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ABSTRACT
Negatively charged nitrogen vacancy centers (NV−) in diamond serve as highly sensitive, optically readable sensors for magnetic fields.
Improved sensing approaches rely on NV− centers embedded in diamond nanopillar waveguides, which enable scanning probe imaging
and use multi-color laser schemes for efficient spin readout. In this work, we investigate the free-beam coupling of the most relevant laser
wavelengths to diamond nanopillars with different geometries. We focus on cylindrical pillars, conical pillars, and conical pillars with an
added parabolic dome. We study the effects of the pillar geometry, NV− position, laser wavelength, position of laser focus, and excitation
geometry (excitation from the top facet or from the substrate side). We find a pronounced impact of the laser wavelength that should be
considered in multi-color excitation of NV−. Within the pillars, exciting laser fields can be enhanced up to a factor of 11.12 compared to bulk.
When focusing the laser to the interface between the substrate and the nanopillar, even up to 29.78-fold enhancement is possible. Our results
are in accordance with the experimental findings for green laser excitation of NV− in different pillar geometries.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0050390

I. INTRODUCTION

Optically active point defects in diamond, termed color cen-
ters, are atom-like quantum systems. They are applied in various
fields ranging from life science, where they serve as non-bleaching
fluorescent labels,1 to quantum technologies, where their use spans
from quantum sensing (e.g., Ref. 2) to quantum communication
and computing.3 For all these applications, efficiently collecting and
detecting the color center’s photoluminescence (PL) is a central chal-
lenge. Especially in quantum technologies, emitted PL photons serve
two purposes: on one hand, color centers serve as a single photon
source, where the emitted photons will encode information, e.g.,
in quantum cryptography or photons mediate interactions between
distant color centers (spin–photon and spin–spin entanglement3).
On the other hand, for some color centers, the PL’s brightness
is directly linked to the color center’s electronic spin state [spin-
dependent PL, optically detected magnetic resonance (ODMR4)].
The latter is especially prominent for negatively charged nitrogen
vacancy (NV−) centers in diamond: ODMR enables using even

individual NV− centers, e.g., as highly sensitive magnetic sensors
under ambient conditions.5 For this purpose, typically green laser
light (532, 510 nm) excites NV centers non-resonantly. However,
due to diamond’s high refractive index (n = 2.4 for visible light),
only a few percent of NV− PL are typically collected from bulk dia-
mond.6 Consequently, in the last ten years, waveguide-like nano-
structures have been developed and employed to efficiently collect
the ∼100 nm broad PL band of NV− and to facilitate non-resonant
spin readout.7–13 In parallel, improved optical spin readout schemes
for NV− emerged that do not directly rely on ODMR: in 2012 and
2013, three publications reported that yellow laser light (typically
∼594 nm) selectively excites NV−, while for time intervals at which
the same center is ionized to NV0 no excitation and consequently
no PL occurs. This enables us to read out the NV charge state
with high fidelity.14–16 Non-resonant NV− spin readout relies on
a spin-dependent inter-system crossing to long-lived singlet states.
Additionally, residing in the singlet states protects NV− efficiently
from being ionized to NV0 under resonant excitation of the triplet
transitions. Consequently, via this spin-state dependent ionization
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probability, the NV− spin state is converted into a charge state when
adding (close-to) resonant excitation with red laser light address-
ing the purely electronic transition (ZPL) at 637 nm.17 In summary,
highly efficient, optical NV− spin readout nowadays relies on three-
color pulse sequences with red, yellow, and green laser light (see,
e.g., Ref. 18). While the effect of diamond waveguides, especially
tip-like, close-to cylindrical nanopillars (NPs), on the NV− PL has
been extensively researched,7–12 the effect of NPs on the laser light
used to manipulate NV− has not been investigated. In this article,
we present extensive numerical simulations to reveal how well typ-
ical Gaussian laser beams couple into NPs. As diamond NPs often
serve as scanning probes, they are manufactured on thin diamond
membranes (<1 μm) to ease mounting in a scanning probe micro-
scope.19 This allows for two excitation geometries: from the NP top
facet and from the membrane side. We include these two options
in our simulations. We investigate the influence of the NP geometry
and laser wavelength and compare our results to the experimental
findings.

II. SIMULATION SETUP
We performed all computations using commercially available

finite difference time domain (FDTD) software (Lumerical FDTD-
solutions, Version 2020 R6 on CentOS7). The excitation lasers were
simulated using a Gaussian laser source of parallel linearly polar-
ized light with a size (as defined by the power dropping to 1/e2) of
2 by 2 μm. The source was positioned at the origin (0/0/0), with the
light propagating along the negative z axis. The light intensity (x–y
plane) and the source’s spectrum (wavelengths set to range from 500
to 900 nm) resembled a Gaussian fundamental mode (see Fig. 2).
The electric field vector oscillated along the x axis and orthogonal to
the magnetic field (y axis). The intensities were set to an amplitude
of 1 to facilitate standardization.

For the upright setup (shown in Fig. 1), we positioned the
source 0.5 μm above the NP’s surface (the results are shown in
Fig. 3).

For the inverted setup, the source remained at the same posi-
tion, while the structure would be inverted: the diamond membrane
(purple in Fig. 1) would be topmost, with the NPs (yellow in Fig. 1)
pointing downward. In the inverted setup, we investigated two laser
foci: (a) 10 nm below the surface of the diamond membrane (the
results are shown in Fig. 4) and (b) at the interface between the dia-
mond membrane and the NP (the results are shown in Fig. 5). We
chose to investigate two focus options due to the following reasons:
experimentally, focusing is optimized by maximizing the detected
PL count rates. However, when exciting color centers below sat-
uration, enhanced PL rates reflect a combination of enhanced PL
collection efficiency and enhanced excitation intensity for differ-
ent objective positions. We thus investigate two different potentially
optimal foci to get a more complete picture.

We enabled the software’s options to eliminate discontinuities
and to optimize for short pulse. We activated the option to let the
beam fill a thin lens with an NA of 0.8 and set the focus to be in the
layer of the simulated NVs, 10 nm below the top surface of the NP.
We chose a depth of 10 nm for the NV layer; as such shallow NVs
are very typical for sensing applications. The above described option,
which is offered by Lumerical, allowed us to calculate the effects of
a focusing lens without having to explicitly model the lens and the

FIG. 1. Representation of the simulation setup. We place diamond nanopillars
(NPs, yellow) on a diamond membrane (purple, 500 nm thick). We assume NV
centers to be placed 10 nm below the top facet of the NPs for cylinder (left) and
truncated cone (middle). As the third geometry, we add recently investigated NPs
that resemble a truncated cone with a parabolic dome on top (right).12 We assume
that in the domed cone, NVs will be placed in the same height as in the other NPs.
The parabolic dome is simply added on top. While the light has to travel further in
this NP, its geometry should aid focusing it toward the center of the NV layer. Thus,
also for the dome-shaped NP, monitors are flat and record light intensity in the xy
plane. All cones have a slope of 4○, which is in agreement with the experimen-
tal findings,6,12 and a height of 2 μm. The top facet has a radius of 0.1 μm, and
the bottom radius of the NP is 0.1 μm for the cylinder and 0.24 μm for the cone
and the domed cone. The dome itself has a radius of 0.1 μm in x and a height
of 0.2 μm in z. The laser light is represented by a Gaussian mode (gray), coming
from top, being coupled into the NPs, and out through the membrane. Scale bars
are 1 μm.

light traveling all the distance. We thus modeled the very common
experimental situation in which a parallel laser beam is focused onto
the NP using an air objective,8,19 while minimizing the simulation
volume. The beam was constructed by adding up a total of 400 plane
waves.

The entire simulation volume was sectioned using a uniform
mesh with a mesh size of 5 nm for all three Cartesian coordinates.
Figure 1 depicts the simulation setup. Note that in Fig. 1, we depict
all three NP geometries simultaneously, while the simulations have
been run for only one NP geometry at a time.

To record the results, our setup included three 2D monitors
spanning the xy plane: one at the position where NV centers would
be placed (here, 10 nm below the NP’s top surface), below the mem-
brane, and above the source. Using the monitor at the NV level,
we gathered data about the light intensity reaching the NV cen-
ters (see Fig. 2). The monitor below the membrane on the other
hand was added to record the amount of light traversing the entire
diamond structure, while the monitor above the source recorded
data on the light reflected by the diamond structure. The data to
record were set to “standard Fourier transform,” total spectral aver-
age, and all Poynting vectors (Px, Py, Pz) and output power (P). This
ensured that the Poynting vectors were all normalized and directly
comparable to each other for various simulations.

To calculate and normalize the excitation laser light intensity
available at the presumed NV location, we used the real part R of the
magnitude of the Poynting vector (∣S∣, unit W/cm2). The Lumerical

AIP Advances 11, 065006 (2021); doi: 10.1063/5.0050390 11, 065006-2

© Author(s) 2021

https://scitation.org/journal/adv


AIP Advances ARTICLE scitation.org/journal/adv

FIG. 2. Characterization of the laser source and the resulting Poynting vector in
diamond that serves as a reference. (a) Intensity profile of the pulse emitted at
the laser source (intensity vs time). (b) Spectrum of the radiation emitted by the
laser source (intensity vs wavelength). The green area (500–900 nm) represents
the spectrum set in Lumerical to be calculated. (c) and (d) Intensity profiles of the
electric field of the emitted radiation at the source: along the x axis (c) and the y axis
(d). (e) False-color representation of the real part of the resulting Poynting vector
across the NV layer—10 nm below the surface of bulk diamond—for a wavelength
of 532 nm. This was used as a reference for all enhancement factor calculations
of 532 nm.

software employs Parseval’s theorem to link the power P flowing
through a surface A (i.e., the plane we monitor) to which the Poynt-
ing vector S is orthogonal �. For a plane wave, this relation can be
described as

P = ∫ RS�dA =
j,k

∑

x,y=0
RS�(x, y). (1)

While the usage of plane waves is an approximation, we ran
a series of pre-calculations and found that already using 40 plane
waves, the addition of further plane waves did not significantly
change the results. To further increase the accuracy, we used a
total of 400 plane waves and summed up to model the Gaussian
laser source. For microscopic models as ours, the Poynting vector
can be derived from the differential Maxwell equations and can be
expressed as the following cross product (×):

S =
1
μ0

E × B, (2)

where μ0 is the vacuum permeability, E is the electric field vector, and
B is the magnetic field vector. Since the Poynting vector is defined
to be always orthogonal to both the electric and magnetic field vec-
tors [see Equation (2)], we limit our calculations to the part of the
Poynting vector that is orthogonal to the electrical and magnetic
field vectors, S�.

To ensure that the obtained Poynting vectors are comparable
across all our simulations, it proved vital to use the same settings
(see above) for all monitors.

The magnitude of the Poynting vector was recorded for the
entire mesh-layer using the 2D monitor placed 10 nm below the NP’s
facet and thus at the presumed NV position.

For reference, we simulated the situation where NV centers are
incorporated into bulk diamond by using a 2D monitor parallel to
the diamond surface and 10 nm below the surface of bulk diamond.
We employ the same Gaussian source as for the NP geometry. The
sum of the power flowing through this layer, P0

xy, was calculated by

P0
xy =

j,k

∑

x,y=0
RS�(x, y)0. (3)

Here, the summation over ∑j,k
x,y=0 denotes the summation over all

mesh points in the monitor plane. RS� again denotes the real part
of the Poynting vector that is orthogonal to the plane through
which it flows. The superscript 0 marks the values in bulk (as ref-
erence). Simulations of other geometries are annotated by g instead
of 0. Here, geometry includes the geometry of the pillar (cylin-
der, truncated cone, and domed cone) and of the setup (upright
or inverted excitation). For explanation, see Fig. 1. All values refer
to a z-coordinate 10 nm below the surface of the cylinder, bulk,
membrane, or truncated cone, and 10 nm below the domed cone
section, to keep the simulations inter-comparable. We note that
this leads to a strongly increased distance to the apex for the
domed cone geometry but places the NVs in NP areas with similar
cross sections for all geometries, thus rendering simulation results

FIG. 3. Simulation results for upright setups. The graph displays a color coded map
of the enhancement factor εxy(λ) on a logarithmic scale, 10 nm below the NP facet
(the plane in which we assume the NV center to be placed). The different panels
show the results for NPs shaped like a cylinder [top row, (a)–(c)], truncated cone
[middle row, (d)–(f)], and domed cone [bottom row, (g)–(i)] and at the important
NV wavelengths of λlaser = 532 nm [left column, (a), (d), and (g)], λlaser = 594 nm
[center column, (b), (e), and (h)], and λlaser = 637 nm [right column, (c), (f), and
(i)], respectively. The scale bar is 100 nm.
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FIG. 4. Simulation results for the inverted setups. The false-color scale is the same
for all images, going from dark blue (0.1) to dark red (10) with white denoting
the center at 1. The different panels show the results for different pillars: (a)–(c)
cylinder, (d)–(f) cone, and (g)–(i) domed cone. The scale bar is 100 nm.

more comparable. The magnitude of the Poynting vector refer-
ence P0

xy and the geometry and spectrum of the simulated laser
source, which is typical for a confocal microscope, are shown in
Fig. 2.

FIG. 5. Simulation results for inverted setups, where the laser was focused to the
interface between membrane and waveguide. The false-color scale is the same for
all images, going logarithmically from dark blue (1/30) to dark red (30) with white
denoting the center at 1. The different panels show the results for different pillars:
(a)–(c) cylinder, (d)–(f) cone, and (g)–(i) domed cone. The scale bar is 100 nm.

To calculate how any NP geometry influences the laser light
intensity reaching the NV layer, we employed Eq. (4). For each
geometry and wavelength, the values of the Poynting vector mag-
nitude at each position of the mesh Pg

xy(λ) were subsequently com-
pared to the corresponding values obtained from the bulk dia-
mond simulation P0

xy(λ). This point-by-point division leads to the
enhancement factor ε of the geometry g at these coordinates xy for
the selected wavelength (λ); see the following equation:

εg
xy(λ) =

Pg
xy(λ)

P0
xy(λ)

. (4)

The results were converted from matrices into pictures
(Figs. 3–5) and exported using self-written Python scripts.

III. RESULTS AND DISCUSSION
As to be expected from our simulation setup, we can identify an

axial dependency of the electromagnetic fields in all our setups (see
Figs. 3 and 4), caused by the linear polarization of the laser source.
This is most pronounced in the evanescent fields traveling outside
the NP waveguide in Fig. 3 that exhibit a crescent shape with the x
axis as the long axis, and the y axis as the short axis. Inside the NP,
the enhancement ε exhibits mostly elliptical shapes—also with the x
axis as the long axis. The strength and exact shape of the enhance-
ment ε, however, significantly depend on the laser wavelength λLaser
as well as the NP’s geometry. For the cylindrical and domed cone
geometry, the evanescent fields that propagate into the side surface
of the waveguides can cause a high local enhancement for any NV
center located at these fringes. However, since the evanescent fields
experience an exponential dampening when penetrating into the
waveguide, we excluded these high enhancements factors in Table I
due to their extreme gradients.

As can be seen in Fig. 4, in the inverted setup, the evanescent
fields are dampened compared to the standard setup (see Fig. 3).
Inside the NP, the field intensity depends not only on the setup
(upright or inverted), but also on the geometry of the NP and the
wavelength of the laser (see Table I). While cylindrical and coni-

TABLE I. Maximal enhancement factors ε within the NP, 10 nm below the NP facet,
listed by wavelength and geometry.

Waveguide geometry (nm) 532 (nm) 594 (nm) 637 (nm)

Cylinder 2.23 2.30 1.89
Truncated cone 2.03 1.54 2.36
Dome 6.55 7.27 5.25
Inverted cylinder 2.74 3.73 2.01
Inverted truncated cone 5.27 3.82 3.34
Inverted dome 9.91 11.12 6.14
Inverted cylinder, focused
on the NP interface 6.23 11.23 5.83

Inverted cone, focused on
the NP interface 13.51 10.24 10.82

Inverted dome, focused on
the NP interface 25.23 29.78 20.25
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cal NPs always have the strongest enhancement in the center, this
holds not true for the domed cone geometry. From the simulations
recorded, it is clear that reflection occurring on the perpendicular
membrane’s surface has some impact, but is not the only driving
force for evanescent fields. Due to the geometry of the NPs, these
evanescent fields also exist within the photonic modes of the NPs
themselves, as discussed in detail by Fuchs et al. in 2018.6 The high-
est enhancement factors ε can be achieved using domed cones as
waveguides (see Table I). This holds true for all investigated wave-
lengths, and no matter whether the light is coupled directly into
the waveguide in the upright setup or has to cross the membrane
in the inverted setup. Throughout all wavelengths and geometries,
the inverted setup exhibits consistently higher enhancement fac-
tors ε. These findings are very promising for scanning probe-based
sensing approaches as the inverted geometry is often used in these
approaches. Moreover, dome cones have also been found to be an
optimal geometry considering the enhancement of the collection of
NV fluorescence.

In addition, we repeated the simulations of the inverted setup,
where the laser was focused 500 nm deeper into the diamond. The
focus thus changed from 10 nm below the membrane’s surface to
the interface between the membrane and the NP waveguide. The
results (see Fig. 5) show that this increases the enhancement factor
even further, by another factor of roughly 2.5 for any combination
of geometry and wavelength.

The different intensities at different wavelengths can be
explained by the Fabry–Pérot interference along the NPs. To that
end, we plotted an overview of the relative intensities of the light
reaching the NV layer in different geometries vs their wavelengths
in Fig. 6.

FIG. 6. Simulation results for all setups. Depicting how much of the light for each
wavelength gets transmitted to the layer of the NV. The oscillations are the results
of the Fabry–Pérot interference along the NPs. All graphs are not normalized but
grouped for comparison. Black solid circles represent the infinite bulk of diamond.
Fine magenta dots represent the cylindrical wave guides. Closed blue upward tri-
angles represent the truncated cones, and orange circles represent domed cones.
The inverted setups are represented by green closed squares (cylinders), red
downward pointing triangles (truncated cones), and lilac closed pentagons (domed
cones), respectively. Vertical black dashed lines show the wavelengths of 532, 594,
and 637 nm.

IV. CONCLUSION AND OUTLOOK
The simulations presented within this article clearly demon-

strate the pronounced impact of the geometry of the NP waveguides
on the relative availability of light within the NP waveguides. They
also show the clear advantage of the domed cone geometry over
the truncated cone and the cylindrical geometry. With the domed
cone geometry, it is possible to increase the excitation laser inten-
sity available to NVs placed at any point along the studied plane by
a factor of 5–11, depending on the wavelength and setup orienta-
tion. The better enhancement of domed cones vs truncated cones
can be explained by the refraction of light entering the dome: along
the hyperbolic curvature of the dome, all light is refracted toward the
focal point inside the dome. This drastically increases the amount
of light directed to the plane of the NVs. Videos of these simula-
tions are available at https://doi.org/10.5281/zenodo.4727903. This
increase is in good agreement with experimental data for 532 nm
laser excitation stating that in photonic structures comparable to
our NPs, NV centers can be efficiently excited showing saturation
powers of down to 100 μW together with a strong enhancement
in fluorescence collection. Consequently, the NPs increase the sig-
nal to background ratio compared to bulk diamond9 and enable
more efficient sensing. In 2020, McClosekey et al. studied similar
arrays of domed cone structures [see Fig. 1(b) in Ref. 11]. For a
fixed low excitation power (55 μW), the NV photoluminescence
is enhanced by a factor of 11.5. While both these experimental
results are first hints that the fluorescence collection and excitation
laser intensity are both enhanced in the NPs, the random place-
ment of the NV centers as well as a potential spread of absorp-
tion cross sections of the NV centers hinders reliable determina-
tion of the laser intensity available to the NV centers. Our calcula-
tions provide information on the distribution of laser intensity in
the NP.

We find a higher light availability toward the center of the NP
waveguide and a potential for less light availability toward the rim
of the wave guides. The domed cones exhibit the best enhancement,
and the inverted setup further increases the amount of light reaching
the NVs.

Our simulations provide important guidance for experiments
using multiple excitation lasers applied to the NV centers: enhance-
ment factors for the three most common wavelengths in multi-
color experiments differ strongly: for example, for the inverted setup
with the domed cone NP, the enhancements for 594 and 637 nm
lasers differ by almost a factor of two (11.1/6.1). In contrast, for
the inverted setup with the truncated cone NP, the enhancement
for those wavelengths differs only by 10% (3.8/3.4). Consequently,
optimal laser powers or laser power ratios of the lasers in bulk exper-
iments might differ from those in NPs and will also change with
the NP geometry. Our simulation data aid in adjusting laser pow-
ers used for optimized multi-color sensing experiments in different
NP geometries.
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