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ABSTRACT

We report a novel spectroscopic technique to characterize photonic waveguides over more than an octave of wavelength. The technique,
called mode-crossing spectroscopy, uses a broadband source and a spectrometer that are coupled to the input and output ends of a series of
straight dielectric waveguides via single-mode optical fibers. Measurements of the wavelengths at which multiple modes are degenerate in a
single waveguide enable the determination of the refractive index of the core, as well as the waveguide width variation. In addition, mode-
dependent losses are reported from 700 nm to 1550 nm using waveguides of varying lengths. The core refractive indices are measured within
an error of +0.5%, waveguide width variation to an accuracy of less than 5 nm, and waveguide propagation losses within an error of +0.5
dB/cm. Ultrabroadband in situ measurements of loss and index over an octave of bandwidth are crucial for the accurate characterization of
photonic integrated circuits and devices, especially those based on precision broadband couplers, interferometers, and resonant cavities.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5099368

. INTRODUCTION

An increasing number of optical devices are fabricated in
waveguide-based photonic platforms, including silicon-on-oxide
(SOI); indium phosphide (InP); and amorphous dielectrics such
as silicon nitride (SiN), aluminum oxide (Al,O3), and titanium
oxide (TiO;). As the applications for these devices expand beyond
data communications and telecommunications in the optical C-
band, the underlying waveguides and components require charac-
terization at wavelengths in the visible or near-infrared, and over
a range of modes and core/cladding material combinations. Know-
ing the fundamental material properties, such as absorption and
refractive index, is critical for successful device design, but often
requires in situ characterization to account for process-specific per-
formance. For example, plasma-deposited silicon nitrides for waveg-
uides can have indices that vary by more than 10%."' Even material
refractive indices and absorption can vary from unpatterned films
to waveguides (from strain relaxation or free-carrier trapping, for
example). Ultrabroadband characterization is particularly impor-
tant for chemical or biological sensors, such as Raman or fluo-
rescence sensors, that rely on spectroscopy in photonic integrated
circuits.””

APL Photon. 4, 106107 (2019); doi: 10.1063/1.5099368
© Author(s) 2019

The refractive index of a waveguide can be measured with tech-
niques such as near-field coupling,”” prism coupling,’ evanescent-
field imaging,” or Fourier imaging,'’ but these techniques require
specific surface-normal off-chip optics and may be better suited for
planar films than photonic waveguides. More sophisticated waveg-
uide characterization techniques, such as optical vector network
analysis or optical reflectometry, can provide a full amplitude and
phase description, but are either not wideband (limited to tens of
nanometers by the laser tuning range), require sophisticated, phase-
stabilized benchtop equipment, or both. Specific waveguide com-
ponents, such as ring resonators'' "’ or unbalanced Mach-Zehnder
interferometers,'* can be used with tunable lasers to measure prop-
agation loss and effective index, but the required waveguide cou-
pling and laser source restricts the optical bandwidth, and these
devices are better suited for group index determination than effec-
tive index. Importantly, all of these techniques are based on tunable
laser sources, which cannot equal the bandwidth available with a
blackbody source.

In this work, we describe a new, facile, in situ measurement
technique to characterize the optical properties of photonic waveg-
uides over more than an octave of bandwidth: Mode-crossing spec-
troscopy (MCS). By coupling white light into multimode waveguides
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of varying widths, we show that a simple incoherent source (from
a heated tungsten filament) can measure modal interference in a
waveguide due to degeneracy of the propagation constants (effective
indices) of multiple modes. Core refractive indices are measured to
an accuracy of approximately +0.5%. In addition, the variation of the
waveguide width can also be determined with MCS, which is impor-
tant to quantify phase stability in interferometric photonic devices.
Finally, using waveguides with varying lengths, the same source and
spectrometer permit ultrabroadband propagation and coupling loss
measurements to an accuracy of approximately +0.5 dB/cm and
2 dB, respectively.

Il. WAVEGUIDE MODELING

The waveguides considered here comprise SiN waveguide cores
fully etched and surrounded by a SiO, cladding. We use finite-
element analysis (Comsol Multiphysics) to model the effective index
(nefr) of a number of low-order waveguide modes, as a function of
wavelength, material index, and SiN width and thickness. Figure 1
shows neg vs wavelength for the lowest order modes for a 1.2 ym
wide and 1.5 ym wide waveguide. The degeneracy between the TE;o
and TMgo modes is shown with orange circles, demonstrating the
strong dependence of this modal crossing on waveguide width. It
is the measured wavelength of this mode crossing that permits the
determination of the effective index for these modes, which can
then be used to find the core index using our numerical model.
Not shown in this figure are additional higher-order mode cross-
ings, such as TMoo/TE30, and TMgo/TEso, which are also observed
experimentally.

I1l. EXPERIMENTAL METHODS

The first three samples investigated in this work were fabricated
using a deep-UV contact photomask aligner (SUSS MJB4). Each
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FIG. 1. Simulated ne¢ vs wavelength for the lowest order modes for a 1.2 yum and
a 1.5 um wide waveguide, along with the SiO, material index. The orange circles
indicate the wavelength at which the TE4q and TMgy modes are degenerate.
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sample comprised a 175 nm thick SiN waveguide layer deposited
onto a 5 um thermal silicon dioxide (SiO,) layer. For this study, we
used samples with either a plasma-enhanced chemical vapor depo-
sition (PECVD) SiN layer or a stoichiometric low-pressure chemi-
cal vapor deposition (LPCVD) SiN layer. To provide a comparison
between samples with different edge roughness and width varia-
tion, two different photoresists were employed to pattern the waveg-
uides: ZEP-520A and ma-N 2400. After patterning, the waveguides
were fully etched via a fluorine-based inductively coupled plasma
reactive-ion etch (ICP-RIE). Finally, the samples were clad with a
3 pm layer of SiO, deposited by PECVD. Sample LZ consisted of
LPCVD SiN and was patterned using ZEP-520A; Sample PM con-
sisted of PECVD SiN and was patterned using ma-N 2400, and
sample PZ consisted of PECVD SiN and was patterned using ZEP-
520A. The waveguides used for this work include simple straight
waveguides of varying widths for MCS, as well as “paperclip” struc-
tures of various lengths and widths for loss analysis. The samples are
cleaved into lengths of 9.6 mm or 4.8 mm to expose facets for edge
coupling.

A fourth sample, AP, was fabricated at a photonic integrated
circuit foundry (AIM Photonics). The PECVD SiN waveguides are
220 nm thick, 8.5 mm long, fully etched, and surrounded by a
PECVD SiO; cladding.’

Figure 2 depicts the experimental setup. A broadband tungsten-
filament light source (Thorlabs SLS201L) was coupled into a
polarization-maintaining (PM) single-mode optical fiber, which led
to a lensed fiber (Oz Optics TPM]) with the slow axis aligned par-
allel to the sample plane. From here, the light was coupled into the
test device. At the output of the device, a second lensed fiber col-
lected the light and fed it into a second PM single-mode optical
fiber coupled to the input of the spectrometer. Two different spec-
trometers were employed in this work: a 0.5 m focal length with a
liquid-nitrogen cooled, 1024 element linearly arrayed InGaAs detec-
tor, and a 0.75 m focal length with a liquid-nitrogen cooled, 1024
x 253 element silicon detector. Both spectrometers employed a 300
groove/mm, 1.3 ym blaze grating and were operated via Princeton
Instruments LightField data acquisition software. Optical fibers opti-
mized for the wavelength range associated with the detector were
used: Nufern PM980-XP for the InGaAs detector (900 nm-1550 nm)
and Nufern PM780-HP for the silicon detector (700 nm-1050 nm).

IR source LP =
= | 11
L Bk f
& ” . U]
P Spectrometer
>
Sample 444
PMF
A\ yr 4
PMF
T

FIG. 2. Experimental set-up. LP: Linear polarizer; PMF: Polarization-maintaining
lensed optical fiber.
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Sample transmission spectra were acquired in 0.5 s intervals,
then normalized to a background spectrum acquired in 0.01 s
obtained from connecting the broadband source directly into the
spectrometer via a PM fiber. A linear polarizer placed between the
broadband source and the input PM fiber provided the ability to
send light into the device polarized either parallel to or normal to the
sample plane, predominantly exciting the TEqy or TMgy waveguide
mode, respectively.

IV. REFRACTIVE INDEX

Measuring the refractive index of the waveguide core mate-
rial over a broad wavelength range here requires waveguides of
widths varying between 1.0 ym and 3.0 ym, with the wider waveg-
uides required to observe higher-order TE3y and TEsy modes.
Figure 3 plots the normalized TMg waveguide transmission of
the four different samples measured with the InGaAs spectrome-
ter. The wavelengths of the transmission minima observed in these
spectra depend on the actual waveguide width and the SiN core
index.

These minima, which are only observed for excitation polar-
ized normal to the sample plane (exciting the TMy mode), corre-
spond to the wavelengths at which the TMoy and TEio modes are
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FIG. 3. TMy, transmission spectra acquired from straight waveguides of the
nominal (photomask) widths for four samples investigated: LZ, PM, PZ, and AP.
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degenerate. When both modes possess the same wavevector, they
are phase-matched, so small waveguide imperfections can couple the
TMgo mode into the TE;p mode. The lowest-order mode-crossing
(TMoo/TE10) is observed for the narrowest waveguides, with wider
waveguides showing crossings between the TMgy mode and succes-
sively higher-order odd quasi-TE modes. Since we use lensed optical
fibers to collect propagating light via a Gaussian (even) focused spot,
any radiation converted to an odd mode will couple more weakly to
the lensed fiber than an even mode (such as the TMgp mode), thereby
showing a transmission minimum. As noted below, the absorption
feature near 1385 nm is due to absorption in the cladding of the
waveguide and is not related to the mode crossing we have discussed
here.

The observed short-period oscillation in the measured trans-
mission at wavelengths near the minimum is due to mode-beating
between the TEqo and TE ;o modes. The mode-beating period is given
by A%/(L Aneg), where L is the length of the waveguide and Aneg is
the effective index difference between the two beating modes. For
example, in sample LZ, the calculated period for the TEg and TEo
modes at a wavelength of 1150 nm is 2.6 nm, compared to the mea-
sured period of 2.2 nm. For sample PM, which is twice as long, the
calculated period is 1.4 nm at a wavelength of 1200 nm, compared
to the measured period of 1.1 nm. The exact physical origin of the
TEoo/TE10 beating is unclear, but is likely due to the same waveguide
imperfections that couple the TMgp mode to the TE o mode, such as
sidewall roughness. Any power coupled to the TEqy mode will couple
to our output lensed fiber much more strongly than the TE;o mode,
since TEq is an even mode.

The waveguide widths reported in Fig. 3 are the nominal (pho-
tomask) widths used to fabricated the samples. For the three samples
LZ, PM, and PZ, the actual widths of the waveguides varied based on
the photoresist and other process parameters used for fabrication.
Actual widths and thicknesses of the waveguides in these samples
were measured with a scanning electron microscope (SEM) and were
offset from nominal widths by amounts ~100 nm.

Since the mode-crossing wavelength for the TExo and TMqo
modes depends on the waveguide width and thickness, as well as
the refractive indices of the core and cladding, numerical modeling
(similar to that shown in Fig. 1) can be used to determine the refrac-
tive index of the SiN layer. With the width and thickness measured
by SEM, and the SiO, index known to relatively high precision,''°
the only remaining parameter that determines this mode-crossing
wavelength is the SiN index. The transmission minima were fit with
a Gaussian function in order to determine the center wavelengths
and full-width-half-minimum (FWHM) of the features, and these
fits are shown in Fig. 3. The calculated refractive indices from the
transmission minima of each sample are reported in Fig. 4. Error
bars associated with these points are dominated by the measurement
error of the waveguide width (+10 nm) and also contain the contri-
bution of the error in the center wavelength fitting. These error bars
imply an index measurement imprecision that is typically smaller
than +0.5%.

As shown in Fig. 4, the refractive indices of samples PM and
PZ agree very well, as expected since they were fabricated from the
same PECVD SiN. Unfortunately, absorption loss in this material
prevents index measurements at wavelengths below approximately
1000 nm."” Sample LZ has a significantly lower refractive index,
consistent with stoichiometric LPCVD silicon nitride layers. Also
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FIG. 4. Values of the SiN core refractive index based on the measured wavelength
of the TMqo/TExo mode crossing for the four samples investigated, with x = 1, 3,
or 5, as indicated in the caption. Error bars are dominated by uncertainty in the
waveguide width. Included for reference are previous measurements of the SiN
index deduced from microring resonators.

shown for reference are measurements made previously'” using tun-
able lasers coupled to microring resonators, in which the group
index and the ring-bus coupling are used to infer the SiN index. The
agreement between the two methods is very good, though there is a
slight discrepancy between the values for the LPCVD SIN. Figure 4
also shows the inferred SiN index from sample AP, demonstrating
the variability of the SiN index within material deposited using a
similar (PECVD) method." It is also worth noting that the min-
ima in sample AP are of comparable depth to those of the other
samples despite having roughly 10x lower propagation loss, which
implies that mode-coupling efficiency does not scale linearly with
the amplitude of waveguide imperfections.

V. WAVEGUIDE UNIFORMITY

The fit FWHM value of the transmission minima also have
physical significance. Phase-matching between the TE;o and TMgo
modes is characterized by sinc*(AkL), where Ak = 2m(nlf -
nIM%) /) and L is the waveguide length. The FWHM of this func-
tion (in wavelength) is ~0.2 nm for the waveguides measured here,
significantly less than the measured widths of the transmission min-
ima. The measured FWHM thus results from a variation in a phys-
ical parameter along the waveguide’s length, causing the minima to
spread in wavelength. Neither the refractive index nor the thick-
ness of the SiN has enough variation to account for the FWHM, but
lithography imperfections resulting in waveguide width variations
do. Width nonuniformity is also consistent with the increase in the
minima FWHM as the waveguide width is decreased (as shown in
Fig. 3).

To calculate the dependence of the mode-crossing bandwidth
on the waveguide width, we vary the width of the waveguide in
our finite-element model to find dw/S). Then, the waveguide width
variation, Aw, is given by the product of the FWHM and w/dA.

scitation.org/journal/app

TABLE I. The variation in the waveguide width as inferred from the FWHM of the
TE1o/TMgy mode crossing.

Sample Lz PM PZ AP

Aw (nm) 39+ 10 51+9 23+5 4.6 £ 0.6

The resulting Aw is reported in Table I, along with the standard
deviation, as found from the weighted average of these values mea-
sured across a number of different waveguides. Samples LZ and PZ,
though patterned with the same photoresist, underwent different
development processes, which could explain the resulting differ-
ence in Aw. These deduced width variations are consistent with our
observed lithography nonuniformity in sample PM, as shown by
SEM in Fig. 5. As expected, the width variation in the sample fab-
ricated at a photonic integrated circuit foundry (AP) is significantly
less than that observed from the samples fabricated using contact
photolithography.

While other waveguide imperfections, such as nonvertical side-
walls, could also account for broadening of the TMgo/TE1p mode
crossing, our analysis shows that these contributions are typically
negligible compared to width variations. For example, for the waveg-
uides considered here, an angled sidewall would contribute approx-
imately 0.2 nm of minima broadening for every degree of devi-
ation from vertical, compared to our smallest measured FWHM
of 2 nm.

Waveguide width nonuniformity is a critical parameter for
high-quality photonic fabrication since this width variation results
in phase variation through the dependence of #.¢ on width. The per-
formance of photonic interferometric components, such as phased
arrays,'” or arrayed waveguide gratings depend critically on min-
imizing this phase nonuniformity. MCS is capable of measuring
waveguide width variation, and thus phase nonuniformity, in a sim-
ple straight waveguide co-fabricated with the photonic devices of
interest. Other techniques, such as optical vector network analysis,
can measure the net accumulated phase of a given waveguide, but
not its phase velocity variation. It is also important to note that while

FIG. 5. Top-down scanning-electron micrograph (SEM) of an unclad test structure
patterned with the same process as that used for sample PM, coated with ~5 nm
of metal for contrast, showing a total width variation of approximately 48 nm.

APL Photon. 4, 106107 (2019); doi: 10.1063/1.5099368
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the waveguide width nonuniformity reported here is likely corre-
lated with sidewall roughness, the exact relationship between these
quantities is a subject of further investigation.

VI. LOSS AND DEVICE CHARACTERIZATION

Broadband light coupled into waveguides and measured with
a spectrometer also enables straightforward loss measurements. In
samples LZ, PM, and PZ, the insertion loss is found by interrogating
“paperclip” devices of various lengths with light linearly polarized
to excite either the TEqy or TMg mode. These paperclips consist of
s-bends that looped back and forth over the length of the device in
order to vary the waveguiding length in a single die with identical
facets. The bend radius in these structures was sufficiently large so
that bend losses are negligible compared to propagation loss. Nor-
malized transmission data from waveguides of a single width and
varying lengths clearly show the gradual increase in loss as the length
of the waveguide increases from 9.6 mm to 29.2 mm.

To separate the propagation loss from the coupling loss for a
given waveguide width and polarization, an automated linear fit rou-
tine was used to find the slope and intercept of the data as a function
of wavelength, corresponding to the propagation and coupling loss,
respectively. Figure 6 shows the result of this procedure for a set of
1.5 ym wide waveguides. The error bars correspond to the standard
error in the intercept and slope from the fit. We perform this pro-
cess for each set of devices, for both polarizations, and for multiple
widths in each sample. The coupling loss shown here corresponds to
total coupling loss—that is, input and output coupling. The lowest
propagation loss measurable with this technique (here 0.5 dB/cm)
is limited by the length of the longest fabricated waveguides (here
29 mm), such that loss in high-quality samples (e.g., <0.1 dB/cm)
could be measured with commensurately longer waveguides (e.g.,
>100 mm).

A comparison of propagation loss for different polarizations,
wavelengths, and waveguide widths helps to identify the physical

origin of the loss. For example, the loss peak at 1385 nm (assigned
to —OH overtone absorption'’) is more pronounced for the TMgo
mode than the TEo mode, so it likely originates from the SiO,
cladding. Since thermal SiO, tends to be of higher purity than
PECVD-deposited SiO,, this feature is likely from the top cladding.

The TEq loss spectrum also shows an additional loss peak at
1520 nm that corresponds to an overtone of the Si-H absorption.”’
The near-absence of this peak in the TMgo spectrum implies that
this absorption is in the SiN layer, as most of the electric field of
this mode resides outside of the SiN core. Another notable feature
of these spectra is the presence of the cutoff wavelength, observed
as a reduction in loss noise for wavelengths above approximately
1200 nm and 1400 nm for the TMqo and TEgy modes, respectively.
These measured cutoffs agree with the calculated wavelengths (see
Fig. 1) where the TM;o and TE, effective index crosses below the
cladding index (that is, where those modes are cutoff).

The coupling loss is relatively flat as a function of wave-
length for both polarizations, with an increase of a few dB at
lower wavelengths. For comparison, we have included the results
of a numerical edge coupling calculation based on the modal over-
lap of the waveguide mode with that of the Gaussian spot of the
lensed optical fiber. The dashed blue and green lines correspond to
these theoretical results for the TEgy and TMgp modes, respectively.
Characterizing waveguide couplers over a wide wavelength range
is particularly important for low-loss inverse-taper edge couplers,
which have been shown to have 3-dB bandwidths of hundreds of
nanometers.”’

Determining physical properties of materials is not the only use
of this spectroscopic technique. Broadband characterization of inte-
grated photonic devices is also possible. Even though the bandwidth
of our source spans hundreds of nanometers, corresponding to a
coherence length of order A, we can nevertheless accurately mea-
sure interferometric devices with differential path lengths of mil-
limeters or longer. This is possible because the spectrometer effec-
tively limits the bandwidth to that of a single pixel, in our case

FIG. 6. Experimental coupling and
propagation loss for both polarizations
through a 1.5 um waveguide on sample
LZ, as well as the theoretical coupling

loss (blue dashed line for the quasi-TE;

green dashed line for the quasi-TM) for
the lensed fibers used in this work. In

both plots, TM data from 1110 nm to 1190
nm is not shown because of interference

from mode-crossing minima centered at
1150 nm.
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0.16 nm, which increases the effective coherence length to more than
a millimeter. Thus, this “white-light spectroscopy” can interro-
gate complex interferometric structures, including n-stage lattice fil-
ters”” and periodic Bragg gratings.” It is also suitable to test and
refine components of ultrabroadband integrated systems, such as
Raman and fluorescence sensors, on-chip signal interferometers,
and arrayed waveguide gratings.

VII. CONCLUSIONS

We have described and demonstrated a powerful new in situ
technique for ultrabroadband characterization of photonic waveg-
uides: mode-crossing spectroscopy (MCS). MCS uses a simple black-
body source coupled to a single-mode fiber (spanning over an octave
in spectral range) to observe the TMoo/TExo mode degeneracies in a
waveguide. Though MCS requires a multimode, rectangular waveg-
uide to observe the mode crossings, the material index or width uni-
formity information gleaned will apply to all waveguides on the sam-
ple, including narrower single-mode devices. In addition, waveg-
uides with vertical symmetry permit much cleaner mode-crossing
measurements and analysis. The core refractive index can be found
with an error of +0.5%, and lithography-based imperfections such
as waveguide width variations can be quantified. In addition to
material index, ultrabroadband propagation and coupling losses can
be measured in situ, within an error of +0.5 dB/cm and +1.0 dB,
respectively.
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