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Ultimate Light Trapping in a Free-Form Plasmonic Waveguide
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Slow light enables spatiotemporal manipulation of electromagnetic waves at the nanoscale and allows
access to a plethora of nonlinear optical phenomena. Although the guided waves in plasmonic waveguides
are known to inherently possess a slow energy velocity, their ultimate light-trapping performance remains
unknown as the effect of the waveguide’s shape alteration has not been considered systematically so far. In
this work, we theoretically demonstrate a free-form optimized metal-insulator-metal plasmonic waveguide
for light trapping that exhibits a quality factor several times higher than that of the conventional linearly
tapered structures. The quality factor of the optimized waveguide saturates to the theoretical limit at a
surprisingly short device length, which shows a nontrivial inverse logarithmic dependence on the material
loss. The demonstrated design has a quality-factor-to-footprint ratio comparable to that of state-of-the-art

photonic cavities.
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I. INTRODUCTION

Slow or trapped light allows the time-domain process-
ing of optical signals [1], spatial compression of electro-
magnetic fields [2], and access to nonlinear optical effects
[3]. These phenomena are fundamental for the operation
of many optical devices, such as optical switches, opti-
cal memory, and photonic integrated circuits [4]. Guided
waves in plasmonic waveguides are inherently slow as
their power flow in the metallic layer is in the opposite
direction to the wave propagation. It has been shown that
the energy flows in different layers of waveguides can
completely cancel each other out, resulting in a vanish-
ing energy velocity by careful choice of the refractive
indices and thicknesses of the materials composing the
waveguide [5]. This idea, a “trapped rainbow,” has been
investigated as a promising approach to slow down light in
solid-state systems, including tapered waveguides [5—7],
photonic crystals [8,9], and plasmonic gratings [10—12].
The light-trapping performance of linearly tapered waveg-
uides has been studied quantitatively by analyzing the
coupling behavior between the guided modes in the struc-
ture. As a result, it has been verified that a linear taper
cannot trap light to a complete standstill even if the system
is conservative, and its quality factor further drops as the
material loss increases [13]. Researchers have suggested
various approaches to increase the light-trapping efficiency
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in taper waveguides, such as improving the fabrication
quality [6,8], carefully selecting the operating wavelength
[10,14], reducing the intrinsic material-mediated loss of
the waveguide [6,15], and compensating the Ohmic loss
of the waveguide by introducing optical gain materials
[16,17]. To date, however, most research efforts on trapped
rainbows have assumed a simple linear waveguide geom-
etry and never explored how altering the shape of the
waveguide would affect the light-trapping performance.

In this work, we search for the optimal geometry
of a free-form metal-insulator-metal (M-/-M) plasmonic
waveguide for light trapping, and reveal its unique prop-
erties that are significantly different from those of the
conventional linearly tapered structures. We optimize the
waveguide geometry by using three different numerical
optimization algorithms combined with the transfer-matrix
method, and confirm the results with full-wave simula-
tions based on the finite-element method (FEM). The
optimized light-trapping structure possesses a dramati-
cally enhanced quality factor, almost reaching the theo-
retical limit imposed by the material loss. It also exhibits
a distinctive mode dynamics and a unique dependence
on the material loss, both being fundamentally different
from those of the conventional linearly tapered structures.
Unlike linearly tapered waveguides, whose characteristic
length (minimum necessary length to reach half of the
maximum quality factor) is inversely proportional to the
material loss, the quality factor of the optimized struc-
ture saturates at much shorter length, and its characteristic
length scales logarithmically with the inverse material
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loss. Further, to demonstrate the feasibility of the pro-
posed design approach, we analyze the optimization results
obtained with realistic materials at visible and mid-IR
frequencies.

I1I. RESULTS AND DISCUSSION
A. Mode dynamics in a M-I-M waveguide

Here we focus our discussion on the M-I-M three-
layer waveguide configuration as it is one of the sim-
plest rainbow trapping devices and is superior in terms
of trapping efficiency to other three-layer configurations
such as insulator-metal-insulator (/-M-/; see Sec. S5 of
Supplemental Material [18] for the results and discus-
sion of the /-M-I case) and insulator—negative-index-
material-insulator structures [13]. A schematic of a M-I-M
plasmonic waveguide with an arbitrary core profile is
shown in Fig. 1(a). Throughout this paper, assuming oper-
ation at a single frequency, we set the permittivity of the
dielectric core as €; =10 and that of the metal claddings
as €,, = —2 + yi, where y corresponds to the Ohmic loss.
The small negative permittivity of the metal can gener-
ally be achieved at frequencies slightly below the plasma
frequency or near the phonon resonances of polar crys-
tals. The geometry is assumed to have mirror symmetry
with respect to the y-z plane and does not vary along the
y direction. We perform the optimization by changing the
waveguide’s core thickness 2« along the z direction for
the segment of finite length L [Fig. 1(a)]. The core thick-
ness of the input (2a,) and output (2aoy) ports of the
waveguide segment, normalized to the free-space wave
number kg, are fixed at ajpkg =0.648 and oyy,kog =0.616,
respectively. These values are selected to encompass the
thicknesses associated with the degeneracy point (o) and

(a)

mode cutoff («.) for the two TM; modes of the waveguide
[Figs. 1(b) and 1(c)] [13], the importance of which will
become evident in Sec. 2.4.

Under the condition ./|e;/¢,| + arctan («/|£d/sm|) >
7, the M-I-M waveguide supports two TM, eigenmodes
with parallel and antiparallel phase and energy velocities
[13]. We call the former a “forward (positive-index) mode”
and the latter a “backward (negative-index) mode,” and
denote them as | f &) and |b=), respectively. Here the plus
and minus signs indicate the direction of the energy flow
relative to the z axis. The effective index of the eigenmodes
is given as neg = f/ky, where B is the propagation constant,
and their energy velocity is defined as vy = [ S.dx/ [ udx,
where u is the time-averaged energy density [19,20] and
S, is the time-averaged z component of the Poynting vec-
tor. Here the energy velocity is used to analyze the energy
flow and energy density in dispersive and lossy media [20].
The energy velocity vg coincides with the group velocity
vy = dw/dk in lossless media, but this is not the case when
loss is present and the wave vector is complex [19-21].

The effective index and energy velocity as a function of
the waveguide core thickness are shown in Figs. 1(b) and
1(c), respectively. For the lossless case (blue curves), |b)
modes carry zero energy if the core thickness lies outside
the range [oy, o.], where they become evanescent, while
| /) modes propagate without loss if o > «4. Furthermore,
the forward and backward modes coalesce at the degen-
eracy point, leading to the mutual cancellation of energy
flows, and hence zero group velocity [5]. Besides, the
degeneracy point provides a perfect coupling between | f)
and |b) modes as their wave vectors coincide. In the lossy
case (red curves; y =0.01), forward and backward modes
do not coalesce at the degeneracy point, so the energy
velocity never goes to zero. However, the general behavior

(c) x1072

Insulator
b'e
y 0626 0628 addo 0.632 0626 0628 Qg do 0.632
ako ako
FIG. 1. (a) A free-form M-I-M light-trapping waveguide; the curvature is exaggerated. (b) Dispersion of the fundamental plasmonic

modes supported by the M-/-M waveguide as a function of the half of the normalized core thickness aky: the real (solid lines) and
imaginary (dashed lines) parts of the effective mode index for lossless (blue lines) and lossy (red lines) cases; metal loss ¥ =0.01. (c)
Corresponding energy velocity of the modes shown in (b); the inset shows the magnetic field profile inside the waveguide plotted for
the forward-propagating (solid lines) and backward-propagating (dashed lines) TM, modes for core thickness o, ko = (ot ko + . cko)/2.
Vertical dashed lines in (b),(c) indicate the core thickness when the degeneracy («,) and mode cutoff («.) conditions are satisfied.
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of the group velocity and the effective index remains the
same as in the lossless case: vg reduces, and neg values of
| f) and |b) modes get close to each other near the degen-
eracy point. Therefore, one can expect the degeneracy and
cutoff behavior of modes to be preserved unless a fairly
high loss is introduced.

B. Definition of the light-trapping quality factor

The quality factor Q for the light-trapping structure
can be evaluated as the ratio between the total time-
averaged energy U stored in the waveguide and the dis-
sipated power P, all at the steady state: Q=wU/P. Q is
directly proportional to the light-trapping time t = Q/w
[13], and can be understood as a measure of the tempo-
ral trapping performance. In the steady state, the dissipated
power (due to absorption, reflection, and transmission) and
incident power are equal, so P is equivalent to the inci-
dent power. We assume the input wave to be the |f +)
mode, excited at the input port of the waveguide seg-
ment considered [Fig. 1(a)]. Then the total stored energy
U can be obtained from the distribution of electromag-
netic fields in the waveguide, obtained with the transfer-
matrix method, taking into account the eigenmodes’
propagation and coupling (for details on the transfer-
matrix formalism, see Sec. S1 of Supplemental Material
[18]). For the dispersive and dissipative medium (the metal
claddings), according to the Loudon approach [19,20],
the energy density is defined as u(w) = po(|H|?/4) +
go(Re [e,,] + 2Im [e,, ]/ T)(JE|?/4). Assuming the Drude
model for metal permittivity, &,,(w) =1 — a); /(@* +iTw),

where w), is the plasma frequency and I' is the damping
constant. Then the energy density in metal claddings is
given by u(w) = po(IH[*/4) + £0{2 — Re[e, ()]} E[* /4.

C. Numerical optimization for maximizing the quality
factor

1. Demonstration for the trivial case and necessity for
numerical optimization

One might expect that the reasonable approach to maxi-
mize the quality factor would be to design a light-trapping
waveguide with constant core thickness, satisfying (or
close to) the degeneracy condition when the group veloc-
ity of all modes is minimal. To check the validity of this
argument, we start by simulating several waveguides of
relatively long length Lky=38, y =0.004, and different
section of the waveguide having the degeneracy core thick-
ness while keeping the same thickness of the input and
output ports. The waveguide’s core profile o(z) is designed
to be monotonically decreasing while having its tangent
line parallel to the z axis at the point where a(z = Ly) = oy,
which is fixed to that in the waveguide of linear profile
at Lgko=4.75, as shown in Fig. 2(a). Then we use the
following nth-order equation to describe the core profile
a(z) oz

)"y, —
a(z) = M(z — L))"+ ay, z <Ly,
Ld
)= G =D o =1
L—Ly)" e
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We obtain the quality factor of the waveguides having
a different curve order n, as demonstrated in Fig. 2(a). If
0 increases with the section of the waveguide having the
degeneracy thickness, then it should increase with the cur-
vature order. However, as shown in Fig. 2(b), increasing
the length of the segment having the degeneracy thickness
does not significantly increase the quality factor compared
with the simple linear taper (Q = 518). In fact, we observe
a single peak value of 0~ 1600 for the profile of fifth
order, while Q reduces for the profiles of higher orders.
This clearly demonstrates that merely increasing the length
of the waveguide segment satisfying the degeneracy con-
dition has limitations for increasing the quality factor.
Because of the difficulty of designing the waveguide with
high Q relying on intuition, and the absence of an ana-
lytical method to do so, we use an approach based on a
waveguide of arbitrary shape that is numerically optimized
to maximize Q.

2. Optimization methods and results

We perform the optimization using three different
numerical algorithms to increase the probability of dis-
covering the best-possible result: genetic algorithm (GA),
particle-swarm optimization (PSO), and bound optimiza-
tion by quadratic approximation (BOBYQA). A GA mim-
ics the natural evolution process in order to find the global
optimum by using selection, crossover, and mutation oper-
ations [22]. PSO uses the swarm of “particles” as initial
optimization points to find the global optimum, while
sharing the best “coordinates” between the members of
the entire swarm [23]. BOBYQA searches for the local
optimum on the basis of the trust-region method [24].
To parametrize an arbitrary waveguide profile, we use a
Bezier curve with several control points. The optimization
process is based on maximizing Q of the waveguide by
changing the coordinates of the control points and thus
varying the Bezier profile of the waveguide. The only
restriction imposed on the points’ coordinates is the core
thickness limited by the size of the input («j,) and output
(atout) ports. Use of as few as three control points (i.e., six
parameters: three pairs of coordinates x and y) is enough
to achieve the maximum values of Q. Details on the
implementation of each numerical optimization method
are given in Secs. S2—S4 of Supplemental Material [18].

Figure 2(c) shows the optimization progress for each
method used, all demonstrating convergence to the same
value of O=3310 (with less than 0.3% discrepancy),
which is more than 6.4 times greater than that of the
linearly tapered waveguide (of the same length and port
sizes). The waveguide profiles obtained with the three dif-
ferent optimization methods are displayed in Fig. 2(d).
Even though we do not impose any specific conditions
on the cladding curvature, all three optimization meth-
ods arrive at similar shapes, all having an up-and-down

wavelike feature around the points of degeneracy and
cutoff.

The light-trapping performance of the optimized struc-
ture nearly reaches the theoretical limit, which validates
the optimization results. We theoretically estimate this
upper bound Qup as the maximum ratio between the
electromagnetic energy of guided modes and the dissi-
pated energy per optical cycle in an infinitely long parallel
M-I-M waveguide with core thickness o among all pos-
sible combinations of @ € [y, ®oye] and input modes (| f)
and |b)). Since an infinitely long parallel waveguide does
not have energy loss by reflection or transmission, Qug
can be interpreted as the inverse of the absorptive decay
rate in the system. For the value of metal loss consid-
ered, Qug = 3358, which means that the solutions obtained
(waveguide shapes) provide @ values as close to the
theoretical limit as 99%.

D. Mechanism of optimized light trapping

To gain insight into the physics of the light trapping in
the optimized M-I-M waveguide, we conduct full-wave
FEM numerical simulations. We compare two cases: a
linear waveguide and an optimized free-form waveguide
obtained by the PSO algorithm (which provides the high-
est quality factor). First we confirm the convergence of
Q calculated with the transfer-matrix method and FEM
simulations, having less than 1% discrepancy. Then we
obtain the distribution of the energy density u inside the
waveguide for these two cases, as shown in Figs. 3(a) and
3(b), demonstrating much stronger field confinement in
the optimized free-form waveguide. The energy density is
maximal in the waveguide segment between the “inverse”
[, @4] and “regular” [ay, a.] pairs of degeneracy and
cutoff points (critical points) of the profile. The optimized
waveguide geometry is practically indistinguishable from
the linear case when plotted with comparable axis scales.
This highlights that a tiny change in geometry results in a
significant increase in the quality factor.

We analyze the behavior of each mode by calculating
its mode amplitude. The mode amplitude |a| is given as
la)*> = |f dx(E x H),/2|, where E and H are the electric
and magnetic fields of the mode. If the mode is propagat-
ing without loss (having a real wave vector), then |a|? is
the magnitude of the time-averaged Poynting vector (see
Sec. S1 of Supplemental Material [18]). The spatial distri-
bution of the mode amplitudes in the linear and optimized
geometries is plotted in Figs. 3(c) and 3(d). In the linearly
tapered waveguide, all four eigenmodes are excited in the
narrow region within [«y, o], and thus the major portion
of the trapped energy resides near this area [13]. However,
the mode amplitudes in the optimized waveguide exhibit
an exotic behavior, associated with the presence of several
critical points. As can be seen in Figs. 3(b) and 3(d), the
existence of several critical points in the waveguide allows
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Energy density u(x,z) inside (a) the linear waveguide and (b) the optimized waveguide. Vertical dotted lines indicate the

lateral positions where the core thickness corresponds to the degeneracy «, and mode cutoff «.. (c) Spatial distribution of the mode
amplitudes |a| for |f +) (solid red line), |/ —) (dashed blue line), |p+) (dotted orange line), and |b—) (dash-dotted purple line)
eigenmodes along the linear waveguide. (d) Same as in (c) for the optimized waveguide.

the formation of a multiple-boundary plasmonic “cavity”
formed by three pairs of neighboring critical points [,
g1, [@a2, @c2], and a3, ag3]. Here each pair of critical
points [a, ag] (i=1, 2, 3) effectively acts as a mode-
converting partial reflector, as | f) and |b) modes coincide
at the degeneracy point «4, and the mode cutoff «. selec-
tively reflects |b) modes. As a result, all | /) and |b) modes
are simultaneously excited throughout the cavity, leading
to significantly enhanced light-trapping performance.
Another important way to compare the two waveguides
is to analyze mechanisms of power flow and energy loss.
Because the coupling to the higher-order modes is negligi-
ble in an adiabatically varying waveguide, there are three
loss channels in the light-trapping geometry: absorption,
reflection, and transmission loss. Absorption (Ohmic) loss
Paps in a metal can be evaluated by integrating the den-
sity of dissipated power gyy|E|?/2 over the waveguide
structure [19]. Reflection loss is the power leaving the
waveguide through the input port via the reflected modes
and can be calculated as P. =P — f S;(x,0)dx, where
S.(x,0) is the z component of the Poynting vector evalu-
ated at the input port (z = 0) at steady state. Transmission
loss P, = f S, (x, L)dx is the net power flow of the waveg-
uide’s output port and is nearly zero, because the narrow
waveguide (o < «,) does not support propagating modes
[Fig. 1(b); note that P, =0 in the lossless case]. Combin-
ing the reflection and transmission losses, we define the
energy loss through the guided waves as P, =P, + P,. As

shown in Fig. 3(d), the optimized waveguide is critically
coupled to the incident wave and has zero mode ampli-
tude for | f —) at the entrance, leading to zero guided-wave
loss. In this case, all incident power is dissipated solely
via the Ohmic loss in the metal claddings. In contrast, for
the linearly tapered waveguide, nearly 84% of the incident
energy is reflected and only 16% is absorbed. Because the
absorptive decay rate for both structures is similar, this can
be translated into a 6.3 times faster total decay rate, which
is consistent with the ratio between the quality factors of
the linear and optimized waveguides.

E. Dependence of the quality factor on metal loss and
waveguide length

The maximum achievable quality factor Q(y,L) mono-
tonically increases with decreasing y and increasing L
of the waveguide as shown in Fig. 4(a). Here O(y,L) is
obtained by our individually conducting numerical opti-
mization for each pair of y and L. When the waveguide
is sufficiently long, the optimal structure has negligible
guided-wave loss P, ~0, and the absorption loss domi-
nates the system. Consequently, the optimized quality fac-
tor O(y) is inversely proportional to y and tends to diverge
in the limiting case of the lossless system (y — 0) as
shown by the solid black line in Fig. 4(b) for Lky = 8.0. On
the other hand, when the waveguide is too short to achieve
the critical coupling to the incident light, the guided-wave
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loss P, is no longer negligible and competes with the
absorptive decay channel P,,s. As L decreases, absorption
becomes negligible compared with the guided-wave loss
(Pabs < Pg), and Q(y) quickly saturates; the solid red
curve in Fig. 4(b) demonstrates this for Lky = 2.

To systematically unravel the contribution of each loss
channel, we decompose the total normalized decay rate
ot = 1/Q = Pio/wU of the optimized waveguides into the
absorptive decay rate (I'ups = Paps/@U = 1/Qups) and the
guided-wave decay rate (I'y = Py/wU=1/Q,), as shown
in Figs. 4(c) and 4(d), respectively. The quality factor of
the system is then given by Q= 1/(I'yps +I'y). We find
Iaps to be nearly independent of L and directly propor-
tional to the material loss, ["ps Xy, as can be seen in
Fig. 4(d). On the other hand, I', is almost independent
of y, and rapidly decreases with increasing L, as plot-
ted in Fig. 4(c). In sharp contrast to the linearly tapered
waveguide, where I'y is simply proportional to 1/L [13],
the optimized light-trapping structure exhibits a fundamen-
tally different behavior as its guided-wave decay rate is
exponentially dependent on L.

The nontrivial dependence on I'; on L allows the quality
factor of the optimized structure to saturate at a surpris-
ingly short device length. To demonstrate this, we char-
acterize the saturation behavior by plotting Q(y,L) nor-
malized by the long-cavity limit Qu(y)= O(y,Lko = 28),
as shown in Fig. 5(a). This saturation behavior can be
understood as competition between I'y(L) and I'yps(y ). As

L increases, I'y drops and the system eventually becomes
dominated by the absorption loss, while the quality factor
saturates at O~ 1/T"s(y). To numerically evaluate the
saturation of O, we introduce the characteristic waveguide
length L.(y) necessary for the optimization convergence
to O =0x(y)/2, corresponding to I'g(L.)~ I'yps(y). For
y =0.003, the characteristic length L ko =2.5, which is
only 4.0 times the wavelength in the dielectric medium,
and is 5.6 times shorter than the propagation length of the
|/ +) mode at the degeneracy point. L.(y ) increases as the
metal becomes less lossy, but the dependence is not strong
as in the case of linear tapers. For example, the character-
istic length for y = 0.3 and 0.001 is L.ko = 0.75 and 2.85,
respectively; L.(y) increases by only 3.8 times, while y
decreases by 300 times. As demonstrated in Fig. 5(b), we
find that L.(y) logarithmically scales with y~!. Because
the characteristic length L. of a linearly tapered waveg-
uide linearly scales with y~!, the logarithmic scaling law
is an extraordinary property of the optimized waveguide
that would significantly reduce the device footprint neces-
sary for light trapping. The same behavior is also observed
in the /-M-I light-trapping geometry (see Sec. S5 of Sup-
plemental Material [18]); therefore, we speculate that the
logarithmic scaling law of the characteristic length with
the metal loss is a general property of optimized free-form
waveguides, stemming from the exponential suppression
of guided-wave loss due to the formation of a cavity with
efficient mode conversion. Because of the small device
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footprint 4 < 0.213, the optimized M-I-M waveguides
exhibit Q/4 ~ (10°~10°)1¢~2 depending on the metal loss,
which is comparable to state-of-the-art photonic cavities
such as ultrahigh-Q microring resonators [25,26] (for
details of the mode volume calculation, see Sec. S6 of
Supplemental Material [18]).

F. Optimized waveguide with realistic materials

As demonstrated above, the Ohmic loss in metal
claddings plays a key role in limiting the light-trapping
quality factor. Therefore, proper selection of materials is
crucial to achieve high Q in real devices. In this section,
we briefly discuss the optimization results obtained with
realistic materials at visible and mid-IR frequencies, and
provide a perspective on the possible device configuration
for the terahertz regime.

For the frequency of the visible free-space wavelength
of 400 nm, we design the M-/-M waveguide using tita-
nium dioxide [27] (e & 7.09 + 0.0027) and low-loss single-
crystal silver [28] (e ~—1.7+0.15{). Such a M-I-M
waveguide supports both negative-index and positive-
index modes at a given frequency, and therefore can
be used for light trapping (see Sec. 2.1 for details).
The optimized Ag/TiO,/Ag waveguide exhibits O = 82.3,
which is 2.2 times larger than in the linearly tapered
case, Q=237.1. For the mid-IR frequency corresponding
to the free-space wavelength of 11 um, many dielec-
tric materials with negligible loss are available, but we
use undoped germanium [29] for its large permittivity
(e~16.01). As a material with small negative permit-
tivity, we select polar dielectric silicon carbide [30,31]
(e & —3.840.1257). The optimized SiC/Ge/SiC waveg-
uide demonstrates O =198.7, which is 5.2 times greater
than in the linearly tapered case, Q=38.2. However,
as we demonstrate in Sec. S7 of Supplemental Material
[18], only the waveguide designed for the mid-IR fre-
quencies has feasible micrometer-scale dimensions, while
the device designed for visible frequencies would require
subnanometer variation of the core profile.

For the terahertz regime, we speculate that low-loss
“spoof plasmons” at patterned metal interfaces [32] can

be potentially used for light trapping in patterned M-/-M
waveguides [33,34]. In this frequency range, the large
plasmon wavelength can be beneficial for fabrication of
large-scale devices. Fabrication of patterned metallic sur-
faces as well as free-form waveguides with very high pre-
cision and very low scattering might be possible with, for
example, a modified version of the ultraprecise laser-based
“SNAP” technique [35,36].

III. CONCLUSION

In summary, we demonstrate that the light-trapping per-
formance of plasmonic nanostructures can be significantly
improved and reach the theoretical limit by optimizing
the waveguide geometry. Through the systematic analy-
ses of the loss channels, we explain the peculiar depen-
dence of the trapping quality factor on the structural
and material parameters in terms of the two competing
though practically independent energy-dissipation mech-
anisms: the absorptive (Ohmic) decay and the guided-
wave decay. For the optimized structures, we observe the
guided-wave decay rate to be logarithmically dependent
on the length of the structure, which is fundamentally
different from the case of conventional linearly tapered
waveguides. As a result, the quality factor of the free-
form optimized structure reaches the material-loss-limited
QO at a surprisingly short device length, several times
shorter than the propagation length of the guided modes.
The high quality factor and extremely small device foot-
print of the optimized light-trapping structure make it
an ideal platform for waveguide-compatible strong light-
matter interaction. Finally, we discuss the performance of
waveguide designs with realistic materials at visible and
mid-IR frequencies. We expect further study will lead to
the realization of compact elements for integrated photonic
circuits.
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