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ABSTRACT Si3Ny photonic integrated circuits have gain significant and rapid interest in different photonic
applications thanks to its superior passive performance. Nevertheless, optical integration between Si3N4 and
Ge-based optical components remains critically challenging especially for optical modulation. In this paper,
via 3D-FDTD calculations we investigate the optical integration between Si3N4 and Ge-based waveguides
using vertical coupling configuration employing amorphous Si («-Si) as an optical bridge showing efficient
and robust coupling efficiency, which can be maintained according to the tolerant analysis with respect to the
variations in optical wavelengths and critical parameters of the coupling structure. In addition, with respect
to the recent theoretically-optimized SOI waveguide-integrated and also laterally-coupled Si3N4 waveguide-
integrated Ge-based optical modulators, we found that the studied coupling structure could be employed to
enable a low-voltage Si3N4 waveguide-integrated Ge-based optical modulator with a competitive extinction
ratio/insertion loss performance, increasing the prospect of SizN4-based photonic integrated circuits for
low-energy optical interconnects.

INDEX TERMS Waveguide, Si3N4, germanium, photonic integrated circuits.

I. INTRODUCTION

Silicon nitride (Si3Ny4) has recently gained significant atten-
tion in Si-compatible photonic monolithic integration. Si3Ny
has a relatively-wide bandgap (~5 eV), low thermo-optics
coefficients, flexible optical properties and fabrication tech-
nologies, and sufficiently-high refractive index contrast with
SiOs [1], [2], [3], [4], [5], [6], [7]. These characteristics con-
tribute to its potentials for compact and wideband operations
with a relatively-low sensitivity to the fabrication variation.
Low-loss Si3N4 optical waveguides on bulk Si substrate and
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fabrication tolerant Si3N4 wavelength multiplexing devices
have been developed affirming the prospect of Si3N4 pho-
tonic integrated circuits [8], [9], [10]. In addition, several
works have been promisingly performed to enable the depo-
sition of high quality SizN4 with thickness close to or even
higher than 1 pm [11], [12], [13], [14], unlocking the SizN4
potential usage from the visible to mid-infrared spectral
range. Nevertheless, to develop functional Si3Ny-based pho-
tonic integrated circuits, efficient and robust optical integra-
tion between Si3N4 and Si-based active photonic components
is also required. Among several Si-compatible options [15],
Ge-based active devices are highly regarded for its ability
to render optical detection, modulation, and emission on
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Si substrate together with its compatibility with top-down
Si-CMOS fabrication processes [16], [17], [18], [19]. There-
fore, although the optical integration between SizNy (n ~ 2)
and Ge (n ~ 4.3) can be challenging due to the large refractive
index difference, significant works have been performed in
order to integrate SizN4 passive optical waveguides with
active Ge-based optical components. In particular, the optical
integration between silicon nitride waveguides and Ge-on-
Si photodetectors has been investigated both experimentally
and theoretically [20], [21], [22]. The optical integration
is based on the evanescent wave coupling from the silicon
nitride waveguides to the Ge absorbing region [21], [22],
and recently a high-speed Ge photodetector integrated with
Si3N4 waveguide is reported using an evanescent coupling
approach [23]. As pointed out by [24], for optical detection,
Ge absorbing waveguide layers can be made relatively-large
to accommodate the evanescent coupling from SizN4 because
it is not necessary to maintain the fundamental mode inside
the absorbing layers. On the other hand, for waveguide optical
modulator in which light from the modulator’s output needed
to be coupled back into the photonic circuits, it is necessary
to maintain the fundamental mode within the modulator and
at the output waveguide. Therefore, the core dimensions of
optical modulators would be relatively small and the optical
coupling with both input and output waveguides needed to be
considered as investigated in the optical integration between
Si (n ~ 3.5) or SiGe (n ~ 4) waveguides and Ge-based
(n ~ 4.3) optical modulators theoretically [25], [26], [27]
and experimentally [28], [29]. As a result, for the optical
integration between SizN4 and Ge-based waveguide optical
modulators, lateral coupling scheme via amorphous GexSi
materials was proposed to facilitate the optical coupling [24],
[30]. From the studies, 83% optical transmission (0.8 dB cou-
pling loss) was projected from 3D FDTD calculations, which
could be attributed to the absorption in the GeySi amorphous
materials, together with the reflection and scattering losses at
the butt-coupling interfaces between Gex Si amorphous tapers
and Ge-based devices. Nevertheless, to further improve the
optical coupling performance to be as competitive as that
obtainable with the optical integration between SOI waveg-
uides and Ge-based optical modulators [31], a new optical
integration scheme is required for the optical integration
between Si3N4 and Ge-based waveguide optical modulators
in order to minimize the coupling loss which is crucial for
low-energy optical interconnects.

In this paper, we investigate the optical integration between
Si3Ny4 and Ge-based waveguides via vertical coupling config-
uration for SizN4 waveguide-integrated optical modulators.
To vertically and robustly transfer the optical mode from
Si3Ny to Ge-based devices, amorphous Si («-Si) is employed
as an optical bridge because the optical absorption of o-Si can
be expectedly neglected around the operating wavelength of
the Ge-based optical modulator of 1.55 um [32]. Moreover,
reflection and scattering losses between different material
interfaces could be avoided, and coupling performance of
more than 90% optical transmission (<0.46 dB coupling loss)
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can be obtained. Regarding the robustness of the optical
coupling configuration, tolerant analysis with respect to the
variation in optical wavelengths and critical parameters of
the coupling structure shows that the coupling performance
could be promisingly maintained considering fabrication
variation in advanced CMOS processes. Finally, we found
that the studied coupling structure could be employed to
enable a compact SizNy waveguide-integrated Ge-based opti-
cal modulator with a viable extinction ratio and insertion
loss performance. In the 3D Finite-Difference-Time-Domain
(3D-FDTD) simulations (Ansys-Lumerical), the smallest
grid size is ~ 2 nm, and a perfectly matched layer (PML) is
employed to suppress reflections from the simulation region
boundaries.

Il. OPTICAL COUPLING CONFIGURATIONS UNDER
INVESTIGATION

Fig. 1(a) shows the schematic views of the investigated opti-
cal integration between Si3Ny4 and Ge-based waveguides via
vertical coupling configuration. «-Si is employed as an opti-
cal bridge to vertically and robustly transfer the optical mode
from Si3Ny to the Ge-based part. The cladding of the structure
is SiOy (n ~ 1.45). The optical absorption of «-Si can be
expectedly neglected around the telecommunication wave-
length of 1.55 pm with a compromising refractive index value
of n ~ 3.5 [32] between that of Si3N4 and Ge-based parts;
moreover, @-Si has an additional advantage of the ability to
be deposited on SiO;. As depicted in Fig. 1(a-c), two tapering
sections are included to transfer the optical mode from SizNy
to a-Si, and from «-Si to the Ge-based part respectively. For
potential simplicity of the structure, in this study we decide to
investigate the possibility to employ only one linear taper in
each of the tapering sections. Therefore, only the «-Si waveg-
uide will be linearly tapered for the optical coupling from
SizNy to «-Si, while for the optical coupling from «-Si to
Ge-based part, only the Ge-based part will be linearly tapered.
To thoroughly evaluate the optical coupling performance of
the structure, we consider several parameters including «-
Si thickness (#1), vertical gap between SizN4 and «-Si (g1),
vertical gap between «-Si and GeSi (g2), @-Si taper tip width
(wrsi), GeSi taper tip width (wsg,), height of Si under Ge-
based waveguide (kg;), length of Si3Ny slope (L1), «-Si taper
length (L), and GeSi taper length (L3). A number of choices
is initially made in this study as follows: (1) the width and
thickness values of Si3Ny are chosen to be 2 um and 1 pum,
respectively, which are consistent with achievable dimen-
sions of reported low stress Si3Ny films using low deposition
temperature [13]. The Ge-rich GeSi layer is 600-nm-wide
and 200-nm-thick, which is comparable with the previous
investigation using lateral coupling configuration [24], [30]
and also with some of the Ge-based optical devices reported
in literature [25], [26], [28], [29], [31], [33], [34]. It should
be noted that light with quasi-transverse-electric (quasi-TE)
polarization will be considered in this work as it is typically
used in submicron Ge-based waveguide optical modulators
[28], [29], [35].
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FIGURE 1. (a) Schematic, (b) side, and (c) top views of the investigated the optical integration from Siz;N,; to Ge-based waveguides via «-Si
using vertical coupling configuration. Several parameters are considered during the optimization including «-Si thickness (t;), vertical gap
between Siz N4 and «-Si (g;), vertical gap between «-Si and GeSi (g;), «-Si taper tip width (wys;), GeSi taper tip width (wyge), height of Si
under Ge-based waveguide (hg;), length of SizN, slope (L;), «-Si taper length (L,), and GeSi taper length (L3). The thickness of the Si slab
employed in simulation is 1.5 xm. The top and bottom claddings of the «-Si taper and the Si; N, waveguide structures are Si0,, as SizN,
and «-Si have an additional advantage of the ability to be deposited on SiO,, which can be reliably deposited on Si. Si Substrate in the
region below the «-Si taper structure is not included because the optical mode is well-confined in the guided material layers as in Fig. 2(a).

IIl. COUPLING PERFORMANCE: RESULTS AND
DISCUSSIONS

Fig. 2(a) reports on the optical propagation of the entire inves-
tigated coupling scheme from the 2-um-wide and 1-pm-thick
input Si3N4 waveguide via the «-Si waveguide vertically to
the 600-nm-wide and 200-nm-thick Ge-based layers at the
optical wavelength of 1550 nm. After optimization using
3D-FDTD calculations, it can be observed that the quasi-TE
fundamental mode at the Si3N4 waveguide, indicated in the
top left inset, can be adiabatically transferred via the «-Si
waveguide to the quasi-TE fundamental mode at the Ge-
based layers, indicated in the top right inset, using the vertical
coupling configuration. The overall coupling performance
from the Si3N4 to the Ge-based waveguides of more than 96%
optical transmission (~0.18 dB coupling loss) is observed,
which can be attributed to the mode size and effective index
mismatch between different waveguides and materials in the
coupling scheme. For the first optical coupling section from
the Si3N4 waveguide to the «-Si part, as indicated in Fig. 2(a),
we have arrived at the «-Si linear taper length, Ly, of 45 um
with an «-Si taper tip width, wys;, of 100 nm while the taper
end width is fixed at 1 um. The thickness of «-Si, ¢, and
the vertical gap between Si3zN4 and «-Si, g1, are 100 nm and
50 nm, respectively. Fig. 2(b) shows that by linearly widening
the width of «-Si waveguide the effective index of the quasi-
TE fundamental mode can be smoothly transferred from the
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SizNy4 waveguide to the «-Si one, which is consistent with
the phase matching condition of the eigenmodes of a coupled
structure described by the supermode theory [36], [37], [38].

The electric field distributions of the optical modes with
effective index values at the «-Si taper width values of 0.1,
0.5, and 1 um can be seen in the Fig. 2(d-f); their corre-
sponding positions along the propagation direction are also
indicated by the black arrows. It is important to mention
that to avoid an abrupt change in the refractive index value,
a slope etching is required at the end of 1-um-thick Si3Ny
waveguide as shown in Fig. 1(a-b). The length of this SizNy
slope, L1, is 4 um as indicated in Fig. 2(a). Based on the
recent advance on the slope etching technique for Si pho-
tonics platform [39], we envision that the structure could be
obtained, taking into account possible fabrication variations
to be later discussed. It should be noted that although a linear
width-tapered Si3zN4 waveguide could provide similar perfor-
mance, the taper tip width of ~100 nm would be required,
so a tradeoff between the realization of slope etching and
the requirement to have another structure with ~ 100 nm
tip width needs to be weighted. As shown in Fig. 1(c) and
also indicated in Fig. 2(a), the @-Si width of 1 wum at the
end of «-Si taper will be linearly reduced through a 30-um-
long taper to a «-Si width of 500 nm at the beginning of
the second coupling section with the Ge-based waveguide
in order to reduce the optical mode size as in Fig. 2(g)
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compared to Fig. 2(f), making it more comparable to that
of the Ge-based waveguide. Subsequently, for the second
coupling section from the 500-nm-wide «-Si waveguide to
the 600-nm-wide and 200-nm-thick Ge-based layers, we have
arrived at the GeSi taper length, L3, of 40 um with a GeSi
taper tip width, wyg,., of 100 nm while the taper end width is
fixed at 600 nm. The vertical gap between «-Si and GeSi, g,
is 50 nm as used in the first coupling section. Fig. 2(c) shows
that by linearly widening the width of Ge-based waveguide
the effective index of the quasi-TE fundamental mode can
be smoothly transferred from the o-Si waveguide to the Ge-
based ones. The electric field distributions of the optical
modes with effective index values at the Ge-based taper width
values of 0.1, and 0.3 wm can be seen in the Fig. 2(h-i); their
corresponding positions along the propagation direction are
also indicated by the black arrows.

As it is important in Si-based photonics to have a robust
design against variations in operating wavelengths and large-
scale fabrication [40], Fig. 3 reports the coupling performance
of the entire coupling structures from the SizNy to the Ge-
based waveguides with respect to the variations in optical
wavelengths within the C-band region from 1530 to 1565 nm,
«-Si thickness (71), vertical gap between SizN4 and «-Si (g1),
vertical gap between «-Si and GeSi (g2), @-Si taper tip width
(wysi), GeSi taper tip width (wsg.), height of Si under Ge-
based waveguide (hs;), and SizNy slope length (Lp). It is
important to note that from the obtained optical propagation,
the «-Si taper length (L») and the GeSi taper length (L3) can
be considered not critical in our design because the optical
modes have been successfully transferred into the «-Si and
GeSi regions before the end of the taper for both the first
and second coupling sections as in Fig. 2(a); therefore, large
variation in the L, and L3 values can be tolerated, which
will be considered in the next section when the insertion
loss of an integrated optical modulator has to be taken into
account. Fig. 3(a) shows that the aforementioned optimized
coupling performance of ~0.18 dB loss can be maintained
over the entire C-band wavelength region, which is the typical
operating range of Ge-based optical devices [41]. The effects
of variation in «-Si thickness (#1), vertical gap between Si3Ny4
and «-Si (g1), and vertical gap between «-Si and GeSi (g2)
are also considered in Fig. 3(b-d), respectively. For 71, the
coupling performance will not be significantly deviated from
the optimized value as long as the thickness variation is within
410 nm from the designed value of 100 nm as in Fig. 3(b).
For g1 and g2, the coupling performance is found to be rela-
tively unaffected as long as the thickness variation is within
420 nm from the designed value of 50 nm as in Fig. 3(c-d).
As the refractive index of «-Si is much higher than SiO,, the
variation in «-Si thickness (¢;) would expectedly affects the
coupling performance more than the variations in vertical gap
between SizN4 and «-Si (g1) and vertical gap between «-Si
and GeSi (g2) which are made of SiO;. Although challeng-
ing, these variations can be considered within the homoge-
nous performance recently obtained from advanced CMOS
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process technology for sub-wavelength photonic structures
on a Si wafer [14], [42], [43], [44]. The effects of variation
in -Si taper tip width (wys;), and GeSi taper tip width (wyge)
are also considered in Fig. 3(e-f). Considering the varied res-
olution of different lithography technologies and obtainable
etching aspect ratio in Si platform, we focus on investigating
the coupling performance when the values of w;s; and wyg,
have been wider than the design value of 100 nm. For wyg;,
the coupling performance is found to be relatively unaffected
even with 440 nm deviation (w;s; = 140 nm) as in Fig. 3(e).
For wyg., the coupling performance will slightly deviate from
the optimized value with 420 nm deviation (w;ge = 120 nm);
nevertheless, optical coupling loss as low as ~0.27 dB can be
maintained even with +40 nm deviation (w;G, = 140 nm).
To explicate, consistent with the above findings in the cases
of t1, g1, and g», the deviation in w;g, affects the coupling
performance slightly more than the deviation in w;s; mainly
because the refractive index of Ge-based layers is more than
that of «-Si; therefore, the effective index of the former will
be more sensitive to the slight changes in waveguide dimen-
sion than that of the latter. For the height of Si under Ge-based
waveguide (hs;), Fig. 3(g) shows that hg; of atleast 1.2 um is
required in order to achieve optimized coupling performance
of ~0.18 dB loss. Promisingly, it should be noted that with the
advance in Si technologies, high aspect ratio etching of more
than 35 (1500/40 nm) can be obtained in Si platform [45],
[46]. The aspect ratio of ~10-15 {(hs;+200)/ wige} at the
beginning of GeSi taper region should be considered obtain-
able on Si platform. Notably, it should be mentioned that
the optical coupling scheme could also be applicable to the
Ge/SiGe multiple quantum wells (MQWs). Although, care
should be taken as the state-of-the-art progress showed that
a Ge-rich SiGe relaxed buffer of more than 200 nm is still
required to grow high quality Ge/SiGe MQWs on Si [26]
leading to a total Ge-rich SiGe thickness of more than 500 nm,
which would result in a slight increase in the required aspect
ratio (~17) at the beginning of GeSi taper region. Finally, the
slight variation in the slope angle resulting in varied SizNg
slope length, L, can be also expected. As in Fig. 3(h), the
optimized coupling performance of ~0.18 dB loss can be
maintained as long as L; > 4 pum and the optical coupling
loss as low as ~0.27 dB can be maintained with L; of 3 um;
therefore, the variation in L can be tolerated.

IV. INTEGRATED OPTICAL MODULATION PERFORMANCE
To investigate the potential usage of the coupling structure,
Si3Ny4 waveguide-integrated Ge-based optical modulators are
studied using the obtained coupling scheme as in Fig. 4(a)
showing the integration of a Ge-based optical modulator with
Si3N4 input and output waveguides. To be able to apply an
electrical bias on the GeSi region, we assume a vertical p-i-n
junction. The Si under the Ge-rich GeSi part is assumed
to be p-type, and the top 30 nm of the Ge-rich GeSi part
is assumed to be n-type with a doping concentration of
~5 x 10" cm™3. Notably, it was experimentally shown that
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FIGURE 2. (a) Optical propagation of the entire coupling structure from the 2-um-wide and 1-xm-thick input Si;N, waveguide via the «-Si waveguide
vertically to the 600-nm-wide and 200-nm-thick Ge-based waveguide at the optical wavelength of 1550 nm. (b) Effective index of the quasi-TE
fundamental mode which can be transferred from the Si;N; waveguide to the «-Si one by linearly widening the width of «-Si taper. (c) Effective index
of the quasi-TE fundamental mode which can be transferred from the «-Si waveguide to the Ge-based one by linearly widening the width of Ge-based
part. Electric field distributions of the optical modes (d-f) at the «-Si taper width values of 0.1, 0.5, and 1 um, (g) in «-Si before entering the second
coupling section, (h-i) at the GeSi taper width values of 0.1, and 0.3 xm. The corresponding positions along the propagation direction are indicated by

the black arrows.

electrical bias could be effectively applied across a Ge-based
vertical p-i-n junction using a relatively-thin n-type layer of
10 nm [47].

Contrary to the previous section focusing on the optical
coupling loss mainly due to the mode size and effective
index mismatch and hence only the real part of refractive
index (n) of Ge-based material is included in the simula-
tion, the imaginary part of refractive index (k) has to be
included also in this section in order to properly evalu-
ate the insertion loss of the integrated optical modulator.
The absorption data of the Ge-rich GeSi material were as
reported from Geg.99255i0.0075 in [25] for Franz-Keldysh
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effect (FKE) modulator at the optical wavelength of
1.55 pm.

To be comparable to the previous related works [24], [31],
the absorption changes due to the FKE, which is intrinsi-
cally fast [48], between the electric field of ~10 kV/cm
(@ ~ 150 cm™!, taking into account the Ge indirect-gap
absorption) for the on-state operation, and ~95 kV/cm (o ~
650 cm™") for the off-state operation in the 170-nm-thick Ge-
rich GeSi layer are employed as indicate in Fig. 4(b-c). This
also ensures that the driving voltage would be less than 2 V
drivable voltage of CMOS [49], [50], [51], and the electric
field would not be higher than the breakdown field of the bulk
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Ge material ~100 kV/cm [52]. The free carrier absorption
data in the p- and n-layers with a doping concentration of
~1 x 10'® and ~5 x 10'"® cm™3 were calculated using the
Drude model [53], [54]. Significantly, in order to have a
low-loss optical modulator during the on-state operation, the
GeSi taper length (L3) of 27 pum is used instead of 40 um,
taking advantage of the fact that the optical mode has been
successfully transferred into the GeSi regions before the end
of the GeSi taper, as previously discussed in the section III.
As a result, the end of the Ge-rich GeSi taper would be
440-nm-wide. Additionally, it should be noted that during
the off-state operation the electrical field does not need to be
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applied in the first 8§ um part of both Ge-rich GeSi tapers
because the optical mode is not yet coupled into this Ge-rich
GeSi section as previously shown in Fig. 2(a); therefore, the
total length of the Ge-rich GeSi region with @ ~ 650 cm™!
would be 38 um as indicated in Fig. 4(a) and (c), and to
be conservative & ~ 150 cm™! of the on-state operation
will be maintained in the first 8 um part of both Ge-rich
GeSi tapers. As also discussed in [30], [55], the fact that the
narrow parts of tapers can be excluded from the modulation
section, i.e. by proton implantation to decrease the n-doping,
is significant because it helps prevent the overall capacitance
values of the device from increasing due to the very narrow
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structure around the tip part of tapers. Regarding the top and
bottom metal contact metallization, we envision that they
can be put laterally away from the vertical p-i-n junction
to minimize the optical loss due to metal [28]. As in the
top inset of Fig. 4(a), based on the previous works [56],
a lateral n-type poly-Si layer could be assumed to allow
a top contact metallization; an n-doping concentration of
10'° cm™3 is preferred in order to have resistivity of as low
as ~ 5 x 1073Q-m [57] and allow a low resistance using
30-nm-thick poly-Si layer. It should be noted that 10'° —10%°
n-type phosphorous doping concentration was experimen-
tally obtained in poly-Si layer using implantation technique
with a relative low activation annealing temperature in Ge-
based p-i-n structure [56]. Similarly, to ensure a sufficiently
low resistivity of ~ 3 x 1073Q-m [58], [59] for the n-doped
Ge-rich GeSi, 5 x 1018 ¢cm™3 is assumed. To avoid extra
losses caused by electrodes, they are put at least 1 um away
from the waveguide active region. It is important to note that
although the top contact metallization is placed only on one
side of the structure, on the other side the poly-Si layer needs
to be deposited laterally for at least 1 wm as well in order
to optically maintain the structure symmetry ensuring a low-
loss propagation. The top insets of Fig. 4(a) show electric
field distribution cross sections at different positions along
the 38-um-long Ge-rich GeSiregion. The electric field can be
effectively applied along the active region via the 28-um-long
laterally-extending n-type poly-Si layer. The electric field
is relatively uniform across the active region using CMOS
drivable voltage of less than 2 V. The refractive index of
thin poly-Si layer at the optical wavelength of 1550 nm is as
consistently in [60] and [61], and its free carrier absorption
can be estimated as in [56]. For the first 0.5 um of the p-type
Si layer under the Ge-rich GeSi, a p-doping concentration of
10'® cm™3 is enough to allow a sufficiently-low resistivity
of ~ 5 x 1072Q-m [62], while the p-doping concentration
of the remaining p-type part leading to the bottom electrode
can be increased to 10'° cm™3, allowing low resistivity of
~ 8 x 1073Q-m [62] without significant contribution toward
the optical loss. As the field-induced absorption change due
to electroabsorption (EA) such as the Franz-Keldysh effect is
intrinsically fast [63], [64], [65], the 3-dB bandwidth of the
modulator could be reasonably expected to be limited by the
RC time constant [28], [31]. Based on the resistivity infor-
mation of different layers given above, the series resistance R
can be conservatively estimated to be 100 €2, while the capac-
itance C of the 38-um-long active region can be calculated
to be ~ 10 fF. As a result, taking into account an external
load resistance of 50 €2, the 3-dB bandwidth can theoretically
reach ~ 100 GHz. Regarding the energy consumption per bit,
which could be estimated by energy/bit = 1 /2(CV2) [31],
[66], 20 fJ/bit is obtained with a driving voltage between
0 and 2 V, which is comparable to that obtainable with the
state-of-the-art devices [15]. Additionally, it should be noted
that Aluminum (Al) contact can be assumed, and high-speed
operations have been shown by using Al contact in GeSi-
based optical devices [67], [68].
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As in Fig. 4(b-c) based on the obtained coupling scheme,
the fundamental quasi-TE mode can propagate from the
input SizNs waveguide to the output SizsNg waveguide
effectively for both on-state and off-state operations. From
3D-FDTD calculations, the SizN4 waveguide-integrated Ge-
based optical modulator exhibits extinction ratio (ER),
i.e. the ratio between the optical power at the output
SizNs waveguide at the on-state and off-state operations:
10log10(Iout, on—state/Tout, off—state), Of ~ 10.7 dB, and the inser-
tion loss (IL), i.e. the ratio between the optical power at the
input Si3N4 waveguide and that at the output Si3N4 waveg-
uide during the on-state operation: 1010g10(Lin/Tout, on—state)s
of ~ 5.2 dB, which includes the coupling loss between the
SizN4 input (resp. output) waveguide and Ge-based layers
through «-Si due to the mode size and effective index mis-
match, the optical absorption due to the p- and n-layers, and
the optical absorption in the Ge-rich GeSi layer during the
on-state operation. The integrated performance of 10.7-dB
ER obtained simultaneously with 5.2-dB IL (ER/IL > 2) sig-
nificantly improves from the previous projected ER/IL of ~
1 obtained with a lateral coupling scheme [24]. Moreover, the
results indicate that with the addition of «-Si layers it is possi-
ble to obtain a Si3N4 waveguide-integrated Ge-based optical
modulator with comparable ER/IL performance to one of
the recently reported Ge-based optical modulators integrated
with SOI waveguide platform optimized via 3D-FDTD analy-
sis [31], increasing the promise of SizN4-based photonic inte-
grated circuits. Lastly, the analysis of using «-Si as an optical
bridge for vertical integration between Si3N4 and Ge-rich
GeSi structure presented in this work could provide an addi-
tional basis for further usage in related on-going research
efforts such as multi-layer photonic integrated circuits for
three dimensional (3D) optical integration [8], [39], [69], [70]
with a view to including a higher refractive index material
such as Ge into the platform.

V. CONCLUSION

Si3zNy4 photonic integrated circuits have gain significant and
rapid interest in different photonic applications thanks to its
superior passive performance in terms of loss, bandwidth,
and high power-handling capability comparing to the SOI
platform. Nevertheless, optical integration between Si3Ng
and Ge-based optical components that can be as efficient
as that obtainable with the SOI platform remains critically
challenging especially for optical modulation. In this paper,
via 3D-FDTD calculations we investigate the optical inte-
gration between SizNy4 and Ge-based waveguides via ver-
tical coupling configuration employing «-Si as an optical
bridge showing coupling efficiency of more than 90%. The
tolerant analysis with respect to variations in optical wave-
lengths and critical parameters of the coupling structure
shows that the coupling performance could be maintained
considering fabrication variation in advanced CMOS pro-
cesses. Last but not least, we found that the studied coupling
structure could be employed to enable a low-voltage Si3Ny
waveguide-integrated Ge-based optical modulator with an
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ER/IL performance (>2) comparable to one of the recently
reported Ge-based optical modulators integrated with an
SOI waveguide platform optimized via 3D-FDTD analysis,
increasing the prospect of SizN4-based photonic integrated
circuits for low-energy optical interconnects.
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