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Abstract: We propose and numerically demonstrate a design of bidirectional transverse
electric (TE) polarized mode-order converter based on silicon-on-insulator platform. This
converter is realized by introducing high refractive index material inlaid in a silicon slab
waveguide. Simulated by three-dimensional finite-difference time-domain method, the for-
ward (TEO to TE1-like conversion) transmittance reaches approximately 88.2%, while the
backward value (TE1 to TEO-like conversion) is about 89.4% at the wavelength of 1550 nm.
The footprint of this converter is as small as 0.95 x 1.5 um?. Fabrication tolerance analy-
sis demonstrates satisfactory robustness. Moreover, we present a polarization-independent
converter with slightly modified geometry. The transmittance keeps above 87.2% within the
wavelength range from 1500 nm to 1600 nm for both TE and transverse magnetic modes.
These devices are expected to contribute to the on-chip mode division multiplexing.

Index Terms: Integrated optics devices, Mode conversion, Silicon waveguide.

1. Introduction

In recent years, the capacity of fiber-optic networks based on dense wavelength division multiplex-
ing (DWDM) technology has become increasingly saturated. Space division multiplexing (SDM)
technology has been confirmed as an effective solution. As an integrated SDM technique, mode
division multiplexing (MDM) has caught extensive attention by introducing a novel channel for the
on-chip optical communication system. Different spatial eigen-modes can be utilized as new paral-
lel channels to encode separate data in a waveguide [1]. In photonics, the mode converter, which
achieves free conversion between different modes, is a key component to conduct MDM systems
[2], and attracts tremendous interest due to their potential applications in optical integrated circuits
[31-(5]-

Typically, mode conversion can be divided into three types, including photonic to photonic mode,
plasmonic to plasmonic mode [6]-[9], and photonic to plasmonic mode [10]-[13]. The photonic-
to-photonic mode conversion mainly consists of mode-order converters and polarization rotators
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Fig. 1. (a) Three-dimensional schematics and (b) top view of the proposed TE-polarized mode-order
converter.

[14]-[18]. Various schemes have been reported for the mode-order converter. For example, in-
troducing Bragg gratings in a silicon waveguide, mode-order conversion was observed in the re-
flections by gratings [19], [20]. To get a higher transmission efficiency, many efforts were focused
on Mach-Zender interference structures [21]-[24]. But these designs were longer than 18.5 um.
To overcome this shortcoming, photonic crystal waveguide was proved as one of the candidates
[5], [25]-[27]. However, the transmission efficiency was compromised due to the coupling losses.
In order to effectively reduce this adverse loss, computation-designed defects were introduced in
a silicon slab waveguide by topology optimization [28]-[31]. Spatial mode conversions could be
obtained by introducing dielectric or metallic metasurface on the waveguide [2], [32]. Assisted by
a plasmonic splitter [33], the fundamental transverse electric (TEO) mode was perfectly converted
to the first-order transverse electric (TE1) mode with a 100-nm operational bandwidth. By etching
two nanowires in a silicon slab waveguide, a TEO-to-TE1 mode converter was realized with over
200-nm operational bandwidth [34]. A fundamental-to-high-order transverse magnetic (TM) mode
conversions were obtained in a waveguide structure with zero index metamaterials with air grooves
[35]. However, most of the above devices are full of challenges for traditional complementary metal
oxide semiconductor (CMOS) processes. In short, there is plenty room for improvements such as
footprint. Still, ideal schemes with low insertion loss, large operational bandwidth, high mode purity,
and ease of fabrication are pursued.

Here, we propose a novel TE-polarized mode-order converter by introducing high refractive
index material (HRIM) inlaid in a silicon multimode waveguide. This design is aimed for TEO-to-TE1
conversion. We conduct systematic investigations on the robustness of fabrication error. Moreover,
a polarization-independent mode conversion is demonstrated. These devices are all focused on
the telecommunication wavelength around 1550 nm.

2. Device Design

The schematic configuration of the proposed TE-polarized mode-order converter is depicted in
Fig. 1(a). We introduce HRIM inlaid in a silicon slab waveguide. The functional region is composed
of three parts: the upper HRIM area, the middle silicon waveguide, and the lower HRIM area.
As shown in Fig. 1(b), the upper and lower HRIM areas both consist of two mirrored right angle
trapezoids. The functional region has the symmetry with respect to the y-axis. We locate 3 um-long
silicon waveguides at each side of the functional region. The geometric parameters of the model
are listed in Table 1.

Three-dimensional finite-difference time-domain (3D FDTD) method is adopted to calculate the
performance of the mode converter based on silicon-on-insulator (SOI) platform. There is no upper
cladding material but air is supposed. A mode source is placed in the waveguide and the model
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TABLE 1
Geometric Parameters of the TE Mode-Order Converter

TEO-TE1 H L, Ly Wa Wy W. Wre w

Value (nm) 340 3000 1500 350 230 230 900 50

(b)

0 1 1 1 1
00 03 06 09 12
X (pm)

Fig. 2. (a) Propagation constants of modes in functional region. (b) Upper and (c) lower eigen-modes
supported by the TE-polarized mode-order converter at the middle (x = 0.75) of functional region.

is surrounded by perfectly matched layers (PMLs) in the simulation. The refractive indices of silica
and silicon are set as n(Silica) = 1.44 and n(Silicon) = +/12, respectively [36]. As described, we
introduce regular shaped HRIM inlaid in upper and lower areas of a silicon slab waveguide. Such
design is aimed to form two paths for light and simultaneously introduces proper phase shift between
them within the functional region, which are two important factors of mode conversion between TEO
and TE1. We set refractive index of HRIM as value n = n(Silicon) + An (An = 0.8). GeSi alloy may
be a suitable choice of HRIM [37]-[40]. Due to bevels of the HRIM, the propagation constant of
the waveguide varies along the wave propagation direction. Therefore, we perform eigen-mode
analysis with a step of 50 nm along x-axis. Fig. 2(b) and 2(c) show that the proposed converter
supports two eigen-modes with their electric fields mainly localized at the upper (Fig. 2(b), named
TEy) and lower (Fig. 2(c), named TE| ) functional region. The electric fields of TEy and TE_ indicate
the functional region can gradually divide the input beam (TEO) into two. The propagation constants
of these two modes are illustrated in Fig. 2(a). The propagation constant difference can be fitted by
a simple quadratic polynomial A = ax? + bx + ¢, where a, b, and c are respectively —2.66, —0.54,
and 2.56. The total shift can be roughly estimated by Ap = fé ABdx =2 f0’/2 (ax? + bx + c)dx, where
I=1.5 um is the length of functional region. The phase shift is approximate 0.9 = at the wavelength
of 1550 nm. The calculated phase shift gets close to n, indicating the possibility of TEO-to-TE1
mode conversion in the proposed design.

3. Results and Discussion

In 3D simulations, the electric fields (E,) at 1550 nm are depicted in Fig. 3. When the TEO mode is
excited at the left port of multimode silicon waveguide in Fig. 3(a), part of the light gradually couples
into the upper HRIM area. The remaining light couples in the middle silicon and lower HRIM area.
Since the refractive index of HRIM is higher than that of silicon, the propagation constant of the up-
per HRIM region outstrips that of the middle silicon and the lower HRIM region. So phase difference
of these two modes is introduced in the functional region. As discussed previously, the collective
phase shift approaches to #. Consequently, the TEO mode is converted to the TE1-like mode in
the forward direction. Since this design does not have two explicitly separated paths, weak inter-
ference between two modes are inevitable. When the TE1 mode is excited at the right port of
multimode silicon waveguide in Fig. 3(b), the TE1 mode is converted to the TEO-like mode due to

Vol. 10, No. 6, December 2018 6602907



IEEE Photonics Journal Design of Compact TE-Polarized Mode-Order Converter

()

1
o (NN

TEO mode ) TEl-like mode 0

(b)
0
Backward ."'“.'“.l :::::::::: I-l

TEO-like mode <= TE1 mode

Fig. 3. Electric field profile E, in (a) forward direction and (b) backward direction.
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Fig. 4. Transmittance of the TE-polarized mode-order converter.

the reciprocity of the Lorentz theorem [41]. The proposed converter possesses small footprint of
0.95 x 1.5 um?. It is certainly beneficial to high-density photonic integration.

For a mode converter in waveguide, high transmittance (low insertion loss) is important. Fig. 4(a)
illustrates the transmittance of the proposed TE-polarized mode-order converter. The red solid line
represents the forward transmittance (input TEQ) while the blue dotted line represents the backward
transmittance (input TE1). The TEO mode is excited and converted to the TE1-like mode with a high
transmittance of 88.2% at 1550 nm in forward direction. Meanwhile, the transmittance keeps above
87.6% within the wavelength range from 1500 nm to 1600 nm. Moreover, when the TE1 mode is
excited and propagates in backward direction, the transmittance of output TEO-like mode is as high
as 89.4% at 1550 nm. In the 100-nm operational bandwidth, the transmittance keeps above 88.5%
and reaches highest 90.3% near 1520 nm. It can be seen the shapes of the red solid line and the
blue dotted line are almost identical. The small deviation from the expected time-reversal symmetry
is supposed deriving from the imperfection of mode conversion between TEQ and TE1.

When the refractive index of HRIM is changed, parameters W,, W,, and W, must be modified in
order to maintain the functionality of the converter as shown in Fig. 5(a). The modified parameters
are listed in Table 2. As An increases, W, and W, tend to decrease while W, tends to increase.
When An ranges from 0.7 to 0.9, the transmittances keep above 87.6% within the 100-nm oper-
ational bandwidth. Redshift of the transmittance peak is observed with increasing An. In addition,
considering the existence of experimental fabrication errors, tolerance analysis is implemented.
Four possibly sensitive situations are taken into account as shown in Figs. 5(b—e). When the de-
viations of W,, W, and W, are respectively within 10 nm, the transmittances all keep over 84.7%.
The performance of the device has not been substantially affected. Then, we consider the situation
when the tip of HRIM is chopped and the bevels of HRIM are trapezoidal. It is obvious that the
performance of the device is stable as shown in Fig. 5(e). At last, we simulate the situation when ma-
terials are dispersive and germanium is used as HRIM. The wavelength-dependent complex relative
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Fig. 5. Fabrication tolerance analysis of the TE-polarized mode-order converter. (a) Refractive index
of HRIM. (b) Parameter W, of the upper HRIM region. (c) Parameter W, of the upper HRIM region.
(d) Parameter W, of the lower HRIM region. (e) Trapezoidal bevels of the upper and lower HRIM regions.
(f) Materials are dispersive and germanium is used as HRIM.

TABLE 2
Modified Parameters of the TE Mode-Order Converter With Different An

An 0.7 0.75 0.8 0.85 0.9
W, (nm) 360 350 350 330 310
W), (nm) 310 250 230 220 220
W. (nm) 230 230 230 240 240

permittivity of germanium is fitted based on the Palik data. Due to the dispersion and loss of ger-
manium, the forward (input TEO) transmittance is reduced to 83.2% while the backward (input TE1)
value is about 84.1% at 1550 nm, as shown in Fig. 5(f). The performance of the TE-polarized mode-
order converter is not compromised. Therefore, this converter possesses satisfactory robustness.

Finally, we present a polarization-independent converter as shown in Fig. 6(a). The height of the
silicon slab waveguide is also set as 340 nm. The functional region is similarly composed of three
parts: the upper HRIM area, the middle silicon waveguide and the lower HRIM area. The functional
region is symmetrical about the y-axis as well. Based on the design of above TE-polarized mode-
order converter, we modify three structural parameters of the upper and lower HRIM and the width
of the silicon slab waveguide. The geometric parameters of this device are listed in Table 3. At the
expense of mode purity in TEO-to-TE1 conversion, we strike a balance between TEO-to-TE1 and
TMO-to-TM1 conversions. Fig. 6(b) depicts the transmittances of the TE and TM modes. When TEO
(TE1) mode is excited at the left port of multimode silicon waveguide, the transmittance reaches
89.5% (90.6%) at 1550 nm. For TMO and TM1 mode excited at the left port, the transmittances
are approximately 88.1% and 88.9%, respectively. The transmittance keeps above 87.2% with the
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Fig. 6. (a) Schematics of the proposed polarization-independent converter. (b) Transmittances of the
TE and TM mode. The insets are the electric fields when the TEO, TE1, TMO, and TM1 mode are
respectively excited at the left port of multimode silicon waveguide.

TABLE 3
Geometric Parameters of the Polarization-Independent Converter

Parameter L; L, W W, VV_; w w

Value (nm) 3000 1500 350 230 230 850 50

wavelength range from 1500 nm to 1600 nm for both TE and TM modes. The corresponding electric
fields are illustrated in Fig. 6(b). It can be seen that both conversions are acceptable.

4. Conclusion

In conclusion, we have proposed a design of bidirectional TE-polarized mode-order converter by
introducing HRIM in silicon slab waveguide. The conversion between TEO mode and TE1-like mode
is achieved within a compact functional region whose footprint is 0.95 x 1.5 um?. When the TEO
(TE1) mode is incident at the left (right) port, the transmittance reaches approximately 88.2%
(89.4%) at 1550 nm. More importantly, fabrication tolerance analysis is implemented for several
geometric parameters. The transmittance of the proposed device keeps above 84.7% within 10-
nm fabrication errors. The simulation results demonstrate the converter possesses acceptable
robustness. Moreover, we present a polarization-independent mode-order converter with slight
modification. The transmittance of input TEO, TE1, TMO, and TM1 are 89.5%, 90.6%, 88.1%,
and 88.9% at 1550 nm, respectively. We expect these compact designs in silicon slab waveguide
contribute to the integrated MDM systems.
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