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Diamond nanoparticles containing single color centers are considered to be one of the most promising realizations of the sources of single pho-
tons required for many potential applications in quantum telecommunication and quantum computing systems. Their implementation in practical
schemes, however, requires a sufficient increase in their brightness, including the enhancement of both emission and collection efficiency. In this
work, we propose a design of a compact planar structure composed of a dielectric periodic cavity coupled with a strip waveguide that is particularly
suitable for improving optical characteristics of color centers embedded in a nanodiamond placed inside the structure. We numerically demonstrate
that such scheme permits the achievement of simultaneous increase of emission rate of color centers by ~ 50 times in a spectral range ~ 2 nm, and
up to = 85 % out-coupling efficiency of emission to the dielectric strip waveguides. We analyze the main factors that decrease the performance of

the proposed arrangement and discuss the possible ways for restoring it.
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Color centers in diamonds are recognized as one of the most propitious platforms for development of single photon
sources [1,2], for creating nanoscale sensors [3], for magnetometry [4,5], and thermometry [6,7] due to the possibility
of their manipulation at room temperature and quite long electronic spin coherence times. The main problem that
prevents their implementation in practical schemes is their relatively low brightness, i.e., the number of photons that a
defect emits in a certain period of time, and that can be further collected, is relatively small [2].

The brightness of a source is determined by several factors: its luminescence rate, emission collection efficiency,
internal quantum efficiency of the source and radiative efficiency of the surrounding environment. Moreover, creation
of coherent sources of indistinguishable single photons based on color centers for quantum applications requires them
to emit predominantly into the zero phonon line (ZPL), while, for instance, for negatively charged NV centers at room
temperature about 96% of the energy is emitted through the phonon side-band [1]. Some other types of color centers,
e.g., SiV™ defects, exhibit much higher fraction of ZPL emission, however, they suffer from low internal quantum
efficiency [1, 8]. Another essential problem is the efficient collection of the luminescence. For instance, the fraction
of emission from color centers in bulk diamond or diamond films that can be detected by a confocal microscope is
limited by only several percents due to high refractive index contrast between the diamond and vacuum. Emission
from color centers in nanodiamonds does not suffer from such a problem, but being dipole-like in nature, it slightly
differs from the isotropic one. Consequently, the development of optical devices based on color centers requires a
sufficient increase of their brightness, which implies the increase of both emission rate and collection efficiency.

Conventionally, the emission rate of color centers can be enhanced by exploiting the Purcell effect, which mani-
fests itself as a modification of emission properties, when an emitter is placed in the vicinity of a cavity with a resonant
frequency that coincides with the ZPL of the color center [9]. High emission rate is usually achieved either by using
plasmonic cavities that are characterized by ultrasmall mode volume, or dielectric cavities that can be designed to
have very large quality factors (Q-factors) [10]. In the plasmonic structures [11-13], the strength of the Purcell effect,
however, substantially depends on the position of the emitter, and strong Ohmic losses in metals may result in low
radiation efficiency. Therefore, most of the studies are focused on coupling color centers to dielectric cavities, which
can be divided into two main groups based on the type of the considered geometry.

The first one relies on color centers embedded in bulk diamond or diamond films. A scenario of their interaction
with dielectric cavities is realized by fabrication of the resonant structures from the diamond itself [14-19]. Although
such an approach allows for the control over the orientation of the color center symmetry axis, it is not very common,
because fabrication of high-quality diamond nanostructures presents major technological difficulties [9, 14].

In this study, we focus on the second type of diamond-based sources in the form of small diamond nanoparticles
with the size of several tens of nanometers containing single or multiple defects. Such nanoparticles can be exper-
imentally tested after the fabrication, and then the ones with the desired properties (e.g., containing a single defect



Resonant nanostructure for efficient interaction with color centers in nanodiamonds 267

Dielectric nano
d Ca Vlty

Particle

Dielectri
IC str|
Waveguides P

Glass substrate

FI1G. 1. (a) Scheme of the considered structure: a diamond nanoparticle with an embedded color
center is placed in the middle of the cavity formed by dielectric particles with high refractive index.
The single-mode homogeneous dielectric waveguides butt-coupled to the cavity serve as channels
for efficient photon extraction. Parameters of the system are given in the text

with high quantum efficiency and absence of photo-bleaching) can be placed at the appropriate position using differ-
ent techniques [11, 13,20-22], usually by a pick-and-place method with atom-force microscopy tip. Coupling of an
emitter in a diamond nanoparticle to a dielectric cavity is usually achieved by placing it on the surface of a dielectric
cavity [20,21,23-26]. In this case, however, the interaction occurs only via evanescent tails of the cavity field, which
is far from ideal, because the electric field in dielectric cavities is typically concentrated inside the dielectric material.
Therefore, one of the specific problems is to design a proper cavity that will ensure its efficient interaction with a color
center embedded in a nanodiamond located in such structure [27].

Another important problem is the efficient collection of the emission from the color centers. Typically, in exper-
iments the emission is collected by using far-field optical microscopes. While this might be a convenient approach
for the experiments in a laboratory, for the practical advancement in the scalable photonic and quantum integrated
circuits, the more favorable scheme is the coupling of the emission into a mode of a planar single-mode ridge/strip
waveguide or a nanowire [28-30]. However, coupling of a defect in a nanodiamond directly to the homogeneous
dielectric waveguide or optical fiber is also a quite inefficient process, because similarly to dielectric cavities, coupling
occurs only through the evanescent field of a guided mode [22,31-34].

The approach, exploited in this study, is based on the use of periodic waveguides with high local density of optical
guided modes, which provides a substantial increase in the rate of emission that is directed into the waveguide modes.
Namely, we consider a system composed of a waveguide-type cavity made of high-refractive-index nanoparticles butt-
coupled to a single mode homogeneous optical waveguide (see Fig. 1), that allows improvement of both the ZPL
emission rate and the collection efficiency of the emission from the color center in a nanodiamond at the same time.
First, we calculate the properties of the designed cavity, then we analyze its coupling with single-mode homogeneous
strip waveguide, and after that we discuss the main issues that deteriorate the performance of considered structure and
suggest different modifications that can partially restore it.

The designed cavity operates on the quasi-dark mode of the subwavelength array of mutually coupled magnetic
dipole resonances of single dielectric nanoparticles with high refractive index [35,36]. Interaction of a dipole emitter
with such cavity is similar to the interaction with photonic-crystal waveguides and is based on the excitation of the
slow light guided modes of a periodic system, i.e. modes which are characterized with a group velocity that tends
to zero at the edge of the Brillouin zone and, consequently, a high density of optical states [37]. Photonic crystal
waveguides, however, exhibit maximum field distribution of the guided mode inside the dielectric layer [38], which
is the reason why such structures work well for emitters embedded inside the waveguide slab [19,39]. In contrast,
the cavity suggested in this work, interacts efficiently with emitters placed in the gap between the dielectric particles.
This can be seen from the calculated dispersion of the infinite periodic system along with the field distribution of the
corresponding mode, shown in Fig. 2(a-c) for the following parameters of the system: dimensions of the particles
a; = 160 nm, a, = 180 nm, a, = 100 nm, material of the particles is lossless dielectric with ¢ = 14, period of
the structure d = 225 nm, and the refractive index of the substrate is n = 1.45. All numerical simulations were
performed in a commercial software Computer Simulation Technology (CST). Fig. 2(a) shows that the dispersion of
the fundamental waveguide mode is characterized by zero group velocity and, consequently, with the Purcell factor
(PF) that diverges near the frequency ~ 410 THz. Calculation of the PF, defined as the emission rate of a point-like
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FIG. 2. (a) Dispersion diagram of an infinite periodic (in = direction) chain of cubic nanoparticles
(bottom horizontal axis) and Purcell factor (PF) (top horizontal axis in logarithmic scale) calculated
for the source placed in the infinite periodic system at the point shown with a green circle in (b,c);
k is the Bloch wavenumber, d is the period of the array. (b,c) Distribution of the y-component of
electric field in the single unit cell for the eigenmode at the edge of the Brillouin zone in the plane
(b) x = 0, (c) z = 0. Blue lines indicate the position of the dielectric nanoparticles. Geometrical
parameters of the system are given in the text

dipole normalized by the emission rate of the same source in vacuum, was performed based on the eigenmode field
distribution [37], assuming that a dipole is placed exactly in the middle of the gap between the particles at the distance
of 25 nm above the substrate and its orientation coincides with the orientation of the electric field of the excited mode.
From Figs. 2(b,c) we can notice that the interaction of the electric dipole source with such waveguide mode is strong
when it is placed between the two central particles. Since the gap between the particles in our calculations was equal
to 65 nm, the arrangment is particularly suitable for placing a nanodiamond with a size of 30-50 nm in it.

Further, we calculate the properties of the finite-size structure, shown in Fig. 1. In order to extract the radiation
from such a cavity it was butt-coupled to homogeneous strip waveguides with the same height a, = 100 nm and
different width w, = 130 nm and made from the same material as the nanoparticles. The size of a homogeneous
waveguide was chosen so that the propagation constant of its mode coincides with the propagation constant of the
periodic waveguide-cavity. In calculations we assume that an electric dipole source is oriented in y direction and
located in the center of spherical diamond nanoparticle (refractive index n = 2.4) with radius ryp = 25 nm, which
is, in turn, placed on the substrate between the two middle particles.

The distribution of the power flow in the investigated structure is schematically shown in Fig. 3(a). In the absence
of material losses, the main characteristics are determined by the S—factor, defined as the power emitted into the
modes of the strip waveguides Py normalized by the total power emitted by the source Pioy = Pwg + Prs (Where
P is the power emitted into free space or substrate), and by the PF, defined here as the power emitted by the point
dipole in the structure P, divided by the power emitted by the same source in the nanodiamond in vacuum F.
Such characteristics calculated for the system with 24 particles are presented in Fig. 3(b,c) with solid black curves,
respectively. The arrangement allows for almost 40-fold enhancement of the power emitted by the source, while at
the same time almost 90% of this power is directed into the modes of the strip waveguides. The quality factor of
the structure consisting of 24 particles was ~ 300, with the linewidth ~2 nm. At low temperature, the ZPL of color
centers can be very narrow (close to the transform-limited line), and the interaction strength can be further increased
by implementing a composition of larger number of particles and consequently higher ()-factor. The parameters of
the considered structure were tuned in such a way that the finite size system exhibits a resonance at the wavelength
~ 737 nm, which corresponds to the ZPL of the SiV~ color centers in diamond [8]. However, we emphasize that the
proposed dielectric structure can be easily tuned to the desired wavelength by adjusting the geometrical parameters.
An example of the scheme designed for the NV~ centers is considered further.

In the basic symmetric arrangement in Fig. 1 photons are emitted in both directions. A unidirectional emission
can be straightforwardly achieved by placing a Bragg mirror on one of the sides of the structure. The Bragg reflector
consisted of 10 particles (in order to ensure the sufficient reflection coefficient) with adjusted width a,,. Since the Bloch
wavelength of the periodic waveguide is close to 2d, the reflected wave should be almost in-phase with the emitted
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F1G. 3. (a) Power flow distribution in the considered system. (b) Purcell factor and (c) S-factor
calculated for the finite structure shown in Fig. 1 made of material with permittivity ¢ = 14. Solid
black curve corresponds to the symmetric arrangement, long-dashed blue curves correspond to the
design with Bragg reflector put on one of the sides of the structure, and short-dashed green curves —
to the system composed of two structures rotated by 7/2 angle in the plane of substrate with respect
to each other. Geometrical parameters of the structure are given in the text
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F1G. 4. (a-c) Purcell factor and (d-f) 5-factor calculated for different positions of the dipole source
within the nanodiamond in (a,d) x = 0 plane, (b,e) y = 0 plane, (c,f) z = 0 plane
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FIG. 5. Purcell factor (left vertical axis) and S-factor (right vertical axis) for the structure shown in
Fig. 1 made of gallium phosphide with real part of permittivity ¢ = 10.95 and zero imaginary patrt;
other parameters are given in the text. The operational wavelength of the structure matches the ZPL
transition of NV~ color centers ~ 637 nm

one, regardless of the number of particles in the cavity. The calculated PF and 3 factor for the system with reflector,
shown in Fig. 3(b,c) with dashed blue curves, confirm this: the power emitted by the source has almost doubled, while
approximately the same fraction ~ 85% is channeled into one remaining strip waveguide. This can be potentially
beneficial for the development of scalable quantum optical circuits with different elements connected via single-mode
dielectric strip waveguides. The extraction of propagating photons from the nanowaveguide with high efficiency can
be achieved by well-established methods of far-field [40] or nanowaveguide/fiber [41] grating out-coupling.

There are several main factors that can substantially affect the performance of considered structure, including
position of the source, orientation of its dipole moment, and material losses in dielectric. One of the essential issues
is related to the orientation of the dipole source. In fact, the designed system works well only for the y-oriented
source. Therefore, if, for example, the symmetry axis of the NV~ center in a nanodiamond placed inside the structure
happens to be oriented along the y direction, its dipole moment can be oriented either along x or along z direction.
Consequently, the coupling of such source to the cavity mode vanishes. In order to overcome this problem, we consider
a “2D” structure, that is composed of two considered “1D” structures shown in Fig. 1, one of which is rotated by 90
degrees in  — y plane, thus achieving identical performance characteristics for arbitrary orientation of a dipole source
in the plane of the substrate. Because the gap between the particles is small as compared to their width, four central
particles become noticeably overlapped with each other, which leads to overall decreased performance of the structure.
In order to restore approximately the same value of Q-factor and PF as for the “1D” structure, we have increased the
number of particles in the system to 36 and have slightly adjusted the four central particles by changing a, from 160 to
150 nm. The results of calculations show that such “2D” structure with 36 particles maintains the same -factor and
PF as “1D” structure [see black solid and green dashed curves in Fig. 3(b)]. Although the S-factor has dropped down
to = 50% [green dashed curves in Fig. 3(c)], in this geometry all characteristics remain the same for any orientation
of the dipole source in z — y plane.

Further, we consider the effect of small deviations of the position of the source on the emission and extraction
efficiency. The change in the PF is determined mainly by the interaction with the cavity mode, in which strength is
proportional to the electric field intensity at the point of the source location. According to eigenmode calculations
shown in Fig. 2(b,c), the dependence is quite weak. We have confirmed this by performing the exact numerical
calculations for the finite system. Colormaps plotted in Figs. 4(a-c) show the values of PF for different positions of
the color center at the distances up to 20 nm from the center of the nanodiamond in z — ¢y and = — z and y — z planes.
The variation of PF is observed only in the range from =~ 30 — 60, which shows that for almost arbitrary position of a
defect in a nanodiamond the emission rate remains as high as in the center.

The similar maps in Figs.4(d-f) show the dependence of S-factor on the position of the dipole source. Since in the
absence of losses in the system [-factor is determined as 8 = Pwg/(Pss + Pwe) (see Fig. 3(a), it can be modified in
two ways. First, the decrease (increase) of PF reduces (enhances) the §-factor directly. And, second, the increase of
Prg, which occurs when the dipole source gets closer to the substrate [42], also reduces [-factor. The combination of
these two factors gives the result shown in Figs. 4(d-f). Overall, we can expect approximately the same characteristics
of the system (PF and -factor) for almost arbitrary position of the color center in the small nanodiamond (40— 50 nm).
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We stress here that because the optical size of a nanodiamond is much smaller than the wavelength, its form and size
also do not noticeably affect emission properties [27,43]. We also note, that further tolerance to the position of the
emitter can be achieved by designing a similar structure with smaller height a,. Our calculations show (not presented
here) that e.g. for a, = 50 nm field distribution in the gap between the particles becomes even more homogeneous,
and, consequently, dependence of emission properties on the position becomes even more negligible.

Finally, we consider the effect of material losses in the system. For instance, crystalline silicon, the most exploited
material with high refractive index at visible frequency range, has an imaginary part of permittivity of about 0.065
at the wavelength A\ ~ 737 nm [44]. Our calculations revealed that taking into account the material losses in silicon
results in following changes. The ()-factor of the resonance and, consequently, the PF and Py are reduced by = 3
times and the fraction of power lost in the cavity ngf,s / Peav [see Fig. 3(a)] reaches almost 60%. Moreover, the total
radiation efficiency also depends on the losses in the strip waveguides P\I,S%, which grow with the increase of the
length of the waveguide. E.g. for the 4um-size waveguides we have estimated the radiative PF (P, /FPp) to be only
~ 10, while the S-factor (which is defined as Pyt /Piot for the system with losses) dropped down to 10%. For color
centers with ZPL at lower wavelengths radiation efficiency is expected to be even lower due to higher losses in silicon.

This problem can be overcome by using different materials with lower losses. E.g. gallium phosphide with
refractive index n /3.5 or materials with lower refractive index, such as TiO, or SiN [45]. To illustrate the possibility
of engineering structures tuned at different operational frequencies and fabricated from difference materials, we have
developed a similar system made from GaP, that is suitable for operation with NV color centers with ZPL at ~ 637
nm. The numerical simulation results, shown in Fig. 5 demonstrate, that it is indeed possible to have similar values
of PF and f for considered structure. In this case the radiation efficiency of this composition is limited only by the
internal quantum efficiency of the color center, which in the case of the nanodiamond, can be estimated before the
placement in the nanostructure.

In summary, we have proposed a design of a dielectric structure composed of a nanoparticle waveguide-cavity
butt-coupled to dielectric strip waveguide for efficient interaction with the color centers embedded in small nanodi-
amonds with linear size up to =~ 50 nm. We have studied numerically optical properties of considered arrangement
and have shown that it allows one to increase the emission rate of color centers by several orders of magnitude in
~ 2 nm spectral range and at the same time to provide out-coupling of emission to planar strip waveguide with up to
85% efficiency. We have shown that tuning of the system can be realized in a straight-forward way by adjusting the
geometrical parameters of nanostructures, which makes them a promising platform for creating bright single photon
sources based on nanodiamonds containing color centers for quantum optical integrated circuits.
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