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Abstract

The exceptional optical and spin properties of the negatively charged nitrogen-vacancy

(NV-) center in diamond have led to numerous applications ranging from super-resolution

imaging to the exploration of previously untested new phenomena using quantum entan-

glement for information processing and sensing. The solid-state environment of the dia-

mond allows us to engineer nanostructures, which are promising for enhancing the optical

and spin properties of the NV-. To help develop a component needed for a diamond-

based quantum network, we recently achieved coherent electron spin control of long-lived

NV-s in diamond nanostructures using a transferrable hard-mask for both etching and
ion implantation. We also developed a super-resolution imaging technique for character-

izing such systems, and we furthermore demonstrate high-sensitivity electrometry using
a large number of NV-s. However, it remains an open area of investigation whether
certain nano-fabrication processes for patterning nanostructures into diamond cause ir-
recoverable damage or introduce atomic impurities to the crystal that would lead to a
significant degradation of the NV- properties. Another remaining challenge is to pro-
duce fault-tolerant multi-qubit registers within nanostructures for improved robustness
and scalability for use in compact quantum sensors or quantum networks. By building

on the results in this thesis, it may be possible to design nanostructures for enhancing

initialization, control and read-out fidelities of defect-based solid-state quantum technolo-

gies.
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"Der Mensch kann tun was er will; er kann aber nicht wollen was er will."

"Man can do what he wills but he cannot will what he wills."

Arthur Schopenhauer, "Essays and Aphorisms" (1976).



Chapter 1

Introduction

Building a large-scale quantum network connected via photons is currently an outstand-

ing problem within the atomic, molecular and optics community. Such a network of

connected quantum nodes is a prerequisite for realizing quantum-based metrology, com-

munication and computation protocols that promise fundamental improvements in sen-

sitivity, security and speed over their classical counterparts. The dimension of the

state-space of a quantum network grows exponentially with the number of connected

nodes, while for a classical network th6 dimensionality grows linearly with the num-

ber of connected nodes [87, 110]. Therefore, a quantum network consisting of thou-

sands of connected nodes would surpass the dimensionality of any existing classical net-

work [188]. Since the first theoretical proposal for building a large-scale, fault-tolerant

quantum network by Cirac, Zoller, Kimble and Mabuchi in 1997 [47], much research

has sought to develop the individual components needed for assembling a quantum net-

work [27, 28, 36, 78, 124, 152, 213, 265].

Although experimental progress in the past decade has been impressive, entanglement

generation rates remain below the threshold needed for a practical network, and the first

realization will likely involve a combination of technologies [75, 185]. Currently, the

leading candidates for a quantum network include trapped ions [97, 168], solid-state

spins [158], Rydberg atoms [105], and superconducting systems [14]. As of 2015, the

fastest entanglement generation rates between two separated nodes fall in the range of

once every 250 seconds between solid-state spins in diamond [181], several times per

second between two separated nodes of trapped ions [96], and even -2300 times per

1



Chapter 1. Introduction

second between two quantum dots [50]. However, to properly compare between such a

wide spectrum of different systems, the entanglement rates also need to be assessed with

respect to the decoherence rates. Among the listed candidates, spins within solid-state

structures are appealing because they have sufficiently low decoherence rates and could

be readily integrated with existing scalable technologies [67, 75, 185, 235].

The negatively-charged nitrogen-vacancy defect (NV-) in diamond is currently the

leading candidate for utilizing solid-state spins to construct a node within a scalable

quantum network [11, 40, 140, 163]. The storage of quantum states on the electron spins

of the NV- center can have a spin coherence time approaching one second at cryogenic

temperatures (< 15 Kelvin), which allows the distribution of entanglement between sep-

arated quantum nodes via photons [13, 224, 239]. In addition to having long coherence

times, the diamond environment can be patterned with nanostructures to further enhance

the NV- properties. Such enhancements include: modifying the local density of states

of electromagnetic fields for optical communication applications; engineering high optical

collection gratings for sensing applications; and modifying the local phononic density of

states.

The diamond nanostructures considered in this thesis represent our efforts to enhance

the NV-'s optical properties. By patterning high-quality optical cavities into diamond, we

show that it is possible to improve currently achievable NV--NV- entanglement rates by

a factor of 800, which makes the NV- even more attractive when compared with trapped

ions and quantum dots. Additionally, by pattern gratings around single NV-s we show

that it is possible to enhance the read-out fidelity of shallow NV-s by nearly 10-fold,

which further establishes NV-s as the premier nano-MRI tool. In seeking to enhance

the capabilities of such nanostructures, we also developed new fabrication methods for

including multiple spins within each nanostructure while also having at least one spin

within the nanostructure efficiently coupled with an optical mode for efficient read-out.

While breakthrough experiments have already been demonstrated with the NV- [40,

77, 130, 258], we anticipate a need for further breakthroughs in producing NV-s with

pristine optical quality inside nanostructures that can be actively tuned in-situ before

we can realize a multifunctional, scalable light-matter interface for widely-used quantum

applications.
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Chapter 1. Introduction

This thesis begins with a brief introduction to the physics of the NV- in Chapter 2.

Chapter 3 introduces a hard-mask fabrication technique for patterning high-quality pho-

tonic crystal cavity nanostructures into diamond while preserving the NV- electronic spin

properties. Chapter 4 shows that a grating nanostructure can be used to increase the

photon collection from a single NV- while again preserving the spin properties. Chap-

ter 5 shows that the same hard mask used for etching can also be used as an implantation

mask for generating ensembles of NV- spins. Chapter 6 shows how a deterministically

switching emitter super-resolution microscopy technique can be used to control the fluo-

rescence of NV-s separated by tens of nanometers. Chapter 7 shows how ensembles of

NV-s can be effectively applied to sensing electric fields. Finally, Chapter 8 provides an

outlook for where NV- spins in diamond nanostructures might be most impactful in the

near future.
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Chapter 2

The nitrogen-vacancy center in

diamond

To understand how the optical and spin properties of the NV- are utilized in our work, it

is important to briefly describe the underlying physics [52]. The color center, commonly

known as the NV- center, is comprised of a vacancy of one carbon atom in the carbon

lattice with an adjacent nitrogen atom (See Fig. 2.1a). The NV- resembles, in many ways,

a trapped ion due to its well-defined energy levels, which arises from the interaction of the

six valence electrons that comprise the NV-. The origin of the six electrons is as follows:

three electrons from the three adjacent carbons, two electrons from the host nitrogen, and

a final electron introduced from the conduction band of the diamond lattice [122]. These

six valence electrons are missing another two electrons to completely fill the sp3 molecular

orbital. So rather than working with a six-electron wave function, one can understand

the spin physics by considering an equivalent two-hole wave function. Figure 2.1 depicts

the diamond lattice in which the two-hole wave function presides. It is precisely the sum

of two these spin-1/2 holes that gives rises to the addressable triplet (S = 1) ground and

excited state configurations of the NV-. These states are labelled as m, = 0, I in both

the excited and ground states, and it is the coherence between these spin states that is

most often touted and utilized throughout our work.

To understand how to control and read out the NV- with electromagnetic fields, it

is important to understand the symmetries underlying the NV-. The NV- has trigonal

symmetry, lying along along the vacancy-nitrogen direction. The nitrogen-vacancy bond

5



Chapter 2. The nitrogen-vacancy center in diamond

lies along the axis of highest symmetry for the NV- and is also the spin quantization

axis due to the strong crystal field induced by the spin-spin interactions of the electrons.

Given that any NV- has its quantization axis set by the crystal lattice, a single-crystalline

diamond samplea would then have up to eight possible orientations of NV-s within the

lab frame. For a single NV-, the magnetic dipole of the S = 1 triplet lies along the

NV- 's axis of highest symmetry while the two optically addressable and emissive electric

dipoles lie perpendicular to that axis.

The spin configurations (m 8=0,t1) of the ground state can be read out by a vari-

ety of optical techniques [52, 214. The most common method involves an incoherent

excitation of the NV- with a 532 nm, green laser. Following an optical excitation, the

NV-photoluminescences (PL) at wavelengths from 637 nm to 760 nm (considered 'red'

in color). Interestingly, incoherent optical excitation is only possible due to the presence

of thermal phonons in the lattice. This ladder of harmonic vibrational states between

the carbon nuclei decays with time scales of picoseconds. So using a laser to incoherently

excite an NV- alters the electronic configuration, which temporarily changes the inter-

nuclei distances. Upon relaxation of the electronic configuration, phonons are introduced

into the lattice. Following the phonon relaxation, the electronic spins occupy the Lowest

Unoccupied Molecular Orbital (LUMO) configuration. This electron state decays and ra-

diates to the ground state via zero, single or multiple phonon scattering processes. Purely

radiative processes that do not produce phonons in the lattice give rise to the highest

energy optical emission at 637 nm, which is referred to as the zero-phonon line (ZPL) in

the PL spectra. The blue gradient in Figure 2.1b illustrates the phonon density-of-states

with which the electronic molecular orbitals can interact, thereby giving rise to a phonon

side-band (PSB) in the PL spectra (See Fig. 2.2).

When the ground state spin is in the m,=0 spin state, an optical excitation would

abide by spin selection rules and the resulting optical excited state will retain the m,=0

spin state with a high probability. Moreover, the emission from this excited state will

decay back to the m8 =0 ground spin state with - 99% probability (a value that varies

depending on the temperature and strain of the NV- [187]). When the ground state spin

is in the m,= l configuration, an optical excitation can populate the m 8= l excited spin

states of the NV-again due to selection rules. However, unlike the m,=0 excited states,

there is a ~ 50% probability that the electrons will non-radiatively populate a long-lived

aA single-crystalline sample is one that maintains its translational symmetry throughout the sample.
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Chapter 2. The nitrogen-vacancy center in diamond

metastable singlet state, which has a lifetime of ~200 ns [255]. This spin-dependent

transition is caused by the so-called intersystem crossing, which is enabled by spin-orbit

coupling. Without this spin-dependent transitionb, there would be no spin-dependent

fluorescence difference between the spin states and room-temperature readout of the spin

states would not be possible for the NV-.

The symmetry of the NV- can be broken under applied crystal strain or electric fields,
and the resulting optical excited states are split into two orthogonal dipole transitions

(denoted as E., and Ey). Due to motional-narrowing by phonons [187], the spin con-

figurations m 8=0,t1 within the E, and Ey can become mixed. Such mixing rates are

strongly strain- and temperature-dependent [76]. Across a large range of temperatures

varying from 4 - 400 K, the NV- exhibits this spin-dependent PL due to the spin-orbit

coupling in the excited state. The difference in PL contrast is largest within the first

few hundred nanoseconds due to the lifetime of the longer-lived metastable dark state.

After several tens of optical cycles' the NV- is then polarized into the m,=0 spin state.

The steady-state PL falls below the peak of a fully m,=0 state due to the - 1% chance

that the metastable state decays into the m,=+l spin state, which then also has again a

~ 30% likelihood of relaxing into a m,= l spin configuration (See Fig. 2.1b). Therefore

the alternating possibilities between the two spin states yields a lower steady-state flu-

orescence. Upon applying a continuous microwave (MW) field while sweeping the MW

frequency across the crystal field splitting energy (denoted as QZFS - 2.87 GHz), the

NV- will have reduced fluorescence due to the population of the 1 spin states. The

degeneracy of the 1 spin states can be lifted with an applied magnetic field by a magni-

tude proportional to the dot product between the magnetic dipole (j7 d) with the applied

magnetic field, B (See Fig. 2.1d).

The coherence and relaxation spin properties of the NV- electronic spin are largely

impacted by the purity of atomic species within the diamond lattice. The ground state

spin Hamiltonian that most succinctly captures the NV-'s spin properties is shown in

Eqn. 2.1. The first term describes the crystal field splitting at about D~2.87 GHz; the

second term is electronic Zeeman term; and finally the third term are the hyperfine

interaction between the electronic spins and the host nuclear spin. Some important

bSpin-orbit coupling is a requirement for any optically addressable solid-state spin defect [75].
cApproximately calculated by taking the metastable lifetime, 200 ns, divided by the radiative lifetime,

12 ns.
dThe magnetic moment points along the symmetry axis of the NV-.
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Chapter 2. The nitrogen-vacancy center in diamond

perturbations to the Hamiltonian includes the interaction with other nearby electron

spins in the diamond lattice through dipole-dipole interactions (Eqn. 2.2) and with other

nuclear spins in the lattice through hyperfine interactions (Eqn. 2.3). Nuclear-nuclear

interactions are ~1000 times smaller than even the hyperfine interactions and are therefore

neglected in this thesis.

HNV oc (D + dI)Z 2 + _B + _ - 1 (2.1)

Zi oc S A I.i (2.2)

#j Oc _ - -S$ (2.3)

where D is the crystal field splitting, d1i is the axial electric-field dipole moment, B is

the magnetic field vector, g is the g-factor tensor, S is the electronic spin-1 Pauli tensor,

A is the hyperfine tensorI is the nuclear spin-1 Pauli tensor, Ai is the hyperfine tensor

of the NV- with the ith nuclear spin in the lattice, I is the ith nuclear spin's Pauli tensor,

Mi is the magnetic coupling tensor of the NV-with the jth electron spin in the lattice,

and 9j is the jth electron's Pauli tensor.

Due to the aforementioned interactions between the NV- and the environmental mag-

netic spins, it is important to understand the initial material properties of the diamond

under testing. Table 2.1 shows how the density of nitrogen spins in the lattice impact

the coherence properties of the NV-'s electronic spin. If the density of impurities is ex-

tremely high (-500 ppm), coherence times (T2 ) at room temperatures can be as low as

several microseconds. As the density of paramagnetic impurities is lowered, the coherence

times improve dramatically due to a reduction in spin-spin interactions. However, the

spin-relaxation time (TI), which is primarily attributed to phonons in the lattice, remains

fairly robust with respect to the purity of the diamond environmente.

NV- spin properties are not only highly sensitive to nearby magnetic spins, but its

optical properties are also highly sensitive to fluctuating electric fields due to the hopping

of charges between nearby trap sites'. The rate at which hopping occurs is proportional

to the population of charges and trap sites in the lattice. If there are nearby trap sites

eAlthough magnetic noise that is resonant with the energy splitting can also lead to a drop in T1 [115,
177].

'Commonly due to single, or multiple vacancies in the lattice, or other dopants such as boron or
nitrogen (P1) lattice substitutions.

9

- -A" 1 IIWAWW



Chapter 2. The nitrogen-vacancy center in diamond

Nomenclature Room Temperature
Nitrogen Density T T2

Type lb ~ 500.Oppm ~ Ims - 5ts
Type Ila ~ 0.170ppm ~ 5ms ~ 250ps
Electronic Grade (EG) ~ 0.001ppm ~ 8ms - 800' s

TABLE 2.1: See [228] for Type IB, [123] for Type IIA, and [13] for EG results.

for such charges (typically photo-induced), then there will be electric-field fluctuations

at the NV- leading to a fluctuation in the optical energy level due to the Stark effect.

The dephasing process of the NV-'s optical emission leads to both homogeneous and

inhomogeneous broadeningg. Therefore, it is clear that the ideal diamond lattice not

only requires low densities of nearby paramagnetic impurities to preserve the NV-'s spin

properties, but also requires low concentrations of dangling bonds to mitigate the effects

of photo-induced charges on the NV-'s optical properties. Meeting these requirements

is an on-going challenge because it essentially requires the deterministic creation single

NV-s in the lattice without introducing any other defects in the diamond lattice.

One last important optical property is the NV-'s fraction of PL emission into the

ZPL (See Fig. 2.2). Because of the high Debye temperature (-1870 Kelvin [253]) of

diamond, there is not much difference in the phonon density of states between cryogenic

and room temperatures. As a result, the fraction of non-phonon-mediated transitions

(ZPL transitions) remains consistently around 3% [186]. Although this fraction (known

as the Debye-Waller (DW) factor) is stable with respect to temperature fluctuations, its

low value becomes a major hindrance for applications to large-scale quantum network

which require larger fractions of coherent photon emission from the NV-. Fortunately,

high-quality optical cavities had been proposed to drastically improve the DW factor [41,

42, 107], and in the past few years important demonstrations have been achieved showing

that this limitation is not necessarily a problem any longer [4, 66, 108, 127].

Throughout the remainder of this thesis, many of the underlying physical mechanisms

that give rise to the NV-'s optical and spin properties introduced here will be continually

revisited and further clarified - specifically in the context of nanostructures for enhancing

the properties of the NV- as it might be used for quantum networks and sensors.

5We consider homogeneous broadening of a single NV- to be the line-width measured for each resonant
optical scan, while inhomogeneous broadening of a single NV- characterizes the the amplitude of the
spectral 'jumps' made by the optical transition from one optical scan to the next. See [45, 209] for more
details.
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FiC :RE 2.2: Crvogenic (15 K) mid rooi (300 K) teiiperature PL spectra froni a siiigle
NV-. Notice that the fraction of emission into the ZPL remains constant (DWV factor

~0.03), but that the lilne-width of the ZPL significantly narrows at low temperatures

due to the reductio1 of two-phooin scattering processes [187].
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Chapter 3

Coherent spin control of a

nanocavity-enhanced qubit in

diamond

3.1 Introduction

The coupling between photons and quantum states of an emitter is efficient in the strong

Purcell regime, in which the emitter interacts primarily with one optical mode. This

regime is reached when the overall Purcell enhancement exceeds unity (F > 1) [226]. In

the case of an NV-, only a small fraction of the PL is emitted via the ZPL transitions [264].

Therefore, one has to differentiate between the overall Purcell enhancement F and the

spectrally-resolved spontaneous emission (SE) rate enhancement FZPL = F/DW, where

DW is the Debye-Waller factor. When the NV- ZPL is coupled to a cavity with quality

factor Q and mode volume Vmode, the enhancement is given by

1
FZPL = FZPL 1 + 4Q 2 (A ZPL/Acav - 1)2 (3.1)

where Fzm = 3 vm is the maximum spectrally-resolved SE rate enhance-41r n Vmode

ment [201] and p= t_ quantifies the angular and spatial overlap between the

dipole moment (ps) and the cavity mode electric field (E). A high FzmpY can be realized

in photonic crystal (PhC) nanocavities due to their small mode volumes [238], Vmode
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current t1igli the stripline. and b the PhC thickness. b. Simulated electric field intensitY
for the optillized fimidallental cavit ly mlode. The PhC lIs a width W and a lattice cstalt
varyiig frm 0.91 at Ithe c(iter to = 220 111i1 over five periods. c. Scanning electron IiiCiro-

grap)hi (SEI) f a representative cavity structurc. The scalc bar is 1 min. d. Measured cavity
resonance (dots) with a quality factor Q ~ 9.900 + 200 from a Lorentzian fit (blue line).

(A/n)1 . and their large quality factors. ID and 2D PhC cavities in diamond [66. 88. 194]

have reaclied Q factors of 6.000 and 3.000. and Fzp1. up to 7 and 70, respectively. However.

the only spin measurement prior to our deiminstratioin oii a Cavity-coupled NV showed a

~1 ts Babi envelope decay from an NV- hosted in a lanoiidiamonid coupled to a galliun

phospli(de PliC [63]. No spin coherence measurements had beenl reported oi single crys-

tal diamoid cavities, leaving uNverified the potential of NV--cavity systems as (pantu

memories. Here, we present a new fabrication scheme that elnables exceptionally long

spill coherence times exceeding 200 s, record-high nanocavity quality factors near the

NV- ZPL emission, as well as the demonstration of an NV- in the strong Purcell regime

with F-1  of -62. Our results experimientally validate the promise of long spil coherence

NV-cavity systems for scalalHe (juanlitum repealers amd qinmntm networks.
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Chapter 3. Coherent spin control of a nanocavity-enhanced qubit in diamond

3.2 Photonic Crystal Simulation and Optimization

The cavities were designed using finite-difference time-domain (FDTD) simulations [61] to

maximize FzpEx by optimizing the ratio of Q/Vmode. As shown in Fig. 3.2, the nanocavity

is based on a suspended one-dimensional diamond PhC structure with lattice constant a,

beam width w = 2.4a, and thickness h = 0.7a. A linear increase of the lattice constant

from 0.9a to a in increments of 0.02a per period away from the center defines the cavity

defect state. The fundamental cavity mode of the optimized structure yielded a simulated

Q = 6.02 x 105 and Vmode = 1.05(A/n)3 .

The cavity design was optimized with the FDTD method, using a freely available

software package MEEP [174]. The structural parameters are listed in Figure 3.2. We

set a = 20 units and use perfectly matched layers as absorbing boundary conditions.

The fundamental transverse electric (TE)-like mode gives a resonant frequency close to

a/A = 0.31. We introduce a linear relationship of the lattice constant along the x-

coordinate, thus forming an optical potential well. In particular, we choose a minimum

effective lattice constant of a, = 0.90a at the center of the potential well and increase it

to ao = a in increments of 0.02a (Fig. 3.2b). The perturbations of the lattice constants

span five periods away from the center of the cavity. We optimize the cavity by changing

the hole width h, and hole length hy while keeping the same pattern of holes in the

x-direction with thickness h = 0.7a and beam width w = hy/0.7. The resulting Qs are

shown in Fig. 3.2c, and the local maximum Q/Vmode is achieveda with h_ = 0.55a and

hy = 2a, with Q = 6.02 x 105 and Vmode = 1.05(/n)3.

3.3 Experimental Results

3.3.1 Diamond Fabrication

In the first fabrication step, high-purity ('N < 10 ppb) single-crystal diamond plates were

grown by microwave-plasma assisted CVD and were laser cut to a thickness of ~200 pIm

where the area of the starting diamond sample falls in the range of 2 mm x 2 mm. The

aThere is no guarantee that the design optimization reached a global maximum of Q/Vmode. Until
recently, it is uncommon for experimentally produced nanophotonic structures to match FDTD results
because it is impractical to include nanofabrication imperfections in the simulation model [1201.
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length. b. Illustration of the linear cavity lattice constant profile which defines the

potential well. c. Cavity Q/VM(l(. as the hole widths and lengths are varied. The

sweep parameter Y was hlited to below 2a to avoid inultimode operation along the

.y-directi101.

plates were pre-pol ishe d down to -5 pm membranes using a cast iron scaif"t. For the

creation of NV-s. a laver of nit rogen atoms was implanted at 80 keV energy and located

~100 nin from the surfacc(. Systeim A was implanted at a dosage of 5x101() 15 N cm-2

and system B at 5x1" 1N (.11-2 . The membrane was annealed in a NIT ()TF-15()(X-4

vaciunim furnace (1.5x 10 " mbar) for two hours at 850C to mobilize lattice vacancies.

which combiie with 15 N atoms to form NV- centers [155. 173]. Next, the membrane was

turned over and thiuned down to -200 n using plasma etching (Oxford ICP-RIE) with a

mixture of chlorine and argon gases at a etch rate of ~2 mun per hour. This recipe yielded

a smooth surface (RMS < 1 nm) after 4.8 n etching. The thinned membranes generally

exhibited inhonogeneous thicknesses (100 nm to 300 nn) over hundreds of microme-

ters. The membrane was divided into tens of snaller pieces (each ~ 100 .im x 100 i in

size). which were transferred onto separate silicon substrates using a polydimnethylsiloxaIie

(PDMS)-tipped tungsten probe (Omniprobe PT-0001.02.01). The Si PhC masks were de-

signed and fabricated to match the thickness of each membrane so that oavity resonances

"Done comnmercially by lie diamond nanufacturing comipany. Elenient 6.
(3efor implantationi rnis. we always Ise siiulations to have an estimate of the ion's stoppiiig range

within the Ittice [267]. Such simulations generally underestimate the implantat ion depth due to crudely
formuilated imodihels which ilprioximate the crystalline structure of diamond as al aiorphous solid.

16



Chapter 3. Coherent spin control of a nanocavity-enhanced qubit in diamond

would fall near the NV's ZPL, and then transferred onto the membranes using a PDMS-

tipped probe. Oxygen plasma dry etching (Trion RIE at 20 seem gas flow, 50 mTorr

pressure and 100 W power) was used to transfer the pattern into the membranes. After

the etch, little erosion was found on the silicon PhC masks. A tungsten probe was used

to remove silicon masks from diamond membranes. Finally, an SF6 isotropic dry etch

removed the silicon underneath to suspend the cavity structures. MW striplines were

produced separately on intrinsic silicon using a standard semiconductor fabrication pro-

cess, followed by a lift-off step for metal deposition into the silicon trenches. Finally, the

diamond devices were integrated into the MW architecture using another PDMS-tipped

probe.

3.3.2 Nanofabrication using silicon masks

The cavities were patterned in high-purity single-crystal diamond using a new fabrication

process that employs silicon (Si) membranes as etch masks. The diamond was fabri-

cated by microwave (MW) plasma assisted chemical vapor deposition (CVD), polished

to 5 im thickness, and finally thinned to -200 nm using a combination of chlorine and

oxygen reactive ion etching. NV-s were created by implantation of 15N and subse-

quent annealing (Fig. 3.3a). The Si masks were produced by electron beam lithography

and cryogenic plasma etching (sulfur hexafluoride and oxygen) from silicon-on-insulator

wafers with ~220 nm-thick device layers [129]. This resulted in high-quality masks ap-

proximately 100 x 100 Lm2 in area. These were subsequently placed onto the diamond

membranes using a transfer process described below (Fig. 3.3b). This Si mask transfer

process enables nano-patterning without the need for resist coating onto the substrate

and is compatible with sample sizes down to several tens of square micrometers. We used

oxygen plasma [128] to etch the Si mask pattern into the pre-thinned ~200 nm diamond

membranes (Fig. 3.3c). After mask removal, the patterned diamond membranes were

transferred onto a Si chip with integrated microwave striplines (Fig. 3.3d). Because the

silicon mask can be fabricated with excellent quality, thanks to the availability of ma-

ture fabrication technology for this material, this process yields diamond PhCs with low

surface roughness and uniform, vertical sidewalls. We observed a high yield (94 %) of

cavities with resonances close to NV- ZPL in a single fabrication run, with a maximum

Q of 9,900 200 (Fig. 3.3e). Cavity resonances spectrally lower than 637 nm are suitable
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Chapter 3. Coherent spin control of a nanocavity-enhanced qubit in diamond

for NV- ZPL coupling via gas deposition tuning while longer wavelength resonances can

be blue-detuned by thermal oxidationd and oxygen plasma etching [61, 88].

3.3.3 Optical characterization

3.3.3.1 Experimental setup

We optically characterized samples at ambient and cryogenic (-18 K) temperatures using

homebuilt confocal microscope setups with 532 nm continuous-wave (CW) laser excita-

tion. PL imaging (Fig. 3.4a) was used to identify NV-s within cavity centers, and

spectral measurements determined the separation between the NV- ZPL transitions and

cavity resonances. Cavity system A (circled in Fig. 3.4a) contains a single NV-, as verified

by antibunching in the second-order auto-correlation function. Fig. 3.4b and c show the

initial PL spectrum of system A, showing a cavity peak (Q =1,700 300) blue-detuned

from the ZPL, as well as two ZPL branches Ex and Ey. These are split by 286 GHz due

to local strain in the diamond lattice [18]. As shown in Fig. 3.4b, the cavity resonance

was then gradually red-shifted by gas deposition [219] to overlap with the NV- ZPL

transitions, resulting in strong PL enhancements (See Sect. 3.3.3.4). To determine FZPL,

a rate equation model is used to analyze the transition dynamics of the NV- center (See

Appendix A). In this simplified five-level model, we account for the SE rates of the PSB

transitions and the different ZPL transition rates for the on- and off-resonance cases. The

zero-phonon excited state to ground state transition rates of the NV- are assumed to be

enhanced by the factor FzPL. One important input parameter of our model is the frac-

tion of ZPL to total intensity, quantified by the DW factor [264], which we estimate from

an off-resonance spectrum to be DW= 0.028. By substituting this factor into the rate

equation model, we determine FZPL of 8 (15) for transition Ex (Ey) in system A. To show

that our simplified rate equation model gives a reliable prediction of FZPL, we considered

a second analysis method. By comparing the ZPL intensity for coupled and uncoupled

cases (Fig. 3.4c), we can determine the ZPL SE coupling efficiency into the cavity mode

parameterized by a factor # = Ipvty/(Izpvy + IPSB), where Ipiajty is the intensity of the

cavity-enhanced ZPL, and IPSB is the intensity of the PSB. This method is valid in the

weak excitation limit where the low population of the excited state does not influence

dSimply heating the diamond in an oxygen-rich environment at temperatures below 500 C, thereby re-
moving about 1 nm of diamond per hour with 30% oxygen (159 torr) and 70% nitrogen environment [103].

19



Chapter 3. Coherent spin control of a nanocavity-enhanced qubit in diamond

the ratio of Itta1/Ita1, where ItotaI I~aj + IPSB is the overall PL intensity when the

NV- ZPL is on resonance and Itfa = 'L + IPSB is the overall PL intensity when the

NV- ZPL is off resonance. From F ~ 3/(1 - #), we can then deduce the increase in SE

rate FZPL = F/DW = 10 (17) for the E,, (Ey) transition, yielding similar values compared

to the rate equation analysis.

These rate enhancements are still lower than theoretically expected, as determined by

the Q and the TE-polarization of the cavity mode. This is because the Purcell enhance-

ment depends strongly on the spatial and angular overlap, and FZPL is generally much

lower than the maximum possible value, Fz''pa, especially in samples with low NV- den-

sity (-1 NV- per tm2 in the case of system A). Moreover, for the {100} diamond crystal

used here, the maximum Purcell enhancement is reduced to FZmpa* = cos2(35.3 )Fzax

since 35.3' is the smallest angle between the transverse-electric (TE) cavity field and the

NV- dipole (i.e., crystal) orientation. Using the rate equation model for system A, we

calculate an overlap factor = FZPL/Fz'pa3 * = 0.1 (0.18) for transition Ex (Ey) indicating

a factor of 1/ - 10 (6) off from the theoretically expected maximum for our cavity design

due to the non-ideal spatial and polarization overlap. The difference in between Ex and

Ey is attributed to different orientations of the two orthogonal NV- dipoles with respect

to the TE-cavity mode [52].

To reduce the deviation from the theoretical maximum and to investigate NV--

nanocavity systems in the strong Purcell regime where more than 50% of the emission

is coupled into a cavity mode, we studied another sample with the same cavity designs

but with a higher density of NV-s to improve the likelihood of observing a high spatial

overlap between the cavity mode and a single NV- (~10 tm- 2 ). Fig. 3.4d shows the

PL spectrum of NV--nanocavity system B with QB =3,300+50. Out of four ZPL tran-

sitions, one was strongly enhanced by the cavity mode; we attribute the remaining ZPL

transitions to spatially decoupled NV- centers within the ~2 pim diameter microscope

collection spot through the cryostat window. We observed both a change in sponta-

neous emission lifetime from the off-resonant case Toff - 18.4 ns to the on-resonant case

Ton ~ 6.7 ns and a strong increase in emission from this NV- ZPL when tuned onto

resonance with the cavity (Fig. 3.4d,e). Due to the presence of multiple ZPL transitions

and their accumulated PSBs, we cannot measure directly their individual DW factors,

which are required to precisely determine the SE rate enhancement FzPL as a function of

DW. We therefore used two independent measurements to determine FzPL and DW: (i)
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Chapter 3. Coherent spin control of a nanocavity-enhanced qubit in diamond

the rate equation model (as done for system A), and (ii) the radiative lifetime modifica-

tion according to FZPL = (Tbulk/Ton - Tbulk/Toff)/DW (Fig. 3.4e). Solving this system of

equations gives FZPL = 62 and DW = 0.019 for a measured Tbulk ~ 12.5 ns (the average

lifetime of NV-s in the un-patterned diamond membrane). The DW has been reported

in a range from 0.01 to 0.19 at low temperature [264], and has been shown to vary signif-

icantly with temperature shifts [186]; because of this wide variability, we emphasize that

it is important to obtain DW from separate measurements, as this strongly influences

the estimated value of FZPL- From a measured FZPL of 62, we calculate a beta factor

(/) of 0.54 which implies that the NV- being enhanced is coupling more than 50% of its

emission into one cavity mode. This value indicates that the overall NV- emission was

strongly redistributed towards the ZPL, from 1.9% to 54%. Furthermore, by comparing

our experimental enhancement to the theoretical expectation using the overlap factor

=FZPL/FZpa* = 0.32, we find an only 3-fold difference to the maximum value.

3.3.3.2 /-factor estimation

To estimate the Purcell factor, we analyzed the spectra for the off- and on-resonance

cases [63, 201]. When an NV- is not coupled to a cavity mode, the probability of emission

into the ZPL is given by the DW factor. Values between ~0.01 to 0.19 have been

reported in the literature for an NV- at cryogenic temperatures [66, 264]. DW factors for

system A were obtained through spectral measurements. Hence, the integrated intensity

of the NV- ZPL, while the cavity is detuned (I$L), provides an estimate of the total

emission of the emitter, which is approximately equal for the off- and on-resonance cases

(Itotai = Itotal Itotal = 'ZPL/DW) in the weak-driving limit (W/y 2 < 1). When the

NV- ZPL and cavity resonance are spectrally overlapping, the probability of emission of

the ZPL into the cavity mode is modified due to the increased local density of states in

the cavity. The /-factor gives the probability that the NV- emits into the cavity mode,

and can be approximated by the following relation:

cavity
S=ZCPL(32

'total

where Iz"tY is the integrated intensity of the ZPL emission into the cavity mode. It is as-

sumed that the collection efficiency is equal for both detuned and on-resonance cases [88].
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The relationship between the -factor and the Purcell factor of the overall emission (F)

can be expressed [201] as:

#F 
(3.3)

K + -y F + I

where r, is the cavity decay rate, and -y is the NV- decay rate. We determine K from

fitting cavity resonances to Lorentzians.

Since the systems are in the bad-cavity regime (, >> -), we simplify the expression for F

as:

F - (3.4)

3.3.3.3 Spontaneous emission lifetime change

To calculate the expected enhanced spontaneous emission rate, the equation is given

by [66]:

FZPL Tbulk _ Tbulk /DW (3.5)
Ton Toff )

where Tbulk (-12.5 ns) is the lifetime in bulk diamond, Toff is the measured inhibited life-

time when the cavity and emitter are off resonance, and To, is the enhanced spontaneous

emission lifetime.

3.3.3.4 Low-temperature gas tuning

Characterization of the optical properties of the sample at cryogenic temperatures was

performed via PL measurements in a continuous flow He cryostat (CCS-XG-M/204N, Ja-

nis) at ~18 K. The sample was mounted inside the isolation vacuum and accessed through

a window-corrected objective (LD Plan-Neofluar 63x, Zeiss NA = 0.75). The NV-s con-

tained in the diamond cavity structures were excited with a 532 nm continuous-wave

laser (Coherent Compass 315M). Fluorescence from the sample was collected in a confo-

cal configuration and sent to fiber-coupled single photon detectors (SPCM-AQR, Perkin
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Elmer), while spectra were taken via free-space coupling into a spectrometer (Isoplane

SCT320, Princeton Instruments). To spectrally tune the cavity mode into resonance with

the ZPL, the cryostat was equipped with a nozzle near the cold-finger for controlled gas

flow onto the sample[149]. This feature can be used for condensation and ice formation

of gas (e.g. Xenon) onto the sample, hence changing the effective refractive index of the

diamond membrane. This refractive index change allows for spectrally red-tuning cavity

resonances at a rate of -8 pm per second. To take full advantage of this tuning tech-

nique the cavities were designed to have resonances spectrally blue-shifted from the ZPL.

Xenon gas can then be used to achieve precise in-situ tuning of the cavity to overlap its

resonance with the ZPL. We note that the cavity tuning was observed within seconds of

the Xenon being released indicating no further gas dynamics. Reheating the sample to

room temperature reverses the tuning. Using this procedure, we were able to repeatedly

tune over a range of -31 nm without significant degradation of the cavity Q.

3.3.4 Spin measurements

3.3.4.1 Electron Spin Coherence (T2 )

The cavity-coupled NV- centers exhibit excellent spin coherence times (T2 ) similar to the

parent CVD crystal. Fig. 3.5a shows the spin-preserving Ex and EY optical transitions [52]

of NV--nanocavity system A with associated magnetic sublevels m, = -1,0, 1. A small

static magnetic field of -2 mT was applied along the NV- axis to lift the degeneracy of

the m, = 1 spin states. The metastable spin singlet states (E1 , A1 ) enable optically

detected magnetic resonance (ODMR) measurements [52], but we do not expect the tran-

sition rate between these levels to be modified by the cavity because the PhC bandgap,

targeted near the ZPL at 637 nm, does not overlap with the 1042 nm transition between

the singlet metastable states [197]. Fig. 3.5b shows ODMR under continuous optical and

MW excitation, indicating the m, = 0 -÷ 1 spin transitions. Separate Rabi oscillation

measurements (Fig. 3.5c) under pulsed excitation indicate a Rabi envelope decay time [85]

of T2p > 6 s. The phase coherence time T2 is measured using a Hahn echo to unwind

the dephasing by quasi-static magnetic fields [85]. From the single-exponential [94] decay

envelope of the revivals in Fig. 3.5d, we estimate T2 ~ 230 Ps. Such T2 values are consis-

tent with measurements taken in the unprocessed high-purity electronic-grade diamond

crystal, indicating that our novel Si mask nanofabrication process preserves long electron
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FIGURE 3.5: Electronic structure and coherent spin control. a. Energy level diagram of

an NV- center in a nanocavity. The two excited state sub-levels, Ex and EY, are split by
2A ~ 286 GHz due to strain in the lattice for NV- system A (circled in Fig 3a). The effective

SE rates of these excited states are mnodified by the ianocavity from - to -+ . Foi both the

excited and ground state triplets, the imn = 0) and 1in 8 = 1) states are split by the crystal
field splitting, and the degeneracy of the in8 = 1) states is lifted by an applied magnetic

field. b. The optically detected inagnetic resonance spectrum of the ground state triplet in

NV- system A with an applied field of ~2 nT. c. By addressing only the transition between

the Im = 0) and In 8 = -1) states, we can coherently drive Rabi oscillations without observing

any decay of the envelope function which indicates a T4 > 6 pts. The Rabi oscillations contain
two frequency components which we attribute to a hyperfine interaction with a nuclear spin.

The inset above shows the Rabi sequence of polarization, pulsed microwave (MW) excitation,

and optical read-out. d. Using the 7F/2 and 7 pulse durations from the Rabi measurement, we
then applied a spin-echo sequence, determining the T2 to be 230 pts. The inset above shows the

Echo sequence of polarization. pulsed r/2 and it MW pulses, and optical read-out.

spin coherence times. This coherence time is more than two orders of magnitude longer

than previously reported values for cavity-coupled NV- centers [63] and semiconductor

quantum dots [35, 231].

3.3.4.2 Spin-Lattice Relaxation (T1 )

The spin-lattice relaxation time of the cavity-coupled NV- (Sample A) was measured at

room temperature using the integrated microwave striplines (See Fig. 3.3d and Fig. 3.6c).
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Chapter 3. Coherent spin control of a nanocaity-cnhanced qubit in diamond

The relaxation contrast was measured by taking the difference between the fluorescence

with, and without a Pi-pulse, and normalized to the fluorescence measured after depo-

larization into the m, = 0 spin state. The decay rates from both the m, = 0 and m8 = 1

states into thermal equilibrium fell in the range of ~500 Hz (T = 2.1 0.1 ms). These

decay rates are consistent with NV-s in high quality environments further indicating

that the fabrication process preserves the high purity environment before any processing.

20
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FIGURE 3.6: Spin-lattice relaxation measurement of NV- in cavity. The shaded region
indicates the 95% confidence interval on the single exponential decay fit, which yielded
Ti = 2.1 0.1 ins.

3.4 Discussion

We use the relevant NV--nanocavity parameters to determine the possible impact of our

system on established and potential future applications. NV--nanocavity system B lies

in the strong Purcell regime with # = 0.54, which would lead to a ~800-fold" increase in

entanglement generation rates between two distant NV-s compared to present schemes

without cavity enhancement, assuming the same collection efficiency as in previously

reported experiments [22]. For alternative collection schemes, it is possible to couple an

optical fibre to a 1-D cavity (similar to the one used in this work) through an intermediate

waveguide with a total coupling efficiency of 85% [81], so even higher entanglement rates

are achievable. Recently achieved quantum teleportation rates based on differentiating the

excited spin states with high selectivity would also significantly benefit from this speed-

up [182]. Another entanglement protocol relies on state-dependent reflectivity (resonant

scattering) of an incoming photon upon the cavity [156]. In this approach, the overall

eCalculated by evaluating (0 )2 (IJ5 )2.
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Purcell enhancement is important because it determines the probabilities of reflection and

no reflection. If we neglect pure dephasing we can set C, the cooperativity, equal to F and

the reflection probability [156] is approximately given by 1 - (1 + 4F)/(1 + 4F + 4F2 ).

Therefore, it is important to reach a high F > 1. We show here a value of F ~ 1.2,

and therefore possibly enabling the entanglement scheme discussed above. However, we

did not measure the dephasing properties and cannot confirm that we are operating in

a regime without pure dephasing. These estimations indicate that coupling long-lived

NV-s to single-crystal diamond cavities is a critical step towards long-distance quantum

entanglement and large-scale quantum networks.

Entanglement generation rate analysis The figure of merit for entanglement

generation between two separated NV-s is given by the relation [240]:

p 2 (3.6)
1 + 7At

where p is the probability of spin-photon entanglement per excitation pulse, -y is the

spontaneous emission lifetime of the NV-, T is the electron spin coherence time, and

At ~ L/c with L being the separation distance and c being the speed of light. With

cavity-enhanced NV-s, p is increased proportional to the Finesse of the cavity, which

is itself proportional to the quality factor. In the regime of yAt > 1 (long distances),

the increase in entanglement generation rate improves as / 2 /DW 2 , which in our case is

0.542/.0192 ~808.

In conclusion, we have introduced a fabrication process for the creation of NV--

nanocavity systems in the strong Purcell regime with consistently high Q factors while

preserving the long spin coherence times of NV-s [13]. These systems enable coher-

ent spin control of cavity-coupled semiconductor qubits with coherence times exceed-

ing 200 ts - an increase by two orders of magnitude over previously reported cavity-

coupled solid-state qubits [35, 63, 231]. Such systems with specific NV--cavity coupling

parameters can also be used for high-fidelity readout due to the modification of spin

dynamics of cavity-coupled NV-s [262]. Our on-chip architecture could be used to

efficiently scale NVW-nanocavity systems to many quantum memories connected via pho-

tons [47, 109, 110, 167]. The membrane-transfer process introduced here is well-suited
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for building such networks as it allows the screening and subsequent integration of high-

performance NV--nanocavity systems [20, 31, 150, 256] into photonic integrated circuits

equipped with microwave circuits for multiple electron and nuclear spin control [57, 159],

waveguide-integrated superconducting detectors [153], and low-latency logic devices for

feed-forward [21]. Spatial implantation of NV-s into the mode field maximum or cavity

fabrication around a single NV [193] appear promising to increase the NV--nanocavity

overlap probability. Many of the schemes discussed above require coherent optical con-

trol of single or multiple NV- spins in cavities that exhibit low spectral diffusion and

lifetime-limited ZPL transitions; recent work on near-surface implanted NV-s shows it is

in principle possible to reduce spectral diffusion under 532 nm excitation [45, 257] as well

as other excitation wavelengths [217]. With these advances, multiple NV--nanocavity

systems operating in the strong Purcell regime and having long spin coherence times

would form scalable quantum memories for quantum repeaters [42], spin-based micropro-

cessors [9], and quantum networks [171].
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Broadband fluorescence collection

from single NV-s

4.1 Introduction

Central to all of the experimental efforts is the efficient detection of the NV- PL, which

improves the sensitivity in metrology applications [198] and allows for faster quantum

information processing [22, 25, 227, 230, 249]. However, efficient photon collection has

been hindered by total internal reflection confinement due to the high refractive index of

diamond. Previous approaches to address this problem in bulk diamonds include solid

immersion lenses [83, 137, 182, 207 (1.1 million counts per second (Mcps) reported),

vertical pillars [10, 148, 157] (1.7 Mcps), optical antennas [192] (0.6 Mcps) and silicon

dioxide gratings [43] (0.7 Mcps). Here, we introduce a circular diamond 'bullseye' grating

that achieves the highest reported photon collection rate from a single NV- center of

4.56 0.08 Mcps at saturation when fitted with the widely-used background counts sub-

traction method. We have also developed a g( 2 -corrected saturation curve measurement

which gives a rigorous single photon count rate of 2.7 0.09 Mcps. We measure a spin

coherence time of 1.7 0.1 ms, which is comparable to the highest reported spin coherence

times of NV-s under ambient conditions and also indicates the bullseye fabrication pro-

cess does not degrade the spin properties [12, 13, 154]. The planar architecture allows for

on-chip integration, and the circular symmetry supports left- and right-handed circularly

polarized light for spin-photon entanglement [240].

29



Chapter 4. Broadband fluorescence collection from single NV--s

a Z 
f

MW

100'0 // //KI

1'-

K-

%~9L .~.z/

K

b

C

N

a gap

2

0-.

L

-4

FIGURE 4.1: a. Illustration of an array of diamond bullseye gratings adjacent to a

microwave (MW) strip line. b. Schematic of the circular grating. a denotes the lattice

constant and gap the air spacing between circular gratings. c. Simulated electric field

intensity (log scale) in the x = 0 plane with air above and glass below the diamond. A

dipole emitter was placed in the center of the bullseye grating, and was oriented along

the horizontal direction.

4.2 Nanostructure Design

The bullseye grating consists of concentric slits fully etched into a diamond membrane

(Fig. 4.1a and b). The grating period a satisfies the second-order Bragg condition, a =

A/neff, where A ~ 680 nm approximates the mean of the NV- emission wavelength and

ncff is the membrane's effective index when placed on glass [7]. Fig. 4.1c shows the

simulated field distribution of the bullseye grating with period of a = 330 nm, and an

air gap of 99 iim (Lumerical, FDTD Solutions). Light guided in the membrane scatters

with equal phase at the slits, leading to constructive interference in the vertical direction.

As seen in Fig. 4.1c, PL from a dipole emitter oriented along the horizontal direction is

preferentially (~ 70%) emitted into the glass coverslip due to a lower index contrast of

the diamond-glass interface compared to the diamond-air interface [192].
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4.3 Sample Preparation

The diamond structures were fabricated by first thinning -5 1-tm thick diamond mem-

branes to -300 nm in a reactive ion etcher [121]. The diamond was grown by microwave

plasma assisted chemical vapor deposition (CVD) and contained a density of intrinsic

NV-s of -1/ tm3 and a nitrogen concentration of <100 ppb. The grating patterns

were transferred into the diamond membranes using pre-patterned single-crystal silicon

membranes as etch masks [125]. These silicon membrane hard masks were positioned

onto the diamond and mechanically removed after etching [127, 128]. Fig. 4.2a shows a

scanning electron micrograph of a typical fabricated structure. These membranes were

subsequently transferred onto a glass coverslip with a pre-patterned microwave strip line

for optical and spin characterization.

4.4 Experimental Setup

The bullseye gratings were investigated using a homebuilt confocal microscope with an

oil objective (Nikon Plan Fluor NA= 1.3). A 561 nm long-pass filter (Semrock 561

nm RazorEdge ultrasteep long-pass edge filter) was used to remove the green laser in

the collection path. The collected PL was split by a polarizing beam splitter onto two

single photon counting modules (Excelitas Technologies' SPCM-AQRH). The PL scan in

Fig. 4.2b shows a bright spot inside the bullseye system A, confirmed to be an NV- center

by spectral measurements (see Fig. 4.4). We used a back-focal-plane (BFP) imaging

technique to analyze the bullseye's far-field mode pattern (See Fig. 4.2). In a confocal

imaging system, the Fourier transform of the far-field emission pattern is situated at the

BFP of the objective lens. We imaged this onto a CCD camera (Princeton Instruments

LN-1334) using a 400 mm lens (commonly called a 'Bertrand lens' [169]). The BFP image

in Fig. 4.2c shows a strong intensity for modes of NA below 0.7, and a circular boundary

for 1<NA<1.3. These results are consistent with the FDTD simulations (Fig. 4.2d)

predicting that 13% of the total emission occurs within an NA of 0.7 (See Fig. 4.6). In

contrast, an NV- in the unpatterned diamond membrane shows scattering primarily to

high NA modes, as seen in Fig. 4.2e (Experiment) and Fig. 4.2f (Simulation).
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FIGUREI 4.2: a. Scanning electron micrograph and (b) PL scan of an NV- within

a diamond bullseye grating (system A). c.-f. Siniated and experimental back-focal-

plane images. The concentriC circles are in units of I1mnlerical aperture, and the color

intensities for all four images are norlialized to their respective mnaxinnnn intensity

valne for wavelengths from 640 - 650 nm for the same E, polarization (pointing left-
right). \leasured far-field emission pattern of an NV- in the -300 ni thick diamond

lemlbrane 'with c. and wIthout e. a grating structure. Simniuated far-field eniission
pattern of a dipole oriented along the horizontal direction inside a meibrane withi d.

and without f. a grating structure.

4.5 Optical Characterization

\We llsed two m1(t1ods to estimate single NV- photon count rates in order to provide

rigorous lower and upper bounds on the total emission collected. For an upper bound of

the saturated single photon emission. we. mneasllred both the photon count rates at the

NV- position and the background fluorescence -600 um away as a function of laser power.

After subtracting the two measurements (Fig. 4.3, red (lots). this background-subtracted

saturation curve was fit to the foloving saturation model [10, 43, 148. 157, 192, 207]:
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FIGURE 4.3: a.The saturation curves of the bullseye-enhanced single NV- in system A.
The red curve is a fit to data with background counts subtracted, and asymptotically
approaches 3.27 t 0.37 Mcps at a saturation excitation power of 77 30 tW. The blue
curve is a fit to g(2)-corrected counts (for details, see main text), and asymptotically
approaches 2.41 0.2 Meps at a saturation excitation power of 84 30 iW. The second-
order auto-correlation measurement (inset) indicates a minimum y(2)(0) = 0.320
0.005 at 10 iW. b. Characterization of system B. The red curve is a fit to data with
background counts subtracted, and asymptotically approaches 4.56 0.08 Mcps at a
saturation excitation power of 255 + 20 ptW. The blue curve is a fit to g( 2)-corrected
counts, and asymptotically approaches 2.70 0.09 Mcps at a saturation excitation power
of 150 16 iW. The second-order auto-correlation measurement (inset) indicates a
minimum g(2 )(0) = 0.279 0.003 at 10 pW.

C(P) = I + Psat/P
(4.1)

where P is the excitation intensity as measured after the objective aperture, and the

fit parameters are given by the saturated single photon count rate C,, and the saturation

excitation power Pat. The fit yields a saturated count rate of C, = 3.27 0.37 Mcps at

a saturation power of 77 30 p.W for system A. These results are consistent with fitting

a linear background to the total count rate (see Fig. 4.10).

For a rigorous lower-bound measurement of the collected single photon emission, we

recorded both count rates and the second-order auto-correlation of the emission with

increasing laser pump power. The g(2)(0) at low laser power (10 fW) is 0.32 (Fig. 4.3a

inset) which indicates that the fluorescence originates from a single NV- center. In the
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Chapter 4. Broadband fluorescence collection from single NV-s

presence of uncorrelated background photon emission, the measured normalized autocor-

relation function, g ,(r), differs from that of a single emitter, gi (T), according to the

following [23, 29]:

g 2 (r) = g) (T)p2 + 1-p2  (4.2)

where p = S/T is the ratio of the signal NV- photon count rate S to the total

(NV- and background fluorescence) photon count rate T. Since for a single NV- g) (0) =

0, we obtain its signal fluorescence S = T 1 - gl,(0) at different laser excitation powers

(Fig. 4.3a, blue dots). By plotting S as a function of laser power and fitting this function

to Equation (1), we find a single photon emission rate of 2.41 t 0.2 Mcps at a saturation

power of 84 30 jiW for system A.

Repeating both analyses for system B (from which we measured the highest collection

efficiency), we obtain a saturated count rate of 4.56 0.08 Mcps from the background

subtraction analysis and 2.70 0.09 Mcps based on the g(2) analysis. This represents a

roughly 15-fold increase in count rate compared to what we observed for NV-s located at

a similar depth in bulk diamond samples measured with the same oil-immersion confocal

setup. In a (111)-oriented diamond substrate, one could expect further improvement

by another -30% [157] due to the alignment of the NV- dipole with the plane of the

bullseye.

4.5.1 Spectrum of an NV- inside the circular grating

Fig. 4.1a shows an emission spectrum of an emitter at the center of the bullseye. The sep-

aration between peaks in the PSB gives the free-spectral-range of a low-finesse (F - 1)

micro-cavity due to weak reflectance (R ~ 0.17) at the gratings. This is in qualita-

tive agreement with the expected spectrum (Fig. 4.4b), where we convolved a typical

NV- spectrum with the wavelength-dependent collection efficiency of an NV- in a bulls-

eye grating for an NA of 1.3, as obtained from FDTD simulations.
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FIGURE 4.4: a.

of standard NV-
efficiency (blue).

Spectrum of an NV- inside the bullseye grating. b. Convolution
spectrum (pink) with a simulated, wavelength-dependent collection

4.5.2 Collection Efficiency of NV- in bullseye

To investigate the relationship between NV- depth and the collection efficiency of the

bullseye, the dipole emitter in the simulation is scanned along the z-axis of the bullseye

structure (Fig. 4.5a). The collection efficiency calculated from 3D-FDTD simulations by

projecting the electric-field intensity to the far-field is shown in Fig. 4.6b.

In the context of room-temperature sensing applications, Fig. 4.7 shows a simulated

wavelength-dependent collection efficiency within a collection aperture of 1.5 for the grat-

ing design used in the main text. The simulation shows that it is possible to achieve above

90% collection efficiency for a wavelength range by using a bullseye grating.

For low-temperature spin-photon entanglement applications, a high collection effi-

ciency with low-NA emission can be achieved for a spectrally-resolved region around the

NV's ZPL (637 im). Figure S4 shows simulation results for a bullseye grating optimized

for a dipole emitting at 637 nm oriented at 540 from vertical. At the design wave-

length, the grating allows a collection efficiency of 30% within an NA of 0.5. This grating

structure would be useful for cryogenic optical experiments which typically require long

working-distance, low-NA objectives.
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collection efficiency with an NA = 0.5 mlicroscope objective from a bullseye gratiing
optimized for the NV- ZPL at 637 inn.

4.5.3 Influence of background emitters

At high excitation powers, the tail of the excitation laser profile and laser light scattered

into and 'waveguided' in the diamond thin filn become significant enough to excite back-

ground emitters. Therefore, it is important to consider the effect of background emitters
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FIGURE 4.7: A simulated plot of the total collection efficiency in the downwards direc-

tion within a collection aperture of 1.5.

on the measured saturation curve. From FDTD simulations (Fig. 4.5), we expect that

the collection efficiency from an NV- at the center to be the highest (~ 30% at 637 nin),

while it decreases in an oscillatory manner as a function of radial displacement from the

center. All of these factors were considered within a MATLAB simulation, in which 1000

samples of an optimized bullseye structure was generated with NV-s randomly placed

at a density of 0.3 NVs/im 2 with all NV-s having the same saturation power inten-

sity. Fig. 4.9 plots the expected saturation curves from a single NV- with 30% (solid

black) and 100% (dashed black) collection efficiencies and without the presence of any

background. The plot shows the two black curves with three other simulated saturation

curves, in order of increasing contribution from background NV-s at the 68th, 95th

and 99th percentiles of the 1000 generated samples. The simulation results indicate that

background emitters contribute less than 5% to the measured saturation count, rates with

a probability of 0.68, while the emitters contribute over 60% to the measured saturation

with a probability of 0.05. Thus, our findings show that the contribution by background

emitters to the saturation curve has a relatively small impact on the collection from the

bullseye-enhanced NV.

4.5.4 Additional saturation curve analysis

Fig. 4.10 shows both the total count rate from the bullseye-enhanced NV, and a back-

ground fluorescence measurement -60011- nm away. The background measurement was

found to be increasing linearly with excitation power. Thus, it is reasonable to expect a
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FIGURE 4.8: FDTD simulations showing the fraction of total emission as a function of

both radial shift away from the bullseye center. The collection efficiency is for 637 nm.
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FIGURE 4.9: Simulated saturation curve of the emission from an NV- within a bulls-

eye grating structure. The black line indicates the curve for a bullseye-enhanced single
NV- with only 30% collection efficiency without any background emitters, while the
dotted black line shows the same NV- but with 100% collection efficiency. To un-
derstand the effect on the saturation curve due to any background NV-s (density

~ 0.3 NVs/.m2 ), MATLAB was used to create 1000 instances of the same bullseye
with background NVs. The green., blue, and pink show the saturation in order of in-
creasing contributions from background NV-s at the 68th, 95th and 99th percentiles,
respectively, from the 1000 simulations.
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FIGURE 4.10: (a) Saturation curve analysis of the bullseye-enhanced single NV- in sys-
tem B. The green curve is a fit to the total count rate, which asymptotically approaches
4.38 + 0.3 Mcps at a saturation excitation power of 288 + 30 tW with the linear back-
ground term a = 2215 200 counts/kW given a fitting function C(P) = 1-/+ icP.
The blue curve is a linear fit to background counts measured -600 1nm away with
a = 2100 100 counts/ IW.

linearly increasing background for the saturation curve of the total count rate. This fit

(See Fig. 4.10 caption) yields a saturated count rate of 4.38 0.3 Mcps at an excitation

power of 288 30 tW with the linear background term being a = 2215 200 counts/ .W.

This fit yields a saturated count rate consistent with the fit (See Eqn. (4.1)) to data after

subtracting the measured background.

4.6 Spin Characterization

NV- centers inside the bullseye gratings exhibit spin coherence times similar to the par-

ent CVD crystal. Fig. 4a shows optically-detected magnetic resonance (ODMR) under

continuous optical and microwave excitation. Ramsey measurements in Fig. 4b indicate

an I = 1 spin of the host nitrogen, consistent with the expected 14N isotope for naturally

occurring NVs. The phase coherence time (T2 ,H1ah) was measured using a Hahn echo pulse

sequence to cancel the dephasing by quasi-static magnetic fields [39]. From the exponen-

tial [94] decay envelope of the revivals in Fig. 4c, we determine T2,Hahi, = 311 23 ps.
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FIGURE 4.11: Coherent spin control of system A. a. ODMR of the m = 0 to m, = -1
transition with an applied magnetic field of 18.6 mT along the NV-axis. b. A Ramsey
sequence shows that the electronic transition is coupled to an 14N nuclear spin (I = 1).
The free-induction decay (FID) is limited by inhomogeneous broadening due to the
surrounding spin bath of nuclear spins. Inset: Fourier-transform of the FID signal
showing three peaks corresponding to the hyperfine interaction with the nuclear spin. c.
The Hahn Echo sequence decouples the electronic spin with a quasi-static magnetic field,
which extends the coherence time to T2,Hahn = 311 23 pis. The shaded region around
the exponential fit shows the 95% confidence interval. d. Further dynamical decoupling
from the environment was achieved using a CPMG sequence yielding T2,CPMG = 1.7
0.1 ms (blue fit, black points). A single-exponential fit indicates a spin-lattice relaxation
time Ti = 5.9 0.5 ms (purple fit, purple points).

Carr-Purcell-Meiboom-Gill (CPMG) sequences further decoupled the NV- spin and ex-

tended the coherence time through repeated spin-refocusing pulses. For a CPMG rep-

etition order up to n ~ 150 (See Fig. 4.11), we determine a T2,CPMG 1.7 0.1 ms

(Fig. 4.11d). Such T 2 values are typical for the parent diamond crystal, indicating that

our nanofabrication process preserves the long electron spin coherence.
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FICURE 4. 12: Pulse sequence fOr CPI\IG ineasurenient and nornializatiOnl.

4.6.1 Spin Normalization Sequence

For deterininig the Twso of' an NV- using CPMG. we samnpled values O(f T onlY at

the revivals ineaslired froin a standard Haln echo ineasurenient. (7) (a), - (i).
The CPNIG decay was sampled by keeping a constant delay between the v-pulses while

increasing the nmber (n) of 7-pulses (Fig. 4.12). The signal was normalized to a (-)_
rotat iou. or equivalently a (2 ) rotation. Such a normalization iethod is equiivalent

to projecting the mneasunement basis either onto the mi.=) basis (bright. (2 ), or the

lm,=- 1 basis (dark., (')). This method allows for a inore accurate measurenent of the

electronic spin decoulerelice [154].

4.7 Discussion

Compared to other geonetries with high collection efficiencies [10, 1821. the planar struc-

ture of the bullseye grating allows fur direct transfer o)to differenit substrates for device

liltegratio with other optical components, such as electrically-gated on-chip photon de-

tectors [153, 178, 191] and optical fiber facets [125, 210]. As seen in the FDTD simulations,

the bullseye structure shows a maximal collection effciency of ~ when the NV- is

located radially in the (enter uf th( bulLseye. Simulation results (See Fig. 4.5) indicate

that the collection efficiency reiiains wviiliin 50%X of the inaxinnon even when the NV- is

within 10 ) nn of the dianiond-air initerftace, which makes the bullseye structure attractive

for sensing applications. For narrow-band applications (AA/A <0.03) the collection effi-

ciency call be optilmized to as high as 90% of the total dipole emission power within an
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NA=1.5 (See Fig. 4.7). This makes the bullseye geometry particularly useful for collection

of the NV- ZPL, e.g. for spin-photon entanglement [22, 182, 240].

In summary, we demonstrate a nanophotonic device based on a circular 'bullseye'

grating for directing the far-field emission of a single NV- center and achieving high

collection efficiencies within a low NA allowing for record high PL collection. The intrinsic

coherence properties of the host materials were unaffected by the fabrication process,

allowing for millisecond coherence times. The high collection efficiency provided by the

bullseye structure promises improved proximal surface sensing [80] and, combined with

masked implantation [206, 243], allows for the scalable fabrication of high-performance

quantum devices such as multi-qubit quantum network nodes [22, 57, 88, 182], room

temperature single-photon sources for intensity standards [2], and single-shot spin readout

at room temperature [159, 196].
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Chapter 5

Generation of Ensembles of

Individually Resolvable Nitrogen

Vacancies Using Nanometer-Scale

Apertures in Ultrahigh-Aspect Ratio

Planar Implantation Masks

5.1 Introduction

Among the hundreds of color centers in diamond [263], the NV- is the only defect reported

which has an electron spin triplet that can be optically initialized [165] and measured [166]

using ODMR. The electron spin levels can be manipulated by microwave pulses [102], and

exhibit coherence times exceeding milliseconds at room temperature (300 Kelvin) [12]

and approaching one second at liquid nitrogen temperature (77 Kelvin) [13]. These

exceptional properties have enabled demonstrations of qubit gates [74, 101], quantum

registers [60, 161, 162], and NV--photon [240] and NV--NV- entanglement. In partic-

ular, entanglement between two NV- centers coupled via dipolar interactions was re-

cently demonstrated at room temperature [54, 57]. However, to extend this approach to

larger numbers of coupled qubits, a technique for fabricating small ensembles of several

NV-s with separations of 5-20 nm is required to enable dipolar coupling faster than the
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NV- electron spin decoherence rate [3, 32, 34, 37, 223, 243, 260, 261]. These ensembles

need to be sufficiently isolated from other NV-s and other atomic defects, in partic-

ular nitrogen atoms to avoid unnecessary background fluorescence and magnetic noise.

One established way to realize such isolated clusters of spins is by nitrogen implantation

and subsequent annealing [133]. Recently, spatially selective implantation of NV-s has

been reported based on nitrogen implantation through an electron-beam patterned resist

mask (made of poly methyl methacrylate (PMMA)) [218, 243], a mica nano-channel hard

mask [179], a pierced atomic force microscope (AFM) tip [180], and directly by focused

ion beam (FIB) [123]. The smallest reported full-width half-maximum (FWHM) of im-

planted NV- ensembles to date is 25 nm, achieved by sequential N implantation through

a pierced AFM tip; however, individual NV- centers were not resolved in this study [180].

By contrast, PMMA masks produced by electron beam lithography (EBL) enable high

fabrication rate and implantation with single NV- localization, but with a much broader

FWHM of 60-80 nm [13]. Furthermore, to achieve high implantation isolation outside of

the defined apertures, a high aspect ratio of the mask is required, as is the case for mica

masks [179].

5.2 Implantation Technique

Here, we present an implantation technique based on masks produced from 270nm-thick

silicon-on-oxide (SOI) membranes by a combination of EBL lithography and atomic layer

deposition (ALD), enabling arbitrarily narrow (measured here below 1 nm) implantation

lines with high aspect ratio. This approach combines the low FWHM of the AFM tip

implantation with the high throughput of EBL patterning, while achieving the excellent

aspect ratio of randomly patterned implantation masks (mica [179]). We employ these

masks to fabricate rectangular NV- implantation regions in which the smaller dimension

has a FWHM as low as 1 nm, reaching a regime where the nitrogen distribution is no

longer limited by the feature size of the mask but by the nitrogen implantation scatter-

ing within the diamond lattice. This approach opens the door to scalable fabrication

of isolated spin ensembles for quantum information processing and quantum transport

measurements [34, 260].
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State-of-the-art EBL is capable of writing features as small as 5 nm directly into the

e-beam resist [135]. However, such features require thin resist (10 nm), which does not

provide sufficient isolation between the target zones inside the apertures and the masked

areas. For instance, an implantation depth of 10 nm into the diamond would require a

PMMA thickness of -75 nm to achieve an isolation factor of 100, the lower limit for ade-

quate background reduction. The aspect ratio of a resist can in principle be increased by

reactive ion etching (RIE) pattern transfer into a second mask, but material removal with

RIE becomes extremely inefficient for hole sizes on the nanometer (nm) scale and depths

of tens to hundreds of nm (see Fig. 5.2) due to lateral etching. Another strategy for

patterning small apertures employs electron beam ablation of thin membranes of silicon

nitride [199, 2501. For this method, the depth of such apertures is limited to 10-15 nm,

and the time-intensive nature of this approach makes it unsuitable for patterning large

areas. As present fabrication methods face similar limitations as those discussed above, it

is evident that presently available scanning beam patterning and dry etching techniques

do not produce small enough apertures with sufficient large aspect ratio. To overcome

this limitation, we have developed a technique in which apertures patterned into a Si

membrane by standard EBL and RIE (Fig. 5.1a) are subsequently narrowed by confor-

mal ALD. In this way, several 10 nm wide lines - well within standard silicon patterning

processes - were narrowed, with atomic layer precision control, to the sub-nanometer

scale by ALD of alumina (A1 2 03 ). These silicon masks were subsequently released from

the Si substrate by hydrofluoric acid (HF) etching of the 3 tm SiO2 layer in the SOI

chip (SOITEC), and then mechanically transferred onto high-purity diamond substrates

(Element 6; nitrogen concentration below 10 ppb) either before or after ALD deposition.

Because the mask is fabricated separately from the diamond, we avoid possible degrada-

tion of the diamond substrate surface during the processing steps. After the transfer of

these Si-A1203 masks onto the diamond, nitrogen was implanted over a range of doses

(2 - 4 x 1013 ions/cm 2 ) and energies (6-20 keV, Innovion). After mechanically removing

the mask, the diamond was annealed at 8500C to form NV- centers (See Sect. 5.4).
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5.3 Results

5.3.1 Mask Creation

Fig. 5.1a,b compares two processing sequences (denoted A and B). For each sample, a Si

mask with implantation apertures of various nominal lengths (L=200-1000 nm, in incre-

ments of 100 nm) and widths (Wsi=45-100 nm, in increments of 1-2 nm) underwent ALD

before (Sample A) or after (Sample B) mask transfer onto diamond (See Sect. 5.4 for

more details). Both approaches have different merits. By first transferring the Si mem-

brane and then depositing Al 2 03 (Sample B), a thin layer of alumina was also deposited

on the diamond surface; this can prevent ion channeling effects [243], but also requires

higher implantation energy to reach the same depth as in Sample A, which in turns leads

to additional implantation straggle. A benefit of ALD deposition before mask transfer

(Sample A) is that the same mask can be re-used multiple times. Fig. 5.1b shows ni-

trogen distribution profiles simulated by Stopping Range of Ions in Matter (SRIM) [267]

software for both samples. These calculations assume implantation energies of 6 keV and

20 keV for Samples A and B, respectively, and result in a theoretical lateral straggle of

3.1 nm for Sample A and 11 nm for Sample B.

The mask for Sample B was transferred directly from the SOI wafer onto diamond by

wet release in hydrofluoric acid (See Sect. 5.4). This allows arbitrarily large (mm-scale)

membranes to be transferred with high yield. Such a large mask allows for simultaneous

nitrogen ion implantation into millions of target regions, increasing the probability of

creating addressable and dipole-coupled NV- spin ensembles and mitigating the impact

of local mask processing or transfer induced imperfections. By contrast, applying ALD

before mask transfer (Sample A) requires the membranes to be first suspended by an HF

undercut on the Si wafer. To avoid membrane bowing and adhesion to the Si substrate

during the wet HF undercut step, we found that membranes should have side lengths

below 100 tm. Critical point drying could extend the size of the membranes used in

Sample A.
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5.3.2 Mask Characterization

Charatterizatio of the lllenIbralnes using s(anigi electIron ilicroscope (SEMI) iiaging

revealed mask lines with a iininmal widIth of WSi = 25 nm following patterll transfer into a

Si membrane with a thickness of 270 1nn (See Fig. 5.3). To I)erform this transfer. cryogenic

reactive ion etching was used (Oxford-lF 100" Celsius). The high aspect-ratio of the

line was achieved( via intentional over-etching with a ~3 times increase iii the etching

time conpared to the etching time for larger apertures (WN > 150 nin). This width.
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while demonstrating the limitation of silicon-only processing, is already comparable to

the AFM tip implantation resolution [179] and is more than two times smaller than that

in PMMA masks [218, 243]. Following conformal Al 2 03 ALD, we observed gaps as narrow

as 3.1 nm from the top surface on both samples (Fig. 5.1c).

As top-down SEM does not reveal the aperture profile, we examined cross-sections of

a Si membrane mask for fabrication process A via focused ion beam (FIB) sectioning. To

prevent re-deposition of Si, a 200 nm thick layer of platinum (Pt) was deposited. The high-

magnification SEM images in Fig. 5.4a,b confirm that the gaps were open throughout,

with a width down to ~10 nm. We used transmission electron microscopy (TEM) to

image with a resolution below 10 nm (See Sect. 5.4). The TEM images in Fig. 5.4c-e

show the profiles of Wsi=[45nm, 47nm, 50 nm] after ALD of Al203 . The aperture width

varies with depth into the Si mask, reaching its narrowest 'waist' near the center and

widening towards the top and bottom surfaces of the membrane. Fig. 5.4c shows that

apertures can reach waist widths of only W("') - 09 0.3 nm. This ultra-narrow widthA1 2 03 -

was produced by deposition of 22.5 nm thick A1 2 0 3 on a gap of width Wsi=45 1 nm.

Fig. 5.4d and e show TEMs of apertures with initial widths of Wsi =[47 1 nm, 50 1 nm],

resulting in gaps of W2m"n) 2.2 0.2 nm,4.4 0.4 nm] (Fig. 5.4d,e). Remarkably, because

of the atomic control of the ALD thickness, these W(min) values are wider than for theA1 2 03

Wsi=45 nm masks by almost precisely the difference in starting masks widths, [2 1 nm,

5 1 nm]= [47 1 nm, 50 1 nm]-45 nm, as one may expect for an ideal deposition

process.

5.3.3 Nitrogen Implantation

After these masks were mechanically transferred onto the target diamond (Fig. 5.5a,b),

we performed nitrogen implantation (Innovion) with the parameters shown in Fig. 5.5b.

We parametrize the expected nitrogen distribution after implantation by a characteristic

length D , the Gaussian FWHM corresponding to the expected implantation spatial

variance: Dim = W 2 0 + A orask + a 2  where the factor of A=2/Log2 ~2.35Dstp A120 as straggle

converts a standard deviation to full-width half-maximum. The standard deviation amask

is calculated by approximating the mask as a zero-mean uniform distribution with width

W min, while Ustraggle is the lateral implantation straggle calculated by SRIM. For our

experimental parameters on Sample A (Fig. 5.5c), we expect a nitrogen distribution
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5.3.4 Super-resolution characterization

We performed wide-field deterministic emitter switch microscopy (DESM) to image NV-s pro-

duced by these implantation masks (More details in Ch. 6). DESM was used to localize

NV-s by modulating the spin-dependent fluorescence of NV-s in the four crystallo-

graphic orientations of single-crystal diamond [37]. An external, locally homogenous

magnetic field was used to impart a unique Zeeman shift for each NV- orientation, so

that NV-s in different directions could be individually modulated. Since NV-s with

identical orientations are indistinguishable in this method, only sites with four or fewer

NV-s - each with different orientations in the crystal lattice - are spatially resolvable.

Therefore, our statistics were assembled only from sites with single NV-s in any given

crystal orientation. Such sites were determined by the background-free brightness of the

spot, normalized to the brightness of single-NV- sites. This single-NV--brightness was

separately measured from spots in which the second-order correlation function at zero

time delay, g(')(0), was less than 0.5 as determined by confocal microscopy with two

avalanche photodiodes in a Hanbury-Brown-Twiss configuration. Fig. 5.6a shows an ex-

emplary implantation spot on Sample A that contains a single NV-, together with the

corresponding ODMR spectrum. In Fig. 5.6b, an ensemble containing three NV-s from

Sample B is imaged as an example, with the closest NV- pair having a separation of

16 5 nm. Wide-field DESM enabled us to image distances as small as 8 t 3 nm (See

Fig. 5.7).

5.4 Methods

270 nm thick SOI with 3 tm buried oxide layer was used to produce the hard masks.

Upon the SOI surface undiluted ZEP 520A e-beam resist was spun at 4 Krpm and pre-

baked at 180'C for 3 minutes. The mask patterns were written by JEOL JBX-6300FS

at 100 kV with a beam current of 250 pA at high magnification mode (Mode 6) with

a dosage of 600 iLC/cm2 . Upon completion of EBL writing, the resist was developed in

Hexyl Acetate at a temperature of -25'C for 95 s and cleaned in isopropanol (IPA) for

an additional 95 seconds. Post development, the SOI hard mask was dry-etched (Oxford

Instruments Plasmalab 100) using mixture of SF : 02 (40:18) at 1001C with ICP power

of 800 Watts and RF power of 15 Watts for 30 seconds. After etching the resist was
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reach inside the narrow holes. The deposition is performed on Cambridge NanoTech

Savannah 100. In this sample, the mask lines of widths varying from 30-100 nm in

incremental differences of 2-3 nm were covered after 175 deposition cycles. Then, a thin

tungsten probe covered with adhesive micro-spheres of polydimethylsiloxane (PDMS) and

mounted on a micromanipulator (Burleigh, Thorlabs) was used to detach the masks from

the SOI (by breaking the bridges) and to transfer them onto the diamond surface. The

diamonds used here are ultra-pure diamond from Element Six Innovation with nitrogen

concentrations lower than 5 ppb. Prior to the transfer, the diamonds were cleaned in

piranha solution H2 S0 4 : H202 (3:1).

For Sample B the millimeter-size mask was first under-cut in 49% HF. Then the HF

concentration was diluted and the mask was transferred first onto a Teflon, and then

onto the diamond surface. With the mask on the diamond, 225 cycles of alumina were

deposited in the exposure mode in an identical fashion with Sample A.

The samples were implanted with nitrogen (N15) at 6 KeV (Sample A) and at 20 KeV

(Sample B). The dosages were as described in the paragraph above. After implantation,

Sample B was exposed to 49% HF for 5 minutes to remove alumina. The masks were

mechanically removed from the diamond samples, and both diamonds were annealed at

850'C in vacuum (< 10- 4 torr). As the last step the diamonds were cleaned in boiling

HClO4 : HNO 3 : H2S0 4 (1:1:1).

5.4.1 Cross-section preparation

Fully under-cut masks were covered with ~100 nm of Platinum (Pt) to prevent milling

re-deposition during cross-section. This was done in situ deposition at Helios NanoLab

dual SEM/FIB. Then, vertical cross-sections were milled by FIB in the center of 10 and

15 nm wide lines with 48 pA current at 30 kV voltage.

5.4.2 TEM sample preparation

After EBL the masks were dry-etched and exposed to 49% HF for 5 seconds. This

produced the required undercut to enable conformal alumina deposition with ALD in the

way similar to our free standing membrane masks, but leaving enough SiO2 substrate
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beneath the lines to allow for TEM sample preparation and mounting on the grid. The

partially undercut samples were covered with 175 cycles of alumina in exposure mode.

The samples were thinned to ~50 nm by FIB in the middle of a 1.5 ptm long line region.

The final ion milling was performed at 5 keV to reduce beam damage to the sample. The

thinned lines were analyzed with JEOL JEM-1400 LaB6 120 KeV.

5.4.3 NV- Localization

Fig. 5.7a shows the lines of fluorescent NV-s of L=200-400 nm and Wsi=25-35 nm

produced in a reference sample. The number of NV-s in a line depends on the aperture

dimensions, implantation straggle (3.1 nm), implantation dose (8x 1012 ions/cm2 ), and

conversion yield (1-3%) from implanted nitrogen into NV- a. In Fig. 5.7b-d lines occupied

by 2-4 NV-s are analyzed. A line containing four NV-s is shown in Fig. 5.7d, and a

minimum distance between two near NV-s was measured to be 8 4 nm. This distance

is two times lower than the minimum pitch produced by AFM-tip [179]. Comparable

(9 nm) distances between two NV-s are produced in a 3-NV- line (see Fig. 5.7c),

while for the resolved 2 NV- line the distance is 33 nm (see Fig. 5.7b). In general,

the spread in the NV- distance exemplified in Fig. 5.7 originates from the probabilistic

nature of NV- formation. Obviously, this reduces the probability in producing large

spin arrays; thus, stressing the importance of screening large number of NV- lines to

obtain a configuration useful for quantum information applications as is exhibited in the

fabrication strategy for Sample B.

5.4.4 NV- Distribution Characterization

For estimating the distribution of implanted NV-s through this mask, the super-resolution

technique as performed on the other samples was not successful; we consistently mea-

sured poor ODMR contrast due to a strained crystallographic structure from mechanical

polishing of the surface, which was relieved in subsequent samples via oxygen RIE prepa-

ration [8]. Thus, it was critical to find a region with sparsely implanted nitrogen such

that the average NV- in each aperture was close to unity. Such centers were confirmed

aThe NV- conversion yield is approximated using the nitrogen implantation dosage and an estimate
of the implantation aperture area.
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to be single by photon auto-correlation. Then, by taking high SNR PL images, Gaussian

fitting was used to estimate with high precision the center of the single NVs. Given an

array of sparsely populated apertures, the position of the single NV-s were projected

onto the axis perpendicular to the apertures. By keeping track of the columns in which

each NV- was situated, a linear fit (with quadratic correction) was used to estimate the

distribution of the single NV-s about an unbiased estimation of the center of each aper-

ture. The histogram shown in Fig. 5.8 is the residual distribution of single NV-s about

this unbiased estimator of the center. In other words, the displacement of all single

NV-s from the center is collapsed onto a single aperture to measure the implantation

distribution.

We evaluated the localization of the NV- ensembles by statistical analysis on multiple

spots for which we verified that only single NV-s exist in each crystal direction, but with

at least two NV-s overall. Super-resolution imaging was used to localize NV-s in such

spots with respect to the estimated lithographically defined center of such implantation

holes. For Sample A, where the narrowest lines were populated only at most by a single

NV-, this lithographic center line was estimated by a linear fit across multiple ensembles.

The resulting distribution of NV-s in the transverse direction relative to the lithographic

center (Xi,-Xj) for all NV-s 'i' within ensemble 'j') is shown in Fig. 5.8a,b. The standard

deviation of this distribution allows for calculation of the ensemble localization in the

confined direction, given as a Gaussian FWHM: D ja) =26 3.75 nm for Sample A, and

DN" =26 2.4 nm for Sample B. These results agree with predicted distributions given

the measured mask widths: D (est)-19.1 nm for sample A and D ' =26.3 nm for Sample

B. Although initial estimation predicted that NV- localization on Sample A could be as

low as 9 nm for W(eff) =1 nm lines, only the lines with W(min) >11 nm - corresponding toA1 2 03 7A1 203

DMet ;> 19 nm - had a sufficient probability of containing NV-s to allow for statistically

meaningful analysis. To achieve more localized NV- ensembles, a higher implantation

dosage, improved N to NV- conversion yield, or a larger number of implantation holes

would be needed. The lateral and axial positions of NV-s in Sample B compared to the

mask center are shown in Fig. 5.8b. The distribution of NV- positions along the lateral

axis matches closely the expected nitrogen distribution through an infinitesimally narrow

mask, as calculated by SRIM (Fig. 5.8c). The ensembles therefore reach the spatial

localization limit set by the implantation straggle rather than any limit set by aperture

size. To the best of our knowledge, this is the narrowest NV- ensemble localization
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implantation energies, the NV-s would be localized within -5-11 nm in all directions.

Realization of this scheme would likely require a decrease in the thickness of the resist and

the membrane, which would also require a decrease in implantation energy. Because of

the stochastic implantation process (See Sect. 5.4.3), controlling the NV- configurations

below 10 nm or so is not feasible; for this reason, it is important to produce large number

of arrays, as demonstrated in Sample B, and selecting the successful ones. The NV--

NV- distances obtained by this method allow for the production of coupled spin systems.

For NV--NV- separations of 20 nm or less, dipolar coupling strengths on the order of

tens of kilohertz are expected. This coupling would allow the entanglement of nearby

NV-s, with long spin coherence times, which has been shown in shallow-implanted bulk

diamond [172, 221] as well as nanodiamonds [245].

In this work we have presented a mask implantation technique with minimum dimen-

sions down to -1 nm. The mask has a thickness in excess of 270 nm and therefore enables

ion implantation with high isolation. We demonstrated "N implantation at energies of

6 and 20 keV, producing localization of the resulting NV-s with a FWHM down to

26 2.4 nm. Such narrow localization enables QI applications based on magnetically

coupled NV- spin systems. The membranes, which were produced by a combination

of EBL-RIE processing and conformal ALD deposition, could be adjusted to match a

wide range of implantation energies. In addition, this mask fabrication process is also

suitable for dry etching and deposition processes on a wide range of materials, includ-

ing non-flat substrates. The straggle-limited nitrogen implantation and NV- formation

demonstrated here represents an important step for the precise fabrication of coupled spin

systems, with applications in quantum transport and quantum simulation [13, 54, 260],

room-temperature quantum computing with small spin ensembles [261], quantum regis-

ters [161], and spintronic devices [9].
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Chapter 6

Wide-field multispectral

super-resolution imaging using

spin-dependent fluorescence in

nanodiamonds

6.1 Introduction

The challenge in sub-diffraction limited microscopy is to localize multiple fluorescent

emitters within a diffraction volume. To locate and discriminate several emitters, it is

necessary to distinguish their fluorescence sufficiently to reconstruct individual spatial

locations. The NV- center is appealing for fluorescence microscopy due to its exceptional

photostability and brightness. These properties recently enabled stimulated emission de-

pletion (STED) microscopy to resolve NV- centers down to 5.8 nm by scanning a high

power (- GW/cm2 ) doughnut-shaped depletion spot across a sample [195]. However,

this serial scanning measurement results in a slow frame rate - approximately 25 seconds

for a 0.3x0.3 pjm2 field of view - which precludes imaging of important dynamic pro-

cesses, especially in biological sciences [215]. To address concerns related to high pump

intensities, NV- center spin manipulation techniques allow for a reduced laser excitation

intensity, but at the cost of acquisition speed [138].

61



Chapter 6. Wide-field multispectral super-resolution imaging using spin-dependent
fluorescence in nanodiamonds

On the other hand, stochastic super-resolution techniques, such as photo-activated lo-

calization microscopy (PALM [24, 90]) and stochastic optical reconstruction microscopy

(STORM [104, 200]), employ sequential activation of photo-switchable fluorophores for

time-resolved localization. Such methods enable fast, parallel acquisition using 2D CCD

arrays. For example, a recent demonstration of STORM reached a frame acquisition

time of 30 seconds for 20 nm spatial resolution over a 13 x 4 Rm2 field of view using a

bleaching laser power of approximately 15 kW/cm 2 [104]. However, stochastic super-

resolution techniques suffer from the need for precise control of the maximum density

of fluorophores, localization of stochastic switching events over diffuse background, and

trade-offs between photostability and imaging rate [68]. By contrast, this work employs

deterministic modulation of emitters with spin-dependent fluorescence that are uniquely

addressable, photo-stable, and bright with more than 1.5x 106 photons observed per emit-

ter per second. Through selective microwave excitation of the spin-triplet ground state,

it is possible to control the fluorescence rates of tens to hundreds of uniquely addressable

classes of NV- centers in nanodiamonds. This multi-spectral probing in the microwave

domain also presents new possibilities in multi-color particle tracking and imaging [6, 68].

Unlike a previous demonstration that used microwave addressability for sub-diffraction

microscopy of two NV- centers in bulk diamond [58], we simultaneously image hundreds

of centers in nanodiamonds with a resolution of 12 nm over a 35 x 35 Rm
2 field of view.

This deterministic emitter switch microscopy (DESM) technique enables high-speed, sub-

diffraction limited imaging with low laser intensity across a wide field of view.

6.2 NV- Control

The fluorescence intensity of the NV- center depends on occupation of the three sub-levels

of its spin triplet. In the im, = 0) "bright" sub-level, the center is photostable and

bright; in the im, = 1) "dark" sub-levels, the center undergoes intersystem crossing

into a metastable spin-singlet state that reduces the average fluorescence intensity [136].

The energy of the im = 1) ground states exceeds the im = 0) state by the

crystal field splitting, QZFS ~ 2.87 GHz, in the absence of external magnetic fields [139].

The degeneracy of the 1 states is lifted in the presence of a weak magnetic field via

the Zeeman effect. In this regime, the energy difference between the two dark states is

given by 2ZAw ~ 2g' - B, where g is the electronic Land6 g-factor, ' is the NV- center's
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i GlA .1: a. NV- center energy level diagrain showing how preferential shelving of

the in, = +1) excited states (IE) into the (lark metastable state ('A) gives rise to a
typical ODN1 spectrum [136]. b. Fluorescence of two NV- centers inl the presence

of a statit icagnetic field as a fitiction of applied icrowave frequelicy. The Splitting

of the two dips (2Aw 113) is given by the projection of the incident imagnetic field on

the magnetic mnoment of the NV center (2ytiT - 8). The contrast of each tlij) has
an inverted Lorentzian shape with a iiniiini limie width liliited by the dephasing
tine due to the environent (T*). c. Iiustration of NV-- centers iii a static magnetic

field, each having field splitting frequencies corresponding to their uniquely oriented

inagietic noients relative to the inagnetic field. To measure ODMIR spectrons across

a wide field of view, the average fluorescence intensity is imieasuretld across lninldreds
of diffraction limited sites (dotted circle) while nicrowave frequencies are swept. d.
Schenmatic diagran of the method for resolving a switchable emitter by taking the

difference between two imiages wlhee a uniqtely adtlressed emitter is and is not dinmned

by resonant initrowavt excitation, I (Q 7zs Aw) and I (Q). respectively.

miagiietic ilmoiienit, aid B is the applied magnetic field (Fig. 6.1a). Contiiuous optical

polarization of the NV- center into 'm, = 0) using comicnrent mitrowave excitation

decreases the NV- center fluorescence when the microwave field is resonant with the

ms = +1) transitions [59, 222]. This optically detect able iagnetic resonane (OD\IR)

technitque (Fig. 6.lb) emables is to iieasuire rit telctrio spini resoiian(ce frequecies of

all centeis within the optically excited rt'gion ol the sample (Fig. 6.1c). If the centei's

within a diffractio-liniited Spot have iiom-overlapping resoiances, ,ve cail address themi

individually by iiicirowave excitation anId deternministically drive the into the dairk state.
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6.3 Why Nanodiamonds?

Nanodiamonds are arbitrarily oriented on a surface, leading to a wide range of non-

degenerate spin transitions uniquely associated with individually oriented NV- centers.

The number of uniquely addressable centers depends on the number of non-overlapping

Lorentzian resonances over the maximum frequency splitting due to an applied magnetic

field. Given that each center has a splitting of approximately 2.8 MHz/G for the magnetic

field magnitude parallel to the NV- center's axis, we estimate that for an applied field of

200 Gauss, it is possible to resolve up to ~55 uniquely addressable classes of NV- centers

within a diffraction limited spot. With much stronger applied fields along the plane

perpendicular to the NV- center's axis, the ODMR spectrum contrast can decrease due

to electron spin mixing of the sub-levels [232]. Alternatively, high field gradients can also

be used for unique MW addressability but is limited to smaller field of views [5].

6.4 Theoretical Limits

DESM achieves sub-optical resolution by multi-spectral imaging in the microwave domain.

The basic procedure is to individually dim each NV- center within a diffraction limited

spot by resonantly driving only one ground-state spin transition at a time. As shown

in Fig. 6.1d, only the dimmed fluorescence from a single addressed center remains after

subtracting an image acquired with resonant microwave excitation from an image obtained

without resonant excitation. The fundamental limit of the signal-to-noise ratio of this

subtracted image is approximated by:

N JT1J(Iaser)C
-- (6.1)0 -VTF (Ilaser)(M - 1) + n'TF (Iaser)(1 - C) + AIaser + B

where N is the number of collected signal photons, o- is the noise, q is the collection

efficiency, 7 is the acquisition time, F(Jiaser) is the fluorescence rate as a function of laser

intensity (lIaser), C is the fractional decrease of the total fluorescence on resonance, and

M is the total number of emitters in the collection volume. A accounts for a linearly

increasing background with laser intensity, and B is a constant background noise. As

seen in this equation, for other kinds of emitters with a larger switching contrast, C, the
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A2
((AX))= 1 +

N

7 7\ - C
+ +ON-) (6.2)

where s is the standard deviation of a point spread Gaussiaii (list ribution. aid (1 is

the cainera pixel size divided bly the miiagiification. \We note that this analyt'ical result is

knowNII to underestiniate the actual error by -30oX [236].

0

6.5 Confocal Results

'e explored DESNI in two imaging modalities: confocal limaging, which allows for opt inial

optical resolutio ald (ltrast, aid Wid(-field ilmagilig, which enables sub-diffractioul

linited inaging of hundreds of NV- (enters sinmtltianeoumsly. For an NV- site on a bulk

samiple, we obtained an OD-lR spectruii of exactly two emitters, A and B (Fig. 6.2a),

aind verified the nmuiiib er of emitters )by autocorrelation mieaslremlents. The spectrtnul
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obtained at the position of maximum intensity showed that emitters A and B had different

splittings of AWA = 13 MHz and AWB = 87 MHz, respectively, indicating different

NV- center orientations. For super-resolution imaging, we used only the im, = -1)

ground state resonances and acquired the fluorescence at three microwave frequencies,

with two being resonant with the two centers and a third being off-resonant from both:

QZFS - AWA, R., and QZFS - AWB (Fig. 6.2b). Fitting the difference plots, AIA,B(r) =

I(i, R) - I(', QZFS - AWA,B), with symmetric Gaussian functions by a least-squares

method (Fig.2 c,d) produced the reconstructed image in Fig. 6.2e, which indicates emitter

localization to 11 nm with an ~80% coefficient of determination and a separation of

195 nm. Each additional emitter 'k' with Im, = 0) -+ Im, =  1) transition

frequencies QZFS .Wk can be localized by acquiring additional images, I(i, QZFS AWk),

and following the same image subtraction and Gaussian fitting routine.

6.6 Wide-field Results

To increase the acquisition speed, we investigated the DESM protocol using an electron-

multiplied CCD (emCCD, ProEM-512K CCD) camera for super-resolution imaging over

a 35x35 ptm 2 field of view. A magnification of ~190x projects diffraction limited spots

across 5 pixels on the emCCD, which maximizes the signal-to-noise ratio according to

Eq. 2. We captured 90 images at microwave frequencies from 2.71 GHz to 2.88 GHz. A

spot-finding algorithm selected 116 candidate fluorescence sites based on a fluorescence

intensity threshold; 95 showed fluorescence modulation due to the applied microwave

fielda (Fig. 6.3a). The reconstructed image contains several diffraction-limited sites with

multiple NV- centers, that are each spectrally distinguishable in Fig. 6.3b. Despite

the partially overlapping Lorentzian resonances of the multi-spectral site depicted in

Fig. 6.3c, the DESM reconstruction algorithm spatially resolved the NV- centers. The

resulting reconstruction of that site is shown in Fig. 6.3d where four centers are identified.

The localization of individual centers ranges from 12 to 46 nm and is indicated by the

distributions as shown in Fig. 6.3d. The color of each center corresponds to a frequency

in the microwave regime. This illustrates the multicolor aspect of this technique, allowing

for multispectral labeling with sub-diffraction resolution. With a total measurement time

aThe other spots may have been other fluorescent emitters on the glass surface, in the oil, or within
the nanodiamond solvent solution.
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+ imarkings indicate sites that show OD1\IR mLodulation while the blue -x's do not

show liodulation. b. A reconstructed region from (a) after applying the DES\I tech-

ique with the blue circles indicating a lack of ()\INR imodulation. Using the ODl\IR

spectrum at each site and the DESM\ techilique. multi-eimitter sites are reconstructed

over ai 7x9 mHi2 fiel(1 of view. The 1 111l11ers correlsponid to the resonaiice frequencies

of 0(ch NV center inl the Sitec. ODIR spectrum of a imiulti-spectral site froim (1).

Colored Lorenitziani fits correspond to the resonances of each of the four NV- centers
ill the site. d. Sub-diffhiction limiited reconstruction of four NV celiters inl (b) aid

(c). FW HN froii left to right are: 26 11111. 15 1in 12 n1. 46 11111. respectively. e. A lull
ODNIB spect r111m of a site coitainingi t wo centers. Colored lilies i(licate Lorietzia1 fits

for (11 (hete 1 witI tlie arrOWs idi(li(Itinug the reso111ce freqeticiies at which iiages

were taken for monitoring mode reconstruction with i a total acquisition time of L.14 s

(flrtlher details iII the text). f. Monitoring mode reconstruction of the site ill (b) mid

(e). The FWHMI of the centers froi top to bottom 0re 53 n1 and 21 n1.

of -90 seconds over the entire 35x35 pin2 field of view, NV ceters were localize(l with

an average uncertainty of 27 iini and a nininnm inicertaintv of 12 1nn. Since a full ODIR

spectruml was a('(jliired across the entire field of view. a site containing more than four

NV- centers does not require additi onal images. Total acquisition time can he reduced

at the expense of resolution that scales rotughly as the inverse square root of the total

exposure time.

While acquiring the full ODMIR spectrum allows us to image all NV-s across the

entire field of view, in certain applications, such as molecular tracking, it is desirable to

focus oil a subset of NV s for higher acquisition rates. Specifically, we acquired imiages

1(,1 y. ;) only at the llmicrowave transition frequencies Q; of the eitters to be tracked,

in addition to o1e off-resonant image. I y, Q). Using this high-frame rate nonitoriig

techilique, two NV centers were resolved to be 55 11111 apart with 25 11111 resolution ill

an acquisition time of 1.44 seconds (Fig. (.3f). The resolution of DESNI cal be further
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Chapter 6. Wide-field multispectral super-resolution imaging using spin-dependent
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improved by increasing ODMR visibility. Several factors that impact visibility include

laser polarization, power, and the orientation of the microwave field [59, 64]. We estimate

that by increasing laser power to ~250 kW/cm 2, it is possible to improve the average

spatial resolution down to -8 nm.

6.7 Discussion

In conclusion, we have introduced a deterministic emitter switching technique to pin-

point the position of NV- centers below the diffraction limit with resolution compara-

ble to super-resolution stochastic methods b. Several other techniques developed in re-

cent years employ multiple optically distinguishable emitters for super-resolution single-

molecule tracking [6, 68, 91]. As DESM can potentially distinguish up to 55 different

emitters in a spot, it offers the largest number of spectral channels reported to date

for multispectral fluorescence microscopy. Pulsed electron spin techniques [59, 254] can

improve the contrast ratio and greatly reduce the effective line-width, resulting in more

uniquely resolvable centers within a diffraction volume. Besides such pulsed techniques,

higher quality nanodiamonds with long spin-coherence times can also be used for im-

proving super-resolution images [94]. Super-resolution imaging using fluorescent nanodi-

amonds holds several advantages over other fluorescent markers for biological applica-

tions [71, 98, 116, 119, 141, 146, 205], including photostability, cytocompatibility, and

high-resolution magnetic [138] and electric [55] field sensitivity. Furthermore, DESM al-

lows for detecting a high fluorescence intensity exceeding 1.5x 106 photons per second for

a single NV- center at saturation. In experiments involving biological tissue, we expect

two factors that can diminish the signal-to-noise ratio and potentially reduce the number

of resolvable emitters: higher background counts and possible rotational diffusion [132] of

the nanodiamonds depending on their location [141] (See App. B). Finally, this technique

may also be implemented on other emitters exhibiting ODMR such as the silicon defect

center in silicon carbide [114], and single organic molecules [147]. The high frame rate of

up to 0.7 Hz, sub-wavelength localization down to 12 nm, and ability for uninterrupted

monitoring of individual emitters makes DESM an attractive tool for a range of imaging

applications.

bRecently, there has also been a demonstration of stochastic methods using NV-s [183].
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Chapter 7

Electric-field sensing with ensembles

of NV-s

7.1 Introduction

The detection of weak signals in extremely low-frequency (ELF) and high spatial res-

olution is important for areas of research such as particle physics [212], atmospheric

sciences [143, 144, 216], and neuroscience [17]. Commonly available electrometers that

rely on electrostatic induction include field mills [69] and dipole antennas [86], but are

physically limited in size by the wavelength of the electric field of interest; thereby, lim-

iting the possibility of miniaturization at lower frequencies [15, 44, 46, 86]. Detecting

electric fields with fully dielectric sensors is a topic of intense recent interest because it

allows for the sensing of signals without distortions of the incident field [202, 241]. Recent

work towards the development of high-spatial resolution electrometers include utilizing

the electro-optic effect within solid-state crystals [248], and the electric-field induced shifts

of atom-based sensors such as trapped ions [30] or Rydberg atoms [175, 211]. However,

such centimeter-scale sensors typically suffer from narrow detection bandwidths, require

large peripheral equipment, and are highly susceptible to temperature instabilities.

Optically addressable electron spins confined within solid-state materials have played

a central role in the development of quantum sensing [9, 225, 251]. In particular, the

access to a high density of electronic spins confined within a solid-state environment

69



Chapter 7. High-sensitivity, spin-based electrometry with an
ensemble of nitrogen-vacancy centers in diamond

provides an advantage over atomic-based approaches allow for a reduced experimental

footprint and smaller sensor volumes. Recently there has been significant progress in using

ensembles of spins in diamond for sensing magnetic fields [17, 48, 65], while there has been

limited work for detecting electric fields [53, 56]. Here, we experimentally demonstrate

a spin-based, solid-state electrometer that is sensitive to the electric-field induced Stark

shift on the negatively-charged nitrogen-vacancy (NV-) color centers in diamond. Our

diamond-based electrometer could operate under ambient conditions at extremely low

frequencies (0.01-10 Hz) with nearly shot-noise limited sensitivities (< 5 VI). While

better sensitivities have been achieved using other technologies in this frequency range,

the results introduced in this work represent a path towards miniaturizing and improving

upon spin-based, solid-state electrometers.

NV-s are sensitive to electric fields in both their optical ground [56] and excited

triplet states [229]. Previous demonstrations of electric-field sensing with the ground

state of a single NV- under ambient conditions yielded sensitivities of 891 21 v/cHz

(DC), and 202 t 6"Tcm (AC) [56]. By using an ensemble of NV-s, it is not only possible

to achieve higher sensitivities, albeit over a larger volume, but it also allows for the

real-time measurement of the noise spectral density (NSD) of low-frequency electric-field

fluctuations. Furthermore, this method allows for highly accurate measurement of the

transverse electric susceptibility parameter of the NV-'s ground state. By using our

scheme, we expect that a diamond sensor densely populated with NV-s to yield a shot-

noise-limited electric-field sensitivity approaching 6 x 10- 3 v/cm a, making NV--based

electrometers comparable with currently existing, room-temperature bulk electrometers.

7.2 Theory of NV- electrometry

The physical mechanism of the NV-'s sensitivity to electric fields originates from its

optical excited state configuration, which is a highly electric-field sensitive molecular

doublet (3 E). Stark shifts of the excited state cannot be measured optically under ambi-

ent conditions due to phonon-induced mixing [186]. However within each orbital of the

molecular doublet, the electric-field induced splitting of the m, = 0 hyperfine manifold

aUsing Eqn. 7.4, we expect a shot-noise-limited sensitivity approaching 6 x 10-3 V/cm using photocur-

rent values of 10 mW (ny = 62 x 1015 eV/sec *1 photon/1.9eV = 3 x 1016 photon/sec) as typically
seen with ensemble NV- measurements for magnetometry [17], a transverse electric susceptibility of
k_ = 17vjHm, linewidth (Af) of 1 MHz, and contrast(C) of 0.05.
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a Optical collection
I _

Gold-Coated
Diamond

Laser Excitation Silicon
Detector

MW Excitation -.. D

b PL

D 2A 21FI
III., 0 If

Crystal Field Hyperfine Field Strain/Electric Field

FIGURE 7.1: a. Diamond electroietry setup. For applying electric fields across the

ensemble of NV-s, gold electrodes were evaporated on both sides of the diamond (3nim

x 3mm x 0.32 mm). A collimated laser beam (~ 200ptnm diameter) was used to excite

a single pass of NV-s through the diamond, and microwave (MW) excitation was

delivered to the ensemble of NV-s by a stripline in an 'Q' shape patterned on a printed

circuit board (PCB). b. Generalized diagrai depicting how crystal (D), hyperfine (A),
strain and electric fields (t1i) affect energy splitting in both the ground- and excited-

state spin configurations of the NV-. The spin labels (m,, and ml) indicate the quantum

numbers of the electronic and hyperfine states, and the two eigenstates that are sensitive

to electric fields are given by: -+') O)j and )-) O)i. The inset shows the ground-state

ODMR spectra of an ensemble of NV-s.

can be detected by optically detectable magnetic resonance (ODMR). Additionally, the

electric-field sensitive 3E excited-state orbital overlaps sufficiently with the ground-state

molecular orbital (3A 2 ) to also impart electric-field sensitivity on the ground state spin

configuration of the NV- [53].

The Hamiltonian describing both the triplet ground and excited states of the NV- share

the following form [52]:

2
HNV OC (D + dl)Sz + B S + S A - I (7.1)

where D is the crystal field splitting, di is the axial electric-field dipole moment, B

is the magnetic field vector, A is the g-factor tensor, S is the electronic spin-i Pauli

tensor, A is the hyperfine tensor, and I is the nuclear spin-1 Pauli tensor. Because an

electric-field's effect on the NV spin is significantly smaller than the crystal field splitting
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(D), the transverse electric-field dependence can be considered as a perturbation to the

Hamiltonian:

V c d1 [H,($,SY + $SY9) + y1(9x - 9Y)] (7.2)

where d1 is the ground-state's transverse electric-field dipole moment b, Hx and fly

are the cartesian comppnents of the combined strain and electric fields c, and $4 (for

i = x, y, z) are the spin-1 Pauli operators of the electronic spin. After diagonalizing

Eqn. (7.1) and using Eqn. (7.2) as the perturbation, we can find a closed-form equation

which describes the effect of electric and magnetic fields on the NV- (See [51, 52], and

Eqn. (7.5)). Because we experimentally consider an applied electric field that identically

affects all eight classes of NV-s in the ensemble under no magnetic field (See Fig. 7.7), it

is sufficient to present the equation which describes the effect of electric fields on a single

NV-:

f (E, B = 0) = D + kIiEli t k E1  (7.3)

where kll and ki are the electric susceptibility parameters (in units of V/c), and Ell and

El are the electric fields (in units of V/cm) of parallel and perpendicular, respectively,

to the NV-symmetry axis.

To account for the ensemble distribution of strain magnitudes and angular distribu-

tion, we use the (2,1) Gamma probability distribution as an ansatz for the magnitude

distribution, and assume an isotropic directional distribution (See Eqn. 7.4.1). This model

yields accurate fits to the experimentally observed ensemble distribution of strains (See

Fig. 7.3a). We have also simulated the expected electric-field induced shift on the ensem-

ble average of NV-s in Fig. 7.3b using an estimated distribution of strain that closely

matches experimental results.

bSee [53] for the relationship between electric-dipole moment, dL and the electric susceptibility, kL.
CSee Fig. 7.9 for the differences and similarities in using the ground and excited states of the NV for

electrometry
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NV Orientations: 1 2 3 4

~~2? ~ ~7? *Nitrogen
fapplied Vacancy

@Carbon

E-| = E21 = EL,3 = E141

FIGURE 7.2: Applied electric field with respect to the eight orientations of NVs in the
ensemble. Note that only four orientations are depicted here, and the remaining four
orientations can be seen by exchanging the nitrogen and vacancy sites.

The shot-noise sensitivity to the transverse electric field (in ) limits using an

ensemble of 'n' NV-s is given by the following:

1 1 1

k 1 C - T(7

where C is the contrast of the ensemlble ODMR spectra, - is the total photon collection

rate per NV-, and T2* is the inhoiogeneous NV- coherence time. If we substitute

experimentally measured values (See Fig. 7.3a and d), we arrive at a shot-noise limit

approaching TIE 0 .9 t/rin for the NV- ground state. This expression shows that the
VHZ

sensitivity limit depends on the density of NV-s in the sample, the coherence properties

of the NV-s and the efficiency of photon collection.

7.3 Experimental Results

The diamond used for electrometry is 3mm x 3mm x 0.32 mm in size and contains

an NV- density of l ppb produced during the chemical vapor growth process. The

two square faces on which the electrodes were evaporated have (100) crystallographic

orientations, and thus the applied electric field produces an equal projection onto all

eight orientations of NVs within the ensemble (see Fig. 7.1a and Fig. 7.7). ODMR of

the ensemble of NVs was measured using continuous-wave (CW) laser and microwave

excitation from the side and bottom, respectively.

To detect a shift in NV- transition frequencies due to an incident electric field, the

magnetic field along the NV- axis must be significantly weaker than the electric or strain

fields (See Eqn. 7.5). The maximum electric field sensitivity is achieved at the expense

=ki 17 H C ; 0.02., Af ; 105 Hz.n 'i 10 . 100 photons per second
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of vector sensitivity using zero total magnetic field [56]. Additionally, the shot-noise

limited sensitivity given by Eqn. 7.4 can optimized by controlling the laser and microwave

excitation powers (See Fig. 7.3b).

The two electric and strain sensitive transition frequencies (denoted as m, = +0)

are simultaneously measured at a rate inversely proportional to the time constant of the

home-built lock-in instrumentation. Although only the two transitions are monitored,

the shift in frequencies correspond to an average shift due to the entire ensemble. The

inhomogeneous strain typically found in the ensemble is indistinguishable from an inho-

mogeneous distribution of electric fields. Therefore without a bias applied electric field

the transition frequencies do not shift linearly with applied electric fields across the en-

semble. With a bias electric field beyond the average strain of the NV- ensemble, the

shift of the m, = 0 transitions become linearly sensitive to electric fields, while the

electric-field insensitive transitions, m, = 1, remain relatively insensitive to electric

fields due to the quadrupole field of the host nuclear "N spin (See Fig. 7.3c).

Due to the high laser intensities (100 iW/Lm 2 ) needed to saturate the photolumi-

nescence from an NV-, a laser power of 1.8 W was needed to maximize the sensitivity

of the ensemble of NV-s to electric fields. The high input laser powers contributes to

greater temperature fluctuations in the diamond. In the simultaneous time traces of both

m, = 0 transitions, there is a significant amount of correlated shifts due to the tem-

perature fluctuations (See Fig. 7.4a). The noise-spectral densities (NSD) of the two time

traces indicate a 1/f-type noise, which is consistent with the source of the noise being

due to temperature fluctuations (See Fig. 7.4b).

The temperature fluctuations are separated from the electric-field fluctuations using

the temperature-dependent, correlated shifts of the D parameter (See Eqn. 7.3). The sum

of the time traces corresponds to the electric-field fluctuations while the difference of the

time traces corresponds to the temperature fluctuations (See Fig. 7.5). The NSD of the

resulting sum and differences shows temperature fluctuations in the range of 10-100 mK

and electric-field fluctuations of 4.1 m, respectively.

As an alternative method to measure the noise floor of the diamond electrome-

ter, we applied a 1 Hz AC voltage across the sensor with a peak-to-peak voltage of

5 Volts (See Fig. 7.6). By monitoring both LIA channels, we were able to use common-

mode noise rejection to remove any temperature fluctuations in the measurements with
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FIGURE 7.3: a. ODMR spectrum with correspondingly colored labels to indicate the
detuning of transitions with increasingly applied voltage. b. Experimentally measured
ODMR (red) at six different MW driving amplitudes overlaid with their respective
numerical fits (black) using a model that accounts for an isotropic distribution of strain

fields within an ensemble of NV-s. The two transitions correspond to the -)() 0)1

(bottom) and 1+),10)1 (top) eigenstates of the NV- triplet ground state. c. Ground-
state shifts due to incremental, step-wise electric-fields applied to an NV- ensemble
at zero magnetic field. By comparing the step-wise detuning shifts of the electric-field
transitions with the applied voltages, it is possible to accurately deduce the ensemble
average value of kL to be ~ H d. Data from b. represented as voltages and

overlaid with numerical results (See Eqn. 7.6).

~10 mnK accuracy (See Fig. 7.6). The NSD indicates that the measurement is accu-

rate over the ELF bandwidth regime. Further investigation is needed to understand the

1/f-noise below 0.5 Hz seen in the NSD of the electric field (Fig. 7.6).

7.4 Methods

7.4.1 Full energy transition expression

Using second-order, degenerate perturbation theory, we derive the microwave transition

frequencies between the eigenstates split by transverse electric fields:
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FIGURE 7.4: Measurements taken at 1800 mW laser excitation with Keithley 2400

disconnected, and bias voltage sourced from 225 V battery box. Take note of the peak

at 60 Hz - possibly an indication that the sensor is detecting ambient electric field

flucntations. a. Time trace (above) and noise spectral density (below) of channel 1

of 2 (+)7 1 |0)r). In the noise-spectral density (NSD), shot-noise limit is given by the

black line. b. Time trace (above) and noise spectral density (below) of channel 2 of 2

(I-)Sj0)i). In the NSD, shot-noise limit is given by the black line.

B 2
w(E, B) D + kzEz + 3-

2D

B + E B + E i si(a)c (B) + )2 (7.5)

where tan(a) = E1 /B, / 2 B + OE tan(OB) B/B, and tan(E) = E,/Er.

The equation which describes the ensemble ODMR spectrum is given by:

I (.f)=

1 1 f'- CO P(x) )2 2 sin(O)dxdOdo (7.6)
24w JO Jo Jo ̂ 4 (f -Dok Eoxsin(O)) + 1

where f is the frequency of the applied MW field, CO is the ensemble average of the

ODMR contrast, Do is the ensemble average of the crystal field, P(x) = xe-r is the (21)
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FIGURE 7.5: Same experimental measurements as in Fig. 3. a. Noise spectral density of
the direct sum of the two channels, which corresponds to any common-mode fluctuations
and is dominated by temperature instability in the diamond. In the NSD below, the
shot-noise limit is given by the black line. b. Noise spectral density of the time-trace
difference between the two channels, which corresponds to the NSD of the tranverse
electric-field fluctuations. The noise floor is ~ 4.5x away from the shot-noise limit
(~z, 0.9V/1f black line).

VHzv

Ganina probability distribution of the strain magnitude, E, is the ensemble average of

the strain magnitude, Af) is the full-width half-maximum of single-NV linewidths, 0

denotes the strain vector's altitude angle away from the NV- symmetry axis, and # is

the strain vector's azimuthal angle.

7.4.2 Zero-ing of magnetic field using gradient descent

It is possible to zero the magnetic field using gradient descent because the overlap of the

T11 = +1 transitions of all eight orientations of NV-s has a contrast that varies smoothly

with respect to applied small magnetic fields. By taking local gradients of the contrast at

each magnetic field setting (Br, BY and B,) followed by successively smaller step sizes, it

is possible to find the setting of B that achieves the globally maximum ODMR contrast

and hence a zero magnetic field.
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FIGURE 7.6: Measurements taken at 450 mW laser excitation with 1 Hz AC field

applied from Keithley 2400, and bias voltage sourced from 225 V battery box. Take

note of the peak at 60 Hz - possibly an indication that the sensor is detecting ambient

electric field flucutations. a. Time trace (above) and noise spectral density (below)

of channel 1 of 2 (+),(1)j0),). In the noise-spectral density (NSD), shot-noise limit is

given by the black line. b. Time trace (above) and noise spectral density (below) of

channel 2 of 2 (I-)(')j0)[). In the NSD, shot-noise limit is given by the black line. c.

Noise spectral density of the direct sum of the two channels, which corresponds to any

common-mode fluctuations. In the NSD, shot-noise limit is given by the black line.

d. Noise spectral density of the time-trace difference between the two channels, which

corresponds to the NSD of the tranverse electric-field fluctuations. The noise floor is

~ 45x away from the shot-noise limit (- 0.1 black line).
vHz

7.4.3 Digital Lock-In Amplifier Implementation

Using evaluation board components from Digikey, Analog devices, and Xylinx FPGA, our

system contains both the waveform generation and lock-in detection to perform readout

of the optical signals from the diamond. The MW waveform sent to the diamond is

generated digitally in the FPGA by direct-sampling with a high-speed DAC (2.4 Giga-

samples, whose rate is set by external clock feed in the 3rd nyquist zone). By not being

mixed or modulated, but we can generate any signal. This is all (lone under software

control by a Xylinx zinc system which is operated using linux.
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FIGURE 7.7: Excited-state shifts due to incremental, step-wise electric-field applied

to an NV- ensemble at zero magnetic field. The sensitivity of this measurement now
approaches 300V/cm/VH/z.
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FIGURE 7.8: Excited-state ODMR spectra measured on an NV- ensemble at zero mag-

netic field. The arrows indicate hyperfine transitions that would be split by transverse

electric field.

7.4.4 Excited-state optically detected magnetic resonance

Although the transverse electric susceptibility is greater in the excited state transitions,

the electric field sensitivities of the excited-state ODMR transitions are worse compared

to the ground-state ODMR transitions due to the line-width broadening by the 12 ns

spontaneous optical emission lifetime (See Fig. 7.7, Fig. 7.8 and Fig. 7.9).
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Ground State Excited State

Lande' g factor (g) 2 2

Lifetime (T) milliseconds nanoseconds
Crystal Field Splitting (D) 2.8 GHz 1.4 GHz

N'4 Hyperfine splitting (A) 2 MHz 40 MHz
Transverse electric 17 Hz / (V/cm) 400 Hz / (V/cm)
susceptibility (k) I

FIGURE 7.9: Table outlining the major differences between the ground and excited
state of the NV- for electric-field sensing.

7.5 Discussion

We have demonstrated sensing of electric fields with an ensemble of NV-s below 1 Hz

with sensitivities below 5 V/c- at least two orders of magnitude improved over previous

demonstrations [56]. In spite of large temperature variations, our measurement technique

allows for accurate measurements of the ensemble strain distribution and the ensemble

average of the transverse electric susceptibility, kI; both of which are needed for sens-

ing low-frequency electric fields. Several ways for improving our results include using

existing diamonds with a thousand times higher densities of NV-s [17], improving the

photon collection efficiency by another 10-100 times by patterning the diamond surface

to overcome the confinement due to total internal reflection [126, 203], and implementing

pulsed control techniques to avoid power-broadening of the transitions [93, 99, 160, 242].

Such readily available methods are expected to lower the shot-noise limited electric-field

sensitivity to 6 x 10-3 V/cm. Additional coherent control on either the surrounding elec-

tron [26, 33] or nuclear spins [49, 92, 246] in diamond would further reduce the broadening

of the transition linewidth for improving the sensitivities. MW field inhomogeneities that

are typically more problematic for pulsed techniques would benefit from recently proposed

robust, spin-1 pulse sequences [131]. Other promising directions for spin-based sensing

involve all-optical techniques in diamond for electrometry [252].

For imaging electric fields at or below the optical diffraction limit [37, 95, 183], we

anticipate that the use of low-strain nanodiamonds with our demonstrated zero-magnetic

field regime would enable simultaneous monitoring of both temperature [117] and electric

fields [56]. To the best of our knowledge, there has not been any reported nanodia-

monds fabricated with low-strain (< 200 kHz) NV-s despite the tremendous progress

in improving the electronic coherence within such nano-scale structures [111, 245]. Such

low-strain nanodiamonds with high densities of NV-s would be immediately beneficial

for in vitro biological studies [106, 189] and microelectronic diagonistics [170]. Finally,
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due to the many combinations of host materials and defects, there is significant potential

in discovering new defects within two- and three-dimensional materials that would further

improve upon existing electronic spin-based electrometers [70, 244].
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8.1 How far have NV-s come?

Since 1997 when the first ODMR measurement was done on a single NV- [82], there has

been tremendous progress in producing diamonds with high-quality single NV-s exhibit-

ing long spin coherence times [12]. The community used such NV-s as tools for probing

the complex spin environment in the diamond lattice by studying the NV-'s interactions

with nearby electronic [161] and nuclear spins [39, 145]. To broadly organize the research

activity by the community, we delineate two research thrusts: one to understand the

limits of incoherent interactions while the other seeks to create coherent interactions with

systems external to the NV-.

There has been rapid progress in our understanding of incoherent interactions, en-

abling us to use NV-s to measure ambient magnetic [1] and electric fields [56]. NV-s have

now also been used to measure nuclear spin ensembles outside of the diamond [134, 220]

and investigate esoteric condensed matter systems such as magnetic spin waves [247].

The high spatial and magnetic sensitivities achievable with NV-s have increasingly at-

tracted interest from communities such as geoscientists [72], device physicists [170], and

neurobiologists [16, 84]. The applications listed here represent only a small fraction of

the on-going work in NV- sensing [258], and the impact of NV- sensing is expected to

continue growing unless there is another solid-state defect that can rival it. Some promis-

ing candidates currently include other defects in diamond with optical properties that
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are possibly less sensitive to fabrication contamination [234], as well as defects in silicon

carbide possibly with better spin coherence properties [164].

As for the progress made by those studying coherent interactions between the NV- and

other quantum systems, the list of achievements is equally breathtaking. The most active

areas of research include the coherent coupling of NV-s with: nearby electronic [112] and

nuclear spins [190], a nearby NV- [57], optical photons with cavities [66, 100, 108, 127] and

without cavities [22, 240, 259], microwave photons through superconducting circuits [79,
266], phonons through opto-mechanical cantelievers [142, 184], and plasmons through

plasmonic resonators [204]. Most impressive of all, the highly-efficient entanglement of

two NV-s separated by 1.3 kilometers was shown to be possible just by interfering the

PL emission from both NV-s [89]. This result was also a landmark demonstration for

the quantum information science community as it was the first experimental realization

of a loophole-free Bell test; it, thus, established the NV- as one of the leading quantum

technologies.

8.2 Milestones of NV-s in nanostructures

Prior to 2011, the decades of fabrication expertise within the diamond microelectron-

ics community [176] were considered too far-removed the fabrication techniques needed

for producing nanophotonic structures in diamond [194]. However, due to the interest

in producing nanostructures around NV-s, there has been significant developments in

improving diamond fabrication techniques for enhancing both coherent and incoherent

interactions with the NV-. The interests of the diamond electronics and nanophotonic

communities have finally, in recent years, begun to merge [73]. For example, without the

efficient collection of photons enabled by the solid-immersion lens etched into diamond,

the loophole-free measurement would not have been possible [89]. There are also inter-

actions that would not be possible without nanostructures - such as interactions with

phonons [142], with optical waveguide modes [151], and with surface-spins using near-

field scanning probes [233]. Although the demonstrations so far suggest it is possible to

produce the interfaces needed to assemble a network of interacting NV-s, the efficiencies

at those interfaces remains insufficient for the scalable creation of such a network, possi-

bly due to deleterious effects from current nano-patterning or NV--creation techniques.
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It is likely that fabricating nanostructures around NV-s without compromising the op-

tical and spin properties is a formidable task - one that may involve additional insights

about the creation of NV-s in diamond. This challenge has resulted in the relatively

slower progress in achieving strong coherent interactions between the NV- and external

quantized degrees of freedom when compared with progress made on other solid-state

devices [62],

8.3 Outlook for an NV--based quantum network

Despite the abundance of demonstrations involving hybrid quantum systems using NV-s,

there are several important milestones that remain elusive: the observation of strong-

coupling between an NV- and an optical cavity mode [66, 100, 108, 127], between an

NV- and a microwave cavity mode [118], and between an NV- and a phononic resonator

mode [142]. When this so-called "strong-coupling" regime is achieved within actively tun-

able nanostructures, there should no longer be any remaining major obstacles preventing

the large-scale connection of NV-s in a fault-tolerant manner [156]. Although many of

the statements here are highly speculative and it is not clear whether NV-s are "the so-

lution" for quantum networks as perhaps other solid-state systems may work better, the

outlook for NV--based technologies remains promising. It seems there are no fundamen-

tal limitations preventing the use of defects within solids patterned with nanostructures

as the building block for a large network of connected quantum nodes.
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Appendix A

I
Optical Rate Equation Model

I
A.1 Rate equation analysis
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FIGURE A.1: NV energy level model.

To gain insights into the effects of the cavity-coupled transitions of an NV, we use a

rate equation model to describe these dynamics. The model can be used to estimate FZPL

from comparing spectral measurements when the cavity is on-resonant and off-resonant

with the NV ZPL. In Supplementary Figure 2, level 1 refers to the lowest lying triplet

ground orbital states (:A) of the NV centre with its corresponding manifold of phonon-

side band states represented by lk1 level 2 refers to the lowest lying triplet excited orbital

states (3 E) of the NV centre; level 3 represents the phonon side band of the excited state;

the difference between levels 3 and 1 corresponds to the excitation laser wavelength (hin our
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case, 532 nm); level 4 refers to the non-radiative metastable states. The model is simplified

by approximating both singlet states as a single metastable level[93]. Furthermore, we

do not take into consideration the charge state transfer to the neutrally charged NV0 .

#n = -W(p11 - P33) + 721P22 + EkypP1i1 + "Y41P44 (A.1)

P22 = 'Y32P33 - (^24 + 'Y21+ k7'21k)p22 (A.2)

f33 = W(p1 - P33) - 732P33 (A.3)

P44 = 24P22 - 741P44 (A.4)

P1,4k 721kP22 - 7PPlklk (A.5)

Here our energy level system is represented by the density operator p. W is the transition

probability density for excitation from level 1 to level 3 and is determined by the laser

excitation intensity. 7yji is the transition rate between two energy levels j and i. "Yp is the

phonon relaxation rate into level 1. We note that when W/72 < 1 our system is in the

weak excitation limit and when W/72 > 1 it is in the strong excitation limit.

Furthermore, the system has to satisfy the unit probability of the density matrix (i.e.

Tr[p] = 1), which gives us an additional equation to completely solve the system:

P1 + P22 + P33 + P44 + EkPlklk = 1. (A.6)

We consider the system in its steady state during the measurement, therefore we solve

for the steady state populations (,) by substituting 3jj = 0 for all j and i, and substitute

PPSB for ZkPlklk-

0 = -W( 11 - /33) + 721f22 + YppPSB + 741fi44 (A.7)

0 = 732A33 - (Y24 + 721 + YPSB)P22 (A.8)

0 = W(fl - P33) - 732f 33  (A.9)

0 = Y24P22 - A41P44 (A.10)

0 = 7YPSBP22 -pPSB (A.11)
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Here, we set EkY21 to 'YPsB to simplify the equation and assume the total NV decay

rate 1/T = (724 + _721 + 7PsB) .'i (721 + 7PSB), where T is the measured lifetime. The

Debye-Waller (DW) factor relates '72, 721, and 7PsB by the following equations:

'7PSB = (1 - DW)72 (A.12)

'721 = DW72  (A.13)

When the NV is on resonance with the cavity, we include a coefficient of 1 + FZPL in

front of '721 and solve for another steady-state population. The observed spectra between

on- and off- resonance are therefore related to the spectrally-resolved Purcell enhancement

in the following manner:

Iratio 22 1I + FZPL) (A.14)
/22ff

where Iratio is the intensity ratio between on- and off-resonance of the ZPL. Taking the

limit of 732/72 and -7p/72 to oc (due to the picosecond-timescales of 1/732 and 1/,yp
compared to the nanosecond timescales of 1/72) and solving for FZPL gives:

FZPL = ('ratio - 1) 1 + IratljDW (A.15)
I + W/72 + 724/7 2 - IratioDW)

For System B, we solve for DW and FZPL by setting FZPL to be the same as in the

lifetime analysis (See Eqn. 19). Using '724/721 = 0.1 from the literature[52], and plugging

in experimentally measured values of W/7 2 = 3.5, ron = 6.68 ns, and Toff = 18.4 ns yields

DW = 0.019 and FZPL = 62.
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Details of Deterministic Emitter

Switch Microscopy

B. 1 Rate equation analysis

1. Supplementary Figures

Autocorrelation of two NV site in bulk diamond In Fig. S1, we show the

autocorrelation of the site shown in Fig. 2 of the main text. The anti-bunching dip

of the nornalized second order auto-correlation (g2 (T) = 0.66) therefore confirms

the presence of no more than two emitters accounting for background.

1.2
U)

10 ---
0
08

_0

S0.6

.0.4

0.0

0.0 -50 0 50

Time Ins]

FIGURE B.1: Normalized second order auto-correlation plot confirming the
presence of no more than two emitters in the bulk sample shown in Fig. 2
of the main text.
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b

Sat uration Curve of a singe NY sit emes re dA thAPD C.-no cu 1 N.t NV Ve .se w eCco

FIGURE B.2: a. For the APD saturation curve, the red fit indicates a sat-
uration count rate of 310 kilo-counts per second with a grey fit that shows
background linearly increasing with incident laser intensity. b. A satura-
tion curve taken with the CCD with a fitted curve indicating a saturation
fluorescence rate of ~1,600 kilo-counts per second.

Single NV- saturation curves on both an APD and emCCD In Fig.

S2, we show the fluorescence of a single NV- centre saturating with respect to

applied laser intensity using both an APD and the emCCD. The photons count

rate collected on the emCCD was calculated using the calculations described in the

Supplementary Methods below.

2. Supplementary Methods

Photon conversion calculation with emCCD

G x DU = (>YqjnaT) QE x A" + (-YDT) (B.Ia)

where G is analog gain (electrons per ADU), DU is digital units on camera, ysiqnal

is emission rate (Hz), T is camera exposure time (see), QE is quantum efficiency in

converting a photon to an electron, M is the emCCD multiplication gain, and -YD

is the dark count rate per pixel (Hz/pixel).

3. Supplementary Equations and Discussion

Derivation of spatial error as a function of laser power, exposure time,

and number of emitters. When using a CCD detector, the fundamental local-

ization error can vary significantly depending on the total magnification onto the

camera. Light emitted from a point emitter and collected by a CCD detector will

necessarily sacrifice spatial information due to the finite size of a pixel. If camera
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pixels did not have read-out noise or dark counts, then increasing magnification

results in higher spatial resolution without any bound.

However, because pixels are of a finite size and have some noise, there exists an

optimal magnification for optimal spatial localization (See Eqn. 1 [237]). Eqn. 1

below describes how magnification (~ s/a) and background noise (Utotal) affect the

standard error on the mean of a Gaussian function fit to the emission profile of a

single emitter.

s2 + a2 / 12 87s i2

((Ax)2) = + total (B. 2)
N a2 N 2

Because the demonstrated DESM technique relies on the NV- emitter, it is first

important to describe its emission properties. The fluorescence rate from an NV-

emitter depends on the intensity of the excitation laser, and can saturate at a max-

imum rate, R., past an excitation intensity limit, Isat (Eqn. 2a). In a DESM

experiment, the signal, Nhot0 e5 , is the lack of photons counts from a single NV-

emitter when it is resonantly driven (Eqn. 2b), and the background noise, o-total, of

this emitter depends upon the number of other emitters within the same diffraction

volume that are not being resonantly addressed, assuming a shot-noise limit (Eqn.

2c). The lack of collected photons is encapsulated by the contrast of the electron

spin resonance measurement, C(I), which reaches a maximum of around 15 - 20%

and is dependent on the incident laser power [59]. The number of photons col-

lected by the CCD also depends on the system's total collection efficiency, r/, and

also the exposure time, T. The total background noise during a DESM measure-

ment depends on the number of total emitters, m, in the diffraction volume since

more emitters means the contrast compared with the background counts decreases.

Finally, other contributions to background noise include background fluorescence

that may increase with the pump laser, as parameterized by a, and a constant
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background fluorescence, 3.

C(I) = 2 2
r10FO +

Fsingie(I) =

Nphotons (I, -) =

RoI

Isat + I

C(I)RTJsingie(I).

(B.3a)

(B.3b)

(B.3c)

(B.3d)

Substitution of Eqn. 2 into Eqn. 1 and after a few steps of algebra gives the

standard error in localizing the mean of a Gaussian function below:

(Ax) 2 s 2 + a 2/12 +((Ax)2 ) 2 a/2N

s2 1 +

Nphotons

- s 2 1

Nphotos

87rs4 0ota

a2 N 2

1 (a)2

12 (

1 (a)2

12 s/

1 a2

12 s
= N { 1 +
Nphotos

8 2
+ 87 t oaj (B

2 N

87r N I)

(2)2 Nphotons

(B

87r m - C(I) 1
+ 2 C(I) +(N2) (B.4d)

In Fig. S3, we use the equations above to plot the signal-to-noise ratio as a function

of laser intensity for m = 1, 5 and 50 emitters per diffraction limited spot. We

estimate that for optimally resolving 5 emitters in a site up to 200 kW/cm 2 of laser

intensity is required.

DESM in biological applications Nanodiamonds internalized by HeLa cells

were shown to have little rotational diffusion in McGuinness et al. [141] For these

45 nm-sized nanodiamonds, the angular rotation was estimated to be less than 10

degrees over several hours.

To account for the increased background and lower collection efficiency for imaging

in biological samples, we refer to Equations 1 and 2 in the main text and Equation

3 in the supplementary. The fluorescence rate from single NV- centers was ~100

kcps compared with the maximal detected fluorescence detected from a stable NV

in nanodiamond to be ~500 kcps in T. Schr6der et al. [208] Assuming the collected
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O-totai(m, I) = rFingie (J)((m - 1) + (1 - C(I))) + aI + /.

(B.4a)

.4b)

.4c)
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Expected SNR for DESM
SNR

-1 I NV per site
7F

6

5 5 NVs per site

4

3 -- 50 NVs per site

2-

,______ - ___--_ - - 1 Laser Intensity (uW/um^2)
2000 4000 6000 8000 10 000

FIGURE B.3: Theoretical signal-to-noise ratio with an emCCD. The signal

is considered to be the contrast, C(I), multiplied by the fluorescence from

a single NV- collected at the shot-noise-limit.

fluorescence rate from biologically ingested nanodiamonds decreases by a factor of

5 (R, -> R,,/5) and the background counts increase by a factor of 5 (a -> a x 5),

then the exposure time would need to increase by approximately a factor of -22 to

achieve the same SNR. In Figure S4, we estimate that in such a case DESM will

still be able to address up to 10 unique centers per diffraction limited spot.

For freely rotating nanodiamonds, we expect a rate of ~1 rad 2/ms for 50 nm nan-

odiamonds based on Maclaurin et al. [132] In such an environment, we expect that

using a combination of solid innersion lens and a reflective top surface can increase

the collection efficiency enough to collect 5-10x more fluorescence from a single NV.

Thus based on our model, a unity SNR in the ODMR contrast can be achieved

within ~20 us of exposure time, during which the nanodiamond is expected to ro-

tate by 8 degrees. With such angular resolution, up to -10 NV- orientations would

be uniquely addressable (See Figure S5).

4. Author Contributions

E.H.C. and O.G. designed the experimental setup. E.H.C. performed the experi-

ments and analysed the data; O.G. purified and prepared nanodiamnonds; M.E.T.

prepared samples and assisted in experimental setup; D.E. conceived the idea and

supervised the project.
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Expected SNR for DESM in biological species
SNR

1.2

1.0

0.8

0.6.

0.4

0.2 _

I NV per site

-_ 5 NVs per site

10 NVs per site

Laser Intensity (uW/tim^5 2)
2000 4000 6000 8000 1 000

FIGURE B.4: Estimated number of resolvable emitters given 5 times more

background counts, and 5 times less collected photon counts from biologi-

cally ingested nanodiamonds.
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Estimated Parameters for Freely Rotating Nanodiamonds
XLabel: Number of Emitters per site.
YLabel: Laser Intensity (uWlunA2).
Contour: Exposure time per NV (us)

44

40

6 0 12 14

Ii, tvi: B.5: Estimated number of resolvable centers from freely rotating

nanodiamonds. As can be seen, the more number of resolved emitters (X-

axis), the greater the exposure time (contour, ts) needed per emitter for

an ODMR signal with a unity SNR.
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