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Diamond nanophotonics have evolved tremendously from the

study of color centers in bulk single crystals and nanocrystals

to their characterization in nanostructured environments.

This development was facilitated by the ability to generate

monolithic, sophisticated nanodevices in high quality single

crystal diamond. Here, we present some recent contributions to

the field of diamond nanophotonics: increase in single photon

collection from nitrogen vacancy (NV) centers embedded

in diamond nanowires, broadband spontaneous emission

enhancement of single NV centers in plasmonic resonators,

and coupling of single NV centers to planar resonators on-chip.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
1 Introduction Researchers have long been attracted
to diamond for its many unique properties. For example,
diamond’s large refractive index (n¼ 2.4) and the presence
of color centers, such as the silicon vacancy (SiV) and
nitrogen vacancy (NV) centers [3], that can be addressed
individually using optical excitations, are of particular
interest to the field of quantum optics and photonics.
Notably, the negatively charged NV center has been in the
focus of diamondphotonics research formore than50years [3]
due to its stability, long electron-spin coherence time, and
optical read-out capabilities. The NV center is formed by
replacing one carbon atom in the diamond lattice by a nitrogen
atom, and removing one adjacent carbon atom such that the
NV center’s axis is along the [111] direction (Fig. 1a). NV
centers can be introduced either during the diamond’s growth
or after the diamond has formed, using ion implantation. The
electronic levels of thenegatively chargedNVcenter, sketched
in Fig. 1b, consist of triplet ground (3A) and excited (3E) states
that are separated by 1.95 eV corresponding to 637nm. The
triplet ground state of the NV center is split by 2.87GHz
between the ms¼ 0 and ms¼�1 states [4]. A selective
coupling between the excited states and the long-lived
metastable singlet state (1A1), dependent on the initial ground
state population, enables state-dependent fluorescence and
spin-readout. The NV center’s emission spectrum can be
obtained using green excitation and consists of a zero-phonon
line (ZPL) at 637 nm, a pure photon transition, and a broad
phonon sideband (PSB) from 637 nm to around 800nm that
originates from phonon-assisted transitions. The electron-
phonon coupling for an NV center is strong so that most of the
spontaneous emissionoccurs into thePSB.Figure 1c shows the
NV center’s spectrum in a bulk diamond both at room and low
temperature. At low temperature, the phonon-assisted tran-
sitions around the ZPL are suppressed and the ZPL becomes
muchmore visible. The ZPL emission can be further increased
using optical resonators as discussed below.
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (online color at:www.pss-a.com) (a) Schematic of anNVcenter in the diamond carbon lattice. (b) Electronic level schemeof the
negatively charged NV center, and (c) spectra of the NV center emission both at room and low temperature. (a and c) adapted from [1, 2],
respectively, with courtesy of Balasubramanian and Jelezko.
As a stable single photon source, at both low and room
temperatures [5], with optically detected magnetic reson-
ance, the NV center is very attractive for applications [6] in
magnetometry [7, 8] and quantum information science and
technology [9, 10] and in particular for the realization of
scalable quantum networks [11, 12]. These and other
applications, however, depend crucially on the efficiency
with which information can be exchanged between the NV
center’s electron spin (a ‘‘stationary’’ qubit in the context
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of quantum computation) and a photon (a ‘‘flying’’ qubit).
Therefore, there has been great interest in increasing the
photon–NV center interaction using diamond-based optical
nanostructures. While quantum science and technology
has been the main driving force behind recent interest in
diamond nanophotonics, such platform would have many
applications that go well beyond the quantum realm. For
example, diamond’s transparency over a wide wavelength
range and large third-order nonlinearity are of great interest
for the implementation of frequency combs. Furthermore,
diamond’s wide bandgap (5.5 eV), very large phonon energy
(165meV compared to 65meV in Si), and excellent thermal
properties are suitable for integrated, high-power Raman
lasers [13, 14].

1.1 Challenges in diamond fabrication and
material synthesis Due to difficulties associated with
the fabrication of nanoscale optical devices in diamond,
early approaches to enhance the NV center–photon inter-
action had mostly relied on hybrid platforms that combine
diamond nanocrystals [15] and external optical devices
fabricated in non-diamond materials [16, 17]. However, the
optical and spin properties of single NV centers found in
nanocrystals tend to be inferior to those in bulk diamond and
device fabrication lacks scalability. In particular, severe
spectral diffusion of theZPL and its broad linewidths, even at
low temperature [18], have limited the applications of
diamond nanocrystals.

An enticing approach is to fabricate optical devices
directly in diamond and embed individual color centers
inside them. However, the realization of such a monolithic
system is met with a set of material challenges, namely the
difficulty of growing high-quality single crystal diamond
films on sacrificial or low index substrates, and the physical
and chemical resilience of the material. Ion slicing [19]
has been used to realize thin diamond slabs, but damage
introduced into the diamond during the process has
prevented applications in quantum science. However, recent
techniques based on the regrowth of single crystalline
material on sliced membranes [20, 21] showed promising
www.pss-a.com
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results. An alternative technique used to sculpt optical
devices directly in diamond is based on focused ion-beam
(FIB) milling [22–25]. Despite the versatility of the method,
the resulting devices are prone to damage due to the
implantation of gallium ions, although recent experiments
indicate that it is possible to minimize this damage using
post-processing techniques [26]. FIB can also be used to
generate devices in which the NV center is located far away
from the processed surface, such as solid-immersion lenses
(SILs) [27]. Nonetheless, FIB-fabricated devices are one of a
kind and the fabrication process is slow. Therefore, this
approach is likely not suitable for the realization of nanoscale
optical devices and their large scale integration.

Recent advances in conventional top-down fabrication
techniques in diamond allow for three-dimensional [28, 29]
and planar [26, 30–32] nanoscale diamond structures to be
made with scalability and high yield. This approach involves
the patterning of an etch mask using electron beam
lithography (EBL) and subsequent reactive-ion etching
(RIE) of diamond material in an oxygen-based environment
[28]. Thousands of devices can be realized in parallel this
way, which suggests that the procedure can eventually
enable the construction of chip-scale quantum networks.
Additionally, techniques to integrate and deterministically
position color centers into dry etched diamond devices via
ion implantation are well-established [33].

Device throughput is an important consideration for
diamond nanofabrication and greatly depends on the density
and distribution of NV centers in the diamond substrate. In
type Ib diamond (Element Six,<200 ppmNcontent), theNV
center density is quite high, but varies from chip to chip as
well as within the chip. In type IIa mechanical grade CVD
diamonds (Element Six, <1 ppmN content), the NV center
density is usually too high for single NV centers to be
resolved, while it is very low in ultrapure electronic grade
CVD diamond (Element Six,<5 ppbN content) to the extent
that NV centers are hard to find. However, in the latter case
NV centers are of high quality and have ZPL linewidths
down to�20MHz in resonant absorption [10]. Nonetheless,
the randomness in the density and position of natural NV
centers makes their integration in optical devices challen-
ging when precise positioning at a mode maximum is
required. Implantation of nitrogen ions (usually 15N to
distinguish from naturally occurring 14N via the hyperfine
splitting signature [2]) offers some control over the depth of
NV centers (to the accuracy of the ion straggle) in the crystal
by way of the ion energy. The ion dosage and annealing
conditions can further increase the probability of proper
integration of NV centers to devices by providing some
degree of density control.

1.2 NV–photon interaction inside an optical
cavity Due to the strong electron phonon coupling that
leads to a prominent PSB emission, only�5% of the overall
radiativeNVemission goes into the ZPL. This limits the ZPL
photon rate to �1000 counts per second (CPS), in a typical
confocal microscope, which in turn significantly limits the
www.pss-a.com
applications in quantum science and technology that rely on
high rates of indistinguishable photons (e.g., realization of
quantum repeaters). This situation can be significantly
improved by embedding NV centers inside optical devices
which fall in one of two categories:
(1) N
on-resonant geometries, like diamond nanowires
[28, 29] and solid immersion lenses [27], that overcome
total internal reflection (TIR) at the diamond–air inter-
face, can be used to significantly improve the photon
collection efficiency without affecting the radiative
emission rate of the NV center.
(2) R
esonant optical structures, both dielectric and metallic
[34], can be used to increase the emission rate of the NV
center via the Purcell effect [35]. For applications in
quantum science and technology, high-quality factor
optical resonators with sharp optical resonances are of
particular interest:when their resonance ismatched to the
NV center’s ZPL, selective enhancement of the ZPL
emission over the PSB emission can be achieved.
The photon–NV center interaction can be described in
terms of the coupling rate g between the emitter and the
cavity field, the cavity decay rate k and the spontaneous
emission rate g . Depending on the relative magnitude of
these rates, two different regimes are possible: (i) the weak
coupling regime, characterized by g2 > k � g, and (ii) the
strong coupling regime, where g >> k, g . The weak
coupling regime (Purcell regime) is of interest in appli-
cations that require a large number of ZPL-single photons,
including single photon transistor/photon blockade exper-
iments [36, 37], various interference and entanglement
scenarios [38–41], or efficient read-out from quantum
registers [42, 43]. In this limit, the Purcell factor, FP, is
often used as a figure of merit for spontaneous emission rate
enhancement. For an emitter placed at the cavity’s field
maximum with optimum polarization, FP is defined as
FP ¼ g2

gk
¼ 3

4p2

l
n

� �3
Q

V
> 1: (1)
Here, Q represents the quality (Q-) factor that describes
the resonator’s ability to store photons and the mode volume
V is the inverse normalized energy density of the resonator
mode. For an NV center, up to 5% of light is emitted into the
ZPL. Therefore, a Purcell factor of 20 results in equal
emission rates into the ZPL and the PSB and the emitter–
cavity system enters the weak coupling regime. This FP can
be achieved with a Q-factor of �260 and a mode volume of
1ðl=ndiamÞ3. These parameters can be obtained in photonic
crystal cavities (PhCs), assuming that the emitter is optimally
coupled to the cavity mode. In addition, the ZPL is usually not
lifetime-limited and is broadened by charge fluctuations
around the NV center, thereby limiting the feasibility of using
the NV center as a source of indistinguishable photons.
However, recent advances in resonant absorption techniques
might circumvent the issue of spectral instability [44].
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In the strong coupling limit, coherent exchange of energy
between the NV center and the cavity field exists, and the
system undergoes Rabi oscillations between the split dressed
states [46]. Strong coupling could enable a full spectral
control of the NV center’s ZPL emission, as well as
extraction of emitted photons into a well defined cavity/
waveguide mode. Furthermore, this limit of light–matter
interaction is of interest for deterministic, on-demand, single
photon sources [47]. While Rabi oscillations have been
observed with other solid-state systems [48], this regime of
operation is challenging to achieve with NV centers due to
the lack of high-Q all-diamond optical resonators (Q� 105),
as well as stable NV centers embedded inside optical
nanostructures. For example, compared to quantum dot-
cavity systems [45], a NV center–diamond cavity system
needs to have one order of magnitude larger cavity Q-factor
to achieve a comparable lifetime change. This, combined
with immature fabrication techniques for diamond, makes
the realization of quantum optical devices based on diamond
very challenging.

1.3 Article outline In this article, we describe our
efforts to generate non-resonant diamond structures, as well
as resonant structures in the weakly coupled limit. First,
single NV centers coupled to a waveguide mode of a
diamond nanowire are discussed as a high photon collection
efficiency platform (Fig. 2a). The second geometry con-
sidered here consists of a diamond nanopost embedded in
silver. This nanocavity takes advantage of the ultra-small
mode volume typical of metallic nanodevices to increase the
radiative emission rate (Fig. 2b) over a wide wavelength
range. The third device described consists of a ring resonator
coupled to an optical waveguide (Fig. 2c) – a building block
for future on-chip quantum networks. On-chip single-photon
routing using this device is discussed as well.

2 Diamond nanowires for high photon collection
efficiency To achieve efficient extraction of single photons
from an NV center, we first considered a nanowire structure
made in bulk single crystal diamond (Fig. 2a) [28, 29]. The
nanowire has a diameter of 200nm and height of 2mm.
Figure 2 (online color at: www.pss-a.com) Schematics of diamond d
singleNVcenters thatprovideahighcaptureofsinglephotonflux. (b)D
emission. In a dream quantum network, these silver-capped nanoposts
photons that are routed either on- or off-chip. (c) Waveguide coupled

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
Whereas the collection from a single NV center deeply
embedded in a bulk diamond suffers tremendously from TIR
at the diamond air interface [28], the nanowire provides a
waveguide mode that an enclosed NV center can couple to
and thus allows for efficient photon exchange between
the optical apparatus and the emitter. Using 3D finite-
difference time-domain (FDTD) modeling of a dipole
emitter in the center of a nanowire, and averaging over
the wavelengths associated with the NV center’s emission
as well as its polarization ((100) diamond crystal orientation
is assumed), we estimated that more than 80% of emitted
photons are coupled to the fundamental waveguide mode
of the wire, 50% of which are emitted upwards, towards
the collection optics [28]. Taking into account the
reflection (approximately 10%) at the top nanowire facet,
as well as the acceptance angle of a microscope objective
with 0.95N.A., we estimated that more than >30% of the
total emitted photons can be collected. This is an order
of magnitude improvement over the estimated collection
efficiency of NV center in the bulk diamond crystal.
Similar count rates have been predicted and measured with
SILs, which also enhance photon collection efficiency by
overcoming TIR [27].

To confirm our predictions in experiment, diamond
nanowires have been fabricated in both synthetic type Ib
HPHT (Element Six) and CVD grown type IIa electronic
grade diamonds. These samples respectively contain natu-
rally occurring NV centers, created during the diamond
synthesis process [29], and NV centers created via ion
implantation [33]. The fabrication procedure, illustrated in
Fig. 3a, starts with cleaning the diamonds in a boiling 1:1:1
sulfuric:nitric:perchloric acid mixture. Next, EBL is used to
define the etch mask in electron-beam sensitive spin-on-
glass (HSQ). The mask is then transferred into diamond
using an inductively coupled plasma (ICP) reactive ion
etching (RIE) with an oxygen-based gas chemistry,
and the remaining etch mask is subsequently removed
in hydrofluoric (HF) acid. Finally, the sample with
fabricated nanowires is cleaned again in a boiling 1:1:1
sulfuric:nitric:perchloric acid mixture in order to reduce the
background emission during the optical characterization.
evices discussed in this article. (a) Diamond nanowires containing
iamondsilveraperturesofferPurcell enhancementof theNVcenter’s
can be envisioned as individual nodes that communicate via single
diamond ring resonator.

www.pss-a.com
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Figure 3 (online color at: www.pss-a.com) Efficient and scalable single photon sources based on diamond nanowires: (a) Fabrication
schematic shows spin-on-glass resist deposition, definition of an etch mask using e-beam lithography, transfer of the mask into the
diamond via an oxygen RIE step and removal of remaining mask using HF. (b) SEM image of arrays of 2mm spaced diamond nanowires
with 2mm height and 200 nm diameter. Inset: A second-order correlation function shows a pronounced dip at zero delay indicative of
single photon emission for an NV center in a diamond nanowire [33]. (c) A schematic of a confocal microscope setup used to characterize
nanowires (d and e). For visualization a (graphically rotated) confocal scan of diamond nanowires is shown in (e).
A scanning electron microscope (SEM) image of an array of
fabricated devices is presented in Fig. 3b.

To characterize our devices, a confocal microscope
(Fig. 3c) with a 0.95N.A. air objective is used, resulting in a
collection half-angle of 728. This allows for ideal isolation of
a single photon emitter by exciting and collecting emitted
photons from a small focal volume (0.25–0.5mm3). Such a
configuration is suitable for characterizing NV centers in a
bulk substrate, as well as in nanowires, and allows for fair
comparison between the two geometries. The devices are
mounted on a scanning piezo-stage, and a green laser
(532 nm) is used to excite the devices. Emission from the NV
centers is transmitted through the dichroic mirror, then
filtered with a long-pass filter (630 nm) to remove both the
excitation light and diamond Raman signal, and finally
detected using avalanche photo-diodes (APD) [29]. This
allows us to obtain the luminescence image of our sample
(Fig. 3e). We note that all measurements of optical devices
discussed here have been performed at room temperature.

The emission characteristics of single NV centers
embedded in the bulk are compared to those in nanowires.
www.pss-a.com
In both cases the presence of a single emitter can be inferred
by measuring its second order photon correlation function
using the Hanbury Brown–Twiss (HBT) configuration [50].
In the measurement, the photon stream is divided using a
beamsplitter (fiber beam splitter in this case), directed to two
APDs (Fig. 3c), and the delay between the arrival time of
photons is recorded. The finite lifetime of the NV center
results in the time delay between photon emission events.
Therefore, within one emission lifetime, only one photon
can be present in the stream, and only one of the APDs
can register photon arrival. Therefore, the intensity corre-
lation function, defined as
gð2ÞðtÞ ¼ hIðt þ tÞIðtÞi
hIðtÞi2
where t is the delay time, is 0 for a perfect single photon flux
at t¼ 0 (called photon antibunching). Residual background
that impinges on the APDs results in gð2Þð0Þ > 0 and a true
single photon source has gð2Þð0Þ < 0:5 as upper bound in the
absence of an additional emitter [51]. The width of the dip at
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 (online color at: www.pss-a.com) An all-diamond mag-
netometer and near-field sensor based on a diamond nanowire on a
diamondcantilever (as indicatedby red-coloredparts)which itself is
attached to anAFMtip.A shallow implantedNVcenter at the tip of a
nanowire is used as a sensitive sensor to image magnetic fields.
Figure adapted from [49], with courtesy of Maletinsky.
zero delay carries information on the emitter’s lifetime and
provides a way to measure the lifetime without a pulsed
laser source for pump powers below saturation [29]. Away
from the dip the photon statistics are Poissonian and result in
gð2ÞðtÞ ¼ 1. However, a long-lived intermediate shelving
state of the NV center gives rise to gð2ÞðtÞ > 1 in the vicinity
of the dip under high pump powers, a phenomenon called
bunching [5]. The inset of Fig. 3b shows the pronounced
signature of a single photon correlation for an NV center in a
nanowire below saturation pump power. Furthermore,
lifetimes of single NV centers in nanowires have been
extracted from the gð2ÞðtÞ statistics as well as by pulsed
excitation and resulted in 14 ns for both natural as well as
implanted NV centers compared to 11 ns in the bulk material
[29, 33] and 25 ns in nanocrystals [15].

The overall performance of single NV centers is
appraised in their saturation behavior and is statistically
compared to that in bulk. Intrinsically, a quantum emitter’s
emission intensity I levels off after a certain pump level Psat

according to IðPÞ ¼ Isat
Psat=Pþ1

[5], where Isat and P are the
saturated emission intensity and pump power, respectively.
Figure 4 shows saturation intensity levels versus saturation
pump powers for several single emitters in nanowires
compared to bulk. The nanowire efficiently funnels light
to- and from the NV center, resulting in a tenfold
improvement in saturation count level at one-tenth of the
saturation pump power required in the bulk. The enhance-
ments in excitation and extraction confirm the predictions
from FDTD modeling.

Room temperature applications such as magnetometry
and near-field sensing can potentially benefit greatly from
the brightness of the nanowire geometry. For example, the
nanowire antenna effect has been employed to realize a
scanning near field and magnetic field sensor [49]. The
nanowire is made on a diamond cantilever carved from a thin
film diamond slab (50mm) in a deep dry etch and optical
characterization is performed from the cantilever side which
is advantageous in terms of collection efficiency (Fig. 5).
Here, a magnetic field sensitivity of 56 nTffiffiffiffi

Hz
p was established

for 10 nmdeep implantedNVcenters at the tip revealing long
Figure 4 (online color at: www.pss-a.com) Comparison of satu-
ration parameters of the emitter in bulk diamond versus diamond
nanowire. The coupling between the emitter and the waveguide
mode of the nanowire provides a tenfold improvement in the
excitation and photon collection efficiencies [29].

� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
spin coherence times up to 75ms. The NV center at the tip
can also be used as optical near-field sensor and a spatial
resolution of down to 20 nm has been observed.

3 Diamond–silver apertures for broadband
enhancement of spontaneous emission rate A
complementary approach to improving the single photon
yield is to enhance the photon production rate and control
the NV center’s emission behavior via the Purcell effect,
by coupling the color center to a host cavity. Metallic
nanocavities [52, 53], are attractive in this regard since they
provide strong localization of optical modes with fairly
broad bandwidths [54–56]. An interacting emitter then
experiences varying degrees of modification in its spon-
taneous emission rate, depending on the overlap in its
position, spectrum, and polarization with those of the
cavity system (Section 1.2). The combination of top-down
nanofabrication and ion implantation makes it possible to
engineer the emitter–cavity interaction in a diamond–
plasmon system for many devices in parallel [34]. Sub-
wavelength metallic apertures containing individual color
centers can be realized by fabricating arrays of diamond
nanoposts in a single crystal diamond substrate that has been
implanted with a blanket layer of NV centers (Fig. 6a). The
depth and density of defects can be controlled by the
implantation energy and dosage, respectively, to ensure that
a high fraction of diamond nanoposts contain single NV
centers. The diamond nanoposts are finally embedded in a
silver (Ag) film and optically addressed through the bulk
diamond crystal. The resonances supported by the diamond–
plasmon cavities can be tailored to overlap with the NV
center emission by changing the post radius as shown by
the modeling presented in Fig. 6b. For example, a peak
enhancement of 30 can be achieved in the optimized
geometry (with aperture radii¼ 50 nm and height¼ 180 nm)
when the emitter is placed at the field maximum.
www.pss-a.com
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Figure 6 (onlinecolorat:www.pss-a.com)Resonators forbroadbandenhancementofsinglephotonemission. (a)SEMimageofanarrayof
barediamondnanoposts (without silver) containing single implantedcolor centers. Inorder to increase the light–matter interaction, posts are
embedded in a thick silver layer, as illustrated in Fig. 2b. (b) Simulated spontaneous emission rate enhancement of the diamond–silver
aperture (180 nmtall andwithanNVcenter implantedat thecenter) as a functionofwavelength, for threedifferent aperture radii. Insets show
the longitudinal and transverse profiles of the electric field distribution of the cavity mode.

Figure 7 (online color at: www.pss-a.com) Performance of NV centers embedded in plasmonic posts. (a) Normalized fluorescence decay
traces for a singleNVcenter implanted20 nm-deep in adiamondnanopost (with r¼ 65 nm), before (bare) andafter silver deposition (Ag), as
wellas foranensembleofNVcenters inthebulkregion.Fits toamulti-exponentialmodel, showninred,yieldtimeconstants forfast-decaying
background fluorescence (<2 ns) aswell as a slowerNV center photoluminescence (bare: 37.17� 0.7 ns; silver-embedded: 5.65� 0.08 ns;
bulk: 16.7� 0.08 ns). (b) Scatter plot of saturation intensity as a function of fluorescence lifetime for the bare and silver-capped devices at
different implantationdepths.Thegeneral trend indicates adirect correspondencebetween thedecrease inemitter lifetimesby theplasmonic
cavity effect and enhancement in count rates.

Figure 8 (online color at: www.pss-a.com) Electron spin reso-
nance (ESR) signature of an NV center in a diamond nanopost
embedded in silver at 2.87GHz.
The shallow implanted nanostructures have been studied
before and after Ag deposition. The NV center’s emission is
quenched in the bare posts (without silver present) leading to
long lifetimes of up to 47 ns. The trend of longer lifetimes is
attributed to the vicinity to the surface in the nanoposts
(shallow NV centers in unstructured material results in a
17 ns lifetime) and a reduced density of states for the NV
center’s radiative transition [34]. Time-resolved photolumi-
nescence measurements on diamond nanoposts after Ag
deposition indicate that coupling to the plasmonic cavity has
resulted in shortening of the emitter lifetime for single NV
centers (Fig. 7a). Lifetimes as short as 2.4 ns are observed
in the 90 nm implant sample, corresponding to more than
a sixfold enhancement in spontaneous emission rate in
comparison to the bulk value. The enhancements in the
spontaneous emission rate are accompanied by comparable
increases in the single photon count rate, which is confirmed
by saturation measurements (Fig. 7b).

The presence of NV centers in plasmonic cavities have
been also confirmed via their microwave fingerprint in
optically detected electron spin resonance (ESR) studies.
The characteristic signature is a fluorescence decrease at a
www.pss-a.com
microwave frequency of 2.87GHz that corresponds to the
zero-field ground-state splitting between the ms¼ 0 and
ms¼�1 states (Fig. 8). Optical excitation from the ms¼�1
state couplesmore strongly to the long-lived singlet shelving
state and undergoes fewer fluorescence cycles before
decaying to the ground state. Hence, it fluoresces 20–40%
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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less [4, 57]. From the contrast in the ESR dip, one can deduce
the average spin polarization populations. Furthermore, ESR
techniques allow for electron spin quantum state read-out
[10]. Single-shot read-outmeasurements have been achieved
on an NV center’s nuclear spin [58] as well as on a multi
quantum bit register consisting of an NV center and nearby
nitrogen atoms [59].

4 Diamond ring resonators and on-chip
diamond photonic networks The devices discussed
above are particularly suitable for applications where single
photons are extracted from the chip and coupled to free-
space optics. However, for many applications, including the
realization of scalable quantum networks, it is of interest to
use photons to transmit information and perform compu-
tation throughout the chip. There is therefore a need to
develop a fully integrated diamond photonic platform. To
achieve this goal, we developed techniques to generate a
diamond-on-insulator platform containing an optically thin
diamond device layer. A type Ib diamond with randomly
distributedNV centers has been used for this purpose. First, a
high-quality single-crystal thin slabs<50mm is placed on a
low-index substrate, such as silica, and thinned, using ICP
RIE, to form an optically thin diamond waveguide slab.
Next, the film is bonded to a silica on silicon substrate, and
Figure 9 (online color at: www.pss-a.com) Integrated diamond ring r
resonator on a SiO2/Si chip coupled to a diamond waveguide containin
resonators were made from thin single crystal diamond slabs for optic
excitation at one end of the waveguide is used to measure the quality f
other end of the waveguide. Q-factors as high as 3200 were measured
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EBL is used to define the etch mask in a spin-on-glass resist.
Then, a second ICP RIE step is used to transfer the mask
into the thinned diamond slab. The main advantage of
the approach lies in the high crystal quality that can be
maintained for the optical devices. This versatile approach
allows for a variety of nanophotonic devices and systems to
be made in diamond, including ring resonators [30, 31] and
PhCs [32, 60]. We note, however, that the handling of thin
diamond substrates (<1mm thickness) and wedging of the
diamond films can limit the device throughput.

A SEM image of one of our devices is shown in Fig. 9a. It
consists of a diamond ring resonator coupled to a diamond
waveguide with second order gratings defined at its ends for
efficient in- and outcoupling of light. A ring diameter of
5mm has been chosen as a trade-off between having small
mode volume (28ðl=ndiamÞ3) and large quality factor. A ring-
waveguide separation of 100 nm and a cross-section of
approximately 250 nm� 250 nm, respectively ensure single
mode operation as well as efficient ring–waveguide
coupling. Optical characterization was performed in a
confocal microscope that has two collection channels. One
channel collects photons at the excitation spot whereas the
independent second arm collects photons from a different
spot. For initial characterization,white light is directed towards
one coupling grating through the first pump/collection channel
esonators on silica. (a) SEM image of a 5mmdiameter diamond ring
g outcoupling gratings that consist of periodic holes. Diamond ring
al characterization in the visible wavelength regime. (b) White light
actors of the ring resonators via extraction of transmitted light at the
for the device shown [31].
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while transmitted light at the other couplinggrating is collected
by the second collection channel. Spectra obtained in this
fashion reveal periodic resonator modes with linewidths
corresponding to Q-factors up to 3200 (Fig. 9b).

After a device is identified in transmission studies, single
NV centers in the ring are evaluated. Here, the pump laser (as
well as the first collection arm) is placed at the NV center
(indicated by the red circle in Fig. 10a) and the second arm is
placed either at the NV center or at the end of thewaveguides
(indicated by the yellow circle in Fig. 10a). Second order
autocorrelation measurements are performed to confirm
single photon emission while collecting only above the NV
center. Then, cross-correlation between the first collection
arm at the NV center and the second one at the end of the
waveguide is performed to reveal pronounced anti-bunching
Figure 10 (onlinecolor at:www.pss-a.com)Singlephoton routing
on-chip. (a)Aconfocal scan reveals singleNVcenters coupled to the
ring resonator. The confocalmicroscopeusedhere allows for having
different pump and collection positions. (b) Cross-correlation
between photons collected at the pump position (at the NV center
location) and at the end of the waveguide shows a pronounced dip at
zero time-delay indicating on-chip single photon routing. (c) The
spectrumat theoutcouplinggratingfeaturesresonancesimprintedon
theNVcenter’s spectrumas expected for singlephoton routing [60].
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at zero delay with a comparable contrast to the previous
g2 study (Fig. 10b). The low background level is remarkable
for a type Ib diamond and is due to the small amount of
diamond material left after processing. More importantly, the
cross-correlated g(2) measurement unambiguously confirms
the routing of single photons on-chip. The spectrum at the
out-coupling grating shows periodic resonator modes super-
imposed on theNVcenter’s emission (Fig. 10c). TheQ-factors
inferred from the photoluminescence spectrum match those
obtained in transmission measurements. Overall, 10% of
the NV center’s free-space emission was collected at the end
of the waveguides based on saturation studies [31].

The geometry presented here is a new form of diamond-
on-insulator platform that provides versatility in applications
as well as scalability, while maintaining the high single
crystal diamond quality as inferred fromRaman spectra [31].
An optical network consisting of quantumnodes (NVcenters
coupled to cavities) connected by single photon channels
(optical waveguides) could enable scalable quantum net-
works that allow for quantum information to be stored,
manipulated and transferred on-chip. The method presented
here could lead to more sophisticated integrated quantum
networks used for photon entanglement of distantNVcenters
coupled to separate devices on chip.

5 Summary and outlook In the past five years,
diamond research has evolved from working with color
centers in bulk material or nanocrystals to their controlled
integration in nanodevices. However, while progress in the
field has been tremendous, there are outstanding challenges
that still need to be addressed.

5.1 Implantation of NV centers A good NV center
implantation yield was observed in the case of shallow
implanted NV centers in nanowires where up to 30% of
nanowires contained single NV centers [49]. An outstanding
challenge that needs to be resolved before advancing tomore
involved quantum optics studies of NV centers embedded in
nanophotonic devices, is obtaining stable, narrow-ZPL NV
centers at low temperature.

5.2 Nanowires An order of magnitude more efficient
exchange of pump photons and emitted single photons has
been obtained in form of a NV center-coupled nanowire
geometry (� 2� 105 CPS) compared to an NV center in
bulk (� 2� 104 CPS). Its single photon count level is also
higher compared to typical nanocrystals that emit in the mid
104 CPS range [15]. We note, however, that count rates of
� 1� 105 CPS have been observed for nanocrystals placed
at the end of an optical fiber [61]. Since the nanowire
provides directional emission, it could be integrated with
a simple lensed fiber. Overall, the increased collection
efficiency of the nanowire geometry facilitates optical
studies of the NV center. Furthermore, the scalability of
the fabrication approach can enable entanglement measure-
ments that require a large number of devices to provide a high
probability of identical ZPLs, as well as high single photon
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 11 (online color at: www.pss-a.com) Photonic crystal nanobeam cavities in diamond. (a) Schematic of an NV center coupled to a
photonic crystal nanobeam, and a (b) top-view SEM image of fabricated diamond photonic crystal nanobeams on silica substrate.
flux. For these applications, low temperature operation is
required in order to resolve the ZPL of the NV centers.
However, low-temperature studies of implanted NV centers
in diamond nanowires (as well as diamond nanocrystals)
have not yet offered photo-stability combined with narrow
ZPLs. The spectral instability might be attributed to surface
effects originating from the etch procedure, surface termin-
ation, and surface traps. These can result in NV center charge
state conversion and a fluctuating charge environment which
causes severe spectral diffusion of the ZPL.

5.3 Plasmonic resonators A broadband enhance-
ment of spontaneous emission has lead to a sixfold increase
in the emission rate of NV centers placed in plasmonic ultra-
small mode volume resonators. However, photon collection
efficiency in the system remains limited by losses to surface
plasmons as well as TIR at the collection (bottom) facet of
the diamond substrate, so that only about 5% of the total
emitted photons are collected. A modified geometry with
thinner silver layer that allows for photons to be collected
from the top surface of the sample should result in even larger
photon collection efficiency [56]. Future developments will
also include the addition of gratings (e.g. bull’s eye pattern)
to coherently scatter surface plasmons into the critical
cone thus improving the collection efficiency [62]. Potential
applications of the diamond–plasmon system include
improved optical readout for NV center-based nanoscale
magnetometry [49, 63] and faster rates for quantum
communication and computation processes based on either
spin or photonic qubits (Fig. 2b). However, practical
implementation of the device would require a sufficiently
long spin coherence time as well as stable emission lines
at low temperature for the shallow-implanted NV centers,
which remain to be confirmed in experiments.

5.4 Planar integration Integrated diamond photo-
nics has recently emerged as a promising platform for
quantum science. Photonic crystal and ring cavities, as well
as optical waveguides and gratings have been demonstrated
using this approach. Furthermore, on-chip single photon
routing has been achieved for NV centers in planar ring
resonators coupled to waveguides. Quality factors of these
resonators are likely limited by surface roughness and
� 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
possibly absorption losses in the visible wavelength range.
Future experimentswill focus on improving the performance
of diamond ring resonators as well as investigation of NV
centers coupled to PhCs (Fig. 11). Since PhCs provide a
much higherQ/V ratio compared to the ring resonators, much
stronger light–matter interaction between the NV center and
the cavity field may be achieved. Meanwhile, the likelihood
of having an NV center coupled to the cavity region is
reduced, due to the smaller cavity size. Moreover, surface
effects such as surface traps and functionalization may have
greater impact on implanted NV centers that are located in
close proximity to the surface. Therefore, further studies and
developments of surface treatments and annealing protocols
are needed to enable wide-spread applications of diamond
PhCs. So far, Purcell enhancement of around 70 has been
reported [32] which is up to six times higher than what has
been achieved with ring resonators [30]. Finally, novel
techniques, based on bulk nanomachining of diamond [64]
can further facilitate the developments in the field of
quantum diamond photonics.
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