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ABSTRACT: Extracting photons efficiently from quantum sources, such as
atoms, molecules, and quantum dots, is crucial for various nanophotonic
systems used in quantum communication, sensing, and computation. To
improve the performance of these systems, it is not only necessary to provide
an environment that maximizes the number of optical modes, but it is also
desirable to guide the extracted light toward specific directions. One way to
achieve this goal is to use a large area metasurface that can steer the beam.
Previous work has used small aperture devices that are fundamentally limited
in their ability to achieve high directivity. This work proposes an adjoint-
based topology optimization approach to design a large light extractor that
can enhance the spontaneous decay rate of the embedded quantum transition and collimate the extracted photons. With the help of
this approach, we present all-dielectric metasurfaces for a quantum transition emitting at λ = 600 nm. These metasurfaces achieve a
broadband improvement of spontaneous emission compared to that in the vacuum, reaching a 10× enhancement at the design
frequency. Furthermore, they can beam the extracted light into a narrow cone (±10°) along a desired direction that is predefined
through their respective design process.

■ INTRODUCTION
When employing quantum emitters (atoms, molecules,
quantum dots, etc.), it is essential that photon extraction
efficiency from them is maximized and the extracted photons
are properly guided. This requisite is made evident in many
applications. For instance, in quantum sensing, it is paramount
that photons emitted from a source are guided outside the
solid-state structure and into narrow cones, as measurement
sensitivity and the resolution of such systems are limited by the
number of collected photons; moreover, improved photon
extraction can lead to increased signal-to-noise ratio and
detection efficiency for such sensors. In quantum transport
problems, the same requirements present themselves when two
quantum transitions need to have strong dipole−dipole
coupling.1,2 Maximizing the efficiency of light extraction is
directly linked to enhancing spontaneous emission, which is a
measure of available optical modes for emitted photons.
Fortunately, we have come to understand that the spontaneous
emission of a quantum emitter can be modified by engineering
its photonic reservoir.3 Therefore, to enhance the extraction of
photons from an emitter (Figure 1a), the medium around it
must provide an ample number of optical modes for the
photons to occupy. This can be done by simply placing the
emitter inside a dielectric (Figure 1b); however, doing so puts
a fundamental upper limit on the enhancement ratio equal to
the refractive index of the host material. An intelligent design
of the mechanisms constituting the environment around the
emitter can surpass such a limit. Among other methods, this
has been achieved by utilizing micro/nanocavities that the

emitter would be in resonance with,4−6 or metallic
nanostructures that amplify the spontaneous emission.7,8

Effective as these methods are, introducing resonance-based
phenomena limits the bandwidth of the embedded quantum
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Figure 1. (a) A quantum transition at vacuum, emitting photons. (b)
Enhanced decay rate achieved by placing the two level system inside
an infinite environment filled with a dielectric is limited by the
refractive index of that dielectric. (c) Better enhancement can be
achieved by placing the quantum transition inside a deliberately
engineered metasurface. (d) The metasurface can simultaneously
guide the extracted photons inside narrow beams toward specific
directions.
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sources, which nulls the broadband advantages of solid-state
emitters; while using metal-based elements in the design
instigates undesirable loss to the system. An alternative avenue
toward the same goal is to employ dielectric metasurfaces,
which can overcome the emitter’s bandwidth issue, and the
system’s energy loss while providing the same degrees of
control as their metallic counterparts.9 An approach that has
proven itself to be extremely effective in designing complex
analog systems (e.g., systems capable of solving differential
equations10 or running neural inference on time-domain
data11) and photonic quantum systems12−15 is topology
optimization through the adjoint method. Such a target-
oriented design perspective not only helps us to enhance the
decay rate of emission but also allows us to precisely define the
direction of the extracted photons, which also has a variety of
applications. For instance, in quantum communication,
controlling the emission direction of photons is critical for
ensuring reliable transmission over long distances. This is
similarly done by engineering the host medium in such a way
that the electromagnetic interaction of the outgoing light with
it morphs the light into a desired beam. Addressing these two
differing goals requires us to take a multiobjective optimization
approach as taken by many inverse design works aiming to
address multiple challenges at once.13,16,17 Consequently, we,
too, present a multiobjective optimization scheme based on the
adjoint method to design a large all-dielectric metasurface that
simultaneously increases the Purcell factor (an indicator of the
number of optical modes available to the emitted photon) and
precisely guides the extracted light into narrow cones along
specific directions. As described above, such a combination of
enhanced spontaneous emission and directional photon
emission opens opportunities for advancing various optical
and quantum technologies.
Furthermore, we use our proposed process to inversely

design two Si-based structures, with a quantum transition
placed in the center as the source. While both of these designs
provide a 10× enhancement of the spontaneous emission at
the wavelength of interest (λ = 600 nm) and guide the
extracted light inside a narrow cone 10° wide, each of their
corresponding cones points to different directions (one guides
the light along the z-axis and the other along a direction 40° off
that axis).

■ METHODS
In this work, we designed silicon-based large metasurfaces that
can act as light extractors. The objectives these designs have to
clear are achieving large Purcell factor enhancement for the
embedded quantum transition and beaming the extracted light
into narrow cones in the far-field. Through the lens of topology
optimization, these objectives are mapped to target behaviors,
characterized by numerical values, inside a cost function that
contrasts the performance of a given design to it. Although
there are packages such as Meep that implement topology
optimization in near- and far-field domains,18 here we use
Tidy3D, a hardware-accelerated FDTD solver designed to
handle large electromagnetic simulations considerably faster
than other solvers.19 While this allows us to potentially design
very large photonic media in a fast and efficient manner, it also
means we have to derive and implement the back-propagation
step of the optimization process (see Supporting Information).
The first stated goal can be rephrased as the enhancement of
spontaneous emission of the emitter in the metasurface
compared with the vacuum. The spontaneous decay rate of a

single emitter is linked to the local density of states of its
environment, representing the number of available electro-
magnetic modes for photon emission.20,21 At the location of
the emitter, the spontaneous emission is directly proportional
to the imaginary part of the system’s Green function (I(G)) of
the wave equation evaluated at the emitter’s location.1,22 As a
result, the enhancement ratio of the decay rate, i.e. Purcell
factor (PF) becomes the ratio of the imaginary part of the
Green function of the emitter inside the designable structure
(I(Gs)) over that of the vacuum (I(G0)), both evaluated at the
quantum transition’s position (since this work takes on an
electromagnetics-based model for light propagation, we also
use a classic description for defining the Purcell factor;
therefore we have implemented PF as the ratio of the real part
of the electric field at the location of the emitter between the
two environments). In order to increase PF during the
optimization process, we try to minimize its difference with a
large target value PFt. As a result, the cost function
representing this aspect of the target behavior becomes
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The second goal for the presented task is to guide the
extracted light through narrow beams along specific directions.
This goal is defined in terms of the far-field radar pattern of our
designable metasurface (y(θ,ϕ)): we equate the precise directing
of the extracted photons to the formation of narrow beams in
the far-field pattern. For such a narrow beam, the ideal
distribution of ỹ (y(θ,ϕ) normalized by its maximum value ||y||∞
over all angles θ and ϕ) would be near-one values for angles
close to the peak of the beam followed by a sudden drop to
near-zero values further from the beam center. This can be
encouraged in the inverse-design process by introducing the
target behavior ỹt(θ,ϕ) that takes values equal to 1 for the
specific angles where the beam is aiming toward, and zero
elsewhere. Consequently, the design can be optimized for this
desired behavior by minimizing the following cost function.
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The full cost function C for our desired metasurfaces is a
linear combination of the terms presented in eqs 1 and 2. This
cost function then has to be minimized with the electro-
magnetic wave equation (for near- and far-field) as a
constraint. This optimization problem can be formulated in
the following format, where Ae = b represents the frequency
domain wave equation (with A, e, and b being the
electromagnetic wave operator, the electric-field vector, and
the source vector, respectively).

C vC wC

Ae b

minimize

subject to

pf ff= +

= (3)

where the weights v and w are meant to keep both terms in the
cost function on the same order of magnitude. As hinted at in
Figure 1, the photonic media designed in this work are
pixelated binary metasurfaces. To design for such metasurfaces,
we employ a density-based topology optimization approach
where the density function is defined in terms of a linear
combination of b-spline functions, and the adjoint method
computes the gradient of that cost function with respect to the
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coefficients of that linear combination.23,24 In general, b-splines
enable the generation of complex binary media with smooth
curved boundaries between the two materials, with control-
lable feature sizes.23 In the case of pixelated media, as is the
case here, this translates to modifying the pixel sizes in the
design. This allows us to change the dimensions of our
building blocks to suit the target performance (see Supporting
Information).

In a design with many tunable parameters (p), the adjoint
method allows us to compute the contribution of all of them
by solving one extra equation (eq 4) called the adjoint
equation. Here, AT is the transpose of the electromagnetic
wave operator matrix, eadj is the adjoint field, and ∇eC is the
gradient of the cost function with respect to the electric field,
and it is nonzero only where the field is measured for each
term in the cost function.

Figure 2. (a) In the setup for modeling the near-field regime of the forward problem, the dipole representing the quantum transition is placed in
the center of the designable metasurface. The electric field is then measured (b) at the location of the source to compute the enhancement ratio of
the decay rate, and on a monitor plane above the metasurface, which is then used for (c) the near-to-far-field transformation. (d) For modeling the
backward problem, the gradient of the cost function w.r.t the far-field has to be first transformed to the gradient of the cost function to the near-
field. Then, the corresponding near-field error sources for (e) far-field and (f) the near-field can be placed.

Figure 3. Two structures with a 10× enhancement of spontaneous emission at λ = 600 nm. (a) The first structure guides light perpendicular to its
surface in a narrow cone, while (b) the second structure directs light to a cone 40° off this axis. (c, d) The comparison between the far-field
performance and the target response for each of the two designs. (e, f) The radar pattern for the two designs at ϕ = 45° and ϕ = 140°, respectively.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c10362
ACS Omega 2024, 9, 24356−24361

24358

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c10362/suppl_file/ao3c10362_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c10362/suppl_file/ao3c10362_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10362?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10362?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10362?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10362?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10362?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10362?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10362?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c10362?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c10362?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


A e CT adj
e= (4)

The necessary gradients for the optimization are the real part
of the Hadamard product between the electric field and its
corresponding adjoint field (see24,25 for detailed derivation).

C R e e( )p
adj= (5)

While previous works have shown that spontaneous
emission can be enhanced using intricately designed small-
scale metasurfaces,14 we intuit that a larger design allows for
more precisely guiding the extracted photons. However,
accurate modeling of large photonic media can be very
computationally expensive. In order to address this issue, as
mentioned earlier, we use Tidy3D. Using this solver, we model
the forward problem (solving for the electric field) in the near-
field regime (Figure 2a). This allows us to compute the
enhancement ratio of the decay rate by measuring the field at
the location of the source (Figure 2b) and to compute the far-
field by measuring the field on a plane above the metasurface,
and then applying a near-to-far-field transformation26 to it
(Figure 2c). Modeling the forward problem will be complete
once we compute the value of the full cost function C
corresponding to a given design.
The next stage is modeling the adjoining problem (solving

for the adjoint field). For this stage, Tidy3D proves useful. This
is possible because the wave operator A is symmetric for the
most part. As a result, the adjoint eq (eq 4) can also be posed
as an electromagnetic simulation where any nonzero element
of ∇eC becomes a source at its respective location on the Yee
grid. Of course, since we use Tidy3D in the near-field regime,
the terms corresponding to ∇eCff must be first transformed
from the far-field regime to the near-field regime (Figure 2d).
The details of this transformation are explained in the
Supporting Information. Once the corresponding near-field
values of ∇eCff are computed, they can be used as sources in
the adjoint simulation that Tidy3D would solve (Figure 2e).
To complete the setup for the backward simulation, the error
source ∇eCpf also needs to be added at the original location of
the quantum transition (Figure 2f). Once this setup is
complete, the adjoining equation is solved for the metasurface
modeled in the forward problem. Then, the necessary gradients
are computed, and the tunable design parameters are updated.
Repeating these steps in an iterative process enables
optimization of an initial design for our desired behavior.

■ RESULTS
We use the presented optimization algorithm to design two
metasurfaces both of the size 3λ × 3λ × 0.2λ (demonstrated in
Figure 3a,d). While both aim to increase the Purcell factor of
the embedded dipolar source by at least 1 order of magnitude
at their design frequency λ = 600 nm, the first medium guides
light along the axis perpendicular to it (the z-axis), and the
second does so along a direction 40° off that axis.
For the light going out of the first medium, we expect to see

a light cone similar to that in Figure 1d, and looking at the field
intensities above the medium at different distances (Figure 3a),
the formation of such a cone can clearly be seen. Furthermore,
eq 1 described that the far-field pattern of the structure (ỹ(θ,ϕ))
was optimized by contrasting it with a ground truth pattern
(ỹt(θ,ϕ)). Figure 3b presents these parameters as 2D images that
cover the upper hemisphere of the medium (θ and ϕ varying in
the range [0−π/2] and [0−2π], respectively). Here, the

ground truth is set to 1 for all values of ϕ, and θ values less
than 10° and 0 elsewhere; and the far-field of the optimized
medium is closely following this pattern. Figure 3c shows the
radar pattern for the upper hemisphere at ϕ = 45°, which is
compatible with the expected objectives. Similarly, Figure 3d−f
shows the same measures for the second structure. The
medium is designed to direct light along a path with θ = 40°
and ϕ = 140°, with an approximately 10° cone angle. Figure 3e
shows how well its performance compares to the ground truth,
which is further upheld by the medium’s radar pattern at ϕ =
140°. Of course, it should be pointed out that although the
depicted results only represent the performance in the upper
hemisphere, the symmetry of the setup along the z axis means
the lower hemisphere will mirror the same far-field behavior.
While the properties of the presented media are designed for

the specific wavelength λ = 600 nm, the final designs presented
those desired behaviors in a broader bandwidth. In Figure 4a,

we show the Purcell factors of the two structures. It is evident
that, while better enhancement happens around 600 nm, at
least a two-times improvement in the same measure holds for
wavelengths 570−640 nm as well. This study shows that the
designed media have indeed been successful in providing extra
optical modes through which emitted photons can be
extracted. However, for the purposes considered in this
work, it is also paramount that the emitted light is not
exclusively extracted into the bound modes of the pixelated Si
slab and instead be predominantly guided out of the slab
upward and downward. In order to evaluate these criteria, we
then measured the ratio of the electromagnetic flux going along
the z axis over the total flux escaping the metasurface. Of
course, due to the large surface area of the up/down faces of
the metasurface, we expect this ratio to be high; however, if the
generated photons were unexpectedly being extracted into
guided modes inside the metasurface, a significant portion of
the outgoing flux would leak from the sides of the medium, and

Figure 4. (a) Purcell factor as a function of the wavelength for the two
designs (designs 1 and 2 guide the light at angles θ = 0° and θ = 40°,
respectively). (b) The ratio of the flux along the z axis on the large
sides of the two media (red arrows) to the total outgoing flux from the
medium (all arrows). The high ratio shows that the emitted photons
have not been extracted to the guided mode, traveling along x/y axes.
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this ratio would be very small. However, as Figure 4b
demonstrates, this ratio is close to 1, showing that only a
small portion of the extracted photons exits from the sides.
Finally, we delve deeper into the effect of the sizes of our

structures on their light extraction and far-field performances.
While previous works have demonstrated enhancement in light
extraction with much smaller metasurface designs, the resulting
devices were not as effective in guiding the extracted light in
narrow directions. It can be intuitively construed that a larger
design can provide the extra degrees of freedom required for
focusing light on narrower beams. As a result, we expected that
the light extraction enhancement would happen predominantly
through the pixels closer to the source and that the pixels
further away from it would have a more significant role in
preserving the far-field behavior. However, trying to evaluate
this hypothesis showed evidence to the contrary. For this
evaluation, we started removing pixels further away from the
source and modeling the behavior of the resulting device.
Figure 5 shows the comparison between the far-field and its
target performance (far-field ground truth), along with the PF
enhancement at the central frequency for the reduced-size
version of the first metasurface design. Panel (a) holds the full
structure, while panels (b) and (c) keep a square area centered
around the source, spanning 2.5λ × 2.5λ and 1.8λ × 1.8λ,
respectively. As expected, even removing a layer spanning two

pixels from each side (Figure 5b) causes significant disruption
in the far-field pattern. However, contrary to expectation, this
also causes a noticeable drop in the Purcell factor, signifying
the non-negligible role of the outer layers in enhancing the
Purcell factor. Of course, the idea of an overall performance
degradation as a result of removing elements of an optimized
design is not unexpected either. We further examine the effect
of changing metasurface sizes and the size of their building
block pixels in the Supporting Information.

■ CONCLUSIONS
This work discusses an approach for designing large-area all-
dielectric metasurfaces for simultaneously enhancing light
extraction and guiding light to specific directions in narrow
angles. The multifaceted goal defined for this work necessitated
the creation of a multiobjective design process capable of
handling constraints in the far-field as well as the near-field
region. As a result, we proposed an optimization process
compatible with these requirements and employed it to design
two different structures. These structures not only improve
light extraction for a quantum transition placed inside them
but also guide light into narrow cones along different
directions. We then studied the spectral behavior of the
designed media, which showed their relatively broadband
capabilities. Finally, we examined the effect of the outer layers
of the optimized design on its performance with regard to the
two objectives defined for it. This showed the significant
contribution the outer layers of the metasurface have on the
enhancement of the Purcell factor as well as the formation of a
narrow far-field beam.
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