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a b s t r a c t 

This work addresses the fabrication of straight silica-core liquid-cladding suspended waveguides inside a mi- 

crofluidic channel through fs-laser micromachining. These structures enable the reconfiguration of the waveg- 

uide’s mode profile and enhance the evanescent interaction between light and analyte. Further, their geometry 

resembles a tapered optical fiber with the added advantage of being monolithically integrated within a microflu- 

idic platform. The fabrication process includes an additional post-processing thermal treatment responsible for 

smoothening the waveguide surface and reshaping it into a circular cross-section. Suspended waveguides with a 

minimum core diameter of 3.8 μm were fabricated. Their insertion losses can be tuned and are mainly affected by 

mode mismatch between the coupling and suspended waveguides. The transmission spectrum was studied and 

it was numerically confirmed that it consists of interference between the guided LP 01 mode and uncoupled light 

and of modal interference between the LP 01 and LP 02 modes. 
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. Introduction 

Optofluidic devices are a class of systems which combine integrated

ptics with microfluidics. These devices can be used for photonics or

iosensing applications, and often rely on the interaction between the

raveling optical beam and the analyte circulating inside the microflu-

dic channel [1] . Two distinct configurations are usually designed to

chieve this interaction. In one case, light is launched into the microflu-

dic channel by optical waveguides designed external to it. Examples

f these devices include Mach-Zehnder interferometers [2] , Fabry-Pérot

avities [3] and optical tweezers [4] . The other configuration consists in

abricating the waveguide, formed by a solid-core and liquid-cladding,

nside the microfluidic channel [ 5 , 6 ]. 

The latter option provides a way for the fluid to directly interact

ith the optical mode(s) travelling across the waveguide. Compared to

olid-core solid-cladding waveguides, this property can be used to de-

ign reconfigurable waveguides where their mode profile can be tuned

y changing the refractive index of the cladding. Also, in contrast to

iquid-core solid-cladding waveguides and to all-liquid waveguides, it

s easier to find liquids with a refractive index smaller than that of the

ore [ 7 , 8 ] and there is no need for constant laminar flow to avoid mix-

ng between the core and cladding, respectively. Suspended waveguides
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an also be exploited for sensing applications, where variations in the

roperties of the analyte (refractive index, absorbance or concentration

f species) can be monitored through measurement of the transmission

pectrum [ 6 , 9 , 10 ] or of the emitted fluorescence [11] . This geometry

an also be used to design cantilevers or monolithic oscillators for ap-

lication in vibration monitoring [12] and optical modulation [13] , or

o form optical phase-shifters where thermal isolation enhances the per-

ormance of the device [14] . Lastly, suspended waveguides can also be

sed to excite optical modes of nearby resonators also integrated inside

 microfluidic channel [ 5 , 15 ]. 

Due to the possibility of forming three-dimensional structures with

igh resolution and in a user-defined geometry, fs-laser micromachin-

ng has been preferentially used to fabricate these devices. In particular,

olymeric and glass waveguides have already been demonstrated via

ater-assisted laser ablation [14] , two-photon polymerization triggered

y fs-laser irradiation [15] and fs-laser irradiation followed by chemical

tching [16] . Despite the recent progress made to multiphoton polymer-

zation, glasses are still better suited to this function as a result of their

ptical, mechanical and thermal properties and due to their biocompat-

bility and inertness to most solvents. Still, glass machining has its own

ssues. The machined surface usually has a roughness of around 100 nm

nd is characterized by a long-range modulation related to the laser di-
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Fig. 1. Schematic of the device. 
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ect writing pattern [8] . This, in turn, translates into optical scattering

hat increases the propagation losses. Further, since it relies on subtrac-

ive processes, namely etching or ablation, the fabrication of micromet-

ic structures is seldom discussed. In fact, most papers only consider the

abrication of suspended waveguides with a core diameter between 20

nd 50 μm [ 12 , 16 ]. This prevents a higher interaction between the op-

ical mode and the analyte, which can be obtained if the penetration

epth of the evanescent field is larger, for instance, by decreasing the

iameter of the core. 

Here, this issue is addressed and the fabrication of silica-core liquid-

ladding waveguides with a core diameter between 4 and 10 μm is de-

cribed. Their guiding characteristics are studied against the refractive

ndex of the cladding medium. The potential use of this device as a

ach-Zehnder interferometer for optical sensing is also considered. 

. Experimental Procedure 

A schematic of the device is shown in Fig. 1 . It consists of a silica

ore suspended inside a microfluidic channel and anchored to its lateral

alls. The core is entirely surrounded by a fluid, whose refractive index

s lower than that of fused silica, and which serves as cladding. This

ay, light can be guided along the suspended core. Two fs-laser written

aveguides, named lead-in and lead-out, assure coupling of light into

nd out of the suspended waveguide, respectively. 

The “negative ” image of the final device is first imprinted on a fused

ilica substrate (Suprasil 1), with dimensions of 25 × 25 × 1 mm 

3 and

ith its facets polished, via laser direct writing taking place in a Work-

hop of Photonics workstation. A 0.42 numerical aperture plan achro-

at objective (Mitutoyo M Plan Apo NIR 50 ×) focuses the 515 nm laser

eam (Satsuma HP, Amplitude Systèmes), composed by a train of 250

s long pulses at a repetition rate of 500 kHz, inside the substrate. The

ubstrate is mounted on Aerotech direct-drive stages (ANT130XY-110

LUS and ANT130V-5 PLUS), which translate the sample relative to the

eam focus. The three-dimensional design of the microfluidic channel

s sliced into several horizontal layers periodically spaced by 5 μm, and

hen further hatched into parallel tracks uniformly distanced by 3 μm.

ach track is written with a pulse energy of 60 nJ, scanning speed of

000 μm/s, and with the incident beam polarized orthogonally to the

canning direction in order to speed up the etching reaction and mini-

ize the surface roughness of the machined surface. The layers are writ-

en sequentially from bottom to top, while tracks within each layer are

canned following the same direction. In the layers beneath and above

he suspended waveguide, the tracks are oriented perpendicular to the

aveguide’s axis to facilitate the removal of debris during etching and to
2 
inimize the writing time, respectively. Regarding the layers contain-

ng the suspended waveguide, these are scanned parallel to the axis of

he waveguide to minimize sidewall roughness. Following this design,

he written suspended cores have a square shape. Further, given that the

ross-section of a single laser-modified track has an elliptical shape with

imensions of 2 μm by 11 μm, the width and height of the suspended

ore are offsetted by these values from the initial design. 

Chemical etching is then performed by immersing the substrate for

0 minutes in an ultrasonic bath (Branson 2510 ultrasonic cleaner) of

ydrofluoric acid in a 10% volumetric concentration and at a tempera-

ure of 30 ± 5°C. During this reaction, the laser-modified volume is etched

t a faster rate than the pristine medium, which leaves behind a sus-

ended core, as shown in Fig. 2 (a). Albeit the suspended core preserves

ts initial shape, the etchant also attacks the pristine medium at a rate

f 0.1 μm/min which leads to a slight decrease in the cross-sectional

imensions of the core. Fig. 2 .(a) also shows a periodic relief pattern on

he etched surface of the suspended core with a period of 3 μm along

he axis of the waveguide, which coincides with the spacing between

djacent laser-written tracks and with their scanning direction. Further

urface profile measurements, made with a Dektak Bruker profilometer,

evealed an RMS roughness of 87 nm. The roughness of the sidewall is

ower due to the layer-to-layer spacing being smaller than the height

f a single laser-modified track, which improves the spatial resolution

long the vertical direction. Nevertheless, the waviness on the top and

ottom surfaces is directly related to optical scattering, which is linked

o an increase in the propagation losses of the waveguide. 

To reduce the roughness, thermal annealing is conducted after chem-

cal etching. This procedure is performed in a closed furnace (Carbolite

HF-1500) at atmospheric pressure, where the temperature of the sub-

trate is gradually raised to a dwell temperature of 1250°C at an initial

eating rate of 15°C/min that falls to less than 1°C/min as the temper-

ture of the furnace gets closer to the setpoint value. The substrate is

hen kept at 1250°C for an additional five hours, before cooling down

lowly back to room temperature. During this process, surface tension

vercomes thermally decreasing viscosity forces leading to material re-

istribution as to minimize its surface free energy [17] . This has three

ffects on the morphology and shape of the suspended waveguide. As

hown in Fig. 2 (b), the machined surface becomes uniform and smooth,

ith surface profile measurements revealing that the RMS roughness

ecreases from 87 to 11 nm with this treatment [5] . Second, mate-

ial reflow driven by surface tension and a decreasing material’s viscos-

ty, gradually morph the suspended waveguides into a new shape that

inimizes their surface area [18] . This process, however, should not

hange the cross-sectional area of the suspended waveguide, which is
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Fig. 2. Top view image of a 205 μm long suspended waveguide with a core diameter of 13.6 μm (a) after chemical etching and (b) after thermal annealing. The 

insets correspond to top view Scanning Electron Microscopy images of a 100 μm long suspended waveguide with a core diameter of 7.9 μm; these were obtained 

with a Hitachi FlexSEM1000 microscope operating at low vacuum and in backscattered electron mode. 
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he same before and after thermal treatment. Knowing the designed ge-

metry and dimensions of the suspended core and having measured its

idth/diameter before and after this process, it was established that the

ross-section had to evolve from a square into a circular-shape during

his procedure. Lastly, for lengths smaller than ≈2 mm, the cores remain

table and straight after thermal annealing. However, suspended waveg-

ides longer than 2 mm bent downwards during thermal treatment. For

nstance, suspended waveguides with length between 2 mm and 5 mm

nded up with a curvature radius of around 450 mm, which should not

dd significant optical losses. A similar issue has already been reported

y Cheng et al [16] , who solved it by fabricating 100 μm long period-

cally spaced pedestals, whilst still experiencing an additional optical

oss of 0.12 dB/pedestal at 633 nm. 

Lastly, 1.1-1.2 cm long lead-in and lead-out waveguides are written

ollowing the same laser direct writing protocol, with a pulse energy of

00 nJ, scanning speed of 200 μm/s and with the incident beam po-

arized parallel to the scanning direction. These inscription conditions

re known to produce low-loss waveguides at 1550 nm, with coupling

osses to a SMF28 fiber and propagations losses of 0.36 dB/facet and

.33 dB/cm, respectively [19] . To avoid the “Quill ” effect [20] , both

aveguides are written along the same direction, with the lead-in/lead-

ut waveguide written headed into/away from the microfluidic chan-

el, respectively. Some additional considerations are made to minimize

oupling losses between the lead-in/lead-out waveguide and the sus-

ended waveguide due to geometrical misalignment. The optical axes

f all waveguides are parallel to each other with an angular deviation

rror of less than 0.5°, and are aligned along the horizontal and vertical

irections within a 0.1 μm and 1 μm error, respectively. Further, the

ead-in and lead-out waveguides terminate 20 μm from the border of

he microfluidic channel to avoid focusing mismatch and energy deple-

ion near these interfaces. Finally, this procedure occurs after thermal

nnealing to prevent the waveguides from being erased during the latter

21] . 

To measure the insertion losses of the waveguide, light from an un-

olarized broadband source (ASE source EXFO IQ-203 with module

Q-2300) is coupled to a single-mode fiber whose loose end is butt-

oupled to the entrance of the lead-in waveguide. Meanwhile, light

uided through the lead-out waveguide is coupled into another SMF-28

ber and collected by an optical spectrum analyzer (ANDO AQ-6135B).
 a  

3 
he input/output fibers and the substrate rest on Elliot Martock MDE

81 stages with piezo controls (Dali E-2100), which enable precise align-

ent between the optical fibers and the respective waveguides. Index

atching liquid (Cargille series AA n D 
25°C = 1.4580 ± 0.0002) was used

o minimize Fresnel reflection at the interface between the input/output

ber and the lead-in/lead-out waveguide, respectively. The measured

pectra, acquired from 1500 nm to 1600 nm with a resolution of 0.1 nm,

re normalized to the profile losses of the optical source. To charac-

erize the device against the refractive index of the surrounding fluid,

he transmission spectrum is measured while successively adding differ-

nt Cargille refractive index oils, with refractive index spanning from

 D 
25°C = 1.3000 to n D 

25°C = 1.4520, to the microfluidic channel. In be-

ween measurements, the device is cleaned to avoid surface contamina-

ion. Before adding a new fluid, the transmission spectrum of an empty

icrofluidic channel is also measured and compared to a reference one

o assure no surface fouling. 

. Experimental Results and Discussion 

Several suspended waveguides with a length of 492 μm and with a

ircular cross-section with diameter spanning from 3.8 to 13.0 μm were

abricated inside a microfluidic channel at a depth of 75 μm (measured

rom the surface of the substrate to the center of the suspended waveg-

ide). The insertion losses of the waveguides against the refractive in-

ex of the surrounding fluids are depicted in Fig. 3 , together with the

nsertion losses of a straight fs-laser written waveguide that serves as

eference. 

As anticipated, the insertion losses are always higher than the losses

f the reference fs-laser written waveguide. Unexpectedly, though, the

athered spectra reveal a periodical modulation. The period increases

s the refractive index contrast lowers and is independent from the di-

meter of the suspended core. Further, the amplitude of the modulation

eems to decrease as the diameter of the suspended core broadens, re-

ardless of the cladding medium. Moreover, in Fig. 3 (f-g), the insertions

osses seem to be approximately constant over the entire measurement

indow for all diameters of the suspended core. 

To understand Fig. 3 , we first state that the insertion loss depends

n multiple factors: (1) coupling losses between the input/output fiber

nd the lead-in/lead-out waveguide, respectively, (2) propagation losses
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Fig. 3. Insertion losses of 492 μm long suspended waveguides with a core diameter spanning from 3.8 to 13.0 μm (a) with the microfluidic channel empty, and 

surrounded by a fluid with refractive index at 1550 nm of (b) 1.3150, (c) 1.3540, (d) 1.3900, (e) 1.4220, (f) 1.4340, (g) 1.4380 and (h) 1.4420. To facilitate the 

analysis, plots (a-e) have a different y-scale from the plots (f-h). 
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cross the lead-in and lead-out waveguides, (3) coupling losses between

he lead-in/lead-out waveguide and the suspended waveguide, (4) prop-

gation losses of the suspended waveguide, and (5) evanescent absorp-

ion of the cladding medium. Factors (1) and (2) are common to all

uspended waveguides regardless of their diameter. Still, it is noted that

here are some variations in-between the insertion losses of the lead-

n/lead-out waveguides due to the conditions in which they are written.

hese waveguides are written after chemical etching and thermal an-
4 
ealing at which point the surface of the fused silica substrate ceases to

e uniform, resulting in the focusing depth of the fs-laser beam slightly

arying during writing and in higher propagation losses. Also, when fo-

using the fs-laser beam at the edges of the substrate, there is a refractive

ndex discontinuity that leads to the waveguide being written with an

ffective lower pulse energy near the facets and in a slightly higher cou-

ling loss. Although this issue could be solved by polishing the facets

f the substrate after laser direct writing of the lead-in/lead-out waveg-
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ides, doing so could risk damaging the suspended waveguides. Still,

oth of these issues only lead to a uniform and random increase of the

nsertion losses related to the lead-in/lead-out waveguides and do not

xplain the modulation observed in Fig. 3 . Factor (4) can be neglected

ue to the realization of thermal annealing which decreases the surface

oughness and minimizes optical scattering. Also, the chosen fluids have

egligible absorption within the measurement window, which excludes

actor (5). 

Regarding factor (3), the coupling loss between the lead-in/lead-out

aveguides and the suspended waveguide depends on any mode mis-

atch and on geometrical misalignment between them. Given that the

oupling waveguides are written centered to and axially aligned with

he suspended waveguide, it is expected that the insertion losses are

ainly a result of mode mismatch between the lead-in/lead-out and

he suspended waveguide [22] . This is further validated by noting that

hen changing the diameter of the core or the refractive index of the

ladding, the mode profile of the suspended waveguide also changes

hich directly leads to a different insertion loss. Moreover, mode mis-

atch may also explain the modulation observed at the output. Mach-

ehnder interference between light that is coupled and guided across the

uspended waveguide and light that is uncoupled and propagates across

he microfluidic channel can cause the sinusoidal-shaped signal. Given

hat the microfluidic channel is narrow and the suspended waveguide is

traight, uncoupled light travels almost parallel to the suspended waveg-

ide, and both beams can therefore recombine at the lead-out waveg-

ide. Uncoupled light travels along a medium with a refractive index

efined by the fluidic solution, whereas one or more optical modes are

uided along the suspended waveguide, each with a specific effective re-

ractive index. Further, both arms of the interferometer have the same

hysical length. This situation is similar to what has been reported in in-

ine all-fiber Mach-Zehnder interferometers, constructed by splicing two

ingle-mode fibers with a specific lateral offset and relying on the inter-

erence between the fundamental core mode and the excited cladding

odes [ 23 , 24 ]. 

To show the importance of factor (3) on the data shown in Fig. 3 ,

he theoretical coupling loss (CL) between the lead-in/lead-out and the

uspended waveguide is first computed from Eq. (1) : 

L = −10 lo g 10 

( 

4 MF D 

2 d x d y (
MF D 

2 + d x 2 
)(
MF D 

2 + d y 2 
)
) 

(1)

here MFD is the mode field diameter of the circular suspended waveg-

ide, and d x and d y are the mode field diameters of the lead-in/lead-

ut waveguides along the horizontal and vertical direction, respectively

22] . Eq. (1) assumes no geometrical mismatch and that only the funda-

ental modes can propagate through both waveguides. The mode field

f the lead-in/lead-out waveguides are equal as these are written with

he same parameters. To measure the values d x and d y , a microscope ob-

ective is placed at the end of the lead-out waveguide which focuses the

ight beam into a CCD camera. The mode field is retrieved by fitting the

easured intensity profile with a Gaussian function and by determining

ts width at 1/e 2 of its maximum. The diameters d x and d y correspond

o 7.0 μm and 12.5 μm, respectively; the directional dependence is due

o the lead-in/lead-out waveguides possessing an elliptical cross-section

19] . The device geometry prevents performing the same measurement

or the suspended waveguide. Instead, its mode field diameter was es-

imated through simulations made with COMSOL Multiphysics, which

nly requires knowledge over the geometry and refractive indices of

he waveguide. In these calculations, it was considered a suspended

aveguide with circular cross-section and core diameter equal to the

xperimentally measured values. The refractive indices of the core and

ladding are equal to the refractive indices of fused silica (1.4440) and

f the tested Cargille fluids at 1550 nm, respectively. Fig. 4 shows the

imulated coupling loss curves. 

From Fig. 3 (a-d), when the refractive index of the cladding is smaller

han 1.4, both the insertion losses and the amplitude of the modulated

ignal decrease as the diameter of the suspended core increases. These
5 
bservations agree with the theoretical data which read that the cou-

ling losses should increase as the diameter of the core reduces. Fur-

her, due to the high index contrast, the mode field is mostly confined

o the core which explains why the insertion and coupling losses in

igs. 3 and 4 , respectively, barely change with the cladding’s refrac-

ive index for a given diameter. Assuming that the modulation pattern

s due to Mach-Zehnder interference between guided and non-guided

ight, the behaviour of the fringe visibility is also expected. As the di-

meter of the suspended core increases, more light is coupled into the

uspended waveguide and less into the remaining arm of the interfer-

meter. Consequently, in spite of both arms having the same physical

ength, an imbalance between the power guided across both arms starts

o occur, which translates in a decrease in the amplitude of the modula-

ion. This issue is further aggravated by noting that, as the diameter of

he core increases, the cross-sections of the lead in/lead-out and of the

uspended waveguide start overlapping with one another, which causes

n even lower fraction of the optical power that travels unguided across

he channel to be recoupled into the lead-out waveguide. 

The behaviour becomes different as the refractive index of the

ladding gets closer to the refractive index of fused silica. In Fig. 3 (f), the

nsertion losses increase as the core widens from a diameter of 3.8 μm

o 6.4 μm before decreasing again as the diameter keeps rising, whereas

n Fig. 3 (g) the insertion losses decrease from a diameter of 3.8 μm to

round 9-10 μm before rising again. Meanwhile in Fig. 3 (h), the in-

ertion losses seem to decrease as the diameter of the suspended core

ncreases. These general trends are quite similar to the behaviour dis-

layed in Fig. 4 , which indicates that coupling loss between the lead-

n/lead-out and the suspended waveguide is the main factor behind the

easured loss profile in Figs. 3 (f-h). Further, a minimum excess loss of

.88, 0.73 and 0.86 dB was measured for a diameter of 11.8, 5.5 and 3.8

m and surrounding refractive index of 1.4420, 1.4380 and 1.4340 at

550 nm, respectively. The diameter at which these minima occur also

eems to agree well with the expected theoretical diameter for mini-

um coupling loss. A more in-depth quantitative analysis cannot be

one due to uncertainty in separating the insertion losses only related

o the suspended waveguide to those only linked to the lead-in/lead-out

aveguides. 

Still, to confirm the origin of the modulation in the spectra of Fig. 3 ,

nother device was fabricated consisting of 504, 1012 and 2014 μm

ong suspended waveguides, each made in their respective microfluidic

hannels at a depth of 70 μm, with a circular cross-section and with an

verage diameter of 6.7 ± 0.3 μm. The insertion losses of the three waveg-

ides are plotted in Fig. 5 for different cladding media. Again, a main

scillation is observed, whose period increases non-linearly as the exter-

al refractive index rises towards the core’s refractive index. Further, the

ree spectral range decreases by a half and a fourth as the length of the

uspended waveguide doubles and quadruples, respectively. Both results

re expected for a balanced Mach-Zehnder interferometer. These obser-

ations are also summarized in Fig. 6 , where the scatter points represent

he period of the modulation directly measured from the gathered spec-

ra. Given that in some of the spectra, such as in Fig. 5 (a), a secondary

odulation is observed, a high-pass filter is first applied in these cases

o facilitate the measurement of the free spectral range. Further, in the

lots where only one maximum and/or one minimum is retrieved, the

eriod is estimated as double the difference between the former wave-

engths. Both of these features explain why some points have a larger

argin of error. Also, no period is retrieved for the spectra of the 504

nd 1012 μm long suspended waveguides when surrounded by liquids

ith refractive index of 1.4420, as the insertion losses seem constant in

he 1500 to 1600 nm window, with the free spectral range, therefore,

eing much larger than this range. 

The measured period is then compared with the expected free spec-

ral range, considering Mach-Zehnder interference between the funda-

ental mode of the suspended waveguide and light that travels un-

uided across the microfluidic channel. Theoretically, and assuming that

he optical power in both arms of the interferometer is identical, the in-
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Fig. 4. Theoretical coupling losses at 1550 nm between the lead-in/lead-out and the suspended waveguide, obtained after solving Eq. (1) . The data is plotted against 

the refractive index of the fluid surrounding the suspended core and for different core diameters. The inset image is a zoom-out of the main plot. 

Fig. 5. Insertion losses of (top) 504 μm, (middle) 1012 μm, and (bottom) 2014 μm long suspended waveguides with a core diameter of 6.7 μm with the microfluidic 

channel empty (a,g,m), and while surrounded by a fluid with a refractive index at 1550 nm of (b,h,n) 1.2960, (c,i,o) 1.3350, (d,j,p) 1.3730, (e,k,q) 1.4140 and (f,l,r) 

1.4380. To facilitate the analysis, each plot has a specific y-scale. The dashed line in (a,g,m,n) represents the secondary modulation. 
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ertion losses ( IL ) are described by: 

L ( λ) = −10 lo g 10 
(1 
2 

[
+ cos 

(2π
λ
L 
(
n wvg − n ch 

))])
(2)

here λ is the vacuum wavelength, L is the length of the suspended

aveguide, and n wvg and n ch are the effective refractive index of the fun-

amental mode of the suspended waveguide and refractive index of the

ladding medium, respectively, with both being a function of the wave-

ength. By knowing the effective refractive index n wvg (λ) , Eq. (2) can

e numerically solved, and the expected free spectral range retrieved.

iven that the diameter of the suspended core and the refractive index

ifference is smaller than unity for all external fluids, the calculation

f the effective refractive index is simplified by considering the weakly

uiding approximation. Accordingly, n wvg (λ) is determined from the fol-
6 
owing characteristic equations: 

 

√
1 − b 

J l+1 
(
V 

√
1 − b 

)
J l 
(
V 

√
1 − b 

) = V 

√
b 
K l+1 

(
V 

√
b 
)

K l 

(
V 

√
b 
) (3)

 = 

π
λ
× d ×

√ 

n 2 core − n 2 cladding (4)

 = 

n 2 wvg − n 2 core 
n 2 core − n 2 cladding 

(5)

here J l and K l are the Bessel functions of the first kind and the mod-

fied Bessel functions of the second kind of order l , respectively, V is

he generalized frequency, b is the generalized waveguide index, d is
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Fig. 6. Experimental (scatter points) and the- 

oretical (solid line) period of the main modula- 

tion observed in the spectra of Fig. 5 . The the- 

oretical curve was numerically determined by 

considering the interference between the fun- 

damental mode of a suspended waveguide with 

core diameter of 6.7 μm and uncoupled light 

that travels across the channel. The refractive 

index in the x-axis corresponds to the refractive 

index of the cladding at 1550 nm. 
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r  
he diameter of the suspended core, and n core and n cladding are the re-

ractive indices of the core and cladding, respectively [25] . By knowing

he diameter of the suspended core and the refractive index profiles of

he core and cladding, the effective refractive index n wvg (λ) can be de-

ermined numerically for all tested conditions. The theoretical expected

ree spectral range for the three lengths of the suspended waveguide

ested is also plotted in Fig. 6 . The expected curves match well with the

xperimental data, with the Spearman’s rank correlation being 0.914,

.946 and 0.998 for the 504, 1012 and 2014 μm long suspended waveg-

ides, respectively. We can then conclude that the main modulation in

he insertion loss spectra of Figs. 3 and 5 is due to interference between

he LP 01 mode of the suspended waveguide and light that is uncoupled

nd travels unguided across the channel. This also indicates that the de-

ice could be used as a refractometer, with the suspended waveguide

s reference arm and the microfluidic channel as sensing arm, either by

onitoring variations in the position of the resonant peak or of the free

pectral range. 

Still, Figs. 5 (a,g,m,n) show a lower-frequency modulation which is

utlined in the respective figures by a dashed curve. This secondary

scillation is only observed in those conditions where the suspended

aveguide supports multimode propagation. Following a similar anal-

sis, we conclude that the measured period does not coincide with the

xpected free spectral range if interference between higher-order modes

nd unguided light is considered. Instead, the measured period points to-

ards this lower-frequency modulation being a result of modal interfer-

nce between the LP 01 and the LP 02 modes of the suspended waveguide.

his was numerically confirmed by again solving Eqs. (3 - 5 ) in order to

etermine the effective refractive index of the modes LP 01 and LP 02 , and

hen by replacing the computed values in Eq. (2) to determine the the-

retical free spectral range. Modal interference, as described here, has

lready been used to create modal interferometers in single-mode – mul-

imode – single-mode fiber configurations [26] . Further, re-examining

he geometry of the propose device, it mirrors that of an abrupt tapered

ber with the lead-in and suspended waveguide axially aligned. In these

onditions, it is documented that most of the optical power is coupled

o symmetric modes and that it is mostly carried by the LP 01 and LP 02 

odes [27–28] . 

To remove both modulations from the transmission spectra, curved

uspended waveguides should be designed to filter out higher-order
 s

7 
odes [8] and to separate the guided light from the uncoupled inci-

ent light [15] . Still, and despite being possible to fabricate tapered

aveguides [5] , the design of curved waveguides through the proposed

rocedure is hindered by material reflow occurring during thermal treat-

ent. Nonetheless, these configurations can be achieved if thermal an-

ealing is dropped from the fabrication protocol, as chemical etching

tself does not alter the geometry of the suspended waveguide. This,

owever, would be done at the expense of a rougher surface, which is

inked to optical scattering and higher propagation losses. 

. Conclusion 

In this work, suspended silica-core liquid-cladding waveguides were

abricated inside a microfluidic channel through fs-laser direct writing

ollowed by chemical etching and thermal annealing. The inclusion of

hermal treatment was necessary to reduce the surface roughness of the

achined waveguide to 11 nm, and to morph the core’s cross-section

nto a circular shape. Straight waveguides with a minimum core diam-

ter of 3.8 μm were fabricated. The proposed methodology provides a

ide control over the dimensions and shape of the suspended core. The

eometry of the waveguide can be tailored by carefully patterning the

rradiation pattern, as we have also shown in [5] . Further, fine tuning of

he dimensions of the core can be obtained by adding a post-processing

hemical etching procedure. 

The insertion losses are mainly affected by the coupling losses be-

ween the lead-in/lead-out and the suspended waveguide. In particular,

he mode profile of the suspended waveguide can be changed by adjust-

ng the refractive index of the fluidic medium, which enables tuning of

he coupling loss. Further, the transmission spectra contain two periodi-

al behaviors: a high-frequency modulation linked to Mach-Zehnder in-

erference between the fundamental mode of the suspended waveguide

nd light that is uncoupled and travels unguided across the microfluidic

hannel, and a low-frequency modulation observed when the suspended

aveguide supports multimode propagation and attributed to modal in-

erference between the LP 01 and LP 02 modes. By tracking the position

f the resonant peaks or by monitoring the variation in the free spectral

ange, the presented device can be used as an interferometric optical

ensor. 
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