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Abstract: We have developed new polymer optical interconnect materials that we term refractive
index contrast (RIC) polymers that are ideally suited to a wide variety of photonic interconnect
applications as the refractive index can be tuned over the range of n=1.42 to 1.56, while index
contrast An can be precisely tuned through composition and ultraviolet exposure; the waveguides
can be directly patterned in dry films with no wet or dry etching processes required. RIC
polymer interconnects thus have the ability to access numerous photonic platforms, including
silicon photonic chips, ion-exchange (I0X) glass optical substrates, and optical fiber arrays.
We demonstrate for the first time efficient single-mode polymer interconnect fabrication via a
maskless lithography approach that exhibits low loss adiabatic coupling (~1.5dB at 1550nm) to
10X waveguides through the formation of grayscale tapers.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Photonic transceiver modules, now deployed on the scalable silicon photonics platform, enable
optical signaling with high bandwidth and minimal loss over long distances with optical fiber.
Further improvements must be achieved through a reduction in signaling energy and latency,
while overall signaling capacity and photonic component density must be increased. During the
past few decades, the basic building blocks of silicon photonic devices have been demonstrated:
modulators, detectors, switches, filters, and lasers [1]. One of the main challenges remaining is a
packaging approach that allows for the convenient and efficient high density optical interconnection
between photonic chips and board-level optical circuits and between photonic chips and optical
fibers, ideally while maintaining compatibility with CMOS processing and consuming minimal
chip real estate. To meet this important challenge to enable the Optical Printed Circuit Board
(OPCB), the revisiting of IOX glass as a robust optical substrate has garnered significant interest,
due to the ability to create low loss waveguides operating in O- and C-band for single-mode data
center and telecom applications. Key advantages of IOX waveguides are panel level process
capability [2], low fiber coupling (0.3dB) and low propagation loss (<0.1dB/cm) [3] which
enables OPCBs. However, a major technical challenge that remains is the creation of another
level of optical packaging (i.e., “wiring”’) between IOX glass OPCBs and Si photonic platforms.
To date there have only been a few examples of any type of optical interconnect demonstration
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with 10X glass OPCB:s (i.e., on chip, or chip to chip), which points to the need for new optical
interconnect media and materials for IOX glass substrates. Previous work by Poulopoulos et al.
[4] has demonstrated coupling between [OX waveguides on two different chips using conventional
techniques employing waveguides with uniform index profiles along their length; this generally
requires stacking of IOX glass so that the waveguide surfaces face each other, limiting designs
for board-to-module connectivity. In general, adiabatic coupling has been accomplished only
for IOX waveguides on the same IOX chip. Coupling between silicon photonic chips and IOX
waveguides has been accomplished through the use of an adiabatic inverse taper on the silicon
[5], but this again required bringing two rigid substrates into contact with low misalignment
tolerance.

The use of polymeric media as thin films, or free-standing constructs have generated consider-
able interest for fabricating waveguiding elements and optical interconnects, particularly for IOX
glass and Si photonic chips. Polymer waveguides play an important role as optical interconnects
facilitating incorporation of silicon photonics elements into the electronic processing framework,
which is the new paradigm for fulfilling the world’s relentless demands on data centers and
high-performance computing [6—8]. However, to date, there is a paucity of polymeric materials
that have been created or engineered to enable application for optical interconnects with IOX
glass OPCBs. Furthermore, in a general sense, regardless of whether on Si or IOX glass devices,
there is a compelling need to simplify and streamline polymer optical interconnect waveguide
fabrication techniques which require precise spatial control of refractive index (RI, or n). The
majority of reports to date have focused on classical, multi-step photolithographic processes
to create optical interconnects with commercially available fluorinated acrylate polymers (e.g.,
ZPU). More recent efforts have focused on novel nano-, or microfabrication methodologies to
create polymer based interconnects for on-chip, or chip-to-chip constructs, particularly with
in-plane coupling architectures to maximize on board interconnect density. Koos et al. reported
on the concept of “photonic wiring bonding” where microscopic polymer waveguides spanning
hundreds of micron gaps were fabricated via two-photon polymerization, with SU-8 and Cytop
as the core and cladding materials [9]. Alternatively, microdispenser techniques with immiscible
photopolymerizable monomers via the “Mosquito Method” have been applied to commercially
available organic/inorganic photopolymer resins (e.g., epoxies, vinylics) as both core and cladding
layers to create single-mode polymer waveguide arrays suitable as optical interconnects for
silicon photonics [10]. However, the development of new optical polymers that accelerate
waveguide and interconnect fabrication using standard tools such as mask-based and maskless
lithography is an emerging frontier in photonics. These new polymeric materials need to be
specifically designed to both generate large refractive index contrast ( n) and be tunable over
a wide refractive index range to enable versatile implementation into different chip and system
requirements. These new materials could be then applied as optical interconnects for a wide
range of pre-fabricated waveguide arrays, without the need for altering existing process or product
lines. At the same time, these materials can provide an avenue for new, low-cost, high-yield
processes to be developed and deployed. The development of polymer waveguide materials for
wholly polymeric device constructs was elegantly demonstrated by the IBM group using the
silicone base photopolymers as recently produced by Dow as the core and cladding materials
deposited on flexible polyimide substrates [11].

While extensive efforts in polymer science have focused on methods to prepare optically
transparent, high n polymers [12], the creation of photoresponsive polymers is a distinct technical
challenge requiring a new class of RI-tunable materials. Toward this important technical need,
we recently developed a new class of photonic polymers, termed Refractive Index Contrast
(RIC) Polymers, to enable modulation of refractive index in solution cast thin films with precise
spatial control using standard photolithography tools [13]. Using these materials, a streamlined
fabrication process via photolithographic writing into this polymeric medium was achieved,
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where large 4n regions were photopatterned to create low loss, polymeric waveguides operating
at 1310 and 1550 nm. RIC polymers were inspired by positive-tone polymeric photoresists,
however thin films of these materials upon photoexposure in the presence of a photoacid
generator create regions of refractive index contrast instead of solubility changes. Hence, this
new material is ideally suited as a novel optical interconnect media as both the global RI of the
RIC polymer and An can be precisely tuned by copolymerization methods to index match device
requirements over the wide range of n=1.42 to 1.56. RIC polymer interconnects thus have the
ability to access numerous photonic platforms, including Si photonic chips, IOX glass optical
substrates, and optical fiber arrays through a novel process that we term “SmartPrint” as shown
in Fig. 1. SmartPrint can allow for rapid dry film lithographic fabrication of single-mode optical
interconnects between individual silicon photonics chips or between chips and an underlying
OPCB using maskless lithography systems.

SiP Chip w/SiN Nanotapers Polymer Waveguide Fabric OPCB w/I0X Guides
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Fig. 1. Schematic of the “SmartPrint” process in which a slab polymer waveguide fabric is
initially connected to a silicon photonic chip on the left and an IOX glass waveguide array
on the right. The unique properties of RIC optical interconnect polymers provide for dry
film writing of connecting polymer waveguides through the use of spatial light modulators
(SLM) controlled by a maskless lithographic aligner (MLA).

Herein, we describe a dramatically new approach to optical interconnects using photoresponsive
fluorinated RIC polymeric materials with low optical propagation loss. We chose to use RIC
polymers as on-chip interconnects for waveguide arrays on IOX glass substrates to demonstrate
the versatility of these materials to both tune RI and index contrast to enable adiabatic coupling
to these pre-fabricated device components. Furthermore, we demonstrate the manufacturing
potential of this approach by directly spin coating RIC polymeric media onto IOX glass waveguide
arrays and directly fabricate waveguiding interconnects with excellent spatial control via maskless
photolithography. This report demonstrates the versatility of the RIC polymeric media for optical
packaging applications.

2. Materials, components and design

2.1. Materials synthesis

We have developed a new class of optical polymers, termed refractive index contrast (RIC)
polymers, in which the RI of the material can be photopatterned by UV exposure in the presence
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of a photoacid generator (PAG). RIC materials are essentially photoresist-based polymers,
however after photo-exposure of selected regions of spin-coated thin films, spatially defined
regions of higher RI and RI contrast can be directly fabricated for optical waveguiding in the
dry film. This approach is a significant advance in comparison to state-of-the-art that generally
relies on the use of various wet or dry etching steps to fabricate polymer waveguides or optical
interconnects. We previously demonstrated with homopolymers of vinylthiophenol t-BOC
protected monomer(SBOC) and polySBOC (n = 1.5427) that upon photoinduced deprotection
poly(vinylthiophenol) provided an increase in RI (n = 1.5830; see Fig. 2(b)) [13]. However, for
use as a spin-on optical interconnect, there is a need to tune the base RI of the RIC polymeric
material to tailor optical coupling to specific waveguide platforms, such as IOX. An attractive
feature of this system is the ability to tune the base RI of the material via copolymerization of
the styrenic SBOC monomer with other vinylic (meth)acrylate comonomers. In this case, we
demonstrate the ability to lower the base RI of the RIC polymeric material via copolymerization
of SBOC with 2,2,2-trifluoroethyl methacrylate (TFEMA), enabling tuning of the RI within
the RI window of n=1.42 to 1.56, since these are the RI values of the poly(TFEMA) and
poly(SBOC) homopolymer, respectively (Fig. 2(a)). To enable application of these fluorinated
RIC copolymers as optical interconnects for IOX waveguides, the RI of the base, deprotected
copolymer of poly(SBOC-random-TFEMA), which we call poly(F-SBOC), was targeted to be
n < 1.48 prior to photolithography. These copolymers were readily prepared via the free radical
polymerization of SBOC and TFEMA using reversible addition-fragmentation chain transfer
(RAFT) polymerization agents, which afforded soluble, solution processable copolymers.
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Fig. 2. a) Synthetic scheme of F-SBOC polymer used in this work; b) synthetic scheme for
SBOC polymer described in previous work.

In a typical synthetic cycle, two compositions of poly(F-SBOC) are prepared with either 50
or 30 mol% SBOC feed ratios relative to 2,2,2-trifluoroethyl methacrylate, where an overall
degree of polymerization of 200 was targeted. The experimental procedure for a 50 mol%
loading of SBOC was as follows: a 25mL Schlenk flask equipped with a magnetic stir bar
was charged with SBOC (6.25g, 26.50mmol) and 2,2,2-trifluoroethyl methacrylate (3.77mL,
26.50mmol). Separately, in a 20mL vial, the RAFT chain transfer agent (CTA) 2-cyano-2-propyl
dodecyl trithiocarbonate (36.55mg, 0.1059 mmol) and 2,2’-azobis(2-methylpropionitrile) (8.7mg,
0.0530mmol) were dissolved in toluene (8.5mL) then added to the Schlenk flask. The flask
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was sealed with a rubber septum and the solution was degassed by bubbling argon gas through
the mixture for 10 minutes. The reaction vessel was placed in a 70°C thermostatted oil bath
and this temperature was maintained with stirring for 24 hours. The reaction was quenched
by exposure to air and diluted with chloroform after an aliquot had been removed to calculate
conversion. The poly(F-SBOC) was precipitated by addition to a large excess of chilled methanol
and the off white/yellow powder collected via vacuum filtration and dried under vacuum; this
general procedure was used to synthesize the various compositions investigated. The copolymer
with a 30 mol% feed ratio of SBOC was found to have a molecular weight of M, = 54,788
g/mol, My, /M, = 1.917 and a refractive index of n=1.4769 at 1310nm. The copolymer with
a 50 wt% feed ratio of SBOC was found to have a molecular weight of M, = 64,930 g/mol,
M,,/M;, =1.627 and a n=1.5033 at 1310nm. In a clean room, the dried poly(F-SBOC) was
dissolved in a 1:9 mixture of 1,1,1,3,3,3-hexafluoro-2-propanol:propylene glycol monomethyl
ether acetate to afford a 40 wt/v% solution. To this solution was added the photoacid generator
(4-phenylthiophenyl)diphenylsulfonium triflate at 5 wt/wt% relative to the amount of poly(F-
SBOC). This procedure was repeated for the poly(F-SBOC) prepared with a lower mol% of
SBOC units and a solution in 1,1,1,3,3,3-hexafluoro-2-propanol/propylene glycol monomethyl
ether acetate prepared with the same relative loading of photoacid generator. The solutions
were titrated together until the desired refractive index was achieved. These copolymers were
observed to be viable film forming materials due to the favorable synergy of sufficiently high
molar mass and thermomechanical properties. Furthermore, these copolymers were observed
to be amorphous owing to the use of free radical polymerization of vinylic monomers which
forms atactic stereochemical configurations along the copolymer backbone [14]. While the glass
transition (T) of the poly(SBOC) homopolymer could not be accurately determine using standard
methods, such as, differential scanning calorimetry (DSC) due to the thermal deprotection of the
BOC groups during scanning, the thermally deprotected poly(vinylthiophenol) was observed to
have Ty = 152 °C The poly(TFEMA) homopolymer is known and was measured by DSC (Tg =77
°C). These findings indicate that the poly(F-SBOC) copolymer possesses a sufficiently high glass
transition (Tg > 77 °C) to form films, where the fully thermally deprotected poly(F-SBOC)
copolymer was able to afford a measurable DSC T, at 85 °C.

2.2. 10X Waveguide substrate: fabrication and properties

The fabrication of ion-exchange optical waveguides in 150mm alkali containing aluminosilicate
glass wafers was accomplished by performing multiple processing steps including lithography,
primary silver ion-exchange, fiducial protection, mask removal and secondary ion-exchange. The
singulation of the glass substrate was achieved using Corning’s ultrafast laser nanoPerforation
cutting process [15]. The cross-sectional view of an IOX waveguide substrate is shown in Fig. 3.
The glass thickness for this experiment is 0.7mm and the refractive index of the base glass is
1.4808 at a wavelength of 1310nm. The waveguide index contrast is ~0.0047 and the waveguide
is located directly underneath the glass surface. After singulation, the IOX waveguide substrates
have a size of 2.5cm X 2.4cm, each containing 32 waveguides that are single-mode at 1310nm.
Each chip is separated into two waveguide groups, each containing 16 waveguides spaced 250um
apart center-to-center. The insertion loss at 1310nm wavelength of 22 waveguide arrays (~ 350
waveguides) was evaluated, with a mean fiber-to-fiber insertion loss of 0.89dB + 0.13dB, which
includes fiber coupling loss at both end-faces and waveguide propagation loss for a length of
2.5cm.

2.3. Modeling of the optical interconnect construct

An interconnect element is of practical importance for the realization of OPCB as an efficient
coupler between a polymer optical interconnect, in this case implemented in poly(F-SBOC)
waveguides, and the OPCB, which we realized in IOX glass waveguides. Simulations were
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Fig. 3. (Left) Corning Laser Technologies nanoPerforation glass cutting process for optical
waveguide end faces. Waveguide array with 250 um is located below the top surface of the
glass. (right) Refractive near-field measured refractive index cross-section of I0X glass
waveguide. The graded index waveguide is next to the glass surface (y =0) with index
contrast maximum of 0.0047 represented by the red area. The bulk glass is represented in
blue.

used to guide the design of coupling between poly(F-SBOC) and 10X waveguides. Models
of the poly(F-SBOC) waveguides on the IOX glass waveguides were developed to determine
the required polymer dimensions to ensure adiabatic coupling and single mode propagation;
air is used as the top cladding, enabling the use of thinner poly(F-SBOC) films. FIMMWAVE
simulations were used to determine the required polymer thickness (>5um) in the unexposed
regions for the mode to fully transition from the IOX waveguide to the poly(F-SBOC) waveguide.
Poly(F-SBOC) waveguide widths between 3um and Sum were selected to meet these requirements
as well as to be consistent with the resolution of the Heidelberg MLA 150 (maskless aligner)
photopatterning tool. Owing to the slightly asymmetric nature of the waveguide structure, we
wanted to investigate the potential polarization dependence and determined the effective indices
of the lowest order TE and TM modes, with the result being TE1: 1.4835, TM1: 14834, TE2:
1.4811, and TM2: 1.4811, evidencing very low polarization dependence of the propagation
constants.

2.4. Grayscale taper design features

The unique dry-film refractive index contrast benefit of the poly(F-SBOC) allows for the realization
of single-mode taper structures based entirely on direct grayscale lithography of a planar film,
with no physical material removal required. The grayscale taper design used was originally based
on a less fluorinated (higher index) formulation of poly(F-SBOC) along with a slightly higher
index top cladding. Further simulations and fabrication iterations were used to arrive at the
optimal parameters for the poly(F-SBOC) system. The fabricated grayscale taper is split into 16
equal sized areas depending on the length of the taper (125um sections for a 2mm long taper or
62.5um sections for a Imm long taper). The 16 sections approach was chosen to ensure maximum
coupling efficiency and match the 8-bit grayscale feature of the lithography tool. The dose pattern
is based on the observation that the maximum index change of the SBOC homopolymer occurs
for an exposure of 2000 mJ/cm? at 375nm wavelength. The lowest dose taper section receives
50 mJ/cm? with a linear increase of dose up to the maximum of 2000 mJ/cm?, resulting in a
refractive index ranging from 1.479 up to 1.491.

2.5. S-Bend design features between waveguides

The test structures were designed to couple light out of an IOX waveguide and then couple that
light into an adjacent IOX waveguide. By comparing the light left in the initial IOX waveguide
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with that in the destination IOX waveguide together with a separate estimate of the propagation
loss in the poly(F-SBOC) waveguides, the losses from the grayscale taper couplers can be
estimated as long as s-bend loss is negligible. A sinusoidal s-bend design was adopted for the
poly(F-SBOC) interconnects that were used to optically couple between IOX waveguides. The
radius of the sinusoidal interconnect features was calculated based on the length and width of
the s-bend. The s-bend width was taken as 250 um to match the spacing of the waveguides on
the IOX waveguide array. The required length was estimated, and a radius calculated using a
MATLARB script. This radius was used in a FIMMWAVE simulation of poly(F-SBOC) on 10X to
estimate an attenuation coeflicient for the bend. This value is multiplied by the total length and
then converted to dB to estimate the total loss of the bend. Bends are designed to have <0.001
dB of loss for TEy and TMy modes. For Sum wide waveguides, the s-bend was 9mm long, with
corresponding lengths of 14mm and 17mm for 4um and 3um wide waveguides, respectively.
There are straight portions of the waveguide connecting the taper to the s-bend for 4um and
Sum wide waveguides, such that they start and end 2.5mm from each end of the IOX waveguide
substrate.

3. Fabrication

Fabrication of poly(F-SBOC)tapers and interconnects was performed using standard tools
common to the creation of silicon photonic devices and without the need for dry or wet etching
steps following photopatterning. With only three major fabrication steps, the ease of this process
allows for rapid device creation and testing, as well as ensuring manufacturability for a wide
range of applications. The fabrication of s-bend interconnects and tapers was conducted by
sequential spin coating and photopatterning of poly(F-SBOC) films (Fig. 4). The fabrication
started by cleaning the IOX waveguide chip by suspending it in acetone and sonicating for 5
minutes, followed by sonication in isopropyl alcohol for another 5 minutes immediately after,
then blown dry with N, Poly(F-SBOC) is applied onto the glass via spin coating to create a Sym
thick film. This film is baked at 90°C for 2 minutes after spinning to remove excess solvent. Once
dry, the film is lithographically patterned, then a post exposure bake is performed at 90°C for 2
minutes to complete the polymer waveguide fabrication. The poly(F-SBOC) grayscale tapers
and waveguides were patterned in the Heidelberg MLA 150. The tapers consist of 16 different
rectangular regions depending on the length of the taper (125um for a 2mm taper, 62.5um for a
Imm taper) as described above. Each region was patterned on a separate MLA layer to facilitate
an increase of dosage in each segment which corresponds to an increase in refractive index as
well. The straight waveguide and s-bend sections connecting the tapers are fabricated at the
highest dose, so as to have the highest index contrast in the region where the mode propagates
between IOX waveguides as described in the Design section. The lowest dose, occurring on
the first step of the taper, is 50 mJ/cm? with a linear increase of dose up to the maximum of
2000 mJ/cm?. During patterning, each layer is situated such that the change in rotation between
segments differs by <0.005 radians to ensure proper alignment.

/
N\ SBOC Polymer SBOC Polymer
|OX WG Core Photo An Lateral WG Core
lon-Exchange Waveguide Spin-On 5um Thick Patterned Photo-Exposure of
in Glass Substrate SBOC RIC Polymer Film SBOC Film For Polymer WG

Fig. 4. Schematic showing two step, “dry film” waveguide fabrication process for poly(F-
SBOC) s- bends with grayscale tapers on-top of IOX glass waveguides.
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4. Characterization

10X waveguide substrates were characterized prior to poly(F-SBOC) waveguide fabrication to
determine insertion loss associated with the glass waveguides themselves. The transmission of
each waveguide on the chip was measured using a SMF28 fiber-to-fiber power measurement at
1310 nm with index matching oil at the fiber-waveguide interfaces. Polarization was generally
adjusted to be transverse electric (TE); polarization dependent loss lower than 0.1 dB was observed.
The refractive index of the poly(F-SBOC) at various exposure doses was measured on a Metricon
2010/M Prism Coupler. A layer of poly(F-SBOC) was spin-coated onto a silicon substrate,
targeting an initial thickness identical to that on the IOX waveguide substrate. 15 mm X 15 mm
sections were exposed at different dose levels corresponding to the doses used when fabricating
the tapers and waveguide devices. These regions are used to measure the relationship between
dose and index of the poly(F-SBOC). The reflection of 375 nm MLA laser radiation from the
silicon is corrected using the calculated reflection coefficients of both poly(F-SBOC) and silicon;
as the film thickness was ~ 15 times larger than the wavelength, thin film interference effects
were ignored. Index measurements are performed at both 1305 nm and 1540 nm. As shown in
Fig. 5, the refractive index exhibits a gradual increase following an increase in exposure dose,
which provides for grayscale taper fabrication. Additionally, as the refractive index increases
there is also a measurable decrease in thickness; thickness measurements were performed on a
Dektak surface profilometer.

1.49 1 43
1.4875 I 425
2 MLA Wavelength Region -5
04 42 &
% 1.485 g3 3
= £ 415 ©
c @2 0
£ ) )
1.4825 1 41 &
g | 3
250 275 300 325 350 375 400 1 4.05 ~—

Wavelength (nm)

1.48

147750 N
0 500 1000 1500 2000 2500
Dose (mJ/cm?)

Fig. 5. Refractive index and thickness of poly(F-SBOC) at varying fluence levels. The red
squares depict the index values at 1305 nm, the blue crosses the indices at 1554 nm, and the
green circles are the thicknesses. The inset shows the absorbance of poly(F-SBOC) where
the blue represents an as spun film and red is thermally deprotected; the line at 375 nm
indicates the exposure wavelength of the MLA.

The absorbance of poly(F-SBOC) was measured on a CARY UV-VIS spectrophotometer. Two
samples were prepared on quartz glass slides: one as spun and one thermally deprotected by
baking at 200°C for 10 minutes. The absorbance plot (Fig. 5 inset) shows the polymer itself
does not significantly absorb the MLA wavelength radiation ensuring that the exposure occurs
throughout the volume of the polymer when a suitable concentration of photoacid generator
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compound is present. White light interferometry pictures of fabricated tapers and waveguides
were taken on a Zygo NewView 9000 and results are shown in Fig. 6. These images show the
approximate dimensions of the devices and show that the design dimensions were successfully
achieved with the MLA-based fabrication process.

OPL (um)

1500

150 1000
Width (1im) 56
200 Length (um)

Fig. 6. White light interferometry image of fabricated poly(F-SBOC) taper; OPL is optical
path length as both refractive index changes and thickness changes occur during the process.

Propagation loss for poly(F-SBOC) was measured using the cutback method. Samples for
cutback were prepared by spinning FSBOC onto 6 um of SiO, on Si with a target thickness of
5 um to approximately match what was fabricated on IOX waveguide substrate and exposed at
2000 mJ/cm?. A single-mode SMF-28 fiber was butt-coupled to a cleaved end facet of the sample
to launch light into the polymer waveguides. A lens was used to capture the light emerging
from the polymer waveguide at the other end of the sample, which was directed to a power
meter; samples were cleaved to achieve an adequate range of waveguide lengths to determine the
propagation loss for waveguides of 3, 4, and Sum width. At 1310 nm, the propagation loss for
3um wide waveguides is 0.67 dB/cm, while for 4um wide it is 0.47 dB/cm, and Sym wide gives
0.69 dB/cm (Fig. 7(a)). At 1550 nm the corresponding propagation loss values are 1.14 dB/cm at
3um width, 1.19 dB/cm at 4um, and 1.39 dB/cm at Sum (Fig. 7(b)). The propagation loss is lower
at 1310 nm due to the reduced absorption contribution from molecular vibration absorption. The
measured loss values are comparable to those of commercially available partially fluorinated
polymer waveguide materials. We further note that cutback measurements on poly(SBOC) [13]
showed no polarization dependence of the propagation loss as is also observed to be the case for
poly(FS-BOC).
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Fig. 7. Cutback measurements poly(F-SBOC) waveguide propagation loss. Red circles
correspond to 3um wide waveguides, blue to 4um wide, and green to Sum wide guides. (a)
at 1310 nm (b) at 1550 nm.

5. Results and discussion

Multiple sources of loss were investigated to determine the effectiveness of the tapers to couple
light out of and into IOX waveguides using our dry film lithography approach. Insertion loss
measurements of tapers aligned to the center of the corresponding IOX waveguides provide
a basic understanding of the capabilities for this demonstration. The insertion loss of the
poly(F-SBOC) s-bend structures was determined by measuring 7 identical s-bends which had
3um wide waveguides and 2mm long tapers; a representative schematic of the measurement
methodology is shown in Fig. 8. We note that the polymer waveguides have the IOX core as the
cladding in the grey-scale taper regions and the IOX clad as the bottom cladding over the rest of
the S-bend, so that the propagation characteristics are primarily determined by the configuration
with the IOX clad as the bottom cladding. Fabricated waveguides and tapers on IOX waveguides
are measured in a similar fashion as for the initial IOX waveguide characterization. Light is
launched from a single-mode SMF-28 fiber into an IOX waveguide that has an input grayscale
taper. The power is first optimized and measured at the end facet of the IOX waveguide that
the light exits from after propagating through the s-bend and exit taper. The IOX waveguide
that the light was originally launched into is then measured without adjusting the input fiber
to ensure proper comparison between measured insertion losses. It is found that at 1310nm,
the loss from Output 1 (the launched I0X waveguide) is 18.53 dB + 1.26dB and the loss from
Output 2 (destination IOX waveguide) is 7.24dB + 0.45 dB, with their difference being 11.29
dB + 1.33dB as shown in Table 1. For 1550nm, the Output 1 loss is 19.14 dB +2.95 dB, and the
Output 2 loss is 3.23 dB + 0.45 dB with their difference being 15.92 dB + 2.98 dB. The measured
output powers are corrected for the input power background as well as the estimated propagation
loss based on the cutback measurements; the resulting values are summarized in Table 1, which
provides strong experimental evidence that the tapers work reproducibly and have low loss on the
order of 1.6dB at 1550nm. The improved performance at 1550nm is likely a result of the fact that
the poly(F-SBOC) waveguides are slightly multimode at 1310nm, which can result in additional
loss due to mode coupling effects. The polarization dependence of the S-bend interconnects was
investigated at both 1310nm and 1550nm with less than 0.1dB difference in loss observed.
Alignment offset tolerance was also explored to establish the required accuracy of taper
placement, which effects the manufacturability of these interconnects. By having a larger
alignment tolerance, common tools already used in photonic packaging, such as the Ficontec
CL1500 pick-and-place system, can be used to readily adopt this new technology. A series of



Research Article Vol. 12, No. 5/1 May 2022/ Optical Materials Express 1942

ISEXPRESS V-
y

“coupled” 10X channel . “through” 10X
(twice coupled) < = channel

10X waveguide
/

Polymer
SBOC
waveguide

/
/

»

Gray-scale
polymer
core index

/
taper !

2.5cm i

Gray-scal
polymer.
core ind

taper

.

10X Straight IOX WG Pair#1  IOX WG Pair#2  IOXWG Pair#3 10X WG Pair #4 10X Straight
Injection into 10X

Fig. 8. Schematic illustrating measurement methodology used to estimate the losses of the
grayscale tapers made in F-SBOC waveguides.

Table 1. Detailed loss budgeting of F-SBOC/IOX waveguide devices

Source of Loss 1310nm 1550nm
Average Measured Power from Output 1 -24.08 dBm -26.86 dBm
Average Measured Power from Output 2 -13.93 dBm -12.88 dBm
Power from Output 1 pre-patterning -5.55 dBm -7.72 dBm
Propagation Loss over S-Bend 1.139 dB 1.938 dB
Calculated Loss of Output 1 18.53 dB 19.14 dB
Calculated Total Taper Coupling Loss of Output 2 7.24 dB 3.22dB
Loss Per Taper 3.62 dB 1.61 dB

tapers and s-bends with increasing offset from the center of the IOX waveguides were fabricated
and measured to examine the alignment tolerance of the polymer waveguide devices. The
waveguides are offset from a nominally perfect alignment in steps of 2um ranging from Opum
to 10um. This offset occurs at the input end of the chip and the waveguide crosses roughly
perpendicularly over the IOX launch waveguide in the s-bend. The output taper is aligned to
the center of the destination IOX waveguide. To correspond with the previous experiments,
all poly(F-SBOC) waveguides are 3um wide with 2mm long tapers and 17mm long s-bends.
Similarly to the insertion loss, the measured powers are corrected for input power background
and the estimated propagation loss of the polymer; measurements are performed fiber-to-fiber
(SMF-28) with index matching oil. A 1dB decrease in efficiency occurs between 4um and 6um,
indicating an alignment tolerance of ~5um as shown in Fig. 9.

To further understand the differences between the 1310nm and 1550nm results we have
performed some preliminary beam propagation method (BPM) simulations of the full structure,
simplifying the graded-index IOX waveguide with an approximate step-index profile. These
simulations indicate that as the s-bend enters the taper region, some directional coupler-like
behavior is observed, which may not be desirable from a manufacturing perspective. Minimizing
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Fig. 9. Power measurement of poly(F-SBOC) tapers with offsets on IOX glass at both
1310nm and 1550 nm. The red circles are the output powers from the launched 10X
waveguide and the blue diamonds are the output powers from the destination IOX waveguide.
(a) at 1310nm (b) at 1550 nm

this behavior will require additional refinements of the taper design and potential material
modification. Another focus of future work will be to study the temperature dependence of these
structures, an important consideration given that these are low index contrast waveguides and the
thermo-optic coefficients of polymers and glasses typically differ by an order of magnitude. This
also presents a potential opportunity for highly efficient, low loss hybrid thermo-optic device
design and fabrication.

6. Conclusion

We have developed refractive index contrast (RIC) polymers that are suited to a wide variety of
photonic interconnect applications in the optical telecommunications windows, with refractive
indices tunable over the range of n=1.42 to 1.56, and index contrast An precisely controlled
by composition and ultraviolet exposure; waveguides are directly patterned in dry films with
no wet or dry etching processes required. RIC polymer interconnects thus have the ability
to access numerous photonic platforms, in particular silicon photonic chips and ion-exchange
(IOX) glass optical substrates. We have demonstrated for the first time efficient single-mode
polymer interconnect fabrication via a maskless lithography approach that exhibits low loss
adiabatic coupling (~1.5dB at 1550nm) to IOX waveguides through the formation of grayscale
tapers. Future work will be focused on showing that these systems can also be used for
flexible interconnects that can provide convenient connection between silicon photonic chips and
underlying optical printed circuit boards made from IOX glass waveguides.
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