating at visible frequencies. Devices intended for 

operation at shorter wavelengths suffer from increased fabrication induced scattering losses and greater 

discrepancy between final structure and design dimensions due to limits of electron beam lithography. 

 

Table A.2 | Diamond nanobeam cavity design figures of merit. Mode 

volume, partial Q-factors, and on-resonance transmission for the fundamental TE-

like resonance of a diamond nanobeam cavity with an etch angle of θ = 50o, as 

confirmed by FDTD simulations. 

 

 

 

 

Array    

length        

(#)

Mode 

volume         

(V )

Radiation 

losses 

(Q rad )

Waveguide 

losses 

(Q wg )

Total          

losses 

(Q tot )

On-resonance 

transmission 

(T )

31 2.37( λ /n)
3

3.7x10
7

3.3x10
6

3.3x10
6 83%

21 2.06( λ /n)
3

1.9x10
6

6.3x10
4

6.1x10
4 92%

16 1.8( λ /n)
3

3.2x10
5

9.8x10
3

1.0x10
4 94%

11 2.49( λ /n)
3

5.8x10
4

1.5x10
3

1.1x10
3 95%
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Appendix B 

Transmission electron microscopy study of 

angled-etched diamond nanobeams 

 

In Chapter 2 (Section 2.4), the post-fabrication device inspection methods were describe, including 

the destructive stamping of angled-etched diamond nanobeams onto silver coated substrates. With 

diamond nanobeams liberated on a silver film, it is also possible to individually manipulate a nanobeam 

via a tungsten probe tip controlled by a micromanipulator (i.e. an Omniprobe system). Since the diamond 

nanobeams are already broken off from their host diamond substrate, large forces are not necessary to 

remove a targeted specimen. As such, diamond nanobeams were prepared for imaging in a transmission 

electron microscope (TEM), in order to reveal additional nanoscale aspects of the angled-etched 

structures. Preparation of diamond nanobeams for TEM imaging began by locating selected nanobeams 

under the electron probe of a dual beam SEM-FIB (Zeiss NVision) loaded with an Omniprobe system and 

local ion/electron assisted deposition. Next, the Omniprobe tungsten probe tip was lowered next to one 

edge of the structure (as seen in Figure B.1 (a)). All monitoring of the probe position was done under the 

electron probe, so as to not induce any crystal damage by exposure to high energy Ga+ of the FIB. As 

well, extended exposure of the full nanobeam structure to the electron probe was minimized in order to 

avoid excess redeposition of amorphous carbon on the diamond surface. Once the tungsten probe tip was 

next to the diamond structure, it was used to first un-adhere the diamond nanobeam from the silver film 

(i.e. break the strong van der Waals interaction). Surprisingly, this required several steps as the diamond 

nanobeam was strongly adhered to the silver. First, the probe was used to release one side of the structure, 

bending it almost to ~ 15o from the nanobeam long axis. Further bending would cause a sudden release of 
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the beam and it would be lost to the chamber vacuum. The second step was to bend the nanobeam from 

the opposite edge, again about 15o. By doing so, the full nanobeam structure would rotate and completely 

un-adhere from the silver, thus being free and ready to pick off by the tungsten probe tip. Without this 

initial manipulation, the diamond nanobeam could not be picked off and transferred to a suitable TEM 

lift-out grid. Though the diamond nanobeam structure is significantly deformed through bending with the 

tungsten probe tip, any plastic strain and dislocations introduced are likely concentrated to the small 

linkages at the top and bottom of the air holes, and not in the large triangular dielectric slabs in between. 

As well, the deformation is localized to the edges of the nanobeam and not the center, where TEM 

imaging can take place.  

Once the diamond nanobeam was freed from the silver, it was removed entirely from the substrate by 

attachment to the tungsten probe tip. This was done by localized platinum deposition using electron beam 

assisted deposition from a metal-organic source vapor bleed into the chamber near the sample (Figure B.1 

(b)).  The electron beam was again used to facilitate this deposition to avoid Ga+ beam exposure and 

milling of the diamond nanobeam. Once a sufficiently sized platinum weld between the tungsten probe tip 

and diamond nanobeam was deposited, the diamond nanobeam was picked off the substrate and 

transferred to a post of a copper TEM lift-out grid. To attach the diamond nanobeam to the copper TEM 

lift-out grid post, a similar platinum weld was deposited with the electron beam (Figure B.1 (c)). Care was 

taken to avoid running the diamond nanobeam into the copper structure, so that excessive bends/twists 

and further plastic strain would not be introduced into the diamond structure. Once the diamond 

nanobeam was successfully attached to the copper grid, it was then released from the tungsten probe tip 

using the Ga+ ion beam (Figure B.1 (d)). A quick single pass raster scan of the FIB at low current was 

done to locate the beam and tungsten tip, followed by localized milling at the tip-nanobeam attachment 

point. Once the attachment point was removed by FIB milling, the nanobeam transfer was complete 

(Figure B.1 (e)). The total time for this process was ~ 1 to 2 hours per beam. Despite best efforts, 

redeposition of carbon and platinum was significant near the ends of the beam. However, given the long 
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nanobeam length, a large region in the center of the structure was virtually clear of any foreign material 

introduced during sample prep.  

 

 

Figure B.1 | Preparation of diamond nanobeams for TEM imaging. (a) The 

micromanipulator controlled tungsten tip (Omniprobe) installed within the SEM-

FIB dual beam system is used to first dislodge a selected diamond nanobeam by 

bending it up to ~ 15o laterally at one end. This is repeated on the opposite end of 

the diamond nanobeam to achieve a specimen fully un-adhered from the 

supporting silver substrate. (b) The diamond nanobeam is attached to the tungsten 

tip via localized electron beam assisted platinum deposition. Following deposition 

of the platinum weld, the diamond nanobeam is transported to the copper TEM 

lift-out grid. (c) The diamond nanobeam is attached to a post of the copper TEM 

lift-out grid via a second platinum weld.  The call out shows a zoomed in image 

of localized electron beam assisted platinum deposit. (d) The tungsten tip is 

removed from the diamond nanobeam by localized milling with the focused Ga+ 

ion beam. (e) After removing the tungsten tip, the diamond nanobeam is securely 

fastened to the copper TEM lift-out grid post.  
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Figure B.2 reveals a series of TEM images (taken at 200 kV in a JEOL 2100 TEM) of the prepared 

diamond nanobeams previously described.  Figure B.2 (a) shows a bright-field TEM image of a single 

unit cell of the diamond nanobeam cavity, taken near the middle of the structure. A corresponding 

electron diffraction pattern is shown in Figure B.2 (b) confirming the single-crystal nature of the diamond 

specimen. Immediately, significant thickness fringes are observed in the bright-field TEM image, 

attributed to the triangular cross-section. However, a second interesting feature which was not obvious 

during SEM analysis is now apparent. In the vicinity of the bottom apex of the diamond nanobeam cross-

section – refer to the close up bright-field image shown in Figure B.2 (c) – the distinct thickness fringes 

are no longer visible, indicating there is a large region of extremely thin diamond (or potentially graphite). 

As well, there appears to be a beveled nature to the side-profile of this region of diamond. High-

magnification images at the immediate edge of the bottom apex region indicate the triangular cross-

section reaches an extremely fine tip, with an edge roughness < 5 nm. This extremely thin region of 

diamond at the bottom apex of the diamond nanobeam cross-section suggests that angled-etching of this 

particular structure was actually incomplete, and an excess of diamond remains on the structure. The true 

bottom apex of the structure is likely located at the point where the dominant thickness fringes end. It is 

possible that this extra material due to incomplete angled-etching has a significant impact on the optical 

mode supported by the entire structure, and may actually contribute to optical losses in the device. Further 

confirmation that this region of thin diamond at the bottom of the structure resulted from incomplete 

etching is given by dark-field images show in Figures B.2 (f) and (g). Here, different placement of the 

TEM objective aperture allows two sets of fringes to be illuminated in the structure. In Figure B.2 (f), a 

set of illuminated thickness fringes which are very closely spaced and localized to the region of extremely 

thin diamond are apparent. However, slight adjustment of the objective aperture yields the dark-field 

image in Figure B.2 (g), which reveals illuminated fringes similar to those apparent in the bright-field 

image in Figure B.2 (c). Therefore, the region of extremely thin diamond in the immediate vicinity of the 

bottom apex of the triangular cross-section likely has a different slope than the angled-etched surfaces of 

the diamond structure. This again confirms our suspicion that there is excess diamond material at the 
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bottom of the structure resulting from incomplete angled-etching. Removal of this thin material in future 

device fabrication may also yield improved optical losses in diamond nanobeam cavities.  

 

 

 

Figure B.2 | Transmission electron microscopy and electron diffraction of 

diamond nanobeam photonic crystal cavities. (a) Bright-field TEM image of a 

diamond nanobeam photonic crystal unit cell, with (b) corresponding electron 

diffraction. (c) Zoomed in bright-field TEM image of the triangular cross-section 

bottom apex, with high-resolution images of the thinnest regions shown in (d) and 

(e). Dark-field TEM images of the triangular cross-section bottom apex revealing 

two different regions of thickness fringes. 
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