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Metasurfaces can control the propagation of free space and
guided modes by imparting a phase gradient and modifying
the mode propagation properties. Here we propose a design
to control optical signals in a dielectric-loaded waveguide
using quasi-rhombus gradient plasmonic metasurface struc-
ture. The metasurface acts as a multimode interference
coupler that can focus, route, and split the propagating field
in UV-visible spectral range. The ability to gain full control
on waveguided mode with minimal footprint can signifi-
cantly impact miniaturization of optical devices and
photonic integrated circuits. © 2019 Optical Society of
America

https://doi.org/10.1364/OL.44.001654

UV-visible spectroscopic techniques are routinely used to mea-
sure properties of materials, growth rate of bio-species, kinetics
of chemical reactions, and so on [1–3]. The miniaturization of
optical elements has recently become a main driving force in
modern photonics to gain full control over light propagation
with minimal footprint. High-density photonic integrated cir-
cuits (PICs) have the capability to miniaturize bulkier optical
devices to chip scale to make them available at an affordable
cost to the public for immediate point of medical care, e.g., for
cancer imaging [4]. Furthermore, the demand to increase the
packing density of PICs while minimizing the overall power
consumption necessitates more compact optical elements [5].
However, photonic circuits and systems are facing several chal-
lenges, including difficulties in miniaturization, low optical
bandwidth, high insertion losses, and lack of a knob to control
propagation and steering of optical modes into different optical
interconnects. Therefore, it is highly desirable to design wave-
guides, an important component of PICs, with low losses and
high performance in the UV-visible spectral region with added

functionality to control propagation, steering, and coupling of
optical systems into different optical interconnects.

Multimode interference (MMI) couplers are widely used
photonic devices that can act as an efficient optical splitters
or combiners over a wide wavelength range, with weak sensi-
tivity to polarization and dispersion [6]. However, MMI cou-
plers have an additional element that connects n input fibers
with m output fibers, which means that they have a sizeable
footprint.

The miniaturization of optical elements has been revolution-
ized after the introduction of metasurfaces—two-dimensional
antenna arrays that impart an abrupt phase change on propaga-
tion [7] or guided [8] electromagnetic (EM)modes. In particular,
introducing a gradient antenna array on a waveguide can provide
additional momentum components to the guided mode, thus
modifying the guided mode order. The ability to do so means
that MMI couplers can be crafted from metasurfaces overlaid on
a waveguide, i.e., without introducing a separate coupler.

Here, we designed a dielectric loaded waveguide (DLW) [9]
with quasi-rhombus plasmonic metasurface as an MMI coupler
to condense, steer, and bend guided modes. Light propagating
in the DLW, patterned with gradient metasurface is self-
imaged periodically due to the generation of higher-order
guided modes. The self-image can be focused and coupled
to a narrower waveguide in a 1 × 1 configuration or to a specific
output waveguide in a 1 × 2 configuration [10,11]. The
designed metasurface completely removes the requirement
for tapers or couplers, hence, reducing the overall length of
the optical system and associated losses. Thus, the designed
metasurface on DLW has the capability to realize high-density
PIC for fabrication of miniaturized UV-visible optical devices
for biomedical diagnosis.

A DLW is designed with an alumina ridge (h1 � 200 nm)
on the surface of aluminum (h2 � 100 nm) film deposited on
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a glass substrate [Fig. 1(a)]. The permittivity of alumina and
aluminum are calculated following the Drude model and
directly used in finite-difference-time-domain (FDTD) simu-
lation (Lumerical Inc.). In order to achieve the highest locali-
zation of field for dielectric mode at its maximal propagation
length, we optimize width for the DLW, and based on the ob-
tained mode profile, w � 1.05 μm is selected as the most suit-
able width. Propagation loss is calculated using the imaginary
part of the modal effective index with an assumption that only
fundamental mode of the EM field propagates in DLW [9].
Figure 1(b) presents the mode profile of optical signal
(λ � 0.532 μm) propagating in a DLW of 1.05 μm width.
Spectral variation in the real part of the effective index and cor-
responding loss (dB/μm) for 1.05 μm wide DLW is shown in
Fig. 1(c). The dependence of effective indices on the width of
DLW for TE00, TE01, and TE02 modes at 0.532 μm wave-
length is presented in Fig. 1(d). The fundamental TE00 mode
exists for any width larger than 0.4 μm, while higher-order
modes emerge as the width of DLW increases. The cutoff
widths for TE00, TE01, and TE02 modes are ∼400 nm, 830 nm,
and 1300 nm, respectively [Fig. 1(d)]. It means that the width of
DLW controls the types of modes allowed to propagate.

A gradient metasurface structure, designed on the surface of
DLW, acts as an MMI coupler that enables coupling of wave-
guide modes as a consequence of their interaction with meta-
surfaces [8,12]. The gradient metasurfaces introduce a phase
gradient, equivalent to an effective wavevector, along the
surface and control guided waves by strong, consecutive scat-
tering events at the antenna array [8]. The designed gradient
metasurface structure consists of a quasi-rhombus array of silver
nanorod antennas patterned on the top surface of a DLW
[Fig. 2(a)]. Indices of Ag are obtained by interpolating values
measured by Johnson and Christy [13]. The antennas are peri-
odically distributed and symmetrically located with respect to

the central slit. These antennas are arranged in such a way that
their assembly looks like a convex lens facing the incident plane
wave [Figs. 2(b) and 2(c)]. The gradient metasurface is de-
signed from a periodic array of silver nanorods. The length
of the rod successively increases with a rate dw∕dx, where
w is the length of the silver nanorod, attaining maximum
length, w0, and successively decreasing to make a symmetrical
pattern [Figs. 2(b) and 2(c)]. The rate of change in the length of
the antenna introduces a phase gradient dφ∕dx that is equiv-
alent to effective wavevector Δk along the surface [8,12]. The
change in the effective wavevector Δk causes refraction at each
point of plane wave-front and condenses EM field to produce a
first-fold image. The first-fold image produced with the de-
signed quasi-rhombus metasurface structure is very similar
to the focal point of an optical system with finite aperture
[Fig. 3(a)] [14]. We performed FDTD simulations to calculate
the near-field electric field (E-field) distributions and compare
the results with the theoretical self-imaging property in the de-
signed MMI structures. Perfect matched layer (PML) boundary
conditions are used at the three boundaries. Employing the ef-
fective index method, we calculated the effective propagation
indices and propagation lengths of the guided modes supported
by the MMI waveguide as a function of width of the DLW.

The incident TE fundamental waveguide mode depends on
the design parameters, which include the phase gradient (g and
θ), array length, and offset (s) of the antenna array from the
waveguide center. Figure 3 shows the E-field profile for funda-
mental mode propagating from left to right in DLW with
quasi-rhombus metasurfaces. The TE mode for the input of
DLW is excited by a mode source with a central wavelength
λ � 0.532 μm. In Fig. 3(a), we notice that the E-field profile
of the fundamental TE mode couples with higher-order modes
when MMI structure is used. Here, metasurface structure
focuses incident TE mode at the focus through MMI, and
the E-field profile at the focus is self-imaged following the
self-imaging (SI) principle. In SI, the input field profile repro-
duces single or multiple images of its own at a periodic interval

Fig. 1. (a) Schematic illustration of DLWwithoutmetasurface (b) cal-
culated mode profile in a DLW for 1.05 μm width. The density plot
shows power in the propagation direction for TE00 mode at the indi-
cated wavelength, while the arrows represent the in-plane intensity and
orientation of the electric field. (c) Effective index as function of wave-
length and corresponding loss. (d) Dependence of the real part of the
effective index for TE00, TE01, and TE02 modes on the width of the
DLW waveguide at λ�0.532μm with h1 � 200 nm and h2�100nm.

Fig. 2. (a) Schematic illustration of DLW with the structure of
MMI, a quasi-rhombus antennas array. (b) The quasi-rhombus meta-
surfaces consist of silver antennas (yellow rods) patterned on DLW sur-
face. The DLW includes Al2O3 layer and Al layer on SiO2 substrate.
The length (w) of antenna first increases up to the maximum length
(w0) and then decreases successively. (c) The interference of TE modes,
located in the transmission region, depends only on the geometrical
parameters of quasi-rhombus metasurface: g (gap between two nano-
rods) and θ, which depends on rate, dw∕dx, of change in the length of
antenna with distance and w0 (length of the longest nanorod).
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L along the propagation axis following the respective conditions
of L � p�3Lπ� or L � p∕2�3Lπ�, where Lπ is the beat length of
the two lowest-order modes, and p is a constant [14]. This is
caused mainly by the strong crosstalk between Ag antennas.
Figures 3(a) and 3(b) show the optical power (x-z view) and
field distribution of Ey (x-y view) at the center of the alumina
layer when the fundamental TE mode is launched using MMI
structure. Figure 3(c) shows simulations of mode evolution
when light propagates from the left to the right through a re-
gion of the waveguide patterned with the quasi-rhombus struc-
ture with its longer axis offset by s � 0.2 μm from the center of
the waveguide. Since DLW with gradient metasurfaces rely on
the SI principle, high-order modes propagate with 0.2 μm
offset from the waveguide center. In Fig. 3(c), it is interesting
to note that the designed metasurface on DLW can be used for
sharp bending of waveguide modes through its offset or
inclined orientation from the propagation axis of DLW.

SI quality refers to how accurately the input field is repro-
duced at the end of the MMI structure. According to Fig. 3(b),
there are onefold, twofold, and threefold images at three differ-
ent points. By looking at the far-field region, for g � 0.25 μm,
a highly collimated beam with a very low divergence is ob-
served, but also it is worth commenting on the appearance
of an elongated focus at around x � 4.21 μm [Fig. 4(a)].
From the SI principle [14,15], it is expected that the onefold,
twofold, and threefold images occur at the distances
x1 � 4.21 μm, x2 � 7.86 μm, and x3 � 11.51 μm, respec-
tively. Clearly, there is an approximate focusing effect associated
with the beaming phenomenon [see schematic in Fig. 2(c)]. Up
to this point, we have discussed only first-order imaging. Let us
now concentrate on the properties of this focus (i.e., onefold
imaging) for the wavelength at which beaming is maximum.

In Fig. 4, we present the spatial profile of E-field distribution
in detail by extracting E-field intensity from Fig. 3(b) along the
line y � 0 [Fig. 4(a)] and by the line of maximum e-field in-
tensity at first focus x � 4.21 μm [Fig. 4(b)]. These curves also

help us to further characterize the focus by defining the focal
length (f ), focal depth (Δ, full width at half-maximum of
E-field intensity of the first-fold image along the x direction),
and focal width (δ, as before, but this time along the y direc-
tion). Here the focal spot is of elliptical shape, and Δ and δ are
dimensions for longer and shorter axes of the ellipse. The focal
length is the distance to the surface of E-field intensity of the
onefold image, instead of Lπ to characterize the performance of
imaging. We have found that for a given combination of θ and
w0 values, there is a g that gives the resonant wavelength (λR).
Figure 4(c) presents the g dependence of the geometrical char-
acteristics of the first focus: f , Δ, and δ. These curves demon-
strate that focal length of MMI structure has strong dependence,
while focal depth and width are weak functions of g. Some of
the guided modes in the multimode waveguide are excited only
by the input field. Figure 4(d) shows that there are three mode
inferences. The ratios of the three modes vary with gap distance.
This is because the quasi-rhombus metasurfaces introduce mode
phase factor to adjust MMI in DLW.

PIC generally uses tapers to couple optical signal from wide
to narrow waveguides, which significantly increases length of
overall waveguides and hence increase associated losses.
Figure 5 shows FDTD simulations for two modes’ evolutions
in DLW when light propagates from left to the right through
a region of the waveguide patterned with the gradient
metasurfaces. In Figs. 5(a1)–5(a3), we show that TE modes
in a 1.05 μm wide DLW can be condensed and hence effi-
ciently coupled into a narrower, 400 nm wide, waveguide
through a MMI structure. Design parameters (w0, θ, and g)
for MMI structure control the coupling coefficient at a given
wavelength. Compared with waveguide tapers, the transmission
of the DLW with MMI structure is higher in the wavelength
range of 450–530 nm [Fig. 5(a3)].

For the MMI power splitters, the TM modes supported by a
wide silicon-on-insulator (SOI) waveguide can be split into several
narrow hybrid plasmonic (HP) waveguides through an HPMMI
[15]. The splitting and routing of a beam using quasi-rhombus

Fig. 3. Optical power transmission in waveguides patterned with gra-
dient metasurfaces. (a) Spatial distribution of the magnitude of the
Poynting vector (x-z view), showing highly asymmetric optical power
flow as a result of the directional mode conversion. Ey field intensity (x-y
view) profile (arbitrary units) for the case θ � 8.5°, w0 � 800 nm, and
g � 0.25 μm for (b) s � 0 (no offset) and (c) s � 0.2 μm. Operating
wavelength (λ) is 0.532 μm in all cases from (a) to (c).

Fig. 4. Focusing light with the quasi-rhombus antennas array on
the DLW. (a) Variation in electric field profile with length of propa-
gation (x) at y � 0 μm. (b) Variation in electric field profile at first
focus x � 4.21 μm (c) Curves for the geometrical parameters after the
MMI structure by defining the focus (f , Δ, and δ) as a function of g.
(d) Amplitudes of different modes (mode purity) at the center of one-
fold image as a function of gap distance, g , between two nanorods.
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metasurfaces depends on the phase gradient, array length, offset of
the antenna array from the waveguide center, and width.
Figures 5(b1) and 5(c1) showMMI structures designed on the sur-
face of DLW with s � �0.2 μm and s � −0.2 μm, respectively,
from its axis. Figures 5(b2) and 5(c2) show corresponding E-field
intensity profiles at λ � 0.532 μm inY-shapedDLWfor the given
geometricalparametersofMMIstructures.Figures5(b3) and5(c3)
show that the emission intensity at the two output ends of the
Y-shapedbranch structure isdependenton theoffsetof the antenna
array from thewaveguide center. Comparedwith a balanced power
splitting (1∶1), shown in Fig. 5(d2), more power is transmitted to
one of the two side waveguides by moving the quasi-rhombus
antennas array in Figs. 5(b2) and 5(c2). As seen in Fig. 5, the
quasi-rhombus structures not only control bending angle, but also
control light distribution and intensity.

We measured the ratio of transmission passing among the
output waveguides in Figs. 5(a3), 5(b3), and 5(c3), which is
an important parameter to characterize the performance of an
MMI power splitter. Here the ratio of transmission is defined

as T ratio � Pout∕P in, where Pout and Pin are powers at output
and input of DLW, respectively. We observe that the T ratio is
significantly higher than 75% at λ � 0.532 μm in Fig. 5(b3).
For Y-shaped power splitters, we can control the magnitude of
powers by changing position of quasi-rhombus metasufaces.
We can get a particular T ratio of each side waveguide by adjusting
the s in Fig. 5. Thus, an intuitive approach to improve the effi-
ciency of splitting does not only depend on the phase gradient
and array length but also on the distance between quasi-rhombus
metasufaces and side of the waveguide, which causes different en-
ergy to decouple into DLW and propagate to the far field.

In summary, we have designed a new knob, quasi-rhombus
metasurfaces to achieve the function of an MMI on DLWs in
the UV-visible region. We have analyzed theoretically the geo-
metrical parameters of finite arrays of antennas that are equally
spaced. The TE modes in a 1.05 um wide DLW can be directly
coupled into a 400 nm wide waveguide by adjusting geomet-
rical parameters of a quasi-rhombus metasurface. The quasi-
rhombus matesufaces not only control the bending angle,
but also light distribution and intensity as a knob of PIC.
These MMI structures may have valuable applications in de-
signing universal logic, NAND and NOR, gates [16]. With
these advantages, we expect that our quasi-rhombus meta-
surfaces will advance high-density PICs for miniaturization
of UV-visible optical devices for biomedical diagnosis and other
applications.
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