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Abstract

This article presents the modeling and fabrication of photonic devices such as a Mach-Zehnder waveguide interferometer (MZWI)
and a1 X 4 optical power splitter (OPS) with a microfluidic channel. The photonic structures were designed using CAD software and
BeamPROP™ to have an s-shaped waveguide bend geometry and a total length of 8000 um, and the devices were then integrated
with a 6000 um microfluidic channel to form configurations based on conical spirals and helices with femtosecond laser radiation.
The entire writing process was performed in a single step with a 20X microscope objective to achieve greater accuracy in the manu-
facturing process. A chemical etching step was performed using the shape-controlled with femtosecond laser irradiation followed by
chemical etching (SC-FLICE) technique, forming a uniform cross-section in the central part of the microfluidic channel. The energy
doses and translation speeds of the system were varied, resulting in a longer microfluidic channel. In this research, we introduce an
optofluidic system which integrates the principles of optics and microfluidics, is suitable for biosensing applications. The compatibili-
ty of this system with biosensing applications paves the way for significant progress in various sectors, including medical diagnostics,
environmental surveillance, and biochemical studies. The originality and value of this work lie in its unique design and potential for
broad application. In the present work, it was demonstrated that using ultrafast laser writing, we can fabricate photonic devices and
a consistent microfluidic channel on a single step.

Keywords: Photonic devices, integrated optics, BeamPROP™, microfluidic channel, femtosecond laser, chemical etching, microma-
chining.

Resumen

Este articulo presenta el modelado y fabricacion de dispositivos foténicos como el interferémetro de guias de onda Mach-Zehnder
(MZWI, por sus siglas en inglés) y un divisor de potencia éptica de guias de onda (OPS, por sus siglas en inglés) de 1 X 4 con un ca-
nal microfluidico. Las estructuras foténicas se disefiaron utilizando software CAD y BeamPROP™ para tener una geometria de cur-
vatura de guia de onda en forma de “s” y una longitud total de 8000 um, luego los dispositivos se integraron con un canal
microfluidico de 6000 um para formar configuraciones basadas en espirales y hélices cénicas mediante radiacién laser de femtose-
gundos. Todo el proceso de escritura se realizé en un solo paso con un objetivo de microscopio de 20X para lograr una mayor pre-
cision en el proceso de fabricacion. Se realizé un paso de grabado quimico utilizando la técnica de forma controlada mediante
irradiacion con laser de femtosegundos seguido de grabado quimico (SC-FLICE, por sus siglas en inglés), formando una seccién
transversal uniforme en la parte central del canal microfluidico. Se variaron las dosis de energfa y las velocidades de traslacién del
sistema, lo que resulté en un canal microfluidico més largo. En esta investigacion, presentamos un sistema optofluidico que integra
los principios de la éptica y la microfluidica que es adecuado para aplicaciones de biodeteccién. La compatibilidad de este sistema
con aplicaciones de biosensores allana el camino para avances significativos en diversos sectores, incluidos el diagnéstico médico, la
vigilancia ambiental y los estudios bioquimicos. La originalidad y el valor de este trabajo residen en su disefio tinico y su potencial
para una amplia aplicacién. En el presente trabajo se demostr6 que, utilizando la escritura ldser ultrarrapida, podemos fabricar dis-
positivos foténicos y un canal microfluidico consistente en un solo paso.

Descriptores: Dispositivos foténicos, ptica integrada, BeamPROP™, canal microfluidico, laser de femtosegundos, grabado quimi-
co, micromaquinado.
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DESIGN AND FABRICATION OF PHOTONIC DEVICES AND A MICROFLUIDIC CHANNEL WITH A FEMTOSECOND LASER

INTRODUCTION

In recent years, optofluidic systems have been developed
within a single substrate by combining optical techni-
ques with fluidic methods, resulting in an enormous di-
versity of features that are useful for many applications
(Chandrahalim et al., 2015). Consequently, in the on-
going search for improved reduced systems for chemi-
cal and biological analysis, lab-on-a-chip devices
(LOCs) have been manufactured. These devices are
compact, efficient, and provide more free space in work
areas because they allow more studies to be carried out
in record times while providing an excellent response
and capacity at a low cost (Haque et al., 2014). These
devices require a set of microfluidic channels to trans-
port, mix, separate, and analyze various samples with
volumes in the order of microliters to nanoliters. Some
of the advantages of LOCs include increased sensitivity
and analysis speed, standardized and automated mea-
surement parameters, and reduced consumption of
samples and laboratory reagents (Osellame et al., 2011).
On the other hand, optical waveguides allow the manu-
facture of flexible structures such as multiplexers and
splitters in straight and curved shapes (Kee ef al., 2008).
Thus, different configurations of integrated photonic
devices for sensing, such as microring resonators (Lu-
chansky & Bailey, 2012), surface plasmon resonators
(Bing et al., 2012), long-period gratings (Pham et al.,
2012), Mach-Zehnder interferometers (Xia ef al., 2012;
Yadav et al., 2014), and power splitters (Liu et al., 2017a),
have been reported. In particular, the MZWTI is effective
for real-time monitoring, and its detection principle is
achieved by means of waveguides that form two Y-sha-
ped branches, which are defined as a reference branch
and a measurement branch (sensing window). By pas-
sing a beam of light through each branch, the light
speed (phase) changes, and because of optical interfe-
rence, the intensity of the light changes at the exit of the
waveguide (Patel & Hamde, 2017). Therefore, functio-
nalizing one of these optical path lengths locally chan-
ges the refractive index and induces a shift in the
transmission spectrum (Heideman & Lambeck, 1999).
In addition, OPS are optimally compact structures that
divide the input power into equal parts without signifi-
cant reflection losses (Olyaee et al., 2020). In most cases,
they require bent waveguides to interconnect routes
with other devices using the back-to-back waveguide
bend geometry (Devayani ef al., 2014). Thus, an array of
photodiodes (detectors) can easily detect changes in
light intensity owing to the presence of a biological/che-
mical substance (Leistiko & Jensen, 1998). Currently,
new applications of integrated photonics are being de-
veloped, owing to the 3D union of optical elements

with microfluidic channels, which has optimized opto-
fluidic systems and increased their detection efficiency
(Haque et al., 2014). One of the most commonly used
materials for sensing processes in microfluidic systems
is fused silica glass (Zhao et al., 2015), which has good
chemical consistency, extensive spectral transmission,
and low fluorescence (Zhao et al., 2015; Rajesh & Be-
llouard, 2010). Fused silica has been used as a vitreous
material in the manufacture of 3D microsystems by
means of the FLICE technique (Liu et al., 2014). In this
method, a three-dimensional structure is irradiated
with a femtosecond laser focused on the substrate
(where a femtosecond (fs) is equal to 10" seconds); sub-
sequently, the modified area is etched with an aqueous
solution of hydrofluoric acid (HF) (Paie ef al.,, 2016).
Another method for obtaining microfluidic channels
with a uniform cylindrical shape is the SC-FLICE
method, which is based on etching a cone opposite to
that achieved with the FLICE technique to compensate
for its initial conical shape (Vishnubhatla et al., 2009). In
addition, this method includes attributes such as the
ability to handle three-dimensional structures, superior
flexibility, and optical and fluidic elements with high
accuracy (greater than 100 nm) (Bellini ef al., 2012). The-
refore, the ability to integrate microfluidic arrays and
optical waveguides into the same device has enabled
the development of novel optofluidic systems (Asrar et
al., 2015; Gao et al., 2016; Martinez-Vazquez et al., 2015)
for the manipulation and analysis of individual parti-
cles with high precision (Paié et al., 2014). Various appli-
cations of such platforms have been reported, such as in
cytology at the single-cell level, in which the study of a
specific cell allows observation of the changes from one
cell to another in a predetermined set, in the measure-
ment of rhodamine concentration (Li et al., 2015), and in
the detection of heavy metals in aqueous media, such
as mercury (Hg”), which has a high degree of toxicity
in the body and the environment and can cause serious
health problems (Liu ef al., 2017b). The present work
focuses on the modeling, design, simulation, fabrica-
tion, and characterization of two photonic device confi-
gurations, a MZWI and a 1 x 4 OPS with an s-shaped
waveguide bend geometry; the structures have a total
length of 8000 um and were developed in AutoCAD®
and simulated in BeamPROP™. These devices were in-
tegrated with a 6000 um microfluidic channel with con-
figurations based on conical spirals and helices with
femtosecond laser writing, and the entire writing pro-
cess was completed in one step with a 20X microscope
objective to improve precision in the manufacturing
process. Subsequently, the SC-FLICE technique was
used for chemical etching, resulting in a uniform cross-
section at the center of the microfluidic channel. These
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integrated structures have been proposed for the deve-
lopment of an optical biosensor.

MODELING OF PHOTONIC DEVICES
MZWI

In a standard MZWI structure, as a result of the combi-
nation of the interference areas in each of its branches,
there is a phase difference Ag,, (the magnitude of which
is measured) between both beams. Consequently, the
phase shift Ag,, is a function of the difference in effecti-
ve refractive index of the measuring area and the length
of the measurement branch (Heideman & Lambeck,
1999), which is given by equation (1):

2zL_(n,—n, )
(pm - 2

0

)

Where:

A, =wavelength of the light used

L., = sensing window length (related to the effective
distance where the light propagates and interacts)

n, = effective index of the reference arm

n,, = effective index of the measurement arm

m

Therefore, in equation (1), there is a linear change in the
phase shift due to the variation in the refractive index.
The MZWI output is a function of the phase shift; when
the output reaches the maximum point, the phase shift
is zero (Ag,, = 0), and when the output achieves the mi-
nimum point, the phase shift is A¢,, = 7 (Schubert et al.,
1997).

The BeamPROP™ simulation tool (RSoft Photonics
CAD suite) was used to simulate the MZWI. The fo-
llowing parameters were used to design the MZWI
structure: wavelength A = 642 nm, refractive index
n = 1.4577, change in the refractive index An = 0.0013
(Nolte et al., 2003) (corresponding to previous works on
fused silica), and component height = component width
=15 um (this value was set to make the simulation as
real as possible, corresponding to work previously per-
formed in the laboratory). In addition, the total length
of the MZWI was 8000 um, the separation between the
reference and measurement branches was 170 um, and
the radius of the s-bend arcs was 41491.9 um. A large
radius of curvature on the order of millimeters or hun-
dreds of microns was necessary due to the modal beha-
vior, in which the mode is pulled outwards as the
waveguide changes direction, forming a distorted
mode (see Figure 1) (Zappe, 1994). Similarly, the length

of the sensing window was set to 55 um because the
microchannel in which it is integrated has a width of
50 pum with a tolerance of + 2.5 um.

1T X 4 OPS

The OPS configuration is one of the most common
applications of photonic devices and is usually formed
with a back-to-back waveguide bend geometry with a
symmetrical structure based on a sinusoidal shape
function for the analysis of the s-shaped bend. Figure 1
shows the geometry of a sinusoidal curve of length L
that links two parallel guides when displaced by a
transversal distance [.

-I&lc

L
Figure 1. S-shaped waveguide bend geometry

Based on this structure, the simulation of the 1 x 4 OPS
was performed using the BeamPROP™ tool, with the
same parameters as those used for the MZWI: wave-
length A = 642 nm, refractive index n =1.4577, change in
refractive index An = 0.0013, component height = com-
ponent width = 15 um, total length = 8000 pm, separa-
tion between waveguides W1, W2, W3, and W4 =250 um,
and sensing window length = 55 pm.

DESIGN IN AUTOCAD®

To obtain the designs of the photonic devices, the DXF
files of the structures were exported to AutoCAD® soft-
ware, where the necessary parameters and final coordi-
nates to complete their manufacture in the micro-
machining station were set. A schematic representation
of the proposed integrated photonic devices is shown
in Figure 2.

FABRICATION

MANUFACTURE OF PHOTONIC DEVICES IN FUSED SILICA

AMZWI and a 1 x 4 OPS were fabricated in commercial
fused silica glass (Corning 7980) with dimensions of 8
mm x § mm x 1.1 mm and a refractive index n of 1.4577.
The process was carried out with Newport uFAB™ mi-
cromachining station software (UFAB 3.9.13) and an ul-
trafast Libra Coherent femtosecond laser with a central
wavelength of 800 nm, a repetition rate of 1 kHz, a pul-
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Total length= 8000 um
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Figure 2. Schematic representation of the integrated photonic
devices

se duration of 50 fs, an average power of 3.8 W, total
distances in the XYZ axes of 100 mm x 100 mm x 5 mm,
a resolution of 0.05 um and a speed on the XY axes of
300 mm/s. The femtosecond laser system has an ampli-
fication that exceeds the power needed for the fabrica-
tion of optical waveguides and microchannels in this
material; thus, by using a rotating half-wave plate
(HWP) and a static polarizer (P), variable attenuation of
the emitted laser light is possible. As a result, the inci-
dent laser beam of the laser source can be controlled by
the uFAB™ station software through a PC, which atte-
nuates the power with the HWP and P; in addition to
performing the analog-to-digital conversion of the sig-
nals for controlling the movements of the XYZ micro-
positioner. The system was also equipped with a
charge-coupled device (CCD) camera to observe the
micromachining process. Figure 3 shows a schematic
representation of the system used for writing wavegui-
des to form microstructures using a femtosecond laser.

CCD
Camera —
—

Microscope
Objective
NA=0.4

800 nm, 50 fs, 1 kHz
3.8W

Speed: 20 pm/s
Energy: 4 pJ
Depth: 225 pm

Figure 3. Schematic representation of the experimental setup for
femtosecond laser writing

The manufacturing parameters were established based
on the literature for this material, including the transla-
tion speed (20 um/s), energy (4 uJ), and depth (225 um),
and its production was achieved using a microscope ob-
jective with numerical aperture NA = 0.4. The effects of
translation speed and laser power on the process were
evaluated to identify the ideal parameters for the fabrica-
tion of photonic devices. For the MZW]I, a separation of
170 pm between the branches was defined to achieve
lower radiation losses because larger separations increa-
se the radiation losses in the device. Based on the simula-
tion results, the writing of the photonic devices was
performed using a femtosecond laser with an ideal pulse
energy of 4 uJ. For lower energy values, the quality of the
waveguides began to decrease, and for higher energy va-
lues, the substrate became damaged. In addition, the
ideal writing speed was found to be 20 um/s based on
the design of the s-bend waveguides because speeds
lower than 50 pm/s kept the light inside the structure
perfectly confined. For higher speeds, there was a grea-
ter decrease in the amount of light at the exit.

INTEGRATION OF THE MICROFLUIDIC CHANNEL WITH THE PHO-
TONIC DEVICES

The 3D design of the microfluidic channel was based on
the SC-FLICE technique using conical spirals according
to the literature by means of equation (2) (Vishnubhatla
etal., 2009):

Where:

L =length of the channel
r¢ = radius of the channel
&= resulting angle

The values for L; and rg were 750 pm and 25 pm (circu-
lar cross-section), respectively. Since «,,, must have a
constant value of 1.9° to achieve inverse engraving du-
ring the chemical treatment, longer microchannels with
a uniform cross-section were obtained by varying the
length of the cone that was irradiated and, as a result,
the engraving time.

The energy doses and translation speed were varied
at key points during production by the micromachi-
ning station software, defining sections for each seg-
ment irradiated by the femtosecond laser, thus facili-
tating the writing process and introducing continuity at
the link of each part.
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In addition, based on the periodicity A of the spi-
rals, the degree of superposition between two successi-
ve laser irradiated arcs in the conical spiral can be
determined. Because there is insufficient overlap, the
acid encounters unexposed regions, causing the engra-
ving process to slow down; thus, A=2 um is the ideal
value based on the literature (Vishnubhatla et al., 2009).
Therefore, the 3D design consisted of a microfluidic
channel with a total length of 6 mm and two helices
with radii of 100 um as access holes at a depth of 200
pum. The structure of the microfluidic channel was for-
med with two helices with lengths of 410 pm and radii
of 2.5 um starting at each edge, followed by conical spi-
rals with lengths of 750 um and radii of 25 um at each
edge of the microfluidic channel. In the central part,
there were six additional helices with lengths of 750
pm, 400 um, and 450 pm with radii of 25 um. Finally, a
straight line was used as the central axis of each struc-
ture, all of which were joined at their ends. Once the 3D
design was completed, the microfluidic channel was
fabricated by selecting appropriate manufacturing pa-
rameters, such as the translation speed, energy dose,
and depth (225 um). The impact of translation speed
was determined based on the results obtained from va-
rious experiments using speeds ranging from 20 to 200
pm/s with a constant pulse energy of 4 pJ. Based on the
average translation speed of 20 um/s reported in simi-
lar studies (Maselli et al., 2006; Vishnubhatla et al., 2009),
more homogeneous patterns were formed because the-
re was a greater amount of energy deposited per unit
volume, increasing the engraving speed through che-
mical attack. However, this effect decreases as the
translation speed increases. As a result, for the access
holes (helices), a pulse energy of 2 uJ was established at
a speed of 50 um/s because the access holes were arrays
with larger diameters. For the conical spirals, an energy
of 3 uJ was established at a speed of 100 um/s since the
spirals are structures with regular diameters and a lon-
ger length. For the central lines of each structure, an
energy of 4 pJ was established at a speed of 20 pm/s
since the central lines are the basis of each structure. As
a result, the microfluidic channel and photonic devices
were written by the system software with the coordina-
tes obtained in AutoCAD® (Figure 4), changing only the
manufacturing values corresponding to each system
part to enable a higher degree of precision during the
manufacturing process. The photonic devices were
strategically placed approximately in the middle of the
microfluidic channel, where the dimensions were sma-
ller, to achieve greater precision in the data during cha-
racterization (MZWI and OPS were perpendicular to
the microfluidic channel). Subsequently, chemical
treatment was carried out using the SC-FLICE techni-

que, which was realized by placing the substrate in an
aqueous solution of commercial hydrofluoric acid (Jal-
mek, with 48-51 % purity) in vials at 20 % concentration
with a degree of acidity (pH) of 2.99 using an ultrasonic
bath (Cole-Parmer 8893) with an output frequency of
40 kHz for approximately 6.5 hours at a temperature of
40 °C.

“77/1x40PS

Figure 4. Schematic of the laser-written structures

CHARACTERIZATION OF THE SYSTEM
PHOTONIC DEVICES

The waveguides that make up the photonic devices
were characterized with an experimental setup based
on an XYZ micropositioning system (Newport 561D)
and a multichannel-coupled fiber laser source system
(Thorlabs MCLS1) that coupled the 642 nm light with a
typical power of 20 mW inside the photonic devices
and the guided light via a microscope objective with a
magnification of 20X at the exit of the waveguide. Thus,
to obtain the propagation loss coefficient («), equation
(3) was used in accordance with the literature (Bourhis,
1994):

10 T,
- log —3_
a L 0810 T, (3)
g ac
Where:

L, = length of the waveguide

T, = transmittance of the waveguide

T, = Fresnel transmission coefficient at the output of the
waveguide

1, = coefficient of coupling losses

Figure 5 shows the experimental setup for measuring
the input and output powers of each waveguide using
a Thorlabs PM100D power meter and the waveguide
mode dimensions with a Thorlabs BC106-VIS CCD ca-
mera.
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Optical Fiber 20X Microscope

Waveguide objective

Eiber 5] copcamera
|[:> Power Meter

coupled
laser source

Micropositioner
XYZ

Figure 5. Schematic representation of the experimental setup
used to measure the power, laser beam waist, and mode
dimensions in the waveguides

The change in the refractive index (An) can be calcula-
ted based on the numerical aperture of the waveguides,
where the guided light is projected directly onto a
screen located at distance 4 from the output face of the
waveguide, removing the 20X microscope objective (Fi-
gure 6). An interference pattern in the form of rings can
be seen in the far field, and the radius r where the frin-
ges vanished was measured for different values of 4,
yielding five measurements that were averaged to cal-
culate the r/d ratio in each of the waveguides. It was
observed that the distance d varied linearly with the
fringe radius, which means that the /d ratio has a cons-
tant linear slope. Thus, the numerical aperture of the
waveguides can be estimated by the average value of
r/d (Dharmadhikari et al., 2011):

NA =sin [arctun [%D (4)

Given that:
NA =+/2nAn ®)

Where n is the refractive index of the bulk material and
NA is the numerical aperture, as shown in equation (4)
and equation (5), the change in the refractive index (An)
can be obtained.

Optical Fiber Waveguide

d
—>

Fiber

coupled
laser source

Micropositioner
XYZ

Figure 6. NA calculation based on r/d

MICROFLUIDIC CHANNEL

Using a VHX-5000 digital microscope at 500X magnifi-
cation with autofocus, cross-sectional views of the mi-
crochannel were obtained by measuring its dimensions
before chemical treatment to verify that the writing

with the femtosecond laser was correct. Figure 7 shows
the diameter measurement (50 pm) of one of the micro-
channel sections with a length of 750 um.

(1150.04m

Figure 7. Microchannel image before chemical treatment

RESULTS AND DISCUSSION
PHOTONIC DEVICES

The MZWI was simulated using the beam propagation
method (BPM) to determine the feasibility of the propo-
sed structure based on s-bend waveguides, with an
analysis of both branches. Based on the obtained re-
sults, a separation of 55 um (sensing window) in one of
its branches was capable of confining the light and
achieving a sensing signal at the exit of the junction of
both branches. A refractive index n = 1.4577 was di-
rectly acquired from the measurement of the fused sili-
ca substrate by means of the prism coupling method in
a Metricon 2010M, achieving results that are similar to
real-world measurements at the time of manufacture.
The change in the refractive index in the MZWI (An =
1.3 % 10'3) was defined based on previous reports, and,
together with the optical path length, the phase chan-
ges of the light were obtained when the beam was cou-
pled through the sensing window (monitoring a range
of 0 - 200 um), while the reference branch was kept
constant, allowing the calculation of the optical trans-
mission through repeated iterations to visualize the
phase difference of the device in both branches. Some
of the real factors that could affect the simulation could
be inhomogeneities, which can reduce the quality of the
interferometer and increase losses; aberrations genera-
ted when focusing the beam during the manufacturing
process, the beam would then not be truly circular; and
the refractive index profile, since a step index was assu-
med and there could have been some variations in the
real profile although the impact would be minimal in
this case since the profile is approximately step. Figure
8 shows the level of transmission achieved by the
MZWI when the light crossed the entire device with a
55 um sensing window, and a transmission percentage
of 54.79 % was shown to obtain the work point of the
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device. Thus, the light confined through the device
guarantees an adequate power output at the output
branches.

8000 Pathway,

| Monitor:

7000 ™ 1, Mode 0

6000 | 2, Mode 0

5000
g 4000
3000
2000

1000

B REEEEE e e
1.0 0.5 0.0

Monitor Value (a.u.)

X (um)

Figure 8. Simulation of the MZWI with s-bend waveguides with
transmission of 54.79 %

Similarly, a simulation of the OPS was performed using
the BPM method to verify the proposed design with the
same parameters as those used in the previous simula-
tion for the MZW]I, such as the waveguide width and
refractive index, since both devices were manufactured
using the same writing process. When light was introdu-
ced at the input of the OPS, it began to propagate through
the structure and was divided into four approximately
equal parts with small variations in the transmission of
the waveguides that lie on the edges (W1, W4) with res-
pect to the central channels. Figure 9 shows the four
channels corresponding to waveguides W1, W2, W3,
and W4. The fundamental mode was simulated to analy-
ze the optical paths from the beginning of the photonic
device, through the sensing window, and finally to the
end of each waveguide. Hence, an area defined by a sen-
sing window of 55 pm allows the variation in transmis-
sion that the light experiences when passing through the
window to be observed, indicating that the light remains
sufficiently confined, as reported in previous works
(Martinez-Vazquez et al., 2009).

Figure 10 shows the percentage of transmission as a
function of the sensing window length, which was
18.46 % for waveguides W1 and W4, and 21.41 % for
waveguides W2 and W3 for a sensing window length of
55 um. The lower transmission of waveguides W1 and
W4 is due to their greater curvature. The longer the se-
paration between the channels, the more the transmis-
sion tends to reduce as the curves become more
pronounced. Consequently, the existence of light leaks
causes transmission losses in the device as the separa-
tion increases.
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N L 4
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Figure 9. Simulation of the 1 x 4 OPS
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Figure 10. Output transmission as a function of the sensing
window length for the 1 x 4 OPS

The near-field distribution intensity profiles of the pho-
tonic devices are shown in Figure 11a and Figure 12a, b,
¢, and d; in Figure 11b and Figure 12e, the propagation
modes obtained by BeamPROP™ are shown. The fun-
damental mode was confined in all the devices, and the
shadows seen on the sides of the mode in Figure 11b
could be attributed to the light that escaped from the
curved channels and junctions. Figures 11c and 12f de-
pict the refractive index profiles for the MZWI and the
1 x 4 OPS, respectively, on a 50:1 scale, with optimized
dimensions of a total length of 8000 um, a light wave-
length of 642 nm, and a refractive index change
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Figure 11. a) Near-field distribution intensity profile of the
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An =0.0013. There was a similarity between the propa-
gation modes observed in the modeling of RSoft and
those observed after the devices were manufactured by
laser writing.

The photonic devices were written at a depth of 225
um below the surface, perpendicular to the cross-sec-
tion of the microfluidic channel (located 2.5 um from
the wall of the microchannel on both sides, avoiding
possible damage during its manufacture). The wave-
guides had an average width/thickness of 5 - 15 pm; the
width/thickness of the MZWI were 6.45 um / 8.12 um,
respectively, and the widths/thicknesses for the OPS
were: W1 (7.1 pm / 14.2 pm), W2 (5.16 um / 14.2 pum),
W3 (4.84 um / 13.85 um) and W4 (5.16 um / 13.25 um).

The refractive index increase calculated using the
far-field method was 4.47 x 10™ for the MZWI and 3.46
x 10 for the OPS, with an error of ~30 %. It has been
reported that the absorption of laser energy by the sam-
ple, as well as the dissipation of the energy absorbed
within the irradiated material, can be possible causes of
refractive index modification and subsequent wavegui-
de formation (Gattass et al., 2008). The propagation los-
ses of the 1 x 4 OPS were found to be 11.2 dB/cm, 9.99
dB/cm, 9.79 dB/cm and 10.69 dB/cm for waveguides
W1, W2, W3 and W4, respectively. These results are si-
milar to those obtained in (Yuan et al., 2015), where the
losses were mainly attributed to energy dissipation at
the junction point of the waveguides. On the other
hand, the propagation losses for the MZWI were 13.45
dB/cm, which may be due to the greater angle at the
junctions, the curvature of the branches and the length
of the structure.

MICROFLUIDIC CHANNEL

Remarkable uniformity was obtained in the microflui-
dic channel structure when the conical shapes were
compensated using the SC-FLICE technique. Diameters

Contour Map of ndex Profle at Y=0

I Figure 12. a), b), ), d) Near-field distribution
intensity profile for each of the waveguides
of the 1 x 4 OPS, e) propagation modes
obtained by BeamPROP™ for the 1 x 4 OPS,
f) refractive index profile for the 1 x 4 OPS
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of 475.5 ym were obtained for the access holes and a
width of 54.15 um was obtained for the microfluidic
channel, as shown in Figure 13a. A microfluidic chan-
nel with a more uniform cylindrical shape was obser-
ved, and the expected parameters were obtained after
the manufacturing process with photonic devices outsi-
de the microfluidic channel, which allowed adequate
light confinement. This was because the SC-FLICE tech-
nique was used; in contrast, the FLICE technique would
form uncompensated conical geometries, which would
not favor the design, as they would deform when at-
tempting to reach the buried regions without being able
to penetrate the regions. In addition, this technique re-
quires a longer engraving time and destroys the entire
substrate by exposing the microfluidic channel. Howe-
ver, the access holes were deformed, which can be attri-
buted to the longer manufacturing time and use of a
greater amount of HF, as shown in Figure 13b. A possi-
ble solution to avoid damage to the substrate due to HF
could be coating the material before chemical attack at
the same manufacturing site with an asphalt paint
mask, commonly known as the bitumen of Judea,
which avoids the destruction of the substrate by increa-
sing its resistance to HF, obtaining a high-quality mi-
crofluidic channel, and then applying a second laser
marking on the access holes to release the input to the
microchannel. In this context, this work demonstrates
that it is possible to create longer microfluidic channels,
as well as photonic devices integrated in a single chip,
for use as biosensors (Figure 13c).

CONCLUSIONS

In conclusion, photonic devices and a uniform micro-
fluidic channel were obtained by using ultrafast laser
writing. The photonic devices had waveguides with
widths and thicknesses ranging from 5 to 15 um and a
total length of 8000 um. « values of 13.45 dB/cm were
achieved for the MZWI, and « values of 11.2 dB/cm,
9.99 dB/cm, 9.79 dB/cm and 10.69 dB/cm were achieved
for the OPS. The changes in the refractive index (An) for
the OPS and the MZWI were 4.47 x 10* and 3.46 x 10,
respectively, which is on the order of the proposed An
= 1.3 x 107 in the simulation. In addition, it was de-
monstrated that with the application of the SC-FLICE
technique, ideal parameters are required to obtain uni-
formity and a longer microfluidic channel length. A mi-
crofluidic channel with a diameter of 54.15 um and
length of 6000 pm was obtained. Thus, due to the long
immersion time in HF acid, the access holes were defor-
med. However, in the next work, a protective mask
could be used to prevent the inlet holes from deforming
and to improve their quality. Thus, the integration of

132 um
PradiaiM

-
81.01 pm

Figure 13. a) Uniformity in the microfluidic channel,
b) deformation of access holes, ¢) microfluidic channel and
photonic devices integrated in a single chip

photonic devices with microfluidic channels has signi-
ficant potential. The results show that an optofluidic
system can be developed to detect biological and che-
mical substances introduced into the microfluidic chan-
nel with photonic devices that can be used for real-time
monitoring and diagnosis. In future work, a multisen-
sory system that uses microfluidic channels and wave-
guides in conjunction with integrated electronic
devices, such as microcontrollers, will be developed to
expand the sensor detection field and decrease propa-
gation losses by varying the radius of curvature to re-
duce the light lost by radiation.
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