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Abstract

The negatively charged nitrogen vacancy (NV) defect center in diamond is a promis-
ing solid-state qubit due to its exceptional spin and optical properties. In this the-
sis, we develop high-yield, efficient spin-photon interfaces in diamond. In particu-
lar, we demonstrate a process that produces dielectic reflectors and photonic crystal
nanobeam cavities directly on the surface of bulk diamond. Our results pave the way
towards a scalable network of entangled quantum registers based on spin qubits in
diamond.
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Chapter 1

Parabolic reflectors in bulk diamond

for enhanced collection efficiency

Diamond is a host to many promising solid-state qubits such as the nitrogen-vacancy

(NV) center, silicon-vacancy center, germanium-vacancy center, and many more.

For applications in quantum information processing as well as in quantum-enhanced

metrology, the emitted photon from the NV center must be efficiently collected[1, 2].

However, only photons emitted within a half-cone angle of sin- 1(1/n) = 240 can be

collected due to the high refractive index when they are within bulk diamond (n

2.4), limiting the maximum collection efficiency to ~5%.

Previous works have overcome total internal refraction (TIR) by fabricating solid-

immersion lenses (SIL) on individual NV centers [3, 41. This approach effectively in-

creases the numerical aperture by n; therefore, only emission in the upper hemisphere

can be extracted from the diamond. Further, the emission from such a structure is

not highly directional, and SILs demonstrated so far were produced by focused ion

beam (FIB) milling, which is a sequential and overall slow process.

In this chapter, a microfabricated structure that allows for broadband collection of

70-80% of the emission from the NV zero-phonon line (ZPL) and phonon sideband

is presented. The structure is presented in Figure 1-1(a). Total internal refraction

is used to reflect photons emitted into solid angles of ~ [tan-1 (r/h), - tan-'(r/h)]

where r and h are the radius and height of the structure, respectively. To improve

15
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Figure 1-1: Emission from the NV center is redirected such that >60-80% can be
efficiently collected from one direction
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Figure 1-2: Emission pattern for dipole in a reflector with (f, h) = (0.1, 2.5) fum: (a)
horizontal, in-plane orientation (b) horizontal, out of-plane orientation (c) vertical
orientation. Emission pattern for dipole in a reflector with (f, h) = (0.1, 5) /Lm: (a)
horizontal, in-plane orientation (b) horizontal, out of-plane orientation (c) vertical
orientation

directionality, the structure should be paraboloidal with the emitter located at the

focal point. In the next sections, the design of the structure is further discussed and a

method to produce numerous such structures is presented. Experimental results are

then described and future work is subsequently discussed.

1.1 Device principle

To maintain narrow linewidths and stable optical transitions at low temperatures,

deep (<100 nm) NV centers are preferred [5]. Therefore, a focus of f = 100 nm

equivalent to the NV implantation depth (from Stopping and Range of Ions in Matter

(SRIM) simulations) is chosen. The equation of a parabola
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can be parametrized by its focus alone. However, the height (or the radius) should

also be considered because the fraction of emission into the lower hemisphere that is

redirected by the structure is determined by the aspect ratio. The emission patterns

for an optical dipole with horizontal in-plane, horizontal out-of-plane and vertical

orientation are shown in Figure 1-2(a-c), respectively, for (f, h) = (0.1, 2.5) pm and

for (f, h) = (0.1, 5) 1tsm in Figure 1-2(d-f), respectively. The collection efficiency

for A = 637 nm as a function of height is shown in Figure 1-3(a). As expected,

the collection efficiency is constant for increasing height within NA = 1.3, and the

collection efficiency increases with height for NA = 0.5. Solid (dashed) lines indicate

an optical dipole oriented perpendicular (parallel) to the reflector axis. Since the

reflector has a cylindrical symmetry, the collection efficiencies for an arbitrary dipole

orientation must lie within the shaded areas, as verified by finite-difference time-

domain simulations.

At h = 5 pm, the collection efficiency initially increases with focus and remains

constant after f = 50 nm, as shown in Figure 1-3(b). This high collection efficiency

is maintained across the NV ZPL and phonon sideband, as shown in Figure 1-4. The

collection efficiency from a NV in a parabolic reflector is 15x greater than that from

planar bulk diamond.

Although other photonic devices in bulk diamond can in principle achieve higher

collection efficiencies, they are typically sensitive to emitter displacement and fabri-

cation imperfections. As such, count rates of -1 Mega counts per second (Mcps) are

typically reported. Such count rates are comparable to that obtained from NV in a

SIL. The drop in performance is expected as these devices are based on waveguides,

interference or cavity effects, all of which depend sensitively on the emitter's posi-

tion. As in the case of the SIL, the enhancement of collection efficiency here is due

to geometrical considerations and as such the structure would be robust to emitter

displacement and fabrication imperfections.

The sensitivity to vertical and lateral displacements are shown in Figure 1-5(a-b).

hen the emitter is 500 nm below the focal plane, the reflector maintains a collection

efficiency within 75% (20%) of its maximum value and retains its maximum collection

18
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Figure 1-3: Solid (dashed) lines indicate a dipole oriented perpendicular (parallel) to
the reflector axis. In (a), the height of the reflector is increased (focus = 100 nm). In
(b) the focus is increased (height = 5 pm).
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Figure 1-4: More than 60(70)% of the NV emission is redirected to within an NA
of 0.5 (1.3), showing high efficiency and directionality. The collection efficiency is
enhanced by 15X when the NV is placed in a reflector compared to an NV in planar
bulk diamond. Solid (dashed) lines indicate a dipole oriented perpendicular (parallel)
to the reflector axis. f = 100 nm and h = 5pum.
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Figure 1-5: The reflector is robust to emitters that are (a) vertically and (b) laterally
displaced from the focus. Solid (dashed) lines indicate a dipole oriented perpendicular
(parallel) to the reflector axis. When the emitter is 500 nm below the focal plane, the
reflector maintains a collection efficiency within 75% (20%) of its maximum value and
retains its maximum collection efficiency for laterally displaced emitters. Therefore,
the parabolic reflector is robust to both targeted fabrication and implanted NVs
(where straggle is typically ~40 nm3 ).

efficiency for laterally displaced emitters. Therefore, the parabolic reflector is robust

to both targeted fabrication and implanted NVs (where straggle is typically ~40

nm3). For vertically displaced emitters, the collection efficiency can be boosted by

truncating the paraboloid such that upward emission that is within a half-cone of the

critical angle is replaced with a surface that fulfills the TIR condition, as discussed

further in the next section.
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1.2 Fabrication of parabolic reflectors

Grayscale etching is required in order to incorporate standard oxygen plasma-based

RIE processes, which are known to preserve the spin coherence of NV centers [6]).

However, grayscale patterning is difficult to achieve with through electron beam

lithography. Focused ion beam (FIB) milling is one relatively straightforward tech-

nique to carve 3D surfaces in diamond. However, it is a serial technique with low

throughput. Further, heavy gallium ions are damaging and can be implanted in the di-

amond lattice in this process [3]. In this section, a novel approach based on standard

top-down reactive-ion etching (RIE) is developed to fabricate parabolic structures.

The fabrication process is shown in Figure 1-6.

First, NV centers are created in a 1 mm x 1 mm x 20 pm bulk diamond through

a combination of nitrogen implantation and high temperature annealing, as detailed

in Chapter 3. Then, global and local alignment marks are etched into the bulk di-

amond. NV centers are localized to within -30 nm and registered with a widefield

characterization setup. This procedure is also described in Chapter 5. As shown in

Figure 1-6(b), a silicon nitride (SiN) hard mask is then deposited on the diamond

chip. Electron beam resist (EBR) is then spincoated on the hard mask, and electron

beam lithography (EBL) defines an annulus in the EBR over the registered NV cen-

ter. The EBR is then thermally reflowed above its glass transition temperature to

assume a hemispherical profile. The pattern is then transferred into the SiN using

fluorine-based RIE chemistry as shown in Figure 1-6(d). Due to the different etch

rates in RIE, the etched SiN hardmask departs from being hemispherical to become

paraboloidal. Here, both the SiN and EBR thickness are optimized parameters for a

particular etch selectivity. Finally, the SiN pattern is transferred into bulk diamond

using inductively coupled oxygen plasma reactive-ion etching (ICP-RIE). At this step,

the etch is terminated before the center of the diamond paraboloid is subjected to

etching to protect the single NV centers, resulting in a truncated parabolic reflector.

In addition, as we will demonstrate, such structures also provide superior collection

efficiency and signifcant tolerance to emitter straggle. The resulting reflectors (with-
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a)(b) (C) (d) (0

Figure 1-6: Process flow for producing parabolic reflectors in diamond. (a) First,
global and local alignment marks are etched in diamond and NV centers are localized
and registered (See Chapter 5). (b) Silicon nitride, which serves as our hard mask,
is deposited and positive-tone electron beam resist is spincoated on the hard mask.
An annulus is defined in the resist by electron beam lithography. (c) The resist is
reflowed at its glass transition temperature. (d) The resist pattern is transferred into
the hard mask by reactive-ion etching. (e) Paraboloids are etched into diamond by
inductively coupled plasma reactive-ion etching.
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Figure 1-7: Scanning electron micrograph of an array of parabolic reflectors fabricated
using the process in Figure 1-6.

out NV localization) are shown in Figure 1-7. Deterministic placement of parabolic

reflectors on registered NV centers is shown in Figure 1-8.

Reflectors that contain a single NV center are studied in a confocal photolumi-

nescence microscope and their surface qualities are characterized using atomic force

microscopy (AFM). The AFM cross-section of a truncated Reflector A is shown in

black in Figure 1-9(a) along with the location of its single NV. As shown, the cross-

section is parabolic (red) with a focal plane of Az = 480 nm from the NV. As

discussed, truncated paraboloids can further boost the collection efficiency by redi-

recting incident photons that make an angle of 0 < Ocrc with the paraboloid. The

collection efficiency of a truncated paraboloid is examined in Figures 1-9(b-d). For a

perfectly located emitter i.e. Az = 0 nm, the paraboloid surface from h - 30 nm do

24
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Figure 1-8: Scanning electron micrograph demonstrating deterministic placement of
reflectors on registered NV centers.
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not contribute to TIR; truncating at this plane would boost the efficiency by 2-3%

(curves in Figure 1-9(d) gray and blue). This gain is small and requires more strin-

gent fabrication precision. However, the truncation is particularly useful for vertically

displaced emitters such as the NV in Reflector A. In particular, the ideal plane to

truncate Reflector A is indicated by the gray dashed line in Figure 1-9(c) and the

actual truncated plane is indicated by the blue solid line. As shown in Figure 1-9(d),

when the NV resides at Az =480 nm and the paraboloid is truncated, the collection

efficiency increases from -60% (gray curve) to -87% (red curve).

1.3 Photon flux exceeding 1 Mcps

The parabolic reflectors is characterized in a homebuilt confocal fluorescence micro-

scope (10OX oil immersion objective, NA = 1.3). The diamond is placed on a "No.1"

cover slip and imaged from the bottom as shown in Figure 1-10(b). NV centers are

excited with a 532 nm diode laser and their photoluminescence spectra are recorded.

NV centers are confirmed by their distinct spectra and optically detected magnetic

resonance. About 1 in 10 of the fabricated structures contains single NV centers, as

verified by second-order correlation measurements. (Annealing the diamond could

increase the NV yield.).

After single NV centers have been confirmed, their count rates as a function of

incident power are recorded. The count rate is fitted to a two-level emitter saturation

model

I(P) = at P + cP + dark counts (1.2)
Psat + P

where P is the power at the sample plane, cP is the linear background contribution,

Psat is the saturation power and Isat is the count rate at saturation.

The background-corrected saturation curve for an NV in the bulk area (gray) and

NV in Reflector A are plotted in Figure 1-11. For an NV located in bulk diamond,

the typical Isat is -0.2 Mega counts per seconds (Mcps) and a Psat of 88PW. The

NV in Reflector A has a count rate of Lsat = 2.93 Mcps, which represents over 12X

enhancement of count rates from a single NV center. For the NV in reflector, the

26
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Figure 1-9: Boosting the collection efficiency from displaced emitters by truncating
the paraboloid. (a) Atomic force microscope (AFM) line scan (black) and quadratic
fit (red) of a truncated parabolic reflector A, yielding f = 160 nm. The red cross
is the focus of the parabolic reflector and the black cross is the location of the NV
center, 480 nm displaced from the focal plane. As discussed earlier, the reflector
is robust to vertical straggle and figure (d) confirms that the collection efficiency
of such a structure (gray curve) is within 75% of the maximum collection efficiency
(black curve). The collection efficiency can be boosted by truncating the parabola
at a height at which the photon's incident angle is less than the critical angle for
total internal refraction (TIR). Figures (b) and (c) show the incident angle vs. the
y-coordinate of the structure for a reflector with displacement Az = 0 and Az = 480
nm, respectively, and the location of ideal truncation. Figure (d) shows the collection
efficiency of a structure with Az = 480 nm can be boosted to >85%, comparable
to the ideal setting. Solid (dashed) lines indicate a dipole oriented perpendicular
(parallel) to the reflector axis.
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Figure 1-10: Emission from the NV is collected from the bottom in a confocal setup.
Microwave striplines can be used for spin driving.
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Figure 1-11: Background-corrected saturation curves for NV in bulk diamond (gray)
and NV in parabolic reflector A (blue). The saturation curve is fitted to I(P) =

P + cP+ dark counts where cP is the linear background contribution. Reflector
A enhances the collection efficiency from a single NV center by more than a factor of
10, yielding a saturation power Psat count rate of Isat = 2.93 Mcps.
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Figure 1-12: Background-corrected saturation curves for various NV in bulk diamond
(gray) and NV in parabolic reflectors (blue).

lower saturation power also suggests an enhancement in excitation efficiency, which

can be attributed to the focusing effect due to the structure. This measurement is

repeated for other reflectors containing single NV centers. Their saturation curves

are shown in Figure 1-12.

To quantify the quality of the single photon emission, a second-order intensity

correlation measurement

g( 2)(T) (I(t)(I(t + r) (1.3)
(I(t))

2

is performed using a Hanbury-Brownn and Twiss configuration. The autocorrelation

measurements at various excitation powers are shown in Figure 1-13. At half the

saturation power, g(2 ) (0) = 0.06 is obtained, therefore confirming low background

from the reflector. The excitation power is gradually increased and pronounced anti-
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Figure 1-13: Second-order correlation measurement showing pronounced photon anti-
bunching (g( 2) < 0.1) at various excitation powers.

bunching is observed up to 5Psat.

Excellent g(2) (0) values are also maintained when the pinhole (spatial filtering) is

removed from the setup. The measured values of g( 2)(0) < 0.25 up to 5Psat indicate

a high single photon signal-to-noise ratio. Remarkably, g(2)(0) = 0.431 is obtained

even at lOPsat, as demonstrated in Figure 1-14. The increased g(2)(0) values can be

attributed to fluorescence from emitters within the 20 pm-thick bulk diamond and

background fluorescence from the immersion oil.

1.4 Outlook and current work

The measured parabolic reflectors yield count rates of up to 3 Mcps, which represents

a 3 x enhancement over the photon flux measured from microfabricated diamond solid
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Figure 1-14: Pinhole (spatial filtering) is removed from the confocal setup and photon
anti-bunching is maintained up to 10 Psat, demonstrating the low background nature
of the reflector and the fabrication process.
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immersion lenses [3, 7]. To improve the current NV-NV entanglement scheme [8] rate

which is tolerant to photon loss, the collection efficiency needs to be improved, which

would be revealed by pulsed excitation measurements.As on-chip microwave deliv-

ery (see Figure 1-1) and dc control are straightforward to implement on the surface

of the bulk diamond, the demonstrated low background parabolic reflectors are a

promising platform for low temperature and free-space experiments with NV centers

in diamond. Low temperature measurements with these reflectors are underway. Ad-

ditionally, a new sample (Figure 1-8) with higher aspect ratios has been prepared

and is being characterized. With the new sample and technical improvements, the

enhanced collection efficiency could potentially improve spin readout fidelity and pro-

vide an order-of-magnitude increase in spin-spin entanglement generation rates.
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Chapter 2

Diamond nanophotonic and quantum

optical devices

The current entanglement rate between two NV centers is 0.004 Hz [38], which is 500

times slower than the spin decoherence rate of ~2 Hz. The results from the previous

chapter demonstrate 10x and 3x enhancement in photon flux over that from a single

NV located in a unpatterned bulk diamond and solid immersion lens (SILs), respec-

tively. As the spin-spin entanglement rate scales with the square of the collection

efficiency, the entanglement rate could already benefit from a 9-fold speedup over ex-

periments using SILs. However, the maximum enhancement in collection efficiency is

limited to 25 x, which corresponds to a maximal entanglement rate of 0.044 Hz - still

45x below the spin decoherence rate. Therefore, to entangle, store and manipulate

more than 2 qubits for quantum information processsing, the spontaneous emission

rate of the zero-phonon-line optical transition must be enhanced. In Chapter 2 and

Chapter 3, we describe current efforts to engineer the local density of states using

cavity quantum electrodynamics.

2.1 Diamond nanofabrication

Photonic elements require refractive index contrast for light confinement. For ex-

ample, waveguides are often fabricated on low-index materials and cladded by air
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or by low-index dielectrics, and optical resonators like photonic crystal cavities and

microdisks are typically suspended on distant pedestals to minimize additional loss

channels. These structures can be typically fabricated on thin films on a sacrifi-

cial material, which is selectively undercut by an isotropic etch, leaving suspended

nanostructures. For silicon and III-V materials like GaAs, high-quality (e.g. single

crystalline and small surface RMS roughness) thin films are readily available. Silicon-

on-insulator (SOI) heterolayers, for example, have demonstrated some of the best

optical and mechanical resonators because of the fabrication techniques optimized

for silicon processing in the semiconductor industry. At the moment, such mature

technologies are lacking in emerging materials platforms like aluminum nitride (AlN,

a wide band gap semiconductor), gallium nitride (GaN, a promising high electron

mobility transistor), lithium niobate (LiNbO3, a strongly nonlinear optical material)

and diamond.

Since the early 1990s, microwave plasma-enhanced chemical vapor deposition

(MPE-CVD) has emerged as the preferred process for synthesizing diamond [9]. The

flexibility and control afforded by MPE-CVD have enabled the manufacturing of poly-

crystalline diamond wafers up to 120 mm in diameter, but optical elements such as

ring resonators fabricated from such polycrystalline thin films are lossy because of

scattering from grain bounderies [101. As such, most quantum optical experiments

and diamond nanophotonic elements have utilized single-crystal diamonds, which have

minimal birefringence [11] and low levels of inpurities. However, diamond processing

is difficult with such samples, as they are typically 2 mm x 2 mm x 0.3 mm (but

available up to 8 mm x 8 mm x 0.3 mm). Moreover, there is still the outstanding

challenge of obtaining high quality single-crystal diamond thin films from such bulk

materials.

With limited diamond nanofabrication technologies, many innovative techniques

have been demonstrated and much effort has been directed towards the develop-

ment of diamond etching and diamond thin films on the order of optical wavelengths.

In particular, controlled, wet etching of diamond is unavailable because diamond

is chemically inert. Extreme etchants such as molten potassium nitrate and other
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molten metals can etch diamond 1121 but they also attack mask materials like ox-

ides, thus incompatible with lithographic processes. As such, diamond is typically

processed mechanically or by plasma etching.

Mechanical polishing is unsuitable because it creates strain, which creates local

electric fields that Stark shifts optical transitions of NV centers (SiV and GeV centers

are less susceptible due to their inversion symmetry and hence vanishing first order

electric dipole moment) in diamond. However, mechanical polishing is often used in

conjuction with plasma etching, where bulk diamonds are first thinned down to 20 -

50 pm plates and the damanged layers are removed by a subsequent gentle plasma

etch.

The most popular platform for producing single-crystal diamond photonic devices

is the diamond heterolayer that is inspired by SOI techniques. One such approach

relies on crystal ion slicing, where highly directional helium ions create a damaged

graphite layer that can be selectively removed using an electrochemical etch[13, 141.

By controlling the bombardment energy, different diamond membrane thicknesses

can be realized. However, ion bombardment creates crystal damage, strain and other

crystal defects. In another approach, a reactive ion etching (RIE) process thins down

a polished 20 - 50 pm diamond to ~ 200 nm. Then, electron beam lithography (EBL)

and another RIE process transfer device patterns into the thin film diamond, which

is subsequently undercut. This process has been shown to realize photonic crystal

(PhC) nanobeam cavities [15, 16], planar PhC cavities [171, microring resonators [181

and micromechanical cantilevers [19, 20, 211. However, these films are often not ho-

mogeneous and have thickness variations up to 300 nm because RIE transfers the

wedge profile of the initial diamond plates (a result of polishing) into the final thin

film. Moreover, such films are notoriously difficult to manipulate and are often incom-

patible with the cleaning (boiling acids) and annealing (high temperature) processes

involved in nitrogen implantation and nanostructure fabrication.

Recently, a process has combined two of the approches above - crystal ion slicing

with RIE thinning - with homoepitaxial overgrowth to create high quality single-

crystal diamond thin films that are fused to millimeter-scale diamond frames [22].
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While technically challenging, such approaches and variations thereof could be promis-

ing especially when considered in volume production, pending further investigation

into the NV spectral and spin properties.

Another approach relies on direct three-dimensional micromachining in the form of

focused ion beam (FIB) milling. Such approaches have produced triangular nanobeam

photonic crystal cavities [23]; however, gallium ions also create crystal damage and

mask sputtering that is detrimental to the performance of such devices. Analogous to

the FIB milling, recently an RIE-based angled etching process [24] has also demon-

strated free-standing structures [25, 26, 27, 28, 29] in a bulk diamond platform. An

angled, directional etch is achieved by enclosing the sample in a machined Faraday

cage, which is loaded into standard inductively coupled plasma RIE (ICP-RIE) cham-

bers. Because the cage geometry determines the etch angle, this method does not

require modifications to ICP-RIE tools, increasing the toolbox of the already indis-

pensable ICP-RIE in diamond nanofabrication.

An interesting proposal could circumvent diamond thin films altogether by engi-

neering the effective index of diamond nanostructures [30]. Such an approach achieves

light confinement by cladding a fin structure in lower index materials and could be

useful for all-diamond (or similarly challenging materials) photonic circuits. For the

specific applications to color centers, however, high-aspect-ratio structures in dia-

mond are difficult to fabricate and the embedded color centers are known to suffer

from spectral diffusion due to its proximity to surfaces. Nevertheless, as demonstrated

above, there still exists opportunities for developing novel processing techniques that

are favorable to the quality of the optical devices and also the spectral and spin

properties of NV and other color centers in diamond.

Our recent efforts into a scalable creation of spin-photon interfaces such as optical

resonators and microwaveguides will be discussed in the following section. Our work

involves fashioning nano- and micro-photonic structures directly from bulk diamond

using recent advances in diamond plasma undercutting.
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2.2 A quasi-isotropic etching process for suspended

diamond nanostructure

Until homogeneous thin films can be scalably produced, a bulk diamond approach

to photonic structures is preferred. Additionally, as discussed above, the processing

steps of diamond thin films are especially challenging if not incompatible with many of

the cleaning and annealing processes involved. Recently, inspired by a similar process

for bulk silicon[31], there is a significant development in diamond isotropic etching.

Adapted for diamond, this technique has enabled all-diamond microdisk resonators

133] and suspended nanobeam waveguides [32].

A similar process for the fabrication of a variety of photonic structures has been

developed. The development of this fabrication process constitutes a substantial part

of the work involved in this thesis, and the process is outlined in Figure 2-1. Our main

investigation and fabrication results are summarized in the next three subsections.

2.2.1 Sample preparation: Step 0

Nanostructures are typically patterned on high-purity Type IIA single-crystal CVD

diamonds with [NJ< 1 ppm and 5 ppb, respectively with 100-oriented faces. The

as-received diamonds have root-mean-square (RMS) surface roughnesss of < 10 nm,

which is on the same order as A/10 where A is the in-material wavelength (- 260 nm).

Therefore, the diamond must first be polished to reduce optical losses from scatter-

ing. Following scaife polishing, the diamond is cleaned in a boiling 1:1:1 mixture of

sulfuric, nitric and perchloric acid to remove any graphitized layer. The samples are

subsequently chemically polished in a mixture of argon-chlorine (Ar-Cl) plasma to

remove the damaged layers from scaife polishing. This is followed by a second polish-

ing step involving oxygen plasma, as Cl etching has been observed to be detrimental

to the spin coherence of the NV center. The final RMS surface roughness is < 0.5

nm as verified by atomic force microscopy (AFM). Following nitrogen implantation

and annealing for vacancy diffusion and NV formation, the samples are cleaned in
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Figure 2-1: Process flow for creating free-standing membranes and photonic structures
in diamond. Quasi-isotropic etching releases the structures from the bulk material.
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piranha (3:1 mixture of sulfuric acid and hydrogen peroxide) at room temperature to

etch residual organics and contaminants from the annealing process.

2.2.2 Electron beam lithography: Step 1-3

A hard mask of silicon nitride (SiN) is deposited on diamond via plasma-enhanced

CVD (PE-CVD) using the STS-CVD tool in the Technology Research Laboratories

(TRL). This hard mask is needed because diamond can only be etched by oxygen

plasma, which strips most resists. A set of alternating RF frequencies is used during

the growth process to produce a low-stress 200 nm film of SiN. A 5-nm layer of

titanium (Ti) electron-beam discharge layer is then evaporated in the NanoStructures

Laboratory (NSL). A positive-tone electron-beam resist, GL2000-11, is spincoated at

a speed of 6000 rotations per minute for 60 seconds and then pre-baked at 180'C.

Optionally, in place of Ti evaporation, a conductive polymer (c-spacer) can also be

spin-coated after resist application.

The GL2000-11 resist is exposed using 125 kV electron beam writer (Elionix F-125)

at a nominal dose of 400-800 pC/cm 2 , depending on the chosen developing condition.

The exposed areas are removed by o-xylene and development is terminated by an

isopropyl alcohol (IPA) soak.

2.2.3 Diamond patterning: Step 4-5

The lithographically defined patterns are transferred into the SiN mask by a reac-

tive ion etch (RIE) process using a plasma chemistry. A fluorine-based chemistry,

tetrafluoromethane (CF4 ), is used to etch the Ti and SiN layers. The chip is then

soaked in hot n-methyl pyrrolidinone (NMP or 1165 developer) at 75'C for 2 hours

to strip the residual resist.

The SiN patterns are transferred into diamond using an anisotropic (highly di-

rectional) ICP reactive ion etcher with the following process parameters: 32'C, 0.2

mTorr pressure, 500 W ICP power and 240 W bias power. This step defines the

thickness of the 'membrane' or photonic structures.
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2.2.4 Isotropic etch: Step 6-9

Next, the sample is conformally coated with aluminum oxide (A1 2 0 3) via atomic layer

deposition (ALD) using the Cambridge Nanotech tool in the Exploratory Materials

Laboratory (EML). A short anisotropic RIE using CF4 is then used to break through

the A1 2 03 layer, after which oxygen plasma at zero-bias and 900 W ICP power is

used to isotropically etch unprotected diamond surfaces at 200'C. Critically, this

selective removal undercuts the diamond photonic structures because their sidewalls

remain protected by A12 0 3 . Finally, the SiN and A12 03 mask layers are stripped

in concentrated hydrofluoric acid and the diamond is supercritically dried for higher

device yield.

The timing of this etch is critical for the final thickness of the structure. A set of

cantilevers with increasing widths, as shown in Fig 3-2a is included in the pattern to

study the etch rates, as the etch rate is nonlinear and dependent on the width of the

structure[33J. The surface of the isotropically etched diamond mirrors the bottom of

the masked structure, as shown in Figure 3-2b. This shape is due to the different

etch rates of different crystal planes; etch rates along the 100 and 111 crystal planes

add up near the base while the inward etch rate is slower in that direction by virtue

of having less etchable surface area. A tungsten probe is used to detach and flip the

cantilevers (Fig. 3-2c). As expected, only the narrowest cantilever has a flat bottom

surface. Therefore, this observation can be used as the signal of uniform and complete

undercutting.

Single-mode microwaveguides and photonic crystal nanobeam cavities have been

successfully fabricated using this approach. The results are described in Chapter 3.
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Figure 2-2: (a)Scanning electron micrograph of cantilevers with varying widths fab-

ricated with quasi-isotropic etching. (b) The cantilevers are removed using a micro-

manipulator. (c) Using the same micro-manipulator, the cantilevers are transferred

onto the surface of the bulk diamond for imaging. (d) The cantilevers are flipped

to reveal and verify the flatness of their bottom surfaces. As expected, only the

narrowest cantilever has a flat surface(cf Fig.(b))
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Chapter 3

Enhancing NV-photon interaction

The rapid progress in nanophotonics has enabled researchers to engineer light-matter

interactions in solid-state materials to strengths that had only be seen in atomic

physics. In 1946, Edward Purcell realized that an emitter's radiative rates are not

intrinsic properties but they depend on the emitter's coupling with the environment

[341. The field of cavity quantum electrodynamics (cavity QED) quickly developed

within atomic physics, and with recent advances in nanofabrication in the past two

decades, strong light-matter interactions have also been observed in semiconductor

QED systems.

3.1 Waveguide and cavity quantum electrodynamics

Photonic crystals (PhC) are among the most popular and powerful platforms for

solid-state QED. The periodicity and symmetry of the dielectric constants in a PhC

add functionality to the bulk material through interference and Bragg scattering[351.

The allowed modes in such a structure are the so-called optical Bloch modes, in

direct analogy to the electronic Bloch modes. Similar to semiconductors, a photonic

bandgap can open in a PhC, enabling control of the allowed modes and frequencies.

Such bandgaps can also exist in one-dimensional and two-dimensional PhC, where

refractive index contrast provides the confinement in the out-of-plane directions.

Importantly, the local density of states (LDOS) can be modified using a PhC,
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allowing the enhancement or suppression of dipole transition rates. Additionally,

by introducing lattice defects to break the symmetry of the crystal structure, cavity

modes may appear in the bandgap. An emitter coupled to a cavity mode can therefore

form an efficient optical interface.

The LDOS (in the Markov approximation) is given by

p(r, w, i6d) 3 r2c Fp(r, W, 6d) (3.1)

where

Fp(r, W,8d) - 'rad(r, w, 6d) (3.2)

is the ratio of the radiative decay rate of the emitter at r to that in a homogeneous

medium, n is the refractive index of the homogeneous medium and &d is the polar-

ization unit vector of the dipole emitter [36]. Also known as the Purcell factor, it

describes the suppression (Fp < 1) or enhancement (Fp > 1) of spontaneous emis-

sion. Moreover, Fp can be experimentally determined by lifetime measurements. In

the next few sections, we will describe the design and fabrication of structures that

enhance the interaction strength between light and spin qubits such as NV centers.

3.2 Quantum memory nodes

As opposed to optical cavities, dielectric waveguides tend to exhibit modest Purcell

effects. However, they are also broadband and can be very efficient, making them

promising interfaces between NV centers and photons. The efficiency of such inter-

faces can be described by

rg=+9 (3.3)
Fg+ ]Fng + r nr

where Fwg, IF1rg and Fr are the decay rate into the (single) waveguide mode, non-

guided modes and non-radiative modes, respectively. Moreover, they are more robust

to misalignment and fabrication imperfections due to their non-resonant nature and
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Figure 3-1: (a) Scanning electron micrograph of the SiN hard mask and nanowires
in bulk diamond. (b) An optimized inductively coupled plasma reactive ion etching
(ICP-RIE) transfers the SiN pattern into the diamond. (c) A quasi-isotropic process
(Fig.2-1) is used to release the nanowires.
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larger mode volumes.

NV centers located in such a single-mode waveguide can have 3 0.86, allowing

an efficient readout of NV ZPL and sideband photons [37]. The photons from these

"quantum nodes" can also be directly coupled into a photonic integrated circuits

(PIC) for on-chip filtering, routing and interference. As demonstrated in a silicon

nitride (SiN) PIC, up to 96% of the NV fluorescence can be coupled into the SiN

waveguide mode by engineering an adiabatic mode transition at the diamond-SiN

interface [37, 2]. In this section, this work is extended using the fabrication techniques

introduced in Chapter 2. In particular, structures with higher 3 for NV and other

color centers are fabricated to be integrated into PICs that are concurrently being

developed in our group as well.

The fabrication process of these micro waveguides is shown in Figure 3-1. The SiN

hard mask and nanowires are shown in the scanning electron micrograph in Figure

3-la. The SiN mask pattern is transferred into diamond with a high etch selectivity

of 33 (Fig.3-1b) using an optimized inductively coupled plasma RIE (ICP-RIE). The

structures are released by undercutting the nanowires in a well-timed quasi-isotropic

process as described in Chapter 2. The waveguides can then be transferred and

aligned to an AlN waveguide with nanometer precision using a micro-manipulator.

Therefore, by post-selecting only the highest quality of quantum nodes, basic on-

chip quantum networks with photonic routing, integrated lasers, and single photon

detection can be assembled. The prospects of this hybrid platform is described in

Chapter 4.

Whereas the diamond nanowire exhibits modest Purcell enhancements and high

3 factors, the ZPL photon generation rate would need to be significantly enhanced

to overcome the spin decoherence rate. This is especially challenging for NV centers,

where the coherent ZPL photons only comprise about 3-4% of the total photon emis-

sion. To entangle two remote NV electron spins, the success probability scales with

the square of the ZPL detection efficiency. With the current highest entanglement

rate of 0.004 Hz between two NV centers [38], it is unrealistic to entangle n >2 qubits

over a quantum network. Thus, it is necessary to achieve high Fp at WZPL- In the
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next section, we describe our effort towards nanoscale optical cavities in diamond.

3.3 Photonic crystal cavities

When the cavity decay rate Fcav > Fng, the Purcell factor is given by

cav Fa~fW 2/4Q
2

F ay(r, A, ed) = Fyaxf(r) 1 - c*avl A 2 + Wav/4Q 2  (3.4)

where wcav is the cavity frequency, A = Wcav - w, scav is the polarization unit vector

of the cavity mode, Q is the cavity quality factor and

Famx _ 3(A/n) 3 Q (3.5)

471 fFJ~ ~2Veff1 (3.5)

max[e(r)ucav(r)| 2]

f(r) = '(r)Iucav (r)12 (3.7)
max[c(r) IUcav(r)12

In particular, ucav is the cavity mode, Veff describes the effective mode volume and

f(r) describes the spatial and polarization alignment between the dipole emitter and

cavity field. In the ideal case of perfect alignment and zero detuning, equation 3.5

reduces to

F = =pmax -3(A/n) 3 Q (3.8)
47r2 Vf

The quality factors are determined from the photoluminescence spectra as shown

in Figure 3-4(b). Quality factors exceeding 15,000 and an average Q of ~3,000 are

inferred from Figure 3-4(b-c). Across an array of cavities with identical parameters,

the spread in cavity resonances is AA < 5 nm, well within the range of cavity tuning.

Compared to the membrane approach to diamond photonic devices, this fabrication

process is therefore repeatable and reliable, which is important for scalability of NV-

based quantum memories.

The next chapter outlines our effort towards the construction of a quantum com-

puter based on diamond spin qubits.
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Figure 3-2: The quasi-isotropic process (Fig.2-1) can also be used to undercut complex
geometries such as grating couplers and potentially two-dimensional planar photonic
crystal cavities. Such waveguides can also be readily used for to enhance photon-SiV
and photon-GeV centers in diamond.
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Figure 3-3: (a) Scanning electron micrograph of the SiN hard mask and photonic
crystal (PhC) nanobeam cavities in bulk diamond. (b) An optimized inductively
coupled plasma reactive ion etching (ICP-RIE) transfers the SiN pattern into the
diamond. (c) A quasi-isotropic process (Fig.2-1) is used to release the PhC nanobeam
cavities.
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Figure 3-4: (a) Scanning electron micrograph of a photonic crystal (PhC) nanobeam
cavity in bulk diamond. (b) Quality factors of one of the fabricated PhC cavity,
showing a cavity mode near the ZPL with Q = 5362 at A = 637.3 nm. (c) Distribution
of cavity resonances of a PhC cavity with identical cavity a and r parameters.
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Chapter 4

Towards scalable creation of quantum

memories

As discussed in Equation 3.5, the maximum Purcell enhancement is achieved when

the emitter is perfectly aligned with the cavity field maximum. Therefore, it is im-

portant that the NV center be placed deterministically at the cavity field maximum.

Alternatively, the nano-cavity may be placed over the NV center. In general, there

are three approaches towards coupling NV centers with nanophotonic structures.

1. Post-selection. Many photonic structures are fabricated at once across a di-

amond sample that has implanted or natural NVs. The sample is screened

using fluorescence and confocal microscopy for coincidental NVs in photonic

structures. This approach is generally taken to study semiconductor quantum

optics with solid-state qubits such as quantum dots and defect centers, and it

is the approach taken by e.g. references [17, 16, 6, 391. However, this method

has inherently very low yield, and there is no known process towards scalable

quantum networks using this approach.

2. Targeted implantation. Photonic structures are first fabricated and color centers

are created at the desired locations using an aperture or a focused ion beam.

This approach could potentially reduce the amount of characterization experi-

ments. However, the yield is also low in this process due to the stochastic nature
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of NV formation. Silicon vacancy (SiV) and germanium vacancy (GeV) centers

are promising defect centers in diamond that benefit from this approach due to

the availability of focused ion beams for Si and Ge [40, 41]. Still, current yield

levels at -1% (NV centers) and ~2.5% (SiV and GeV centers) preclude this

approach from generating multi-NV networks beyond 3 qubits.

3. Registration. Alignment markers are defined on the sample following NV im-

plantation. The sample is then screened using fluorescence and confocal mi-

croscopy. The problem of stochastic creation of color centers is overcome by

fabricating photonic structures relative to registered color centers. This ap-

proach has a high yield of NV-coupled structures, and it is the approach taken

by e.g. references [7, 421. The final yield is completely determined by the fabri-

cation process. The ability to control the yield is very important for the scalable

creation of cavity-coupled NV centers, as described in the next sections.

4.1 A high-yield hybrid network for quantum mem-

ories based on NV centers

In addition to high-fidelity quantum gates, implementing truly scalable quantum

networks would require a robust optical interface and network for transmitting, ma-

nipulating and mapping photonic quantum states.

As discussed, processes with low yield are not scalable as the number of fabrication

cycles grows exponentially with the number of entangled qubits. Equally important,

the experimental overhead (number of lasers and 'which-path-eraser' networks) also

grows with the size of the network; it is unlikely for current free-space diamond

experiments to scale beyond 10 entangled qubits. However, demonstrating quantum

supremacy and implementing meaningful quantum algorithms would require at least

50 qubits [43].

The scaling is less daunting in a photonic integrated circuit (PIC) platform: the

interferometers have phase stability, optical nodes have low loss and sources can be
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on- or off- chip. Implementing such networks directly on diamond, however, would

again be limited by the quantum node yield.

In our approach, the fabrication of the quantum node (diamond waveguide or

nano-cavity) is decoupled from the the fabrication of the optical network (Aluminum

nitride PIC). This hybrid platform allows the integration of pre-characterized, high

quality diamond nodes into a separate chip comprising the photonic backbone of the

network.

A bulk diamond approach along with quasi-undercutting has been developed in

order to post-select only the best diamond nodes for integration with the PIC (Chap-

ter 2 and Chapter 3). Upon successful verification and characterization, diamond

nodes containing single NV with excellent optical properties are detached from their

parent crystal and coupled directly with the PIC [37].

An entire diamond chip (~3 mm x 3 mm) is characterized in a purpose-built

automatic microscope. Deterministic fabrication with high nanostructure-coupled

NV yield is then possible. Our effort towards this direction is briefly described in the

rest of this chapter.

Alignment marks are first etched into the diamond to enable optical localization of

NV centers using a widefield microscope. A typical GDS of our diamond coordinate

system is shown in Figure 4-1(a). Global alignment marks (circled in red) for subse-

quent electron beam lithography (EBL) steps are circled in red, and the coordinate

on the diamond is represented by Figure 4-1(c). The coordinates are encoded in the

2D array of bits in Figure 4-1(c,d).

During the screening step, NV centers are determined by their fluorescence and

confirmed by electron spin resonance. NV centers are localized relative to the 4

coordinate markers within the field of view. Their coordinates relative to the markers

are stored and used as the input in the generation of the next GDS.

The fabrication process is described by Figure 4-1(e). First, a hard mask of SiN is

deposited. Then, a positive-tone electron beam resist is spincoated. The hard mask

is defined by electron beam lithography and reactive-ion etching (RIE), and pattern

transfer is achieved by inductively coupled plasma reactive-ion etching (ICP-RIE).
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Figure 4-1: (a)-(d). Coordinate system used for localization and registration of NV
centers. (e) Process flow of the fabrication of the coordinate system. (f) Scanning
electron micrograph of an individual coordinate marker.
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The mask is wet etched using hydrofluoric acid, after which the diamond is cleaned

in a 3:1 mixture of sulfuric acid and hydrogen peroxide.

After the localization experiment, photonic and mesa structures are aligned over

the registered NV centers with high precision using electron beam lithography (EBL).

To evaluate the fidelity of the alignment process, mesa structures A and B (see GDS in

Figure 4-2(b)) are written relative to the existing first layer (Figure 4-2(a)). Aligned

lithography is performed using two methods: "manual" overlay and "automatic"

overlay. Manual overlay is the conventional method used in multi-layer EBL, where

the global alignment markers are identified by the user in SEM mode.

The result of this aligned lithography is shown in Figure 4-2(c). The GDS of the

mesa structures is overlaid over the micrograph in Figure 4-2(e), showing signifcant

displacement. The displacement is quantified in Figure 4-3(a-b): near the center of

the diamond chip ("cavity region"), the displacement error is 123.8 t 21.2 nm and

131.2 10.7 nm for structure A and B, respectively.

The accuracy can be improved using an "automatic" overlay procedure, where

edge detection and linescans are used to determine the coordinates of the alignment

marks. The result of this procedure is shown in Figure 4-2(d-e). The displacement

errors are 27.7+8.7 nm and 26.2+ 7.0 nm for structure A and B, respectively (Figure

4-3(a-b)), demonstrating a significant improvement in alignment accuracy.

More importantly, an alignment accuracy of o < 40 nm places us within the

tolerance limit of the photonic crystal nanobeam cavities presented in Chapter 4. At

this emitter displacement, the Purcell factor, F, would be within 50% of Fpmax. Using

this systematic fabrication, with o- = 40 nm and N = 2,500 fabricated cavities per

chip, about -4% or Nenhanced = 95 of the registered NV centers would be within t 10

nm from the cavity field maximum. Integrating such a large number of nanocavity-

enhanced single NV centers (Chapter 3) with photonic integrated circuits is being

actively pursued.
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structures that are etched into the diamond to evalute the alignment accuracy. (c)
Result of the overlay experiment using "manual" mode (see main text). (d) Result
of the overlay experiment using "automatic" mode. The superimposition of GDS
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