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Abstract— In this paper, we report a low-loss photonic
integrated circuits (PICs) platform at blue wavelengths of the
visible spectral regime. Silicon nitride (SiN) is a popular passive
waveguide material due to its fabrication flexibility, CMOS com-
patibility and spectral transparency in this wavelength regime.
For active devices including lasers, gallium nitride (GaN) and
its alloys are considered. Several basic building blocks for the
development of a complete integrated platform, including blue
diode lasers, in-plane- and out-of-plane light couplers, as well
as on-and off-chip coupling between these active and passive
components are theoretically investigated. The proposed in-plane
and out-of-plane architectures operate through edge- and vertical
grating couplers (VGCs), respectively. With edge-coupling, large
mode-mismatch between the GaN laser diode and SiN waveguide
is alleviated through nanotapers on both the active and passive
sections and the calculated peak coupling efficiency is achieved to
be 74% at a wavelength of 450 nm. We also separately designed
efficient VGCs for coupling light from standard, commercial,
off-the-shelf fibers to the SiN chip, and edge couplers for fiber-
chip coupling, exhibiting coupling efficiencies of 51% and 83%,
respectively. For robust on-chip light-coupling between active and
passive circuit elements, with relaxed alignment tolerances, two
approaches, i.e., flip-chip based hybrid integration and evanescent
coupling based heterogeneous integration are studied. Calculated
maximum coupling efficiencies of 40% (−4 dB) are achieved
for both the hybrid and heterogeneous schemes. The theoretical
work performed is an initial step towards demonstrating complex
blue PICs which could offer a comprehensive range of photonic
functionalities.

Index Terms— Photonic integrated circuit, silicon nitride,
edge-coupler, nanotaper, vertical grating coupler and coupling
efficiency.

I. INTRODUCTION

OVER the last 20 years, the field of integrated optics has
been revolutionized by silicon photonics [1], [2]. The

low-loss, high refractive-index contrast features and CMOS
compatibility of the silicon-on-insulator (SOI) technology have
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made it a unique medium for the design of high-density
photonic integrated circuits (PICs) for conventional telecom-
and datacom applications [3]–[5]. Beyond silicon photonics,
InP-based monolithic PICs have also witnessed great techno-
logical advancements over the past few decades. Such tight
photonic integration, however, has not yet reached its full
potential in the short-wavelength regime [6]. Given that a
complete integrated photonic platform can offer compelling
size, weight, power, and cost (SWaP-C) reduction advantages,
PICs at visible and near-infrared (NIR) wavelengths are cur-
rently receiving significant research interests for a wide range
of emerging applications, including biochemical sensing [7],
optical interconnects [8], visible light communication [9],
bio-imaging, and quantum computing [10]. Developing PICs,
especially at blue wavelengths of the visible spectral regime
is essential due to magnificent potential in the aforementioned
real-world applications.

The SOI system, used in mainstream silicon photonics is
not an ideal choice for the development of visible wave-
length PICs primarily due to material absorption of silicon
at these wavelengths [11]. In addition to spectral trans-
parency, other attractive aspects such as fabrication flexibility,
CMOS compatibility and the possibility of obtaining high-
quality materials through inexpensive deposition techniques
are considered while selecting passive core materials [12].
Based on the above considerations, SiN, TiO2, and AlN are
three potential candidates among materials to be used for
the passive platform. AlN, being a high-bandgap material,
should theoretically exhibit much less optical absorption at
the wavelength of interest [13]. However, depositing high-
quality crystalline AlN is challenging due to a large lattice
mismatch with sapphire substrates during expensive epitaxial
growth [14], making this material less appealing. Although
TiO2 shows some promise [15], high material absorption
and lower availability in the conventional deposition systems
makes it less popular for the intended applications [16], [17].
An important candidate is the silicon nitride (SiN) waveguide
system, in which the silicon core of the SOI-system is replaced
by a SiN core while maintaining the CMOS compatibility. The
massive potential and research interest for SiN can be justified
by the establishment of an open access platform for passive
components based on SiN in the visible spectrum [18].

From a point of view of waveguide loss, caused by light
scattering and absorption processes, SiN is ideal since the
refractive index contrast with SiO2 is moderately low, which
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reduces the waveguide losses arising from sidewall roughness.
Given an absorption onset at λ <420 nm, SiN can be safely
used as a core material in the 450 nm range [13], [19].
This can be evidenced by a recent demonstration of SiN
waveguides with loss as low as 2.5 dB/cm [20]. However,
the requirement of maintaining single-mode condition in SiN
with tight mode confinement at shorter wavelengths leads to
an increased vulnerability towards high optical scattering loss,
due to waveguide sidewall roughness [20].

Blue lasers as a single component are experimentally
demonstrated and commercialized with a reasonably good
performance for solid-state lighting and automotive applica-
tions [21]. Their monolithic and heterogeneous integrations to
develop the PIC technology has also recently been reported
by a few research groups [6], [15]. The monolithic approach
with GaN-based active and passive components [6] seems
less practical from a perspective of integrating high-density
photonic circuitry due to processing complexity and high
waveguide-loss. Moreover, another recent demonstration on
successful heterogeneous integration of III-N blue lasers with
TiO2 waveguides, leveraged the high refractive index of TiO2,

and shows extended research efforts towards developing the
PIC technology in the blue wavelengths. Some discrete passive
components such as low-loss waveguide and grating couplers
on SiN [22], [23], and AlN [13], [14], [24] were also demon-
strated in the wavelength range of 532-700 nm. Blue light
propagation in the passive SiN photonic platform using an
off-chip commercial laser and grating devices was presented
in Ref. [25]. However, the demonstration of true on-chip
integration is still missing at the blue wavelengths.

In this work, we study the SiN waveguide system with the
aim of developing a complete PIC. As basic building blocks,
edge- and vertical grating couplers (VGCs) are designed for
the blue wavelengths with a peak at 450 nm. Though edge
couplers offer high operating bandwidth and efficiency, they
require precise post-fabrication processing with a low mis-
alignment tolerance. VGCs, on the other hand, are free from
these constraints and have the ability to couple light to and
from any part of the circuit, without any post-processing, but,
with a compromise on the coupling efficiency (CE) [26]–[28].
This justifies the design of an efficient VGC for robust off-chip
light coupling. For the integration of the SiN waveguides and
the GaN-light sources, a design based on hybrid integration is
also reported, leveraging the VGCs designed in this work and
a total internal reflection (TIR)-based mirror. Finally, heteroge-
neous integration of GaN gain blocks onto SiN through micro-
transfer printing is presented. These design details provided in
this paper can also be extended for realistic modeling of future
SiN PICs at other wavelengths longer than 450 nm.

II. LASER DIODE DESIGN

A standard Fabry–Pérot diode laser based on InGaN/GaN
materials is designed for emission at ∼450 nm. For this design,
a shallow-etched ridge waveguide-structure is considered to
obtain lateral index-guiding which is important for achieving
lasing in the nitride material system. Fig. 1(a) shows the
cross-sectional schematic of the laser whose epitaxial structure
details can be found in [29]. The narrow ridge width is chosen

Fig. 1. (a) Epilayer stack of the GaN-based edge-emitting blue lasers,
(b) the corresponding 2D fundamental transverse mode, (c) normalized
intensity and refractive index profile of the lasers along the growth direction,
and (d) confinement factors (�) at several important sections of the laser.

to be 3 μm to facilitate single lateral mode emission. For real-
istic modeling, the ridges are considered with a 250 nm SiO2
passivation layer on the etched top-surfaces and sidewalls.

Using the complex refractive index profile and appropriate
thicknesses of each layer, a 2D optical mode simulation
is performed at 450 nm. Fig. 1(b) shows the fundamental
transverse electric (TE) mode profile in the device. The
intensity distribution, together with the refractive index profile,
is also shown in Fig. 1(c). Given that the laser struc-
ture employs compressively-strained In0.17Ga0.83N/GaN mul-
tiquantum wells (MQWs), the consideration of TE polarized
light emission can be justified. For the fundamental TE
mode, the effective refractive indices of the device ridge
and the etched region (outside the ridge) are calculated to
be 2.7 and 2.68, respectively, which results in a numerical
aperture (NA) of 0.29.

III. WAVEGUIDE AND OFF-CHIP COUPLING

A. Single Mode Condition

Single-mode propagation is an important requirement for
waveguide-based devices to avoid interference from higher-
order modes. Considering that, we first investigated the single-
mode condition of fully-etched/strip waveguides. Among
the most commonly used waveguide structures, the strip
waveguide design is considered, owing to strong optical con-
finement in the core, increased design flexibility and high
integration density, due to a small allowable minimum bend-
ing radius. A one-dimensional (1D) finite difference Eigen
mode (FDE) simulation was first performed to calculate the
maximum thickness for the single-mode operation of such
SiN strip waveguides, embedded in SiO2 cladding layers.
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Fig. 2. Effective indices of the fundamental and the first higher order modes
of the strip waveguides as a function of core (a) thickness, h and (b) width, w
for a fixed core of h = 125 nm for both polarizations. The schematic cross-
section of the strip waveguides is shown as inset. The cut-off condition of
single-mode operation is represented by the vertical dashed line. Fundamental
(c) TE and (d) TM mode profiles.

The single-mode waveguide cut-off condition in terms of
thickness is around 150 nm, as shown in Fig. 2(a).

A 2D mode simulation was then performed to determine the
cut-off width condition for a fixed core thickness of 125 nm.
The effective index vs. core width curves of the proposed
waveguide structure is shown in Fig. 2(b). For simplicity,
the effective indices of only the TE0, TM0, TE1 and TM1
modes of this waveguide with different widths are shown.
The waveguide with a cut-off core width of 270 nm exhibits
single-mode operation, allowing both fundamental TE and
TM polarizations, as shown in Fig. 2(b). The field profiles
of the fundamental TE and TM modes are also presented in
Fig. 2(c) and (d), respectively. During the subsequent design
of the passive components for wavelengths around 450 nm, the
SiN waveguide layer thickness and width values of 125 nm and
220 nm, respectively, were used in order to be well-below the
single-mode regime and guide quasi-TE polarized light. The
bottom cladding layer with a thickness of 2.4 μm prevents
the mode leakage into the silicon substrate. The same thickness
for the top cladding layer leads to a symmetric optical mode
intensity profile, which is important to design an efficient edge-
coupler, as discussed in Section III-B. The well documented
Palik model [30] for Si-SiO2, and experimentally-measured
refractive index of plasma-enhanced chemical vapor deposition
(PECVD) SiN from Ref. [31] were used for all the simulations
performed in this study.

B. Edge Coupler Design

Given the immaturity of integration platform at the visible,
in particular, blue wavelengths, it is important to design
edge-(or butt) coupling structures to connect two different

waveguides in close physical proximity and transfer optical
signals between them. Despite being the most straightforward
way of coupling light between the two waveguides, inherent
optical mode- and effective refractive index mismatches at the
waveguide ends make efficient coupling challenging. However,
an optimized and careful design of the edge coupler can
enhance the CE, characterized by the overlap of the modes in
the waveguide ends. The CE between the optical modes at the
waveguide ends can be calculated by the overlap integral [32]

η = Re

[
(
∫

E1×H ∗
2 .ds)(

∫
E2×H ∗

1 .ds)∫
E1×H ∗

1 .ds

1

Re(
∫

E2×H ∗
2 .ds)

]

where η is the overlap integral, assuming values between
0 and 1, E1 and E2 represent the complex electric field
amplitudes of the waveguide mode (at the nanotaper tip) and
the fiber mode (at the edge) respectively, and H1, H2 represent
magnetic fields in the same order. In case of the coupling
between GaN laser and SiN waveguide, the same equation
holds, with E2 and H2 representing the fields within the laser
structure.

In this study, the edge-coupling between the optical fibers
and SiN chips, termed as “F-C” as well as active lasers
and SiN chips termed as “L-C” was investigated. While the
L-C couplers transmit light only from a laser diode to the
waveguide chip, the F-C couplers couple light at the fiber-
waveguide interfaces in a bidirectional fashion. These two
different designs were carefully constructed and optimized
to achieve a high CE. Unlike standard glass fibers at tele-
com wavelengths, fewer fiber options are available at this
short wavelength. In particular, the commercial-off-the-shelf
SM400 fiber [33] was considered while designing the passive
waveguides to enable butt-coupling with a reduced mode-
mismatch. The mode field diameter (MFD) of an SM400 fiber
is about 2.5-3.4 μm [33], which is one order of magnitude
higher than the MFD of the SiN waveguides with the single-
mode dimensions. In addition, the near-field patterns of the
optical modes at these two waveguide ends are not identical.
While the SM400 fiber exhibits circularly symmetric mode
patterns, the passive SiN waveguide mode has an elliptical
shape due to its rectangular cross-section. In comparison to
F-C couplers, the L-C end waveguides have similar cross-
sections, i.e. rectangular. However, the dimensional difference
between the L-C waveguide ends causes the mode mismatch
issue in a similar way.

In order to alleviate the inherent problem of the mode
mismatch for the couplers, an inverse nanotaper geometry
is employed on the SiN waveguides, with the core width
progressively narrowed along the length. This leads to a
gradual decrease in the mode confinement along the length,
and as a consequence, the effective modal area increases
and the effective index decreases [34]. In the F-C design,
the SM400 fiber [33] was considered to have a mode field
diameter between 2.5-3 μm and a NA of 0.13 [33]. Since the
core and cladding diameters of the commercial fiber are fixed,
the width and length of the horizontal inverse taper are tailored
in a way so that the MFD and the effective index of the mode
at the output facet of the spot converter can be matched to the
fiber for efficient coupling.
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Fig. 3. Schematic of a fiber to chip edge coupler. The SM400 fiber is modeled
to properly carry light of 450 nm wavelength.

TABLE I

DIFFERENT PARAMETERS OF TWO EDGE COUPLER DESIGN

In the case of the L-C couplers, such an inverse tapering is
introduced on both the passive waveguides and the input laser
waveguides. In our design, the width of the waveguide at the
end of the nanotaper was optimized first to maximize the mode
overlap. The taper length was then determined to control the
rate of mode expansion and the back-reflection at the input
waveguide simultaneously. Fig. 3 shows a schematic of the
F-C edge-coupling with all the corresponding relevant design
parameters, as listed in Table I. The length of the nanotaper
was designed to be 400 μm.

In the L-C coupling, the design challenge is further supple-
mented by the higher refractive index mismatch between two
waveguides defined in the two different material platforms.
As compared to SiN with a refractive index of 2.05 in the
passive output waveguide, the InGaN/GaN diode laser-based
input waveguide has a higher refractive index with 2.8 and 2.4
in the MQWs and cladding layers, respectively. Since the
edge coupler is implemented as a nanotaper, the effective
index (neff) of the waveguide mode is seen to be reduced to
a value of 1.5 at the tip of the nanotaper, increasing the neff
mismatch. To overcome this problem, we used a waveguide
section in the laser structure whose width was gradually
tapered down to 60 nm. The value of the reduced width is
limited by the resolution of the stepper lithography. Tapering
up the SiN passive waveguides in the longitudinal direction
to increase the effective index cannot be considered since the
overlap integral between the laser and waveguide modes will
be reduced due to mode-area mismatch.

Fig. 4 shows the corresponding fundamental TE mode
profiles at the input and output waveguide ends for both
types of coupling. The effective mode area mismatch between

Fig. 4. Mode profile of the (a) nanotaper tip (b) fiber edge for the F-C design
and (c) nanotaper tip of the SiN waveguide and (d) tapered laser tip for the
L-C design. The mode in the adiabatic SiN tapers in (a) and (c) are designed
in such a way so that overlap integral of the modal area of fiber edge and
laser tip in (b) and (d) respectively is maximized.

passive SiN waveguides and the optical fibers as well as laser
chips, are reduced. Delocalization of the modes at the tips of
the SiN and ridge-laser waveguides are also seen here.

To characterize the CE of the two coupler designs, the over-
lap integrals were calculated. Considering the NA of 0.13 for
the commercial fibers, the CE for such an engineered F-C
coupler is estimated to be 83% as shown in Fig. 5(a). The
maximum CE for the L-C coupler is 74%. Despite the tailored
waveguide ends on both designs, the maximum CE is limited
by the inherent large mode- and effective refractive index
mismatches, owing to a waveguide discontinuity. The insertion
losses induced by partial reflections at the interfaces and
positional misalignment will further reduce the experimental
CE. Both the designs exhibit a reasonably broad spectral
response over which the CE remains nearly constant. As
shown in Fig. 5(b), the spectral response is nearly flat for
a wavelength span of 40 nm for these designs.

The length of the tapers plays a crucial role in gradually
expanding the mode and ultimately achieving maximum CE.
Fig. 5(c) presents the CE as a function of SiN adiabatic
nanotaper length for the F-C couplers. It is seen that the CE
converges to the maximum value for a taper length of 400 μm.
Introduction of adiabatic tapers on both the laser and passive
waveguides of the L-C structures necessitates the taper length
optimization on both the active and passive waveguides. The
CE vs the taper length of the active waveguide is plotted
in Fig. 5(d). At a length of 500 μm, the CE reaches a
maximum value of 74%, which is lower than the F-C coupler
with the same taper length. This is primarily due to larger
effective refractive index mismatch, causing reflections at
the SiN/III-N interfaces. Around one-fourth of the incident
energy is either reflected back to the source or scattered away,
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Fig. 5. (a) CE versus NA for the F-C edge coupler. Peak CE of 83% at
NA of 0.13 for the fiber. The response is polarization insensitive. (b) CE
versus wavelength for two designs, showing a broadband response, (c) CE
versus taper length of SiN waveguide for F-C structure. At a taper length of
400 μm, the CE converges to its maximum value. (d) CE versus taper length
of ridge laser for L-C design.

resulting in an overall coupling loss due to a difference in the
refractive index of the two regions.

In order to assess the performance of the couplers,
the dependence of the CE on the positional misalignment
is presented in Fig. 6. It is evident that the F-C couplers
are more misalignment-tolerant than the L-C ones. This is
mainly a consequence of the disparity in the mode profiles
of the fiber and the laser. Unlike the circularly-symmetric
fiber modes, the laser’s elliptical modes require more critical
alignment with the passive waveguides. An excess loss of 3-dB
is incurred for a misalignment of 1.8 μm and 0.7 μm for the
F-C and L-C couplers, respectively. The maintenance of such
precise alignment requires careful hermetic post-processing
in case of mass production. In addition, standalone device
level testing demands a fine piezoelectric control of the chips.
Using bulk optics, such as high NA lens in between the
coupler and the fiber/laser can solve this issue to some extent.
Another interesting approach will be the use of a multi-tip
nanotaper [35].

C. Vertical Grating Coupler

Though the edge coupler offers a broadband response and
high CE, it provides low misalignment tolerance, requir-
ing compact packaging and post-processing after fabrication.
VGCs, on the other hand, can couple light into any part of
the circuit without raising the alignment concerns. A typical
VGC consists of a first-order grating, whose period can be
calculated by the Bragg equation [36]

� = λ

nef f − nc sin θ

Fig. 6. CE versus positional misalignment for the (a) F-C and (b) L-C
designs. Tolerance is comparatively more relaxed for F-C coupler than the
L-C one.

where � is the grating period, λ the emission wavelength,
neff and nc the effective indices of the grating and cladding,
respectively, and θ is the angle of incidence of light from
the fiber to the chip. With the angle of incidence equal to
10◦, the period of the grating is optimized to 325 nm at the
wavelength of interest.

Unlike the edge-couplers, efficient coupling of light per-
pendicular to the plane is dependent on satisfying the Bragg’s
equation which brings a dependency on a number of design
parameters including grating period, fill-factor, etch depth,
angle of incidence, number of gratings and the buried oxide
(BOX) thickness. This requires an iterative process to opti-
mize these parameters with the aim of maximizing the CE.
In our design, a well-known particle swarm optimization
(PSO) algorithm was utilized to simultaneously optimize these
parameters. Using these parameters, a finite-difference time-
domain (FDTD) simulation was carried out to verify the
results. Fig. 7(a) and (b) show the 3D and 2D views of the
vertical grating coupler, respectively.

Among the six design parameters, the BOX thickness plays
an important role in improving the CE. The reflections from
the BOX – Si substrate interface cause a portion of the light
to pass through the gratings for the second time, allowing a
greater percentage of the incident energy to be coupled into the
waveguide. The thickness of the BOX should ensure that the
reflected light reaches the coupler, in-phase with the incident
light. Using the PSO algorithm, the period and fill factor of
the grating are 325 nm and 48%, respectively. Twelve fully-
etched gratings composed of SiN were incorporated in the
design. It was seen that a minimum of eight grating teeth are
required to ensure diffraction at the VGC and any number
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Fig. 7. (a) 3D and (b) 2D cross-sectional structure of the VGC. A fully-
etched design is opted for a better CE. The light incident onto the VGC and
the resulting mode guided by the SiN waveguide is shown as inset (topright).
A 2D profile of the light guided by the SiN waveguide is shown as inset
(bottom-right).

Fig. 8. (a) CE vs wavelength plot for the VGC with and without a metal
reflector along with back reflection (b) CE as a function of BOX thickness.
A periodic rise and fall of CE with increasing BOX thickness is seen as a
result of light being in phase and out of phase with respect to the incident
light at the VGC after reflections at the BOX-substrate interface.

upwards of 12 do not affect the CE. The angle of incidence
is optimized to a value of 10◦.

A simulated peak CE value of −3 dB obtained for the VGC.
The back-reflection of the component is as low as 21 dB over
the entire wavelength range, as shown in Fig. 8(a), hinting a
reasonably good design. Overlays and apodizations were not
utilized in the design, thus reducing the complexity from a
fabrication standpoint. The simulated 3-dB bandwidth is found

TABLE II

COMPARISON OF REPORTED PERFORMANCE OF EDGE AND VERTICAL
GRATING COUPLERS IN THE VISIBLE SPECTRUM

to be 16 nm. In the above design, the reflections caused by the
BOX-substrate interface slightly improve the CE of the VGC.
The theoretical curve of CE vs BOX thickness displays peaks
at periodic intervals, indicating the reflected light being in-
phase with light, incident at the VGC. Consequently, our
VGC design uses the smallest allowable BOX thickness which
corresponds to the first CE peak of Fig. 8(b), while preventing
mode leakage to the substrate.

In order to further improve 3-dB bandwidth and CE by
minimizing substrate loss, a metal reflector can be placed
in between the substrate and waveguide layers [37]. For our
short-wavelength VGCs, the design was modified by inserting
a 110-nm-thick CMOS-compatible aluminum (Al) layer at the
substrate-BOX interface. As a result, the peak CE is enhanced
to −1.7 dB as shown in Fig. 8(a). Though the CE of the VGC
is not as high as in the case of the edge coupler, a value of
−1.7 dB in the 450 nm wavelength is comparable to other
grating couplers reported in visible wavelengths, as listed
in Table II. With the metal reflector, the 3-dB bandwidth of
the VGCs is improved to 42 nm. The increase in the 3-dB
bandwidth is due to the light reflected from the metal layer
having a larger power at wavelengths, away from the peak of
the VGCs transfer function.

IV. HYBRID INTEGRATION OF BLUE

LASERS AND SiN PICs

Integration strategies including heterogeneous integration
and flip-chip bonding based hybrid integration at 1550 nm
are adopted for conventional telecom and datacom appli-
cations. A hybrid integration technique reported in [40] is
incorporated in our design as it facilitates efficient coupling
and provides an added advantage of heat sinking via the
top contacts due to flip-chip configuration. This method has
been proven to be thermally stable and has the potential to
improve performance through more sophisticated structures,
compatible for laser integration. This reflective semiconductor
optical amplifier (RSOA) based hybrid, integrated waveguide
bonded to a silicon substrate is shown in Fig. 9(a). In this
technique, a total internal reflection (TIR) mirror is used at
the end of the integrated waveguide nanotaper, to redirect
light onto a VGC for coupling into the PIC. Effective hybrid
integration using a surface ridge laser is mainly reliant on
mode dilution in the III-V laser into a relatively thick bottom
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Fig. 9. (a) Schematic of the flip-chip hybrid integration approach (b) CE as
a function of wavelength.

waveguide layer. In addition, since the flip-chip configuration
is used, the surface ridge lies in the path of the light reflected
from the TIR mirror and can distort the mode, reducing the
CE. The work in [41] addresses these concerns by using
a nanotaper for mode dilution and a spot size converter to
overcome mode distortion at the ridge.

Fig. 9(a) shows a 2D cross-section of the design for hybrid
integration at the end of the nanotaper. The structure consists
of an In0.17GaN waveguide layer of 1.4 μm thickness, serving
as the core and a GaN cladding layer to guide light of 450 nm
wavelength. A 45◦ angle cut is used to place the TIR mirror to
direct light into the VGC positioned below, which maximizes
the CE. Such angular cuts can be realized in the III-V
region, either by using chemically-assisted ion beam etching
(CABIE) [40] or the focused ion beam etching (FIB) [42]
method. To minimize reflections at the multiple interfaces,
an AR coating is used at the aperture, located at the base
of the laser. A gold layer is incorporated for bonding as it
enhances the thermal stability of the whole integrated structure
and facilitates lasing operation.

Based on the described geometry, 2D FDTD simulations
were run to maximize the coupling between the lasers and
the SiN waveguides. The light incident on the VGC, and
the corresponding mode, coupled into the SiN waveguide,
is shown in the inset of Fig. 9(a). A 3-dB bandwidth of 17 nm
is obtained from the optimized design, which yields a maxi-
mum CE value of 40% at 450 nm, as presented in Fig. 9(b).
A major factor which conspires to reduce the CE of the
design is the mode mismatch between the optical field from
the laser, which reduces the coupling. Methods to improve
the CE include an addition of DBR mirrors and metal lay-
ers below the VGC at a specific distance, to reflect the

light back into the VGC for another pass, which theoreti-
cally increases the CE. However, such methods present addi-
tional challenges during the fabrication process and involve a
larger number of interfaces which could contribute to higher
losses. Potential techniques to improve the CE involve more
sophisticated designs of the VGC, involving apodizations and
overlays which break the symmetry of the VGC, minimiz-
ing the energy lost to the substrate. A partial-etch grating
coupler can lead to improved coupling, as the structure is
inherently asymmetric.

V. HETEROGENEOUS INTEGRATION OF BLUE

LASERS AND SiN PICs

Comparable to hybrid integration, a heterogeneous inte-
gration technique offers a reliable way of integrating active
and passive components [43]. However, due to a large effec-
tive refractive index mismatch between the III-N and SiN
waveguides, mode transfer to the SiN passive section becomes
challenging. A simple design with engineered waveguide
structures on both active and passive sections, for successful
heterogeneous integration, is shown in Fig. 10(a). Transfer
printing is one of the novel integration strategies that can
be adopted for transferring III-N gain blocks onto the SiN
platforms [44]. The GaN laser is tapered in two steps, the
first consists of the n-doped cladding and n-waveguide with
a longer taper length, and the latter consisting of the MQW
active region as well as the p-doped region. The thickness of
each layer is consistent with that shown in section II of laser
diode design, except for a thinner n-cladding. To match the
mode in the GaN section, tapers were introduced in the SiN
waveguide as well. A rib waveguide design is used in the SiN
platform where the rib height and etch depth were 250 nm
and 125 nm, respectively.

Using an Eigenmode expansion (EME) solver, simulations
were run in the tapered structure to confirm the mode transfer
into the passive section. In Fig. 10 (b), (c) and (d) the
fundamental TE mode profiles from points along the taper are
presented. In Fig. 10(b), the mode is predominantly confined
in the high-index, active region of the GaN laser. Nanotapers
in the GaN section subsequently helps transfer the mode
towards the passive SiN section. In Fig. 10(c) the mode profile
is shown at the nanotaper tip. As can be seen, the mode
begins to transition from III-N to SiN. Finally, Fig. 10(d)
shows the mode in the SiN waveguide, beyond the end of
the nanotaper.

The EME simulation was run to optimize the taper for
adiabatic mode transfer, and a maximum coupling loss of 4 dB
was achieved maintaining back reflections as low as −22 dB.
Although tapers introduced in the laser cavity may give
rise to unpumped regions, and consequently increase the
threshold current density, the tapers are essential to trans-
fer the mode to the SiN waveguide. Simulating the same
structure with a straight SiN waveguide section leads to
a decline in the coupling to 7.9 dB, indicating a clear
trade-off with efficient coupling. Such a preliminary design
will help towards achieving a highly-efficient mode trans-
fer platform which can be realized by performance-tailored
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Fig. 10. (a) Schematic of the multi-step tapered heterogeneous integration
platform, with tapers in both the GaN and the SiN sections (b) Mode profile
of the fundamental TE mode at the nanotaper tip of the p-region, a thickness
of 60 nm in the n-side and 30 nm in the p- and MQW region helps to
transfer the mode towards the SiN waveguide setion. (c) XZ monitor of
mode transformation from the laser to the SiN waveguide and (d) from SiN
waveguide to GaN laser.

structures, including subwavelength gratings, two-dimensional
tapering etc.

VI. CONCLUSION

In summary, a few important active and passive photonic
components are designed and simulated. These components
are essential building blocks that can enable a whole new class
of devices or subsystems with a variety of optical functions in
this spectral regime. In particular, this study initially reports a
design of blue lasers and their compatibility and integrability
with passive SiN circuits. Among basic optical passive com-
ponents, edge- and VGCs are carefully designed to get a peak
performance at a wavelength of 450 nm. Our optimal design
allows achieving CEs of 83% and 51% for the edge- couplers
and VGCs, with fiber, respectively. Hence, a reasonably good
theoretical performance of these passive elements can be
claimed by comparing the CE values of similar components
at higher wavelengths. Through the hybrid technique, on-
chip integration utilizing the VGCs and TIR-mirrors is also
presented, and a CE of 40% is achieved. Further engineering
on the designs of each component is possible to improve their
performances. This, however, will introduce more complexities
and challenges in terms of device fabrication and integration.
The light’s diffraction limit and the associated shortcomings of
the traditional fabrication process impose a great challenge on
obtaining the desired feature sizes of these components operat-
ing at the very-short wavelengths. Finally, this theoretical work
is expected to lay a realistic foundation for fabrication and
testing of these components to prove the feasibility of the inte-
gration work at blue wavelengths. This study will eventually
pave the way towards developing emerging architectures that
can enable breakthrough capabilities for strategic positioning,
navigation, and timing (PNT), sensing, quantum information
and visible light communications.
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