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Universal Design of Ultra-Broadband and
Ultra-Compact High Order Mode Pass Filters
Based on Enhanced Absorption in
Ultrathin Metal Layers

Qian Li, Xin Hao, and Yanli Zhao

Abstract—In hybrid plasmonic Si waveguides integrated with
ultrathin Au stripes, mode hybridization effects between quasi-
TE modes of different orders and various bound modes are first
presented. Enabled by nearly complete mode-selective absorption
attributed to the enlarged mode propagation attenuation (MPA)
coefficient for lower-order quasi-TE modes under circumstances
of mode hybridizations, multi-segment tapered structures are the-
oretically proposed to constitute high order mode (HOM) pass
filters. It is believed that these innovative observations would have
potential applications in the ultra-compact on-chip mode division
multiplexing (MDM) systems, and provide inspirations for the
development of multimode photonics.

Index Terms—Mode hybridization, mode division multiplexing,
multimode photonics.

1. INTRODUCTION

ITH the rapidly growing demands for data rates of
W optical communication in recent years, mode division
multiplexing (MDM) [1]-[6] system has been widely addressed
as a promising technology, which can overcome the capacity
bottleneck of traditional single-mode fiber (SMF) transmission
system by providing another independent degree of freedom
for multiplexing types except for wavelength and polarization.
In a MDM system, the significant modal crosstalk caused by
imperfect de-multiplexing may give rise to a deterioration of
the signal-to-noise ratio (SNR). Besides, the arbitrary mode
routing puts forward a strict requirement for mode selective
transmission. Similar to the polarizer [7] for the polarization
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manipulation issues, mode filter, which can obstruct the un-
desired modes while passing through the desired modes effi-
ciently, has drawn attention from researchers in recent years
[8]-[24].

By virtue of the stronger confinement for low order modes
(LOMs) in the traditional waveguide, it is a more challenging
and attractive topic to develop the high order mode (HOM) pass
(LOM block) filter. By utilizing mode conversion with asymmet-
ric directional coupler (ADC) [8], Mach-Zehnder interference
(MZI) incorporated with Y-junction [9], [10], and phase-shifted
long-period grating (LPG) [11], the undesired LOMs can be
converted to HOMs and be stripped off by an adiabatic taper
when mode cut-off condition is satisfied. To compensate for
the nontrivial spectral fluctuation caused by the stochastic input
phase relationship [9], a phase-insensitive mode filter [12] was
proposed, with a Y-junction and multimode interference (MMI),
the input TEy and TE; mode are split into in-phase and anti-
phase TE pairs and form image of TE, and TE; mode at the side
and center output ports, respectively. Moreover, effective mode
filtrating enabled by phase matching in the 1D photonic crystal
[13] and grating-based contra-directional coupler [14] have also
been verified by experiments. By the structure in which a SMF
is inserted between two few-mode fibers [15], a destructive
interference happens between beams of LPy; mode in core
and cladding section during the propagation in SMF, spatial
mode-selective transmittance in all-fiber structure also has been
achieved. In addition, it has been demonstrated experimentally
or theoretically that graphene [16]-[19] and VO [20] integrated
mode filters can realize selective absorption through special
placement adopted for mode field distribution nature. There are
other works utilizing the inverse design method [21], [22] to
achieve mode-selective pass between TEj and TE; mode, which
can achieve operation bandwidth of more than 100 nm within the
length of a few microns while maintaining low excess loss (EL).
In addition, with the utilization of hyperbolic metamaterials [23]
and plasmonic bridged subwavelength gratings (BSWGs) [24],
TM-dependent HOM pass filters are also developed in theory
as a result of large radiation loss and metal absorption loss for
LOM:s.

To conclude, most of the previously reported works merely
focus on the manipulation of fewer modes, usually two or
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three. Though the universal scheme based on mode conversion
facilitated by ADC [8] can achieve operation for modes with
arbitrary order, a large device length is still required for the
purpose of adiabatic coupling between the fundamental mode
and HOM. The absorption-based ones are usually suffering from
low compactness [17], [18], large EL [20] and unsatisfactory
modal extinction ratio (ER) [18], owing to weak absorption
coefficient and small MPA difference between modes remaining
to be distinguished. Moreover, some grating-type mode filters
[14] have limited bandwidth since a phase-matching condition
can only be satisfied within a narrow wavelength span. Whereas
the wide operation band can be realized at the expense of
either EL for favorable modes or device length. Up to now, an
ultra-compact, low-loss, broadband mode filter with high design
scalability is rarely reported.

In this work, a versatile design approach for anovel HOM pass
filter is proposed in theory, based on the enhanced absorption
in ultrathin metal stripes induced by mode hybridization effects
between quasi-photonic modes and bound modes. By centering
metal stripes at the zero planes of field distribution for the desired
HOM, little interaction between HOM and metal occurs, thus
an ultralow propagation loss caused by metal absorption can
be realized for HOM incidence. While all LOMs are supposed
to attenuate rapidly owing to the nearly complete absorption
in metal stripes resulting from significant mode hybridization
effects with various bound modes. The intuitive approach can
be applicative for arbitrary HOM pass filter. We anticipate the
newly presented series of mode hybridization effects to suggest
the design of ultra-compact mode control devices for multimode
photonics and MDM systems.

II. DESIGN PRINCIPLE

In this work, three types of plasmonic waveguide, consisting
of multimode silicon on insulator (SOI) waveguide with a 220
nm-thick top layer and ultrathin Au stripes, are investigated
as design prototypes. Mode fields and effective indices are
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(a) Characteristics of hybridization effects between quasi-photonic mode and bound mode under various gold thicknesses. (b) Effective indices and TE

[28]) for quasi-TEp mode and aap” mode with different gold thickness.

calculated by finite difference eigenmode (FDE) solver in Mode
solutions software [25]. The light propagation processes are
simulated by FDTD Solutions software [25]. All the optical
constants used in our simulations are from [26]. The wavelength
in our design is mostly fixed at 1.55 pm without special explana-
tion. The naming rules for bound modes and simulation settings
are included in Appendix.

A. Choice of Metal Thickness

For the design of mode filter based on plasmonic waveguide,
the choice of gold thickness is critical and worthy to be investi-
gated. As displayed in Fig. 1(a)(b), mode hybridization effects
between quasi-TEq; mode and aa’ mode occur at different metal
widths under various gold thicknesses. One can be concluded is
that when the gold film is too thin, the MPA rise of the quasi-TE
mode is very limited, owing to weak hybridization resulted from
large refractive indices differences between two modes. When
the metal thickness increases to 6—8 nm, the coupling effect
between these two hybrid modes is enhanced slightly and the
MPA value for quasi-TE mode can reach 12.32-14.08 dB/um
(The corresponding imaginary part of mode refractive index is
0.35-0.4). With a thicker gold film (typically larger than 15
nm) implanted on the top of Si layer, the mode field of the
aa,’ mode extends into Si gradually, thus both the real and
imaginary parts of effective refractive indices for aa;’ mode
decrease significantly, and the MPA enhancement for hybrid
modes is substantially weakened. From our mode analyses, gold
stripe with a thickness of 8 nm is considered as an optimum
choice to trigger MPA enhancement for hybrid modes to a great
extent.

B. Single Metal Stripe

For plasmonic waveguide integrated with one metal stripe,
the mode naming rules is originated from [27]. As it can be
seen from Fig. 2(a), when wg; is 1.2 um, mode hybridization
effects occur successively between aa;’ and quasi-TEy, aa;’
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Fig.2. (a)Real parts and (b) Imaginary parts of mode effective indices varying
with wt when wg; = 1.2 pum; electric field profiles of hybridized modes when
(c) wt =97 nm; (d) wt = 100 nm. (e) Real parts and (f) Imaginary parts of mode
effective indices varying with wr when wg; = 0.95 pm; electric field profiles of
hybridized modes when (g) wt = 100 nm; (h) wt = 250 nm.

and quasi-TE, modes (see in Fig. 2(c)(d)), and also between
quasi-TE; mode and sa;’ modes, which can be confirmed by
the anti-crossing phenomena [28], [29] with “gap” between the
two corresponding curves of effective indices for hybridized
modes. Different from the hybridization effects between TM
and high-order TE modes in lossless Si waveguides [28], [29],
quasi-TE,, modes would obtain large MPAs under circumstance
of hybridization with bound modes, which can be revealed by
the rise in imaginary part curves for quasi-TEq and quasi-TE,
modes in Fig. 2(b).

Combined with previous investigations [30], [31], it can be
extended to general cases that quasi-TEs, and quasi-TMay, 11
modes would be hybridized with aa;™ modes, while quasi-
TEs, 41 and quasi-TMs,, modes would be hybridized with sa*
modes (m and n are both natural numbers, k is a positive integer)
with certain metal widths, provided that the Si waveguide is wide
enough.

Nevertheless, the degree of hybridization for quasi-TE2 mode
is various with different wg;, when quasi-TE, mode is weakly
confined in a Si waveguide as narrow as 0.95 pm, the large mode
field mismatch between quasi-TE, mode and aa;’ mode make
them hardly hybridized with each other. As shown in Fig. 2(e),
(f), the Real(neff) curves of aa;” and quasi-TE; modes intersect
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Fig. 3. (a) Schematic diagram, (b) Absorption rate, (c) Transmittance of
Structure A; Real part of E,, components profiles at A= 1.55 pm with input: (d)
TEo mode (e) TE; mode (f) TE2 mode for structure A. (g) Schematic diagram,
(h) Absorption rate, (i) Transmittance of Structure B; Real part of E,, components
profiles with input: (j) TEg mode (k) TE1 mode (1) TE2 mode for structure B.
Geometric parameters for structure A: wg;= 1.2 pm,, It ;= 0.2 pm, ltp=15 pm,
lts= 0.3 pm. Structure B: wg;=0.95 pm, lt;= 0.2 pum, lto= 3 pm, lts= 0.3
pm, lty=6 pm, lt5= 0.2 pm.

almost directly, and the Imag(neff) of quasi-TE, mode does
not present an evident rise, comparing with the case for weg;
= 1.2 pm. Hence the absorption of quasi-TEs mode can be
flexibly controlled by simply adjusting wg;. In addition, there
are still strong mode hybridization effects between quasi-TE
and aa;,” modes (and also between quasi-TE; and sap’ mode),
which can be confirmed by the anti-crossing gaps circled out by
green lines in Fig. 2(e) and the significant MPA increments for
quasi-TEq and quasi-TE; mode, when wt is near 0.1um and
0.25 pm, respectively (as shown in Fig. 2(f)). Also, similar
electric field distributions of the two pairs of hybridized modes
are shown in Fig. 2(g)(h).

According to the mode analyses above, two types of mode
filters are proposed and depicted in Fig. 3(a) and (g). The
operation principles of the two structures are briefly summa-
rized as follows: in structure A, the mode hybridization effects
between quasi-TEo/TE; and aa;” mode are triggered simultane-
ously in the second taper with a width range of wt;-wz, (0.085-
0.105 pm), and the hybridized modes get absorbed efficiently.
While TE; mode is barely unaffected during the propagation
process. In structure B, quasi-TEq and quasi-TE; mode are
separately absorbed in the second and fourth tapered parts with
a metal width range of wt;-wtp (0.09-0.11 pm) and wts-wt,
(0.24-0.26 pm), attributing to the enhanced MPAs caused by
the mode hybridization effects between quasi-TE, and aa;’,
quasi-TE; and sa,’ modes. Whereas quasi-TE, mode with low
MPA can be transmitted efficiently. In structure A and B, the
first and last taper facilitate efficient coupling between pure TE
mode and quasi-TE mode.
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To characterize the propagation process in structure A and
B, 3D-FDTD method is utilized. As illustrated in Fig. 3(b),
the absorption rates for TEqy and TEs incidences in structure
A are above 90% for wavelength from 1.45 ym to 1.62 pm.
The EL of TE; mode is only 0.16 dB, which is an impressive
value, as shown in Fig. 3(c). Meanwhile, an ER of 20 dB with
bandwidths of 140 nm (1450-1590 nm) and 70 nm (1500-
1570 nm) for TE; mode against TEy and TE; mode is theo-
retically achieved, respectively. The propagation electric field
profiles in xz plane for A = 1.55 pm are shown in Fig. 3(d)-(f),
which indicate efficient transmitting for TE; incidence and pro-
hibition for TEy/TEs input. As for structure B, one can be seen
from Fig. 3(i) is that the rejection of TE; mode is not particularly
ideal, since the mode hybridization between quasi-TE; and sa;’
mode is weaker (than that between quasi-TEq and aa »? mode),
an ER of 15 dB is theoretically realized with a bandwidth of
only 15 nm (15401555 nm). The propagation field profiles in
Fig. 3(j)(k) show effective stripping of quasi-TE( and quasi-TE;
mode which are respectively realized after the second and fourth
taper for the wavelength of 1.55 pm. However, the EL of TE»
mode is still up to 1.5 dB, as a consequence of the absorption by
metal stripe within long propagation length. Notably, structure B
can operate only if the TE, mode is weakly confined (as shown
in Fig. 3(1)), which, however, inevitably imposes bandwidth
limitations.

C. Dual and Triple Metal Stripes

Enlightened by the above observations, further attempts are
been made by implanting two and three Au stripes on the
multimode Si waveguide with widths of 1.1 ym and 1.6 pm.
The ultrathin Au stripes are symmetric in the horizontal direction
with an interval of dx. By adjusting the value of dx, the MPA and

JI [ES|ddy
[ [EX|dzdy+ [f |E]|dedy
[28]) of each quasi-TE, mode when wt = 0.1 pm are plotted in

Fig. 4(a) and (d).

For each quasi-TE, mode, the variation trend of MPA is in
direct contradiction to that of TE polarization fraction. It can
be predicted that the increase in MPA for quasi-TE,, mode is
originated from a stronger interaction with the bound mode with
large MPA. Particularly, an ultralow MPA for quasi-TE; and
quasi-TE3 mode is achieved as dx is about 0.4 pym (as shown
in Fig. 4(a) and (d)), which can be attributed to the minimized
perturbation of bound mode as each metal stripe is centered at
the dips of the E; horizontal profile curve for TEo/ TE3 mode (as
shown in Fig. 4(b) and (e)), resembling the statement in [18].
Also, the dominated E, field and the weak intensity near the
metal edge in Fig. 4(c) and (f) prove the high TE polarization
purity (93%/95%) for quasi-TEs/quasi-TE; mode when dx =
0.4 pm. As for the condition with other dx values, strong field
intensities exhibit at the interface of metal and Si for quasi-TEo/
quasi-TE3 mode, which is similar to a plasmonic mode, thus the
MPAs for these cases are considerable.

To identify the underlying origins of the considerable MPAs
for LOMs, the dependences of mode effective indices on metal
width wr when dx is 0.4 pum are investigated by FDE solver. In

TE polarization fraction (defined as v,=

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

Fig. 4(g)(h), both the real and imaginary parts curves for various
-sa;,” modes are highly coincident. The anti-crossing character-
istics of Real(neff) curves reveal the existence of hybridization
effect between quasi-TE and a-aa’ mode, and also between
quasi-TE; and s-aa,’ mode. The widths of the metals required
for the two hybridization effects to occur are not uniform but very
close to one another. In the hybridization areas, one can be seen
from Fig. 4(h) is that the MPAs of quasi-TE( and quasi-TE;
modes obtain a significant rise and exhibit an extremum at
the metal widths corresponding to the “switching” points of
Real(neff) curves. Here the modal fields under two cases (i.e.,
wt = 99 nm and 96 nm) are also presented in Fig. 4(i)(j),
from which the comparable Ex and Ey components for the two
pairs of modes indicate strong mode hybridization. After the
mode hybridization areas, the effective indices of a-aap’ and
s-aa;,’ modes tend to be consistent and the MPAs of quasi-TE,
and quasi-TE; mode drop dramatically. Besides, the effective
indices of quasi-TE; mode almost remain unchanged as wt is
in the range of 0-0.2 pm, thus quasi-TE; mode would behave
as a guided-mode confined mostly in Si with ultralow MPA
as expected in Fig. 4(a). Similarly, for the case of plasmonic
waveguide integrated with three ultrathin metal stripes, as shown
in Fig. 4(k)(1), there exist mode hybridization effects between
quasi-TEq and i-aa;’, quasi-TE; and e-aa;’, quasi-TE, and
o-aa,’ modes, respectively. The similar modal field profiles are
shown in Fig. 4(m)-(o).

Benefiting from the ultralow MPA of HOM and large MPA
of LOMs indicated from mode analyses in the two plasmonic
waveguide configurations, TE; mode and TE3 mode pass filter
can be proposed. For the structure shown in Fig. 5(a) and (g),
the first triangular taper can make incident modes convert to
quasi-photonic modes without decoupling to pure Si waveguide.
In the second taper, the undesired LOMs couple to hybrid modes
with large MPAs and get absorbed simultaneously. While the
desired HOM propagates with low MPA in the three sections
mentioned above and is coupled to original HOM by the inverted
taper efficiently.

Through numerical simulations performed by 3D-FDTD
method, the absorption efficiency of the metal stripes for the
incident TEy and TE; modes in the wavelength range from
1480 nm to 1620 nm can reach almost 100%, as Fig. 5(b) shows.
Moreover, from the normalized transmittance spectra shown in
Fig. 5(c), an ER of 20 dB is achieved theoretically in wavelength
ranges of 1460-1650 nm (TE,-TE;) and 1425-1635 nm (TEs>-
TEy). In general, the ER is better than 20 dB over a ~175 nm
(1460-1635 nm) wavelength span. The light propagation per-
formances of the TEs mode pass filter at wavelength of 1.55 ym
are demonstrated in Fig. 5(d)-(f). It can be seen that the TE
and TE; mode are gradually decayed until they almost dis-
appear, as energy accumulates towards the metal/Si interface
and is eventually absorbed by Au stripes. While the TE; mode
passes through almost transparently, without resulting in any
undesirable scattering/reflecting or inter-mode coupling.

For TE3 mode pass filter shown in Fig. 5(g), the group velocity
is nearly the same as that of in the pure SOI waveguide for
TE3 mode incidence, which can be revealed from Fig. 5(h). The
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(a) Imaginary parts of effective indices and TE polarization fraction for quasi-TEg-quasi-TE2 modes as dx increases. Structure parameters: wg;= 1.1 pm,

wt= 0.1 pum. (b) Electric field profiles of TEg- TE2 modes in 1.1pm-wide Si waveguide. (c) Modal fields of quasi-TE2 mode with various dx. (d) Imaginary parts
of effective indices and TE polarization fraction for quasi-TEg-quasi-TE3 modes as dx increases. Structure parameters: wg;= 1.6 um, wt= 0.1 pm. (e) Electric
field profiles of TEp- TE3 modes in 1.6pum-wide Si waveguide. (f) Modal fields of quasi-TE3 mode with various dx. (g) Real parts and (h) imaginary parts of mode
effective indices with varying wt, electric field profiles of hybridized modes when (i) wt= 99 nm; (j) wt= 96 nm for dual-metal stripe configuration. (k) Real parts
and (1) imaginary parts of mode effective indices with varying wt, electric field profiles of hybridized modes when (m) wt= 102 nm, (n) wt= 99 nm, (o) wt= 95
nm for triple-metal stripe configuration.

absorption rate and normalized transmission response spectra
for each launched mode are shown in Fig. 5(1)(j). For the
case of wg; = 1.6 um, the absorptance of TEy-TE2 modes is
approaching 100% in wavelength range of 1.35-1.62 ym and
exceeds 90% in the wavelength range of 1.3—1.7 ypm. The EL g3
degrades significantly as wavelength increases and approaches
2.2 dB for 1.7 ym wavelength. The bandwidth BWggr~204p for
achieving a 20 dB rejection ratio of TE(-TE5 modes over TE;
mode can reach up to 300 nm (1350-1650 nm). Fortunately, the
characteristic of ELTg3 can be optimized by altering wg,; from
1.6 pm to 2.4 pum, as dx is adjusted from 0.4 ym to 0.6 pm
accordingly. When w; = 2.4 um, there exists ELtgs as low as

for LOMs.

0.14-0.61 dB in wavelength range of 1.2-1.7 pum, while with
a slightly deteriorated but acceptable BWggr~204p of 210 nm
(1410-1620 nm) compared to the case of wg; = 1.6 um. More-
over, Fig. 5(k)-(n) display the E, profiles in the xz plane as
TEo-TE3 modes are launched from the input port (when wg;
= 1.6 pum). As expected, the almost complete blocking for
transmission of LOMs (TE(-TE5 mode) can be realized within
different propagation lengths for various wavelengths, while
there is no obvious intensity attenuation along the propagation
direction under TEj3 incidence. Therefore, the proposed TE;
mode pass filter presents wide spectrum filtering functionality



2212608
b
@ TEYTE; ® 1005 Sy - (2 0 P,
=2 Absorption 5102 380% S - 1
E S 60% ~TE, | 820 g
1 H 1= TE, E o TE,
By b T ~TE, E0 0 \
O | ——- e 200
= e 0%t =60 2 v,
13 14 15 16 17 13 14 15 16 17
Wavelength (um) Wavelength (um)
_________________ ,-Real(Ex) profiles for A=1.55 ym
:(d)| TE, incidence , i Ic),  TE incidence i !
: y=hy I : y=hs 2 H : H
) |
:50""'“ 0 : : o : : :
v so. |, ! ' I, i L I, E
Bt 2 T [ s o P
12, sl i1 L AN
| = so. | i [ b= so. | !
I 0s 2 : E : 05 Eh
I 0 2 4 6 1 6 | 0 2 4 6 |
L _Hpm_ ______ v _aem_______ S _dem 1
x107
2 IEIEIE . h) _ 10
© X Absorption Si0;, ¢ )z\n === pure SOI waveguide
. E 8 with ultrathin Au stripes
—— Z
. — Q
s = <
I & > 4
awn wh| &
o2
1 I, 13 G 0
12 13 14 15 16 1.7
(i) G) Wavelength (um)
0/ ereeen
100% ?7”. '**1 '%\ 0
0, A =
g 80% 2 20
g 1.6pmTE, 2.4 pm TE, 3]
= 1.6pm TE, - 2.4 pm TE, E
35 1.6pm TE; -~ 2.4 pm TE, E 40 - :
2 40% 1" = 1.6pmTE; -- 2.4 im TE, £ - =ra//
2 o 2 L6pmTE, 24 pm TE,
20% o S -60 -+ 1.6pmTE, - 24 pm TE,
= -~ 1.6pm TE; - 2.4 pm TE,
[ e 80 = 1.6pm TE; -~ 2.4 pm TE;
12 13 14 15 16 1.7 12 13 14 15 16 17
Wavelength (um) Wavelength (um)
(k) TE, input (1) TE, input (m) TE, input (m) TE;input
g H Imtm
% =
=135 = * Il S
1 IL “a
g 'I g Iimnlllm
£ m g !
=1 aspmi <o W
i R —
=155t 2o ¢ S L
) ,
1 o [
=165t £ o NN 0 o 3 S o,
. ) )
L H . . L] ! " 2 . . L] |Vl " H . . L]
s 2o )
Fig. 5. (a) Schematic diagram of the proposed TE2 mode pass filter. (b) Ab-

sorption rate and (c) transmittance for TEg-TE» incidence. Electric filed profiles
(Real (E,)) for TEg-TE3 incidences: (d) TEq incidence; (e) TE; incidence; (f)
TEz2 incidence; Structure parameters: wg;= 1.1 pm, wt;= 0.09 pum, wig=
0.11 pm, dx= 0.4 pm, lt;= 0.2 pm, ltp= 5 pm, lts= 0.3 pm. (g) Schematic
diagram of the proposed TE3 mode pass filter. (h) Comparison of group velocity
between our proposed TE3 mode pass filter and SOI waveguide (1.6pm wide)
under TE3 mode incidence.(i) Abosorption rate and (j) transmittance for TEg-
TE3z incidence when wg;= 1.6 pm (dx= 0.4 pm) and 2.4 pm (dx= 0.6 pm),
respectively. Electric filed profiles (Real(E;)) for TEg-TEs3 incidences at various
wavelengths: (k) TEq incidence; (1) TE; incidence; (m) TEsg incidence; (n) TE3
incidence; Structure parameters: wt;= 0.07 pm, wtg= 0.11 pm, lt;= 0.2 pm,
Ito=8 pm, lt3= 0.3 pm.

III. CONCLUSION

Additionally, comparisons between our designs and previ-
ously reported works are made and presented in Table. I. The
proposed HOM filter performs well on almost all metrics, in-
cluding device footprint and bandwidth, as well as EL and ER.
Notably, The TE, and TE3 mode pass filters can achieve low EL
and ultra-broadband bandwidth with ultra-compact footprints in
theory, which are the most compact HOM pass filters with the
broadest operating wavelength range up to now.

In this work, the mode hybridization effects between quasi-
TEsgy, (or quasi-TMay,,+1) and aap” mode, as well as quasi-
TEom+1 (or quasi-TMay,) and sap (k is a positive integer, m

IEEE PHOTONICS JOURNAL, VOL. 14, NO. 1, FEBRUARY 2022

! () Typical electric field profiles
(Real(E,

) of bound modes whe wr=0.15 um Jy, si "
iidentical sisymmetric N .
siside azantisymmetric
o:opposite

Typical electric field profiles (Real(E,)) of four bound modes
wi= 0.
azantisymmetric

sesymmetric

Z-Sllh”
.

o .
ot a-say i-say’
“e parah

o

l Max
1

1 o
X (um)

ot i-aay
N W A
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and n are both natural numbers) modes in a hybrid plasmonic
waveguide integrated with a metal stripe are first presented.
Moreover, by implanting more metal stripes on multimode Si
waveguide, hybridization effects between quasi-TE mode of
different order and various aa,’ modes are also theoretically
observed. The existence of mode hybridization makes it possible
to achieve nearly complete absorption for various orders of
TE modes within a short length (<10 pgm) in our proposed
HOM pass filter architectures. Through the above simulations, a
universal method for constructing a TE,, (n is a positive integer)
mode pass filter can be obtained, i.e., by placing n metal stripes
with favorable width at the center of dips for TE,, mode electric
field curve, the MPA of quasi-TE,, mode can be minimized.
Simultaneously, there would exist n pairs of hybridized modes,
i.e., various aa;’ and quasi-TEx (k =0, 1, 2, ..., n-1) mode,
between which hybridization effects are supposed to happen,
thereby a high-efficiency pass filter for TE, mode can be ob-
tained by nearly complete absorption of all undesired TEy (k
=0, 1,2, ..., n-1) modes. It needs to be emphasized that the
hybridization appears not only for our proposed configurations.
There exist candidates for this design strategy, such as Ag and
Al, whose refractive index is composed of a small real part and
a large imaginary part. Additionally, by employing appropriate
waveguide geometry, TM mode-dependent hybridization can
also be triggered to accomplish the function of TM HOM pass
filters. To conclude, this design strategy has extremely high
flexibility and expansibility.

However, extremely advanced technical means are still re-
quired to put this design into actual fabrication, since it remains
a challenge to form a smooth, uniform, ultrathin metal film on Si
substrate [32], [33]. Discussions about the influence caused by
thickness and width fabrication errors are included in Appendix
C. Nevertheless, we argue that the architecture would be suitable
for high-density Si photonic integrated circuits (PICs) in the near
future, attributing to the negligible scattering/reflection loss and
ultra-compact size. And we also hope the mode analyses in this
work may open up new opportunities for multimode photonics
to further shrink the size of functional devices(such as mode
converter, polarization splitters, mode splitters, etc.) by tens or
even hundreds of times.

APPENDIX
A. Naming Rules of Bound Modes

To clarify the bound modes involved in the plasmonic waveg-
uides, the typical mode field profiles are displayed in Fig. 6(a)(b).
Following the nomenclature for bound modes in [27], the two
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TABLE I
COMPARISONS OF REPORTED HIGH ORDER MODE PASS FILTERS WITH OUR PROPOSED STRUCTURES

Structures (il:) (Eg) ((f];“) (gg) Device function
ADC® (Exp.)[8] 10000 40 0.47 20 TEy/TE\/TE/TE; input, TE; pass
MZI+Y -junction (Exp.)[9] 11000 35 0.52 37 TE/TE; input, TE; pass
Phase-shifted LPG®™ (Exp.)[11] 26000 >140 >1.5 ~18 E1/E /By input, Ejo/Es; pass
MMI+Y -junction (Exp.)[12] 150 >35 <15 >15 TE/TE, input, TE, pass
1D PC® grating (Exp.)[13] 15 >100 1.8 50 TE/TE; input, TE; pass
SWG-based CDC@ (Exp.)[14] 12 35 <14 >21 TEy/TE, input, TE, pass
Graphene absorption (Exp.)[16] 11000 165 2 17 E,||/E»/E;input, E|2/E; pass
Inverse design (Exp.)[22] 3 60 <1 >15 TE(/TE, input, TE, pass
Plasmonic BSWG® (Sim.)[24] 260 150 0.63 15 TMy/TM, input, TM, pass
Graphene absorption (Sim.)[18] 200 - 8.4 537 TE/ TE,/TE; input, TE, pass
5.5 140 0.16 >20 TEy/TE, input, TE, pass
5.5 175 0.9 >20 TEy/ TE,/TE, input, TE, pass
This work (Sim.)
300 0.9 >20 TEo/TE\/TE,/TE; input, TE; pass
8 210 0.3 >20 TEo/TE\/TE,/TE; input, TE; pass

@ ADC, asymmetric directional coupler; ®LPG, long period grating; “PC, photonic crystal; (YCDC, contra-directional coupler; ©BSWG, bridge

subwavelength grating.

letters after the dashes describe the symmetry of E,, field distri-
bution in the horizontal and vertical direction, respectively. The
subscript ‘b’ means ‘bound’, and the superscript ‘m’ stands for
the order number of bound mode. For the case of dual-metal
stripe, the preferred letters ‘s’ and ’a’ stand for “symmetric”
or “antisymmetric” respectively (which describe the symmetry
of E, components with y-axis). For triple metal stripe config-
uration, the field profiles of typical bound modes are shown in
Fig. 6(b), among which the preferred ‘i’ and ‘o’ respectively
represent the polarity of £, components around center stripe are
‘identical’ and ‘opposite’ with that of the stripes at two sides,
and the letter ‘e’ denotes that there are only strong filed profiles
around two metal stripes at the two ‘edges’.

B. Details About FDTD Simulation Settings

The perspective view of our settings is shown in Fig. 7(a).
The boundary conditions for each direction are set to the perfect
match layer (PML). The global mesh is set as “auto non-uniform
(mesh order 8)”. Owing to the adoption of metal stripe, the
mesh refinement is set as “conformal variant 1” to get better
convergence. A mode source is applied to launch specified mode
in the z direction. The “Pabs_adv” analysis group is utilized to
calculate the absorption rate in the Au stripes. By utilizing the
“mode expansion” monitor at the output port, we can obtain
the normalized power of the specified mode (i.e., transmittance
for specified mode) we are concerned about. In addition, precise
meshes are essential in the Au stripe regions (and around) for the
reason that the optical field near the metal region is strong and
dissipates quickly in the direction away from the metal/dielectric
interface. We set individual meshes with dimensions slightly
larger than the Au stripes, as shown in Fig. 7(b). In addition, we
test the simulation accuracy with different grid settings (override
x/y mesh-dx/dy). As shownin Fig. 7(c)(d), alow-precision mesh
may provide an underestimated absorptance, since the sum of
absorptance and transmittances across all planes is far below
100%. In addition, there are more stringent requirements on the
mesh accuracy for longitudinal direction (y-direction) in our
simulation. In general, a mesh of 2 nm/l nm is sufficient to

(b) fhsl
dy Ax=Ay=3nm
/
“(m
X
Ax Ay
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Fig. 7. (a) Perspective view of the numerical simulation software; (b) cross-

section of absorption region and precise mesh settings around Au stripe; (c)
absorption rate (ATgo) and (d) sum of absorptance (ATgo) and transmittance
of TEp mode (TTgp) under TEq incidence for dual-metal stripe TE5 mode pass
filter with meshes (dx/dy) of different precision.

achieve high precision while ensuring an acceptable computa-
tional time. By utilizing a computer with Intel Core 17-6700K
and a 32G RAM, 12~14 hours are required for the simulation
of the TE; mode pass filter under certain incident conditions.

C. Fabrication Error Analyses

Despite the simulation results manifest remarkable perfor-
mances of our proposed structures, it is still necessary to evaluate
the fluctuations of key criteria caused by actual manufacturing
inaccuracies, such as the metal width errors induced by pattern
transfer/etching processes and film thickness deviations origi-
nated from non-ideal metal deposition. Here we consider the
condition when Au stripe width error (Awr) of + 10 nm and
thickness error (Ahm) of £+ 1 nm are respectively introduced in
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and transimittance of specified mode (TTg;) under different propagation decay
lengths (It =4, 6, 8, 10um) for various incidences: (¢) TEg; (d) TE1; (e) TEz;
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our proposed TE3 mode pass filter (wg; = 1.6 um). As shown
in Fig. 8(a), there would be a redshift of ~ 60 nm for the trans-
mission spectrum with a 10 nm increase of wt. When the film
thickness error is — 1 nm/4-1 nm, the transmission spectra would
have a 60 nm red/blue shift, as shown in Fig. 8(b), which is con-
sistent with the general law that a thinner metal film corresponds
to a narrower ‘hybridization width’ for a fixed wavelength. One
conclusion can be drawn is that a 1 nm thickness error usually
can be roughly compensated by a 10 nm width offset for Au
stripes. In addition, the propagation decay length indeed affects
the performance of the mode filter. We tailor 1t; and get device
performances under TE(-TE3; mode incidences. As shown in

Fig.

8(c)-(f). A longer propagation decay length would result in

larger absorption by Au stripes and wider operation wavelength
span (see Fig. 8(c)-(e)), but it leads to a deterioration of EL for
the desired HOM (Fig. 8(f)) simultaneously.
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