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ABSTRACT

Femtosecond Laser Micromachining (FLM) is a powerful technology for the fabrication of photonic devices. In this context, the integration
of resonant elements within the platform represents a key advancement, enhancing both its versatility and its compatibility with a wide range
of optical and fluidic components specifically enabled by this technique. Here, we report the realization of a tunable racetrack resonator
fabricated by FLM and operating at telecom wavelengths. Leveraging low-loss waveguides, we obtained a Q factor of the resonator as high
as 8 x 10° at critical coupling. Moreover, by integrating two thermo-optic phase shifters, we achieved both resonance tuning and dynamic
control of the Q factor. This capability makes the device highly versatile for applications requiring dynamic spectral control, such as tunable

filters, gyroscopes, and sensors.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0311625

I. INTRODUCTION

Optical resonators are fundamental building blocks in pho-
tonic integrated circuits (PIC), as their intrinsic properties make
them suitable for a broad spectrum of applications, including
filters,”” modulators,”* sensors,” gyroscopes,”’ and nonlinear optics
enhancement.”” When dealing with integrated dielectric systems,
ring resonators are arguably among the most versatile and successful
implementations. A ring resonator is essentially a waveguide bent
into a closed loop that confines light to circulate within it. In this
configuration, the resonant frequencies are determined by the inter-
play between the dispersion relation of the waveguide modes and
the loop length. Coupling light into and out of the resonator is typi-
cally achieved through evanescent coupling, by placing one or more
access waveguides in close proximity to the ring.'’

The realization of ring resonators in a given photonic plat-
form strongly depends on refractive index contrast and the adopted
fabrication technology. For example, in silicon-on-insulator (SOI)
photonic platforms, the large refractive index contrast allows one to
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fabricate very compact structures with radii of only a few microm-
eters at telecom wavelengths while still maintaining long pho-
ton dwelling times.'"'” However, if the refractive index contrast
decreases, bending losses increasingly limit the achievable light con-
finement, making it necessary to adopt larger radii. This is the case,
for instance, when the material of choice is silicon nitride. In fact,
with this material, low-loss microrings typically have radii in the tens
to hundreds of micrometers. "

Femtosecond Laser Micromachining (FLM) has emerged over
the last two decades as a versatile and powerful platform for the
fabrication of photonic integrated circuits (PICs), offering intrin-
sic three-dimensional capabilities and rapid prototyping in glass
substrates.'® '® In this material platform, however, the realization of
ring resonators presents particular challenges, as FLM waveguides
are formed by local refractive index modification induced by laser
irradiation, for which the resulting index contrast is extremely low,
typically in the range of 107~107*. This imposes the use of bending
radii on the order of millimeters to centimeters to mitigate radi-
ation losses. Moreover, when inscribing a closed loop, undesired

11, 036110-1

T¥ :S¥ :TT 920¢ aunr €0


https://pubs.aip.org/aip/app
https://doi.org/10.1063/5.0311625
https://pubs.aip.org/action/showCitFormats?type=show&doi=10.1063/5.0311625
https://crossmark.crossref.org/dialog/?doi=10.1063/5.0311625&domain=pdf&date_stamp=2026-March-23
https://doi.org/10.1063/5.0311625
https://orcid.org/0009-0005-7355-7234
https://orcid.org/0009-0004-1171-6466
https://orcid.org/0000-0002-1329-8972
https://orcid.org/0000-0003-4001-9569
https://orcid.org/0000-0002-4457-9902
https://orcid.org/0000-0001-5352-6581
mailto:andrea.crespi@polimi.it
https://doi.org/10.1063/5.0311625

FIG. 1. Layout of the resonator. The waveguide, starting from the input port (IN),
first forms a ring with a racetrack geometry, then couples back to itself through a
MZ| and is finally brought to the output (OUT) port, passing undemeath the ring
structure. The MZl is equipped with two TOPS, one per each arm, consisting in
metal resistors deposited and patterned on the substrate surface. Different elec-
trical powers P4 and P, can be dissipated on the resistors, enabling independent
control on the MZI phases. To enhance thermal efficiency, U-trenches were ablated
around the waveguide segments.'5 The total footprint of the device is 5 x 6 cm?.

inhomogeneities may arise at the overlap region where the begin-
ning and end of the irradiated track meet, further complicating the
fabrication of high-quality resonators. Such technological limita-
tions have so far hindered the demonstration of FLM-based ring
resonators.

In this work, we report the realization and experimental charac-
terization of reconfigurable integrated optical resonators fabricated
by FLM providing a design approach to overcome the issues asso-
ciated with inscription inhomogeneities. Our devices are realized
according to the layout depicted in Fig. 1, with a single waveguide
that couples to itself through a Mach-Zehnder interferometer (MZI)
and then reaches the output by passing below the ring structure. Two
thermo-optic phase shifters (TOPSs) are realized on the internal
arms of the MZI. By controlling the thermal powers P; and P, dissi-
pated on the TOPS it is possible to actively tune both the wavelength
shift of the spectral resonances and the Q factor of the device.

Il. DEVICE DESIGN AND FABRICATION

The device design exploits the three-dimensional capabilities
of FLM to realize a monolithic resonator formed from a single
physically open waveguide that simultaneously functions as the res-
onator and as the input-output channel. In this way, one avoids
the additional losses that can occur at the junction when fabricat-
ing fully closed loops with FLM. Furthermore, by exploiting the
three-dimensionality of the waveguide paths, we also demonstrate
the fabrication of several concentric resonators within the same glass
chip: the straight sections of the waveguides are inscribed at a depth
of 55 ym below the glass surface, while the bent sections forming
the rings are inscribed at 35 ym, enabling vertical stacking without
optical crosstalk. The additional details on the device geometry are
provided in the supplementary material.

We fabricated 20 concentric resonators in a single substrate of
Corning Eagle XG glass of 5 x 6 cm? footprint, using curvature radii
R in the range between 16.8 and 21.0 mm. The waveguides were
inscribed by four overlapped laser scans, translating the substrate
with respect to the laser focus using three-axis air-bearing stages
(Aerotech ABL1500) with sub-micron accuracy. In detail, we used
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laser pulses of 480-nJ energy, 180 fs duration, and 1 MHz repeti-
tion rate from a commercial Yb:based system emitting at 1030 nm
wavelength (LightConversion Pharos). Laser pulses were focused in
the substrate by a 0.5 NA water-immersion objective. Two different
translations speeds were employed (5and 7 mm ™). After laser irra-
diation, the substrate underwent thermal annealing post-processing
to improve the optical properties of the waveguides.”””’ These
fabrication parameters ensure single-mode guiding at 1550 nm
wavelength with a mode diameter (1/¢*) of about 7.5 ym, and prop-
agation loss <0.2 dB/cm. TOPS were fabricated as in Ref. 15: hollow
trenches were defined around the MZI arms, using water-assisted
laser ablation, to provide thermal insulation; a 100-nm Cr/Au layer
was deposited onto the substrate, and the resistor geometry was
patterned by femtosecond laser ablation (see the supplementary
material for further details). Such microstructured layout enables
high-efficiency actuation (with typical electrical power values on the
order of tens of mW), low crosstalk between the two TOPS, and
reduces the heated area on the substrate, thus limiting thermal drifts
of the optical properties of the resonator. The device was finally
glued to a custom aluminum basis to improve thermal stability.

I1l. DEVICE OPERATION THEORY

We now describe in more detail the operating principles of the
device sketched in Fig. 1. At its core lies an MZI that functions as
a reconfigurable coupler, operating on the two distinct input wave-
guide modes a transformation described by the matrix U = [u;]. In
particular, the coupling properties are governed by the phase shifts
¢, and ¢, accumulated in the two arms, which can be controlled
by varying the corresponding TOPSs. In the ideal case of perfectly
balanced (i.e., 50:50) directional couplers and negligible losses, the
cross-coupling coefficient of the MZI is equal to

. AbN
Uy = Uy = te?®m = cos( 2¢)e]¢“"‘, (1)

where ¢em = 3 (¢1 + ¢2 + 7) is the total phase accumulated in the

MZI and t = cos (%) is a real coefficient, which depends on the

phase difference between the two MZI arms A¢ = ¢, — ¢, (see
the supplementary material). By taking into account the thermal
crosstalk between the two TOPSs, the dependence of ¢_ and A¢
on the dissipated electrical power P; and P, can be expressed as’'

2
Ag = /TZ [a1Py + azP; + AL], (2)

, 3

SR

¢cm = ij[blpl + bzpz +L] +
0

where Ao is the light wavelength in vacuum, a; and b; are coeffi-
cients depending on the device geometry and material properties,
L is an effective optical path length of the MZI (thus taking into
account also the effect of the refractive index), and AL is the
optical-length imbalance of the MZI arms introduced by fabrication
tolerances.

The power transmission of the device is given by the following
expression (see supplementary material and Ref. 22):
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P o + t* = 2at cos (Br + dem) @

T 1+t - 2at cos (6r +¢cm)’

where « is the amplitude transmission per round trip and 6r is
the phase accumulated per round trip excluding the MZI section.
Finally, it is convenient to associate the round-trip phase appearing
in (4) with an effective total optical path length Lo defined as

2

T Liot. (5)

6R + ¢cm =
Since in our structure the round trip in the resonators includes
the MZI, Li,« depends also on P; and P, [see (3)] and is not sim-
ply linked to the physical length of the device. However, as in the
case of conventional ring resonators, a resonant wavelength Ao,
satisfies the relation mAg,, = Liot, with m indicating the resonance
order. Similarly, the device transmission shows dips that are, for
a sufficiently small spectral range, periodic in wavelength with a

free spectral range FSR = %, where ¢ is the mean wavelength in
vacuum in the interval of interest (here, it can safely be taken as
Ao = 1550 nm).

Another figure of merit characterizing the performance of opti-
cal resonators is the Q factor, defined as the ratio between the
resonance frequency and the full width at half maximum (FWHM)
of the corresponding spectral dip. In our case, one can show that”

-1
Ao T Lot 2(X|t|
=————= arccos ———— | . 6
Q= FwHM Ao 1+ o?|t) ©)

This parameter is intrinsically related both to the round-trip losses
and to the optical length of the loop.

It is worth noting that, while the common phase ¢_ deter-
mines a shift in the resonances, the phase difference A¢ governs
|{| and, thus, modulates the depth of the transmission dips and

the Q factor. Critical coupling is achieved when the MZI transmis-
sion equals the ring transmission, namely |¢| = o; in this condition,
complete destructive interference (.7 = 0) is achieved at resonance.

IV. EXPERIMENTAL RESULTS

All the fabricated devices were characterized by measuring
the transmission spectrum in different coupling conditions, namely
with different values of |¢|. In detail, horizontally polarized coher-
ent light from a tunable C-band laser source (Santec TLS-570) was
coupled to the device input using an aspherical lens (0.18 NA). The
transmitted light is collected from the output port using another
aspherical lens (0.4 NA) and directed to an amplified photodi-
ode (Thorlabs PDA10CS2). The laser wavelength was continuously
swept over a 160 pm range starting from 1550.000 nm at 1 nm/s
speed, while the photodiode signal was recorded by a digital oscillo-
scope. An example of the resulting transmission spectrum is shown
in Fig. 2(a). To study different coupling conditions, corresponding
to different values of |¢|, we measured the transmission for different
values of the dissipated power P; on the first TOPS, leaving P, = 0.

From the acquired spectrum, we can experimentally retrieve
both the FWHM and the FSR of the transmission dips [see also
Fig. 2(b)], as averages of the widths and of the distances of the
resonance dips found in the acquired wavelength range.

In addition, from each spectrum, we extracted the minimum
(Vmin) and maximum values (Vmax) of the signal. Figure 2(c)
plots Vmin and Vmax as a function of P (respectively, the blue
and red curves), as an example in the case of the device with
R =19.8 mm. The maximum and minimum of the red curve corre-
spond to the cases of minimal |¢| ~ 1 and maximal [¢| ~ 0 coupling to
the ring, respectively. Importantly, these values can be used to esti-
mate experimentally the internal round-trip losses of the resonator
using
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FIG. 2. Characterization of the spectral response of the resonator. (a) Output power of the resonator as a function of wavelength under critical coupling conditions.
Multiple resonance dips are visible over a span of 160 pm. (b) Zoom-in of the spectral region highlighted by the red rectangle in (a), showing the shape and depth of
individual resonance fringes, with the FWHM and FSR indicated by red and orange arrows, respectively. (c) Maximum (red dot) and minimum (blue dot) transmission values
extracted from the spectra as P is varied (thereby tuning the coupling coefficient t), plotted in logarithmic scale, with 0 dB corresponding to the overall maximum measured
transmission value. The solid lines represent a theoretical fit, taking into account unbalanced directional couplers; see text. The dotted line labeled A (black), B (brown), and
C (gray) correspond to |t| = « (critical coupling condition), strong overcoupling (|t| ~ 0), and strong undercoupling (|t| ~ 1). The purple arrow indicates the internal losses
of the ring, while the green arrow marks the extinction ratio achieved experimentally at critical coupling.
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The measured losses are reported in Fig. 3(a) for all fabricated res-
onators. The increase in loss with the curvature radius is primarily
due to the longer loop length, showing that propagation losses in
the waveguides are dominant with respect to additional losses due
to bending, for the tested radii. Waveguides written at a speed of
7mm s~ demonstrate significantly better performance, consistently
remaining below 3 dB overall loss. In particular, the device with R
= 17.4 mm yields the minimum loss of about 1.9 dB, over a loop
geometrical length of 127.6 mm.

The vertical distance between the blue and the red curve in the
graph of Fig. 2(c) gives the extinction ratio of the transmission dips
for a given value of P;. The maximum extinction ratio is achieved at
the critical coupling points, where [t| = a. If the directional couplers
of the MZI were perfectly balanced, by varying P; we would be able
to scan the full interval of values of |t| from 0 to 1 following precisely
(1); in this ideal case, the maxima of the blue curve would touch
the red curve, resulting from a flat transmission spectrum at those
points. The distance between the curves still observed in those points
indicates that |¢| = 0 and |¢| = 1 cannot be achieved precisely due to
imperfections in the directional couplers of the MZI.

In fact, we also report as a solid line the fit from a theoret-
ical model, which includes the possibility of unbalanced couplers
(but still equal one to the other) composing the MZI. As shown in
Fig. 2(c), the experimental points are well reproduced by assum-
ing 64:36 power splitting ratio of the individual couplers (see the
supplementary material for additional details). This improved theo-
retical model would still predict vanishing transmission at the min-
ima, whereas, in practice, a finite residual background is observed.
This is likely due to the non-negligible spectral bandwidth of the
tunable laser; other small deviations between the data and the fitted
curve are attributable to the nonuniform wavelength scanning of the
laser.

Figure 3(b) reports the measured FSR values for all devices,
compared to a theoretical curve calculated as FSR = ié /Lot
=15/(ng %), where . is the nominal geometrical length of the
waveguide loop (counting both the length of the race-track and the
length of the MZI waveguides). In the 160-pm wide wavelength
range studied here, dispersion can be safely neglected, and in the
latter formula, we use ng = n = 1.49 from Ref. 24.

Finally, Fig. 3(c) reports the quality factor Q_ at the critical cou-
pling condition for all the fabricated devices. The quality factor at
the critical coupling is Q.. = Q;/2, with Q; the intrinsic quality fac-
tor, and hence it depends only on the propagation losses per unit
of length ay of the ring waveguide according to Q. = nng/(Aoar)
(see the supplementary material for additional details). Thus, from
the results shown in Fig. 3(c), one can directly estimate the propaga-
tion losses per unit of length, which are about 0.23 + 0.02 dB/cm for
5 mm/s writing speed and of about 0.17 + 0.02 dB/cm for 7 mm/s.
Such losses are essentially independent of radii, with small fluctua-
tion from sample to sample. This indicates negligible bending losses
for radii larger than 17 mm for both fabrication speed. As a fur-
ther check, inverting (6) with these Q factor values yields round-trip
losses in good agreement with those previously determined. The
best-performing resonator exhibits Q.. ~ 8.3 x 10° corresponding to
Q; ~ 1.6 x 10°.

The propagation and bending loss demonstrated here are well-
aligned with the state of the art of our technology in this kind of
substrate and for telecom wavelengths.'”*>*” Based on what has
been reported in the literature for waveguides fabricated with simi-
lar parameters, it is reasonable to expect that bending losses become
increasingly significant for radii smaller than 15 mm. Specific wave-
guide irradiation strategies (see, e.g., Ref. 25) may enable smaller
bending radii, at the expense of higher propagation loss and reduced
Q-factor.

As mentioned, the Q factor changes with the coupling condi-
tion defined by the MZI that in our device can be tuned actively.
Figure 4 shows the Q factor as a function of the dissipated power P,
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FIG. 3. Characterization of all resonators as a function of the ring radius, where blue dotted markers represent the values obtained with a writing speed of 5 mm s~',
while red diamonds correspond to those fabricated at 7 mm s~". (a) Measured round-trip losses of the ring resonator. (b) Free Spectral Range (FSR), where the green

/\2

line represents the theoretical prediction based on the relation FSR = ™

, and the data points indicate measured values, calculated by averaging the separation between

resonance dips detected over the scanned wavelength range. (c) Quality factor of each resonator, extracted from the FWHM under critical coupling conditions.
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FIG. 4. Q factor as a function of dissipated power Pj, illustrating the transition
between coupling regimes, from strong overcoupling (| ~ 0) to strong undercou-
pling (|t| ~ 1), passing from critical coupling (| = &). The highest Q factor is
observed in undercoupling regime. No data points are shown around the minima,
as the transmission spectrum becomes flat in those regions, preventing the iden-
tification of a resonance dip and, consequently, the measurement of a meaningful
FWHM.

calculated from the FWHM of the spectral dips, in the case of the
device with R = 19.8 mm. The plot highlights three notable coupling
conditions: critical coupling (|t| = ), strong overcoupling (|¢| ~ 0),
and strong undercoupling (|¢| ~ 1). The highest Q factor is observed
in the undercoupling regime.

Finally, we show that by simultaneously actuating both TOPSs
on the two MZI arms, we can tune the position of the resonances.
We scan the power P, on the second TOPS, while adjusting at the
same time P; according to

a
Py =Pi— 2Py, (8)
ay

where P is the dissipated power that produces the critical cou-
pling condition when P, = 0 (namely, i—:(alpl‘cc + AL) = A¢. that
gives |t| = «). In this way, we ensure that the phase shift difference
A¢ in the MZI remains constant, thereby maintaining the critical

—_ —
[=} w
T T

Wavelength Shift (pm)

0 10 20 30 40 50 60
P2 (mW)

FIG. 5. Diagram showing the resonance shift as a function of the dissipated power
P,. The data show a clear linear trend, highlighted by the black linear fit.
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coupling condition. At the same time, the common phase ¢_ is var-
ied, effectively modifying the total phase accumulated in the ring.
The values of the coefficients a; and a, were estimated by a pre-
liminary characterization of the response of each TOPS separately
(see the supplementary material for further detail). For each value of
P,, we recorded the transmission spectrum, which was then convo-
luted with a reference one acquired with P, = 0, to accurately extract
the wavelength shift of the dips. The results are shown in Fig. 5,
together with a linear fit. We are able to change the position of the
peak by more than 15 pm, namely more than one FSR, in this case
in the order of 11 pm. This demonstrates complete tunability of the
device.

V. CONCLUSIONS

We have demonstrated the tunable integrated ring resonators
fabricated using FLM, reaching a Q factor above 8 x 10° at critical
coupling. By actuating judiciously the two TOPS on the MZI that
couples the ring resonator to the waveguide, we demonstrate precise
tuning of the resonance position over more than one FSR, and the
capability to change the Q factor actively. This capability makes our
device versatile and of potential interest for applications requiring
dynamic control of the spectral response, including tunable optical
filters, gyroscopes, and other sensing systems. Due to the inherently
low thermo-optic coefficient of silica glass and to the high control on
the heat diffusion in our microstructured TOPS, this platform may
offer improved thermal stability compared to silicon-based tech-
nologies. Notably, this demonstration paves the way to innovative
devices, integrating ring resonators with other three-dimensional
optical or fluidic devices uniquely enabled by the capabilities of the
FLM technology.

SUPPLEMENTARY MATERIAL

The supplementary material reports additional information
about: the device design and fabrication, the physical modelling of
the device opertion, the curve fitting in Fig. 2(c), the experimental
procedure to estimate coefficients a; and a, in Eq. (8), the relation

between optical loss and Q factor.
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