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Phase-Shifted Bragg Gratings from High Refractive Index
Chalcogenide Hybrid Inorganic/Polymers: Fabrication and
Thermo-Optic Characterization

Abhinav Nishant, Kyung-Jo Kim, Roland Himmelhuber, Taeheon Lee, Tristan S. Kleine,
Jeffrey Pyun,* and Robert A Norwood*

In this study, the first fabrication of phase-shifted Bragg gratings utilizing
chalcogenide hybrid inorganic/organic polymers (CHIPs) is presented based
on poly(sulfur-random-(1,3-isopropenylbenzene) to measure the thermo-optic
coefficient (TOC) of this new class of optical polymers. The unique properties
of CHIPs, such as high index contrast and low optical losses, are leveraged to
fabricate Bragg gratings that enable precise determination of the TOC and
glass transition temperature (Tg) of these polymers. The optical measurement
introduces a novel technique to measure the TOC and Tg of optical polymers
which can be difficult to determine using traditional methods such as
differential scanning calorimetry (DSC) after fabrication into photonic device
constructs. The findings demonstrate that CHIPs exhibit low thermo-optic
(TO) effects, making them exceptionally well-suited for the development of
thermally stable photonic integrated circuits.

1. Introduction

Polymer-based photonic integrated circuits have been gaining
interest in recent years.[1–4] With industrial and academic inter-
est rising for applications like augmented reality/virtual reality
(AR/VR),[5,6] light detection and ranging (LIDAR),[7] and on-chip
sensors,[8] optical polymers offer a scalable and robust platform
for mass-producing devices for many of these commercial appli-
cations. With novel chemistry and innovative reaction strategies,
optical polymers can be synthesized with widely tunable prop-
erties, leading to mass-produced optical devices at lower costs.
While the polymer community has devoted significant effort to
synthesizing robust optical polymers, there also needs to be an
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equal drive from the photonics commu-
nity to utilize these polymers for supe-
rior photonic integrated circuit (PIC) de-
vices. Additionally, the material properties
of these new materials need to be bet-
ter understood. Compared to silicon pho-
tonics, polymer PICs traditionally suffer
from low index contrast, higher optical
losses, and higher TO coefficients limit-
ing their applications for making some
high-performance devices; notable excep-
tions are TO variable attenuators, phase
shifters, and switches. Hence, in general,
there is a need for optical polymers and
polymer devices with higher indices, low
thermo-optic coefficients, and lower opti-
cal absorption losses which provide viable
alternatives to silicon nitride and other
commonly used integrated opticsmaterials.

We previously demonstrated our progress in solving some
of these issues by fabricating passive photonic components us-
ing chalcogenide hybrid inorganic/organic polymers (CHIPs) as
the core material platform. CHIPs have been developed as a
high index, low loss optical polymer with highly desirable op-
tical properties for a broad wavelength range from the short-
wave to mid-wave infrared (IR) wavelengths.[9–12] These poly-
mers can be manufactured and processed at a fraction of the
cost required for chalcogenide glasses, silicon nitride, lithium
niobate, etc. due to their chemical composition and facile pro-
cessing capabilities. This suite of unique and favorable optical
properties was leveraged for the first fabrication of integrated
photonic components using our first-generation CHIPs materi-
als with poly(sulfur-random-(1,3-diisopropenylbenzene))(poly(S-
r-DIB). The production of single-mode photonic devices using
high index poly(S-r-DIB) as the high refractive index (RI) core
material for the fabrication of polymer waveguides, splitters, and
high Q-high finesse ring resonators was demonstrated via an
electron beam lithographic process;[13] we note that processes
based on optical lithography have also been developed. This work
demonstrated the viability of CHIPs as a new class of polymers
for integrated photonics that exhibit excellent optical waveguide
performance and record reductions in device feature size, par-
ticularly for polymeric ring resonators, as integrated photonic el-
ements in functioning devices. These findings highlighted the
benefits of the high RI and low optical losses of these materi-
als, with waveguides fabricated using conventional lithography
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Figure 1. a) Schematic of the PSBG integrated with a single-mode waveguide of width, w = 1.5 μm. The grating has a period given by Λ, a width
corrugation of Δw, and a quarter-wave phase shift region with a length equal to Λ. The total length of the grating region is (2N + 1)Λ, where N is the
number of gratings on each side of the phase shift region. b) EME model of the grating transmission for Δw = 100 nm, for N equal to 200, 300, and
400. c) EME model of the grating transmission for Δw = 250 nm, for N equal to 200, 300, and 400.

techniques. These advantages in conjunction with the low cost
of these optical polymers due to the use of elemental sulfur point
to the potential for scaling up the fabrication to wafer-level pro-
cesses in realizing all-polymer photonic devices. In this work, we
further expand on our work by demonstrating the first fabrica-
tion of high index contrast phase-shifted Bragg gratings (PSBG),
where the high sulfur content and high RI of CHIPs afford de-
vice components with narrow linewidths and high transmission.
The PSBG’s are a particularly useful photonic device construct
to enable tunable filtering for telecommunication applications by
appropriate design of the polymer grating dimensions. To high-
light our capabilities further, we have utilized the gratings for
fundamental polymer physical studies, specifically to interrogate
the thermo-optic behavior of CHIPs, which previously has not
been reported. We also introduce this technique as a novel opti-
cal method for determining the glass transition temperature (Tg)
of new polymers targeted at thin-film applications, particularly
during in operando device constructs, where the bulk versus thin-
film thermal properties can significantly differ.We observe in this
study that poly(S-r-DIB) has significantly lower TO effects com-
pared with traditional optical polymers, coupled with very low
materials/fabrication costs making them suitable for manufac-
turing thermal drift-resistant PICs.

1.1. Design of Phase-Shifted Bragg Gratings from High RI
poly(S-r-DIB)

Bragg gratings have been integrated with planar single-mode
waveguides using poly(S-r-DIB) as the core material platform,
where the index modulation in the grating arises from the
corrugation of the width of the waveguide.[14] The corrugation

is defined by w ± Δw, where w is the width of the waveg-
uide and Δw is the variation in the width in the grating re-
gion of the waveguide (Figure 1a). We also vary the grating
periodicity to study the grating response to the linewidth of
the Bragg peak. To analyze the grating response, we mod-
eled the single-mode conditions using Lumerical MODE soft-
ware. Finite difference eigenmode (FDE) and eigenmode expan-
sion (EME) solvers were used to obtain the waveguide modal
properties and grating response, respectively. We initially mod-
eled the waveguide cross-section with width, w = 1.5 μm, and
height, h = 0.45 μm. The refractive index of the core mate-
rial is 1.74 at 1550 nm and was measured using the Metri-
con prism coupling instrument, employi silica is used as the
bottom cladding (n = 1.444 at 1550 nm) and air is used as
top cladding(n = 1.0). The above conditions and components
were integrated into a single-mode waveguide, with an effec-
tive refractive index for the fundamental transverse electric (TE)
mode given by neff = 1.471. Using the effective index, we can
calculate the grating period using the Bragg Equation 1 given
below:

𝜆B = 2∗neff∗Λ (1)

where 𝜆B is the Bragg wavelength, neff the effective refractive in-
dex of the fundamental TE mode, and Λ the grating period.
The grating region comprises two grating sections with widths

equal to w + Δw, and w−Δw, with each section having effec-
tive indices neff1 and neff2, respectively, and periodicity, N. Due
to the large index contrast, a broad reflection spectrum is ex-
pected. This grating was designed to afford a broad reflection
spectrumwith a central transmission peakwith narrow linewidth
and high transmission, which can be accomplished by adding a
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Figure 2. SEM images of the representative fabricated phase-shifted Bragg grating from poly(S-r-DIB) with a period (N = 400) and dimensions (w =
1.5 μm; Δw = 250 nm) in close agreement with the designed device dimensions from Figure 1.

quarter-wave phase shift in the center of the grating. The phase
shift was achieved by adding an extra section in the center with a
length equal to a single period Λ and width w + Δw (Figure 1a).
The total length of the grating region is (2N+1) × Λ. Figure 1
shows the structure of the PSBG, along with the transmission
spectrum for various values of N. The EME modeling of this
grating with grating ranging N = 200–400 afford progressively
sharper Bragg peaks with varying corrugation widths (Δw = 100
vs 250 nm; Figure 1b,c respectively). The observed behavior is
consistent with basic coupledmode theory considerations, where
we expect that the contrast of the filter will be enhanced by both
longer gratings and larger refractive index modulation, while
the bandwidth of features will generally narrow with increasing
length.

2. Lithographic Fabrication of Poly(S-r-DIB) Bragg
Gratings

The Phase Bragg gratings were fabricated through a series of
conventional lithographic processes using poly(S-r-DIB) (70-wt%
sulfur copolymer composition, n ≈ 1.75). The devices were fabri-
cated on silicon wafers with a thermally evaporated 6 μm thick
silicon dioxide (SiO2) cladding layer, where the thickness of
the SiO2 layer was sufficient to isolate the guided light from
the high-index silicon substrate. The substrate is cleaned with
acetone/isopropyl alcohol (IPA) followed by 2 min of oxygen
plasma cleaning to remove any organic impurities. A CHIPs
poly(S-r-DIB) solution (c = 350 mg mL−1 in chlorobenzene)
was spin-coated onto solvent and O2 plasma cleaned substrates
and baked to afford a 450 nm thick film. A layer of the e-
beam resist maN2403 was then spin-coated on top of the poly(S-
r-DIB) film to yield a 275 nm thick film for subsequent e-
beam patterning. The grating pattern was then generated by
e-beam exposure of the sample using the Elionix EBL system
with an optimized dose of 450μC cm−2, followed by develop-
ment in resist developer, maD525 (45–60 s). Finally, the de-
vice was dry-etched using the Plasmatherm reactive ion etcher
(RIE) tool to transfer the pattern to the CHIPs poly(S-r-DIB).
The etching recipe has been optimized for poly(S-r-DIB) CHIPs
to yield low etch roughness and minimal sidewall scattering
losses as we previously demonstrated for waveguiding photonic
devices.[13] Successful fabrication of the poly(S-r-DIB) Bragg grat-
ing was morphologically and dimensionally confirmed by scan-

ning electron microscopy (SEM). A representative poly(S-r-DIB)
grating with a period of N = 400, the grating width (w =
1.5 μm), and corrugation width (Δw = 250 nm) are shown in
Figure 2.

2.1. Optical Characterization of Phase-Shifted Bragg Gratings

We have established a comprehensive testing capability for both
passive and active photonic integrated circuits; this includes a va-
riety of light sources (tunable lasers, superluminescent diodes,
erbium-doped fiber amplified spontaneous emission sources),
six-axis with angle control of input/output fiber position, infrared
cameras for observing waveguide modes, optical spectrum ana-
lyzers, and thermoelectric devices for control of chip tempera-
ture, among other capabilities. For grating optical characteriza-
tion, we used a superluminescent diode (SLD) source from In-
phenix, Inc., which has broadband transmission from 1460 to
1560 nm (Figure 4a). The input light is launched using SMF28
optical fiber and is coupled into the waveguide via end-fire cou-
pling. Polarization paddles were attached at the input to adjust
the polarization during characterization, where the polarization
was set to TE and attain maximum lateral confinement of the
optical mode in the waveguide. Based on the simulation of the
waveguide cross-section, the confinement factor is estimated to
be 0.62, while the effective index was 1.471 and the group in-
dex was 1.717 for the fundamental TE mode. The output light
was collected by another SMF28 fiber well-aligned to attain max-
imum coupling. The characterization setup is shown in Figure
3, along with the waveguide mode in the inset. The total fiber-
to-fiber insertion loss of the waveguide away from the Bragg re-
gion was measured to be 15 ± 2 dB using this apparatus. As
the waveguide width corrugation increased (Δw = 100–250 nm),
the insertion loss decreased by 5 dB. Waveguide gratings with
varying corrugation widths and grating periods were sequentially
characterized, and the output spectrum was monitored using the
Yokogawa AQ6321B optical spectrum analyzer (OSA). We ob-
served that for the waveguide with Δw = 100 nm, the Bragg peak
shape sharpened and its amplitude grew as the number of grat-
ing periods increased from 200 to 400. The peaks were further
strengthened for the waveguide with Δw = 250 nm for 200 and
300-period gratings. For the device with Δw = 250 nm and N =
300, corresponding to a total grating length of 312 μm, the central
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Figure 3. Experimental apparatus for phase-shifted Bragg grating with a sample sitting on temperature-controlled stage, input and output fibers are
edge coupled to the chip and pigtailed to eliminate any thermal drift. The simulated mode profile is shown in the top right figure.

phase-shifted Bragg peak has a full-width half maximum
(FWHM) of 0.4 nm and reflection bandwidth of 10 nm. The char-
acterization results are summarized in Figure 4b,c.

2.2. Results and Analysis of Phase-Shifted Bragg Gratings

An attractive feature of the PSBG photonic transfer characteris-
tic is the sensitivity of the defect mode transmission to external
stimuli and environmental conditions, which enables the map-
ping of transmission profiles with varying conditions, such as
temperature and pressure.[15–19] Hence, tracking of transmission
peak shifts with temperature affords direct information on fab-
ricated polymer thermal properties, in this case, the glass tran-
sition of poly(S-r-DIB) as a nanostructured, supported thin film
in operando as an integrated photonic element. It is particularly
useful to report on TO properties that are more important for in-
tegrated photonic device performance evaluation versus simple
bulk glass transition values.[18] As seen in Figure 5b, the Bragg
transmission peak shifts linearly between the temperature range
of 5–40 °Cwith a constant slope and shifts linearly again between
40 and 95 °Cwith a different slope. As the Bragg peak is primarily
dependent on the effective index of the waveguide and the grat-
ing pitch, we can analyze the thermal shift of the Bragg peak by
considering the TO effect and the thermal expansion of the grat-
ing dimensions. Furthermore, the inflection of the Bragg peak
versus temperature in the poly(S-r-DIB) PSBG arises from the
glass transition assignable at T = 40 °C for this 70-wt% sulfur
copolymer of poly(S-r-DIB). This value was in better agreement

with the Tg of this sulfur copolymer as estimated by dynamicme-
chanic analysis (DMA) which exhibited a slower and more com-
parable heating rate of 3 °C min−1 [20] versus the much lower
Tg value measured using DSC (Tg = 9.9–16 °C) at faster rates
of heating (10–15 °C min−1).[9,20] Analyzing and separating the
impact of both will provide an accurate TOC for the polymer. It
should be noted that the measured glass transition temperature
of polymers generally varies with the rate of temperature change
applied and hence it is important to wait for the sample to reach
equilibrium before measurements are made. While making the
measurements, the stage temperature was slowly increased at a
rate of 5 °C min−1. Once the stage reaches the setpoint temper-
ature, the temperature is maintained for 2 min before recording
the transmission spectrum. The transmitted power and the spec-
trum were monitored and the data was time-averaged to ensure
stability. The waveguide device consists of a silicon substrate, sil-
ica bottom cladding, poly(S-r-DIB) core, and no top cladding. For
the extraction of TOC, we need to first separate the wavelength
shift due to a change in the effective index from that due to the
thermal expansion of materials. Silicon and silica both have very
low coefficients of thermal expansion (CTE);[1] hence their ex-
pansion will not affect the Bragg peak. As the silicon substrate
constrains the polymer, only polymer expansion out of the plane
is possible, which we ignore in this discussion. We consider the
Bragg peak shift to be principally due to the TO change in the
refractive index of the core (CHIPs) and cladding (SiO2) mate-
rials. This can be estimated by first calculating the temperature
dependence of the Bragg peak. Figure 5b plots the Bragg peak

Figure 4. a) The output spectrum of the SLD source is shown as obtained by the OSA. b) The transmission spectra for gratings with 100 nm corrugation
and periodicity, N varying between 200, 300, and 400 periods. c) The spectra of the transmission gratings with 250 nm corrugation and periodicity, N
varying between 200 and 300 periods. For the case with 400 periods and 250 nm corrugation width, the OSA spectrum was below the noise floor and,
hence, not shown.
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Figure 5. a) Transmission spectrum of the grating asmeasured with the OSA for three different temperature readings. As seen in the figure, the spectrum
is blue-shifted as the temperature increases, indicating an effective negative TO coefficient for the waveguide. b) Location of the central Bragg peak versus
the temperature of the thermal stage. Near 40C, there is a change in the slope of the curve, indicating the glass transition temperature of the optical
polymer.

wavelength versus temperature with the data fit to a line, and
we can extract d𝜆B/dT from the fit parameters. Using the Bragg
Equation (1) and the designed grating period, we can also cal-
culate the derivative of the effective index, dneff/dT. While it is
not straightforward to extract the TOC of CHIPs from the effec-
tive index sensitivity, we can provide an estimate. In order to do
the calculation, we need to first simulate the waveguide cross-
section using an eigenmode solver and obtain an effective index
that accuratelymatches the experimentallymeasured effective in-
dex. Next, using the experimental value of the effective index and
the TOC for silica obtained from the literature, we can calculate
the required refractive index of poly(S-r-DIB) to match the exper-
imentally measured effective index.
Repeating these calculations at all temperature measurement

points, we can get the change in refractive index versus tempera-
ture. Linearly fitting this data, we can calculate the TOC of the
optical polymer. The accuracy of this method depends on the
simulation accuracy; hence, it is important to do a mesh refine-
ment and convergence study of the eigenmode solution.We used
Fimmwave (Photon Design) to make the calculations. Following
the procedure described above, the TOC of the polymer is found
to be−7.8× 10−5 °C−1 between 20 and 40 °C and−1.4× 10−4 °C−1

between 40 and 95 °C. Compared to most commercially available
polymers for optical applications, CHIPs have one of the lowest
TOCs ever measured (Table 1). This small TOC value can be at-
tributed to the positive TOC contribution of the unusually high

Table 1. Thermo-optic coefficient of optical polymers.

Polymer type Thermo optic coefficient
dn/dT × 10−4 [/°C]

Refs.

PMMA −1.3 [15]

Polycarbonate −0.9 [15]

Polystyrene −1.2 [15]

ZEONEX −1.22 [16]

ZPU −1.8 [17]

Poly(S-r-DIB) CHIPs
(70-wt% sulfur)

−0.78 This work

sulfur content in poly(S-r-DIB) (50-wt%) which dramaticallymiti-
gates the negative TOC contribution from the organic monomer
(DIB) units in the material in an effective medium sense. This
suggests that there may be a stoichiometric combination of sul-
fur and DIB monomer that will result in a polymer with zero
TOCwhich would be an exciting achievement and useful for low-
cost thermally stable photonic circuits. Future work is planned to
study the dependence of TOC and the zero crossing temperature
of CHIPs with respect to the stoichiometric ratio of sulfur and
DIB monomer.
The other notable result achieved in this work is the demon-

stration of the inflection point where the TOC value of the poly-
mer changes. This inflection point can be taken to estimate
the Tg of the polymer since the TO effect in polymers derives
largely from temperature-dependent volume changes. Sulfur-
based polymers have been reported to have dynamic covalent re-
configuration, resulting in significant variation in the measured
Tg values using traditional methods, such as differential scan-
ning calorimetry (DSC), dynamic mechanical analysis (DMA), or
small amplitude oscillatory shear.[21–23] The Bragg grating tech-
nique can be used in such situations to precisely determine the
Tg of the polymer.
Furthermore, for novel polymers where it may be difficult to

etch gratings, gratings can be made by making trench molds in
the silica bottom cladding followed by spin coating of the poly-
mer. These buried channel waveguides will have the advantage
of using well-established fabrication processing for silica while
maintaining a similar level of measurement accuracy. We sug-
gest this method as a robust and straightforward technique to
make precise TOmeasurements of novel optical polymers. In the
future, we will demonstrate a study for a broader range of ma-
terials with compelling optical properties, along with the appli-
cation of nanoimprint methods for photonic device component
fabrication, as recently demonstrated with poly(S-r-DIB) infrared
polarizers.[24]

3. Conclusion

We have demonstrated the first fabrication of phase-shifted
Bragg gratings using a novel optical polymer, CHIPs from

Adv. Optical Mater. 2024, 2401296 © 2024 Wiley-VCH GmbH2401296 (5 of 7)

 21951071, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adom

.202401296 by U
niversity O

f A
rizona Library, W

iley O
nline Library on [29/06/2024]. See the Term

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline Library for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons License

http://www.advancedsciencenews.com
http://www.advopticalmat.de


www.advancedsciencenews.com www.advopticalmat.de

poly(S-r-DIB). We then characterized the gratings to estimate
the temperature dependence of the PSBG peak and extracted
the TO coefficient of the polymer from the result. The TOC of
CHIPs was remarkably lower than all of the current state-of-the-
art commodity optical polymers and can be tuned to have dif-
ferent values depending upon the composition of the polymers.
Future work would include demonstrations of CHIPs with re-
duced TOC, measurements of glass transitions of novel optical
polymers using this technique, and demonstration of photonic
devices that can work over a wide range of temperatures without
significant thermal drift.

4. Experimental Section
Synthesis of Poly(S-r-DIB) as the High RI Core Material: The polymer

was synthesized using the inverse vulcanization process with a composi-
tion of 70-wt% sulfur.[13] In this process, bulk sulfur powder was heated
to 185 °C to form liquid sulfur, which was accompanied by a color change
of the medium from yellow to red, indicating the conversion of the S8 ring
into liquid sulfur diradical followed by the formation of polymeric sulfur. At
this point, a room-temperature aliquot of 1,3-diisopropenylbenzene (DIB)
was added to the sulfur mixture, which results in a homogeneous yellow
solution of much lower viscosity. After a short period of mixing and cool-
ing at room temperature, the resulting formation was a transparent red
polymeric glass indicating the copolymerization of the DIB monomer with
sulfur.

Waveuide Fabrication Process: The polymer was spin-coated on a sil-
icon wafer with a 6 μm thick thermally evaporated silicon dioxide layer,
which serves as the lower cladding for the waveguide. The oxide layer was
thick enough to isolate the light from the higher-index silicon substrate
underneath. Poly(S-r-DIB) was dissolved in chlorobenzene (350 mg mL−1

concentration) at 115 °C for 15 min until no visible particles were ob-
served. The polymer was then left overnight to cool and to allow for any
excess unreacted sulfur to precipitate to the bottom of the glass vial. The
dissolved solution was then filtered using a 0.2 μm PTFE membrane sy-
ringe filter to remove any undissolved particles or any remaining impuri-
ties in the solution. Before spin coating, the substrate was cleaned with
acetone and isopropanol (IPA), blown dry with nitrogen, and then O2
plasma cleaned for 2 min to remove any organic impurities and improve
the adhesion of the polymer to the surface. The polymer was then spin-
coated at 3000 rpm with 500 rpm s−1 acceleration for 30 s. The remaining
solvent was evaporated by heating the wafer at 110 °C for 5min; the result-
ing film was 450 nm thick. The long bake time was necessary for removing
any solvent, which improves adhesion, etch resistance, and chemical com-
patibility. After the wafer cools down to room temperature, the electron
beam lithography (EBL) resist maN2403 was spin coated directly on top
of the polymer at 4000 rpmwith 500 rpm s−1 acceleration for 30 s, followed
by baking at 95 °C for 1 min resulting in a 275 nm thick resist layer. The
photonic circuit was then written using an Elionix EBL system with an op-
timized dose of 450 μC cm−2. Once the e-beam exposure was completed,
the exposed pattern was developed in the maD525 developer for 45–60 s.
To transfer the pattern from the resist onto the polymer, the sample
was etched using a fluorine-oxygen-argon etch in an inductively coupled
plasma etcher (Plasmatherm ICP RIE). The etching recipe was specifically
designed for the CHIPs family of polymers and comprises a mixture of
CHF3, O2, and Ar gases. CHF3 creates fluoride radicals which remove the
sulfur molecules, while O2 etches the organic part of the polymer, and Ar
makes the etching anisotropic resulting in vertical sidewalls. RF and ICP
power were also optimized to control the etch rate, and sidewall rough-
ness, and reduce redeposition (grass formation) on the substrate. The
bottom silicon dioxide cladding layer has a much lower etch rate than the
polymer for this etching recipe and acts as an etch stop to signal the etch’s
completion. The resulting etch rate of CHIPs was 312 nm min−1, and the
etch rate of maN2403 was 192 nm min−1; hence the resist can act as an
effective etch mask. The thicknesses of the polymer and resist layers were

optimized to ensure that the resist was fully etched away while the poly-
mer was through etched. Any remaining resist can be removed by rinsing
the sample with acetone/IPA. The etched waveguides have smooth side-
walls and ≈90° sidewall angles. The high quality of the fabricated devices
was shown in Figure 2. The final fabricated device was prepared for opti-
cal characterization by cleaving the end facets with a diamond scribe. The
waveguides can be accessed after cleaving and easily butt coupled to an
optical fiber to launch the input light and collect the output light.

Optical Characterization Setup for Testing Photonic Devices: Grating
optical characterization was done with a superluminescent diode (SLD)
source from Inphenix, Inc., which has broadband transmission from 1460
to 1560 nm. The input light was launched using SMF28 optical fiber and
was coupled into the waveguide via end-fire coupling. Polarization paddles
were attached to the input to adjust the polarization during characteriza-
tion. The polarization was set to TE to attain maximum lateral confine-
ment of the optical mode in the waveguide. Based on the simulation of
the waveguide cross-section, the confinement factor was estimated to be
0.62, while the effective index was 1.471 and the group index was 1.717
for the fundamental TE mode. The output light was collected by another
SMF28 fiber that was well-aligned to attain maximum coupling. The char-
acterization setup was shown in Figure 3, along with the waveguide mode.
The waveguide’s total fiber-to-fiber insertion loss away from the Bragg re-
gion was 15 ± 2 dB. As the waveguide width corrugation increases from
100 to 250 nm, the insertion loss also decreases by 5 dB. Waveguide grat-
ings with varying corrugation widths and grating periods were sequentially
characterized and the output spectrum was monitored using a Yokogawa
AQ6321B optical spectrum analyzer (OSA). It was observed that for the
waveguide with Δw = 0.1 μm, the Bragg peak sharpened and strength-
ened as the number of grating periods increased from 200 to 400. The
peaks were further strengthened for the waveguide with Δw = 0.25 μm for
200 and 300-period gratings. For the device with Δw = 0.25 μm and N =
300, corresponding to the total grating length of 312 μm, the central phase-
shifted Bragg peak has a full-width half maximum (FWHM) of 0.4 nm and
reflection bandwidth of 10 nm.

Thermo-Optic Coefficient Measurement: The temperature-dependent
position of the Bragg peak was measured where fabricated gratings were
kept on a copper thermal stage fitted with water-cooled heatsinks and an
Arroyo thermoelectric cooler (TEC) stage underneath the sample stage.
The stage temperature was monitored using a Texas Instruments tem-
perature sensor, which sends a feedback signal to the Arroyo controller
and helpsmaintain a stable temperature. The water-cooling system rapidly
cools the stage while minimizing any vibrations, essential for fiber-to-fiber
end-fire coupling. The sample was fixed on the sample stage with the
help of thermally conductive tape, and the input and output fibers were
aligned to the end facet of the waveguide until the maximum coupling
was achieved. After the initial alignment, the output spectrum was moni-
tored using the Yokogawa OSA, and the location of the central Bragg peak
was extracted from the output spectrum. The sample was ramped down
from room temperature to 20 °C in steps of 5 °C min−1. The system was
stabilized at the set temperature for each data point, and the correspond-
ing Bragg peak was recorded. The sample was then slowly heated from 20
to 90 °C in the steps of 5 °C min−1. As the temperature of the stage was
increased, the output power was also monitored using a power meter. The
output power remained within ± 2 dB while the temperature was varied.
Figure 4 above shows the results of the thermal characterization.
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