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Abstract
Wepresent and investigate a highly directional diamond based optical nanostructure embeddedwith
an elliptical solid immersion lens (e-SIL). An in depth analysis of the farfield evolution is elucidated
with respect to geometricalmodification. This design is capable of producing amaximumdirectivity
of∼11 dB at its optimized position. Geometrical tolerance and directional behavior has been studied
within awide range of dipole variation. The incident light source noise is neutralizedwith the
manipulation of e-SIL geometry by considering an experimental simulation environment. Enhance-
ment in directivity nearNV center zero phonon line (ZPL) regionwith reduced excitation light source
noise can improve the overall efficiency of theNV single photon emitter and can be useful formultiple
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 quantumnetworks significantly in the
fields of quantum sensing and quantum information processing applications [4, 5]. In the photonics research,
stable generation of single photon fromquantum emitter is an important requirement for the construction of
qubits. Several single photon sources are available such as quantumdot [6, 7], functionalized carbon nanotubes
[8], two dimensionalmaterials [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 spectrumofNV- consists of a zero phonon line (ZPL) at 637 nmwith a broad phonon side band [10]
which has a significant contribution in highly sensitivemagnetometry 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 themost seminal parameters of any kind ofNVbased nanostructure is related to the geometry of that
optical structure. A highly directive emission alongwith 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] andminimize 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 combinationwith 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 designedwith this remarkably simple and
straightforward approach [15].

Numerous diamond based SIL structures have been reported [16, 17] to improve photon collection
efficiency (PCE) byminimizing the total internal reflection effect at diamond-air interface. Later the sculpture of
general hemispherical SIL has been slightly amended to achievemore photon counts from these systems [14].
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We focus tominimize 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 reducedwhen theNV
dipole emitter is excited at awavelength 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 problemwhich sends the light beamdownwardsmore directionally [18].

In this workwe demonstrate anNV center based optical structure in nanoscale regime. This simpler
geometry has been introduced to increase the directivity near ZPL of aNV 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 excitationwavelength to emissionwavelength 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 farfield under the illumination of a laser beamhas 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 andmodel descriptions

Weemployed a three dimensional Finite ElementMethod calculation to study our optical structure with the
help of COMSOLMultiphysics 5.2a software package tool. The complete directivity analysis has beenmade via
wave opticsmodule. Both the rectangular substrate and ellipsoid SIL ismade up of high refractive indexmaterial
i.e. diamond. The outgoing radiation is absorbed by considering a PML layer over the complete system. This will
not allowmuch 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 nmwavelength region and it results in afluorescence
emission of∼637 nm.Hence, we have applied the excitation and emissionwavelength as 532 nmand 637 nm
respectively. The point dipole inCOMSOL environment is used as optical dipole emitter inside the diamond
solid immersion lens in order to replicate theNV center defect inside a diamond substrate. The orientation of
the dipole emitter is taken along x axis in 2Dmodeling and x axis on xy plane in 3Dmodelingwhich is
perpendicular to the diamondN-V axis. Themeshing operation is performed by considering a typical finer
meshwhich can converge the overall simulation and resolves the issuewhen the dipole is almost near to the
surface.

3. Results and discussion

Wehave simulated the photon emitter based optical nanostructure and studied the following characteristics
such as geometry dependence, directivity analysis and tolerancewith 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 byBorn andWolf [19]where they explain how light can be focused from
almost all the directions within a high index spherical structure. Due to refractive indexmismatch between air-
diamond interfacemaximum light radiation from a single photon emitter inside a diamond substrate undergoes
total internal reflection. Therefore, one cannot detect themaximumphoton collection efficiency from a simple
bulk diamond substrate. Instead, this ellipsoid SIL alongwith a cuboid structure eliminates themaximumTIR
effect and directs higher number of emitted photons towards collective pathwhich has been considered at the
bottomof the structure (figure 1). The prime focus of ourwork is to excite this complete dielectric nanostructure
from the topwhile the collection of emitted photons is considered towards the bottomof the structure in order
tomaintain a clear distinction between incident radiation (∼532 nm) and emitted output radiation (637 nm).
An in-depth excitation cumdetection scheme is shown infigure 1. Thefluorescence output at emission
wavelength (∼ 637 nm) and the background noise produced due to the incident wavelength (∼532 nm) is
collected from the bottomof the structure which is shown through a schematic representation (figure 1).
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Herewe predominantly study an elliptical SILwith a slightmodification 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 ourmodel is given infigure 2(a).We can reliably compare the e-SILmodel parameters in 3Dwith a basic
ellipsoid structure where ‘a’ and ‘b’ correspond to the semimajor axes while h is the height or it represents the
semiminor axis of the e-SIL. To clarify in detail, a two dimensional cross sectional view is presented for both the
planes (XZplane andYZplane) infigure 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 semimajor axes dimensions such as P= a/b.This e-SIL nanostructure is embeddedwith
a cuboid diamond substrate with a dimension of 1.2 μm× 1.0μm× 0.5 μm. Light radiation coming from the
e-SIL gets reflected back towards the lowerNA collective lens due to the rectangular shaped substrate which
drastically increases the directionality. During the optimization, we havefixed one semimajor axis dimension
(‘b’) to be 250 nmand varied the other dimension (‘a’) from250 nm to 500 nmwith the interval of 50 nm. The
height (h) of the e-SIL is taken as 300 nm. TheNVdefect is almost placed near the curved surface of the solid
immersion lens (50 nmaway from the top curved surface of our e-SIL structure)which is shown infigure 2(c).

To better understand the optical structure, a beampropagation simulation is performedwherewe have
explained the benefits of our complete system consideration. Electricfield distribution is the fundamental
parameter to analyse the performance of differentminiaturised 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 bottomof our structure. Rather, the cuboid embedded e-SIL structure directedmore emitted radiation
towards collection pathwithoutmarginal loss due to its solid cavity structure [figure 3(b)]. This shows that the

Figure 1.Adetailed schematic diagramof photon detection scheme is shownhere. The incident excitation and the collection path are
indicated in thisfigure.
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geometry parameters play a significant role to direct the beampropagationwhich is themajor variable in our
case. Figure 3 justifies thatmore emitted radiation is propagated towards collection path. Throughout the
complete analysis of our structure, we consider the vibrational plane of our dipole emitter (NVcenter as single
photon emitter) alongXYplanewhen it is considered for a 3Dmodel and along x planewhenwe calculate for a
2Dmodel which is perpendicular toNV- axis inside diamond lattice.

Numerical analysis of far field evolution during the optimization is depicted infigure 4. In these geometry
modifications, light emission is heavily dependent on SIL size. Here special attention is given to quantify the far
field beampattern of the antenna towards lower side. Farfield analysis is essential for calculating the photon
collection efficiency of our optical structure wheremore 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 aperturewhich in turn reduces the PCE. The far field intensity distribution is relevant to
average power distribution calculationwhich is widely used in photon collection efficiency estimation for optical

Figure 2. (a)Three dimensional schematic diagramof our optimizedmodel. (b)A two dimensional cross sectional view of the e-SIL
for bothXZ andYZplane. (c) Location of the dipole emitter position is shownhere.

Figure 3.The far field emission profile of our e-SIL and cuboid structure is shownhere (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.
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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 farfiled pattern aswell. 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-
dimensionalmodel. This dipole orientation facilitatesmaximum 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 from2 and endedwith 1 in steps of 0.2. In each step, emission profile of the
antenna has been observed and plotted infigure 4. Alterations in e-SIL structure causes a change in beamprofile
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 whenwe calculate the directionality of our structure under the exposure of
both excitation (∼532 nm) and emissionwavelength (∼637 nm). A highly directional light beam is expected as
an output at emissionwavelength region (∼637 nm)while the directionalitymust be reduced for the incident
excitationwavelength (∼532 nm) along the output detection path. Initialization of optimization started by
considering one of the semimajor axes value as ‘a’= 500 nm. Figures 4(a), (b) and (c) represent the far field
radiation pattern for different geometrical parameters at an operatingwavelength 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 nmdue
to distributedfield patterns. This lower directional behavior of farfield emission profile intends to prove that less
radiation pass through the collection aperture at the bottomwhen 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 emissionwavelength. Figures 4(d), (e) and (f) display the directional behavior of our device
towards downward direction at 637 nm.Higher number of photon detectionwithin a lower numerical aperture
is achievedwith this highly collimated and directional farfield emission profile. Due towider ‘a’ of semimajor
axis, the reflected beams traverse a broad range of far field areawhich is shown infigure 4(d). Reduction of P
value from2 to 1.2 reduces the dimensions of semimajor axis as well. Indeed, the farfield beamprofile with
lower P value present a narrow and highly directional light emission. This produces a highly collimated farfield
intensity patternwithin 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 (lowerNA). At the same time, the optimized design is capable of producing a directional
single lobewith enhanced directionality at 637 nm excitation. The advantage of this far field radiation pattern is

Figure 4. 3D far field evolution of our optimized optical system at 532 nm and 637 nm is shownhere. Far field intensity (V/m)^2
versus the variation in P value is plotted. (a) (b) (c)Optimized far field patternwhile device is excited at 532 nm and (d) (e) (f) Far field
distributionwhile device is excited at 637 nm. For both the cases, P is considered as 2, 1.6 and 1.2.Maximumdirectionality occurs at
637 nmexcitationwhen P= 1.2.
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that it allows us to understand the directional characteristics of nanoantennawith an intuitive e-SILmodel
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 tomeasure the directivity [21, 22].
Aswe have earlier discussed the directionality is themeasure of emission intensity distribution towards a given
direction, this quantity (directivity) directly implies to the improved photon emissionwithin 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 themaximum radiation
intensity in a given direction and the average radiation intensity for overall direction coming from the antenna.
Maximumdirectivity towards a particular direction is quantified as,. D U
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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
distributionwithin a specified numerical aperture is commonly usedwhile calculating the photon collection
efficiency value for any optical nanostructure.

3.2.1. Geometry dependent analysis
As shown infigure 5, the emission profile (directionality) can be guided by controlling the geometrical
parameters which in turn improves the directionality offluorescence 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 farfield emission profile by varying P value andfinally we obtained a

Figure 5. (a)Directivity polar plot when themodification is performed at 532 nm. (b)At 637 nm. (c) In 3Dmodel, there are three
different dipole orientations. Here dipole is shifted from−50 nm to+ 50 nm alongX axis; (d) here dipole is shifted from−50 nm to
+ 50 nm alongY axis.
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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 operatingwavelengths (532 nmand 637 nm)with respect to geometry and
presented that our proposed structure produces amaximumgain (at 637 nm). The variation in the P value (or a/
b ratio) considerably influence the antenna directivity. As the purpose of the device is tominimize the noise at
532 nm, sowe optimized the geometry to reduce the directivity for 532 nm excitation. A decrement in directivity
is clearly seen at our optimumdesignwhich is around 6.9 dB (for∼532 nm), which is shown infigure 5(a).
Gradually the reduction in directivity value is perceivedwith 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 optimizedmodel at thewavelength of∼637 nm.Optimumdesign
confirms amaximum collimated and directional photon emission obtained by our optical nanoantenna.

Our optimized design exhibits almost strong emissionwithin a narrow solid angle regime (figure 5(b)).
Higher directionality from the bottomof the system is clearly observed. This resultmatches 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 optimizedmodel.
Here smaller value of semimajor axis distance leads to the dipole emissionwithin 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 indexmaterial, 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 devicefluctuates
with a smallmodification in operatingwavelength. To rectify this drawback,model requires a perfect
arrangement in geometry which is provided by our optimized structure.

3.3. Tolerancewith respect to dipole position
To construct such nano ranged optical structure, geometrical tolerance for theNV center location should be
firmly established.Here the impact of different dipole positions on our farfield intensity pattern is investigated.
The variation in intensity pattern should be taken into account to confirm the tolerance limit. As because of our
structuremaintain a 3D symmetry and the dipole emitter vibrational plane is considered along xy plane, so it is
essential to verify the behavior of emissionwhen the dipole is oscillated along y axis at xy plane of ourmodel.
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 toN-V axis which satisfies theNV centermodelling in
diamond substrate. Figure 5(c) displays the far field patternwhich is not deflectingmuch from the optimized
position.Overall the dipole emitter position has been varied from−50 nm to+50 nmwhich is important for
nanoscale device fabricationwithin the error of± 50 nm.Directivity value for this variation is computed and
provides amaximumdeviation of± 1.5 dB from the optimized value. The far field pattern in polar plot is shown
for XZplane as the dipole hasmovedwith an overall distance of 100 nmalongX axis. Figure 5(d) represents the
variation of far field intensity pattern alongYZ plane and it shows good tolerance over awider dipole variation.
Here also the directivity values are not significantly changed during themovement of dipole position. Extreme
shift at± 50 nmprovides 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 wemove the dipolemore than± 50 nmalong all directions, then therewill be broader emission
patternwith awidespread directivity plot. This results in less collection of photon emissionwithin 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 infigure 6. The complete
parametric sweep is performedwithin awavelength range between 500 nmand 700 nm for the optimized
parameters (a= 300 nm, b= 250 nm, and h= 300 nm).

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

Since, NV center in diamond shows single photon emission near zero phonon line (∼637 nm) ofNV
spectrum; the ideal directionality is expected at ZPLwavelength.We achieved amaximumdirectivity value of
about∼11 dB atλ= 637 nmwhich is one of the foremost purposes of ourwork.
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3.4. Noise reduction under laser illumination
In this scheme, we quantitatively discuss the noise suppression technique by our devicewhen it is placed under a
green laser excitation (∼532 nm) to exciteNV 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, wemade a structure tomimic a lens to focus the incident light beam (∼532 nm) in to the
waveguide. The inputGaussian beamhas to be converged in such away that the focal point of the laser beam
should coincide with theNV center optimized position.

3.4.1. Electric field distribution of background noise
Weemployed a simulation to demonstrate the electric field distributionwhen the antenna is excitedwith a green
laser beam (∼532 nm). To apply the laser pulse as an inputwe construct a Gaussian beamwhich is focused on to
the dipole emitter position. Different virtual numerical apertures have been set to launch theGaussian beam
accordingly. For our study, the appliedGaussian beam radii have been chosen as 700 nm, 1500 nm, 3000 nm
and 4000 nm respectively.

The noise generated after the excitation ofNV center by theGaussian laser input pulse at 532 nm is reported
infigure 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 beamwaist in terms of electric field
distribution. The variation in electricfield intensity distribution for different beamwaist (W0= 0.7 μm, 1.5 μm,
3 μmand 4 μm) are described infigures 7(a),(b),(c),(d) respectively. Due to the limitation of our device
dimension, the overall optimization has been accomplished by considering a lower beamwaist i.e. 0.7 μm.

Adirectional beamprofile fromour 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.Herewe have demonstrated the improvement in SNRwhile varying
different signal intensity (from theNVdipole emission at 637 nm) in comparisonwith the inputGaussian
excitation beam intensity (at 532 nm). The calculation of detected power for both the noise and signal has been
computedwithin aNAof 0.93. SNR= (Average signal power coupledwithin a given aperture) / (Average noise
power coupledwithin a given aperture).

Figure 8(a) shows the influence on the SNR valuewhen the output dipole signal strength is variedwith
respect to incident Gaussian illumination for our optimizedmodel. A signal to noise ratio (SNR) of 26 is
obtainedwhen an output dipole intensity strength reduces to 0.0215× 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 fromour 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 ourmodel. 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

Figure 6.Wavelength versus directivity plot.MaximumDirectivity is achieved near ZPL line.Maximumdirectivity calculated for the
optimized system is shown in this plot.
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ZPL region compare to ordinary bulk diamond substrate.We have presented a comprehensive comparison of
the photon collection on the surface of collective lenswith differentNA starting from0.6 to 1 at the emission
wavelength of 637 nm.Wedefine the collection efficiency as a ratio between average power distributionwithin a
volume of specifiedNA 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 theNV emission characteristics point of
view. The shape of the e-SIL straightaway proliferatemore number of photonswithin the collective lens yielding
higher collection efficiency.Maximumcollection efficiency (∼50%) is obtainedwhen the semimajor axes
distance (‘a’ and ‘b’) of the e-SIL are considered as 300 nmand 250 nm respectively (figure 8 (c)). Due to the high
refractive index of diamondwe can collect less number of photons.However, as our antenna is completely

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 appliedGaussian beam (a)w0= 700 nm, (b)w0= 1500 nm, (c)w0= 3 μmand (d)w0= 4 μm.
The simulation area has been considered as 10 μm× 10 μm.

Figure 8. (a)Variation in SNR valuewith respect to different dipole strength. (b)Herewe presented the enhancement factor for our
optimizedmodel. (c)Characteristics of photon collection efficiency versusNAof collective lens.
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geometry dependent, we considered the collection path of the emission through the bottomof 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 bottomof the substrate), this can be utilized in
the experimental setup for introducing additional optical accessories necessary for specific applications.

4. Conclusions

Wehave simulated anNVbased optical structure with embedded ellipsoid SIL structure. Three dimensional
electric farfield distributions are observed in FEMcalculations and it is showing significant improvement in
terms of directivity and SNRof the optical structure.Modification in farfield 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 theminimumdeflection of directivity (D) value; hence it can provide
flexibility in the geometrical tolerance of the device.We have calculated the directivity over awide range of
wavelength andmaximumdirectivity (almost∼11 dB ) is achieved near ZPL line ofNV spectrum. Finally,
comparison of noise produced by the device during excitation under the illumination of a laser beam ismodeled
for different optimization stages. The clear distinction between incident and collection pathwith reduced
background noise havemade our optical device unique. This highly directional emissionwith 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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