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The burgeoning field of nanophotonics has growrbéoa major research area, primarily
because of the ability to control and manipulategg quantum systems (emitters) and single
photons on demand. For many years studying nanopimtphenomena was limited to
traditional semiconductors (including silicon anca&s) and experiments were carried out
predominantly at cryogenic temperatures. In the tescade, however, diamond has emerged
as a new contender to study photonic phenomenaeinanoscale. Offering plethora of
guantum emitters that are optically active at rodemperature and ambient conditions,
diamond has been exploited to demonstrate supeittsn microscopy and realize
entanglement, Purcell enhancement and other quamtoenclassical nanophotonic effects.
Elucidating the importance of diamond as a materihls review will highlight the recent
achievements in the field of diamond nanophotoréeg] convey a roadmap for future
experiments and technological advancements.

1 Introduction

Optically active impurities in diamond, so calleglar centers, have attracted intense research
interest in recent years. The success of theseezmiiuilds upon their unique properties that
include highly stable fluorescence (photostabilitf) single color centers even at room
temperature and feasible control of single, higidiierent spins associated with color centers
in diamond" 2. Over 500 different color centers in diamond arewm®; their emission
wavelengths span a spectral range from the ultietvio the near infrared. Furthermore, the
diamond host material provides beneficial qualities chemical inertness, biocompatibility,
high transparency from the ultraviolet to infrasgmectral range as well as a high mechanical
strength (high Young's modulus) and exceptionallghh thermal conductivit[ffe].
Furthermore, color centers in diamond have to besidered as potential building blocks of
future quantum information processing (QIP) ardhtiuees and integrated nanophotonic
devices as detailed in the following.

Single quanta of light, single photons, are thedamental constituents of QIP. First, single
photons can be utilized to encode and transmitnm&tion in a way that the laws of quantum
mechanics ensure a secure exchange of informajiwem{um cryptography, for review see
e.g.["). Second, photons can serve as fast carriersaftgm information connecting distant
nodes in so called quantum netwdHd. In a quantum network, long lived quantum bits
(qubits) store guantum information in so called juen nodes and the information is
exchanged via flying qubits, photons. Furthermare,all optical quantum computing
schemed”, indistinguishable photons are proposed as bugjlditocks of a quantum
computer that could potentially outperform clasksamamputers. Color centers in diamond are
highly promising in QIP as they can serve as ultright, highly polarized, narrow band
single photon emitters. Furthermore, similarly teagtum dots color centers possess a very



short lifetime of several nanoseconds that endlal&striggering of single photon emission.
Finally, the nitrogen vacancy (NV) defect supplesoherent electron spin that can serve as a
long lived qubit and second enables stable emissibrsingle photons carrying the
information of the spin state of the cefitet’. Proof of principle experiments demonstrated
QIP building blocks with NV centers like quantuntarglement between single photons and
a single spi%IS], creation of indistinguishable photons (two-phetaterference}® *1and the
manipulation and control of electron spins of calenters as well as nuclear spins coupled to
colo[gs?enters to store quantum information and fquantum registers (for recent review see
e.g.”".

To harness the full potential of color centers iantbnd for QIP, it is crucial to efficiently
collect their fluorescence and engineer their phiot@roperties like lifetime and emission
bandwidth. These goals are most efficiently achdewesing nanophotonic devices.
Waveguides (e.g. nanopillaf} or nanoparticles (e.g. metallic nanoparticles lasmonic
antennas$)” can increase the collection efficiency while namanicro cavity structures can
be used to engineer the emission bandwidth as agethe lifetime of the color cent&fs
Using nano-pillars, the collection efficiency haseh enhanced by more than an order of
magnitude compared to bulk diamond paving the wayde color centers in diamond as
single photon sourcB&. Here, the collection efficiency limits the efficicy of the source
and thus the bit rate. Considering the creationndistinguishable photons, the collection
efficiency is even more crucial as it is necesdargollect simultaneously emitted photons
from different color centers. Additionally, thedifme of a color center is an important figure
of merit: sources with shorter lifetimes can emiigie photons at a higher rate. Thus,
controlling the spontaneous emission rate via gawbupling is highly desirable.
Furthermore, cavity coupling enhances the coupbhgeolor center and light field thus
cavities can be thought of as an interface betvigbhand the color center (spin). It should
be noted that nanophotonic devices need color kptaced in the correct depth and with
the correct alignment with respect to the caviglds, placing challenges on the creation of
the emitters.

This review first introduces emerging color cenganitters in diamond for nanophotonic
applications — Section 2. Section 3 describes rieummares that confine and guide light
including waveguides, microdisc resonators and gfiotcrystal cavities. Fabricating such
structures in diamond is challenging: on the onedhaiamond has to be structured using
sophisticated etching recipes. On the other hdmd,(k 1um) single crystal diamond films
are not straightforwardly available. Recent advarae the fabrication of such thin diamond
membranes will be summarized in sections 3.2 afd Bue to these challenges, “hybrid
approaches” that use diamond emitters but non-chdmahotonic structures as well as
approaches using polycrystalline diamond films haeen pursued and are introduced in
section 3.1. Section 4 summarizes recent achievisnusing nanophotonics in diamond. The
first part covers achievements related to nanopticdgoand QIP — including lifetime
engineering, entanglement, super-resolution irogitecal far field as well as recent advances
in diamond Raman lasers. We note that in this vevie do not discuss the broad use of the
NV <[:2(-i]nter in magnetometry and sensing and refereéhader toward a recent review in the
field'=™.

2 Emerging single photon emittersfor QIP

The most prominent emitter in diamond is the nitmogacancy (NV) center which has been
employed in several proof-of-principle experimemsnanophotonics and QIP. In recent
years, silicon vacancy (SiV) centers have beensinyated extensively especially due to their
narrow emission bandwidth. Color center based @aviee impurities (Nickel, Chromium,



rare earth elements) exhibit highly promising prtips, however, their fabrication remains
challenging and their full photophysical properte® yet to be completely investigated.
Figure 1 summarizes the emission properties of wlieous single photon emitters in
diamond.
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Figure 1. Spectral map of various single emittersdiamond. For centers with emission
wavelengths shorter than 730 nm, the length ofctilered line represents the approximate
width of the emission spectrum of the color centeuding phonon sidebands. The
wavelength given for each center denotes the zeoogn-line (ZPL) wavelength. Note that
for the recently discovered Euin diamond, two complex emission bands are obdeeh
corresponding to electronic transitions and so émsembles are observed. For centers with
emission wavelengths above 730 nm, the labeled|evagth indicates the spread of the
observed ZPL positions, while the colored line ¢aties the width of the ZPL for a single
center. For these centers, the emission is maimlgcentrated in the ZPL. Note that
especially in the near infrared region, a multituoleunidentified color centers exists, which
are not given here for clarity (see Ref&?® and text for details). Centers for which spin
manipulation of single centers has been shownatveleéd with a black arrow.

21 NV centers

The negatively charged nitrogen vacancy (NV) ceisténe first center investigated as single
spin systei® and as single photon souféeThe immense interest into the NV center stems
from its outstanding spin properties: it exhibifsnsdependent fluorescence, which can be
used to optically read out its spin states. Funtioge, its electron-spin has a long coherence
time (T,=1.8 ms in & isotopically pure diamod’) and can be optically initialized and
reliably manipulated using microwave fields. (Foreay detailed recent review see K&}
Thus the NV center’s spin can serve as a long Isd qubit, whereas the emitted photons
can serve as flying qubits. In this case, integgasingle NV centers with nanophotonic
structures will enable interfacing spins and phstgaving the way to QIP.

Reliable creation of single NVs via ion implantatios crucial for their application in
nanophotonics as it enables placing color centetee desired depth in nano-structures. For



NV implantation, focused ion beals*® or nanoimplantatio®” (through a nanoscopic
hole in an atomic force microscope tip), furthealgle a lateral placement of NV centers with
a precision around 100 nm or 25 nm, respectivelyesa suitable annealing treatment, NV
centers created via ion implantation have narrdable optical resonandé&, approaching
natively occurring centers, a property highly cali@onsidering the coupling to high-quality
cavity resonances. For MeV implantation energiegh Formation efficiencies of NV centers
around 50% are foufid, while for an energy of 5 keV, forming shallow N¥énters (8 nm
depth), efficiencies of 19%° up to 30% (neutral and negative charge statect¥ dosé),
are reported. NV centers in a defined depth are asated using thé&doping technique,
where nitrogen is introduced for a short time wmérinto the chemical vapor deposition
(CVD) growth of diamond. Using this technique, w2 thick layers containing NV centers
have been demonstrated, however, the lateral pltieran’t be controlled and the efficiency
of NV creation is loW*. Very recently, NV centers in high-purity (111)iemted CVD
diamonds have been shown to align almost perfetblyg the [111] growth direction instead
of aligning along all 4 equivalent <111> directiBfis’”. Thus, optimal alignment of the
NV's emission dipoles with respect to photonic &tites is feasible in contrast to previous
work using (100) oriented diamorifs

Despite these major efforts in deterministic catof NV centers, the majority of QIP
experiments utilizes native NV centers and form tphiw structures around a pre-
characterized emitter. Furthermore, NV centers lakla broad emission spectrum due to
strong emission into phonon-sidebands (PSBs). Turely electronic transition, the zero-
phonon-line (ZPL), is found at 637 nm, the PSBsnspaspectral range up to 800 nm (see
figure 1). Even at 9K, only 4% of the fluorescemc@mitted into the ZPL which exhibits a
narrow, ideally lifetime limited linewidth (13 MHZ) at low temperature; Coupling of NV
centers to a photonic structure has thus eithebetdoroadband or has to overcome the
emission into the sideband by a highly efficienimiing*®. NV centers have a lifetime of 12
ns in bulk*Y, the emitted light is only partially polariZéd and efficiency can be limited by
switching to the neutral charge stéfe There is therefore an ongoing quest to identifgt a
characterize other emitters for photonic applicaio

2.2 SV centers

Negatively charged silicon vacancy (SiV) centerspldiy a ZPL at around 740 nm. SiV
centers occur only very rarely in natural diamondsereas they are very common impurities
in synthetic CVD diamonds as a results of dopin¢hveilicon during the growth due to
etching of silicon substrates, quartz reactor wadlsvindows in the CVD growth plasni4”

%6l Such arin situ creation of SiV centers has been employed to ersiagle SiV centers in
spatially isolated CVD nanodiamortf§ or hetero-epitaxial nanoislands on iriditiththat
showed high single photon emission rates (up to iiom counts/§'). However, SiV
fluorescence in these material systems suffers fadarge spread of emission wavelengths
(ZPLs between 730 and 750 nm) supposedly due tghalével of individual stress in the
nano-sized diamonds. More recently, single, brigiv centers have been creaiadsitu in
high quality, low stress, single crystalline CVDagiond and several 100000 counts/s have
been detectédf’. Single SiV centers were also produced via ion lamiation °% %2



However, centers implanted deeply into natural diadh (10 MeV Si*, depth 2.3um)
showed only several 1000 counts/s despite a sfetitrle of 1.2 ns, indicating non-radiative
decay pathways possibly due to residual damage tinenmon implantation. For SiV centers,
systematic studies on creation efficiency dependingthe ion energy and the spatially
controlled fabrication of centers and are still smg.

In contrast to the NV center, the SiV center hary narrow emission bandwidth at room
temperature: due to a weak linear electron-phonoupling, the emission is mostly
concentrated (> 70%) in the ZPL as discernible ffuare 1. This property renders the SiV
center especially promising as a room temperatimgles photon source for quantum
communication®®. Moreover, the ZPL fluorescence of the SiV ceigalmost fully linearly
polarized at room temperatlffe®® >4 a property highly useful in quantum cryptography
where the polarization is often used to encodermédion. The SiV center’'s narrow emission
bandwidth, the possibility to excite its fluorescerusing red laser light or an electron beam
(cathodoluminescendey as well as the availability of colloidal nanodiamds in water® °7
have recently triggered investigations to use nemodnds containing SiV centers as
fluorescent labels for bioimaging of cells and niyi organisn®l. Here, excitation and
emission in the red or near-infrared spectral raalmv for deep tissue imaging and aid in
avoiding tissue autofluorescence. In this contiéd,recent discovery of stable SiV centers in
nanodiamonds as small as 2 nm is especially irtegeas it brings the size of fluorescent
nanodiamonds down to the level of the size of @ipitye molecules employed in bioldg¥:

So far these extremely small nanodiamonds withiestaly/ centers have been extracted from
meteoritic diamonds; for applications a route te fiynthesis of such diamond materials is
highly desirable.

For applications requiring a minimal bandwidth bgtZPL, cooling color centers to low
temperature (typically liquid helium temperature2 &) to avoid broadening due to
phonon¥? is necessary. Under such cryogenic conditions, Gikters have demonstrated
unprecedented properties of their ZPLs: single &éviters in a high quality CVD sample
showed 83% spectral overlap together with a lifetilimited linewidth of the zZPF%. In
contrast to NV centers, where ZPL tuning via exdérfields was employed to achieve
spectral overldp® 1! these results have very recently enabled theredtien of two photon-
interference from SiV centers without the needsfoectral tunin§*.
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Figure 2 (A): Low temperature ZPL spectrum of th¥ EPL. Upper spectrum for an



ensemble of SiV centers in a high quality CVD diaanlayer and lower spectrum of a single
implanted SiV center under a solid immersion |&ms.the spectrum of the single SiV center,
the polarization is analyzed in detail (insetsXB)Level scheme of the SiV center, at zero
magnetic field, ground and excited states are spta two sub-states. In a magnetic field,
each of these sub-states splits into two statasl,in? to 16 possible transitions. For details
see text. Reprinted figure with permission from R&fCopyright (2014) by the American
Physical Society.

The silicon atom in the SiV center is not locatedaocarbon lattice site but moves along the
<111> direction of the diamond lattice toward theighboring vacancy into the so called
split-vacancy site (theory seé* ®?). Consequently, the SiV center's symmetry clasBsis
(compare NV center: £) and the ZPL is a transition betweep &d E electronic states,
which both include an orbital degeneracy. The lesatieme of the SiV center is highly
complex: the ZPL splits into 4 individual line coonents at low temperature as visible in
Figure 2. The splitting of the states has been essfally modelled using a Jahn-Teller
interaction and spin-orbit coupliiy. From the polarization of these line componernthas
been deduced that the SiV center has a dominamditicn dipole oriented along its high
symmetry axis (z-dipole) and two four times weatlgoles in the plane perpendicular to the
high symmetry axis (x-y-dipoles). Similar to the Nénter, SiV centers (here neutral SiV
centers) show preferential alignment (80 % out m@wgh plane) in diamond grown along
<110>¥ indicating the possibility of aligned emissiompalies in photonic structures. The
lifetime of the SiV center in high quality singleystalline diamond is 1.0 + 0.1 3,
whereas in nano-sized diamonds a significant spezadnd 1 ns is obsen/d. Its short
lifetime renders the SiV center highly suitableaasingle photon source and first experiments
have demonstrated quantum cryptography using Wi@Sa room-temperature single photon
sourc&3. However, the short lifetime is most probably cected to significant non-radiative
decays: Estimated quantum efficiencies for singjiés $h nanodiamonds are below 10% and
in bulk diamonds, SiV centers do not reach the @hatates of NV centers in the same
material*®. However, cavity coupling offers a possibility ¢wercome non-radiative decays
by speeding up the radiative deldly

One drawback of the negatively charged SiV cerdeias was the missing knowledge about
its spin as no Electron Spin Resonance (ESR) hed tlearly assigned to the cefftérVery
recent measurements of the Zeeman splitting pattérthe ZPL have identified the
negatively charged SiV center as a spin ¥ sy&tersee Figure 2 for level scheme. Spin-
selective optical transitions in a strong magnéetd have been demonstrated thus paving
the way toward an all optical control of the Sivhitex’s electron spin.

2.3 Additional emerging single photon emittersin diamond

Further promising single emitters are formed vi@onmporating heavy impurities into
diamond. These centers often couple weakly to ph®ribus concentrating their emission
into the ZPI®®. However, it is challenging to incorporate heamypirities into the very
tight, covalently bound diamond lattice (latticenstant 0.35 nm). Thus, a common challenge
for almost all the defects mentioned in this seci® that ion implantation produces them
only with very low efficiency or not at all whicls ia drawback considering their use in
nanophotonics. However, other properties mightdrg promising.

Nickel ions have successfully been incorporated iamond using ion implantatibfl as
well as doping during diamond grom. A multitude of color centers containing nickel is



known, especially in nitrogen rich high pressurghhiemperature (HPHT) diamond, where
nickel is used as a catalyst and forms several tomap with nitrogefi”. The only of these
complexes identified as single emitter is the dedaNE8 centdf®’?, consisting of a nickel
atom, two vacancies and four nitrogen atoms. The ¥ single NE8 centers has been
reported between 782 and 802 nm. It was eitherreédan natural diamond or formed by
incorporating nickel during CVD growth of polycrgdine diamond or nanodiamonds.
Reports on lifetime (2 and 11.2 ns) and phonon lmogi@are ambiguous (70% emission in
ZPL in"® 19 inB3). Creating NE8 centers remains challenging: ioplamtation and high-
pressure high-temperature annealing did not vyielB8 Ncenter§”: recent attempts
incorporating nickel into single crystal diamondidg CVD only produced ensembles but no
single centef®!. Nickel-silicon-complexes (ZPL 767-775 i) and other nickel related
defects, the latter formed during CVD were investtigl and showed bright, narrow
emissio®>"®. However, implantation efficiencies of only 40render their use in
nanophotonics highly challenging. Very recently,maltitude of color centers emitting
between 700 and 900 nm in a CVD diamond film growihe presence of nickel has been
reporteéjZ3], demonstrating that nickel related complexes h@aeenising emission properties
but their fabrication and identification remainglhly challenging.

Chromium related color centers have been reporti#ld anarrow emission (< 11 nm) at
wavelengths between 740 and 790'ffit. The first observation of these centers used
nanodiamonds grown in the presence of chromiumataing sapphire substrat& These
defects were unique since they exhibited a twollgsystem with no metastable (shelving
state) with ultra bright, linearly polarized singhoton emission. Follow up experiments
employing generation of these emitters by ion imf@dton were not yet conclusive. In some
reports, co-implantation of oxygen and chromiumointype lla CVD diamond yielded
narrowband emittels’. Successive experiments showed that annealin@f@)®f the same
type of diamond used to produce chromium-relateders via ion implantation has led to the
formation of centers with similar photo-physicabperties without any implantati6f 2%,
Although the full assignment of these emitters tpaaticular impurity is ongoing, the first
experiments toward QIP demonstrated coupling adlsiphotons from these centers into an
on-chip waveguide and interference in the on-cleisick$™.

Several other color centers in diamond have beentifted as single emitters; among them
centers with shorter emission wavelengths: annsiti center related to carbon interstitials
(TR12 center, ZPL 470.5 fffy ®) and the H3 center involving two nitrogen atoms an
vacancy (ZPL 503 nf#). Two unidentified centers where only observedeoraccolor center
emitting at 532 nfi”’ and one at 734 Y. Another type of unidentified single centers
(named by the authors ST1) was reported in dianmambwires structured into high-purity
HPHT diamond using an inductively coupled plasn@P{l dry etching proces&®. The
centers show a ZPL emission at 550 nm and very isioghspin properties including spin
dependent fluorescence like NV centers, howevdr tirggin remains unclear. The optical
properties of the emitters are highlighted in Feglur

Very recently, the incorporation of europium int@ardond has been demonstrated using an
organic precursor molecule in the CVD pro&85sRare earth elements provide very long
lived spin ground states that are promising for résization of quantum memori&4 The



possibility to realize such a system in diamonddeza exploration of the incorporation of
rare earth elements into diamond highly interestifige typical luminescence of Euwas
observed from nanodiamonds as well as single dlipgtadiamond. In the nanodiamonds,
luminescence was observed from the site of indalichanodiamonds either using optical
excitation or excitation using an electron beanr.tRe single crystalline diamond, a uniform
incorporation in the grown layer was found. So far,single emitters were detected due to a
high density of the incorporated centers and thellisecond lifetime. Also, at this point
fabrication of these defects using ion implantati@as not successful.

3 Fabrication of optical resonatorsfor the coupling of color
centersin diamond

3.1 Hybrid approach

In the previous section, we highlighted severahpsing single photon emitters in diamond.
The next step is coupling those emitters to optaalities. We start our discussion by
reviewing the hybrid approach. The term “hybrid m@eh” here summarizes techniques
where diamond color centers are used as emittdrthbyphotonic structures are fabricated
from a non-diamond material. Due to the multitude hgbrid approaches to diamond
nanophotonics, we here focus on some of the lagsstits (for further reviews on hybrid
approaches see, é°Y). For many applications in QIP, especially forgtum cryptography,

it is highly desirable to efficiently couple singiotons from diamond color centers into
optical fibers to enable integration with existitejecommunication technologies. Several
approaches using incorporation of nanodiamondstheooptical fibéf?, as well as placing
nanodiamonds on photonic crystal fiber end fa&tnd tapered fibers have been pur§tted
%1 Using the latter approach, 10% of the single phstfrom an NV center were collected
using a tapered single mode fiber (diameter inrtap@0 nm). The coupling is mediated by
the evanescent field of the thin, tapered regiee (s

Figure (a)). The fiber mode is then adiabaticalbyverted into the mode of the standard
single mode fiber in the transition region. Higlelfficient channeling of single photons from
NV centers into fibers has been demonstrated ufifirey based microcaviti€§ in which
nanodiamonds have been incorporated see

Figure (b). Via a process termed cavity feeding, the whphonon-broadened emission
spectrum of the NV contributes to the cavity codpémission and thus a narrowband (50
GHz), tunable single photon source has been reklize
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Figure 3. Fiber based hybrid approaches to diamond nanophotonics: (a) Tapered fiber coupling of
nanodiamonds. A nanodiamond is placed onto the tapered region. A high coupling efficiency is
feasible due to the strong evanescent field of the partially air-guided mode of the nanofiber. Via the
taper, the evanescent mode and thus the single photons are converted into the mode of a standard
single mode fiber. Reproduced with permission from Ref [95].Copyright 2014 AIP Publishing LLC (b)
Fiber based microcavity for the coupling of single photons: Nanodiamonds are placed on a highly
reflecting, planar mirror. The second mirror is formed in the end facet of a glass fiber, into which the
photons are collected. The fiber end facet is micromachined to form a concave surface and
subsequently coated with a dielectric coating. Reprinted figure with permission from'®® Copyright
(2013) by the American Physical Society.

If the light is collected using free space optieshanced directivity of the color center’s
emission leads to higher collection efficiency. Wos end, plasmonic structures can be
employed. Plasmonic antennas, consisting of mesaloparticles or nanostructures, can
enhance emission directivity as well as emissidadtd. E. g., plasmonic enhancement of
NV center emission by an order of magnitude has ebieved using gold nanoparti¢tds
silver coated diamond nanowires showed a threestimgher photon rate than uncoated
wired®®; sophisticated design of hybrid plasmonic cavitias yield extremely low modal
volumes, and initial experiments of coupling singmitters to these cavities recently
succedeld”.

Coupling NV centers to bowtie antennas has beetomgto map the local effects of the
antennd® *°Y |n this respect, the single emitter was used pbe for the local density of
states of a plasmonic nanostructure and to inwgstighe near field interaction with
grapheng®. Recently, attaching a single nanodiamond ontoARM cantilever enabled
lifetime imaging above a metallic nanowifé. Therefore, coupling of quantum emitters to
plasmonic structures is not only suitable for devengineering, but is also very useful to
understand the performance of plasmonic structures.

Plasmonic structures can also serve as waveguilésenters in nanodiamonds have been
successfully coupled to silver nanowi®8. Using these silver nanowires, the emission of
one NV center has been channeled into two silveowae-waveguides on both sides of the
NV via controlled placement of the nanowires, it basn recently shown that they can
serve as a variable plasmonic beam splitter ansl distribute photons from an NV center in
a plasmonic circuit (see Figure (Y. However, one always has to keep in mind that the
proximity of the color center to a metal surface ¢@ad to non-radiative quenching of the
emitter and that plasmonic waveguides intrinsicsailffer from high losses.
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Figure 4 Examples of hybrid approaches to diamond nanophotonics: (a) Silver Nanowires as
plasmonic waveguides and beam splitter for single photons: an NV center is placed in close proximity
to a silver nanowire (sample topography see upper panel). Light is guided by the nanowire as evident
from the fluorescence image in the lower panel: fluorescence is not only recorded from the position
of the NV center, but also from the ends of the wire (points B and C). Furthermore, the beam is split
as evident by light emission from the second wire’s end (point D) Reprinted with permission from %!
(b)-(d) three-dimensional photonic structures produced via direct laser writing into photoresist
containing nanodiamonds. (b) shows a scanning electron microscopy image of a disc resonator and
an arc waveguide. Length of scale bars is 5 tm. (c) Fluorescence characterization of the device: the
excitation laser spot is scanned across the microsdisc resonator, simultaneously; the fluorescence
photons are collected at one end of the waveguide. The position of a single NV center is highlighted
with a dashed circle. (d) a corresponding autocorrelation measurement is shown, the strong

antibunching around zero delay confirms that a single NV center is addressed. Reprinted with
permission from™"”!

Generally, the integration of single photon em#tetth on chip-photonic circuits, including
resonators to harvest the single photons and walegto route them in different directions,
plays a crucial role for the development of fut@& technique®®. A recent approach
toward integration of NV centers in hanodiamonds three dimensional on chip structures
is reported in Ref*?”.. Three dimensional photonic structures have babridated via direct
laser writing. The technique is based on locallypastng a photoresist containing
nanodiamonds via a two photon-process using focusedshort laser pulses. Photonic
circuits consisting of microdisc resonators and egaxvdes have been fabricated (see Figure
(b)). Coupling of the NV fluorescence to the midgsats mode as well as the routing of
single photons into a waveguide has been shownHigeee (c)). This is the first time three



dimensional photonic elements with single emitterdiamond have been realized. However,
photonic structures realized in photoresist suiifem a comparably low refractive index of
1.5, thus using diamond as the photonic matemdtactive index 2.4) is still desirable.

Finally, we mention here the recent progress inophntonic devices using polycrystalline
diamond films. These can be grown on foreign sabssr(e. g. silicon, Sipon a large scale
and with sub-micrometer thickness. The film’'s scefacan be smoothed using polishing to
achieve an unprecedented value of 1.6 nm root mgaare (RMSI®?. Using such thin films
and under-etching of the substrate material, photorystals suspended in air have been
fabricated and displayed Q factors of around B#in the visible range and 2800 at 1.5
um®. In contrast, Rét™ demonstrated diamond microring resonators (Q=1)1660the
SiO, substrate coupled to mm long waveguides with pyapan losses of 5 dB/mm. It
should be noted, that these circuits are optimatie near infrared region (~ 1fn) where
the absorption and scattering from the grain bouaslas minimal. These structures can be
highly useful for applications in optomechanicswiw@er, coupling single photons from color
centers is still to be proven.

3.2 Fabrication of nanophotonics devices from single crystal diamond
membranes
3.2.1 “Commercial membranes” approach
To harness the full potential of diamond nanophiotatevices, structures in high-quality,
high-purity diamond that host single centers withod) emission and spin properties are
required. Thin single crystalline diamond layeither free standing or on a foreign substrate,
indispensable for the fabrication of nanophotor@eices, are not straightforwardly available.
High-quality diamond is mostly grown using CVD ordemond substrate (homoepitaxy),
thus a sacrificial layer that could be etched awmjorm a free-standing diamond layer is
missing. Thin homoepitaxial CVD diamond layers da@ fabricated by removing the
substrate via laser cutting and subsequent pogstiithe CVD diamond. Membranes as thin
as 5um are available from commercial suppliers (Elem8it, Sumitomo Electric and
others), however, these membranes are still tai flor most nanophotonic devices and need
thinning as described in the following. The stagtmembrane is often chosen to be thicker in
the range of 20-5m, mostly for the ease of sample handfittg’” As commercially
available membranes often show a wedge due to perfett polishing, depending on the
devices that ought to be fabricated, re-polishisqhg a diamond mold has been used to
obtain membranes with parallel surfaces. To eagdlimg, the thin membranes are mostly

bonded to a substrate or clamped between thickdmigoframes as visualized in Figure (see
[113] [115]
e.g- ).
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Figure 5 Fabrication of thin diamond membranes: Commercial membranes are first re-polished to
yield parallel surfaces (a). Subsequently, they are either bonded to a SiO./Si substrate using hydrogen
silsesquioxane (HSQ) (b) or clamped between quartz plates with an aperture (e). In the first case,
after patterning of the devices (c), backside etching of the substrate is performed to yield free
standing devices. Reprinted with permission from **!

An alternative approach to fabricate thin diamorehrbranes without the need to start from
already thin material has been introduced in R&fs''”! First, 200 nm stripes are defined
using hydrogen silsesquioxane e-beam resist otkadiamond. Using this resist, trenches of
about 1um determining the thickness of the final membraare, etched into the diamond.
Subsequently, a chromium mask is deposited anttéhehes are etched to a depth of about
10 um. As a finalizing step, the membranes are mechéyilkfted out of the sample. Despite
high crystalline quality of the membranes, theyenawe far not been employed to fabricate
nanophotonic devices and given their size seem etoofb limited usability for certain
structures.

To thin diamond membranes, different approachasgyugiactive ion etching (RIE) in oxygen
(O) based plasmas or argon-chlorine (Agjtlased plasmas are used. The two plasma types
can also be used in an alternating sequence dilmengtching. The use of an ArjPlasma is
capable of smoothing the diamond surfdfeand conserves the surface quality of the
diamond during the thinning process — a highly imgoat aspect when making diamond
photonic resonators. On the other hand, AréBthed surfaces have been shown to contain
chloriné**? which might be detrimental considering color centelose to etched surfaces.
Furthermore, the etch rate of an A¢@lasmais lower compared to an,(plasma. Thin
membranes produces using Based plasmas have been shown to retain a higatiye
guality even very close to the surfaces exposdtidgplasma: Raman measurements did not
show any graphite or amorphous carbon related Isiggied TEM measurements reveal an
intact crystal lattice for the whole etched memletarhe low level of damage is attributed to
the low energy of the ions in the plasma: for tgpibias voltages of 250 V, ions from the
plasma can only penetrate up to 0.8 nm (two mooiynto the diamortt®.

3.2.2 Nanophotonic devices from commercial membranes

A multitude of devices including one and two dimensl photonic crystal cavities, ring

resonators and resonators coupled to wavedtfid&s * %°122have been manufactured
using thin diamond membranes obtained via RIE thopnSo far it has been the most
promising approach to realize nanophotonic androptdhanical devices, with high quality
factors as will be discussed in section 4. Figurgh6ws several examples of a microring
cavities coupled to a waveguide (a) and nanobeaitiesa(b)



The outstanding problem in photonic devices madeguthis method is the fact that the
photonic crystal cavities and the microdiscs aterofesting on another substrate, rather than
suspended in air. To achieve full suspension, gim®m is usingPolymethyl methacrylate
(PMMA) as a sacrificial layer between the diamond ¢he SiQ. Upon the completion of the
devices fabrication, the PMMA can be selectivelshet away, leaving behind a suspended
photonic crystat?®. Alternatively, a diamond membrane can be posiibon silicon, and
upon patterning the diamond resonator, the siliw@aterial from beneath the devices can be
removed with an isotropic etch recipe for Si inlg" 122

A completely different approach to the fabricatadrfree standing nanophotonic structures is
introduced in Ref**!!: Instead of fabricating a membrane, nanophotdniztires are etched
into bulk diamond and are subsequently undercué Uidercut is achieved by an angled
etching technique as illustrated in

Figure : A Faraday cage leads to anisotropic etchivat occurs under an angle to the
substrate’s surface and thus undercuts the prdyidefined structures.

Figure displays an example of structures manufadtusing this technique. The nanobeams
displayed in

Figure show a triangular cross sections as atrestihe angled etching. Unfortunately, this
method is limited mostly to one dimensional photamanobeam cavities.
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Figure 6 Realization of nanophotonic structures from single crystal diamond (a) Microring resonator
coupled to a waveguide. The structure has been fabricated from an RIE thinned membrane. The
device is situated on an SiO,/Si substrate. Reprinted with permission from [225] (b) Nanobeam
photonic crystal cavity fabricated from bulk diamond. The pattering method is illustrated in (c): In a
first step, the nanobeam etch mask (i) is transferred into a bulk diamond via conventional
anisotropic RIE etching (ii). Subsequently, the beam is undercut via angled RIE etching (iii) and the
mask is removed (iv). In the lower panel, the angled etching process is illustrated: A triangular
Faraday cage leads to an etching under an oblique angle and thus undercuts the nanobeam device.
Reprinted with permission from ™*. Copyright (2012) American Chemical Society

3.2.3 Photonic devices from ion implanted membranes

Another approach toward fabrication of diamond ndm@donic devices is based upon an ion-
assisted lift-off process. During this process, létéce damage induced by the stopping of
fast ions is used to generate a buried graphiter Ithat can be etched away to lift of a thin
diamond membrane. The original idea was incepte@dnykh in the late 968, however,
only several years ago diamond membranes and bpstal resonators were fabricaltéd.
Although rigorous analysis showed that the memlsrame made out of pristine, non graphite
containing diamond, no optical signature from N\htees was detected and the structures
were not optically active. To understand the reasbehind the lack of optical activity,
detailed Raman measurements were subsequentlyripedoon these membranes as a
function of their thickne$€®. The membranes were generated using 1 MeV He ion



implantation and lift-off (membrane thickness apgmoately 1.7 um), and thinned down
using RIE. It was shown that the damage propagatio& to implantation is extended
throughout all of the membrane. Furthermore, if ibgion closest to the region graphitized
by the ions was kept, no Raman line signature istipe diamond was observed. The Raman
signal from the far end of the membrane (i.e. thgimal top surface of the bulk crystal) was
significantly broadened, indicating the large stréields present in the membranes. The
process of how to fabricate the membranes is shiowigure 7a.

Although the membranes generated by ion implantatiere not suitable for devices, recent
work showed that they could be effectively usedtemplates for pristine single crystal
diamond growth?®. The process is described as follows: first, leglergy ion implantation

is used to generate the template diamond membra@hes, the membranes were overgrown
with a pristine diamond crystal using chemical vapgeposition (CVD), and finally, the
overgrown membrane was flipped and the originalplanted” membrane was etched away
using RIE. Remarkably, the overgrown CVD membrasésw narrow Raman lines
comparable to a pristine single crystal and werecessfully employed to fabricate high
guality nanophotonic resonators. In addition, ertlderspin coherence measurements of NV
centers were carried out, yielding coherence timfeseveral microseconds — comparable
with high quality nanodiamon#8”. Unlike other traditional semiconductors, wherendge
often propagates into the (re-)grown material (likehe case of GaN and SiC), the grown
membranes exhibited clearly superior propertiespaoed to the original damaged templates.
Although detailed dislocation and crystal defectasweements are yet to be conducted, the
fact that newly grown membranes were suitable fatpnic devices emphasizes the overall
promising path with ion implanted material. An exgenof a fabricated microdisk using this
approach and the resulting optical properties aosva in Figure 7 (b,c).

While the technique involves multiple steps, ittaely has several advantages: first, there is
no need for a laser cut of 20 — @t diamond membranes and their subsequent long etch.
Second, overgrowth under various conditions canubed to intentionally dope the
membranes with color centers. Indeed, integratio®i¥ defects into optical cavities was
done this way. Finally, this method can be usedyfowth ofd — doped layef&. 5 - doping

of nitrogen with nanometer scale depth controlnalded by introduction of nitrogen gas
during a slow, high quality diamond growth. Lattiacancies needed to form NV centers are
created separately, by ex situ electron irradiaiod annealing. The whole process causes
minor damage in the nitrogen-doped layers comptreéon implantation techniques and has
been shown to enable long spin coherence for thaeid NV centersd — doped layers can
result in a deterministic placement of the emittethe high field region of nanophotonic
cavities, therefore achieving stronger light maiteeraction between the emitter and the
cavity. While the first experiments d— doped films used a bulk crystal, growth on
membranes is currently underway.
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Figure 7 (a) Generation of diamond membranes fromimplanted material. First, a CVD
diamond crystal is implanted with He ions to gemera damaged region, 1uan beneath the
diamond surface. The sample is annealed and pateno lithographically define the
membrane size. Reactive ion etching is employ&@ngfer the pattern from the mask to the
diamond and to subsequently etch the diamond. feldoemical etching enables the lift-off
of the membranes and a pipette is used to tramtiséemembrane to a substrate of choice. (b)
SEM image of the microdisk made from an overgropvtitess of the membrane and the

corresponding and the corresponding PL spectrutmftbe microdisk showing high quality
(~3000) factor whispering gallery modes. Imagestaten frorit?® 13!

3.2.4 Membranes from heteroepitaxial diamond

In the previous section, we discussed fabricatioteoices from homoepitaxial single crystal
diamond membranes. However, these membranes atéy msted to a size of a few mm
due to the lack of larger diamond substrates. Aerdol overcome this limitation is diamond
heteroepitaxy: A material that has a similar lattoonstant than diamond and is available as
large area substrate, here iridium, is used afwritable nucleation procéSdl. Although in
the starting phase, the diamond has a comparablygleality as the grains from different
nucleation sites merge, it can be considered sitgi&alline when growing to a thickness of
above 1Qum. Thin heteroepitaxial membranes can be produtedtehing windows into the
silicon/yttria-stabilized-zirconia/iridium substest and subsequent thinning of the diamond
from the nucleation side to remove the low quatitgmond®® Although the process is
slightly longer and requires sophisticated procegsthe end result is promising and fully
suspended membranes are possible. A clear advamitalyis method is that the membranes
are hold by the thick substrates which eases hamd©On the other hand, since the
membranes are fabricated from CVD grown diamondenas, it is likely to contain SiV



defects, and is mostly suitable for nanophotonikpeaments with these emitters. The
fabricated photonic devices using this method hosve in Figure 8.

Platinum

Diamond

Figure 8. SEM images of (a,b) 2D Photonic crystavies and (d-f) a nanobeam cavity
fabricated from a heteroepitaxial diamond crystabwyn on iridum substrate. Part (c)
illustrates the non-vertical sidewalls of the stiwe due to the focussed ion beam milling.
Repritned with permission from R&Y.

4 Nanophotonics experiments using color centersin diamond

We have now established the availability of vari®irsgle photon emitters and different
routes to fabricate photonic devices from diamadndthis section, we describe photonics
experiments that have been realized with diamonetds coupled to single emitters. We will
focus on both fundamental demonstrations, e.gh@Pwrcell effect in nanophotonic devices,
as well as practical applications including diam&taman lasers.

4.1 Purcell enhancement

To realize integrated quantum photonic networksFt®, coupling of the individual qubits to

optical cavities is crucial. For the NV center iarficular, coupling of the emitter to a cavity
will enhance the emission into the ZPL, therefaralding faster and brighter emission. This
enhancement is vital since the ZPL contains onbyiiad 4% of the total emission of a single
NV center. For semiconductor QDs (i.e. GaAs systdim} dot can be pre-characterized
using an AFM and the photonic crystal can be treri¢ated around it. Furthermore, the
excellent control over the growth enables to positihe dot in the middle of the vertical

direction of the photonic crystal. Such a contsoyet not possible for diamond.

As mentioned in Section 2.1, creating NV centetth\good properties via ion implantation is
still challenging and sub 100 nm lateral placemerndn implantation is still hard to achieve.
Therefore, all experiments on Purcell enhancenealized with the NV centre to date, relied



on native NV defects that occur in diamond duringdCgrowth and the photonic structures

have been manufactured “around” these centersiiportant to note, that only the radiative

decay of the emitter coupled to the cavity modenbanced by the cavity field (Purcell

effect).

The Purcell factor Fis given by the following equatidi’:
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Where U, is the emitter’s dipole momenE(I‘i) is the local electric field, whil&max is the

maximum value of the electric field in the cavitlg, is the wavelength of the cavity mode
while 4; is the emission wavelength of the color centgpgeis the modal volume andis the
refractive index (hera = 2.4 for diamond). It is obvious, therefore, that tdiawe optimal
coupling between emitter and optical resonator,dipele must be matched spectrally and
aligned spatially with the cavity mode. This meahat the emission dipole should be
resonant with the cavity mode and positioned amehted with respect to the local electric
field of the cavity. In that case the Purcell enteanent factor is simplified to:
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It is also discernible that the highest enhancensentalized when the quality factdp, of
the cavity is maximized while the modal volunVg,qe iS minimized. To date, three cavity
geometries were tested to demonstrate Purcell eeh@nt of single NVs — microring
cavity, 2D photonic crystal cavity (PCC) and a naeam cavity. Table 1 summarizes the
important parameters of these devices and the mexhBurcell effect. In all cases, tuning of
the cavity mode to the NV resonance is achievealgude gas condensation on the resonator.

Cavity Vimod Measured) | F, | Theoretical F | Ref
Microring resonator ~17(\/n)®> [ Q=4300 12| 19 e
Photonic crystal cavity | ~ 0.88(A\/n)® | Q=3000 70 | 259 =
Nanobeam cavity ~3.7(Mn)®> | Q=1600 7 | 34 (124
Microdisk resonator ~10(\/n)® | Q=3000 -] - (125

Table 1. Comparison of performance of various phatalevices made from diamond for
resonance with the NV center (~ 640 nm).

Notably, in the case of a PCC, the lifetime modifion corresponds to a spontaneous
emission rate enhancement of ~ 70. This meanghbatavity coupled NV center emits 70%
of the photons into the ZPL. Figure 9 shows themdiad PCC and the corresponding
spectroscopy measurements.

In all three cases, a significant deviation of tteoretically derived and measured
enhancement is evident. There are various reasoitisi$ discrepancy, a major one being the
challenge in aligning the NV’s dipole moment wittetcavity field. All the optical resonators



made to date, were fabricated from [100] orierdeinond, while NV centers align along
the [111] direction. In addition, there are sthiatienges in nanofabrication of diamond using
RIE and achieving perfect undercut for optical asioin.
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Figure 9. Single NV centers coupled to PCC. (a) SEge of the photonic crystal cavity
fabricated from a single crystal diamond membrai@. Tunability of the NV ZPL into the

cavity resonance. The emission is enhanced wheZRBheis overlapping with the cavity

mode. (c) lifetime measurement of a single NV tefieand off cavity resonance. Lifetime
reduction is observed when the emitter is on resoeavith the cavity mode. Bottom panel is
an antibunching measurement confirming that onkiregle NV center is probed. Reprinted
with permission fronf”

In addition to coupling NV centers to optical reators, experiments on Purcell enhancement
with SiV centers are underway. Initial coupling®il/s to PCCs and microdisk cavities has
been demonstratéd 2% Very recently, first results on the controlledbfigation of photonic
crystal cavities around a pre-characterized Sivtezeand the coupling of the center to the
cavity have been reportétf.

4.2 Entanglement

The second quantum experiment to be discussedargigm entanglement. It is seen by many
as a holy grail of QIP and an unambiguous realmuaintum mechanics, refers to (in simple
terms), quantum correlated objects that are repmddehted. Quantum entanglement is the
basis of many quantum networks, where the nodescam@ected via entangled photon
state® 33 Entanglement has been first demonstrated usintpph generated from atomic
cascades, and later using spontaneous parametic-ctmversioft>?. However, the strive

to achieve scalability and practical devices, naigd researchers to look for a robust solid
state system that can generated entangled statekisTend, a remarkable progress has been
achieved with the NV center in diamdtig35-228!

If photons are supposed to create entanglemeniebatdistant emitters, the emitted photons
must be indistinguishable. The experiment carriedly the group of Prof Hanson realized
heralded entanglement between two distinct NV e¢erdeparated by more than 3 meters and



located in separate liquid helium cooled cryo$titsDue to the properties of NV centers,
several issues had to be adressed: To enhanceolibeted rate of single photons, solid
immersion lenses were patterned around chosen Niérse This is important, since only 4%
of the emitted photons are emitted into the ZPLld are contributing to the entanglement
experiment. To suppress detection of laser photanstoss-polarized excitation-detection
scheme and a gated detection that exploits therdiite between the length of the resonant
excitation laser pulse (2 ns) and the excited sifggme (12 ns) of the NV were employed.
A weak magnetic field is applied to split the=hl sublevels, and a dc electric field is used
to spectrally tune the emission of two NVs (NVA addB) into overlap with each other via
the Stark-effect. Charge state fluctuations of leingV centers reduce the probability to
achieve entanglement. To minimize photo-ionizatemreen laser pulse re-pumped the NV
center into the desired charge state.

The entanglement protocol and the results are showig. 10 and are based on the proposal

from Barrett and Kok*®\. Both NVs are first prepared in a superposiﬂa&di(‘¢>+‘¢>) of

the m=t1 spin states. Then, each center is resonantlifeekto an excited state with same
spin projection. Spontaneous emission locally myits the spin projection (qubit) and the
photon numberThe two photon modes, A and B, are directed totthw input ports of a

beamsplitter, so that fluorescence observed inupub port of the beamsplitter could have
originated from either of the NV centres. If theopdns emitted by the two NVs are
indistinguishable, detection of precisely one photm an output port thereby projects the

qubits onto the entangled S'[EMIE:]./\/E(‘ P ot B>ie‘“’" Latg) £
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Figure 10. Entanglement experiment with NV centers. (a) Entanglement protocol, illustrating the
pulse sequence applied simultaneously to both NV centres. Both NV centres are initially prepared in a

superposition 1/ \/E (‘ i > + ‘ ! >) . A short 2 ns spin-selective resonant laser pulse creates spin—photon

entanglement 1/ \/E(‘ 1 1> +‘ 1 O>) The photons are overlapped on the beamsplitter and detected

in the two output ports. Both spins are then flipped, and the NV centres are excited a second time.
The detection of one photon in each excitation round heralds the entanglement and triggers
individual spin readout. (b) Solid immersion lens fabricated around the NV for the photon emission
enhancement. (c) Photoluminescence excitation spectra of NV A and NV B; frequency is given relative
to 470.4515 THz. Transitions are labelled according to the symmetry of their excited state. The Al

transition is used to initialize the NV centre into the‘ 1 > state (ms=0) and the Ey transition is used for

entanglement creation and single-shot readout. By applying a voltage to the gate electrodes of NV B,
the Ey transitions are tuned into resonance (dashed line). (d) Verification of entanglement using spin—



spin correlations. Each time that entanglement is heralded the spin qubits are individually read out
and their results correlated. The readout bases for NV A and NV B can be rotated by individual
microwave control. The state probabilities are obtained by a maximum-likelihood estimation on the
raw readout results. Error bars depict 68% confidence intervals; dashed lines indicate expected

results for perfect state fidelity. Data are obtained from739 heralding events. Image reprinted from
[135]

Before applying the protocol, both NV centres ardependently prepared into the correct
charge state and excited resonantly. If the prejparas successful (i.e. more than certain
number of photons is emitted from NVA and NVB), #r@anglement protocol is applied and
repeated 300 times. A fast logic circuit monitdme photon counts and triggers single-shot
qubit readout on each set-up whenever entangleism@etralded (whenever a single photon is

detected). The readout projects each qubit ont({‘TtMel >} states (Z-basis) or onto the
{‘T>i‘l>,‘T>i‘l>} states (X or —X basis). By correlating the resgitsingle-qubit readout

outcomes, the generation of the entangled statesrified'*®. The correlation results are

shown in Fig 10. When both qubits are measuredgaldnthe states$V™and W~ display
strongly anticorrelated readout results (odd paritfurthermore, the states can be

distinguished through measuring in rotated basi¥s X{},{—X, X}). For W"the {X, X},({-

X, X}) outcomes exhibit even (odd) parity, while eth¥™ state displays the opposite
behaviour, as expectéd”

The rate of successful entanglement between theidlVery low, i.e. one event per 10 min,
with an overall experiment duration of almost a kedé). Despite the low rate, the
demonstration of entanglement between distant gpipits is without a doubt the first
significant step toward integrated quantum netwarks quantum teleportatioff”,

4.3 Super resolution microscopy

In addition to quantum applications, single defeictsdiamond have been exploited in
realization of super resolution microscopy and diffsaction imaging. This chapter will
highlight the recent results in this field. The argdleled photostability of the NV center was
key to realize super resolution imaging, and recbrm# resolutions down to several
nanometers have been realized in bulk diamond.eSthe original work on Stimulated
Emission Depletion (STED) imaging of NV centersdiamond“!, several other methods
including structured illumination and wide field p®r resolution imaging using spin
dependent fluorescence have been developed. Ttee atthod was explored to realize
multicolour imaging using nanodiamofdd. Adding to the optical domain the microwave
control of the emitters’ spin state, the opticaligsion of each nanodiamond was correlated
to its electron spin resonance. In other words ‘tbeur” of each centre corresponds to a
frequency in the microwave regime. This multicoloaspect of the technique enables
multispectral labelling with sub-diffraction restibbn, which is powerful when is utilized in
biological applications. This method is shown igle 11a.

An additional interesting and useful aspect of shper-resolution microscopy is resolving
multiple NV centers within a single nanodiamondmf@onanodiamonds contain more than a



single NV center, and are often discarded for quarapplications. As reported by S Arroyo-
Camejo and colleagué¥’, individual NV centres were resolved within a $60g.00 nm
nanodiamond with a resolution of ~ 30 nm. As exefiepl in figure 11, individual NVs were
isolated within a single nanodiamonds and theim spiates could be resolved. In an
independent work by M Gu and colleaddi#§ the NV centers were resolved with 12 nm
resolution within a single nanocrystal. In theirnkoM. Gu and colleagues took advantage of
the stochastic photoluminescence blinking of singlé defects. The centroids of blinking
NV centers were recorded at different time sequerasel reconstructed, yielding a super-
resolved image with the localization precision d®eieed by the number of photons
collected. Unlike single florescent dye moleculbg, NV centers do not bleach, and a signal
from many blinking cycles can be collected, genegat high signal to noise ratio super
resolution image. The results are shown in Figdite 1

While super resolution microscopy was employedesolve NV centres, surprisingly, not
much has been done on other emitters. One reasba i8eak phonon side band that makes
the choice of a STED laser complicated (i.e. fog ttase of SiV). However, stochastic
methods that are based on blinking can certainlydeel.
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Figure 11. Super resolution microscopy with NV pest (a) multicolour imaging using
nanodiamonds. Each NV center exhibits differentramave frequency and therefore a
different color code. Two examples with separatbr22 nm and 55 nm nanodiamonds are
shown. A reconstructed region of nanodiamonds withblue circles indicating a lack of
ESR modulation. Using the ESR spectrum at eachasiethe deterministic emitter switch
microscopy technique, multiemitter sites are retmrsed over a 7 x un? field of view.
The numbers correspond to the resonance frequen€ieach NV- in the site. The spectra
are ESR signals of a multispectral site. Coloredendzian fits correspond to the resonances
of each NV- centers in the site, that can subseilyée used for a sub-diffraction limited
reconstruction of the NV- centers. reprinted witlermission frot*? . (B). (a) Sub
diffraction resolution STED image and correspondiggtically binned STED image profile
of a diamond particle with~100 nm diameter showing five isolated NVcenterd (nerve:
Lorentzian fit). SEM image of the same nanodiamamtioverlay of the STED image and the
SEM image illustrating the relative dimensions. @aally recorded ESR spectrum of the
same nanodiamond showing five distinct ESR linespairresponding to the five NV centers
(each line pair fitted with a double Lorentzian & separate color). Reprinted with
permission front***!



44 Raman Lasers

The last application to be discussed is employnoérdiamond in Raman lasers. The
thermal conductivity of diamond is several ordersmagnitude higher than other crystals,
and combined with its good optical quality, low afpion, loss low coefficient for
thermal expansion, diamond has been employed id bmall Raman lasers with high
average powerRaman lasers are important due to their abilityptovide gain in a wide
range of the optical spectruindeed, several high power diamond Raman lasédrs &/

of 1st Stokes power) were demonstrated g high average powers (>100W) are soon
to be realized. Using the first diamond Raman (greergy shift of 1332 cif) pumped using

a 532 nm excitation, lasers at the yellow spectrabe (~ 573 nm), which are important for
biomedical applications, have been realized. Inited there is a great interest in realizing
lasers in the ‘eye-safe’ wavelength region in tlegnity of 1.5um. at these wavelengths light
is strongly absorbed in the eye prior to focusing tbe retina, enabling much higher
intensities to be safely used in scenarios wheaevartent exposure is considered likely. So
far, laser designs were mainly based on erbium didgser materials or optical parametric
oscillators (OPOs), which have limitations in terwfstheir performance and practicality.
Diamond offers an advantage in this regarddisnond’s large Raman shift of 1332 ¢m
allows the eye-safe region to be reached from 1084 (a very common pump laser
wavelength) in 2 shifts instead of 3, which reduties complexity of mirror coatings and
increases the efficiency. Using a small diamondtaty 2° order Stokes conversionto 1.485
um was demonstrated with conversion efficiencieseering 70%*?. Using an external-
cavity, and diamond as a Raman crystal, output ppwé up to 14.5 W were achieved at
wavelengths of 1240 nm and 1485 nm using a usit@sd nm pump laser.

Recently, picosecond Raman lasers were realizeng udiamond. Picosecond lasers are
important for many nonlinear optical applicatiohattrequire non-standard wavelengths. For
picosecond operation where the pump laser pulsatidaris comparable to, or shorter than
the Raman transition dephasing time, the systematggein the transient regime, in contrast
to the steady-state regime for CW and nanosecoachtipn. The Raman gain in the transient
regime is smaller for a given peak intensity tharthe steady-state regime. To achieve the
picosecond diamond laser, a synchronous pumpingnselin a ring cavity configuration was
employed. This architecture allowed a selectabéthod for uni-directional forwards and
backwards operation, and efficierf! Stokes generation in a singly resonant cavity.ttJp
1.0 W output power was obtained in the eye-safeonegt 1485 nm, corresponding to 21%
overall conversion efficienéy®.

As single crystal diamonds can be grown largerhwiinimized birefringence and photonic
elements made out of diamond are becoming avaitathle lasing thresholds will continue to
shrink, improving the commercial appeal for diamdaman lasers. The technology is now
looking very promising for compact high power beeomverters. It was recently shown that
diamond enables brightness conversion of laser semaddition to a wavelength sHiff’.
The concept underpinning this is well known andlelsshed in the 60-70s in gases, however,
it is much more challenging for solid-state coneest In this current work, a high power Nd
laser that had very poor beam quality*@) was combined with a diamond Raman laser to
convert to the eye-safe with a simultaneous enlmanein beam brightness of 50%. Finally,



the longest wavelength crystal Raman laser usiagndnd was demonstrated — enabling
tunable output in the mid-infrared from 3.4-3.8 roits. So we are now seeing benefits from
diamond fs long wavelength transmission.

5 Conclusions and outlook

Despite the challenging nanofabrication of diamahd, progress in diamond nanophotonics
has been extremely rapid. In less than a decadentsts and engineers managed to
transform basic polycrystalline devices into higlality photonic crystal cavities suitable for
enhancing and studying light matter interactionswiNipplications are constantly emerging, a
very recent one being a realization of a nonlingastonics platform from diamond, enabled
due to the sophisticated cavity fabricattéh. The time is ripe, therefore, for more detailed
and dedicated advanced quantum optical experimemiisdiamond. These should include
proper integrated photonic networks, full explavatof weak coupling and demonstration of
strong coupling between a single emitter and atgdield and multi qubit entanglement.
Finally, a deterministic placement of an emittethivi the cavity field should be routinely
established, either through curving a cavity aroarmtedefined emitter, or a post processing
using deterministic chemical or physical dopingeTénormous progress toward entangling
distant NV centers, strong coupling between the ¢&hter and a superconducting flux
qubit**® 9 improvements in quantum error correctiéi’s®* in conjunction with better
optical resonators may (should) result in the destration of a solid state, quantum
computer in the near future. In the meantime, appibns such as quantum key distribution
(QKD) (that in part was slowed down by lack of &gt from the industry) should not be
forgotten. Diamond offers narrowband, ultra brighihgle photon emitters in the near infra-
red that shall be revisited for QKI, considering the potential efficiency increase by
incorporation into a nanophotonic device.

Novel nanofabrication techniques for diamond, indiadn to the fabrication methods
introduced in this review, are emerging and willsbéocus of research in coming years. For
instance, a bottom up approach for diamond phosomias recently realiz8d. In this
method, an array of optically active nanodiamonds grown on a membrane that is
subsequently etched. This can yield either stamgaltanodiamonds with uniform size or
microdisk cavities or waveguides with various shsape an alternative fabrication method, it
was shown that diamond single crystals that ar@segh to 266 nm laser pulses at moderate
powers of half of the ablation threshold exhibietdh patterns of hundred nanometgts
Furthermore, the patterns were polarization depend®hen the polarization is parallel to
[110] (E||[110]), the pattern consists of facetedges oriented perpendicular to the
polarization, while if the alignment is along thebec direction E|[[100], the pattern consists
of a cross hatched or grid-like structure orientathin a few degrees of [110]. Another
interesting nanopatterning of diamond was realimsihg electron beahi* under water
vapour. At these conditions, subtractive 3D prigtiof structures on inclined planes of
diamond was realized. Yet, the etch rates in theskniques are extremely slow. Although
the processes don’'t damage the diamond crystathendptical properties are maintained, at
the near future these fabrication avenue is matealda for prototype devices.



The breadth and the possibilities of various calenters in diamond can be tailored for a
diverse range of applications. As such, we haveegiged the discovery of an additional
defect with spin dependent fluorescefféeintegration of lanthanides into diaméfitiand a
revival of the silicon vacancy center. Furthermaeglization of electrically triggered single
emitters™ °® may pave the way to scalability and practical, oefgtctronic diamond
devices. Recent progress in modulating the emissan the negatively charged state is a
pivotal advance toward electrical control on sindgdects in diamont?” **® and integration

of electrically triggered emitters with photonisomators. However, more attention should be
devoted to behaviour of color centers near integadn particular, stability of emitters in
close proximity to surfaces and effect of differsnrface terminations must be studied in
more detail$>**®Y and for other defects than the NV center. Sin@mynnanophotonic
devices require thin (several hundred nanometiiek)tmembranes, a robust methodology of
reliably engineering color centers with close tolkbdiamond properties in these thin
membranes must be developed. Finally, the exactm®tny and defect structure of many
ultra-bright emitters is still unknown, while siegémitters in the enviable 1550 nm range are
yet to be uncovered. The latest should be mitigaasdsingle photon detectors in this range
becoming available.

The life sciences will certainly benefit from fueth development of fluorescent
nanodiamonds % Yet, their use must extend beyond their curreté ms a traditional
biomarkers or a drug delivery carrier. Future patiey include correlative imaging using
single digit nanodiamond or biological processes Will take advantage of the nanodiamond
shape. Finally, the combination of high sensitivigmperaturé® ¥ and magnetic field
sensing should promote the nanodiamonds’ usedrstifences and therapeufitd.

The breakthroughs in diamond nanophotonics werebleda partly, because of the
continuous improvement in the available materidhnibond samples with various impurity
concentrations, different synthesis methods (e.gtorthtion, CVD and HPHT) and
orientations are becoming commercially availableghHyuality (111) oriented diamond has
been engineered recently and yielded enhancednadignof NVs in photonic structurés.

To maintain the progress, engineers have to wothk scientists and vise versa, to design
materials of choice tailored to applications. Tlglbucharacterization of the device
performance, one can learn a lot about the fundtaheraterial properties that will be then
harnessed to grow better diamond samples. In ghe dif these recent advances, diamond has
revealed its potential to become the material aiad for commercialization of quantum
nanophotonics technologies.
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