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Abstract: Mode-order converters drive the on-chip applications of multimode silicon photonics. Here,
we propose a TMy-to-TM3 mode-order converter by leveraging a shallowly etched slot metasurface
pattern atop the silicon waveguide, rather than as some previously reported TE-polarized ones.
With a shallowly etched pattern on the silicon waveguide, the whole waveguide refractive index
distribution and the corresponding field evolution will be changed. Through further analyses, we
have found the required slot metasurface pattern for generating the TM3 mode with high conversion
efficiency of 92.9% and low modal crosstalk <—19 dB in a length of 17.73 um. Moreover, the device’s
working bandwidth and the fabrication tolerance of the key structural parameters are analyzed in
detail. With these features, such devices would be beneficial for the on-chip multimode applications
such as mode-division multiplexing transmission.

Keywords: silicon photonics; photonic integrated components; mode-order converters

1. Introduction

Silicon photonics has attracted intensive research interest as an excellent platform for
developing some ultradense on-chip photonic integrated circuits, due to its high refrac-
tive index contrast, low cost and compatibility with mature complementary metal-oxide-
semiconductor (CMOS) technologies [1-4]. However, to meet the exponential growth
demand of the optical interconnection capacity, various multiplexing technologies have
been explored, such as wavelength-division multiplexing (WDM), polarization-division
multiplexing (PDM), and mode-division multiplexing (MDM) [5-9]. Among them, MDM
technology becomes more and more important for the on-chip optical interconnects, since
the total transmission capacity can be easily extended by using more eigenmodes of optical
waveguides [5-9]. Under this condition, we require the waveguide to be able to generate
more higher-order eigenmodes on-chip. In order to solve this issue, high-performance
mode-order converters which can change the input fundamental mode into the higher-
order mode are the pivotal components for the on-chip MDM applications [6,8-10].

Recently, various schemes and concepts have been proposed for the mode-order
converters. Using subwavelength grating structures and slots on the waveguide, the device
size can be greatly shortened to less than 10 um [11-15], contributing to the compact
integration on-chip, however the transmission loss will become relatively large due to the
deeply-etched components. Some prevailing optimization methods (e.g., deep learning and
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topology optimization [16-18]) have also been used to find the optimal structure pattern
at the cost of quite time-consuming iterative calculations and complex patterns for the
device fabrication. Compared with these latest reports, some classical structures such as
Mach—Zehnder interferometers (MZI) [19,20] and Bragg gratings [21,22] are still employed
to realize the mode-order conversion due to their simple structures, high performance and
clear working mechanisms. However, the main issue of these typical schemes are their
device lengths (>50 um). Furthermore, some common taper designs can also be used for
mode conversion, by piecewise optimization of the taper shape, the TE polarized mode
conversion can be achieved [23]. By using Ge on the silicon waveguide, a compact mode-
order converter from TM mode to TE mode can be achieved with an average insertion
loss <1 dB and a polarization extinction ratio >15 dB [24]. By analyzing these previous
works, we should note that almost all these reports are about the TE-polarized mode-order
conversions, and few works focus on the TM-polarized ones. Faced with more mode
channel requirements of high-capacity on-chip MDM transmission [7,8], TM-polarized
mode-order converters should also be developed and their structures cannot refer to the
TE-polarized ones directly due to their different polarization states. Therefore, efficient
TM-polarized mode-order converters that can realize the mode conversion from input
TMj and output TM-polarized higher-order mode with low insertion loss (IL), low modal
crosstalk (CT), high conversion efficiency (CE), broad bandwidth and ease of fabrication
are still our desired goal.

In this paper, we propose an efficient TMy-to-TM3 mode-order converter based on
the shallowly etched slot metasurface, which is located atop the input and output silicon
waveguide. By introducing such slot metasurface patterns on the silicon waveguide, the
corresponding optical refractive index distribution of the etched silicon waveguide can
be changed. Then the light transmission pattern will also reveal some perturbations as
it enters into the etched silicon waveguide. To realize the designated TMy-to-TM3; mode-
order conversion, we carefully designed and optimized the shallowly etched slot pattern
on the silicon waveguide, where its function and optimization strategy were different
from our previous work [25]. From results, we have obtained a silicon-based TMy-to-TM3
mode-order converter with high CE of 92.9%, low CT of <—19 dB, and low IL of 0.7 dB at
A =1.55 um, where the mode conversion length was 17.73 pm. Moreover, such a device
can operate from A = 1530 to 1600 nm without significant performance degeneration. More
importantly, we found that this shallowly etched slot scheme had some scalability for the
mode-order conversion, and more higher-order modes could be generated using such
etched multimode waveguide structures. Based upon these unique features, the proposed
scheme and related devices would well support the on-chip multimode applications [26,27],
such as on-chip MDM systems.

2. Materials and Methods

Figure 1a shows the schematic of the TMy-to-TM3 mode converter, where the perspec-
tive and cross-sectional views along several key positions are illustrated to better present
the device structure. Through analyzing the field pattern of the TM3 mode, the four light
beam spots with non-axisymmetric distribution were very clear, as can be seen in Figure 1b.
So, the shallowly etched slot pattern also had to be designed to be non-axisymmetric atop
the silicon waveguide and its main function was used to generate four beams (adjacent
beams having a phase difference of 7) at the output port [15]. To achieve this goal, we intro-
duced six different shallowly etched rectangular slots (numbers 1 to 6) which were located
atop the silicon waveguide along the length direction, as shown in Figure 1. The lengths
and widths of these slots were L;~Lg and W;~Wg in the x- and y-direction, respectively.
Slots 1 and 4, slots 2 and 5, were aligned in the x-direction with the same widths Wy = Wy,
W, = W5, respectively. Further, one side of slots 1 and 4 in the x-direction was coincident
with the width boundary of the silicon waveguide, benefiting the device fabrication, and
the relative distance between slots 1 (4) and 2 (5) in the y-direction was W,. Slots 3 and 6
were connected with slot 5 on both sides along the x-direction, and the relative distances
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between them and the waveguide width boundary in the y-direction were Ws and Wy,
respectively, shown in the insets of Figure 1. In addition, the internal relative distances
of these shallowly etched slots in the x-direction were denoted as L, Ls, L, respectively,
referred to the length boundary of slot 1, where all slots had a uniform etching depth Hy.
The width and thickness of the input and output silicon waveguide were W = 2 pm and
H; =300 nm, and the upper cladding was silicon nitride, whose refractive index difference
with the silicon waveguide was smaller than that of silica. Such a reduced refractive index
difference can help to reduce the coupling loss in the shallowly etched waveguide regions.
By comparing the field patterns of TEy and TM( mode at different waveguide thicknesses,
the top silicon layer thickness of 300 nm would be recommended for the TM-polarized
mode-order conversion due to its good mode confinement feature. For the TE-polarized
one, standard 220 nm thick silicon layer would be the first choice.
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Figure 1. (a) Schematic diagram of the proposed TMjy-to-TM3 mode-order converter based on the
shallowly etched slot metasurface. Insets show the cross-sectional views of the device along its four
key positions (marked by a, b, ¢, d) and the structural parameters are labeled. (b) The electric field
patterns (dominant component: E;) of TMy and TM3 mode in the y—z cross section.

By etching these rectangular slots on the top surface of the silicon waveguide, the
refractive index distribution of the waveguide region would not be uniform and the etched
slots could be regarded as the refractive index perturbations of the whole waveguide ac-
cording to the effective medium theory [28,29]. So, the light transmission pattern would not
be stable along the length direction and revealed some irregular interference distributions.
By analyzing these formed interference patterns, we found that we could generate the
specified higher-order mode by engineering the slot metasurface pattern atop the silicon
waveguide. Based upon this mechanism, we designed and optimized the shallowly etched
slot structure for obtaining the mode-order conversion from input TMy to output TM3
mode, as illustrated in Figure 2. First, we introduced slots 1 and 2 with relatively low
effective index to generate four beams for input TMy mode, while obvious multimode
interference could be observed and could not be easily removed, only by using these
two slots [30]. Second, we added another two slots 4 and 5 with optimized dimensions
and found that four beams could be observed, while there were some different phase
differences between these four beams and the recorded mode CE was only 52.1% after
optimization (L1 = 6070 nm, W; = 600 nm, L, = 5430 nm, Wj = 630 nm, Ls = 5340 nm,
L5 = 4680 nm, W, =370 nm, L, = 4940 nm, H, = 80 nm). Third, we added a phase-tuning
slot 3 connected with slot 5 on its left side in the x-direction to adjust these phase differences
and the result was relatively good with mode CE increasing to 85.9%, where the four light
beams were clearer with a slightly uneven distribution. Finally, another phase-tuning
slot 6 (connected with slot 5 on its right side in the x-direction) was also added to fine-tune
these phase differences between adjacent beams. For the effective medium theory, the
refractive indices of etched and unetched regions were different and the whole waveguide
could be separated into several uniform regions with different refractive indices. Then
we used the aforementioned way to design and optimize the structure to achieve the best
performance. Therefore, through structure design and performance optimization with the
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help of three-dimensional finite-difference time-domain methods (3D-FDTD) [31,32], we
realized the mode-order conversion from input TMy to output TM3 mode only by etching
six well-designed rectangular slots atop the silicon waveguide. It should be noted that our
proposed mode-order converter was an asymmetric structure and the input TMy mode
could only be injected at the left side.

1 - 1.0
— [ 0.6
E }Hlllr ‘. 11T W 1153
£ of [t I Lm0 1

_‘| 1
01234567 8 91011121314151617181920212223 10

(a) X (um)
A1 WP R LN 1.0
£ , ol L) 0:6
=5 1 hﬁ" liis ﬁﬂé
=1 A A lll 2.
01234 5 67 8 91011121314151617181920212223 1.0

(b) X pm
1 Tl L8 LU -
ol i }'N e i ok 1153
= " Hll'l'l‘llm I ulllll -0.2
=1 T -r gl T ‘ TRal 4 jos
01 2 34567 8 91011121314151617181920212223 :

() S?” Slot 3, x(pm) Slat4 ~ siot 6

; i Eé‘.%
| 0.2
-0.2
-0.6
-1.0

(d) Slot 2 x(um)  Slot5

Figure 2. Electric field evolution (E, component) of input TMy mode transmitted along the silicon
waveguide which was etched by (a) slots 1 and 2, (b) slots 1, 2, 4, 5, (c) slots 1~5, and (d) slots 1~6.

3. Results

For the optimization process, we introduced slots 1 and 2 with a relatively low effective
index to generate four beams for input TMy mode, and then we added another two slots 4
and 5 to adjust the phase difference between these four beams. In the beginning, all these
four slots were with the same size and then we optimized and adjusted the dimensions of
each rectangular slot and their relative positions one by one. By considering the interplay
between those four slots, we made an overall optimization. Meanwhile, the most key point
of the proposed device was its phase-tuning structure (slots 3 and 6) which could greatly
affect the device performance [25]. Figure 3 shows the calculated mode CE and CT of
the proposed TMp-to-TM3 mode-order converter as functions of the length L3(L¢), width
W3(Ws), and relative distance Wg(Wy,) of slot 3(6). Note that for the mode-order converter,
high mode CE was a paramount evaluation index which reflected well its pivotal mode
conversion performance [11-15,19-22]. Meanwhile, we also employed CT between the
required mode (TM3 mode) and other modes at the output port to characterize the mode
purity for the mode conversion process. From the results, their optimum values were
determined by both considering the mode CE and CT simultaneously, that is, Lz = 3470 nm,
W3 =600 nm, Ws =790 nm, Lg = 1660 nm, Wy =280 nm, and Wy, = 800 nm, respectively,
with mode CE of 92.9% and highest CT<—19 dB. For the mode CT, we considered the CT
derived from five TE modes (TE(~TE,) and three TM modes (TMy~TM,) with the required
TM; mode, and chose the highest value as the mode CT of the suggested device. Moreover,
by studying the variation curves in Figure 3, the tolerances of widths (W3, W) and relative
distances (Ws, Wp,) were clearly smaller than those of lengths (L3, Lg), where L, = 380 nm
and Lg = 1850 nm. For slot 3, L3, W3 and W, should be kept within £300 nm, £60 nm and
+40 nm for keeping CE > 87% and CT < —17 dB. By contrast, Ls, W¢ and Wy, should be
kept within £600 nm, £120 nm and £60 nm for keeping CE > 91% and CT < —18 dB. As
a consequence, slot 3 had more influence on the device performance with relatively tight
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tolerance and slot 6 was an auxiliary component to further enhance the device performance
with relatively large tolerance, which was matched with our theoretical analysis.
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Figure 3. Mode CE and CT of the proposed TMy-to-TM3 mode-order converter as functions of (a) length L3, (b) width W3,
(c) relative distance W of slot 3, and (d) length Lg, (e) width W, (f) relative distance Wy, of slot 6, respectively.
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Next, we studied the spectrum properties of mode CE, CT, and IL of the proposed
device shown in Figure 4, where the device parameters were based upon the above analysis
and the material dispersions of silicon and silica were also considered. It was noted
that the mode CE presented a clear asymmetrical response with respect to the central
wavelength (1.55 um) and the long wavelength (>1.55 pm) nearly had a higher CE than
the short wavelength (<1.55 pm). For the mode CT, its limitation mainly came from the
excited TE; mode with highest mode CT (CT < —17 dB within the calculated wavelength
range). Owing to the shallowly etched slot metasurface pattern (compared with the deeply
etched slot structure with large structural changes) atop the silicon waveguide, no large
transmission loss was introduced and the obtained IL curve was relatively stable within
the entire wavelength range (IL < 1.4 dB, IL = 0.7 dB @1.55 um). Another advantage of the
proposed device was its low reflection loss (<—30 dB) within the wavelength range due to
relatively small structural changes. Moreover, we also plotted the field evolution through
the designed device at three typical wavelengths (A = 1500, 1550, 1600 nm) and the total
conversion length was 17.73 pm. By leveraging the proposed mode-order converter, the
input TMy mode could be well converted to the output TM3 mode within the length <20 um
and its optimum working wavelength range was from 1530 to 1600 nm.



Photonics 2021, 8, 95

6 of 10

10

0F

A0F

) —
g 20 —
-
© .30

40 =€, TM, Crosstalk —TM,-TM, Crosstalk]

——TE,-TM, Crosstalk ——TM,~TM, Crosstalk| 0.5}
50 ——TE,-TM, Crosstalk ——TE,-TM, Crosstalk 4150
-TE,-TM, Crosstalk — CE
60} ——TM,-TM, Crosstalk

40 0.0 L L L L
1500 1520 1540 1560 1580 1600 (b) 1500 1520 1540 1560 1580 1600
(a) Wavelength (nm) Wavelength (nm)

A=1500 nm, CE=80.6%
/ T ] A
-'[-In‘ur'm LT

PII lli‘llllllml
A

(0 ' Conversion region length=17.73 um

Figure 4. (a) Wavelength spectra of mode CE and CT of the proposed TMy-to-TM3 mode-order
converter (A = 1500~1600 nm). (b) Wavelength spectra of mode IL of the proposed TMj-to-TM3 mode-
order converter (A = 1500~1600 nm). (c) Electric field evolution through the designed device working at
different wavelengths (A = 1500, 1550, 1600 nm). Total mode conversion length was 17.73 pm.

4. Discussion

Considering the device fabrication, we only required an extra lithography and etching
step on the base of the silicon waveguide to form the designed slot metasurface pattern,
which will not pose huge challenges for the current fabrication facilities [33,34]. We
started from the silicon-on-insulator wafer with a 300 nm-thick top silicon layer. First, a
rectangular silicon waveguide with a width of 2 um and an etching depth of 300 nm was
fabricated using E-beam lithography (EBL) and reactive ion etching (RIE) [33,34]. Second,
we employed EBL again to form the designed slot metasurface pattern atop the silicon
waveguide and then used RIE to transfer the lithography pattern from photoresist to the
silicon layer, where the etching depth was 80 nm. Note that the structural alignment
between above steps 2 and 3 should be guaranteed during the fabrication process. Third,
we grew an upper cladding of silicon nitride to further protect the waveguide through the
plasma-enhanced chemical-vapor-deposition process [33,34]. Referring to these fabrication
steps, we took some parameters into account for the tolerance analyses (whole pattern size
deviation, round corner, etching depth deviation), as illustrated in Figure 5. It was noted
that the whole pattern size and etching depth deviating from their optimum values revealed
a strong influence on the device performance, leading to tight fabrication tolerances. So,
the whole pattern size deviation should be controlled within +20 nm by keeping mode
CE > 89% and CT < —16 dB, and the allowable etching depth deviation was much smaller,
only within 5 nm by keeping mode CE > 91% and CT < —16 dB, respectively. To achieve
this key etching depth, we should pay attention to the etching process, especially for the
etching time and etching gas. Furthermore, owing to the proximity effect of EBL [35],
sharp corners (right-angles) of the designed slot metasurface pattern will normally become
round corners. Fortunately, no obvious performance deterioration could be observed from
our calculations as the curvature radius R of round corners increased from 0 to 140 nm.
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Therefore, these results offer positive effect and guidance for practical device fabrication.
Meanwhile, in order to find the transmission features of TE mode in the proposed device,
we input the TEg mode through the device length direction. The result revealed that such a
device could not work at TEy mode and we could not obtain the stable mode at the output
port due to high mode CT and high IL.
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Figure 5. Fabrication tolerance analysis: (a) whole pattern size deviation, (b) curvature radius R of round corners of the
shallowly etched rectangular slots, and (c) etching depth deviation Hy, where the influences of such variations are reflected
on the mode CE and CT of the proposed device.

Considering the structural alignment between step 2 and step 3, we analyzed the
device performance dependent on the relative position shift D (in y-direction) between them
as shown in Figure 6a. From the results, if the relative position shift could be controlled
within the range from —20 to 20 nm, the CE could still be kept higher than 86% with CT
lower than —15 dB. By contrast, if such a relative position shift was larger than +20 nm,
both CE and CT would degenerate quickly, corresponding to bad device performance.
Figure 6b shows the device performance dependent on the length variation of slot 5 (L;)
and width variation of slot 3 and slot 6 (Wj), where the total lengths of slots 3, 5, and 6
were kept unchanged. To make it more clear, we only drew the curve of the highest CT.
From Figure 6b, we can see that the length variation and width variation of these slots
should be kept within the range from —100 to 100 nm and from —20 to 20 nm, respectively.
Therefore, we should pay attention to these key device size requirements in the practical
device fabrication.

0
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Figure 6. Device performance dependent on (a) the relative position shift D between the shallowly etched pattern and the
silicon waveguide, (b) the length variation of slot 5 (L;) and width variation of slot 3 and slot 6 (W;) where the total lengths
of slots 3, 5, and 6 are kept unchanged.
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Finally, how to apply the proposed mode-order converter to the on-chip MDM system?
The following procedures can be used for reference. First, the input single-wavelength
laser was coupled to the input waveguide and then separated into N waveguide channels
through splitter, where the input and output waveguide modes were kept as fundamental
modes. Second, the N waveguide channels were connected with different mode-order
converters to generate higher-order modes, where only the TMy-to-TM3 mode-order con-
verter was analyzed in here and other TMjy-to-TM; /-TM; ones were also studied in our
previous work [25,36] and they could also be added in such an MDM system. Other more
higher-order converters could also be realized using the shallowly etched scheme due to its
scalability in controlling the mode-order conversion. Third, these generated higher-order
modes should be further combined to the bus waveguide through mode multiplexer or
using densely packed waveguide array (DPWA) [37]. So, these higher-order modes can
be transmitted in the bus waveguide or DPWA through the mode multiplexing way. At
the output port, these multiplexing channels should be demultiplexed into different single
mode channels based on the reverse process of mode multiplexing. In addition, some
modulators and detectors should also be added if high-speed data transmission features
should be studied. Therefore, if we want to construct such on-chip MDM systems, various
components will be required not only the mode-order converters.

5. Conclusions

In conclusion, we have proposed a TMy-to-TM3; mode-order converter using a shal-
lowly etched slot metasurface atop the silicon waveguide. The introduced slot structure
was employed to change the refractive index distribution of the silicon waveguide through
the extra etching process, and then the light transmission pattern would show some pertur-
bations, leading to the generation of multimode interference in the waveguide. Hereby,
we designed and optimized the shallowly etched slot pattern atop the silicon waveg-
uide to realize the TMp-to-TM3 mode-order conversion, where six different rectangular
slots were used. Compared with some reported TE-polarized mode-order converters, the
TM-polarized ones are limited. According to our results, the silicon-based TM-to-TM3
mode-order converter was achieved with high CE (92.9%), low CT (<—19 dB), and low
IL (~0.7 dB) in a conversion length of 17.73 um. Furthermore, such shallowly etched slot
schemes can be employed to generate other higher-order modes, such as TMy-to-TM; /-
TM,, which would be very beneficial for the development of on-chip MDM transmission
and other multimode applications.
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