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Abstract

In this paper, we report, for the first time, a theoretical study on passive photonic devices including
optical power splitters/combiners and grating couplers (GCs) operating at non-telecom
wavelengths above 2 m in a monolithic GaSb platform. Passive components were designed to
operate, in particular, at around 2.6 um for monolithic integration with active photonic devices on
the ITI-V gallium antimonide material platform. The three popular types of splitters/combiners
such as directional couplers, multimode interferometer-, and Y-branch-couplers were theoretically
investigated. Based on our optimized design and rigorous analysis, fabrication-compatible 1 x 2
optical power splitters with less than 0.12 dB excess losses, large spectral bandwidth, and a 50:50
splitting ratio are achieved. For fiber-to-chip coupling, we also report the design of GCs with an
outcoupling efficiency of ~29% at 2.56 ym and a 3 dB bandwidth of 80 nm. The results represent a
significant step towards developing a complete functional photonic integrated circuits at mid-wave
infrared wavelengths.

1. Introduction

The mid-wave infrared (MWIR) wavelength regime of the electromagnetic spectrum is of significant interest
because it contains a number of spectral features such as strong overtones and combination molecular
absorption bands in gas- and liquid-phase molecules. This is beneficial for a wide range of emerging
applications including chemical and biological sensing [1, 2], and non-invasive medical diagnosis [3].
Especially, the 2.5 ym to 2.63 pm wavelength range of the MWIR regime is important due to the presence of
strong water vapor (H,O), hydrogen-sulfide (H,S), hydrogen cyanide (HCN) and nitrous oxide (N,O)
absorption lines, enabling photonic sensors to detect these gases at a much higher selectivity and sensitivity
[4]. By taking advantage of this inherent molecular selectivity and considering the huge application
opportunities, establishing MWIR photonic sensor technologies at the chip scale as integrated low-cost
solutions is immediately evident.

Photonic integrated circuits (PICs), containing active and passive photonic components connected with
low-loss passive waveguides, are of utmost importance for implementing such on-chip photonic sensors. As
far as material platforms for monolithic integrated PICs are considered, InP and its alloys are less attractive
due to material limitations for making photonic devices at the intended extended short (S)-MWIR
wavelength regime [5]. The recent success of silicon photonics at telecom wavelengths and silicon-on-
insulator’s (SOI’s) transparency up to 3.5 um could pave the way for a passive SOI waveguiding platform [6].
But the challenges of achieving high-performance semiconductor lasers and complicated laser-Si waveguide
integration processes at S-MWIR wavelengths make the SOI platform less reliable. Although GaSb-based
materials are relatively less mature, they comprise the optimal material system for realizing long-wavelength
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active devices such as lasers and photodetectors. When it comes to waveguides, the GaSb material system is
tully transparent at A > 2 pum, confirming low material absorption [5]. The latter requires a vertical-etch
profile and smooth sidewall which could be achieved by the recent advancement of dry- and wet-etch
processes in this material system [7].

Various optical passive components at S-MWIR [8, 9] wavelengths were demonstrated using SOI up to
3.5 pm [10] and in Ge-on-Si up to 8.5 um [11]. There are also few demonstrations of heterogeneously
integrated InP gain materials on silicon PICs reported around 2.3 pm [12]. MWIR PICs have recently been
demonstrated using heterogeneous integration of GaSb-based interband cascade lasers (ICLs) with SOI
passive components [13, 14]. However, the preliminary integrated device performance was limited in part by
the greater technological challenge of bonding GaSb to silicon, followed by processing the laser ridges from
the back, and by the inefficient transfer of laser power from the ‘hybrid’ GaSb/silicon waveguide of the gain
region to a passive silicon waveguide. Tapers employed in the integrated ICLs to date have induced much
more reflection (in addition to scattering and absorption losses) than the transmission of the laser beam
propagating in the hybrid waveguide. This is probably due to the requirement for an abrupt evolution of the
mode and mismatch of modes in the hybrid and silicon waveguides.

A monolithic GaSb platform alleviates these problems through the tight integration of both passive and
active components on GaSb as a host substrate material. This will also provide an optimal path toward
strongly suppressing laser instabilities associated with unintended external feedback. In this work, we present
the designs of various passive components including power splitters/combiners and grating couplers (GCs)
on GaSb substrates. As a center operating wavelength, ~2.56 ©m was chosen to develop this new integrated
circuit technology. Some of the key factors behind this wavelength selection include knowledge availability of
good type-I gain medium with no miscibility gap and the resulting high-performance active devices
including lasers and photodetectors at this specific wavelength [12, 15]. All these can be ensured by the
well-studied InGaAsSb/GaSb active region-based lasers emitting around 2.56 pm with a record-low
threshold current density at infinite lengths [12, 15, 16]. This will eventually help achieve complete
functional PICs with a tight integration of active and passive devices in the future. In this study, directional
coupler (DC)-, multimode interferometer (MMI)-, and Y-branch-based splitters were designed and analyzed
for this wavelength. GCs at the same wavelength were also investigated for in- and outcoupling light from
waveguides. The development of missing but fundamentally realistic passive devices on GaSb by
monolithically integrating active components is expected to have a great impact on the way toward
implementing complete functional long-wavelength PICs.

2. Design and waveguide details

In this work, single-mode waveguides and power splitters at 2.56 ym were designed and their performance
was evaluated using finite difference eigenmode (FDE) and eigenmode expansion (EME) solvers,
respectively, whereas GCs were optimized using the 3D finite-difference time-domain (FDTD) solver by
employing commercial software Ansys Lumerical [17].

We considered surface ridge waveguides (except GCs) as they are ideally suited for active devices because
of high current confinement, moderate optical confinement, and lower loss in single-mode waveguides [18].
The surface ridge waveguide based on GaSb-based epitaxial layers is schematically shown in figure 1(a). The
thickness of the both bottom n- and top p-doped AlGaAsSb cladding layers is 2 ym, while the core GaSb
material is 450 nm. Figure 1(b) shows the intensity profile of fundamental TE mode (TEy) of the 4 ym ridge
with #.¢ = 3.62. The spatial refractive index profile of the waveguide materials is shown in figure 1(c). Details
of the waveguide design could also be found elsewhere [5].

Figure 1(d) shows the effective refractive indices ns of the few lowest order guided TE and TM modes as
a function of the ridge width W. Up to a width of 2.4 um, the waveguide supports only single TE modes.
However, in experiments, devices with wider widths are found to emit a single fundamental mode. The first
higher-order odd mode TE; in a laser cavity receives very little gain due to a null at the waveguide center and
is not usually considered while defining the single-mode waveguide cut-off condition [19]. TM modes were
also not considered since the III-V laser structure employs compressively-strained quantum wells which
favor only TE-polarized light. Thus the calculated ridge width supporting single mode is 4.4 um, as
represented by the vertical dashed line.

3. Results and discussion

With the goal of demonstrating high-performance GaSb-based passive PICs at MWIR wavelengths, we
consider three popular types of power splitters/combiners. While choosing one of the types, one considers
several key performance metrics that include form factor, insertion loss, variable splitting ratio, fabrication
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Figure 1. (a) Schematic cross-section of the GaSb-based single-mode surface ridge waveguide, (b) fundamental TEy mode at
2.56 pm, (c) material refractive index vs position along the transverse direction, and (d) mode effective index as a function of
waveguide width, W.

tolerance, phase difference between the power at output arms, and wide bandwidth operation. Since each
type cannot provide all these advantageous features at the same time, performance parameters are prioritized
based on the targeted applications where PICs will be used for.

3.1. Directional coupler (DC)

DCs are formed by placing two waveguides in parallel where the coupling coefficient is determined not only
by the coupler’s length but also by the distance between the waveguides. A 3D schematic of GaSb-based DC is
shown in figure 2(a). The simplified cross-over length L’sge, for coupling half of the light to the second
waveguide from the input waveguide can be obtained from equation (1),

, A

Lso = 1A, (1)

where An is the difference between the effective indices of the first two eigenmodes of coupled waveguides
commonly termed as symmetric and antisymmetric supermodes [20]. By numerical calculation of
supermodes, An is obtained as 0.0033 considering that the waveguides are placed 0.2 ym apart as shown in
figure 2(a). Thus, L’sq0, becomes 196 um for the abruptly placed parallel waveguides that were corrected to
Lsoos = L'5006 + Lbend> Where, Lyeng represents the effective additional coupler length required for collecting
light at the bar and cross ports. Lyenq is calculated to be 76 pm, yielding Lsgg, = 272 pm. The calculated
coupling gaps between the waveguides before and after the cubic Beizer curve representing the S-bend are
0.2 pm and 8 pum, respectively. Further design details and physical analysis of the DCs can be found in the
supplementary document. Note that the waveguide width of the DCs is 4 um which can easily be resolved by
standard optical lithography. However, a coupling gap of 0.2 4m which may require electron beam
lithography (EBL). By reducing the waveguide width at the coupling section, it is possible to increase the
coupling gap while maintaining a fixed coupling length. This design opens the possibility of utilizing
standard optical photolithography [21] to effectively fabricate the desired DC structures.

Figure 2(b) presents the electric field intensity profile of our designed DCs at 2.56 pm, which shows 50%
splitting of the input power. The transmission, excess loss, and splitting ratio of the bar port of the proposed
DCs are shown in figure 2(c). At 2.56 pm, we achieve 50:50 transmission to the output ports along with an
excess loss of 0.05 dB mainly due to waveguide and bending losses. Figure 2(c) also illustrates that achieving a
50:50 splitting ratio is only feasible if operated at 2.56 pm for the designed dimension. Consequently, it is
evident that utilizing a DC coupler for light splitting is impractical when a broadband operation is essential.
Figure 2(c) shows the trends of the bar and cross port transmission as well as the excess loss for the designed
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Figure 2. (a) 3D schematic of the designed directional coupler, (b) electric field intensity at 2.56 pm wavelength, and
() transmission, excess loss, and splitting ratio of the bar port for 1.6 m wide wavelength range centering 2.56 pum of the
proposed DC.

DC. As the operating wavelength decreases from 2.56 pym, the transmission for the bar port does not increase
as expected, while the excess loss increases. This behavior is due to the increased effective index of the
fundamental mode at lower wavelengths, leading to higher mode confinement within the waveguide and
reduced optical energy transfer from the bar port to the cross port. Lower wavelengths also result in more
excess loss due to a large number of higher-order modes for a fixed waveguide width of 4 um. Conversely, for
higher wavelengths, the excess loss remains low due to the 4 ;sm waveguide (higher than the fundamental
limit) width which allows good performance up to 3.36 um. However, at higher wavelengths, the bar port
transmission decreases since the coupling length is fixed for 50:50 coupling at 2.56 pm. Although the 50:50
splitting is obtained only at 2.56 pum as anticipated, the DCs show a 1 dB bandwidth of >1 pm for different
splitting ratios. Our design also confirms an inherent 90° phase shift due to 50% coupling at the cross port
relative to the input port.

To achieve operation over a wide range of wavelengths with a fixed splitting ratio, we designed the other
two types of power splitters.

3.2. Multimode interferometer (MMI)

MMI couplers based on the self-imaging effect [22], are crucial in PICs as they provide a wide range of
possible input and output ports that control the splitting/combining capabilities. MMI couplers are preferred
when fabrication constraints are considered compared to other types of splitters [23]. Our GaSb-based MMI
power splitter has a multimode region whose width, Wy = 15 pm as shown in figure 3(a). The core width
of the MMI region supports the first three even TE modes. Analytical self-imaging length, Ly and the
length at which N number of images are formed, L, can be obtained from equations (2) and (3),
respectively,

2
Hetty X Wi

\ (2)

Lyt =

L Ap (3)

L XN =
where, 1.5, is the effective index of the slab waveguide formed in the transverse direction at the core, A is the
wavelength, N is an integer, and AL is the excess length considered to compensate for Goos—Hanchen effect
that causes little penetration of light into the cladding region [24]. Using the effective index method, n.f;, is
found to be 3.62 for the GaSb-based MMI splitter at A = 2.56 um. Thus equation (2) gives Ly = 318.5 pm
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Figure 3. (a) 3D schematic of the designed MMI, (b) electric field intensity at 2.56 pm wavelength, and (c) transmission, excess
loss, and splitting ratio for 1.6 um wide wavelength range centering 2.56 pm of the optimized MMI.

and a distance of Lypi/2 gives two images. By the EME method, L, «, is obtained as 176 pm thus a correction
of AL = 16.7 um is required to compensate for the Goos—Hénchen effect [24]. A linear taper at the input
and output waveguides helps reduce the excess loss by decreasing the waveguide and multimode region mode
mismatch [23]. A taper at the input and output sections of the MMI with length L and width, W, are
optimized, which are 50 ym and 5.37 um, respectively. The optimal in-plane dimension corresponds to a
tapering angle of 0.79°, resulting in the lowest excess loss. Two output ports of the MMI coupler are
separated by Wyni/2, i.e. 7.5 pm. Further design details and physical analysis of the MMIs can be found in
the supplementary document. Note that the minimum feature size in the MMIs is 4 ym waveguide at the
input and output arms and a minimum required gap is more than 2 ym between the output arms which can
be written in an optical photolithography tool [21].

Figure 3(a) shows the 3D schematic of the proposed optimized MMI-based power splitter with all the
dimensions labeled. The electric field intensity profile at 2.56 pm wavelength of the proposed GaSb-based
1 x 2 MMI coupler is shown in figure 3(b). The transmission, excess loss, and splitting ratio of the proposed
MMI coupler are shown in figure 3(c). At 2.56 um, we achieve 50:50 transmission to the output ports along
with an excess loss of 0.055 dB mostly contributed by the waveguide loss at the single and multimode
sections. Figure 3(c) also shows that for different wavelengths other than 2.56 pm, 50% splitting is also
possible but the excess loss will be higher as suggested by the blue dotted curve. Besides, figure 3(c)
demonstrates that our proposed MMI coupler can achieve a 1 dB bandwidth of greater than 0.9 pm with no
change in the splitting ratio.

3.3.Y-branch
The 1 x 2 Y-branch splitters consist of one input waveguide with a power splitting junction in the middle
connected to two output waveguides. The output waveguides consist of S-bends to carry the mode without
creating any back reflection within the waveguide. The single mode of input ports transitions to a symmetric
mode of the double waveguide system with a dip in the center, and this then transitions to two separate
modes in each waveguide. For combining, the situation is reversed if the energy from the two waveguides is
in-phase, as in a Mach—Zehnder during on-state. The power combining can also be low-loss, although still
with some finite loss (due to the required radiation loss). As the modes from the two waveguides begin to
overlap, one gets a ‘supermode’ for the two waveguides, which is the symmetric mode of the two-channel
waveguide.

Figure 1(a) presents the basic schematic of the tapered branch Y junction beam splitter. To achieve equal
outputs at the Y-branch, a linear and slow taper of from 4 im to 8.2 pym was considered followed by two
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Figure 4. (a) 3D schematic of the designed Y-branch, (b) electric field intensity at 2.56 pm wavelength, and (c) transmission,
excess loss, and splitting ratio for 1.6 m wavelength range centering 2.56 pm of the optimized Y-branch.

optimized S-bends separated by 10 pum at the output ends. The taper broadens the mode causing less
back-reflection from the junction and the S-bend reduces the insertion loss by compensating the mode
bending caused by the Y-junction. The optimized taper and S-bend lengths are obtained as 35 ym and
105.5 pm, respectively. The tip near the Y-junction is 0.2 m wide, requiring EBL to resolve. By increasing
the tip width to 0.6 pm at the junction, it becomes feasible to fabricate the structures using standard optical
photolithography [21], albeit with a slight sacrifice in terms of loss.

Since the SOI platform has a core-cladding index contrast of more than five times compared to our
structure, the low-loss splitter at 1.55 ;sm was achieved with a compact Y-junction [25] which is seven times
smaller in geometric dimensions than our designed couplers at 2.56 um. To achieve low insertion loss in the
SOI platform, a genetic algorithm was employed to optimize the widths of the Y-branch at different positions
of the junction [20, 26]. However, in our specific case, employing this approach leads to a considerable
increase in device length due to width variations caused by a lower refractive index contrast in a vertical
direction. The electric field intensity profile of the proposed GaSb-based 1 x 2 Y-branch is shown in
figure 4(b). The transmission, excess loss, and splitting ratio as a function of the wavelength of the designed
Y-branch are superposed in figure 4(c). We obtain 50:50 transmission to the output ports along with an
excess loss of 0.12 dB for an output arm separation of 0.2 ym for the wavelength of 2.56 ;sm. However, the
loss increases to 0.66 dB if the separation is 0.6 ;m due to the increased radiation loss at the junction.
Figure 4(c) also illustrates that the desired 50:50 splitting is achieved at 2.56 pm wavelength with minimal
excess loss. Importantly, this splitting characteristic is maintained at other wavelengths, confirming its
broadband operation. Its 1 dB bandwidth is calculated to be >1 pm as the waveguide also works
considerably well for longer wavelengths due to its large ridge width. Unlike DCs, it maintains a fixed
splitting ratio even though the loss is more than MMI and DC. Further design details and physical analysis of
the Y-branch splitters can be found in the supplementary materials.

3.4. Vertical grating coupler (VGC)

Due to the significant modal size mismatch, efficient coupling between a single-mode fiber and waveguide is
difficult. Two commonly used approaches to overcome this issue are VGC (off-plane) and edge coupler
(in-plane). Although the coupling efficiency (CE) and bandwidth of GCs are usually less compared to edge
couplers, they are more attractive due to their measurement and alignment flexibilities, wafer-level testing
conveniences, and comparatively compact size [27]. In a GC, a propagating mode usually encounters four
principal loss mechanisms including diffracted light towards top cladding, substrate leakage, back reflection,
and the power transmitted through the grating for an outcoupling to fiber case. Only a part of the first of
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period and angle of incidence on the grating, (c) electric field intensity at 2.56 pm wavelength, and (d) normalized transmission
for 0.2 um wavelength range centering 2.56 pem.

these four contributes to the coupling and others act as loss which can be minimized but not eliminated [28].
These loss factors become more prominent in the III-V platform due to low vertical index contrast
compared to the SOI platform.

We designed uniform GCs with a linear taper using buried channel waveguides where core is fully-etched
and the top 2 pm thick cladding encapsulates patterned core structures. A focusing design was adopted to
reduce the footprint of our GCs. Considering the mode field diameter of the commercially-available ZrF,
fiber [29], we designed a grating region with 15 ym x 20 um as shown in figure 5(a) for the wavelength of
2.56 pm. An optimized taper length of 120 um is required, yielding 0.11 dB loss due to a slight mode
mismatch at the taper output side, which also determines the focusing radius of the gratings to be 120 pm.
Considering an etch depth of 0.35 m and fixed fiber position, the CE for different combinations of the angle
of incidence on the grating (5°-25°) and grating period are obtained. The CE contour in figure 5(b) shows
that the maximum CE is obtained when light is incident at 22° on the grating, which necessitates a 60° angle
of incidence on the top cladding. A grating period of ~1.13 pm provides the maximum CE. For a fill factor of
0.5, both the minimum feature size (ungrated region) and gap (grated region) are 0.565 pm, compatible with
a low-cost optical lithography process [21]. The simplified analytical grating formula (equation (4)) provides
the grating period p, when the wavelength A, diffraction mode number m, the average effective refractive
index of the grated and ungrated regions ., index of cladding n4,4, and the fiber angle 6 are known [20],

A
p=— (4)

o HNeff — Nclad X sinf

tege = ff X negey + (1 — £f) X negen (5)

where .61 = 3.62, neg, = 3.5 are the effective refractive indices of the grated and ungrated regions,
respectively for the present design using the designed etch depth and fill factor, ff of 0.5. For the 1st-order
diffraction mode at 22° in the cladding, equations (4) and (5) yield p = 1.13 um. Thus, the grating equation
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supports our FDTD design of the GC. Further design details and physical analysis of the GCs can be found in
the supplementary document.

Figure 5(c) shows the CE of the GC as a function of wavelengths for a 0.2 ;um range centering 2.56 pm.
The CE vs wavelength curve also shows that a maximum CE of —5.4 dB or 28.7% is achieved at the target
wavelength of 2.56 pm. Figure 5(c) also shows that a simulated 3 dB bandwidth of 80 nm is achievable in our
designed GC. Figure 5(d) shows the mode profile across the grating region, confirming light coupling from
the fiber to the waveguide through the grating. This cross-sectional side view of the electric field intensity
profiles at 2.56 nm confirms the GC principle that relies on the constructive and destructive interference
resulting from the wavefronts generated through the diffraction of light by grating teeth.

4, Conclusion

In this article, we proposed 1 x 2 optical power splitters based on DC, MMI, and Y-branch along with a VGC
on the GaSb platform. The power splitters are of low excess loss (<0.12 dB) and operate for a wide range of
wavelengths with an excellent power uniformity of two output ports at wavelengths above 2 pym. The
proposed GC has a CE of ~29% at 2.56 pm. Our design study is expected to contribute significantly to
monolithic PICs at other extended S-MWIR wavelengths as well.
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In this supplementary material, we provide a comprehensive overview of the optimization
procedures employed for the passive photonic devices designed in our paper. We present step-by-
step descriptions of the optimization processes carried out for each device. Furthermore, we
highlight the key findings and insights derived from these optimization procedures, shedding light
on the performance enhancement of the devices.

1. Directional coupler optimization:

The design of the directional couplers was optimized using the finite difference eigenmode (FDE)
and eigenmode expansion (EME) solver of Ansys Lumerical. More simulation and analysis details
can be obtained in [1]. To obtain optimized directional couplers in the monolithic GaSb-platform,
the following steps were implemented:

1.1 Supermode calculation: The supermode profiles of the waveguides were calculated
using the eigenmode solver by using two abruptly placed waveguides as shown in Figure S1(a).
The symmetric and antisymmetric supermodes are shown in Figures S1(b) and (c), respectively.
Their calculated effective refractive indices are 3.6273 and 3.624 and the index difference,
An =0.0033. Thus, coupling length Lsqs, = M(4An) = 196 pm at 2.56 pm, which is also confirmed
by the coupling power ratio vs. coupling length curve shown in Figure S1(d).
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Figure S1: (a) Two waveguides placed 0.2 pm apart abruptly, (b) symmetric supermode, (¢) antisymmetric supermode,
(d) coupling power ratio, x?2 as a function of coupling length.

1.2 Effective extra length calculation due to bends: For light splitting/combining, a bend
is required that increases the length of a directional coupler compared to the abruptly placed ones
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as shown in Figure S2(a). The EME solver was used to determine the effective extra length due to
bends. We used cubic Bézier curves to define our s-shaped bends as shown in Figure S2(b), which
helped optimize the S-bends only with the change of length when the S-bend width, W was
specified. The transmission vs S-bend length Ls pc is shown in Figure S2(c). It was found that a
nonparallel section length of 130 um provides almost lossless S-bends when the gap between the
waveguide varies from 0.2 pm to 8 um. For a 130 um long non-parallel section, a length of L, =
142 um of the parallel section provides 50:50 coupling as suggested by 7 vs parallel section plot
in Figure S2(d). Thus, the actual length of the DC Lsov coupler becomes 272 um.
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Figure S2: (a) Directional couplers with parallel waveguides and non-parallel bend sections, (b) cubic Bézier curve
representing S-bends, (¢) transmission vs bend section length at 2.56 pm, and (d) transmission vs DC parallel section
length.

Subtracting L, from Lsge,, we get an effective extra length due to bends, Lined = 76 pm. It should
be noted that the effective extra length due to bends Lyena is different from the S-bend length Ls.

2. Multimode interferometer coupler optimization:

The optimization process for the multi-mode interference (MMI) couplers involved several steps
to achieve efficient power splitting. Further details of the steps can be obtained from [2].

2.1 Theoretical calculation of the dimension:

The initial step is to perform a numerical calculation of the effective index of the multimode section
using the eigenmode solver to simplify the 3D structure to a 2D one as shown in Figure S3(a).
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Figure S3: (a) 3D to 2D conversion of the MMI using effective index of the multimode section, (b) transmission as a

function of multimode section length, (c) antisymmetric supermode, (d) coupling power ratio as a function of taper
width or taper angle.

Multimode region length (um)

where
Lvmi = analytical self-imaging length;
nefry = effective index of the slab waveguide formed in the transverse direction at the core;
Wvmi = multimode region width;
Lixy = length at which N number of images are formed;
AL = extra effective length to compensate the Goos- Hianchen effect;
Xi = position of the i™ output arms in the split section;
s = separation between the output arms;

Using Equation S2, we get Lvwmi as 318.5 um for Wyvmi = 15 pm at A =2.56 um. For 50:50 splitting,
N=2.Thus, Lmmi/ 2 =159.25 um is the length of the multimode section that gives 50:50 splitting.
This was further corrected by AL due to the Goos-Hanchen effect [2,3]. AL was obtained in the
next section using Equation S2. Equation S4 gives the position of output arm x; and x> as 3.75 pm
and -3.75 pum, respectively with a spacing of 7.5 um obtained from equation SS5.

2.2 Goos-Hinchen effect:

The core length of the MMI coupler was varied to investigate the Goos-Héanchen effect due to the
slight penetration of mode into the cladding region using the EME solver. By analyzing normalized
transmission vs. the multimode region length curve shown in Figure S3(b), the optimal core length
for desired power splitting was determined to be 176 um. Thus, using equation S2, the excess
length AL considered to compensate the Goos-Héanchen effect was calculated to be 16.7 pm.

2.3 Input and output arm taper optimization:

The width or the angle of the tapers in the MMI coupler’s input and output arms was systematically
varied to optimize the coupling efficiency. By sweeping the taper width W; mmi, and analyzing the

corresponding excess loss, the optimal taper width for low-loss power splitting was calculated to
be 5.37 um as shown in Figure S3(c).



3. Y-branch coupler optimization:

In order to achieve efficient power splitting with minimized loss, our design process for the Y-
branch splitter involved optimizing both the taper- and S-bend sections as shown in Figure S4(a).
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Figure S4: (a) 3D schematic of the y-branch, (b) transmission as a function of the Y-branch length, (c) transmission
as a function of Bézier s-bend length or taper length.

3.1 Taper section optimization: The taper section of the Y-branch was optimized to
ensure smooth and efficient power transfer between the input waveguide minimizing the back-
reflection. The taper length, L y was varied keeping the width, W, y to be 8.2 um to achieve the
desired power splitting with minimized back reflections and losses. The normalized transmission
vs L¢ y shown in Figure S4(b) provides a maximum transmission at a taper section length of 35
pm.

3.2 Bend section optimization: The S-bend section where the waveguides curve to
connect the taper section with the output waveguides was optimized to minimize mode mismatch
and maintain the low loss. The curvature and length of the S-bend were adjusted to reduce bending
losses and maintain the desired power distribution. Keeping L y fixed at 35 um, the cubic Bézier
curves representing the S-bends were optimized for an output arm separation of 10 pm. The T vs
Ls y curve is shown in Figure S4(c). An s-bend length of 105.5 um is found to maximize the
transmission and provides 50:50 power splitting.

4. Grating coupler optimization:

The optimization process for the grating coupler involved several steps to achieve efficient
coupling of light between the waveguide and the external medium and vice versa. The following
steps were executed to get the optimized grating coupler in buried channel waveguides where the
core is fully-etched:

4.1 Taper section optimization in EME: The taper section of the grating coupler (GC)
shown in Figure S5(a) was optimized using the EME solver. We optimized the taper length for
low-loss conversion of the mode size from 4 um to 15 um as shown in Figure S5(b) and Figure
S5(c) respectively. The taper length Ls oc was varied by keeping the width of the left and right arm
fixed to ensure a smooth and efficient transition of light from the waveguide to the grating



structure. The transmission vs taper length curve is shown in Figure S5(d). A taper length of 120
um provides a 96% transmission of the input light and even higher transmission can be achieved
if the taper length is more than 200 um. However, we considered 120 pum, as a lower taper length
provides a lower radius of curvature of the focused grating that eventually allows for achieving a
compact grating coupler.
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Figure S5: (a) Linear taper between the waveguide section to the grating section, (b) corresponding mode as
indicated, (c) transmission vs taper length for the grating coupler.

4.2 Grating period and angle of incidence optimization using FDTD: The grating
period and angle of incidence were optimized using the finite-difference time-domain, FDTD
method keeping the etch depth fixed. By varying these parameters and analyzing the coupling
efficiency, the optimal grating period and angle of incidence were determined. Figure S6(a) shows
the coupling efficiency contour of the grating coupler with different grating periods and angles of
incidence on the grating. From the contour, a grating period of 1.13 um provides maximum
coupling efficiency ~26% when light is incident on the grating region at an angle of 22°.
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Figure S6: (a) Coupling efﬁmency contour for different grating periods and angle of incidence on the grating, (b)
transmission vs etch depth, (c) transmission vs fiber position from the beginning of the grating and end of the taper
section.

4.3 Etch depth optimization: The etch depth of the grating region was optimized to
achieve strong coupling between the waveguide and the external medium. By varying the etch
depth and analyzing the coupling efficiency, the optimal etch depth was determined to be 0.35 um
from Figure S6(b).



4.4 Fiber position optimization: The position of the fiber relative to the beginning of the
grating region was optimized to achieve efficient light coupling. By adjusting the fiber position
and analyzing the coupling efficiency, the optimal fiber position was determined to maximize the
power transfer. Figure S6(c) shows that maximum coupling efficiency of 28.7% can be obtained
when the fiber core center is placed 7.5 pm away from the starting of the grating region.
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