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Abstract

The transition towards designs which co-package electronic and photonic die together in data cen-
ter switch packages has created a scaling path to Petabyte per second (Pbps) input/output (I/O) in
such systems. In a co-packaged design, the scaling of bandwidth, cost, and energy will be governed
by the number of optical I/O channels and the data rate per channel. While optical communica-
tion provide an opportunity to exploit wavelength division multiplexing to scale data rate, the lim-
ited 127 pm pitch of V-groove based single mode fiber arrays and the use of active alignment and
bonding for their packaging present challenges to scaling the number of optical channels. Flip-chip
optical couplers which allow for low loss, broadband operation and automated passive assembly
represent a solution for continued scaling. In this paper, we propose a novel scheme to vertically
couple between silicon based waveguides on separate chips using graded index couplers in com-
bination with an evanescent coupler. Simulation results using a 3D finite-difference time-domain
solver are presented, demonstrating coupling losses as low as 0.35 dB for a chip-to-chip gap of

11 pm; 1 dB vertical and lateral alignment tolerances of approximately 2.45 ym and + 2.66 ym,
respectively; and a possible 1 dB bandwidth of greater than 1500 nm. These results demonstrate the
potential of our coupler as a universal interface in future co-packaged optics systems.

1. Introduction

Silicon photonic integrated circuits (Si-PICs) have seen significant advancement over the past 40 years,
highlighted by their rise to dominance as data center interconnects [1] and the novel application of Si-
PICs as biochemical sensors [2], in LIDAR [3], photonic switching [4], photonic computing [5], and
even chip based 3D printing [6]. However, the scaling of optical input/output (I/O) remains a significant
manufacturing challenge, underscored photonic packaging, assembly, and testing occupying 70%—80%
of the total cost of Si-PIC manufacturing [7]. One of the primary barriers to optical I/O scaling is the
use of active alignment and bonding of V-groove based single mode fiber (SMF) arrays to Si-PICs using
UV-curable epoxies, increasing cost and limiting throughput. Not only are current optical packaging
methods costly, but they are severely limited in terms of pitch—SMF arrays operating near datacom
(1310 nm) or telecom (1550 nm) wavelengths have minimum pitches of 127 ym, meaning a maximum
density of only 8 fibers/mm is possible. The assembly challenge is especially pertinent to co-packaged
optics (CPO) systems, which may require > 10° SMFs to scale to the Pbps package I/O data rates by
2035 as required by current CPO trends [8]. In addition, photonic packaging solutions are further con-
strained by the optical coupling requirements in terms of bandwidth (i.e. the operational wavelength
window), coupling loss, and polarization dependent loss. Specifically, the future targets set out by the

© 2025 The Author(s). Published by IOP Publishing Ltd
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‘Silicon Photonics’ chapter of the Integrated Photonic Systems Roadmap—International (IPSR-1) calls for
fiber-to-chip edge couplers featuring 0.5-1 dB coupling loss by 2030, 0.1-0.3 dB polarization dependent
loss by 2035, and 800-1000 nm bandwidth by 2040 [9]. The combination of packaging related challenges
and difficulties in scaling coupling performance represents a critical roadblock to building future Si-PIC
based systems. This notion is further emphasized by the “Transceivers and Interconnects’ IPSR-I chapter
indicating that flip-chip PICs with simultaneous optical and electrical connections, passive alignment of
components, and <1 dB total insertion loss each represent a critical roadblock (or ‘purple brick wall’) to
be addressed by 2029-2035 to continue interconnect performance scaling [10].

In light of these device, packaging, and assembly related problems, we have developed and patented
[11] an optical coupling solution based on integrated graded index (GRIN) lenses and evanescent
couplers which can be used for flip-chip (i.e. chip-to-chip, chip-to-interposer, or chip-to-package sub-
strate) connections, analogous to the electrical solder joint. Moreover, this optical coupling solution
can be simultaneously used for fiber-to-chip (or fiber-to-interposer or fiber-to-package substrate) coup-
ling and packaged alongside electrical back-end-of-line (BEOL) interconnects. As will be described in
this study, the proposed technology overcomes each of the aforementioned IPSR-I critical technology
roadblocks for optical interconnects nearly 5-15 years in advance. Furthermore, it does so while sim-
ultaneously meeting current and future fabrication standards by being complimentary metal-oxide—
semiconductor (CMOS) foundry compatible without requiring any metal hard masks or liftoff masks
and without having any process temperature > 350°C. As will be shown, the coupler can also be fab-
ricated on both silicon based and glass based substrates, making it compatible with the current state-
of-the-art high performance silicon interposers used in electronics [12, 13] and the emerging high per-
formance glass interposers and substrates being developed for co-packaged optics systems [14—17]. An
example of how this can be incorporated in a CPO system layout with a glass package substrate is shown
in figure 1.

This study focuses on the design and simulation of the GRIN coupler in the context of fiber-to-chip
and chip-to-chip coupling. It is important to note that, for the purposes of this study, the phrase ‘fiber-
to-chip coupling’ not only means coupling to PICs, but also fiber-to-interposer or fiber-to-package sub-
strate connectivity as well. Similarly, the phrase ‘chip-to-chip’ can indicate chip-to-interposer or chip-
to-package substrate connectivity. The simulations evaluated the coupling loss, 1 dB and 3 dB misalign-
ment tolerances, 1 dB wavelength tolerance, and the fabrication tolerances of such a design. Moreover,
section 1.1 describes the operational principle and novelty compared to prior designs, section 2 depicts
the systems constraints and simulation setup, section 3 presents the collected data, section 4 shows initial
fabrication progress towards realizing the GRIN lens experimentally, and section 5 provides takeaways
and a comparison to similar designs.

1.1. Graded index (GRIN) optical couplers

The basis for our GRIN coupler design involves using silicon oxynitride (SiyO,N,, abbreviated SiON for
the remainder of this report) layers with a GRIN profile to vertically focus, and a lens and taper com-
bination to horizontally focus the incoming optical mode, as shown in figure 2. Our design builds on
prior efforts from [19, 20] and is similar to the variations found in [21-23]. However, our design is dis-
tinct from these in several ways. First, it is intended for coupling between two separate chips or from
interposer to chip (inter-chip coupling) in addition to fiber-to-chip or fiber-to-interposer coupling. By
using a GRIN coupler for chip-to-chip coupling, we can increase the allowable vertical gap between
chips by an order of magnitude compared to other types of chip-to-chip couplers such as evanescent,
grating, or edge based methods. An inter-chip gap > 10 ym will allow for the integration of emerging
high performance electrical connections such as solderless Cu p-pillar bumps [24] or solder-based p-
bumps [25, 26] without the need for fabricating them in a trench. Moreover, this can be accomplished
without sacrificing the ability to process GRIN couplers in parallel at the wafer scale, unlike couplers
reliant on two photon polymerization (TPP) processes which are fabricated serially. The goal of these
couplers will be to increase lateral 1dB alignment tolerance beyond the capability of the current auto-
mated pick-and-place die bonders found in high volume manufacturing [27-29] so that passive assembly
can be utilized. Widening alignment tolerances to enable passive assembly of optical and electrical com-
ponents directly equates to faster assembly speeds and lower costs.

The second novel aspect of our design is the addition of an evanescent coupling element after the
GRIN lens, to allow for coupling directly to standard 220 nm silicon nitride (SiN) or 220 nm silicon-
on-insulator (SOI) waveguides [30, 31], or other desirable material platforms such as indium phos-
phide (InP) or lithium niobate (LiNbO3). By integrating an evanescent coupling element, not only can
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Figure 1. An example of the GRIN coupler deployed in a co-packaged optics system. In (a), a 3D view shows light entering the
edge of a glass package substrate using a GRIN fiber-to-chip coupler and being transferred to a Si-PIC using a GRIN chip-to-chip
coupler. In (b), a 2D cross section shows the simultaneous optical and electrical fanout occurring between the ASIC, a single Si-
PIC, and a single fiber array which is enabled by the GRIN coupler. The images above were adapted from [18] to add the GRIN
lens element. Reproduced from [18]. CC BY 4.0.

the input and output waveguide material be customized, but the GRIN lens can be deposited in the
BEOL using only low-temperature plasma enhanced chemical vapor deposition (PECVD) processes (<
350°C) with no additional annealing. In addition, with minimum SiON feature sizes as large as 500 nm,
the GRIN coupler can be patterned using more mature technology nodes such as i-line (365 nm)
photolithography [32—34] with standard reactive ion etching (RIE). The aforementioned processes, along
with the fact that the processing requires no metal hard masks or liftoff masks, helps maintain compat-
ibility with microelectronic foundry tools used in CMOS process flows, leading to a decrease in fabric-
ation complexity, and thus cost. Finally, by providing an interface for both chip-to-chip and fiber-to-
chip coupling, one which is material agnostic to the input and output waveguides and can be added in
the BEOL, the GRIN coupler has the potential to be seen as a universal interface. The remainder of this
study will discuss how the simulations were setup and will show the final results demonstrating high
coupling efficiency with widened 1dB alignment tolerances.
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Figure 2. Schematics showing the GRIN coupler. In (a), a 3D view showing the basic building block of the GRIN coupler used

for fiber-to-chip coupling [35]. Adapted with permission from [35] © The optical Society. In (b), a 3D view, top down view, and
cross sectional view of how the GRIN coupler can be used for chip-to-chip coupling [35]. Reprinted with permission from [35] ©
The optical Society. In (c) a plot of the refractive index of the GRIN lens as a function of thickness is shown for the ideal parabolic
profile and the step profile.

2. Materials and methods

2.1. Material platform constraints for SiON GRIN coupler

The design of the GRIN coupler, in theory, required the optimization of many variables; however, in
practice this process was simplified by design constraints. First, the design methodology involved select-
ing the mode field diameter of the incoming beam (MFD;), and the refractive index (r,,) and thickness
(twg) of the waveguides being coupled into. A flat facet, SMF-28 fiber with a 10.4 yum MFD was assumed,
and waveguides with n,, = 1.7 and t,,; = 1 um were chosen as the output from the GRIN coupler
based on prior data for depositing and patterning NHj free SiON films using PECVD [20]. We would
like to emphasize that selection of these three parameters (MFD;, 11, tyg) was arbitrary—the opera-
tion of the GRIN coupler and the optimization methodology described in this section can be applied to
any new set of selections. With these selections, all remaining parameters including the GRIN thickness
(T), GRIN width (Wipu), number of layers (N), tip width (Wy,), waveguide width (W), and layer
refractive indices (n; to ng) were constrained, except the lens radius (r) and taper length (L), as outlined
in table 1.

In particular, T and Wiy, were constrained to be approximately equal to MFD; while W, and
Wiip were constrained to the maximum waveguide width possible for the selections of n,g and t,g. To
determine this maximum waveguide width, 2D finite-difference eigenmode simulations were executed
which swept waveguide width assuming a cross section described by n,,, and t,, and surrounded by

4
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Table 1. Summary of the design selections and constraints for parameter optimization.

Selections Constraints
Parameter MFD; Twg twg T Winput N Wiip Wi i ng
Value 10.4 pm 1.7 1 pm 11 pm 11 pm 11 1.2 ym 1.2 pm 1.48 1.7

material with a refractive index equal to SiO; (ngi0, = 1.444 at 1550 nm). Furthermore, N was con-
strained by t,g and T such that the thickness of each layer in the GRIN was equal to t,,. This constraint
provides a reasonable minimum number of layers that should be used in the GRIN coupler which can
always be increased for more advanced and optimized deposition processes. Finally, the coupler refractive
index profile was parabolic from 7y, to ny, as shown in figure 2(c), using the following equation:

2.2
n(z) = ny (1_0422 ) (1)

2(1-2
(on) o

042:

The parabolic refractive index profile is necessary in order create the lensing effect predicted by
Fermat’s Principle and the ray equation [36]. With these selections and constraints, r and L were swept
over using 3D-finite-difference time-domain (FDTD) simulations in Ansys Lumerical to optimize the
design for maximum fiber-to-chip and chip-to-chip coupling efficiency. In order to properly form a
lens with a given radius on the GRIN coupler, an equation for the lens surface needed to be developed.
The lens surface is constrained such that it must intersect exactly at the edge of the GRIN at the points
(o, ‘""“‘) and (0,— ”“’“‘) according to the coordinate system in figure 2(a) (assuming (x,y) = (0,0) is at
the center of the input of the GRIN coupler) For a c1rc1e of a glven radius in the x—y plane with a cen-
ter at (x;, y;) governed by the equation 2 = (x — x;)? y y1)%, we can thus solve for the location of

the center of the circle as y; = 0 and x; = ( ‘“"“‘ The equation of the lens is then:

Vvinput ? 2 )
(=) VP (3)

where x; > 0 and x < 0. The distance ¢ as described by figure 2(a) is obtained by inserting y = 0 into
equation (3) and multiplying by a negative (because x < 0) such that:

2
e (Wigp‘"> | ()

mpul

From these relationships, it is clear that the minimum r value that can be used is and as r —
oo that £ — 0 and the GRIN becomes flat faceted. This fact was used to establish bounds for sweeping
the value of r during simulations to be 5.5-100 ym. Similarly, the focal length of an asymmetric GRIN
lens with a parabolic refractive index profile can be approximated using the period of the ray oscillation,
2% as described in [36]. The focal length of the asymmetric GRIN lens is then one quarter of the period
(i.e. 7). For the refractive index profile described by table 1, this indicates v ~ 0.051 ym™~2 and the
focal length for a flat faceted GRIN is approximately 30 um. This fact was used to establish bounds for
sweeping the value of L during simulations to be 22-32 um, centered slightly below 30 pm, since the lens
section also contributes to vertical focusing.

2.2. Setup for 3D-FDTD GRIN coupler simulations

The performance metrics of interest in this study are coupling loss (in units of dB), 1dB and 3 dB lateral
alignment tolerance (in units of ym), 1 dB and 3 dB vertical alignment tolerance (in units of ym), and

1 dB bandwidth (in units of nm). Note that the simulation settings used here were derived in part from
prior work [18, 37], and adjusted to fit the GRIN coupler.

For the 3D-FDTD simulation setup, override meshes which were one-fifth the minimum feature size
were used in order to optimize simulation time. Convergence testing was performed by varying the over-
ride region’s maximum mesh step from one-fifth to one-twentieth of the minimum feature size, with
results showing coupling efficiency changed by < 0.2% from the coarsest to finest mesh. This coarse
mesh was also validated by the fact that all device dimensions were > 1 m scale. The background mesh

5
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for the solver was set to Lumerical’s preset auto-non uniform mesh with a mesh accuracy of 2’ (this
equates to approximately a 100 nm background mesh for a wavelength of 1.55 ym).Convergence test-
ing was also performed for the background mesh by varying the mesh accuracy from 2’ to ‘4’ (i.e. from
100 nm to 50 nm maximum mesh step), with results showing coupling efficiency changed by < 0.9%
from the coarsest to finest mesh. Moreover, perfectly-matched layer boundary conditions, which assume
absorption of incident electric field, were used to account for loss due to out of plane scattering of light.
For fiber-to-chip coupling, a Gaussian source with a waist radius of 5.2 yum and wavelength of 1.55 ym
was placed 0.5 um in front of the edge of the lens of the GRIN coupler. Transmission was measured
through an output monitor 4 um by 4 um in size located 7 um past the tip of the GRIN coupler.

For the 1dB bandwidth calculations, the source wavelength spectrum was edited to range from
1.28 ym to 1.64 um to reflect the wavelength regime used for tele- and data-communications. The
refractive index of SION in the wavelength regime simulated was assumed to be constant for all lay-
ers, an assumption supported by the infrared ellipsometry data presented in section 4 and in literature
[38]. Because the Gaussian source does not use guided modes to create the beam, the electric and mag-
netic field angles of the incident beam were always perpendicular to the direction of propagation (i.e. a
fundamental transverse electro-magnetic (TEM) mode). In order to accurately determine the depend-
ence of coupling efficiency on wavelength, the fiber MFD was varied as function of wavelength as well.
Specifically, the fiber MFD at the center or design wavelength of several fibers [39—-43] was tabulated
and fit over the wavelength regime from 530 to 2500 nm. To simulate, we used the fiber MFD from
the fit equation every 50 nm from 530 to 2500 nm, running a monochromatic simulation around that
MEFD. The data was then smoothed afterwards using interpolation before plotting (this interpolation was
simply for aesthetic reasons and had no impact on the conclusions of this report).

For chip-to-chip coupling simulations, a monochromatic transverse electric (TE) mode source with
a wavelength of 1.55 um was inserted in the input waveguide 6 pm prior to the tip of the GRIN lens.
Transmission was measured through an output monitor 4 um by 4 ym in size located 7 pm past the tip
of the GRIN coupler. Similar to the fiber-to-chip coupling simulations, the 1 dB bandwidth calculations
changed the source wavelength spectrum to extend from 1.28 ym to 1.64 um with a wavelength step of
5nm. In the chip-to-chip coupling simulations, the polarization of the mode source was also shifted
from TE mode to transverse magnetic (TM) mode to determine polarization dependent losses.

To determine the 1dB and 3 dB lateral (y), vertical (z), and longitudinal (x) alignment tolerances,
sweeps were performed where the y, z ,and x misalignment of the GRIN coupler on the lower chip was
varied from 0 to 3.5 yum. The y and z sweeps were performed assuming a 1 ym spacing in the x direc-
tion between the surface of the GRIN lens on either die. In terms of z alignment, the optimal position
occurs when the bottom die GRIN coupler is in contact with the top die surface as shown in figure 2(b),
and vice versa. The vertical distance from the top die substrate to the bottom die substrate is equal to
T (11 pm). Thus, a positive vertical misalignment indicates a z offset between the two chips in addition
to T.

Simulations to determine the fabrication tolerance of the layer refractive index profile and thickness
for chip-to-chip coupling were also executed. These tolerances required a statistical analysis as opposed
to a simple parameter sweep because during fabrication, the refractive index and thickness of all lay-
ers in the stack could be simultaneous varying. Therefore, this analysis was done using many 2D-FDTD
simulations where the simulation was performed across the y = 0 plane. In the simulation, a sweep was
performed for 0%—1.5% maximum error in the refractive index of a given layer. To do this, a maximum
percent error was assigned (J), and then Ny simulations were performed in which the refractive index
of each layer of the GRIN lens was simultaneously perturbed by a different percentage randomly vary-
ing from —0 to § (i.e. Mjayer = Miayer + Ritjayerd Where R is a random number between —1 and 1). For our
simulations, an N; of 100 was used. An identical process was followed for random fluctuations in the
thickness of each layer, except the sweep was performed from 0%-20% maximum error. Because the
focal length changes slightly for the 2D versus 3D simulations (as the 2D simulations assume an infin-
itely wide GRIN lens), the focal length was re-optimized by performing a length sweep prior to perform-
ing any layer fluctuation simulations. Note that these simulations do not take into account the impact
of random fluctuations in index or thickness on the horizontal confinement of the mode, only the ver-
tical confinement. However, because the primary impact of a small change in index or thickness is on
the vertical confinement through equations (1) and (2), these 2D simulations are valid to determine an
approximate fabrication tolerance.

Along the same lines, the tolerance to lithographic misalignment was also explored using simula-
tion. Specifically, this is the misalignment that may occur between the amorphous silicon (aSi) etch mask
used for thick GRIN etching and the buried aSi etch stop mask used for defining the waveguide layer
(to be discussed further in section 4). To simulate this tolerance, the GRIN output waveguide position

6
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was shifted in the y direction in increments of 100 nm up to a maximum misalignment of 800 nm while
the thick GRIN lens structure remained in the same y position. Note that the tolerance was evaluated
using chip-to-chip simulations, though it was assumed to be the same as for fiber-to-chip simulations,
and only the output waveguide for the lower chip was shifted (the input waveguide for the top chip
remained in proper alignment). Finally, simulations to determine the allowable variation in the under-
fill refractive index were conducted. This was done by varying the underfill index from that of air (11, =
1.0) to 1.6. During these simulations, the underfill is assumed to fill the entire gap between the two die.
The results of these simulations will be presented in the following section.

2.3. Setup for 3D-eigenmode expansion (EME) evanescent coupler simulations

To simulate the loss through the evanescent coupler connecting the SION output waveguide from the
GRIN coupler to the final silicon based waveguide, the 3D EME solver was used. The evanescent coupler
involved using a double taper design and optimization process developed previously in [37] and fabric-
ated in [18], except in this case it was used for connecting SION to SOI and SiON to SiN, instead of
SOI to SiN,. A top down view showing the double taper evanescent coupler can be found in figure 5(a)
which uses the same labeling convention as [37]. The optimization process involved running a single
3D-EME simulation for a set of Wsion, i, Wiip, sion> Wsi, i» Wiip, si values where Wy; ; and Wy, s could
indicate SOI or SiN,. Each simulation swept across taper length (Lper) up to 100 um to determine at
what length an adiabatic transition is formed. These simulations were performed for a matrix of Wgion, i
and Wy, sion values ranging from 0.6-1.2 ym and 400-600 nm, respectively. A matrix of Wg; ; and

Wiip, si values ranging from 0.23-0.44 um and 100-200 nm were used for SOI and values ranging from
0.55-1 gm and 100-200 nm were used for SiN,, respectively. The vertical gap between the tapers was
assumed to be 200 nm and filled with SiO,. This assumption is based on prior fabrication processes used
to build inter-layer evanescent couplers which involved SiO; cladding deposition followed by chemical
mechanical polishing (CMP) for planarization [44]. Finally, the mode was also varied from TE to TM to
determine polarization dependent losses related to the evanescent coupler.

3. GRIN coupler simulation results

3.1. GRIN fiber-to-chip coupler simulation results
A plot showing the results for coupling efficiency at 1550 nm wavelength as a function of r and L can
be found in figure 3(a). The creation of this plot involved linear interpolation of the simulated data to
provide a smoother image and clearly show the dependencies on L and r. Note that the reported values
for coupling loss in this study were still taken from the original simulated values, while the interpolated
values provided a useful means to determine approximate alignment tolerance. From the data, a peak
coupling efficiency of 86.6% (0.62 dB loss) was observed for r = 5.5 um and L = 26 ym. The allow-
able fabrication tolerance before 1dB of total coupling loss was observed was approximately 2 um for
L and r based on the contour lines in figure 3(a). The coupling efficiency as a function of vertical and
lateral misalignment can be found in figure 3(b), demonstrating a 1 dB lateral alignment tolerance of
=+ 2.88 um. The vertical alignment tolerance depends on the direction of misalignment, since the GRIN
lens is asymmetric. The 1dB vertical alignment tolerance when the fiber is shifted in the negative z dir-
ection is & 2.99 ym and in the positive z direction it is + 2.58 pm.

A plot showing the modal transformation from the fiber core to the output SiON waveguide at
1550 nm for the fundamental TEM mode can be found in figure 3(c). The images detail how the
10.4 pm MFD from the SMF transitions using the GRIN lens to approximately 1.42 ym in the single
mode waveguide. The modal images also involved linear interpolation to smooth the relatively coarse
simulation output. Note that the wavelength dependency of the fiber-to-chip coupler can be found later
in figures 6(a) and 8, demonstrating a 1 dB bandwidth of 1449 nm.

3.2. GRIN chip-to-chip coupler simulation results

A separate sweep of r and L was performed for the chip-to-chip coupler at 1550 nm wavelength, such
that the optimal r and L were 6 um and 26 um for a peak coupling efficiency of 93.9% (0.27 dB loss)
as shown in figure 4(a). The image was created using linear interpolation in an identical fashion to the
fiber-to-chip simulations shown in figure 3(a). The data shows an exceptionally large fabrication tol-
erance of > £ 1 um from the optimized design values for both r and L. Likewise, the 1 dB lateral and
vertical alignment tolerances were determined to be 4 2.66 yum and =+ 2.45 um, respectively, using the
data in figure 4(b) which shows coupling efficiency as a function of y and z misalignment (after linear
interpolation).
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Figure 3. Simulations showing the GRIN coupler performance for fiber-to-chip coupling. In (a), coupling efficiency is shown for
a 2D sweep of lens radius r and GRIN length L. The dotted contour line represents 1 dB of total coupling loss. In (b), coupling
efficiency is shown for lateral and vertical misalignments. The dotted contour line represents 1 dB of additional loss from the
position of maximum coupling. In (c) the transition of the optical mode from an MFD of 10.4 um in the SMF to approximately
1.42 pm in the SiON waveguide is shown.

Using the optimized r and L, a plot showing the transformation of the fundamental TE mode during
chip-to-chip coupling at 1550 nm wavelength, represented using the electric field magnitude on a linear
scale, can be found in figure 4(c). The (linearly interpolated) modal images demonstrate the expansion
and focusing within the GRIN lenses which resulted in successful coupling over an 11 pm vertical gap.
In order to provide more accurate cross sectional modal plots, the mesh accuracy in Lumerical was also
increased from 2’ to ‘3’ for the plots shown in figure 4(c). The performance of the coupler as a func-
tion of wavelength near 1550 nm and 1310 nm, and as a function of polarization, can be found later in
figure 6(a). In this plot, the refractive indices of all films were assumed to be constant with wavelength
(and material absorption was ignored). The data shows a 1dB bandwidth exceeding 360 nm (1280-
1640 nm) with polarization dependent losses below 0.1 dB between the fundamental TE and TM mode.
Similarly, the dependence of GRIN chip-to-chip coupling as a function of the underfill epoxy refractive
index is shown in figure 6(b). The plot demonstrates low coupling loss below 1 dB for epoxy refractive
indices ranging from 1.3-1.5, enabling design flexibility when selecting the UV curable epoxy as well as
operational robustness to changes in index incurred by thermal fluctuations imposed by dynamic envir-
onments. The dependence on the lithographic misalignment between the thick GRIN and the output
waveguide masks is shown in figure 6(c). The results show that the chip-to-chip GRIN coupler coup-
ling efficiency is > 90% (or approximately 0.45dB loss) even for lithographic misalignments of up to
=+ 300 nm, and misalignments up to £ 500 nm result in only an approximately 10% efficiency penalty
(or around 0.5 dB loss penalty). Prior fabrication studies have shown better than £ 500 nm layer-to-
layer alignment is possible for this exact GRIN process flow [45], and in general i-line stepper or con-
tact lithography systems can achieve lithographic alignments of < £+ 100 nm [34]. Finally, the effect of
randomized refractive index fluctuations for each layer on the overall chip-to-chip coupling efficiency is
shown in figures 6(d) and (e). Specifically, figure 6(d) shows the raw distributions of the number of 2D
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Figure 4. Simulations showing the GRIN coupler performance for chip-to-chip coupling. In (a), coupling efficiency is shown for
a 2D sweep of lens radius r and GRIN length L. The dotted contour line represents 1 dB of total coupling loss. In (b), coupling
efficiency is shown for lateral and vertical misalignments. The dotted contour lines represent 1 dB and 3 dB of additional loss
from the position of maximum coupling. In (c) the transition of the optical mode from a SiON waveguide on one chip to a SiON
waveguide on a separate chip across an 11 gm chip-to-chip gap is shown.

simulations where a given coupling loss was calculated, and how these distributions change as a func-
tion of the maximum applied percentage error. This data was then re-analyzed to plot the change in the
average coupling loss (1) with the maximum applied percentage error, and this is what figure 6(e) is
highlighting. The same process was followed for random fluctuations in layer thickness, and the results
from this are also plotted in figure 6(e). The shaded regions represent one standard deviation about the
mean, or £ o.

3.3. Evanescent inter-layer coupler add-on for GRIN coupler

The sweeps over W, sion> Wiip, si» Wsion, i> and Wy; ; resulted in optimized values of 400 nm, 100 nm,
1200 nm, and 230 nm, respectively, for coupling from SiON into SOI at 1550 nm with a 200 nm taper-
to-taper gap. For coupling from SiON into SiN, with the same simulation parameters, the optimized
values for Wiip, sion> Wiip, sin> Wsion, i» and Wiy, were 400 nm, 200 nm, 1200 nm, and 1000 nm. A plot
showing the results for evanescent coupling loss versus Li,per for the optimized design can be found in
figure 5(b). The results show that to achieve coupling loss below 0.05dB (>99% efficiency) at 1550 nm
wavelength, the adiabatic taper length should be > 25 um and > 40 um for transfer from SiON into
SiN, or SOI waveguides, respectively. The transformation of the TE mode at 1550 nm from the SiON
waveguide to a SOI wavguide can be seen in figure 5(c) using 3D FDTD simulations. The plot demon-
strates high efficiency coupling using the double taper layout without substrate leakage through the BOX
layer. Lastly, a plot showing the coupling loss as a function of wavelength can be found in figure 6(a).
The data represents a 1dB bandwidth of more than 360 nm.

4. GRIN chip-to-chip coupler fabrication progress

Prior work has demonstrated GRIN fiber-to-chip couplers with integrated lenses having a coupling loss
of 0.4dB from 1530-1625nm [20]. This work intends to add to the prior work by increasing the thick-
ness of the GRIN lens from 6 ym to 11 ym in order to couple light from flat-faceted, SMF28 fibers. In
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Figure 5. Simulations showing the performance of the evanescent coupler. In (a) a top down view shows the double taper design.
In this figure, the label ‘Si” (e.g. W) can indicate either a SOI or SiN, waveguide. In (b) the loss through the coupler as a func-
tion of taper length (L) is shown. In (c) a side view from a 3D FDTD simulation shows the optical mode’s transition from the
SiON to an SOI waveguide.

addition, the fabrication of GRIN lenses on glass substrates was explored as this is useful to the develop-
ment of high performance interposers and package substrates with integrated silicon based waveguides.
These two additions to prior work—an increased GRIN thickness and the use of glass substrates—
presented fabrication challenges which needed to be overcome. First, a thicker GRIN lens necessitated
patterning and etching a thicker aSi hard mask without losing resolution. Second, due to available tool
constraints, electron beam lithography (EBL) processes for thick photoresist patterning on insulating
substrates needed to be developed. This work builds on the prior work in [18] which established pro-
cesses for the patterning of thin low pressure chemical vapor deposition (LPCVD) SiN, waveguides on
glass substrates. The targeted process flow is shown in figure 7 for creating the thick fiber-to-chip and
chip-to-chip GRIN coupling structures on glass. This process flow can be duplicated for silicon sub-
strates as well, assuming they contain the standard 2-3 BOX layer. It is important to note that, while the
processes shown in figure 7 represent the fabrication work done in this study, additional process steps
will be necessary to complete a working GRIN prototype. The most relevant of these additional steps
are the deep dry etching of the glass edge facets and passive assembly using flip-chip pick-and-place die
bonding with UV curable epoxy. These processes were established for flip-chip evanescent coupling and
for edge coupling to LPCVD SiN, standard tapers on glass in [18], and the application of these work-
ing processes to the GRIN coupler will be saved for future work. Thus, the following sections describe
process development efforts intended to establish fabrication steps that match the performance of prior
work and advance to thicker GRIN lenses on glass substrates.

4.1. PECVD of SiON films with controllable refractive index

The PECVD processes for SiON films with a controllable refractive index were developed using the

a Samco PD220NL tool. The recipe used for deposition included the following parameters: 5 min, 0—
300 sccm N, O, 10sccm SiHy, 2 sccm NHj, 390 scem N, 13.56 MHz frequency, 350°C, 80 Pa, and 100 W
RF bias. The Samco PD220NL tool cannot reach high enough plasma densities to dissociate N»; there-
fore, NH; needed to be added as a precursor. Depositions were carried out at 350°C on a 6" AIN chuck
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Figure 6. Simulations showing the effect of underfill refractive index, wavelength, and refractive index variation on GRIN coup-
ling. In (a) the coupling loss is shown for the GRIN fiber-to-chip, GRIN chip-to-chip, and evanescent couplers as a function of
wavelength. Note that the evanescent SOI and SiNy tapers were of length L = 100 zm and £ = 10 gm. In (b) the chip-to-chip
coupling loss is shown as a function of the underfill refractive index, showing a wide 1 dB index tolerance of approximately 0.2. In
(c) the GRIN chip-to-chip coupling loss is shown as a function of the misalignment induced by the layer-to-layer mask alignment
process during lithography. In (d), histogram distributions show the number of 2D simulations as a function of the coupling loss.
To obtain these distributions, randomized refractive index errors were applied to the GRIN coupler (with each layer having a dif-
ferent random error applied to it) where the maximum possible percentage error for a given layer ranged from 0.2%-1.0%. The
mean and standard deviation of each distribution was then plotted in (e) as a function of the maximum percentage error and fit
using linear regression.

with Si pieces approximately 15 mm by 15 mm in size which were cleaved from a 100 mm Si wafer
(<100>, P type, 500 um thick). Each deposition was carried out for the same time (5 min), but with

a different N,O flow rate. The refractive index and thickness of the films were measured using a Semilab
SE-2000 spectroscopic ellipsometer. Each sample was then cross sectioned and the thickness of the thin
film was measured using a scanning electron microscope (SEM). When fitting the refractive index,

the thickness of the films was checked to match against the SEM measurements in order to provide a
more accurate determination of the refractive index. Determining the refractive index and thickness

of each film was done by measuring the reflected polarization spectrum at three different angles for
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Figure 7. The process flow for fabrication of thick GRIN structures on glass substrates using EBL. This figure only shows the
process steps which were executed in this report. The additional process steps which would follow step 7 would include deep dry
etching to form glass edge facets for edge coupling and the flip-chip pick-and-place sequence using UV curable epoxy. These steps
have been developed for flip-chip evanescent coupling as shown in [18], and future work will include transferring these processes
to the GRIN prototype.

wavelengths from 400 nm to 1600 nm, and modeling the film using the two lowest order Cauchy coef-
ficients (i.e. n(\) = 1100 + n1(A)). The resultant data for refractive index and thickness as a function of
N,O flow rate can be found in figure 8(b). This refractive index data was also used to simulate fiber-
to-chip and chip-to-chip coupling where n()) for the SiON layers was updated using the measured
refractive index data shown in figure 8(a). By using the measured refractive index data, a more accurate
model can be obtained for wavelengths extending beyond the 1250-1650 nm regime and into the vis-
ible, where refractive index has a stronger dependence on wavelength. Incorporating the measured data
was done by determining the necessary N,O flow rate for each layer, calculating the Cauchy coefficients
for each of those N,O flow rates, and importing the calculated n(\) spectrum for each SiON layer into
the simulation. Using this method, the data in figure 8(c) demonstrated fiber-to-SiON coupling with

a coupling loss of 0.46 dB at 1310 nm, 0.64 dB at 1550 nm, and a minimum coupling loss of 0.45dB at
1250 nm. Similar data was obtained for the chip-to-chip (i.e. SiON to SiON) coupling loss and is shown
in figure 8(d), where the coupling loss at 1310 nm was 0.42 dB, at 1550 nm was 0.37 dB, and was a min-
imum of 0.35dB at 1470 nm. Thus, the difference between the coupling loss for the optimized design
and the updated design with experimentally obtained values was less than 0.02 dB and 0.1 dB for fiber-
to-chip and chip-to-chip coupling at 1550 nm, respectively. Moreover, using the measured refractive
index data and refractive index and extinction coefficient (k) data for Si and SiN, from literature [46—
48], coupler performance can be accurately simulated for wavelengths from 500 nm to greater than

2300 nm. The resultant data demonstrates an exceptionally large 1 dB bandwidth of 1562 nm for SiON to
SiON, 1361 nm for SiN, to SiN,, and 888 nm for SOI to SOI coupling. The work in this section demon-
strated successful fabrication of refractive index controllable SiON films using PECVD with standard,
foundry compatible precursors and metrology techniques. In addition, performance of the GRIN coupler
was verified by updating the model with experimentally meaured refractive index profiles for the SION
layers as a function of wavelength.

4.2. Flectron beam lithography of thin SiON film using aSi mask

Following establishment of the refractive index profile, the processes for patterning the amorphous Si
(aSi) etch stop on top of the waveguide layer were developed. For this process, 700 nm SiON was depos-
ited using a N,O flow rate of 10.9 sccm (n=1.898 at 1550 nm) on a 3 um SiO, BOX, following by the
deposition of 400 nm of aSi using the same tool. The recipe for aSi deposition: 8 min 20, 28 sccm SiHy,
500 sccm Ar, 100 W REF, 80 Pa, 270°C, and 13.56 MHz frequency. The EBL to pattern the aSi builds off
of the protocol established in [18] for the EBL of thin SOI and SiN,-on-glass films using a diluted AZ
nLOF 2020 photoresist. The primary change that was made was to the photoresist dilution, which was
changed to 3:2 (nLOF:PGMEA) in order to increase the resist thickness to approximately 800 nm for a
2000 rpm, 60s spin. This change was made because a 400 nm PECVD aSi hard mask was used compared
to prior studies which used a 250 nm LPCVD poly-Si hard mask. The thicker etch stop was used due to
the lower etch resistance of the PECVD aSi compared to LPCVD poly-Si. The aSi was etched using an
Applied Materials Precision 5000 RF generated, magnetically enhanced RIE (MERIE) tool with a Cl,/HBr
gas chemistry. The Cl, recipe was as follows: 60 sccm Cly, 20 sccm HBr, 100 mTorr, 250 W, 60 Gauss. The
selectivity of the photoresist was determined to be 1.58 (aSi:PR). The SiON was etched using a different
chamber of the same tool with CF,;/CHF;/Ar chemistry. The CHF; recipe was as follows: 1555, 55 sccm
CHF;3, 45sccm CFy, 100 sccm Ar, 50 mTorr, 600 W, 60 Gauss. The selectivity of the aSi was determined
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Figure 8. Experimental data for fabrication of the GRIN coupler. In (a) a plot of the measured refractive index of the SiON films
as a function of wavelength for different N, O gas flow rates. In (b) the measured thickness and refractive index of the SION

film as a function of N,O flow rate are shown with their associated fits. In (c) and (d) simulated fiber-to-chip and chip-to-chip
coupling loss, respectively, as a function of wavelength is shown. Note that these simulations were different from that found in
figure 6(a) because n(\) for all materials (SiON, Si, SiNy, SiO,) was imported using the measured refractive index data taken via
ellipsometry in (a). In (e), cross sectional SEM images show the waveguide profile for different waveguide widths prior to removal
of the aSi etch stop.

to be 9.4 (aSi:SiON). Cross sectional SEM images showing the SiON waveguide with the aSi hard mask
still remaining can be found in figure 8(e), achieving widths from 500 nm to > 1 ym with a measured
sidewall slope of 8.4 °. The optimized dose for this structure was 55 uCcm~2 with a beam current of

10 nA using an Elionix HS-50, 50 keV accelerating voltage system. The work in this section demonstrated
successful EBL patterning of SiON waveguides using a PECVD aSi hard mask and a diluted, negative
tone chemically amplified photoresist.

4.3. Electron beam lithography of thick SiON film on glass using aSi mask

With the refractive index profile and patterning of the aSi etch stop determined, the next step was to
develop a process for patterning the GRIN lens that was > 10 um thick. A similar process to [20] was
used, with the exception of EBL in place of i-line lithography. This was not done due to small features—
the smallest feature size of the GRIN lens design is > 1 pum—but rather the lack of access to a repeat-
able process for patterning 1 um features using the UV photolithography tools within the facilities used.
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Furthermore, it was known based on prior work that alignment with < 0.5 yum precision (and prefer-
ably < 0.2 yum precision) between the GRIN lens pattern and the etch stop pattern would be critical to
achieving the low coupling loss predicted by simulation.

Like section 4.2, we followed a process similar to that used in [18] for EBL on glass substrates using
AZ nLOF 2000 series photoresist. It was anticipated based on the results in section 4.2 that for Cl,/HBr
etching of aSi, the selectivity was approximately 1.58 (aSi:PR). Similarly, based on literature [49] and
prior test samples, it was determined that faceting was occurring in the corners of the aSi hard mask as
a result of etching the presence of a CHF; and Ar gas chemistry. Due to the low selectivity and pres-
ence of faceting, an aSi hard mask of 4 yum and a photoresist mask of 4 yum were targeted. The 4 ym
aSi hard mask was deposited using the same PECVD recipe as in section 4.2, but for 80 min. The 4 ym
thick photoresist was achieved using the same EBL steps as in section 4.2, but using undiluted AZ
nLOF 2035 with a 2500 rpm, 30's spin recipe. As in [18], a commercially available conductive polymer,
ESpacer300Z, was spun at 4000 rpm for 30 s following photoresist spincoating in order to avoid char-
ging during exposure. Immediately after exposure, but before the post-exposure bake, the glass samples
were puddle soaked in DI water for 20 min to remove the ESpacer300Z. This was critical to ensure no
mixing occurred between the conductive polymer and the photoresist during the post-exposure bake
step, which was necessary to crosslink the resist. While the post-exposure bake was kept the same, the
development time was adjusted to be 4 min. The SiO, pieces were then mounted on a 150 mm Si carrier
wafer as in section 4.2 for subsequent etching. The Cl,/HBr etch for the aSi hard mask was identical to
that of section 4.2 aside from the time. The fluorine based etch was altered to a CHF3/Ar only gas chem-
istry to increase selectivity to the aSi hard mask for the thicker GRIN lens. Based on prior results [20,
49], this change was anticipated to have little effect on the etch profile of the waveguide layer. The etch
recipe that was used for the GRIN lens was as follows: 91 min, 55 sccm CHF3, 100 sccm Ar, 50 mTorr,
600 W, 60 Gauss. The average selectivity of the aSi was determined to be 5.86 (aSi:SiON).

Several sets of SEM images can be found in figure 9 which show different aspects of the GRIN
lens experimentally realized. For example, from the cross sectioned test sample shown in figure 9(a)
(which used a purely photoresist mask but contained the same SiON stack), the elemental composi-
tion of the GRIN lens using energy dispersive spectrometry (EDS) can be seen. The EDS results, which
also included a line scan taken from bottom to top and shown in figure 9(b), demonstrate a parabolic-
ally increasing amount of elemental oxygen when going from the bottom to the top of the GRIN lens.
This reflects the parabolic increase of N,O flow rate that was used for depositing each subsequent layer,
which directly relates to refractive index. On the other hand, figure 9(c) shows a cleaved cross section
with the fused silica substrate fully visible and the successful EBL patterning of a > 10 um stack on glass
clearly represented. In addition, figure 9(c) reveals the faceting nature of the aSi hard mask mentioned
earlier. Despite the faceting, the 4 um thick aSi hard mask survived the deep etch without lateral dimen-
sion erosion affecting the stack beneath it. This is evidenced by smaller features, such as the 2.5 um line
shown in figure 9(c), maintaining shape. Finally, additional SEM images in figure 9(d), which were not
full cross sections but still taken from the edge, show proper etch dimensions compared with nominal
values. Specifically, the images show the top width of the GRIN lens ranging from 1 ym to 12 ym and
aligning well with the design values, along with a measured sidewall slope of 6.8° for a 10.72 um thick
stack. Based on these results, which were part of a dose matrix, an optimal EBL recipe of 25 pCcm™>
for a 10 nA beam current was determined. The work in this section represent a step forward in terms
of GRIN coupler fabrication as > 10 um thick lenses were able to be patterned on insulating substrates
using EBL with a novel photoresist mixture.

5. Discussion of GRIN coupler dependencies

The primary factors contributing to the GRIN coupling loss are scattering losses associated with the
GRIN facet interface and the output waveguide interface. Both of these losses can be attributed to
imperfect modal overlap due to the parabolic GRIN profile. In the case of fiber-to-chip coupling, the
GRIN facet interface involves modal overlap between the SMF and the GRIN coupler. Here, the shape
of the mode inside the GRIN lens is not perfectly circular, like the mode inside the fiber as seen in
figure 3(c), due to the GRIN profile having a high index material at the bottom (ny = 1.7) and being
rectangular in shape. In the case of chip-to-chip coupling, the modal overlap at this interface is increased
since the structures are identical to one another (i.e. symmetric). The increased modal overlap at the
GRIN facet interface accounts for the improvement in maximum coupling efficiency seen by the chip-to-
chip coupler versus the fiber-to-chip coupler.

Similarly, for both fiber-to-chip and chip-to-chip coupling, the output waveguide interface involves
modal overlap between the GRIN lens output and the output SION waveguide. These modes are not

14



10P Publishing

J. Phys. Photonics 8 (2026) 015005 D Weninger et al

H H
1 1 —— Carbon
Nominal width: 12 ym Sl Pl Oxygen
- o Si subtrate | BOX | Nitrogen
£ 2000 I B —— Silicon
) i 1
1157 ym PR b ' :
2 1
v 1500 ! GRIN lens
S 2 !
vl
Si,O,N, £ 1000 i !
g 1
10.36 ym O H
15.32 um ped 500 1
5 |
]
0 =

o 5 10 15 20

Distance (um)
(b)

5 um S5um

2.783 ym

|
10.69 um
.

10.72 wm

L

—m————

11.89 um

Si,ON,

Si0,
Nominal width: 12 pm

2.193 um

{1 asi

3

9.97 um

16.71 um -
E 51,0

N,

14.72 uym

Nominal width: 12 um  SiO,

Nominal: 0.8 pm

(d)

Figure 9. Experimental data showing fabrication of the GRIN lens. In (a) a cross sectional SEM image alongside a 2D EDS map
are shown for a GRIN lens test sample which used a photoresist mask only. In (c) cross sectional SEM images for a GRIN lens test
sample which successfully EBL to pattern the aSi hard mask and GRIN stack on a fused silica substrate. In (d) SEM images show
the GRIN lens with the correct dimensions down to 1 m following CHF; etching.

perfectly matched, as depicted in figures 3(c) and 4(c). This is due to the fact that the output wave-
guide layer and the bottom layer of the GRIN lens are the same. A GRIN coupler which can separate the
GRIN lens profile (including refractive indices and layer thicknesses) from the output waveguide profile,
specifically by having a higher index for the bottom layer (and thus a higher vertical confinement), may
result in a higher coupling efficiency as described in [50]. However, obtaining a different refractive index
and thickness for the output waveguide and the bottom layer of the GRIN lens increases the fabrication
difficulty significantly, so it was not simulated in this study.

5.1. Effect of lens radius and GRIN length

The wide design and fabrication tolerance with respect to r and L as depicted by figures 3(a) and 4(a)
can be explained by the the total GRIN focal length remaining approximately equal within the 1 dB
coupling loss contour. As the lens radius increases, ¢ decreases, and thus the length of the tapered
section of the GRIN, L, must increase to achieve the same total GRIN length equal to ¢ + L. As the lens
radius continues to increase, the GRIN facet becomes increasingly flat. When the GRIN coupler is flat,
the horizontal confinement becomes entirely due to the tapered nature of the GRIN, whose length is
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determined by the focal length. Because the GRIN taper is only 20-30 ym long and thus non-adiabatic,
the coupling efficiency decreases, as described by the data for a 100 um lens radius in figures 3(a)

and 4(a). In other words, the use of a lens allows for independent control of the horizontal and vertical
confinement which results in a higher coupling efficiency.

5.2. Effect of wavelength dependence on GRIN coupler performance
Another aspect to explain is the wavelength response of the chipt-to-chip and fiber-to-chip coupler. In
the O, C, and L-bands (i.e. from approximately 1260-1640 nm), the traditional wavelength regime for
data- and tele-communications applications, the coupling response for the chip-to-chip coupler is flat
while the fiber-to-chip coupler showed a very slight decrease in coupling efficiency from 1280 nm to
1640 nm based on figures 6(a) and 8(c). The improvement with decreasing wavelength can be attrib-
uted to the fiber MFD more closely matching the GRIN MFD for shorter wavelengths. The over-
all weak wavelength dependence highlights how the focal length of the GRIN lens is independent of
wavelength. This is because the focal length depends on the ratio between ny and ny and the thick-
ness T, as described in section 2 and by equation (2), which remain approximately constant across the
infrared spectrum for SiON films. An identical argument can be made for the chip-to-chip coupler,
which sees a nearly negligible wavelength dependency from 1260-1640 nm. Similarly, the SOI and SiN,
evanescent couplers also demonstrate a relatively low wavelength dependence from 1280-1640 nm as
evidenced by figure 6(a).

Outside of this wavelength window, the coupling loss remains low (<3 dB) even for wavelengths
in the visible or into the mid-IR, as evidenced by figures 8(c) and (d). There are several factors which
begin to limit the coupling efficiency when operating in these regimes, including material absorption,
multimode propagation, and excessively large evanescent fields. In particular, when coupling to an SOI
waveguide, the Si begins to absorb below approximately 1000 nm wavelength, leading to an exponen-
tial increase in coupling loss [47]. For coupling to an 220 nm thick SiN, waveguide, it is the fact that
below approximately 1 pm wavelength the waveguide begins to support multiple higher order modes
which light is coupled into, leading to a decrease in simulated coupling efficiency through the evanes-
cent coupler. In the case of coupling to SiON, it has a wider transparency window and a lower refractive
index, meaning that it is able to maintain a lower coupling loss (<2 dB) when operating at wavelengths
as low as 600 nm. When considering operation at longer wavelengths (>2 pim), coupling loss begins
to increase significantly in the case of SOI and SiN, as the optical supermode in the overlapped taper
section interacts with the discrete tip due an excessively large evanescent field between the waveguides
[37]. This effect is more pronounced in the SOI due its higher refractive index, thus increasing coup-
ling loss in this regime compared to the SiN,. Even with this increase in coupling loss, when coupling to
SiN, the 1dB bandwidth extends to an upper limit wavelength of 2257 nm. Likewise, the coupling loss
in the SION case increases for these longer wavelengths as well, but the 1 dB bandwidth extends to an
upper limit wavelength of 2360 nm and the 3 dB bandwidth extends to wavelengths > 3 ym (not shown
in figure 8(d)).

5.3. Effect of epoxy and layer refractive index variation

While the GRIN coupler demonstrated a wide 1dB tolerance to epoxy refractive index changes of
approximately + 0.1 from the initial value of ~ 1.44, there is a clear increase in coupling loss for refract-
ive indices < 1.3 or > 1.5. For epoxy refractive indices > 1.5, the epoxy begins to become a higher
index than ny, the lowest refractive index layers of the GRIN. For layers which have a lower refractive
index than the epoxy refractive index, they effectively become part of the cladding and no longer con-
tribute to GRIN lensing, causing ny/ny to approach unity and o — 0 according the equation (2). The
GRIN focal length effectively increases and coupling loss increases as a result. An analogous argument
can be made for indices < 1.3 - ny/ny effectively increases causing « to increase (and the GRIN period
to decrease) causing additional coupling losses.

The introduction of random fluctuations on the layer refractive index also induced additional chip-
to-chip coupling losses as evidenced by figures 6(d) and (e). The coupler was more sensitive to index
fluctuations compared to thickness fluctuations since the GRIN lens period is directly correlated to the
refractive index profile (it is proportional to a™!) and correlated indirectly with layer thickness (Hlayer)
through the total thickness T (o< T~2). The 1dB tolerance for refractive index error per layer was ~ +
1% based on figure 6(e). This equates to approximately + 0.015-0.017 in terms of the refractive index
control necessary during the PECVD process. While & 1% seems like extremely tight control, data for
similar processes such as inductively coupled plasma PVD has standard refractive index control of <
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Table 2. Summary of loss contributions through GRIN fiber-to-chip, chip-to-chip coupler and evanescent coupler at 1550 nm and
1310 nm wavelengths for the TE mode.

Component Loss (dB)

Wavelength 1310 nm 1550 nm
Final waveguide material SOI SiNy SOI SiNy

Fiber-to-chip coupler

Single GRIN lens 0.46 0.64
Evanescent coupler® 0.02 0.08 0.03 0.02
Total 0.48 0.54 0.67 0.66

Chip-to-chip coupler

Two GRIN lenses 0.42 0.37
Evanescent couplersab 0.03 0.15 0.05 0.04
Total 0.45 0.57 0.42 0.41

2 Assuming a 100 um long adiabatic taper for SOI and SiNj.
" Includes evanescent coupling loss at GRIN lens input and output (i.e. 2 evanescent couplers).

+ 0.3% over > 75 wafers using commercially available tools [51]. On the other hand, the 2D chip-to-
chip coupling loss was essentially unchanged by layer thickness errors as large as £+ 20%, or roughly +
200 nm.

5.4. Effect of refractive index on evanescent coupler taper length

The evanescent coupler design used in this study was described extensively in [18, 37] for SOI to SiN,
coupling. However, one point to elaborate on in is the improvement seen in SiN, compared to SOI for
the same adiabatic taper length as depicted by figure 5(b). This coupling efficiency improvement can
be attributed to the lower refractive index of SiN, compared to the SOI, which more closely matches
that of the SiON. The lower refractive index means larger feature sizes can be used to achieve the same
effective refractive index in SiN,. Thus, these larger lateral feature sizes mean the shape of the mode in
the SiN, more closely matches that of the SiON prior to the mode entering the adiabatic region of the
taper. Therefore, a faster transition can be used for SION to SiN, compared to SION to SOI to achieve
the same coupling loss.

6. Comparison to other types of chip-to-chip couplers

Using the updated data from figures 8(c) and (d), which includes the experimentally measured refract-
ive index profiles for the SiION layers, the total coupling loss was compiled in table 2 for fiber-to-chip
coupling from an SMF to SOI or SiN, and for chip-to-chip coupling from SOI to SOI or SiN, to SiN,
(or any combination thereof). From the data in the table, it can be see that the maximum fiber-to-chip
coupling loss is 0.67 dB for SOI at 1550 nm, the maximum chip-to-chip coupling loss is 0.57 dB for SiN,
at 1310 nm, and the maximum combined fiber-to-chip and chip-to-chip loss is only 1.11 dB for SiN,

at 1310 nm. This data implies that the GRIN coupler design can potentially support optical fanout to
Pbps optical I/O with a roughly 1dB aggregate interfacial loss contribution to the total loss budget using
the layout described by figure 1, especially if SION waveguides are used at the interposer or package
substrate level. Moreover, this value can be driven below 1 dB by using the optimized refractive index
profiles for the SION layers, as alluded to in section 4.1. By obtaining total insertion losses of < 1dB
including the combined fiber-to-interposer and chip-to-interposer coupling loss, this coupler thus over-
comes a critical IPSR-I challenge for interconnect packaging [10].

In order to evaluate the relevance of these results, we can compare them against similar designs for
chip-to-chip optical couplers found in literature. A brief review of the performance metrics for altern-
ate vertical couplers is presented in table 3 and in the radar plot found in figure 10(a). In comparing the
values for coupling loss, alignment tolerance, and bandwidth associated with the GRIN structure from
this study, our coupler stacks up well to peer innovations while overcoming several limitations associated
with other designs. First, in terms of coupling loss, our GRIN chip-to-chip coupler displayed a coupling
efficiency of approximately 92%, or 0.37 dB of loss, at 1550 nm wavelength. This is competitive com-
pared to the other high performance couplers which also have coupling losses below 1dB at 1550 nm.
However, this coupler achieves the sub dB loss while simultaneously allowing for vertical chip-to-chip
coupling gaps of > 10 um using entirely parallel fabrication processes and CMOS foundry compatible
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Figure 10. A radar plot comparing different chip-to-chip coupling strategies in silicon photonics in terms of performance metrics
relevant to data- and tele-communications applications and scaling to high volume manufacturing.

toolsets. If we consider other couplers from table 3, those that are able to achieve vertical coupling gaps
> 10 pm rely on serial TPP processes for fabrication, while those using parallel processing have a max-
imum vertical coupling gap of only around 1 ym. Enabling a gap > 10 um is essential, because emerging
state-of-the-art solder-based electrical p-bumps [25, 26] and solderless Cu p-pillar bumps [24] used for
forming electrical connections after thermocompression bonding have been shown to achieve heights of
< 10 pm. In addition to the large vertical coupling gap, our widened translational alignment tolerances
above + 2.4 yum compare favorably to other evanescent, edge, or grating coupler designs which are typic-
ally less than 2 ym. A lateral alignment tolerance of + 2.4 um is wide enough to use current automated
pick-and-place die bonders for passive assembly in high volume manufacturing [27-29].

Another aspect to compare is the 1 dB bandwidth, and to do this it is important to understand the
limitations of other designs. In general, grating couplers are typically bandwidth limited (e.g. 21 nm
[52]) due to the need to fulfill the Bragg condition for efficient coupling [36]. Evanescent couplers, while
demonstrating wide bandwidths of 160-400 nm [18, 53], can become bandwidth limited due to the
decrease in MFD size at shorter wavelengths (say, outside of the datacom or telecom regime), impact-
ing coupling if the distance between waveguides is on the micron scale. Free form designs can achieve
operation into the visible [54], but are fabrication limited as mentioned above. Finally, prior edge coup-
ling designs have demonstrated broadband operation in the datacom or telecom regime (120 nm [55]),
but have low allowable vertical coupling gaps of < %+ 0.5 um and have been limited to the edge facet
of the chip. This GRIN based design has simulated 1dB bandwidths of > 800 nm for SOI-to-SOI, >
1300 nm for SiN,-to-SiN,, and > 1500 nm for SiON-to-SiON. Using table 3, it can be seen that prior
SiN,-to-SiN, and SOI-to-SOI designs have a maximum simulated or measured bandwidth of 400 nm
and 21 nm, respectively. Thus, this design provides a 3 fold and 40 fold bandwidth improvement for
SiN,-to-SiN, and SOI-to-SOI chip-to-chip coupling, respectively. By extending from the visible to the
mid-IR wavelength regime, this coupler meets the IPSR-I bandwidth standard target for 2040 mentioned
in section l—providing a solution for datacenter transceivers and emerging applications in quantum
photonics and biochemical sensing.

Furthermore, the performance advantages of this design would not be practically useful unless the
design could be fabricated, packaged, and assembled in method scalable to high volume manufacturing.
This study demonstrated the feasibility of fabricating monolithic, thick GRIN structures approximately
11 pm in total height using standard, controlled microelectronics foundry BEOL processes and materials.
This is contrasted by couplers which are fabricated using TPP techniques, a CMOS foundry incompatible
process with significantly lower throughput due to the sequential patterning of optical components with
repeated exposures. The parallel, foundry compatible processes developed here also showed the coupler
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Table 3. Summary of recent examples of chip-to-chip optical coupling schemes. This list does not include all chip-to-chip coupling
schemes and is only meant to yield a general idea of competing designs and performance. Blue shaded cells represent where only
simulation data was available. For the coupler presented in this work, experimental coupling results have not been measured yet
because additional fabrication processes which have been separately developed need to be integrated into the GRIN process flow to
make it complete. Specifically, as mentioned in figure 7, these processes include the deep dry etching to form glass edge facets and the
flip-chip pick-and-place sequence using UV curable epoxy (developed originally for flip-chip evanescent coupling [18]). Additionally,
chemical mechanical polishing to planarize the cladding layer and allow for intra-chip evanescent coupling needs to be integrated
(previously demonstrated with an intra-layer evanescent coupler using the same CMOS foundry compatible fabrication equipment
used in this work [44]).

1 dB Misalignment
Tolerance (um)
1 dB Bandwidth
Package Coupler CLis50(dB) Lateral Vertical (nm) Lx W (um) reference
InP to SOI Edge 0.25 + 0.7 + 0.5 120 75 % 0.4 [55]
(1510-1630)
InP to SOI Edge 0.9 + 1.7 + 0.5 120 250 x 0.4 [55]
(1510-1630)
SOI to SOI Photonic 1.6 / / > 300 2 (W) [58]
wirebond (1280-1580)
SOI to Evanescent 1.25/0.5 +2 / [b]+ 60 (1310) 1500 x 6.5 [59]
polymer (TE/TM) / 4+ 70 (1550)
< 0.5
(TE/TM)
Polymer to Free form 0.22 (TE) +1.3 35 =+ 200 (850) 10 x 30 [54]
polymer 0.25 (TM)
SOI to Evanescent 0.2 >+5 0.5 4+ 100 (1550) 200 x 15.3 [60]
polymer =+ 1.5°(yaw)
SOIto IOX  Evanescent <1 +4 3 =+ 30 (1550) 1500 x 12 [57]
(TE/TM)
SizsNy to IOX  Evanescent 0.7 >+4 <2 75 (1515-1590) 2000 x 11 [14]
Si3Ny to Evanescent 0.54 <+2 < 0.8 400 1000 x 3 [53]
SizNy (1200-1600)
SOIto SOI  Grating 0.94 / / 21 (1539-1560) 20 x 20 [52]
SizsNy to SOI  Evanescent 0.39 (TE) + 1.56 > 1.1 160 520 x 1 [18]
(1480-1640)
SiON to GRIN 0.37 (TE) =+ 2.66 +2.45 1562 29.6 X 11 this
SiON 0.49 (TM) 11 (rise) (798-2360) work
SiN, to SiN, GRIN 0.41 (TE) +2.66 +2.45 1361 129.6 X 11 this
0.69 (TM) 11 (rise) (896-2257) work
SOI to SOI GRIN 0.42 (TE) =+ 2.66 +2.45 888 139.6 X 11 this
0.59 (TM) 11 (rise) (1122-2010) work

! CLiss0 = coupling loss at 1550 nm wavelength (except for entries from [59] and [54] which shows data for 1310 nm and 850 nm,
respectively).

can be fabricated on multiple different types of substrates (silicon and glass), without using any metal
hard or liftoff masks, and without having any process temperature be > 350°C. Other GRIN structure
designs have only been proposed for fiber-to-chip coupling (not chip-to-chip coupling), and of those
designs they are either roughly half the thickness [19, 20] or require metal hard masks or metal liftoff
films [21-23]. In terms of packaging, the simulations performed here also showed wide tolerances for
critical packaging materials such as the UV curable epoxy, with < 1dB coupling loss possible for refract-
ive indices between 1.3 and 1.5. An ultra-wide refractive index tolerance of 0.2 is critical for two reas-
ons, the first being that it enables compatibility with a wide range of commercially available UV-curable
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epoxies [56]. The second advantage is that it ensures that the coupler performance will remain stable as
the refractive index shifts during operation either due to the package heating and cooling, or due to the
possibility of multiple wavelengths being present in a single channel as a result of using wavelength divi-
sion multiplexing. For context, transceiver and interconnect devices in switch packages must maintain
stable performance for temperatures up to 85°C without additional cooling according to the targets for
the next 5 years set by the IPSR-I committee [10]. In comparison, other couplers in table 3, including
evanescent couplers and free form couplers, often have stringent requirements on the cladding refractive
index (for some this tolerance can be < 0.001 [57]). Moreover, because the coupler is fabricated using
standard silicon based materials, it also means the device is reflow temperature compatible and not sub-
ject to the same mechanical, thermal, or humidity based reliability problems which may arise for the
polymer based structures made using TPP.

When it comes to footprint and pitch, the < 30 um length and 11 um width of the SION GRIN
lens makes it compact, especially compared to some evanescent designs requiring greater than 1 mm in
length, over 30 times as long, to achieve a lower than &+ 2 pm lateral tolerance. Even in the case of coup-
ling to SOI or SiN,, or any combination thereof, the total length is < 140 ym including the GRIN lens
and the evanescent coupler. The only other couplers with a similar footprint again require TPP, limit-
ing their scalability in high volume manufacturing. Finally, because the GRIN coupler width was 11 ym
and the optical mode was highly confined within the GRIN, even during expansion, our lateral pitch
can be made significantly compared to free form couplers which expand the mode to > 100 um in dia-
meter. A finer I/O pitch directly equates to a higher I/O density along the shoreline of the Si PIC, and
thus a higher possible data capacity. For example, a coupler pitch of 20 um equates to an I/O density of
50 couplers/mm whereas a fiber array pitch of 127 um equates to an I/O density of only about 8 fiber-
s/mm; thus, the GRIN coupler could provide a 6 times improvement in connection density. This con-
nection density can be further increased by placing the GRIN couplers in a 2D array format along the
PIC shoreline, potentially enabling final waveguide pitches (i.e. the waveguide pitch output from the
2D array) down to 10 um or a linear I/O density of 100 couplers/mm—over an order of magnitude
increase compared to direct fiber-to-chip V-groove based connections. Thus, our coupler may provide
more rapid, less costly scaling to high volume manufacturing applications requiring high density integ-
ration which is especially crucial in the context of scaling to greater than 1 Pbps datacom or telecom co-
packaged systems.

7. Conclusion

In this study, the design and simulation of a novel GRIN coupler for chip-to-chip coupling was presen-
ted and demonstrated to achieve sub-dB coupling loss with broadband and alignment tolerant opera-
tion. This high performance can be achieved while coupling over a significant vertical chip-to-chip gap
of > 10 um. In terms of adoption to high volume manufacturing, the coupler can be fabricated dur-
ing, or after the completion of, typical BEOL steps using standard, low-temperature foundry compatible
materials and processes, and can be used to connect waveguides standard to silicon photonic PDKs. The
coupler can be fabricated at the wafer or panel level using parallel, standard thin film fabrication meth-
ods, and can be packaged using passive assembly with automated flip-chip die bonders. When placed at
a 20 pm pitch within a 2D array, this coupler offers a density of 100 couplers/mm, a 12X improvement
over systems directly connecting fibers to Si-PICs. In essence, this coupler will help enable the mass par-
allelization and cost-effective scaling of optical I/O in co-packaged optics systems.
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