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Abstract
A monolithic lab-on-a-chip fabricated by femtosecond laser micromachining capable of label-free
biosensing is reported. The device is entirely made of fused silica, and consists of a microdisk resonator
integrated inside a micro�uidic channel. Whispering gallery modes are excited by the evanescent �eld of
a circular suspended waveguide, also incorporated within the channel. Thermal annealing is performed to
decrease the surface roughness of the microstructures to a nanometric scale, thereby reducing intrinsic
losses and maximizing the Q-factor. Further, it is used to position, with submicrometric precision, the
waveguide tangent to the resonator and within the critical coupling regime. With this fabrication method
and geometry, the alignment between the waveguide and the resonator is robust and guaranteed at all
instances. A maximum sensitivity of 121.5 nm/RIU was obtained at a refractive index of 1.363, whereas
near the refractive index range of water-based solutions the sensitivity is 40 nm/RIU. A high Q-factor of
105 is kept throughout the entire measurement range.

Introduction
Optical microresonators support light propagation along its surface in the form of whispering-gallery
modes (WGM), due to total internal re�ection. The unique features of strong light con�nement within a
small volume and for long periods of time, promote light-matter interactions that make these devices
ideal platforms for optical sensing1,2. Accordingly, the detection of several physical parameters, such as
temperature3, pressure4, electric5 or magnetic6 �eld has already been demonstrated. Further, the progress
made in signal enhancement techniques has contributed to rapid advances in the �eld. Detection through
mode splitting7 or mode broadening8 enable self-reference measurements with a limit of detection at the
nanometric scale, whereas plasmonic enhancement9, through integration of WGM with surface plasmon
resonances, has led to an improvement in the sensitivity. Meanwhile, chemical functionalization of the
surface of the microresonator has enabled targeted detection of single nanoparticles, molecules, or
viruses7,10. Moreover, the construction of WGM resonators on materials with optical gain has enabled the
production of low-threshold microlasers11.

Different geometries (e.g. microspheres12, microdisks13, or microbottles14) have also been exploited, with
the WGMs being typically excited through the near evanescent �eld of a free-standing tapered �ber11 or
prism coupling15. Despite presenting high sensitivities with ultrahigh quality (Q) factors15, the coupling
technique itself limits the widespread use of these devices. The lack of integration between the
microresonator and the coupling prism or tapered �ber impacts the portability and handling of the device,
while the mechanical instability of the latter can also become a noise source and disturb the excitation of
WGMs. Also, the incompatibility between traditional processing techniques prevents the integration of
these optical devices with micro�uidic systems capable of handling low volumes of analyte, which is
appealing for biosensing and in medical environments.
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Recently, femtosecond laser micromachining16,17 has been proposed as a versatile fabrication tool for
material processing and device fabrication. Depending on the material and irradiation conditions, several
effects can be observed, leading to a wide range of applications. Local increase of the refractive index led
to the formation of optical waveguides and more complex optical systems18 in both passive and active
media, whereas ablation19 or enhancement of etching selectivity20 enabled the construction of
micro�uidic systems in several glasses17. Meanwhile, multiphoton polymerization has been used to
produce polymeric microstructures inside a micro�uidic channel21 or at the tip of an optical �ber22. In
fact, within the context of this work, two-photon polymerization proved to be successful in the fabrication
of microresonators permanently coupled to a tapered waveguide, which is responsible for the excitation
of WGMs23,24. However, the use of polymers can compromise the performance of this device, especially
when compared to its silica-based counterparts. Fused silica, besides being the material of choice in
optical communications, is also attractive for biosensing and biomedical applications due to its
biocompatibility and inertness to solvents. Further, its mechanical durability and thermal stability is a pre-
requisite in most real-life applications. Nevertheless, the fabrication of this geometry in fused silica has
proven to be a challenge, owing to the subtractive nature of fs-laser irradiation followed by chemical
etching25. Here, we report how the introduction of a subsequent thermal annealing procedure enables the
production of a monolithic chip, entirely made of fused silica, which includes a WGM resonator within the
micro�uidic channel, for �uid handling capabilities, and a suspended waveguide responsible for
permanently coupling light into the resonator. After describing the fabrication method, the optical
response of the device against the refractive index of the �uid surrounding the microresonator is
discussed.

Results
Description of the Device. A schematic of the device is shown in Fig. 1. It is composed by a micro�uidic
channel that contains a microdisk, supported by a cylindrical pedestal of lower radius, and a suspended
waveguide, which is anchored to the lateral walls of the micro�uidic channel. The suspended waveguide
is tangent to the microdisk, and can thereby excite WGMs of the resonator through evanescent coupling.
Two fs-laser written waveguides, denominated lead-in and lead-out waveguide, couple light into and out
of the suspended waveguide, respectively. Fluids injected inside the micro�uidic channel can directly
interact with the optical resonator and with the suspended waveguide. The process �ow for the
fabrication of the monolithic sensor consists of three main steps, which are described in the Materials
and Methods section: (1) fs-laser irradiation followed by chemical etching of the irradiated areas to create
the micro�uidic channel (already including the microresonator and the suspended waveguide), (2)
thermal annealing of the substrate, and (3) fs-laser direct writing of the lead-in and lead-out waveguides.

The inclusion of thermal annealing to the fabrication process solves some of the limiting issues related
to the fabrication and performance of the device. First, the surface roughness is inversely proportional to
the intrinsic Q-factor of the microresonator26, and negatively affects the propagation losses of the
suspended waveguide due to optical scattering. This parameter should then be minimized, which can beLoading [MathJax]/jax/output/CommonHTML/jax.js
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achieved through thermal treatment, either by thermal annealing27 or CO2 laser polishing28. Second, and
more crucial, it allows to circumvent the limitations imposed by the chemical etching, and which are
characteristic of fs-laser micromachining. In particular, the etching selectivity created by fs-laser writing is
limited20 and, consequently, a hollow gap between the initially tangent microstructures is always formed,
which determines that the device is in an under-coupling regime. In our system, a minimum gap of 2.5 µm
is always observed, which prevents the e�cient excitation of WGMs. To overcome this issue, a morphing
technique, which is induced by heating the substrate to a temperature above its annealing point, was
employed. Although the morphing effect has also been used to transform the shape of microstructures28,
here, it is utilized as a mechanism to place the suspended waveguide within the correct distance to
achieve the critical coupling condition.

Surface Roughness. Despite obtaining a direct replica of the designed device, the chemical etching leads
to an undesired surface pro�le. Figure 2a reveals that both the top and sidewall surfaces of the microdisk
are rugged, albeit with different topographies. The top surface exhibits a periodical modulation along the
direction transverse to the scanning orientation of the fs-laser beam, where the crests are spaced by 3 µm
which matches the horizontal gap between adjacent laser scans. Meanwhile, the sidewall pattern is more
random and smoother, which is associated to a lower surface roughness. This difference is related to the
dimensions of a singular modi�cation track and the user-de�ned spacing between each. During laser
direct writing, the laser-irradiated tracks merge along the vertical direction which results in a more uniform
etching, whereas they are separated by a thin pristine layer along the horizontal direction which creates a
rougher pro�le after chemical etching. Although the effect observed in the top (and bottom surfaces)
could be theoretically minimized by reducing the separation between horizontally-adjacent laser scans to
below the de�ned 3 µm, in practice it was observed that this resulted in fractures in the material.

Therefore, in order to decrease the surface roughness, the substrate is subjected to a thermal treatment
process. Figure 2b shows that the root-mean squared (RMS) surface roughness decreases asymptotically
with the annealing temperature, which is also con�rmed from the inset images of Fig. 2b and from
Fig. 2e-f where it is shown that the initially rugged surface becomes smoother. The smoothing is due to
material redistribution in an energetically favorable con�guration as a result of the surface tension
overcoming thermally decreasing viscosity forces29. Further, the material’s viscosity decreases as the
temperature increases, which enhances the re�ow effect and minimizes the surface roughness, thereby
explaining the behavior against annealing temperature depicted in Fig. 2b. In particular, after thermal
annealing at 1250˚C, the RMS roughness decreases from 87 nm to 11 nm, while the surface remains
uniform which also indicates a homogeneous refractive index distribution. Moreover, for lengths up to
2000 µm, the suspended waveguide is straight and stable after thermal annealing, as demonstrated in
Fig. 2f. For lengths greater than 2000 µm, the suspended waveguide started to bend downwards, as also
highlighted by Chen et al30.

Morphing. During thermal treatment, besides the smoothing, the surface tension also causes the
microstructures to morph into a shape that minimizes the surface area28. Following from the conclusions
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drawn by Drs et al28, the initially square-shaped suspended waveguide is expected to morph into a
circular one. In fact, by measuring the dimensions of the waveguide before and after thermal annealing, it
was veri�ed that the cross-sectional area stayed constant during thermal treatment which further
validates this hypothesis.

Likewise, the shape of the microresonator is also modi�ed. From Figs. 2c-d, the straight sidewalls
become round-beveled with a straight segment in-between. This is contrary to what has been reported so
far31, where the microdisk would shrink and collapse into a microtoroid after CO2 laser polishing. The
reason why those effects are not observed here has to do with the dimensions of the microresonator.
Regardless of the microdisk’s diameter, by establishing the ratio between the radii of the pedestal to the
microdisk to be 90%, the microdisk is impeded from slithering during thermal annealing and,
consequently, shrinking is avoided. At the same time, this ratio is enough to stop the pedestal from
deforming the WGM mode. Similarly, the height of the microdisk also in�uences the morphing effect. The
microdisk collapses into a microtoroid akin to the work developed by Song et al31 for heights lower than
20 µm, whereas, by increasing the height, only the bevel of its top and bottom surfaces is observed as
shown in Fig. 2c.

Critical Coupling Condition. Several requirements, regarding the dimensions and alignment between the
suspended waveguide and the microdisk, must be met to successfully excite WGMs in the resonator32,33.
From numerical simulations32, it is concluded that the diameter of the suspended waveguide should be
of a few micrometers to enhance the evanescent �eld and to promote optical coupling. Although these
dimensions can be easily obtained with a tapered �ber fabricated through the heat-and-pull method, they
are more di�cult to be obtained by laser machining processes. For instance, Cheng et al30 could not
fabricate suspended waveguides in Foturan glass with diameters lower than 20 µm, whereas Ceccarelli et
al19 had to �rst ablate the pristine material surrounding a 20×90 µm2 Corning EAGLE X slab and then
fabricate the waveguide through fs-laser writing. Here, those limitations are circumvented, and much
smaller suspended waveguides, with diameters around 2–3 µm, were fabricated. Although the fabrication
technique does not impose any limit to the diameter of the suspended waveguide, it was observed that
smaller waveguides would break more easily during the etching process. Further, light is coupled into and
out of the suspended waveguide through a lead-in and lead-out waveguide, respectively, which are
fabricated following the procedure outlined in the Materials and Methods section. Given that the
waveguides are geometrically aligned, the coupling losses are mainly due to mode mismatch between the
lead-in (or lead-out) waveguide and the suspended waveguide. The suspended waveguide should be as
small as possible to enhance the evanescent �eld that interacts with the microdisk. This, however, leads
to an increase in the coupling losses between the lead-in (or lead-out) waveguide and the suspended
waveguide. In this work, the fabrication of smaller suspended waveguides was favored at the expense of
higher coupling losses. Still, it should be noted that the mode pro�le of the suspended waveguide is
inherently related to the refractive index of the surrounding �uid, which determines the coupling losses to
vary whenever the external refractive index changes.
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The second criterion is related to the coupling between the suspended waveguide and the microdisk. The
alignment along the vertical direction is easier to accomplish, and consists of designing the suspended
waveguide centered to the microdisk. Given that chemical etching produces an almost 1:1 replica of the
design and that thermal annealing barely changes the dimensions and position of both structures, this
condition prevails throughout all fabrication steps.

The biggest challenge is aligning both structures along the horizontal plane, where ideally the suspended
waveguide should be tangent to the microresonator32. As previously mentioned, the �nite etching
selectivity prevents this from occurring, which leads to the appearance of a micrometer-long gap between
both structures that inhibits the excitation of WGMs. By adapting the geometry of the suspended
waveguide and by resorting to the morphing effect, this issue can be solved as demonstrated in Fig. 3. As
illustrated in Fig. 3a, the design of the suspended waveguide now consists of two symmetric straight
sections, connected by an arc segment that surrounds part of the microresonator and whose curvature
radius matches the microdisk’s radius. The start and end points of the arc coincide with the intersection
points of the straight segments with the microresonator; although both structures distance themselves
from one another during etching, their shape is preserved. During thermal annealing, the suspended
waveguide straightens and gets closer to the microdisk, as seen in Fig. 3b-d. Morphing can then be used
to place the suspended waveguide tangent to the resonator, under the critical coupling regime, whereas
the chemical etching allows us to control the relative position of both structures with micrometric
precision. Further, if the straight and arch segments are designed to have the same dimensions then, after
thermal annealing, the suspended waveguide is uniform throughout its entire length, as shown in Fig. 3c.
However, if in the design of the device, the dimensions of the arched section are lower than those of the
straighter segments, the suspended waveguide becomes tapered after thermal annealing, as
demonstrated in Figs. 3b and 3d. This way, it is possible to further narrow the suspended waveguide and,
in turn, enhance the evanescent �eld without compromising the mechanical stability of the suspended
waveguide.

Three different situations, shown in Fig. 4a-b, illustrate the control that can be obtained depending on
when the etching reaction is stopped. In particular, if it is stopped when the straight segment of the
suspended waveguide is tangent to the microdisk then, after thermal annealing, the arched section will
straighten and be tangent to the microresonator, as shown in Fig. 3b-d and in Fig. 4b. This is different
from what was reported by Song et al31, where a tapered �ber would deform after being welded to the
microtoroid, thereby placing the device in the overcoupling regime. If the reaction is stopped later both
structures become distanced, whereas if it is stopped earlier the suspended waveguide merges with the
microdisk and becomes deformed, as shown in Figs. 4a and 4c, respectively.

Figures 3b and 4a-c also reveal that the bottom surface of the micro�uidic channel has a corrugated
pro�le and that the microdisk’s pedestal presents some defects. These pro�les are a consequence of the
�nite etching selectivity, and aggravated by the fact that the duration of the etching reaction is
determined by the �nal position of the suspended waveguide relative to the microdisk. As a result, the
layers beneath the microdisk are etched for a shorter time period, in comparison to the rest of theLoading [MathJax]/jax/output/CommonHTML/jax.js
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material, which translates into a poorer surface quality. Still, these irregularities do not introduce optical
losses to the device, and can easily be solved by using a closely spaced hatching scans in the layers
de�ning the bottom of the micro�uidic channel.

In the situation displayed in Fig. 4a, the suspended waveguide is 2.2 µm away from the microdisk border.
Accordingly, no WGMs are excited as can be con�rmed from the transmitted spectrum of Fig. 5a-b in air
and deionized water, respectively. Instead, a periodic modulation is observed, which is caused by Mach-
Zehnder interference (MZI) between the fundamental mode of the suspended waveguide and uncoupled
light that propagates across the micro�uidic channel34. Kelemen et al24 reported this same issue, but
were able to avoid it by writing a bended suspended waveguide with the input and output transversely
distanced.

The scenario displayed in Fig. 4b enables the excitation of WGMs as evidenced from the transmitted
spectra shown in Fig. 5c-d, where a suspended waveguide with waist diameter of 2.4 µm is put in contact
with a microdisk with radius and height of 72 µm by 50 µm, respectively. Multiple modes of the resonator
are excited, due to the measurements being made with linearly polarized light at an unknown angle that
causes both TE (transverse electric) and TM (transverse magnetic) modes to be excited, and due to the
large dimensions of the microdisk which supports multimode propagation35. Still, a dominant resonance
periodically spaced by 3.6 nm is seen in both graphs. The measured free spectral range is in good
agreement with the expected value, whereas the apparent independence from the external media is
associated to a weak variation of the effective index of the excited WGM with the surrounding refractive
index. Also, in spite of the WGM spectrum overlapping with the MZI spectrum de�ned earlier, the period of
the MZI modulation is an order of magnitude higher than the free spectral range of the WGM spectrum,
for all surrounding �uids tested. Ergo, the presence of the overlaying modulation does not interfere with
the optical characterization of the whispering-gallery resonator.

The condition illustrated in Fig. 4c places the device in the over-coupling regime, which is accompanied
by an increase in the insertion losses. Song et al31 and Kelemen et al24 also observed this effect, and
added that the Q-factor decreases in this regime.

Optical Characterization. To demonstrate its applicability as a refractive index sensor, the response of the
device (shown in Fig. 3d and in the inset of Fig. 5c) against the surrounding media was characterized.
Different Cargille �uids (series AA), with refractive index spanning from 1.296 to 1.363 at 1550 nm, were
successively inserted in the micro�uidic channel and the transmission spectrum was measured.
Inbetween measurements, the device was thoroughly cleaned. To simplify the analysis, the
measurements were made with the input beam linearly polarized to excite only the TM modes of the
microresonator.

Overall, the resonances broaden and weaken as the refractive index increases, which is accompanied by
a reduction in the number of excited modes. These results are summarized in Figs. 6a and 6b, where it
was tracked the behavior of the resonance located at 1550 nm. As the external refractive index increases,
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the resonance shifts non-linearly to higher wavelengths which indicates that the effective refractive index
of the WGM, under analysis, is increasing. The sensitivity to refractive index variations of the surrounding
medium, displayed in Fig. 6c, is obtained by plotting the �rst derivative of the curve shown in Fig. 6b. A
maximum sensitivity of 121.5 nm/RIU is obtained at an index of 1.363, with a detection limit36 of
7.0×10− 4. For refractive indices near that of aqueous solutions, the sensitivity is 40 nm/RIU. For
comparison, Song et al31 and Kelemen et al24 obtained a linear sensitivity of 61 ± 1 nm/RIU between
1.3344 and 1.3840, and of 220 nm/RIU around the refractive index of water, with a 25 µm radius
polymeric microring and with a 40 µm fused silica microtoroid, respectively.

After �tting the resonance with a Lorentzian function, the peak width (full-width at half-maximum) and
the Q-factor were computed36. Figure 6c shows that the Q-factor decreases from 5.33×105 to 0.28×105 as
the refractive index increases from 1.296 to 1.363, which is attributed to weaker light con�nement inside
the microresonator37. Still, the measured Q-factor is on par with what was reported by Song et al31, and is
two orders of magnitude higher than what was reported by Kelemen et al24.

Discussion. In this work, it was constructed a label-free opto�uidic sensor entirely made of fused silica,
which integrates a whispering-gallery mode resonator, being excited by the evanescent �eld of a
suspended waveguide, inside a micro�uidic channel. The device is fabricated by fs-laser micromachining
followed by chemical etching and thermal annealing. The introduction of this procedure decreases the
surface roughness of both microstructures to tens of nanometers, thereby improving the quality factor.
Further, it provides a way to accurately position the suspended waveguide tangent to the microresonator
and, in turn, to operate the device in the critically coupled regime. The versatility provided by fs-laser
micromachining also enables us to accurately control the dimension and geometry of both
microstructures, in order to attain optimal phase-matching. The morphing tool described here solves
numerous practical issues regarding handling and applicability of the device. The fabrication and
experimental results have proven to be repeatable, while the monolithic construction guarantees that the
suspended waveguide and resonator are robust and aligned at all times. The device shows a sensitivity
of 40 nm/RIU and a quality factor of 2×105 for refractive indices near that of aqueous solutions, akin to
what has been reported for similar devices and enough for most biosensing applications. Fluid handling
capabilities can still be incorporated within the micro�uidic channel17,23, whereas Kelemen et al24

demonstrated these optical systems can also be used in biosensing applications.

Still, improvements to the current device can be made. A higher control of the distance between the
suspended waveguide and the microresonator can be achieved by exploiting etchants with higher etching
selectivity. Different geometries can also be explored to fully remove the in�uence of the Mach-Zehnder
interference on the whispering-gallery mode spectrum. In particular, a possible solution is to fabricate two
suspended waveguides, placed tangent and on opposite sides of the resonator. In this geometry, light
propagating forward across one of the waveguides excites WGMs of the microresonator, which are
themselves coupled to the other waveguide where light propagates backwards and whose spectrum is
measured. Meanwhile, the micro�uidic channel can also be fabricated beneath the surface of the fused
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silica substrate or sealed with a PDMS layer where, by opening two holes to the cover layer, �uids can be
drawn into and out of the channel.

Methods
Fabrication of the Device. The device is fabricated in a pure fused silica substrate (Suprasil 1), with
dimensions of 25×25×1 mm3. First, the side facets of the substrate are polished in order to minimize the
optical coupling losses to the lead-in and lead-out waveguides. The micro�uidic channel is then
fabricated in a laser direct writing workstation (Workshop of Photonics) by irradiating the substrate with
the second harmonic of a �ber ampli�ed fs-laser system (Amplitude Systèmes HP). The laser beam,
operating at 515 nm with an approximate pulse duration of 250 fs and repetition rate of 500 kHz, is
focused inside the substrate by a 0.42 numerical aperture plan achromat objective (Mitutoyo M Plan Apo
NIR 50×). Aerotech direct-drive stages (ANT130XY-110 PLUS and ANT130V-5 PLUS) are responsible for
scanning the substrate in relation to the laser beam, according to the user-de�ned path. The three-
dimensional design of the micro�uidic channel is sliced in several horizontal layers, vertically spaced by 5
µm, which are written sequentially from the bottom to the top. The properties (position, shape, and size)
of the suspended waveguide and microdisk are stored in these layers, which are further hatched into
parallel tracks, regularly spaced by 3 µm, which de�ne the path of the laser beam. Each of these lines is
written with a scanning speed of 3000 µm/s and pulse energy of 60 nJ. Additionally, the lines are oriented
along the minor axis of the micro�uidic channel in the layers containing the suspended waveguide, and
oriented along the major axis in the remaining layers. Further, these tracks end 1 µm from the contour of
the suspended waveguide and of the microdisk, whose corresponding scans are written with a translation
velocity of 500 µm/s and pulse energy of 50 nJ. With the exception of the contour of the microdisk and
its pedestal, the polarization of the laser beam is orthogonal to the scanning direction. When designing
the device, it is important to bear in mind that the dimensions of the structures, after laser direct writing,
have to be corrected by the width and height of a single modi�cation track, which are 2 µm and 10 µm at
the previous scanning conditions, respectively. The laser direct writing process takes less than 30
minutes, after which the substrate is immersed for 50 minutes in an ultrasonic bath (Branson 2510) of a
10% hydro�uoric (HF) acid solution at 30˚C, which will remove preferentially the regions irradiated by the
fs-laser beam. Thermal annealing is then performed in a closed furnace (Carbolite RHF-1500). The
temperature of the substrate is ramped up to the setpoint value at an initial rate of 15˚C/minute, which
starts decreasing to less than 1˚C/minute as the temperature surpasses 1000˚C. It takes around �ve
hours for the system to reach the target temperature, after which the substrate is held at this temperature
for an additional �ve hours, before cooling down slowly to room temperature. Lastly, the lead-in and lead-
out waveguides are written through fs-laser direct writing, using the same workstation mentioned above.

To minimize coupling losses due to geometrical mismatches between the lead-in (or lead-out) waveguide
and the suspended waveguide, the substrate is aligned so that all waveguides are parallel to each other
and their respective optical axes coincide. Both axes are aligned along the horizontal and vertical
directions within a 0.1 µm and 1 µm error, respectively. The waveguides terminate 20 µm from the border
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of the micro�uidic channel, and are written with a scanning speed of 200 µm/s, pulse energy of 100 nJ
and with the laser beam polarized along the scanning direction.

Optical Characterization. To measure the transmission spectrum of the device, a continuous swept laser
source was coupled into a single-mode �ber (SMF-28) and butt-coupled to the entrance of the lead-in
waveguide. Light coming from the lead-out waveguide is coupled into another optical �ber, and collected
by a spectral analyzer (FS22SA Spectral Analyzer Industrial BraggMETER) operating from 1500 to 1600
nm with a 1.0 pm resolution. The substrate is placed on an Elliot Martock MDE881 stage with piezo
controls (Dali E-2100) and special holders for precise alignment of the input/output �bers with the lead-

in/lead-out waveguides, respectively. Index matching (Cargille series AA n25℃
D = 1.4580 ± 0.0002)

was used to minimize Fresnel re�ections at the input/output facet. The spectra reported in Fig. 5 were
obtained with light linearly polarized along an unknown direction, whereas the ones displayed in Fig. 6
were obtained with a light beam linearly polarized parallel to the surface of the substrate. This was
achieved by placing, in-between the optical source and the substrate, an in-line �ber polarizer (ThorLabs
ILP1550 PM-APC) followed by a polarization-maintaining �ber (Fujikura PM1550), which is assembled on
a rotary �ber holder (Elliot Martock) that controls the input polarization angle. All measurements were
made at 20 ± 1˚C.

Pro�lometer. The surface pro�le of a micro�uidic channel, with surface area of 800×500 µm2, was
measured through contact pro�lometry (Dektak Bruker pro�lometer) with a tip stylus terminating in a 45˚
cone and end radius of 2.5 µm. To compute the root-mean squared roughness, a band-pass �lter38 was
applied to the measured surface pro�le in order to remove the in�uence of the waviness and nominal
pro�les (low-frequency component) and the noise pro�le associated to the measurement resolution (high-
frequency component). The cut-off frequencies were chosen in a way that minimizes the skewness of the
resulting surface.

Microscopy. Optical microscopy and scanning electron microscopy (SEM) were both used to characterize
the devices. A Leica microscope unit was used to observe, with 200× ampliation, the top and cross-
section pro�les of the microstructures. For SEM imaging, the samples were �rst coated with an Au/Pd
thin �lm by sputtering, using the SPI module Sputter Coater equipment. A high resolution (Schottky)
Environmental Scanning Electron Microscope with X-Ray Microanalysis and Electron Backscattered
Diffraction analysis (FEI Quanta 400 FEG SEM / EDAX Genesis X4M), operating at low vacuum, was then
used to observe the microstructures.

Declarations
Acknowledgments

This work was supported by Fundação para a Ciência e Tecnologia through grant no.
SFRH/BD/133095/2017 and by Project “On Chip Whispering Gallery Mode Optical Microcavities For
Emerging Microcontaminant Determination In Waters” – SAFE WATER, which is supported and co-funded

Loading [MathJax]/jax/output/CommonHTML/jax.js



Page 11/18

by the European Commission, Directorate-General Communications Networks, Content and Technology
(DG CONNECT) under the ERA-NET Cofund scheme – Horizon 2020 “Horizon 2020 – the Framework
Programme for Research and Innovation (2014-2020)”.

Author Contributions

João M. Maia and P. V. S. Marques conceived the device. João M. Maia fabricated the device, with
assistance by Vítor A. Amorim who determined the writing parameters that minimize the insertion losses
of the lead-in and lead-out waveguide. João M. Maia performed the measurements. All authors
contributed to the analysis and discussion of the results. João M. Maia and P. V. S Marques wrote the
manuscript, which was reviewed by all authors.

Con�ict of Interests

The authors declare no competing interests.

References
1. Jiang, X., Qavi, A. J., Huang, S. H. & Yang, L. Whispering-Gallery Sensors. Matter 3, 371-392 (2020).

2. Ward, J. & Benson, O. WGM microresonators: sensing, lasing and fundamental optics with
microspheres. Laser & Photonics Review 5(4), 553-570 (2011).

3. Dong, C.-H. et al. Fabrication of high-Q polydimethylsiloxane optical microspheres for thermal
sensing. Applied Physics Letters 94, 231119 (2009).

4. Manzo, M., Ioppolo, T., Ayaz, U. K. Lapenna, V. & Ötügen, M. V. A photonic wall pressure sensor for
�uid mechanics. Review of Scienti�c Instruments 83, 105003 (2012).

5. Armani, D., Min, B., Martin, A. & Vahala, K. J. Electrical thermo-optic tuning of ultrahigh-Q microtoroid
resonators, Applied Physics Letters 85, 5439 (2004).

�. Zhu, J., Zhao, G., Savukov, I. & Yang, L. Polymer encapsulated microcavity optomechanical
magnetometer. Scienti�c Reports 7, 8896 (2017).

7. He, L., Özdemir, S. K., Zhu, J., Kim. W. & Yang, L. Detecting single viruses and nanoparticles using
whispering gallery microlasers. Nature Nanotechnology 6, 428-432 (2011).

�. Shen, B.-Q. et al. Detection of single nanoparticles using the dissipative interaction in a high-Q
microcavity. Physical Review Applied 5, 024011 (2016).

9. Dantham, V. R. et al. Label-free detection of single protein using a nanoplasmonic-photonic hybrid
microcavity. Nano Letters 13(7), 3347-3351 (2013).

10. Vollmer, F. & Arnold, S. Whispering-gallery-mode biosensing: label-free detection down to single
molecules. Nature Methods 5(7), 591-596 (2008).

11. Jiang, X.-F. et al. Highly unidirectional emission and ultralow-threshold lasing from on-chip
ultrahigh‐Q microcavities, Advanced Materials 24(35) (2012).

Loading [MathJax]/jax/output/CommonHTML/jax.js



Page 12/18

12. Spillane, S. M., Kippenberg, T. J. & Vahala, K. J. Ultralow-threshold Raman laser using a spherical
dielectric microcavity. Nature 415, 621-623 (2002).

13. Lee, H. et al. Chemically etched ultrahigh-Q wedge-resonator on a silicon chip. Nature Photonics 6,
369-373 (2012)

14. Ding, M., Murugan, G. S., Brambilla, G. & Zervas, N. Whispering gallery mode selection in optical
bottle microresonators. Applied Physics Letters 100, 081108 (2012).

15. Grudinin, I. S., Ilchenko, V. S. & Maleki. L. Ultrahigh optical Q factors of crystalline resonators in the
linear regime. Physical Review A 74, 063806 (2006).

1�. Gattass, R. R. & Mazur, E. Femtosecond laser micromachining in transparent materials. Nature
Photonics 2, 219-225 (2008)

17. Choudhury, D., Macdonald, J. R. & Kar, A. K. Ultrafast laser inscription: perspectives on future
integrated applications. Laser & Photonics Reviews 8(6) (2014).

1�. Haque, M., Lee. K. C., Ho, S., Fernandes L. A. & Herman, P. R. Chemical-assisted femtosecond laser
writing of lab-in-�bers. Lab on a Chip 14, 3817-3829 (2014).

19. Ceccarelli, F. et al. Low.power recon�gurable photonic integrated circuits fabricated by femtosecond
laser micromachining. Proc SPIE 11283, Integrated Optics: Devices, Materials, and Technologies
XXIV, 1128311 (2020).

20. Ross, C. A., MacLachlan, D. G., Choudhury, D. & Thomson, R. R. Optimisation of ultrafast laser
assisted etching in fused silica. Optics Express 26(19), 24343-24356 (2018).

21. Wang, J. et al. Embellishment of micro�uidic devices via femtosecond laser micronanofabrication
for chip functionalization. Lab on a Chip 10, 1993-1996 (2010).

22. Li, J. et al. Two-photon polymerisation 3D printed freeform micro-optics for optical coherence
tomography �bre probes. Scienti�c Reports 8 (2018).

23. Zhang, S. et al. High-Q polymer microcavities integrated on a multicore �ber facet for vapor sensing.
Advanced Optical Materials 7(2) (2019).

24. Kelemen, L. et al. Direct writing of optical microresonators in a lab-on-a-chip for label-free biosensing.
Lab on a chip 19, 1985-1990 (2019).

25. Haque, M., Zacharia, N. S., Ho, S. & Herman, P. R. Laser-written photonic crystal opto�uidics for
electrochromatography and spectroscopy on a chip 4(8), 1472-1485 (2013).

2�. Lin, G. et al. Dependence of quality factor on surface roughness in crystalline whispering-gallery
mode resonators. Optics Letters 43(3), 495-498 (2018).

27. He, F., Lin, J. & Cheng, Y. Fabrication of hollow optical waveguides in fused silica by three-
dimensional femtosecond laser micromachining. Applied Physics B: Lasers and Optics 105, 379-384
(2011).

2�. Drs, J., Kishi, T. & Bellouard, Y. Laser-assisted morphing of complex three dimensional objects. Optics
Express 23(13), 17355-17366 (2015).

Loading [MathJax]/jax/output/CommonHTML/jax.js



Page 13/18

29. Osawa, K. et al. Smoothing of surface of silica glass by heat treatment in wet atmosphere. Journal
of Applied Physics 109, 103520 (2011).

30. Cheng, Y., Sugioka, K. & Midorikawa, K. Freestanding optical �bers fabricated in a glass chip using
femtosecond laser micromachining for lab-on-a-chip application. Optics Express 13(18), 7225-7323
(2005).

31. Song, J. et al. Fabrication of an integrated high-quality-factor (high-Q) opto�uidic sensor by
femtosecond laser micromachining. Optics Express 22(12), 14792-14802 (2014)

32. Humphrey, M. J., Dale, E., Rosenberger, A. T. & Bandy, D. K. Calculation of optimal �ber radius and
whispering-gallery mode spectra for a �ber-coupled microsphere. Optics Communications 271(1),
124-131 (2007).

33. Gorodetsky, M. I. & Ilchenko, V. S. Optical microsphere resonators: optimal coupling to high-Q
whispering-gallery modes. Journal of the Optical Society of America B 16(1), 147-154 (1999).

34. Wang, P., Zhao, H., Wang, X. Farrell, G. & Brambilla, G. A review of multimode interference in tapered
optical �bers and related applications. Sensors 18(3), 858 (2020).

35. Schunk, G. et al. Identifying modes of large whispering-gallery mode resonators from the spectrum
and emission pattern. Optics Express 22(25), 30795-30806 (2014).

3�. White, I. M. & Fan, X. On the performance quanti�cation of resonant refractive index sensors. Optics
Express 16(2), 1020-1028 (2008).

37. Kang, Y. Q., François, A., Riesen, N. & Monro, T. M. Mode-splitting for refractive index sensing in
�uorescent whispering gallery mode microspheres with broken symmetry. Sensors 18(9), 2987
(2018).

3�. Antonio, P. D., Lasalvia, M., Perna, G. & Capozzi, V. Scale-independent roughness value of cell
membranes studied by means of AFM technique. Biochimica et Biophysica Acta 1818, 3141-3148
(2012).

Figures

Loading [MathJax]/jax/output/CommonHTML/jax.js



Page 14/18

Figure 1

Schematic of the Device. The micro�uidic channel, containing the WGM resonator and the suspended
waveguide, is �rst fabricated by fs-laser direct writing followed by chemical etching and thermal
annealing. Afterwards, the lead-in and lead-out waveguides, axially aligned to the suspended waveguide,
are fabricated through fs-laser direct writing.

Figure 2
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Surface Roughness of the Microstructures. a) SEM image of a microdisk with radius and height of 75 µm
by 50 µm after chemical etching. b) Evolution of the RMS roughness with chemical etching and
annealing temperature. The insets show the pro�le of the micro�uidic channel’s surface after chemical
etching and after thermal annealing at 1250˚C. c, d) Cross-section image of the same microresonator
before and after thermal annealing at 1250˚C, respectively. e, f) Top view image of a 100-µm long
suspended waveguide before and after thermal annealing at 1250˚C.

Figure 3

Writing Technique of the Suspended Waveguide and Morphing Effect. a) Top view image of the device
before thermal annealing depicting the writing technique of the suspended waveguide. b) SEM image of
the device after annealing, where due to the morphing effect, the suspended waveguide is tangent to the
microresonator. c, d) Top view images of the device after thermal annealing, with a straight and tapered
waveguide, respectively.
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Figure 4

Coupling between the Suspended Waveguide and the Microdisk. SEM images illustrating the possible
assembly scenarios: the suspended waveguide is (a) separated from the microdisk, (b) tangent to the
microdisk, and (c) merged with the microdisk.

Figure 5

Transmission Spectrum of the Suspended Waveguide. a, b) Spectrum in air and deionized water,
respectively, of a suspended waveguide with diameter of 3.7 µm, distanced of 2.2 µm from a 72 µm
radius microdisk. c, d) Spectrum in air and deionized water, respectively, of a suspended waveguide with
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waist diameter of 2.4 µm is tangent to a 72 µm radius microdisk. The inset images show a top view
image of the respective device. The measurements were made from high magni�cation SEM images.

Figure 6

Optical Characterization against Refractive Index. a) Transmission spectrum of the suspended
waveguide, described in Figure 5c-d, against different �uids surrounding the microresonator. The arrow
signals the WGM mode under analysis. b) Evolution of the resonant wavelength with the externalLoading [MathJax]/jax/output/CommonHTML/jax.js
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refractive index. c) Sensitivity (circular markings) and Q-factor (square markings) against the surrounding
media.
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