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Abstract: Nanopillars fabricated in diamond or silicon-carbide (SiC) have been used to
enhance the light harvesting or absorption or to increase the collection efficiency of embed-
ded single photon emission in the visible or near infrared for their detection using confocal
microscopy. While electric and magnetic dipolar resonances in SiC have been studied in
the far-infrared, they have not been studied in the near infrared. Here we show for the first
time that electromagnetic Mie-scattering moments within SiC metasurfaces can control the
spontaneous emission process of point defects in the near infrared. Using SiC nanopillars
based metasurfaces, we theoretically demonstrate a control over the spontaneous emission
rate of embedded color-centers by using the coherent superposition of the electric dipolar
and magnetic quadrupolar electromagnetic Mie-scattering moments of the structure. More
than an order of magnitude emission/decay rate enhancement is obtained with the maximum
enhancement close to 30. We also demonstrate that the relative phase of the Mie-scattering
moments helps in controlling the emission directionality. SiC metasurfaces in the spectral
range of color centres, from the visible to the near infrared, can be used to control the con-
finement and directionality of their spontaneous emission, increasing the opportunities to
study light-matter interaction and to advance quantum photonic and quantum sensing de-
vice integration.
Keywords: Mie-scattering moments, silicon carbide nanopillars metasurface, emission en-
hancements, radiation directionality, color centres
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1. Introduction

Color-centers in silicon-carbide (SiC) are example of emitters that possess single photon emission [1], optical spin
read out and control, and have been amongst the most studied for optical coherence spin control and spin-photon
interface [2,3] due to their very long coherence time [4,5] and photo-stability. SiC is quite distinguished from the
other material platforms as it possesses color centre with optical-spin properties combined with advanced material
fabrication methods, metal-oxide-semiconductor functionalities [6] and nonlinear second and third order optical
properties. Due to its wide electronic bandgap which leads to broad optical transparency, photostable color centres
emission [7] which extend to the near infrared, CMOS compatibility [8] and availability of quantum-grade wafer-
scale SiC on insulator, it has emerged as one of the most a promising material for integrated quantum photonic
applications [9, 10].

In particular, SiC can host a wide range of point defects/color centers including silicon vacancy VSi (V1, V2,
V3), divacancies VSiVC and carbon antisite vacancy pair CSiVC [11]. The VSi in SiC is a promising single photon
source (SPS) for spin-photon photon interface in the near infrared region around 917nm [12, 13]. At present
the main challenge in applying SiC for quantum networks is to significantly enhance the rate of single photon
generation and collection from embedded color-centers. Photonics is mainly used to enhance the properties of
these systems.

So far in SiC bulk material, nanopillars have been fabricated to enhance the light harvesting or collection
efficiency of embedded single photon emission for their detection using confocal microscopy [12,14]; while meta-
lenses [15] are used to modify the phase front of the emitted light, achieving high focusing and large emission
directionality of the color-centers emitting below these meta-lenses. Currently metasurfaces used to excite/enhance
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the magnetic and electric resonances in SiC have been investigated only in the far infrared [16] and in the context
of surface phonon polaritons studies [17]. Recently it has been shown that metamaterial/metasurface light matter
interaction can be used to control, enhance and tune the quantum properties of bulk materials [18,19]. In particular
all dielectric metasurfaces due to their zero absorption losses have emerged as the preferred platform compared to
plasmonics in photo-luminescence enhancement [20]. When a dielectric structure is placed under electromagnetic
excitation, various charge and current distributions are excited in it. These distributions results in multi-polar Mie-
scattering resonances being excited in structures with dimensions of the order of the excitation wavelength [21]. A
coherent superposition of these resonances leads to many interesting phenomena like, bound states in continuum
(BIC) [22], tuning of the radiation directionality in the lateral or transverse directions [23] and tuning of the local
optical density of states (LDOS) to achieve emission rate enhancement for emitters embedded in the metasurfaces
[24].

Here for the first time we study the electric dipolar and magnetic quadrupolar resonances in the near infrared
in SiC for controlling the spontaneous emission rate of the embedded color centers in the dielectric nanopillars
forming Mie resonators.

In this study, using the coherent superposition of Mie-scattering resonances in SiC pillars based metasurface, we
theoretically demonstrate that it is possible to control the spectral spontaneous emission process of the embedded
color-centers.We first optimise the scattering efficiency of the SiC metasurface when excited by a plane wave and
then by a dipole emitter. In the case the light source is a dipole, namely the VSi embedded in the SiC metamaterial,
we study the effects of the metasurface based on array of nanopillars Mie resonances on the LDOS and emission
directionality. In particular, we study the effect of the periodicity of the nanopillars array to increase the emission
rate and maintain high directionality compared to the case of a single pillar.

2. Theoretical background

Scattering is the phenomenon of re-emission of radiation by a particle after undergoing interaction with radiation
[25]. When a plane electromagnetic wave is incident on a particle, charge distribution and displacement currents
J(r) = −iωε0(εr− 1)E(r) (here E(r) is the field at the position vector r, ω = 2πr is the angular frequency, εr
and ε0 are the permittivity of the particle and surrounding medium) are excited within it. When the particle’s
dimensions are of the order of the excitation wavelength, the excited charge and current distributions leads to the
development of multipolar Mie-scattering modes [26, 27]. The amplitude and phase of excitation of the electric
and magnetic resonances or multi-polar Mie-scattering moments inside the scatterer are totally governed by its
size, shape and surrounding electromagnetic environment [28]. These multi-polar Mie resonances in the visible
spectral range have been demonstrated experimentally in the last decade using a silicon spherical nanopartciles
and nanodiamonds [29, 30].

The total scattering efficiency (SE) Ctotal
sca is calculated by normalizing the total far field scattered power to the

energy flux of the incident wave on the scatterer [31]. The total SE Ct
sca is the sum of partial SE from different mul-

tipoles: Cp
sca, Cm

sca, CQ
sca and CM

sca represents contributions from electric dipole, magnetic dipole, electric quadrupole
and magnetic quadrupole respectively [32].

Ctotal
sca = Cp

sca +Cm
sca +CQ

sca +CM
sca (1)
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where, pα and mα are the electric and magnetic dipole moments with Qe
αβ

and Qm
αβ

being the corresponding
quadrupole moments. |Einc| is the amplitude of the incident electric field, k is the wave-vector and c is the speed
of light. They are mathematically expressed as [32]:
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Fig. 1. (a) Schematic of the metasurface with a 2D periodic lattice of SiC pillars under plane-wave
excitation at 917 nm with wave-vector along the +z-direction. (b) Schematic of the unit cell. Each
pillar has a length L = 2 µm and diameter D = 424 nm with a dipole emitter located at the center
of each pillar. (c) The SE of the individual multipolar Mie-scattering moments as a function of the
lattice periodicity, P, under plane-wave excitation at 917 nm. P is varied from 450 nm to 2500 nm.
(d) The corresponding phase of the individual multipolar Mie-scattering moments as a function of
the lattice periodicity, P. The dotted black lines corresponds to overlapping ED and MQ resonances
with P = 915 nm, 1095 nm, 1500 nm and 2315 nm.

The Mie-resonances control the electromagnetic field amplitudes within the scatterer and therefore contribute
in tuning the local electromagnetic density of states (LDOS). The LDOS due to the local electromagnetic environ-
ment around a point dipole emitter is defined as [33]

ρ(ω,r) = ∑
k,σ
|d̂ ·Ek,σ (r)|2δ (ω−ωk,σ ). (7)

Here, d̂ is the unit vector specifying the direction of the transition dipole moment with ω being the transition
frequency. The summation is over all wavevectors (k) and polarizations (σ ). E is the total electric field at the
source position resulting from the superposition of the fields directly radiated by the dipole emitter embedded
inside the scatterer with the fields reflected and scattered back from the surroundings. The LDOS govern the
complete radiation process of a dipole emitter. Hence the Mie-scattering modes play a vital role in tuning the
spontaneous emission process of the emitter by controlling the scattered electric field at the source point.

The balancing of the electric and magnetic Mie-scattering moments leads to the directionality of the scattered
radiation pattern [32]. The radiation pattern is controlled by the relative phase of the balanced electric and magnetic
multi-polar moments [34]. When the electric and magnetic dipolar moments are balanced and in phase, |ED| =
|MD|, arg(ED) = arg(MD), this leads to a completely forward radiation directionality, known as the Kerker
condition [32]. When these dipolar moments are out-of-phase, |ED|= |MD|, arg(ED) = arg(MD)+π , it results in
a completely backward directionality, known as the anti-Kerker condition [34]. When the superposition of dipolar



Fig. 2. The 2D electric field norm within (a) a single SiC pillar and the SiC pillar metasurface with
P = (b) 2315 nm, (c) 1500 nm and (d) 1095 nm under (i) plane wave excitation with wave-vector
along the +z-direction and electric field polarized along the +x-direction and (ii) dipole excitation
with dipole emitter placed at the center of the SiC pillar with orientation along the x-direction.

as well as the quadrapolar moments are balanced and are in phase, |ED+MD| = |EQ+MQ| with arg(ED+
MD) = arg(ED + MD), the radiation pattern is highly directional along the forward direction, known as the
generalised Kerker condition [34]. However, when these superpositions are out-of-phase, this leads to a complete
transverse scattering [34]. The phase of the Mie-scattering moments therefore controls the far-field scattering
radiation pattern of the scatterer. Under a point dipole emitter excitation of the structure, the far-field scattering
pattern of the structures also influences the radiation pattern of the dipole emitter placed in the vicinity of the
scatterer [35].

In the following we investigate these effects in SiC nanopillars array under plane wave-excitation and under a
single dipole excitation simulating the VSi.

3. Results and discussion

3.1. Scattering efficiency and decay-rate enhancement

We have computationally optimised the SiC metasurface, shown in Fig. 1(a) with unit cell in Fig. 1(b), to achieve
the generalised Kerker’s condition in SiC for the specific color centre of interest. The metasurface consists of a
periodic 2D lattice of SiC pillars, each of length, L = 2µm. The electrodynamics calculations are performed using
the commercial Comsol Multiphysics RF module. The details of the calculations are presented in the Methods
sections. The metasurface is excited by a plane wave with wavelength, λexc, travelling along the +z-direction
(arrow symbol in Fig. 1(a)) with the electric field polarized along the +x-direction. Under the influence of the
plane electromagnetic wave, Mie scattering moments are excited within the SiC pillars. We first optimised the
diameter, D, of the SiC pillars for the maxima in the SE at λexc = 917 nm corresponding to the zero phonon line
(ZPL) of the silicon vacancy, VSi in SiC [36,37]. The optimised D value was found to be around 424 nm. We then
study the coherent superposition of the Mie-scattering modes of the individual SiC pillars by varying the lattice
periodicity, P. For P� λexc, the structure is expected to behave as a single isolated pillar. With decreasing P, the
interactions between the Mie-scattering modes of the individual pillars will increase. When these modes will be
in phase, their coherent superposition will lead to a maxima for the total SE of the 2D SiC pillar lattice. Fig. 1(c)
and (d) show the amplitude and the phase of the individual Mie-scattering moments of the SiC pillar metasurface
as a function of P. Sharp resonance peaks are observed in the amplitude of the individual Mie-scattering moments



Fig. 3. The SE of the individual excited multipolar Mie-scattering moments and the emitter’s (VSi
color-center) relative decay rate in the SiC pillar metasurface as a function of the lattice periodicity,
P. The dipole emitter is placed at the center of the SiC pillars with dipole orientation along the
horizontal plane. The γ∞ is the emitter’s decay rate in the bulk SiC. (b) The schematic representation
of the tuning of the embedded color-center’s emission with the lattice periodicity, P set to (i) off-
resonant P1 and (ii) resonant P2 values.

(Fig. 1(c)). At these sharp resonances, a sharp jump in the phase of the corresponding Mie-scattering moment is
observed (Fig. 1(d)). We will now focus on the local maxima arising due to the ED and the MQ moments (under
dipole excitation of the structure only these two resonances were excited and were observed to have an influence
on the dipole emitter’s decay rates). These local maxima are observed for P =915 nm, 1095 nm, 1500 nm and
2315 nm (black dotted lines in Fig. 1(c) and (d)). At P =915 nm, the ED resonance peak is much greater than the
MQ resonance with the phase of these two resonances being equal. For P =1095 nm, 1500 nm and 2315 nm, the
ED and MQ moments are nearly balanced and a sharp jump is also observed in their phase. We will now examine
the balanced superposition of these two moments at P =1095 nm, 1500 nm and 2315 nm.

Figure 2(i) shows the normalised electric field distribution within a (a) single SiC pillar and the SiC pillar meta-
surface with P = (b) 2315 nm, (c) 1500 nm and (d) 1095 nm under plane wave excitation with wave-vector along
the +z-direction and electric field polarized along the +x-direction. Strong confinement of the electric field within
the SiC cylinder is observed at these P values corresponding to the balanced superposition of the ED and MQ
resonances, with the maximum field confinement observed for P = 1500 nm (the SE was also observed to be max-
imum at this P value). The field confinement will in-turn lead to LDOS enhancement within the SiC pillar (Eq 7).
For a dipole emitter placed at the field maxima points, the LDOS enhancement will lead to its decay rate enhance-
ment. Figure Fig. 2(ii) shows the normalised electric field distribution within (a) a single SiC pillar and the SiC
pillar metasurface with P = (b) 2315 nm, (c) 1500 nm and (d) 1095 nm under dipole excitation with dipole emitter
placed at the center of the SiC pillars with orientation along the x-direction. Large field confinement/enhancement
which will lead to large LDOS enhancement can be observed here.

We now study the influence of the above LDOS enhancement on the spontaneous emission rates of a dipole
emitter, the VSi color-center embedded at the center of each SiC pillar. Figure 3(a) shows the emitter’s (VSi color-
center) relative decay rate together with the SE of the individual Mie-scattering moments in the SiC pillar meta-
surface as a function of the lattice periodicity, P. The decay rates of the VSi emitter in the SiC pillar metasurface,
γ are scaled relative to its decay rates in a bulk SiC crystal, γ∞. The influence of the LDOS enhancement arising
from the electric field confinement (Fig. 2) in tuning the emitter’s decay rate can be clearly observed here. Also, it
can be observed that the relative decay rates ( γ

γ∞
) (dash-dotted red curve) only tunes with the local maxima which

are dominated by ED and MQ resonances. These resonances corresponds to P = 1095 nm, 1500 nm and 2315
nm, respectively. A schematic representation of the embedded dipole emitter’s radiation tuning with the SiC pillar
lattice periodicity, P at an off-resonant (i) and resonant (ii) value is presented in Fig. 3.

In Fig. 4, we study the SE spectral response due to all the excited Mie-scattering moments and the effect
on the relative decay rates of a horizontally oriented (along x-direction) dipole source for the above resonant



Fig. 4. The spectral response of the SE with the individual excited multipolar Mie-scattering mo-
ments under horizontal dipole excitation and the emitter’s (VSi color-center with dipole orientation
along the horizontal plane) relative decay rate in a (a) single SiC pillar; SiC pillar metastuface with
P = (b) 2315nm, (c) 1500 nm and (d) 1095 nm, respectively.

periodicity values (P = 1095 nm, 1500 nm and 2315 nm) of the metasurface. Here, the Mie-scattering moments
of the metasurface are excited by the dipole source itself. For an isolated SiC pillar (Fig. 4(a)), all the studied
Mie-scattering moments are observed to be weakly excited with no clear resonances. The relative decay rate
(dash-dotted red curve) is observed to be around 2.7 at 917 nm. However, for all resonant P values (P = 1095
nm, 1500 nm and 2315 nm), significant contributions are observed only from the ED and MQ moments. Their
superposition is controlling the behaviour of the SE and the relative decay rate. The maximum relative decay rate
enhancement is close to 30 at 917 nm for P = 1500 nm and 1095 nm. For P = 2315 nm the enhancement is about
20. Therefore, it can be concluded that the coherent superposition of the ED and MQ Mie-scattering moments
of the individual pillars are enhancing the decay rates of an embedded dipole emitter by more than an order of
magnitude.

We now study the role of the phase of the excited Mie-scattering moments (ED and MQ) of the SiC pillar
metasurface on the far field radiation pattern of an embedded dipole emitter.

3.2. Phase analysis and Radiation pattern

Figure 5 shows a narrow range of values for both the relative amplitudes and phase of the ED and MQ moments
at the resonant P values. At the VSi color-center’s peak emission wavelength of 917 nm, the MQ moment appears
to be slightly larger than the ED moment. For P = 1500 nm, the ED

MQ = 0.7 and for P = 1095 nm and 2315 nm, the
ED
MQ = 0.81. The corresponding phase difference between ED and MQ moments is π at 917 nm for all resonant P
values.

In Fig. 6(i) we show the in-phase and out-of-phase superposition of the balanced ED and MQ moments. The
influence of this superposition on both the in-plane (X-Z plane, blue curve) and out-of-plane (Y-Z plane, red
curve) far-field scattering patterns is shown here. The in-phase (ED+MQ) superposition results in longitudinal
(along top and bottom directions) scattering and the out-of-phase (ED−MQ) superposition results in transverse
scattering along the out-of-plane direction (red curve).

We now study the influence of the ED and MQ moments superpositions on the embedded dipole emitter radi-
ation pattern for a single nanopillar and SiC metasurface of array of interacting nanopillars. The emitter’s dipole
orientation is along the X-direction. Fig. 6(ii) shows the far-field emission patterns of the embedded VSi color-



Fig. 5. The spectral response of the (a) relative amplitudes and (b) phase difference of the elec-
tric dipolar (ED) and magnetic quadrapular (MQ) Mie-scattering moments excited under horizontal
dipole excitation.

center at 917 nm for different resonant P values. In a single pillar, the majority of the emission is observed to be
directed towards the bottom surface and lies mainly along the longitudinal direction (bottom and top). However,
in the SiC metasurface at the resonant P values corresponding to ED and MQ moments, the out-of-phase super-
position of the ED and MQ moments (the phase difference between these moments was observed to be close to π

at 917 nm in Fig. 5) directs the embedded emitter’s radiation pattern along the transverse direction, especially in
the out-of-plane (Y-Z plane, red curve).

4. Conclusion

We studied for the first time the coherent superposition of the eletric and magnetic dipolar and quadrupolar Mie-
scattering moments of SiC metamaterial nanopillars array in the near infrared emission (917 nm). We first de-
termined the design of the metasurface periodicity to induce sharp resonances in the amplitude and phase of the
Mie-scattering moments. Strong electric field confinement was observed within the SiC pillar when the periodicity
of the lattice matched with the resonance of the ED and MQ modes. The field confinement leads to large LDOS
and subsequently decay rate enhancement for a color-center dipole embedded at the center of the SiC pillar. Under
a point dipole emitter excitation within SiC, it was determined that only the ED and MQ moments are contribut-
ing to the electromagnetic scattering in the SiC nanopillars metasurface. Both these moments were observed to
be nicely coupled and were showing collective resonance at the optimised wavelength (917 nm). The coherent
superposition of these two moments controls the complete spontaneous emission process of the embedded color
center. At the collective resonance point of these two moments (λ = 917 nm), we determined more than an order
of magnitude decay rate enhancement with the maximum enhancement reaching 30. Such an enhancement has
never been reported in dielectric neither in metal-dielectric individual nanopillars [38], thus paving the way for
the use SiC metasurfaces to to enhance and control light extraction from quantum emitters, to study light matter
interaction effects in integrated quantum photonics and for applications in quantum sensing. We also observed that
by designing specific resonant structures, the coherent superposition of the ED and MQ moments can be used to
better control the radiation/emission pattern and hence the emission directionality of the embedded dipole emitter
compared to a single nanopillar. Specifically the embedded emitter’s radiation pattern can be more confined along
the transverse direction, especially in the out-of-plane (Y-Z plane, red curve), thus facilitating the planar emission
propagation. Such result is relevant for applications of SiC metasurfaces for planar integrated photonics. Our study
can prompt further studies on SiC quantum states of light based on multi-emitters-resonators coupling enabled by
metamaterials such as superradiance [39].

5. Materials and Methods

All the electrodynamics calculations have been performed using the commercial COMSOL Multiphysics Radio
Frequency (RF) module. The periodic boundary conditions are applied to all the horizontal planes defining the 2D
lattice of the SiC substrate to build an array of dielectric pillars metasurface. The Scattering boundary conditions
are applied at the top and bottom boundaries of the computational domain. The optical constant for the SiC has
been extracted from the experimentally reported values by Singh et.al. [40]. During the entire calculation the
minimum meshing size was 1 nm with the maximum being λ/7.



Fig. 6. (i) In-plane (X-Z plane, blue curves) and out-of-plane (Y-Z plane, red curves) far-field scat-
tering pattern corresponding to the in-phase (ED+MD) and out-of-phase (ED-MQ) superposition
of the electric dipolar (ED) and magnetic quadrupolar (MQ) Mie-scattering moments. (ii) Farfield
radiation patterns in-plane (X-Z plane, blue curves) and out-of-plane (Y-Z plane, red curves) of a
dipole emitter (orientation along the X-direction, same as that of electric field in (i)) placed at the
center of (a) single pillar; SiC pillar metastuface with P = (b) 2315nm, (c) 1500 nm and (d) 1095
nm, respectively.

5.1. Scattering efficiency calculation

The scattering cross section is defined as the amount of power scattered by the scatterer to the amount of power
per unit area carried by the incident wave. The SE is obtained just by dividing the scattering cross-section by
the geometrical cross-section. Mathematically it is expressed as SE = σs/G [41]. Here σs is the scattering cross
section and G is geometrical cross section.

The SE is calculated semi-analytically using electric field values at each mesh point in the computational grid
under plane-wave excitation using Comsol Multi-physics module. Using these field values and permittivity profile
at each mesh points, current density is calculated as: Jω(r) = iωε0(εr−1)Eω(r). Here ε0 and εr are permittivity of
free space and SiC medium, respectively. The computationally obtained values of E(r), Jω(r) and ε(r) are used to
calculate individual multipolar Mie-scattering moments, pα , mα , Qe

αβ
and Qm

αβ
described in Eq. 2. The integration

referred in Eq. 2 is carried on the domain of the SiC pillar.

5.2. Relative decay rate calculations

In these calculations, the SiV center is treated as a classical radiating point dipole source. In the computational
domain, it is modelled as a point current source driven at the emission frequency, ν = c

λ
[42]. Scattering/perfectly

matched layer (PML) boundary conditions are applied on the exterior boundaries of the computational domain.
The total power radiated by the dipole is integrated over a closed surface enclosing the current source. The relative
decay-rate is calculated as Γrel = γ/γ∞ = P/P∞ [42], where P∞ is the power corresponding to the point dipole’s
emission in the bulk SiC. The permittivity of SiC is taken from [43].
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