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Abstract

We present and investigate a highly directional diamond based optical nanostructure embedded with
an elliptical solid immersion lens (e-SIL). An in depth analysis of the far field evolution is elucidated
with respect to geometrical modification. This design is capable of producing a maximum directivity
of ~11 dB at its optimized position. Geometrical tolerance and directional behavior has been studied
within a wide range of dipole variation. The incident light source noise is neutralized with the
manipulation of e-SIL geometry by considering an experimental simulation environment. Enhance-
ment in directivity near NV center zero phonon line (ZPL) region with reduced excitation light source
noise can improve the overall efficiency of the NV single photon emitter and can be useful for multiple
photonic applications.

1. Introduction

Diamond based optical nanostructure devices have unique applications in the quantum communication
research [1-3]. The use of these optical structures has reduced the size of quantum networks significantly in the
fields of quantum sensing and quantum information processing applications [4, 5]. In the photonics research,
stable generation of single photon from quantum emitter is an important requirement for the construction of
qubits. Several single photon sources are available such as quantum dot [6, 7], functionalized carbon nanotubes
[8], two dimensional materials [9] and solid state defects [10]. Among all nitrogen vacancy (NV") centers stands
out due to long electronic spin coherence time and highly stable emission even at ambient conditions. The
emission spectrum of NV~ consists of a zero phonon line (ZPL) at 637 nm with a broad phonon side band [10]
which has a significant contribution in highly sensitive magnetometry applications [11] due to its spin
dependent fluorescent emission. Therefore, improvement of directional photon emission towards a collection
system at ZPL is critically important.

One of the most seminal parameters of any kind of NV based nanostructure is related to the geometry of that
optical structure. A highly directive emission along with stable geometrical tolerance is essential for the
construction of efficient nanoantenna design. Hence, the perfect optimization of nanoscale device in terms of
geometry is a prerequisite to design optical devices with high photon collection efficiency. Due to high refractive
index of diamond, the critical angle is very less at diamond-air interface. This yields very small amount of
photons coming towards lower numerical aperture collective lens [12] and minimize the directivity near ZPL.
Several research efforts have been adopted to improve directive photon emission adequately.

To resolve this issue, an optical structure has been introduced in combination with diamond substrate i.e.
solid immersion lens (SIL) structure or commonly known as SIL based structure. Different optical
nanostructures including optical wave guide [13, 14] are being designed with this remarkably simple and
straightforward approach [15].

Numerous diamond based SIL structures have been reported [16, 17] to improve photon collection
efficiency (PCE) by minimizing the total internal reflection effect at diamond-air interface. Later the sculpture of
general hemispherical SIL has been slightly amended to achieve more photon counts from these systems [14].
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We focus to minimize the excitation light source noise of the optical nanostructure which in turn predominantly
increases the directivity. The directivity of the far field emission profile is expected to be reduced when the NV
dipole emitter is excited at a wavelength of 532 nm. An enhancement in PCE (in terms of directivity) for the same
optical structure is required in order to improve the performance of the device when it is operated at emission
wavelength (637 nm). A dominant emission in both upward and downward direction is observed even after the
inclusion of spherical SIL, especially in our optical system. Hence elliptical SIL structure has been adopted to
overcome this problem which sends the light beam downwards more directionally [18].

In this work we demonstrate an NV center based optical structure in nanoscale regime. This simpler
geometry has been introduced to increase the directivity near ZPL of a NV spectrum. The benefit of our
proposed design is that the rectangular diamond box below the SIL acts as a solid cavity and effectively
minimizes the backscattered light at diamond box-SIL interface. A detailed comparison of directivity and far
field emission pattern starting from excitation wavelength to emission wavelength has been exploited here.
Geometrical tolerance of different dipole emitter position also has been presented to check the robustness of this
optical structure. In the last part, the evolution of far field under the illumination of a laser beam has been
simulated and the noise produced during green light (~532 nm) excitation is reduced. Outstanding features
have been obtained for this optical structure which enables the possibility to explore quantum communication
applications.

2.Methods and model descriptions

We employed a three dimensional Finite Element Method calculation to study our optical structure with the
help of COMSOL Multiphysics 5.2a software package tool. The complete directivity analysis has been made via
wave optics module. Both the rectangular substrate and ellipsoid SIL is made up of high refractive index material
i.e. diamond. The outgoing radiation is absorbed by considering a PML layer over the complete system. This will
not allow much light beams to reflect back and helps to converge the simulation results. Scattering boundary
condition is considered outside the PML layer to override perfect electric conductor (PEC) condition at the
outer surface. NV center excitation comes under ~532 nm wavelength region and it results in a fluorescence
emission of ~637 nm. Hence, we have applied the excitation and emission wavelength as 532 nm and 637 nm
respectively. The point dipole in COMSOL environment is used as optical dipole emitter inside the diamond
solid immersion lens in order to replicate the NV center defect inside a diamond substrate. The orientation of
the dipole emitter is taken along x axis in 2D modeling and x axis on xy plane in 3D modeling which is
perpendicular to the diamond N-V axis. The meshing operation is performed by considering a typical finer
mesh which can converge the overall simulation and resolves the issue when the dipole is almost near to the
surface.

3. Results and discussion

We have simulated the photon emitter based optical nanostructure and studied the following characteristics
such as geometry dependence, directivity analysis and tolerance with respect to dipole position to confirm the
robustness of the nanorange device. A detailed analysis is presented in the following sub-sections. In addition,
we presented the capability of noise reduction during incident light excitation by our optimized structure which
provides a significant improvement in the contrast while detecting the output signal. Further, we have also
shown the enhancement factor and collection efficiency for our optimized parameters.

3.1. Geometry dependent emission

The theory of SIL concept is given by Born and Wolf[19] where they explain how light can be focused from
almost all the directions within a high index spherical structure. Due to refractive index mismatch between air-
diamond interface maximum light radiation from a single photon emitter inside a diamond substrate undergoes
total internal reflection. Therefore, one cannot detect the maximum photon collection efficiency from a simple
bulk diamond substrate. Instead, this ellipsoid SIL along with a cuboid structure eliminates the maximum TIR
effect and directs higher number of emitted photons towards collective path which has been considered at the
bottom of the structure (figure 1). The prime focus of our work is to excite this complete dielectric nanostructure
from the top while the collection of emitted photons is considered towards the bottom of the structure in order
to maintain a clear distinction between incident radiation (~532 nm) and emitted output radiation (637 nm).
An in-depth excitation cum detection scheme is shown in figure 1. The fluorescence output at emission
wavelength (~ 637 nm) and the background noise produced due to the incident wavelength (~532 nm) is
collected from the bottom of the structure which is shown through a schematic representation (figure 1).
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Figure 1. A detailed schematic diagram of photon detection scheme is shown here. The incident excitation and the collection path are
indicated in this figure.

Here we predominantly study an elliptical SIL with a slight modification along the principal axis. In the
following, we describe a design concept to quantify the important optical property of a nanoantenna i.e.
directionality.

Our optimized geometry is a truncated ellipsoid structure. The detailed configuration about the description
of our model is given in figure 2(a). We can reliably compare the e-SIL model parameters in 3D with a basic
ellipsoid structure where ‘a’ and ‘b’ correspond to the semi major axes while h is the height or it represents the
semi minor axis of the e-SIL. To clarify in detail, a two dimensional cross sectional view is presented for both the
planes (XZ plane and YZ plane) in figure 2(b). Throughout the calculation h parameter is kept as constant and
directivity analysis is performed by changing a/b ratio. Here we have considered one parameter ‘P’ where P
denotes the ratio of two semi major axes dimensions such as P = a/b.This e-SIL nanostructure is embedded with
acuboid diamond substrate with a dimension of 1.2 ym x 1.0 ym x 0.5 pm. Light radiation coming from the
e-SIL gets reflected back towards the lower NA collective lens due to the rectangular shaped substrate which
drastically increases the directionality. During the optimization, we have fixed one semi major axis dimension
(‘D’) to be 250 nm and varied the other dimension (‘@’) from 250 nm to 500 nm with the interval of 50 nm. The
height (h) of the e-SIL is taken as 300 nm. The NV defect is almost placed near the curved surface of the solid
immersion lens (50 nm away from the top curved surface of our e-SIL structure) which is shown in figure 2(c).

To better understand the optical structure, a beam propagation simulation is performed where we have
explained the benefits of our complete system consideration. Electric field distribution is the fundamental
parameter to analyse the performance of different miniaturised devices [20]. Figure 3(a) represents the photon
emission direction in the presence of only solid immersion lens structure. A symmetric field distribution along
all over the simulation area indicates that there is a significant loss in photon detection towards collection system
at the bottom of our structure. Rather, the cuboid embedded e-SIL structure directed more emitted radiation
towards collection path without marginal loss due to its solid cavity structure [figure 3(b)]. This shows that the
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Figure 2. (a) Three dimensional schematic diagram of our optimized model. (b) A two dimensional cross sectional view of the e-SIL
for both XZ and YZ plane. (c) Location of the dipole emitter position is shown here.
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Figure 3. The far field emission profile of our e-SIL and cuboid structure is shown here (a) when only e-SIL structure is considered for
NV center emission. (b) The emission profile of our complete system (embedded e-SIL and cuboid structure) is represented in this
figure. Both the cases dipole vibration is considered along x axis.

geometry parameters play a significant role to direct the beam propagation which is the major variable in our
case. Figure 3 justifies that more emitted radiation is propagated towards collection path. Throughout the
complete analysis of our structure, we consider the vibrational plane of our dipole emitter (NV center as single
photon emitter) along XY plane when it is considered for a 3D model and along x plane when we calculate for a
2D model which is perpendicular to NV- axis inside diamond lattice.

Numerical analysis of far field evolution during the optimization is depicted in figure 4. In these geometry
modifications, light emission is heavily dependent on SIL size. Here special attention is given to quantify the far
field beam pattern of the antenna towards lower side. Far field analysis is essential for calculating the photon
collection efficiency of our optical structure where more directional and collimated emission profile signifies
that the photon emission output is quite high. The less intense and scattered beam reduces the emission rate
towards collection aperture which in turn reduces the PCE. The far field intensity distribution is relevant to
average power distribution calculation which is widely used in photon collection efficiency estimation for optical
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Figure 4. 3D far field evolution of our optimized optical system at 532 nm and 637 nm is shown here. Far field intensity (V/m) "2
versus the variation in P value is plotted. (a) (b) (c) Optimized far field pattern while device is excited at 532 nm and (d) (e) (f) Far field
distribution while device is excited at 637 nm. For both the cases, P is considered as 2, 1.6 and 1.2. Maximum directionality occurs at
637 nm excitation when P = 1.2.

nanostructures. So, far field emission pattern needs to be analysed in greater detail. The dimensions of an e-SIL
actively affect the average power of a dipole emitter and simultaneously the far filed pattern as well. Furthermore,
scattered radiation in lateral direction is also compressed by the optimized geometry parameters of the e-SIL.
The dipole vibrational axis has been preferentially considered parallel to the x axis (on xy plane) of our three-
dimensional model. This dipole orientation facilitates maximum emission to radiate out of the device in order to
achieve single dominated lobe towards collective aperture at 637 nm. The value of P (ratio of semi-major axis
distances) has been commenced from 2 and ended with 1 in steps of 0.2. In each step, emission profile of the
antenna has been observed and plotted in figure 4. Alterations in e-SIL structure causes a change in beam profile
at the substrate-SIL interface which plays a crucial role in the radiation pattern at different wavelengths. By
optimizing the e-SIL geometry, we eliminate those drawbacks.

This analogy goes even further when we calculate the directionality of our structure under the exposure of
both excitation (~532 nm) and emission wavelength (~637 nm). A highly directional light beam is expected as
an output at emission wavelength region (~637 nm) while the directionality must be reduced for the incident
excitation wavelength (~532 nm) along the output detection path. Initialization of optimization started by
considering one of the semi major axes value as ‘a’ = 500 nm. Figures 4(a), (b) and (c) represent the far field
radiation pattern for different geometrical parameters at an operating wavelength of 532 nm. This exhibits
multiple high intense side lobes at higher value of P as less number of TIR beams is impinging towards a
particular direction. More precisely, the decrement in ‘P’ value helps to reduce the directionality at 532 nm due
to distributed field patterns. This lower directional behavior of far field emission profile intends to prove that less
radiation pass through the collection aperture at the bottom when the device is exposed under excitation light
source. Simultaneously, the background noise produced by the device in terms of scattered emission at 532 nm
is also reduced significantly.

On the other hand, same optimization helps to improve the directionality towards a particular direction
(detection path) at emission wavelength. Figures 4(d), () and (f) display the directional behavior of our device
towards downward direction at 637 nm. Higher number of photon detection within alower numerical aperture
is achieved with this highly collimated and directional far field emission profile. Due to wider ‘a’ of semi major
axis, the reflected beams traverse a broad range of far field area which is shown in figure 4(d). Reduction of P
value from 2 to 1.2 reduces the dimensions of semi major axis as well. Indeed, the far field beam profile with
lower P value present a narrow and highly directional light emission. This produces a highly collimated far field
intensity pattern within our collection aperture at 637 nm (figure 4(f)). From the above discussion, we conclude
that our optimized device generates a less intense emission profile with lower directionality when it is excited
with a green (~532 nm) laser beam. This predominantly nullifies the photon emission rate produced by the
incident excitation light source (~532 nm), that is considered as noise while detecting the fluorescence emission
within a given aperture (lower NA). At the same time, the optimized design is capable of producing a directional
single lobe with enhanced directionality at 637 nm excitation. The advantage of this far field radiation pattern is
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(c) (d)

Figure 5. (a) Directivity polar plot when the modification is performed at 532 nm. (b) At 637 nm. (c) In 3D model, there are three
different dipole orientations. Here dipole is shifted from —50 nm to 4 50 nm along X axis; (d) here dipole is shifted from —50 nm to
+ 50 nm along Y axis.

that it allows us to understand the directional characteristics of nanoantenna with an intuitive e-SIL model
which is discussed in the next section.

3.2. Directivity analysis of optical structure

To enumerate the directionality of optical structure we introduce a formula to measure the directivity [21, 22].
As we have earlier discussed the directionality is the measure of emission intensity distribution towards a given
direction, this quantity (directivity) directly implies to the improved photon emission within a defined
numerical aperture. Higher directivity value of the optical nanostructures inherently related to higher photon
collection efficiency generated by that particular structure. In this case, the directivity demonstrates how the
emission profile evolves towards our collection aperture when the dipole emitter is getting exposed under
different wavelength illuminations. The directivity can be defined as the ratio between the maximum radiation
intensity in a given direction and the average radiation intensity for overall direction coming from the antenna.

. . .. . . . . . Una 47U,
Maximum directivity towards a particular direction is quantified as,. Dy, = —== = -5
d

UO ra
where, U is the maximum radiation intensity (W/unit solid angle), Uy is the average value of radiation

intensity and P, is the total average radiated power delivered from the system.
Now if we express the directivity in dB, then

Dmax = 10*log 10(%)613.
Pmd

The correlation between directivity and photon collection efficiency is quite straight forward in terms of
power distribution function. The amount of power radiated towards a particular direction out of overall power
distribution within a specified numerical aperture is commonly used while calculating the photon collection
efficiency value for any optical nanostructure.

3.2.1. Geometry dependent analysis

As shown in figure 5, the emission profile (directionality) can be guided by controlling the geometrical
parameters which in turn improves the directionality of fluorescence emission towards the collection path. So, it
is highly important to define directivity with respect to geometry variation in this context. Nevertheless, in order
to check the performance of our proposed structure we calculated the directivity value by varying the
geometrical parameters. A significant improvement in directivity is obtained in our optimized structure. In the
previous section (figure 4), we evaluated the far field emission profile by varying P value and finally we obtained a
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highly collimated emission profile at optimized position. Same analogy has been followed here in terms of
directivity calculation in order to achieve higher efficiency through our optimized device. We have compared
both the results at two different operating wavelengths (532 nm and 637 nm) with respect to geometry and
presented that our proposed structure produces a maximum gain (at 637 nm). The variation in the P value (ora/
b ratio) considerably influence the antenna directivity. As the purpose of the device is to minimize the noise at
532 nm, so we optimized the geometry to reduce the directivity for 532 nm excitation. A decrement in directivity
is clearly seen at our optimum design which is around 6.9 dB (for ~532 nm), which is shown in figure 5(a).
Gradually the reduction in directivity value is perceived with a decrement in ‘a’ parameter at incident excitation
wavelength. Figure 5(b) shows the directivity for different semi-major axis distance at 637 nm. The highest
directivity reaches a value of 10.9 dB for the optimized model at the wavelength of ~637 nm. Optimum design
confirms a maximum collimated and directional photon emission obtained by our optical nanoantenna.

Our optimized design exhibits almost strong emission within a narrow solid angle regime (figure 5(b)).
Higher directionality from the bottom of the system is clearly observed. This result matches with our expected
outcome i.e. single lobe emission towards downward direction in far field intensity pattern (a = 300)

[figure 5(b)].

This e-SIL parameters’ dependence is a direct consequence of ray propagation inside our optimized model.
Here smaller value of semi major axis distance leads to the dipole emission within a narrow solid angle after the
incident excitation and hence generates a higher directive emission. On the other hand, as our e-SIL and cuboid
structure consists of high refractive index material, the effect of wavelength during excitation and emission of
NV center will cause a significant change in directivity. Even the emission profile of this optical device fluctuates
with a small modification in operating wavelength. To rectify this drawback, model requires a perfect
arrangement in geometry which is provided by our optimized structure.

3.3. Tolerance with respect to dipole position

To construct such nano ranged optical structure, geometrical tolerance for the NV center location should be
firmly established. Here the impact of different dipole positions on our far field intensity pattern is investigated.
The variation in intensity pattern should be taken into account to confirm the tolerance limit. As because of our
structure maintain a 3D symmetry and the dipole emitter vibrational plane is considered along xy plane, so it is
essential to verify the behavior of emission when the dipole is oscillated along y axis at xy plane of our model.
Therefore, tolerance test is performed at two different alignments i.e. one along x axis and the other along y axis
and for both the cases dipole orientation is perpendicular to N-V axis which satisfies the NV center modelling in
diamond substrate. Figure 5(c) displays the far field pattern which is not deflecting much from the optimized
position. Overall the dipole emitter position has been varied from —50 nm to +50 nm which is important for
nanoscale device fabrication within the error of + 50 nm. Directivity value for this variation is computed and
provides a maximum deviation of & 1.5 dB from the optimized value. The far field pattern in polar plot is shown
for XZ plane as the dipole has moved with an overall distance of 100 nm along X axis. Figure 5(d) represents the
variation of far field intensity pattern along YZ plane and it shows good tolerance over a wider dipole variation.
Here also the directivity values are not significantly changed during the movement of dipole position. Extreme
shiftat + 50 nm provides a deviation of + 2 dB. As a result, enough tolerance is being obtained for practically
implementing this simulation concept into device fabrication.

In case if we move the dipole more than & 50 nm along all directions, then there will be broader emission
pattern with a widespread directivity plot. This results in less collection of photon emission within a smaller
numerical aperture lens. Hence in our optimized device parameters, it is suitable to go for & 50 nm tolerance
limit.

3.3.1. Wavelength dependent analysis

The impact of wavelength variation on the directivity of antenna is illustrated in figure 6. The complete
parametric sweep is performed within a wavelength range between 500 nm and 700 nm for the optimized
parameters (a =300 nm, b =250 nm, and h = 300 nm).

Figure 6 shows that our model generates comparatively less directive emission when the dipole is excited
within a wavelength range between 500 nm and 600 nm due to scattered light beams from all over the device.
Hence the gain of optical antenna is significantly less near lower wavelength regime. The average directivity
produced by the optimized antenna fluctuates between 6 dB and 8 dB within 500 to 600 nm. Rather, the
enhancement in the characteristic plot implies an inflated directive emission near higher wavelength regime (i.e.,
between ~600 nm and 670 nm).

Since, NV center in diamond shows single photon emission near zero phonon line (~637 nm) of NV
spectrum; the ideal directionality is expected at ZPL wavelength. We achieved a maximum directivity value of
about ~11 dB at A =637 nm which is one of the foremost purposes of our work.
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Figure 6. Wavelength versus directivity plot. Maximum Directivity is achieved near ZPL line. Maximum directivity calculated for the
optimized system is shown in this plot.

3.4.Noise reduction under laser illumination

In this scheme, we quantitatively discuss the noise suppression technique by our device when it is placed under a
green laser excitation (~532 nm) to excite NV center during the output fluorescence detection to show a realistic
picture. In any kind of antenna applications, signal to noise ratio (SNR) is a crucial parameter to test the
performance of the device. We can increase the gain of our optical waveguide structure while detecting
fluorescence emission through the collection path by reducing the incident light excitation (~532 nm) noise.
Here in the simulation, we made a structure to mimic a lens to focus the incident light beam (~532 nm) in to the
waveguide. The input Gaussian beam has to be converged in such a way that the focal point of the laser beam
should coincide with the NV center optimized position.

3.4.1. Electric field distribution of background noise

We employed a simulation to demonstrate the electric field distribution when the antenna is excited with a green
laser beam (~532 nm). To apply the laser pulse as an input we construct a Gaussian beam which is focused on to
the dipole emitter position. Different virtual numerical apertures have been set to launch the Gaussian beam
accordingly. For our study, the applied Gaussian beam radii have been chosen as 700 nm, 1500 nm, 3000 nm
and 4000 nm respectively.

The noise generated after the excitation of NV center by the Gaussian laser input pulse at 532 nm is reported
in figure 7. Here, we presented a two dimensional cross sectional view of the background noise produced by the
structure when it is exposed under a green light illumination for different beam waist in terms of electric field
distribution. The variation in electric field intensity distribution for different beam waist (Wy = 0.7 ym, 1.5 um,
3 pmand 4 pm) are described in figures 7(a),(b),(c),(d) respectively. Due to the limitation of our device
dimension, the overall optimization has been accomplished by considering a lower beam waisti.e. 0.7 ym.

A directional beam profile from our optimized structure produces a large amount of photon emission in
terms of power (considered as signal) within a specified aperture. To increase the performance/gain of our
optical antenna efficiently, signal to noise ratio (SNR) should be quantified. The ratio of the signal and noise
power is quantified in terms of SNR. Here we have demonstrated the improvement in SNR while varying
different signal intensity (from the NV dipole emission at 637 nm) in comparison with the input Gaussian
excitation beam intensity (at 532 nm). The calculation of detected power for both the noise and signal has been
computed within a NA 0f 0.93. SNR = (Average signal power coupled within a given aperture) / (Average noise
power coupled within a given aperture).

Figure 8(a) shows the influence on the SNR value when the output dipole signal strength is varied with
respect to incident Gaussian illumination for our optimized model. A signal to noise ratio (SNR) of 26 is
obtained when an output dipole intensity strength reduces to 0.0215 x 10~ —9 (A/m).

We have calculated the enhancement factor for our optimized design and the results are shown in
figure 8(b). The ratio between the amount of power delivered from our optimized system and the amount of
power delivered by the bulk diamond substrate within a specified collection aperture (NA = 0.5) is defined as the
enhancement factor of our model. The sharp enhancement near fluorescence emission output region
(~637 nm) proves that our optimized device with e-SIL structure is capable of showing better performance near
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W0=700 nm W0=1500 nm W0=3000 nm W0=4000 nm
(a) (b) (c) (d)

Figure 7. Background noise produced by the structure in terms of electric field distribution of the optimized structure after excitation
at 532 nm for different beam radius of applied Gaussian beam (a) wy = 700 nm, (b) wo = 1500 nm, (¢) wy =3 gmand (d) wo =4 pm.
The simulation area has been considered as 10 m X 10 pm.
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Figure 8. (a) Variation in SNR value with respect to different dipole strength. (b) Here we presented the enhancement factor for our
optimized model. (c) Characteristics of photon collection efficiency versus NA of collective lens.

ZPL region compare to ordinary bulk diamond substrate. We have presented a comprehensive comparison of
the photon collection on the surface of collective lens with different NA starting from 0.6 to 1 at the emission
wavelength of 637 nm. We define the collection efficiency as a ratio between average power distribution within a
volume of specified NA and the total average power radiates from the antenna all over the space. Obviously, the
PCE value at 637 nm justifies the high performance of our device from the NV emission characteristics point of
view. The shape of the e-SIL straightaway proliferate more number of photons within the collective lens yielding
higher collection efficiency. Maximum collection efficiency (~50%) is obtained when the semi major axes
distance (‘a’ and ‘b’) of the e-SIL are considered as 300 nm and 250 nm respectively (figure 8 (c)). Due to the high
refractive index of diamond we can collect less number of photons. However, as our antenna is completely
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geometry dependent, we considered the collection path of the emission through the bottom of the antenna and
reasonably good amount of photon collection is obtained via optimization. Minimum loss is achieved by this
optimum structure which is supported by the directional emission at 637 nm. Due to this distinct incident
excitation (top of the substrate) and collection path (through the bottom of the substrate), this can be utilized in
the experimental setup for introducing additional optical accessories necessary for specific applications.

4. Conclusions

We have simulated an NV based optical structure with embedded ellipsoid SIL structure. Three dimensional
electric far field distributions are observed in FEM calculations and it is showing significant improvement in
terms of directivity and SNR of the optical structure. Modification in far field emission is demonstrated by
changing the (a/b) ratio in principle axes of our e-SIL. The dipole variation over a wider range has been studied
for our optimized structure which gives the minimum deflection of directivity (D) value; hence it can provide
flexibility in the geometrical tolerance of the device. We have calculated the directivity over a wide range of
wavelength and maximum directivity (almost ~11 dB ) is achieved near ZPL line of NV spectrum. Finally,
comparison of noise produced by the device during excitation under the illumination of a laser beam is modeled
for different optimization stages. The clear distinction between incident and collection path with reduced
background noise have made our optical device unique. This highly directional emission with stable geometrical
tolerance limit of our device can be useful in the fields of quantum information and quantum sensing areas of
research.
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