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Abstract: The rates of optical processes, such as two-photon absorption and spontaneous photon
emission, are strongly dependent on the environment in which they take place, easily varying by
orders of magnitude between different settings. Using topology optimization, we design a set of
compact wavelength-sized devices, to study the effect of optimizing geometries for enhancing
processes that depend differently on the field in the device volume, characterized by different
figures of merit. We find that significantly different field distributions lead to maximization
of the different processes, and - by extension - that the optimal device geometry is highly
dependent on the targeted process, with more than an order of magnitude performance difference
between optimized devices. This demonstrates that a univeral measure of field confinement is
meaningless when evaluting device performance, and stresses the importance of directly targeting
the appropriate metric when designing photonic components for optimal performance.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The rates of a number of optical processes depend strongly on the spatial environment in which
they take place. For instance, the rate of spontaneous emission from dipole emitters can be
strongly enhanced when placing them in a resonant environment [1], and the proximity of metallic
nano-particles can influence the rate of Raman scattering from molecules by orders of magnitude
[2–4]. In both cases, systematic geometrical optimization can increase the enhancement by
additional orders of magnitude [5,6]. Thus, it is clear that the choice and distribution of the
materials constituting the environment matters greatly for the process rate. Furthermore, and
central to this work, different optical processes scale differently with the spatial distribution of
light. This leads to different expressions for the figure of merit (FOM) and, as a will be explored
in this work, significantly different optimum structures.

A well-established, and often applied method for designing photonic components, is based on
single-mode optical cavities with long temporal storage and tight spatial confinement of light,
as quantified by the resonance quality factor and the effective mode volume [7], respectively.
Regarding temporal confinement, there exist by now several designs for cavities in which the
resonances have very large quality factors [8,9]. Regarding the spatial confinement, an approach
which is well known in the context of plasmonics [2–4], but has recently also been explored
for dielectric structure [10–12], is to design structures exploting sharp tips, often in the form
of bowties, which localize the light tightly in space. More systematically, one may directly
maximize the single-emitter local density of states (LDOS) [5,13–15].

While the described strategies are well-established and well-understood for photonics design
in the case of point-like interactions, they do not directly target the relevant FOM for other
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types of light-matter interaction, such as Kerr non-linearities, dipole-dipole interactions [16] or
second harmonic generation [17]. Notably, a study on the inverse design of photon extractors
for qubits [18] found a strong effect from optimizing the LDOS compared to optimizing the
device collection efficiency. This points to the importance of selecting the correct FOM for
the application given the particular design problem, rather than solely relying on maximizing a
generic performance measure such as the single-emitter LDOS. Consequently, it is not clear if
design strategies relying on maximizing temporal or spatial confinement or relying on point-like
interaction phenomena will be generally preferable, and it is conceivable that such strategies may
lead to sub-optimal performance if applied to other photonic phenomena.

To investigate this proposition, in the context of dielectric photonics, we design devices to
maximize a set of different FOMs, thereby systematically studying the relationship between
device-geometry and the enhancement of different optical processes. This is done using geometry-
agnostic inverse design via density-based topology optimization [19,20], which offers unparalleled
design freedom. In particular, it enables tailoring of device layouts without imposing any inherent
limitations on the device geometry, except specifying the maximum outer dimensions of the
device, and those imposed by the numerical discretization of the model problem. The application
of inverse design for photonics applications has grown significantly in popularity over the latest
decade, and is by now being applied by an increasing number of researchers for a variety of
photonics applications such as designing photonic multiplexers [21], topological insulators
[22,23], metalenses [24] and numerous other problems [25,26].

Our study reveals that the optimized device geometries change qualitatively depending on
the targeted process. Thus, optimizing the geometry to maximize a particular FOM leads to
qualitatively different field distributions, either spreading out the field throughout the device,
localizing the field in a point in 2D (rod in 3D), or inside a slit between two parallel surfaces,
as shown in Fig. 1 B-D. We further find that designing a device which maximizes a particular
FOM does not necessarily result in the longest temporal confinement nor the tightest spatial
localization possible under the given design constraints.

Fig. 1. A: Layout of the model problem under study. By tailoring the geometry of the
structure in the light gray region, we seek to maximize a set of FOMs based on the total field
in the structure resulting from illumination through the single-mode input waveguide. B-D:
Details from optimal structures maximizing, respectively, the integral of |E(r)|4 in the solid
(B), the integral of |E(r)|6 in the solid (C), and the integral of |E(r)|6 in the entire device
domain (D). The three different FOMs lead to characteristic shapes denoted “Volume”,
“Rod”, and “Slit” as indicated.

2. Model problem and figures of merit

As our model problem we consider the design of a membranized silicon (high-index material)
structure in an air (low-index material) background, as sketched in Fig. 1(A), in which the device
design region is connected to photonic waveguides supporting a fundamental waveguide mode.
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The structure is excited through the waveguide at a frequency corresponding to the free-space
wavelength of λ = 1550 nm. As an example, such a setup is used in all-optical switching [27]. As
a geometric limitation imposed in this study, we restrict the device blueprints to vary only in the
plane. This enables lithographic realization and integration of the optimized devices in photonic
circuits using present day fabrication techniques such as electron beam lithography, vertical
etching, and uniform underetching. Our model of the physics assumes classical electromagnetism
and time-harmonic field behaviour [28,29]. As a reference device, used for the quantitative
evaluation of the optimized structures, we consider a straight waveguide. Details and sketches for
the model and reference problems, parameter choices, and the optimization procedure are given
in Appendix A.

In order to explore and map out how the geometries of the optimized devices change with
changing FOM, we consider the enhancement of optical processes, which scale either with
the integral of the electric field amplitude to the power of two (case A), such as gain or linear
absorption, or with the integral of the electric field amplitude to the power of four (cases B/E) such
as the Kerr effect or two-photon-absorption, or with the integral of the electric field amplitude
to the power of six (case C), such as two-photon-absorption combined with carrier-plasma
dispersion [30]. In addition to these integrated quantities which depends on the integral of the
field over the entire device, we consider the generic case of a process taking place at a single point
and scaling with the amplitude of the electric field at this point only (case D); in this case, there
is no need to account for any dependence of the FOM on the exponent of the field amplitude.
Cases A-D target maximization of these FOMs inside the solid (high-index material) while case
E considers maximization over the entire design region, including air (low-index material). Case
E is included to investigate the effect of not restricting the FOM evaluation to only the solid
material.FOMs have deliberately been chosen to be similar and relatively simple, in order to
study the generic impact of the exponent on device geometry and performance. The figures of
merits are listed in Table 1.

Table 1. The five FOMs investigated in this study. Top four: Only
contributions from the solid material regions are included. The integrals are
taken over the entire calculation domain ΩT, but the solid indicator function

Is(ξ(r)) vanishes outside the high-index (silicon) material. Fifth:
Contributions from both high-index (silicon) and low-index (air) are included.

Inside the silicon in ΩT

ΦA =
∫
ΩT

Is(ξ(r)) |E(r, ξ) |2dr

ΦB =
∫
ΩT

Is(ξ(r)) |E(r, ξ) |4dr

ΦC =
∫
ΩT

Is(ξ(r)) |E(r, ξ) |6dr

ΦD = Is(ξ(r0)) |E(r0, ξ) |

In all of ΩT

ΦE =
∫
ΩT

|E(r, ξ) |4dr

In practice, the electric field E(r, ξ), as a function of spatial coordinate r and material distribution
ξ(r), is obtained by solving the physics model problem for a given material distribution in the
design domain ΩD, determined by the material indicator function ξ(r) ∈ [0, 1] where ξ = 1
(ξ = 0), corresponds to silicon (air). The target domain, over which the integral in the FOM is
evaluated, is denoted ΩT, and we set ΩT = ΩD in all calculations in the present work. The center
point in the design domain is denoted r0. The solid indicator function Is takes the value 1 inside
silicon and 0 in air. Hence for FOMs A-D, only the electric field inside the silicon regions of ΩT
contributes to the FOM; this is the case for problems such as material absorption and material
non-linearities. For FOM E, the electric field in all of ΩT contributes to the FOM.
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In practice we find that the proposed frequency-domain-based topology-optimization approach
tailors each optimized device geometry to support a single eigenmode at the targeted frequency.
Therefore, the response may naturally be analyzed and understood using the framework of
eigenmode analysis [31]. In Appendix B we show the eigenmodes corresponding to each of the
designs to illustrate that the field distributions are virtually identical to those obtained by excitation
through the waveguide. The present work, however, is devoted to direct numerical optimization,
and a detailed modal analysis is therefore outside the scope of this article. Because of the specific
formulation, in which the fields are excited through the waveguide, the design model inherently
accounts for mode (mis)match between the waveguide and the optimized structure. The topology
optimization therefore implicitly tailors the designs to exhibit the coupling that maximizes the
FOM for each case. The interested reader may consult Table 4 in Appendix C for an overview of
the insertion loss (IL), reflectance (R) and transmittance (T) for each designed structure.

3. Results

Using the design procedure and parameters reported in Appendix A, we design one device for
each of the five FOMs in Table 1. In Fig. 2 we show the device cross-sections as well as the
electric-field-magnitude obtained by exciting the structure with the fundamental waveguide mode
at the targeted wavelength of 1550 nm. The top panels in each row show top-down cross-sectional
views of the device layouts, in which black and gray denote silicon and air, respectively. The
bottom panels in each row show a cross-section of |E(r)| through the mid-plane of the device, on
a saturated colormap using the same scaling of the field across the five cases so that the fields are
visually directly comparable. The approximate Q-value of the resonance closest to the excitation
wavelength of 1550 nm in each device is reported in the top left corner.

Fig. 2. Optimized devices obtained by solving the design problem in Eq. (7) for the five
FOMs in Table 1. In each case, the top panel shows the layout in which black and gray denote
silicon and air, respectively. Bottom panels show the |E(r)|-field for waveguide excitation at
the target wavelength of λ = 1550 nm along with the Q-values of the resonance closest to
1550 nm.

Upon inspection of the design blueprints, all devices are found to be different. Whereas the
devices in panels A and B only differ subtly in the shape and size of individual features, the
remaining designs have markedly different shapes and topologies. This illustrates the main
findings of this work, namely that significantly different designs are needed to maximize the
different FOMs. A visual inspection of the geometries and associated field distributions enables
a deeper insight into the different effects exploited to enhance the different FOMs. Starting with
the designs in panels A and B, one observes a convex lensing feature at the input waveguide,
which serves to spread out the field incident from the waveguide and couple it to the device.
The lens is followed by a photonic-crystal-like structure, which serves to distribute the field over
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a relatively large spatial region in ΩT. This configuration benefits the relatively low exponent
for the electric field magnitude in the FOM. The design in panel C, on the other hand, exploits
an in-line Bragg-mirror-like configuration to confine the light in the structure with a dual-tip
structure centered at a point along the centerline inside the device, in order to strongly focus the
light in a small region near the center of the tips. Even if this tight confinement comes at the cost
of lowering |E(r)| in other parts of the target domain, this geometry benefits the exponent of six
for |E(r)| in the FOM. For the design in panel D, the FOM specifies that the electric field is to
be maximized inside the silicon (high-index material) at r0. It is seen that the design contains
a distinct bowtie-like structure centered at r0, a shape known from structures systematically
optimized for single-point-source emission enhancement [5,13–15]. This structure serves the
purpose of shifting and focusing the field intensity peak to the right relative to the design in panel
C, such that it coincides with r0. Interestingly, computing the maximum value of |E(r)| over ΩT
(see Table 4 in Appendix C for a list of values for all five designs), we find that the design in
panel C exhibits a value of 28 (relative to the reference) while the design in panel D exhibits a
value of 22.8. This apparent discrepancy is caused by the fact that the design in panel D is forced
to maximize |E| at r0. This effectively serves as a constraint on the design problem, whereas the
design in panel C has been free to localize the maximum |E(r)|-field value anywhere inside ΩT ,
leading to a larger maximum value. Next, we compare the designs in panels B and E, which
are both optimzed for the same exponent of the electric field. Whereas the former is optimized
for confinement in the solid material, the latter includes the effect of the field in both solid and
air. It is seen that the two geometries are fundamentally different. For the design in panel E, a
narrow, air-filled, slit-like feature akin to those present in air-slot waveguides [32] has appeared.
The electric field is mainly confined to this slit, with approximately 69% of the energy in the air
region. This shows that it is beneficial to confine the field in air (low-index material) rather than
in silicon (high-index material) in order to maximize |E(r)|4 over ΩT. Notably, for the design in
panel E, the field is not localized at a single spatial point, as might have been expected from the
conventional idea that the stronger spatial localization the higher value of |E(r)|, but rather the
field is nearly constant inside all of the narrow slit with a length of approximately 108 nm.

To evaluate the performance of each design, both relative to the reference waveguide and
relative to each other, we compute and compare the performance of the five devices by cross-
evaluating them for each of the different FOMs in Table 1. First, we compute the enhancement
of the FOM for each design relative to a reference design consisting of a straight, unperturbed
waveguide (panel B in Fig. 4). This enhancement is reported in Fig. 3, panel I. Next, for ease
of comparison, we normalize the enhancement for each FOM across the five designs by the
maximum enhancement. These max-normalized results are reported in Fig. 3, panel II. The
results are organized such that each grouping of columns shows the enhancement for a particular
FOM, obtained for each of the five devices. Considering first panel I of Fig. 3, it is seen that
larger enhancement is acheived for FOMs with larger exponents of the electric field, which may
be explained by the spatial confinement of |E(r)|j having a greater impact for larger exponents,
j. The enhancement of ΦA for design A is seen to be ≈ 16 relative to the reference structure,
while the enhancement of ΦC for design C is ≈ 35700. Considering next panel II of Fig. 3,
which compares the five FOMs directly, it is seen that each device optimized for a given FOM
consistently outperforms the other devices for that FOM, thus demonstrating the superiority of
targeting the FOM directly in the design process. It is observed that designs A and B, which
are of qualitatively similar shape, achieve FOM values to within 5% of each other and that they
outperform the remaining designs by between a factor of two and four. The design in panel C of
Fig. 2 outperforms designs A and B by a factor of four and design E by more than an order of
magnitude. Considering the design in panel D of Fig. 2, i.e. the fourth grouping of columns
in panel II, it is seen that it outperforms the remaining four designs by at least a factor of six.
The design in panel E of Fig. 2 is seen to outperform all other devices by more than an order
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of magnitude for its own FOM, whereas it performs significantly worse, by between a factor of
two and more than an order of magnitude compared to designs A-D, when evaluating for their
respective FOMs.

Fig. 3. Enhancement of the five FOMs in Table 1 for each of the five designs A-E in Fig. 2
relative to the reference device of a straight waveguide. I: Reference- and max-normalized
enhancement inside the silicon in ΩT. II: Reference- and max-normalized enhancement in
both air and silicon in ΩT.

4. Conclusion

We have investigated the effect of targeting different photonic processes when optimizing device
geometries. To this end we employed systematic inverse design by topology optimization to
design a set of devices for different FOMs and compared the structures in terms of geometry and
performance. We found that carefully selecting the FOM can lead to significant improvements in
device performance, in the most extreme case by more than an order of magnitude, even for the
relatively small device-footprints considered in the study. Further, we found that qualitatively
different geometries and different degrees of field localization are exploited by the optimized
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devices to maximize performance depending on the targeted FOM. By analyzing the optimized
devices it was found that the device exhibiting the strongest temporal confinement (largest quality
factor) for the mode closest to the targeted wavelength, is suboptimal for all but the FOM for
which it was optimized. In this way, it was demonstrated that targeting the quality factor in the
photonic device design process is likely a suboptimal strategy for achieving the best possible
device performance, particularly when the device in question has a constrained footprint, which
is known to limit the achievable temporal confinement.

With the advent and rapid development of geometry-agnostic inverse design tools for photonics,
such as density-based topology optimization, it is possible to design structures and optimize the
geometry with respect to a particular FOM, while ensuring fabricability of the resulting designs
[33,34]. The results of this study demonstrate the benefit of such an approach in order to target
the appropriate FOM when designing photonic devices.

A key challenge to address going forward, is the development of geometry-agnostic inverse-
design tools capable of handling large-foot-print photonic devices, while resolving the geometry at
the few nanometer scale. Such large foot-prints are required to enable long temporal confinement
of the eletromagnetic field, while few-nanometer design freedom is required to maximize the
spatial localization.

Appendix A - the model and design problem

The photonics model problem considered in this work assumes classical eletromagnetism in a
time-harmonic setting [28]. The physics is modelled in the finite domainΩ ∈ R3 truncated by the
surface Γ = ΓABS ∪ ΓP,In ∪ ΓP,Out. A first-order absorping boundary condition is applied on ΓABS
[29, sec. 5.8 & 9.2] combined with an input and output port boundary condition [29, sec. 8.5 &
11.1.2] applied on ΓP,In and ΓP,Out, respectively. The port boundary conditions assume excitation
and absorbtion of the fundamental waveguide mode, EIn(r), propagating through the waveguide
with propagation konstant, kIn. The mode shape and propagation constant are computed using
numerical boundary-mode analysis. Under suitable assumptions, related in part to the choice
of model domain and in part to the particular boundary mode, the governing equations for the
physics may be written as,

∇ × ∇ × E(r) −
ω2

c2 εr(r)E(r) = 0, r ∈ Ω ⊂ R3, (1)

n × (∇ × E(r)) − i
ω

c
εr(r) × (E(r) × n) = 0, r ∈ ΓABS ⊂ R3, (2)

n × (∇ × E(r)) − ikInn × (E(r) × n) = −2ikInEIn(r), r ∈ ΓP,In ⊂ R3, (3)

n × (∇ × E(r)) − ikInn × (E(r) × n) = 0, r ∈ ΓP,Out ⊂ R
3, (4)

where E(r) is the electric field, εr(r) the relative electric permittivity, ω the angular frequency,
c the speed of light, and i is the imaginary unit. The modelling domain Ω is chosen as a
brick domain with an embedded waveguide and a central design domain, for which two cross
sections are sketched in Fig. 4 A. Figure 4 B shows the reference problem consisting of a just the
waveguide without the design domain.

The side-lengths ofΩ are denoted lΩ, wΩ and hΩ. The model domain contains a membranized
solid structure of thickness hΩWG , consisting of the waveguide ΩWG of width wΩWG supporting
the fundamental in-plane-polarized electric field mode propagating along the waveguide (light
gray in Fig. 4). The waveguide runs across all of Ω, at the center of which is placed the device
design region (dark gray in Fig. 4) denoted ΩD of length lΩD and width wΩD . The central point
in Ω is denoted r0. In the figure, white and light gray corresponds to air and silicon, respectively,
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Fig. 4. Sketch of the design model problem (A) and the reference model problem (B) along
with all geometric parameters. See Table 2 for the parameter values used in this study.

while dark gray indicates the design domain, ΩD. The material distribution in Ω is introduced
into Eq. (1) through the field εr(r), which in turn is controlled by the design field ξ(r) as,

εr(ξ(r)) = εr,Si + ξ(r)
(︁
εr,Air − εr,Si

)︁
, (5)

where εr,Si and εr,Air denote the relative permittivity of silicon and air, respectively. The design
field ξ(r) is restricted to take constant values in the z-direction inside ΩD and takes the following
values throughout Ω,

0 ≤ ξ(r) ≤ 1, r ∈ ΩD, ξ(r) = 1 ∀ r ∈ ΩWG, ξ(r) = 0 ∀ r ∈ Ω/(ΩD ∪ΩWG) . (6)

Hence, ξ = 0 ⇔ εr = εr,Si and ξ = 1 ⇔ εr = εr,Air, while intermediate values of ξ corresponds
to non-physical mixtures of silicon and air, which are utilized and gradually removed in the
iterative process of solving the inverse design problem [20].

We used finite element analysis to discretize and solve the physics problem. In particular,
we used second order pyramid Nedelec elements in Ω\ΩD for increased accuracy at lower
computational costs in the part of the calculation domain, where the geometry remained constant
throughout the design process. For the region ΩD, where the design is discretized finely to allow
for a high degree of geometric freedom in the design process, we used first order brick Nedelec
elements with an in-plane side-length of hDV = 5 nm and an out-of-plane side-length of 22 nm to
discretize both the physics model and the design field ξ(r). Mirror symmetry was imposed in the
y- and z-axis directions around the center of the waveguide to reduce the computational burden
associated with solving the finite element problem. Following a standard procedure for photonic
inverse design by topology optimization [20], the problem of designing structures to maximize



Research Article Vol. 31, No. 5 / 27 Feb 2023 / Optics Express 8371

the FOMs in Table 1 was recast as eight continuous optimization problems of the form,

max
ξ

Φk(ξ) k ∈ {A, B, C, D, E, F, G, H}

s.t. S(ξ)E = f
0 ≤ ξ(r) ≤ 1

(7)

The optimization problems were solved with the Globally Convergent Method of Moving
Assymptotes [35] using up-to 3 inner iterations per outer iteration and utilizing adjoint sensitivity
analysis to compute the gradients [36]. A standard filtering and thresholding proceedure utilizing
continuation was applied to ξ(r) prior to material interpolation to ensure final designs consisting
solely of silicon and air [37]. Using a filter radius of fR, a thresholding level of η and thresholding
strength of β, the computations were performed using nitr,β FOM evaluations between each
increase in the β-value. For all the eight design results presented in this work each inverse
design problem was solved one, two or three times with different initial guesses and different
β-continuation strategies. The best performing device was then chosen for evaluation. This
was done to avoid poorly performing local minima, which are unavoidably encountered when
performing photonic inverse design across the majority of design problems. To validate the
accuracy of the model used in the optimization proceedure, and thus ensure that underresolved
physics or numerical artefacts, such as unavoidable kinks in the geometry at element corners,
pollute the results, a cross-section for each design was extracted, smoothed using a cone shaped
filter with a 5 nm filter radius and curve-fitted to produce a smooth design outline. The outline was
then imported into an evaluation model, which was meshed using a high-resolution body-fitted
mesh. Second-order pyramid Nedelec elements [29] were used in the finite element analysis.
This evaluation model was used to produce the final results presented in Figs. 2 and 3.

All design problems were solved using COMSOL Multiphysics [38] executed on the DTU
Computing Center HPC cluster [39], while all post processing and final evaluations were
performed on a standard desktop machine using COMSOL Multiphysics. All model parameters
related to the physics problem are presented in Table 2, while the parameters related to the
optimization problem are given in Table 3.

Table 2. Values for model parameters.

Parameter: lΩ wΩ hΩ lWG wWG hWG lΩD wΩD hΩD λ εr,Si εr,Air c

Unit: [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [nm] [m/s]

Value: 4650 3200 3200 4650 700 220 1550 1050 220 1550 12.11 1.0 3e8

Table 3. Values for variables used in solving
the design problem.

Parameter: fR [nm] η hDV [nm3] nitr,β

Value: 40 0.5 5 x 5 x 22 1000

Appendix B - waveguide excited devices and eigenmodes

In this Appendix we illustrate the interesting fact, that the frequency-domain-based topology-
optimization formulation tailors devices which rely on individual eigenmodes to maximize the
FOM. To this end we compute a number of eigenmodes for each device in panels A-E in Fig. 2
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by solving the eigenproblem given Eq. (8–11).

∇ × ∇ × E(r) −
ω2

c2 εr(r)E(r) = 0, r ∈ Ω ⊂ R3, (8)

n × (∇ × E(r)) − i
ω

c
εr(r) × (E(r) × n) = 0, r ∈ ΓABS ⊂ R3. (9)

n × (∇ × E(r)) − ikn × (E(r) × n) = 0, r ∈ ΓP,In ⊂ R3, (10)

n × (∇ × E(r)) − ikn × (E(r) × n) = 0, r ∈ ΓP,Out ⊂ R
3, (11)

For each device we then consider the eigenmode with the eigenfrequency closest to the
excitation frequency targeted in the design problem. We plot the resulting the amplitude of the

Fig. 5. Comparison of the field distribution from waveguide excitation and eigenmodes
for the optimized devices for the five FOMs from Table 1. The first column shows the five
designs, the second column the field distributions obtained by exciting the structure through
the input waveguide as done in the design problem and the third column the corresponding
eigenmodes. Note that the colormap is truncated such that all figures use the same range,
leading to saturation at high field values for devices C-E and that the input power for the
excited structures is scaled to match the eigenmode field magnitude. The thin green lined
box on each figure in the second column outline the target region, ΩT.
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electric field distribution for this mode, along with the field-distribution obtained by exciting the
device structure through the input waveguide at the targeted frequency. The results are presented
in Fig. 5.

From the figure it is apparent that the field in the device, which is excited through the input
waveguide, is (nearly) identical to the corresponding eigenmode in all cases. Hence, the frequency
domain approach indeed tailors a device eigenmode that maximizes each FOM. Further, it is
seen that the eigenmode, measured by its electric field distribution, is strongly confined within
the domain, ΩT in which the integral-based FOMs were maximized, because a strong field
confinement results in a large FOM-value.

Appendix C - Insertion loss, reflectance, transmittance and max(|E|)

Table 4 reports the insertion loss (IL), reflectance (R), transmittance (T) and maximum |E(r)|-field
value for each design in Fig. 2.

Table 4. Insertion loss (IL), reflectance (R) and transmittance (T)
and maximum |E(r) |-field for each of the devices A-E in Fig. 2 at

the targeted wavelength of λ = 1550 [nm].

Designs: A B C D E

IL : 8.2 [dB] 8.0 [dB] 5.2 [dB] 2.1 [dB] 6.8 [dB]

R : 0.26 0.26 0.35 0.08 0.39

T : 0.15 0.16 0.30 0.61 0.21

max( |E(r) |) : 9.7 10.4 28.0 22.8 50.4
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