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Abstract—We simulate the optical coupling between 2.3 um
GaSb-based diode lasers (DLs) epitaxially grown on on-axis silicon
(001) and passive waveguides in the butt-coupling geometry. 3D
FDTD simulations reveal how the optical coupling is affected by
the air gap between the laser cavity and the waveguide that arises
from the laser etched-facet definition. We also model alternative
approaches consisting in filling the gap with higher-refractive index
materials transparent in the mid-infrared window. Finally, because
of their fabrication flexibility, we propose to implement polymeric
waveguides in order to achieve improved coupling performances.

Index Terms—III-V integration on Si, photonic integrated
circuits, silicon photonics.

1. INTRODUCTION

owadays, Silicon photonics is a very important technol-
N ogy in order to realize optical interconnects with reduced
energy consumption [1]. Although Si photonics has been very
successful particularly for telecom applications, the miniatur-
ization provided by Photonic Integrated Circuits (PICs) can also
be implemented for environmental sensing, agri-food analysis,
industrial processing monitoring with particular focus on gas
detection and biomedical sensing [2], [3], [4], [5]. The Mid-
Infrared (MIR) wavelength window shows fingerprint absorp-
tion lines for many different species. Particularly, gases such as
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CH,4, NH3 or CO absorb in the wavelength range of 2-2.5 ym
with CH, displaying its second most important absorption line
at ~2.3 pm [6]. The driving forces behind the increased use of
silicon PICs are based on the following points: i) availability
of cheap Si wafers and well developed process technology,
i) strong optical confinement due to the high index contrast
between Si and SiOs in Silicon-on-Insulator (SOI) platforms,
iii) high thermal conductivity, optical damage threshold and
third-order nonlinearities, iv) low-losses in the wavelength range
between 1.1 and ~ 6.5 pm , depending on the material used [7].
Among those, Silicon Nitride (SiN) photonics is an emerging
platform, opening new paths for realization of photonic devices
with improved performances. SiN shows transparency also for
visible wavelengths unlike Si, still providing high-index contrast
and compatibility with CMOS fabrication, reduction of spurious
reflections, manufacturing flexibility, improved losses properties
and small sensitivity to changes in temperature [8], [9]. Nowa-
days, this platform is used to realize low-loss waveguides [10],
grating waveguides [11] and high Q-factor micro resonators
[12], [13], [14].

However, both Si and SiN with SiO5 cladding layer waveg-
uides cannot operate properly above wavelengths of ~ 3.5 ym
for SiOs, starts to absorb [15], [16].

Nevertheless, the main silicon photonics’ bottleneck is related
to its indirect bandgap making it a very inefficient light emitter.

Despite different efforts to realize Germanium (Ge) based
lasers [17], [ 18], III-V semiconductor laser diodes (LDs) remain
until now the best technology to get coherent light emission
and the only suitable light sources for PICs. The most mature
approach to combine light sources with passive optical devices
is based on heterogeneous integration [19], [20], [21], [22].
The integration of the active devices is achieved by means
of bonding procedures such as direct, molecular, or polymer
bonding [23], or micro-transfer printing (1" P) [24], [25]. The
use of native III-V substrates results in high structural quality and
optimal laser performances. On the other hand, ITI-V substrates
are small and expensive and are wasted in these integration
schemes. Also, an accurate alignment is required when the III-V
sample is transferred onto the Si platform. For these reasons,
in this work we consider another approach where the III-V
laser heterostructure is directly grown on the Si PIC before
being processed to form the laser source [23]. Exploiting this

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/


https://orcid.org/0000-0002-0245-8563
https://orcid.org/0000-0002-1758-7130
https://orcid.org/0000-0002-1906-8772
https://orcid.org/0000-0002-8177-0810
mailto:michele.paparella@umontpellier.fr
mailto:laura.monge-bartolome@umontpellier.fr
mailto:jean-baptiste.rodriguez@cnrs.fr
mailto:jean-baptiste.rodriguez@cnrs.fr
mailto:laurent.cerutti@umontpellier.fr
mailto:eric.tournie@umontpellier.fr
mailto:eric.tournie@umontpellier.fr
mailto:marco.grande@poliba.it
mailto:william.whelan-curtin@mtu.ie
mailto:william.whelan-curtin@mtu.ie

6651206

0.35 ’“"I Top contact GaSb:P

Superstrate [

e __ e

14 um I Gap.

14 H"II

0.8 ym I

-BCB

- SiN Substrate ¢
-ChG “w
25um GaSb buffer layer -aSi
, l
yi T Silicon platform

[—
z

Fig. 1. 2D cross section of the laser and passive waveguide layer stack. The
details concerning the geometrical parameters and the filling gap materials are
reported in Table I.

Waveguide

Fig. 2. Scanning Electron Microscope images of a GaSb DL grown on a
Si substrate supporting SiN/SiO2 waveguides. (a) Plan view of the interface
between the laser structure and the waveguide right after epitaxial growth, (b)
cross section view of the same area, and (c) cross-section view after polycrystal
removal.

integration technique, we study the optical transmission in a
butt coupled geometry as depicted in Fig. 1. In more details, we
consider a GaSb-DL grown on on-axis (001) Si substrates by
Molecular Beam Epitaxy (MBE).

The laser heterostructure is made of two GalnAsSb quantum
wells (QWs), an Alg o5 Gag.75A80.025bo. 98 waveguide with bot-
tom and top claddings made of Al 9Gag.1Asg.075bg.93.

Note that growing the laser structure after waveguide defi-
nition allows for an accurate alignment of the laser active zone
with the waveguide (Fig. 2(c)). For more details about the growth
procedure and laser performances, the reader is referred to [26].

In this approach, the cavity mirrors cannot be fabricated by
cleaving anymore. An alternative approach suitable for on-chip
applications is based on the definition of etched-cavity ridge
DLs, where both the ridge and the mirror facets are defined
by using UV photolithography and inductively-coupled plasma
reactive ion etching (ICP-RIE) [27]. However, during epitaxy of
the III-V laser on a Si wafer supporting SiN/SiOs waveguides
poor quality III-V materials are deposited close to the passive
waveguide interface and should be removed, which invariably
results in an air gap separating the passive and active waveguides
(Fig. 2(c)). Moreover, the SEM pictures show that we can
achieve a gap 5 um wide.

In this article, we first study the optical coupling between
a GaSb-based DL and a passive waveguide made of SiN, Si,
Germanium (Ge) and Chalcogenide (ChG). 3D Finite Difference
Time Domain (FDTD) simulations are performed to evaluate
the transmitted power as function of the air gap between the
active and passive sections. They show a high light coupling in
the absence of a gap between the two waveguides. However,
the introduction of an unavoidable air gap drastically reduces
the optical transmission. In order to improve the coupling
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performances, we also propose alternative approaches such as
filling the gap with high refractive index materials or using
polymer-based optical waveguides.

II. FDTD SIMULATION RESULTS
A. Finite Difference Time Domain Simulations

The optical coupling behavior has been modeled with a Finite
Difference Time Domain (FDTD) numerical approach. FDTD
provides a solution of the Maxwell’s equation both in the spatial
and time domain, proving to be a more robust method for devices
with variations in the order of light wavelength and energy
flow in random directions [28], as in our case study where the
presence of the beam divergence cannot be neglected.

The computational space is divided into discrete points as
well as time in discrete steps. The input source is shaped as a
Continuous Wave (CW) - Gaussian beam profile with a driving
wavelength A = 2.3 pum and it propagates from the active
into the passive waveguide. The optical mode is settled to be
TE-polarized with the electric field component lying along the
x-axis. When the optical device is properly excited, both the
electric and magnetic fields are computed for each discrete space
points and time steps. The choice of finer space points and time
steps will provide an approximation not far from the continuous
equations [29]. However, FDTD requires a not negligible com-
putational effort with powerful machine resources. We simulate
the optical coupling of the hybrid device based on a 3D FDTD
model. The grid is defined as 20 Point Per Wavelength (PPW)
in the material of the waveguide with a corresponded spatial
uniform grid size (Ax, Ay, Az) of 30 nm. This grid size values
ensure the Courant condition needed for the simulation stability.
In the model, we set the Courant number to 0.95. Both the active
and passive waveguides have been modeled as buried channel
with a customized refractive index for each layer. A monitor is
settled to collect the amount of power coupled into the passive
waveguide and it is located before the end of the waveguide.

B. Waveguide Based on Silicon Technology

In this section, we focus on the light transmission analysis
based on a butt-coupled geometry between a GaSb - LD and
a passive waveguide. A similar approach has been exploited
for coupling light into a SiN based waveguide, though with a
Superluminescent LED (SLED) as light source [30]. In our work,
we firstly analyze the coupling performances with a SiN passive
core before moving to different passive core materials such as
Si, Ge and ChG. Then, we show alternative opportunities for
coupling improvement based on the use of high-index materials
in order to avoid air in the gap. Furthermore, we investigate a
possible benefit that can arise from introducing a thick SiN layer
in our model.

In more details, we use the gain section made of an ac-
tive waveguide ( 1, core = 3.695) and surrounded by a top
and bottom cladding (1, ciaqaqa = 3.27). This section is butt
coupled with the passive device. The LD ridge as well as
the passive waveguide is chosen to be 10 pym wide. For the
optical coupling modeling, we assume a lossless media and an
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TABLE I
GEOMETRICAL DETAILS AND REFRACTIVE INDICES OF THE FILLING
MATERIALS EMPLOYED IN THE 3D MODEL

Thickness Value
p-cladding 1.4 um
Active core 0.83 um
n-cladding 1.4 um
Superstrate 1 um
Passive core 0.8-2.6 um
Substrate 3.8 um
Eelllti;%als Refractive index
Air 1

BCB 1.53

SiN 2.01

ChG (AlySe 5 ) 2.59

a:Si 3.44

-

(a)

Fig. 3. 2D TE mode profile related to 10 pm wide (a) DL ridge (b) SiN
waveguide.
emission wavelength fixed at A = 2.3 ym. The geometrical

details associated to the different layer thicknesses and the filling
gap materials are reported in Table 1.

Firstly, we analyze the impact of the air gap on the light
coupling for a SiN ( ngiy = 2) waveguide surrounded by a
SiOg (nsio, = 1.44) cladding. It is worth pointing out that
the gap cannot be avoided. For this reason, it is crucial to study
how the air distance between the optical devices will affect the
coupling. The same study is made for different core materials (
ngi = 3.44, nge = 4, ncpg = 2.59) as plotted in Fig. 4(a).

A mode overlap study has been carried out before investi-
gating the air gap effect on the optical coupling, proving that
choosing both DL ridge as well as a SiN waveguide 10 pum
wide provides an overlap value ~ 86%. The 2D mode profiles
supported by the DL ridge and SiN waveguide are plotted in
Fig. 3.

The fundamental TE mode propagates from the active region
(left) into the SiN waveguide (right) as shown in Fig. 4(b). As
expected, the optical mode is not confined, and the light beam
undergoes a divergence as it propagates in the free space.

The simulation results point out a remarkable coupling reduc-
tion when the air gap is introduced. Particularly, the transmit-
tance decreases from ~ 80% down to ~ 20% for a 5 pm gap
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Fig.4. (a) Transmittance as a function of air gap sizes for different passive core

materials. (b) Counter map of the electric field profile related to the fundamental
TE optical mode for an air gap 3 xm wide and monitor located before the end
of the end of the passive waveguide (~ 55 pm).
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Fig.5. Coupling study for a SiN waveguide: (a) Transmittance as a function of

gap sizes filled with different materials. The inset also outlines a transmittance
improvement as the refractive index value, in a gap 5 pm wide, is increased.

width, and it stays approximately constant for wider gaps. This
is most likely due to a Fabry-Perot (FP) interferometer effect
where the two parallel mirrors consist of passive and active core
layer end-facets with air in the middle. Even when using other
materials for the passive core, the transmittance is enhanced
only if there is no separation between the sections of the hybrid
device. This last aspect can be seen when materials with a higher
refractive index compared to SiN (e.g., Si, Ge or ChG) are
introduced. In this case, the index contrast between active and
passive layer is decreased, while the transmittance is improved.
However, as the air gap width increases, the coupling behavior
shows the same decay trend. These results outline the strong
influence due to the presence of the air gap and the necessity to
reduce it in order to achieve improved coupling performances.

However, filling the gap with higher refractive index ma-
terials, should reduce the beam divergence and improve the
coupling. We now investigate this approach.

Materials such as Benzocyclobutene (BCB), SiN [31], ChG
[32] and amorphous Silicon (a:Si) [33] have been chosen for our
study since they are transparent in the MIR wavelength range.

The results plotted in Fig. 5 show enhanced coupling when
the gap is filled with high - index materials. In more details,
the inset in Fig. 5 plots the transmittance as a function of the
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Fig. 6.  Study of the influence of SiN layer thickness (0.7—1.4 zm) on the opti-

cal coupling as function of different gap sizes. The inset shows an improvement
of ~10% when the SiN layer is 1.4 pm thick for a fixed air gap 5 pm wide.

different refractive indices used for filling the gap. In this case,
considering a 5-um wide gap, the results show a doubling in op-
tical coupling from ~ 20% (air gap) to ~ 40% (a-Si gap). These
results show that this approach is promising to overcome the
air gap influence on the light transmission. Among the different
materials investigated, a-Si is the most efficient. However, filling
the gap with a-Si would not be easy to implement as it would
require deposition of a thick conformal a-Si layer. Moreover,
due to a higher a-Si refractive index, it can reduce the laser
facet reflection and thus deteriorate the device performances,
although one could get around this potential issue by depositing
a high-reflectivity coating on the opposite facet. Finally, a-Si
could also create shorts on the laser facets. An alternative, viable
approach is to use BCB, that can be deposited by spin coating
and should easily fill the gap. The optical coupling enhancement
however will be smaller than with the other filling materials
listed in Table I.

A further approach for the coupling optimization has been
investigated where the influence of the SiN thickness has been
evaluated. As shown in Fig. 6, we study the transmittance for
thicker SiN core layer as function of the air gap size. Particularly,
considering the air gap 5 um wide and taking into account
a thicker SiN layer (e.g., 1.4 pum), the transmittance reaches
a value close to 30% with a relative increase of ~ 10% if
compared with a 0.8 pm thick SiN layer. Even if this approach
could provide some benefits, we may experience difficulties due
to deposition of thick SiN film which could result in cracks
formation [14]. Moreover, the enhancement provided by using
this approach does not show the same strength of the strategy
discussed previously.

C. Polymer Waveguides

In the previous section, we identified an important challenge
to overcome: enhancing the coupling either by minimizing the
distance between the two optical devices or filling the gap
by means of high refractive index materials. However, these
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materials.

solutions can prove elusive because of a lack of experimental
feasibility. The idea of using polymer based waveguides arise
from their flexible fabrication by using spin-coating technique
and subsequently implement thermal curing procedures in or-
der to realize optical waveguides [34], [35]. By means of this
approach, the air gap is suppressed as the polymeric material
will match the end facet of the laser diode thanks to a uniform
distribution. In the literature, several works reported optical
waveguides based on polymers for telecom applications as
these materials are optically transparent in the corresponding
wavelength range [25], [34], [35], [36]. However, a recent study
[35] has shown that polymers exhibit absorption features in the
MIR region that can affect the light transmission through them
and their extinction coefficient is higher than those at telecom
wavelengths.

In this section, we analyze the optical coupling for A =
2.3 pm into a passive polymer-based waveguide. We consider a
cyclised transparent optical polymer (CYTOP) lower cladding
(ncyrop = 1.34) with a Polymethyl methacrylate (PMMA,
npmma = 1.47) core and an air top cladding and at the sidewalls
(Fig. 6). Firstly, we evaluate the transmitted power considering
a lossless PMMA material. After, we introduce the extinction
coefficients 5 x 1073 and 1 x 102 analyzed in the two model
reported [37]. The difference in values can be attributed to the
uncertainty of industrial process and injection parameters as
explained by the authors in [37]. For this configuration, we need
to point out some requirements needed to allow a correct optical
mode propagation.

First, preliminary simulations outline the importance of set-
ting the cladding thickness larger than 2 ym in order to avoid
optical mode leakage into the Si substrate. For this reason,
we choose a bottom cladding thickness of 3 pm. However,
by varying the cladding thickness we change the passive core
alignment with the active zone. It is important to avoid longitu-
dinal misalignment in order to effectively collect light. Here,
we take into account a hybrid device based on a polymeric
waveguide properly aligned with the active region (Fig. 7). Also,
a 2.6 pm thick PMMA core is chosen such that the optical mode
is properly confined into the waveguide. In fact, for a PMMA
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thickness less than 2 pum, the effective refractive index of the
optical mode is roughly 1.37 close to the one of CYTOP. For
this reason, the mode is pushed toward the cladding instead to
be properly confined in the core. Moreover, we expect a sloped
configuration - due to the polymer spinning process -before
reaching a planar waveguide configuration as shown in Fig. 7.

The optical coupling as function of the PMMA slope width is
shown in Fig. 8. The plot outlines the transmittance taking into
account the PMMA real refractive index and PMMA complex
refractive index based on two different models [37].

When we consider the PMMA planar waveguide, the light
transmission into the polymer waveguide is ~ 60%, that is
smaller than the ~ 80% in the case of SiN waveguide as pre-
viously discussed, due to the lower refractive index of PMMA.
For this reason, reflections are stronger due to a higher refractive
index contrast at the end-facet interface between the DL and
the PMMA waveguide which induces a decrease of the light
transmission. However, due to the polymer spinning and the
presence of the DL that can essentially acts as an obstacle for the
uniform distribution of the material, it is reasonable to consider a
PMMA slope configuration before reaching a planar waveguide
geometry. Based on typical resist spinning process, we assume
that the slope can be up to 5 um long and we investigate how
this geometry can affect the optical coupling.

As plotted in Fig. 8, the transmittance stays almost con-
stant even with the assumption of a sloped configuration. From
these results, this polymer waveguide configuration shows an
important optical coupling stability. It also represents a valid
alternative approach in order to avoid any air gap that could
affect the optical coupling as previously discussed. However,
the coupling performances can deteriorate when the imaginary
part of the PMMA complex refractive index is taken into account
[37]. In more details, with an extinction coefficient of 1 x 1073,
the transmitted power into the PMMA waveguide reaches val-
ues close to 40%, which is equivalent to the scenario where
a-Si is used as filling material in the gap. The worst scenario
is shown when the extinction coefficient reaches a value of
5 x 1073. Even when using waveguide with a small refractive

6651206

index contrast, this configuration looks a promising way to
optimize the light transmission with a butt coupled geometry.
Moreover, once established a reasonable light coupling enhance-
ment exploiting the approach based on polymer waveguides,
these last could be used as a bridge toward PICs on silicon
waveguide [38], [39].

III. CONCLUSION

We have simulated the optical coupling between 2.3 pm
GaSb-based laser diodes (LDs) epitaxially grown on-axis sil-
icon (001) and on chip passive waveguides. The hybrid device
proposed exploits a butt-coupling geometry. The definition of
the laser facets through etching introduces an air gap that reduce
drastically the optical transmittance from more than 80% down
to 20% for a 5 pm wide air gap. Different possible solutions
for the coupling optimization have been analyzed and one of the
most promising approaches consists in filling the gap with higher
refractive index materials, such as a-Si with a remarkable trans-
mittance enhancement. However, among all these gap filling
materials, only BCB could be easily experimentally managed.
On the other hand, polymer based optical waveguides are widely
used at telecom wavelengths because of their rapid processabil-
ity and cost effectiveness as well as high optical transparency.
However, close to the MIR region, polymers start to be less
transparent compared to shorter wavelengths. By taking into
account the complex refractive index as function of wavelengths,
simulation results show stable performances even if with lower
transmittance values. However, the instability of the imaginary
partrelated to the PMMA complex refractive index can affect the
light coupling. Nevertheless, polymer waveguides are attractive
as an “optical bridge” to transfer the optical mode from the
polymer into a tapered SiN waveguide by exploiting a vertical
coupling. In future work we will fabricate and characterize the
hybrid device with a GaSb-based LD and SiN waveguide in
order to experimentally evaluate the coupling losses due to the
air gap. As next step we would like to fill the gap comparing the
two transmittance behaviors (i.e., air and high index materials)
and successively implement the approach based on polymeric
waveguide.
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