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ABSTRACT: Several applications in modern photonics require
compact on-chip optical filters with a tailored spectral response.
However, achieving subnanometric bandwidths and high extinction
ratios is particularly challenging, especially in low-footprint device
formats. Phase-shifted Bragg gratings implemented by the sidewall
modulation of photonic nanowire waveguides are a good solution for
on-chip narrowband operation with reasonable requirements in
fabrication and scalability. In this work we report on their
implementation and optimization in thin film lithium niobate, a
photonic platform that affords reconfigurability by exploiting electro-
optic effects. The phase-shifted Bragg grating filters have a footprint smaller than 1 ym X 1 mm and operate at telecom wavelengths,
featuring extinction ratios up to 25 dB. We demonstrate transmission bandwidths as narrow as 14.4 pm (Q = 1.1 X 10°) and 8.8 pm
(Q = 1.76 X 10°) in critically coupled structures and multiwavelength Fabry—Perot configurations, respectively, in full agreement
with theoretical predictions. Moreover, by taking advantage of the strong electro-optic effect in lithium niobate, in combination with
the tight light confinement of nanophotonic wires and the ultranarrow spectral resonances of optimized grating structures, we
demonstrate an electric tunability in peak wavelength and transmission of 25.1 pm/V and 2.1 dB/V, respectively, and a 10.5 dB
contrast at CMOS voltages. The results pave the way for reconfigurable narrowband photonic filters with a small footprint and low
consumption, to be exploited toward on-chip quantum and nonlinear optics, as well as optical sensing and microwave photonics.
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Integrated optical filters are essential components for a wide bandwidth and the power penalty of the filter.”® Record results
variety of applications,"”” encompassing photonic and have been achieved in this case with Si-LN resonators
microwave signal processing,S’4 lasers,s’6 telecom systems,7_9 exhibiting Q ~ 1.2 X 10%.*” However, the heterogeneous
sensing,'”"" and quantum optics.'” Electrical tunability is an configuration does not make the most effective use of the
additional attractive feature, typically achieved by means of electro-optic (EO) effect of LN, restricting the wavelength
thermal, strain or carrier injection in optical fibers or silicon tunability of such filters to values of few pm/V, well below
photonic circuits.”"® However, these approaches may suffer those of monolithic LN devices.>>?” 1D photonic crystal
from high power consumption and introduce additional optical cavities ideally take advantage of the strong EO response of LN
losses, motivating alternative solutions based on materials with (ry3 = 33 pm/V)29’30 and provide high-contrast index
a strong Pockels electro-optic response, such as lithium niobate modulations in ultrasmall device footprints. Moreover, by
(LN). Recent advances in LN nanophotonics allow the allowing engineering of the free spectral range (FSR), they can
implementation of filters and resonators in various integrated afford singly resonant or single-sideband operation, appealing

optics architectures, namely, sidewall-modulated nanowire
C 1 14-20 . 2022 .
waveguides, photonic crystal nanobeams,” "~ microrings
23-27
and racetrack resonators. At telecom wavelengths, record

for, for example, quantum optics applications. The smallest
footprints so far have been achieved in suspended LN photonic
crystal nanobeams, with Q factors as high as 1.34 X 10° and a

quality factors have been achieved in ultralow-loss racetrack tunability of 16 pm/V in reflection.”* The reflection mode of
Fesonators, reahzeci;mth 24 ,um-w1d<.e rib wa.weg.uldes in LN on operation reduces the sensitivity to waveguide losses and
insulator (LNOI).** For electro-optic applications, somewhat

narrower waveguides (wy ~ L1-1.5 pm) are generally ] —
preferred, yielding Q ~ 7 X 10%.>%° The quoted Q factors Received: March 13, 2021 (Eftorcs
for the above 2D resonator architectures provide a measure of Published: September 13, 2021
the spectral linewidths for their operation as notch filters in
transmission. Their operation as passband filters requires
additional add/drop coupling structures’” and further
engineering to minimize at the same time the transmission
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Figure 1. (a) Schematic of a phase-shifted Bragg grating (PSBG) device implemented in a sidewall-modulated LNOI waveguide. x, y, and z are the
LN crystal axes. (b) Top view highlighting key parameters of the structure. (c) Cross-sectional view of the waveguide with computed transverse
distribution of the optical TEy, mode at 4 = 1550 nm (color map) and of the electrostatic field (arrows), for wy, = 650 nm, H = 500 nm, h = 300
nm, and an electrode gap of 4 ym. (d) Etched PSBG structure imaged by atomic force microscopy. (e) Measured (red markers) and simulated
(solid line) transmission spectra of a 7-PSBG device. LN waveguide: w, = 450 nm, Sw = 250 nm, H = 500 nm, and h = 360 nm. Grating: A = 6L =

435 nm and 78% duty cycle. Propagation loss: & = 2.9 dB/cm.

avoids the need for critical coupling, resulting in much
narrower spectral resonances than in transmission for the very
same device.'#>' Moreover, photonic crystal nanobeams need
sophisticated etching and a suspended thin LN membrane for
EO operation, which might not be ideal in terms of mechanical
stability, reproducibility, and scalability of the device
fabrication process. On the other hand, they provide the
smallest footprints, with good extinction ratios and high EO
tunability, enabling advanced functionalities.” Sidewall-modu-
lated photonic nanowires (Figure 1) provide an excellent
compromise in terms of process scalability and compactness.”
When used for on-chip rejection filters, they can afford very
high extinction ratios, which makes them interesting for
demanding applications in integrated quantum photonics.”'
On-chip integrated Bragg gratings (BG) realized in LNOI
afford performances comparable to silicon photonics, featuring
rejection bandwidths of ~10 nm, extinction ratios as high as 65
dB and enhanced EO tunability on the photonic bandgap
edges (0, = 23.4 pm/V).">'***** However, they act as notch
filters in transmission. Moreover, just as for BGs in silicon
photonics, achieving subnanometric bandwidths in them is
challenging, due to the high coupling strengths (x) of the
sidewall modulated gratings.”>”*° Such limitations can be
overcome by phase-shifted BG (PSBG) structures.””*® Never-
theless, similar to 2D resonators,”® PSBGs feature a trade-off
between bandwidth and power penalty, which requires critical
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coupling designs for their optimal performance as narrowband
filters in transmission.

Here we present a comprehensive experimental study,
supported by theoretical analyses, on sidewall modulated
PSBG devices in LNOI nanophotonic wires, demonstrating
ultranarrowband transmission bandwidths for devices operated
at critical coupling in the telecom range. We consider both 7-
phase-shifted (quarter-wavelength) and longer cavity designs,
enabling spectral filtering with single and multi- wavelength
transmission. In them, we achieve transmission bandwidths of
14.4 and 8.8 pm (Q = 1.06 X 10° and 1.76 X 10°), respectively.
Moreover, in full agreement with theoretical expectations, we
demonstrate enhanced EO spectral tunability (o, = 25.1 pm/
V) and record on/off ratios of the optical transmission as a
function of the applied voltage, amounting to o = 2.1 dB/V.
The optical contrast is 10.5 dB for CMOS-compatible voltages.
Besides providing further confirmation for the degree of
maturity reached by the LNOI BG technology platform, the
results pave the way for its effective deployment for coherent
spectral manipulation of photons in ultrasmall-footprint and
low-consumption devices for a broad range of applications,
spanning from reconfigurable optical signal processing in
telecommunications to programmable quantum optics, micro-
wave photonics, and optical sensing.

https://doi.org/10.1021/acsphotonics.1c00383
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B DEVICE OVERVIEW

Figure la is a sketch of the overall device structure,
implemented with nanophotonic waveguides in x-cut LNOI
wafers (NANOLN Ltd.) and designed for operation with
quasi-TE, modes at telecom wavelengths. Integrated BGs are
realized by modulating the nanowire width between the values
w; = wy — Ow and w, = w, + Ow, with a constant period A.
Each PSBG device has a total length L, made of a central
segment of length 6L and two uniform BG sections of length
Igragg (Figure 1b). The waveguide consists of a LN rib (top-

width w,, height h, sidewall angle ) etched in a LN slab
(original thickness H), clad on top by PMMA and on the
bottom by SiO,. EO tuning is achieved by electrodes deposited
to the sides of the waveguide, as seen in Figure lc. The figure
also shows the computed transverse profile of the optical TE,
mode guided in the rib and the electrostatic field distribution
(arrows) generated by a unitary voltage applied to the
electrodes. Figure 1d shows the detail of a PSBG structure,
fabricated by the process described in Methods. The optical
transmission of a z-phase-shifted Bragg grating (7-PSBG),
measured as a function of wavelength (1), is plotted in Figure
le (markers), together with the result of simulations (solid
line) based on the coupled-mode theory (CMT) model
detailed in Supporting Information, section S2. Theory and
experiments exhibit excellent agreement, showing the level of
control achieved in fabrication. On the same plot we highlight
the key figures of merit for the transmission filter, that is, its
peak wavelength, Ay; 3 dB bandwidth, 64; extinction ratio, ER;
and power penalty, 6P. In a 7-PSBG device 6L = A, yielding
only a single transmission peak. Longer phase-shifting
segments, 0L > A, can accommodate multiple spectral
resonances in the photonic bandgap. They are referred to as
long-cavity PSBG devices in what follows.

B CAVITY MODEL

To design and analyze the response of the PSBG devices we
used a guided-wave coupled-mode theory (CMT) approach,
which, at a difference with commonly adopted models,***’
allows an accurate prediction of the grating coupling coefficient
k (cm™) in sidewall modulated waveguides. This affords a
marked computation speedup over alternative methods (e.g.,
finite difference time domain) and provides a powerful tool to
map the PSBG response over the large parameter space
encompassed by the waveguide and grating properties. More
details on the CMT model can be found in Supporting
Information (section S2). A simple 1D Fabry—Perot cavity
model (Supporting Information, section S3),” provides further
insights and qualitative guidelines for optimization, briefly
discussed in this section.

The spectral response of a PSBG device stems from the
trapping of light (at 4,) in a cavity centered around the grating
defect SL. The linewidth 64 of the spectral resonance is
inversely proportional to the loaded quality factor (Q) of such
a cavity. In the most general case one can write”®

oA 1 1 1
= +

hoQQ, Q 0

The factor Q, depends only on the intrinsic losses of the
cavity. In our case, the latter are quantified by the waveguide
propagation loss coefficient @ (cm™) and are essentially
determined by sidewall scattering.'*” The term Q, expresses
the extra loss associated with coupling light into and out of the
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cavity, which in our case occurs by transmission through Bragg

grating mirrors of length /5., (Figure 1b). The transmission of

the mirrors depends on k, hence, Q, is parametrized in terms of
the latter.

For a given value of the waveguide losses, Q,, is fixed, and
according to eq 1, the transmission bandwidth 64 is minimized
by maximizing Q,. However, there is a trade-off between
increasing Q, to decrease 64 and coupling light efficiently in
and out of the cavity, which directly affects the peak power
penalty OP. This can be explained by considering that the peak
transmission results from the portion of light that reaches 5L
through the first Bragg mirror, gets trapped in the cavity, and
then leaks out through the second Bragg mirror. When the
mirror reflectivity is unity, the last term in eq 1 goes to zero,
but so does the transmission, yielding infinite power penalty.
Qualitatively, one can conclude that there is an optimum value
of the mirror reflectivity, which can minimize both 64 and 6P.
This occurs for Q, ~ Q. a condition which we shall
designate here as critical coupling, drawing an analogy to the
case of ring resonators.”® In practice, to attain the lower
bandwidth limit without compromising the peak transmission,
a very fine balance between the intrinsic losses and the
reflectivity of the Bragg mirrors has to be hit, requiring careful
device optimization (Supporting Information, sections S3 and
S4). Similar considerations apply to long-cavity PSBG devices,
where the length of the phase-shifting element L provides an
additional control knob to tune the value of Q, (Supporting
Information, Figure S3). This can alleviate constraints
associated with tuning the Bragg mirror reflectivity to achieve
critical coupling in #-PSBG devices. On the other hand,
increasing 6L increases the device footprint. It also decreases
the cavity free spectral range (FSR) and may introduce
multiple resonances. The ensuing multiwavelength response
and the spectral engineering capabilities afforded by long-
cavity PSBG devices can on the other hand be appealing for
advanced manipulation in several classical and quantum optics
applications.'>””*" A theoretical analysis of the trade-offs and
optimization of PSBG devices is provided in the Supporting
Information, section S3. In what follows, we deal with these
aspects from an experimental perspective (see also Supporting
Information, section SS).

B EXPERIMENTAL TRADEOFFS

Figure 2 illustrates the impact of the modulation depth dw of
the Bragg gratings (Figure 1b) on the response of z-PSBG
devices, that is, the figures of merit 64, Q, 6P, and ER in Figure
le.

Figure 2a and b plot the peak transmission bandwidths and
the loaded quality factors, respectively, for ow varying from 50
to 370 nm, considering otherwise identical 7-PSBG devices.
Figure 2¢ and d illustrate the evolution of the power penalty
and extinction ratio, respectively. The circles are experimental
data, while the solid lines are numerical predictions obtained
with the CMT model. The simulations assume a constant loss
coefficient, independent of éw and equal to the one measured
on unmodulated waveguides, @, = 2.9 dB/cm in this case.

For values of ow up to 240 nm, the experiments feature a
monotonic bandwidth decrease (Q factor increase), which is
fully consistent with theory. However, beyond that point the
transmission bandwidth saturates at 54 ~ 115 pm (Figure 2a),
corresponding to Q = 1.37 X 10* (Figure 2b), in contrast with
theory (solid line), which predicts a minimum bandwidth of 26
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Figure 2. (a) Peak transmission bandwidth, (b) loaded Q factor, (c)
power penalty, and (d) extinction ratio, plotted as a function of the
sidewall modulation amplitude dw in 7-PSBG devices. Filled circles:
measurements. Solid lines: simulations for a fixed loss value: a = 2.9
dB/cm. Other parameters: wy = 450 nm, L = 217 ym, A = 435 nm, H
= 500 nm, and h = 360 nm. See Supporting Information, Figure S6,
for the measured and simulated spectra.

pm. The experimental results also indicate significant power
penalties and degradation of the peak extinction ratio. These
effects exhibit strong similarities with the ones previously
reported for BG devices on other nanophotonic platforms,”
and point out to the additional non-negligible losses
introduced by the sidewall modulation in PSBG devices for
ow > 200 nm. The additional loss induced by the grating
sidewall modulation (arzg) can be quantitatively evaluated via
the CMT model through fits on the experimental spectra
assuming a = o + g, with apg as the fitting parameter. The
inferred loss values added by the grating ranged between 3 and
10 dB/cm, for 6w between 240 and 370 nm (see also
Supporting Information, section S6).

The detrimental impact of scattering losses sets an upper
bound to the possibility to attain the narrowest linewidths
uniquely by increasing éw. However, since Q, depends on the

normalized quantity k/p,,,, the 7-PSBG device response can

be further tuned by adjusting IBragg
length L. This approach is illustrated in Figure 3. The 2D
histogram of Figure 3 shows the loaded Q factors measured for
a set of 27 waveguides, made on the same chip and
encompassing three different values of L (105—420 ym) and
nine of 5w (82—370 nm). The shortest gratings correspond to
cavities that are strongly undercoupled for all modulation

and, hence, the device

0 25

x 104 2
1.5

1
420 0.5

S el ¥

Figure 3. Experimental 2D tomography of the loaded quality factors
of 7-PBSG waveguides as a function of sidewall corrugation depth
(6w) and total device length (L), for wy = 650 nm, H = 500 nm, h =
360 nm, and A = 420 nm.

depths. Doubling the device length (L = 210 um) yields a
monotonic increase of the Q factor with w. However, it does
not reach critical coupling. With a further increase of the
device length to L = 420 pm, a critical coupling regime is
achieved for 6w < 200 nm, that is, at working points where the
sidewall modulation does not add significant extra loss. For L =
420 pm, Q features a nonmonotonic trend as a function of éw,
with a peak (Q = 2.6 X 10*) at 6w = 178 nm, corresponding to
a measured transmission bandwidth 64 = 59 pm, a power
penalty of 3 dB and an extinction ratio of 25 dB.

Finally, besides a careful choice of ow and L, the
optimization of both 7-PSBG and long-cavity devices involves
the overall minimization of the waveguide propagation losses
on the LNOI platform. This was achieved through suitable
design and fabrication, targeting a nanowire width w, ~ 650
nm and etching depths h ~ 300 nm, offering a good
compromise between modal confinement, propagation losses,
grating coupling strengths, and device footprint (Supporting
Information, Table SS). As an indication, a propagation loss
value of 1.5 dB/cm yields a theoretical limit of Q = 1.1 X 10°
for critically coupled 7-PSBG devices (see also Supporting
Information, section S4, for further quantification).

B NARROWBAND TRANSMISSION

The best results in terms of narrowband devices are
highlighted in Figure 4a and Figure 4b, with reference to z-
PSBG and long cavity devices, respectively.
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Figure 4. Transmission peaks measured near critical coupling in a (a)

m-PSBG device with /g, = 340 pm, 6L = 425 nm, and (b) long
rugg = 273 m, 6L = 400 ym. H = 500 nm, h = 310

nm, wy, = 640 nm, 6w = 100 nm, and A = 425 nm in both cases.

cavity device with I

Critically coupled devices with loaded Q-factors in excess of
10° were consistently achieved for 7-PSBG devices, in good
agreement with theoretical predictions. An example is provided
in Figure 4a, showing the spectrum of the transmission peak
from a 680 um long 7-PSBG with a sidewall modulation depth
of 100 nm, exhibiting a bandwidth of 14.4 pm (Q = 1.06 X
10°), with an ER of ~9 dB. Long-cavity PSBG designs yielded
even narrower bandwidths. This is illustrated by Figure 4b for
a device with 6L = 400 pm, featuring a bandwidth 64 = 8.8 pm
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(Q = 1.76 x 10°) and an ER of ~11 dB. To the best of our
knowledge, this is the narrowest peak ever reported on this
kind of 1D resonator on LN.

The full extent of the multipeaked spectral response
measured in the long cavity PSBG devices is shown in Figure
S, where we show the evolution of the PSBG transmission
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Figure S. Measured transmission spectra on long cavity devices for 6L
=100, 200, 300, and 400 ym. Otherwise, all parameters are the same
as in Figure 4b, which shows a spectral zoom-in of the central peak on
the violet curve.

spectra for four different cavity lengths 6L, comprised between
100 and 400 um. As OL is increased, the number of
transmission peaks within the bandgap increases as a result
of a progressive decrease in the FSR. For the shortest cavity,
that is, SL = 100 um, the FSR is almost identical to half the
width of the photonic bandgap (FSR = 2.25 nm), yielding a
single peak around the Bragg wavelength, with a transmission
bandwidth 51 = 10.4 pm (Q ~ 1.49 X 10°). On the other end,
for 6L = 400 pm, the FSR reaches a value of 1.06 nm, yielding
three transmission peaks located well within the photonic
bandgap. Each of them features comparable bandwidths to the
one highlighted in Figure 4b. The smallest power penalty is
obtained for 6L = 100 ym and amounts to 6P = 1.95 dB.

B ELECTRO-OPTIC TUNING

The transmission peak can be tuned through the additional
application of a voltage to electrodes deposited by the sides of
the LNOI waveguide (see also Supporting Information, section
$8).'>'® When a positive voltage is applied to the +z side of
the LN rib, the Bragg resonance wavelength experiences a red
shift. A record tunability of 6, = dA/dV = 25.1 pm/V was
measured on optimized 7-PSBG devices, with 680 um long
side electrodes. Long cavity devices with 6L = 200 ym yielded
a value of 17 pm/V. The short cavity length of 7-PSBG devices
(6L = A) requires the application of the tuning voltage along
the full length of the device (sketch in Figure 6a) in order to
build up a sufficiently high EO phase shift and move the
transmission peak across its spectral width. Since the voltage is
applied also to the Bragg grating sections (legg) , the photonic
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Figure 6. Optical transmission curves of a (a) 7-PSBG and (b) long
cavity (L = 200 ym) device, measured at voltages of —15, 0, and 15
V (yellow, blue, and orange curves) applied to the electrodes. The
sketches on the left highlight the location of the latter with respect to
the PSBG grating in the two cases.

bandgap is spectrally shifted together with the transmission
peak (arrows in Figure 6a), as in ordinary BG devices.”'® The
yellow, blue, and red curves in Figure 6a illustrate the full
spectral responses of a 7-PSBG, measured at —15, 0, and 15V,
respectively.

The features of the photonic bandgap spectrum far from the
resonance peak get deformed as one applies a voltage to the
electrodes. Similar distortions have been observed elsewhere in
BG devices operating at the band edges,16 and limit the tuning
performance especially at low operating voltages. Such spectral
perturbations are essentially absent in the tuning of the
transmission peak. Furthermore, its ultranarrow bandwidth is
particularly advantageous for achieving high transmission
contrasts at low voltages. In this respect a meaningful figure
of merit is the change in device transmission per unit voltage,
expressed by the coefficient o; = ER/V, where V is the voltage
to be applied in order to induce a transmission change equal to
the peak extinction ratio, that is, AT(V) = ER. For the 7-PSBG
device of Figure 6a, op amounts to 0.6 dB/V. This
performance is further improved with long cavity devices. In
this case, the voltage is applied only to the central segment of
length 5L (and not to the Bragg grating sections). This shifts
the transmission peaks in the photonic bandgap without
affecting the spectral location of the latter, as apparent from
Figure 6b. An applied voltage of S V shifts the transmission
peak by ~8S pm with negligible spectral distortion (see also
Supporting Information, Figure S10), yielding a transmission
change of 10.5 dB at the original Bragg wavelength A = 1544.96
nm. This corresponds to a spectral tunability 6; = 17 pm/V
and a transmission modulation efficiency o = 2.1 dB/V. The
latter improves by more than one order of magnitude on
previous results achieved in the static tuning of LNOI Bragg
gratings (0.14 dB/V).'® The analysis of the measurements
performed on the very same PSBG devices before and after
adding the electrodes (process steps described in Methods)
indicates an extra loss of ~6 dB/cm due to combined effects of
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Table 1. Representative EO Tunable Filters Based on Thin Film LiNbO;

platf. archit.” config. footprint (um?)  Q (x10°)
LNOI ring/racetrack through port 40000 50
LNOI ring/racetrack through port 25000” 7
Si-LN ring resonator through port 400 1.6
Si-LN ring resonator through port 1600 0.14
Si-LN 1D ph. crystal transmission 30 12
LNOI 1D ph. crystal reflection S0 1.34
LNOI SWM wire transmission 1000 0.2
LNOI SWM wire transmission 400 0.34
LNOI SWM wire trans. 7-PSBG 490 1(0.4)
long-cavity 700 1.76(0.4)

ER (dB) 6P (dB) FSR (nm) o, (pm/V) o7 (dB/V) ref.
~15b Sb 24
N12b 317 2‘417 26
~3.87 4.9 2
~11.5° 33 0.8° 2
~13° ~17° 1-2¢ <0.5° 7
~11.5% 16 2!
~15° ~0" 1v 157 w
~7.57 7.5° 14.6 ~1? s
12(10) 6(15) -(29) -(0.6) this work
11(10.5)  6(7.5) 1(1) -(17) -(2.1)

“SWM = sidewall-modulated. “Not quoted, but extrapolated with simulations from the available data in the paper. The last two rows quote the
values for passive devices and, within brackets, those for active devices.

reprocessing the PMMA cladding (+3 dB/cm) and depositing
the metal electrodes (+3 dB/cm). The ensuing power penalty
is particularly severe for 7-PSBG devices, which become
strongly overcoupled. The added loss can potentially be
eliminated by replacing the PMMA cladding with SiO, and
skipping the extra fabrication steps required for optical
diagnostics prior to electrode patterning. An improved process
for electrode deposition is expected to bring the power
penalties seen in Figure 6 back to the values for critical
coupling (6P ~ 6 dB) and further boost the EO transmission
tunability to o = 4.66 dB/V. The degradation induced by the
PMMA and electrode patterning process can be appreciated
from the data in Table 1, where we list key performance
indicators for our devices in the last two rows and indicate in
brackets the parameter values measured after adding the
electrodes. Despite such a degradation, the PSBG devices still
provide an excellent EO performance, featuring the highest
value of 6, (25.1 pm/V) and the best transmission tunability
or in the table. Prior to electrode deposition, our passband
filters exhibit Q values en par with the best notch filters in 1D
photonic crystals and 2D ring/racetrack resonators in the table,
with the exception of the ultralow loss devices corresponding
to the first row of Table 1 (0.03 dB/cm). However, as
discussed in the introduction, those resonators (ref 24) operate
as rejection filters. The Q factor is therefore not constrained by
transmission penalty trade-offs. In fact, the Q values reported
in this work are already at the limit of the performance
expected from the PSBG architecture while still keeping
reasonably small device footprints (and large FSR), as further
discussed in section S3 of Supporting Information.

B CONCLUSIONS

We reported a systematic study on phase shifted Bragg gratings
(PSBG) for electrically tunable integrated ultranarrow
bandpass filters in thin film lithium niobate, encompassing
theory and experiments. We considered both 7 phase-shifted
(7z-PSBG) and long-cavity configurations implemented in
sidewall-modulated nanowire waveguides with average widths
of ~650 nm. The full mapping of the waveguide and grating
parameter space highlighted key elements for device
optimization to achieve narrowband responses without
compromising transmission (i.e., critical coupling). The
analyses allowed us to identify critical trade-offs in device
fabrication and design on this specific device architecture and
technology platform. With sidewall modulations éw ~ 100 nm,
we achieved experimentally the theoretical limit for critically
coupled 7-PSBG, measuring transmission bandwidths of 14.4
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pm (Q ~ 10%) on devices with a footprint of only 490 ym?.
Good agreement between theory and experiments was also
demonstrated for multiwavelength resonant devices imple-
mented with long cavities (6L ~ 100—400 um), yielding
bandwidths of 8.8 pm and loaded Q factors of 1.76 X 10°. The
transmission penalties measured on critically coupled devices
(~6 dB) agreed also well with predictions. The rich parameter
space affords the possibility to achieve zero penalty operation
near the critical coupling points, at the price of slightly larger
bandwidths (32 pm measured on long cavity devices, see also
Supporting Information, Figure SS). Finally, by exploiting the
electro-optic effect, we achieved a tunability of the trans-
mission wavelength of 25.1 pm/V and an optical transmission
contrast at the Bragg wavelength of ~10.5 dB at CMOS-
compatible voltages. Despite a partial degradation of the
narrowband features induced by the electrode patterning
process, the PSGB devices afforded a record electro-optic
tunability, of 2.1 dB/V. The work demonstrates devices well-
suited for fine spectral manipulation in single and multi-
wavelength regimes with low-consumption electrical reconfi-
gurability. These results hold promise for further applications
of integrated LNOI photonic circuits to electro-optic switching
and modulation in telecommunication systems as well as
efficient photon manipulation in integrated quantum pho-
tonics. Moreover, they pave the way to the implementation of
more advanced functionalities for spectral shaping and tuning,
such as superstructured gratings for dispersion engineering and
2#® nonlinearity enhancement for novel frequency comb or
quantum sources.'”*” The small footprints and low-voltage
operation achieved with these devices and the scalability of
their fabrication process might also be advantageously
exploited toward developments of microwave photonics and
programmable nanophotonics for, for example, multispectral
sensing, neuromorphic, and quantum computing.4’4l_43

B METHODS

A previously developed fabrication process,”> was optimized
for improved reproducibility and fine patterning resolutions
with deeper LNOI etching. All the integrated nanophotonic
components were simultaneous defined on chip by a single-
step electron beam exposure (Raith Voyager, acceleration
voltage SO kV), patterning a resist layer (ma-N2400) spun on a
chromium layer deposited on commercial x-cut LNOI chips
(NANOLN Ltd.). The chromium was patterned by Cl,/O,
reactive ion etching (Oxford Plasmalab 100) and used as a
hard mask for subsequent Ar" ion milling of the underlying LN
film. The process yielded nanowire waveguides with sidewall
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angles of 55—65°, which were clad with a 2 ym thick layer of
PMMA (MicroChem 950) baked at 170 °C, to perform optical
measurements prior to electrode deposition.'”*” For the latter,
the PMMA cladding layer was first stripped off the chip. Then
the tuning electrodes were patterned (with new PMMA
lithography) by liftoff of a SO nm thick Au layer with a 10 nm
thin Cr adhesion layer. Finally, a new PMMA cladding layer
was deposited on the chips.

The optical characterizations were performed by coupling
light from single mode optical fibers at telecom wavelengths
into the LNOI chip with integrated grating couplers and tapers
for selective excitation of the fundamental TE,, mode in the
PSBG nanowires. As in previous work,®> we used a tunable
continuous-wave laser source (Yenista T100S) for spectrally
resolved measurements. The device throughput was recorded
off-chip with a fiber-coupled power meter (Newport 2931-C)
synchronized with the laser.

Numerical analyses of the waveguide modes in the
wavelength range of interest (4 = 1500—1600 nm) and of
the electrostatic field distributions generated by the electrodes
were performed with a commercial finite element vectorial
solver (COMSOL). The PSBG spectral response was
investigated with a coupled mode theory approach imple-
mented with own codes in MATLAB. Further details are
provided in the Supporting Information.

B ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
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