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Abstract: This work presents a reconfigurable opto-microfluidic coupling between optical
waveguides and tilted microfluidic channels in monolithic lithium niobate crystal. The light path
connecting two waveguide arrays located on opposite sides of a microfluidic channel depends
on the refractive index between the liquid phase and the hosting crystal. As a result, the optical
properties of the flowing fluid, which is pumped into the microfluidic channel on demand,
can be exploited to control the light pathways inside the optofluidic device. Proof-of-concept
applications are herein presented, including microfluidic optical waveguide switching, optical
refractive index sensing, and wavelength demultiplexing.
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1. Introduction

Since Jones coined the term “optofluidics” in 1985 [1], the combination of microfluidic and
optical components has been a major breakthrough for several applications [2,3]. The interaction
of these two technologies provides unprecedented flexibility for optical devices due to the optical
properties of fluids [4-7], and an optical toolkit [8—10] for microfluidic chips. One of the
most widely used methods for integrating microfluidics and optics is using optical fibers in
microfluidic devices [11]. Optical fibers can either illuminate from the top or aside, i.e., through
the microfluidic channel. On the one hand, this configuration enables tunable optical elements
[12] or light shaping [13,14] using microfluidic systems. On the other hand, a local light source
provided efficient optical sensing within the microfluidic devices [15], e.g., for biochemical
analysis [16], for Raman spectroscopy [17], for dynamic properties [18] of liquids, or for lasing
[19,20]. Moreover, the use of optical forces for manipulation purposes was made possible by the
use of optical fibers in microfluidics [21-23].

However, the critical alignment of the optical fibers does not guarantee a sufficient level of
reproducibility for mass production. In addition, the design of devices with such parallelized
probe arrays is limited by the bulkiness of the fibers and integration issues. The replacement
of optical fibers with monolithic optical waveguides represents a promising solution to achieve
miniaturized and fully integrated systems. Over the past two decades, several efforts have been
made to combine optical waveguides with a microfluidic channel in the same substrate, either
by laser writing [24] or lithographic techniques [25]. The most significant improvements are
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undoubtedly the precise alignment between optical and microfluidic structures and the realization
of complex optical systems [26,27]. Several materials have proven to be optimal substrates
for hosting both microfluidic channels and optical waveguides, ranging from polymers such as
PDMS [28] or SU8 [29] to common optic materials such as glass [24,25] or lithium niobate
[30,31]. The latter is a well-known material in optics for its outstanding optical properties [32],
making it a workhorse for several applications [33], such as holography [34], frequency doubling
[35,36], and miniaturized optical components [37,38] to name a few. Recently, this material
has found notable success in the microfluidic field, e.g., for droplet [39-42], biosample [43—45],
and particle [46,47] manipulation within channel geometries with typical sizes of micrometers.
In addition, the introduction of the microfluidic stages has increased opportunities for optical
applications, such as microlenses [48,49], or in combination with liquid crystals [50-52]. The
high performance of the miniaturized components realized in lithium niobate has opened up
new possibilities in optical sensing, e.g., droplet counting and velocimetry [27,31,53], spectral
measurement [54,55], novel applications in combination with soliton waveguides [30,56].

The full benefits of combining miniaturized optical components in lithium niobate with the
optical flexibility of fluids in microfluidic systems have yet to be reaped. This work represents a
further step in this direction, presenting a microfluidic-based manipulation stage that controls the
light path between optical waveguides realized in lithium niobate. The opto-microfluidic system
consists of an array of parallel optical waveguides interacting with a tilted microfluidic channel
(see Fig. 1(a)). Such a dense array cannot be realized in a compact way by a bundle of fibers due
to its bulkiness. The chips used in this work contain more than 500 waveguides (divided into
different arrays) and are pocket-sized (see Fig. 1(b)). Inside the microfluidic channel, the optical
path of light coming from the waveguides depends on the optical properties of the medium inside
the channel. In particular, the microfluidic channel shifts the incoming light due to the refraction

Fig. 1. (a) Schematic of the device: the lithium niobate substrate, the waveguide array
crossed by the tilted channel, and the PDMS cover. The 2D xz-view shows the thickness
of the different layers and the location of the channel and waveguides. The 2D yz-view
highlights the main parameters for the opto-microfluidic coupling: the shift d between the
input and output waveguide, the angles @, 6, and the width of the channel L. (b) Image of a
device with a dimension of 17x17 mm?2, with 20 different waveguide arrays containing each
about 50 waveguides. (c) Top view with a microscope of the channel coupling the light from
the input waveguide to a shifted output waveguide. The red line is the evanescent loss of
light from the waveguide.
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with injected fluid, allowing complete control of the light propagation with the microfluidics.
Then, one of the output waveguides on the other side of the channel collects the incoming light.
As a proof of concept, the proposed configuration is used to switch the light coupling between
waveguides by the injection of different fluids inside the channel. Similarly, the system is also
shown to behave as a refractive index sensor or an optical demultiplexer for separating spectral
components.

2. Working principle

The opto-microfluidic configuration uses the refraction of the incoming light from the waveguides
with the fluids inside the microfluidic channel. Due to refractive index change on the interface
of the channel walls, the light is refracted by the first encountered channel wall. As long as the
incident angle is smaller than the critical angle, the beam propagates from the waveguide inside
the channel. Another refraction occurs when the light reaches the second channel interface, and
it can couple inside a waveguide located on the other side with respect to the illuminating ones.
The beam path between the two channel walls is shifted by a distance d as shown in Fig. 1(a). If
the two arrays are aligned and d is a multiple of the distance between the waveguides d,,g, then
the light is transferred to N = d/d,,, waveguides of the array next to the input waveguide. The
value d can be predicted by simple consideration of ray optics as:

sin(sin‘l(%(/l)sinf)) -6)L

cos(sin‘l("n% (A)sind))

d(L,nin,np,6) = (1

where 0 is the tilt angle between the microfluidic channel and the waveguides, L is the channel
width, n;n(2) and ngp(Q) are the refractive indices of the lithium niobate and the fluid depending
on the wavelength A of the light, respectively (see Fig. 1(a)). The refractive index of the lithium
niobate is the ordinary one since the waveguides are propagating along the polar axis (see the
crystal orientation in Fig. 1(a)). It is worth mentioning that the tilt angle 6 is equal to the incidence
angle of the first refraction.

3. Experimental

The microfluidic channels and the optical waveguides are realized on the same monolithic lithium
niobate platform. The procedure used for the realization of the final device is presented in the
following. Then, the experimental setup used for the characterization of the opto-microfluidic
coupling is described.

3.1. Fabrication

The optical waveguides are Ti-indiffused into 3-inch commercial x-cut LiNbO3 wafers (LN,
thickness: 1 mm, by Crystal Technology Inc., Palo Alto, CA, USA), resulting in single-mode
waveguides in the visible range. The process consists of three main steps (see first three sketches
in Fig. 2(a)). First, a lithography technique produces a homogeneous coating of photoresist
S1805 (Dow Chemical, Midland, MI, USA) in the region where the Titanium will not be diffused.
Then, a thin and homogeneous layer of titanium is deposited via magnetron sputtering. Titanium
stripes of 5.2 + 0.3 um width and 41 = 5 nm thickness are, then, obtained by lift-off, removing
completely the resist and the excess of titanium. The diffusion inside the crystal is performed
by thermal treatment inside a tubular furnace (F-VS 100-500/13 Carbolite Gero, Neuhausen,
Germany) at 1030°C for two hours in O, atmosphere. Secondary ions mass spectrometry and
Rutherford backscattering spectrometry reveal that the dopant concentration follows an in-depth
semi-Gaussian profile with a mean diffused depth A, = 1.13 £ 0.05 um and maximum titanium
concentration at the surface of (1.06+0.04) - 10>! cm™!. The refractive indices variations induced
by Titanium doping [57] are An, = (1.12 £ 0.03) - 1072 and An, = (0.66 + 0.03) - 1072 for
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extraordinary and ordinary indices, respectively. A detailed description of the lithographic process
with all parameters and the titanium profile analysis are given in [54]. The final waveguides
are z-propagating and single-mode with Gaussian profiles in both transverse directions with an
average diameter along the y-axis of wyp = 3.6 + 0.3 um (see section 2 in Supplement 1), and
propagation loss of 4 + 2 dB cm™! at 632.9 nm measured by a cut-back technique.
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Fig. 2. (a) Sketches showing the fabrication process of the optofluidic device. The light
from the input waveguide is either collected by an optical fiber (b) or a microscope objective
(c). The near field of the output beam is imaged by a CCD camera with a tube lens. Coupling
with fiber is not reported here because it is similar to the example shown for the light
collection. (d) In each experiment, the fluids are injected with a pressure pump. The entire
figure is not in scale to better highlight each part.
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These single-mode waveguides are arranged in arrays characterized by d,,,, the distance
between centers of consecutive waveguides. Every single sample has arrays of more than 50
waveguides with d,,, = [10, 11,12, 13, 14, 15,20, 25] um. Due to the thermal diffusion, the width
of the waveguides is larger than the nominal width of the stripe. The analysis of the distance
between consecutive stripes showed an average mismatch of 6 +3%. This value is the result of the
measurement of the waveguide arrays by optical microscopy, more details are provided in section
3 of Supplement 1. Twenty-four samples of 17x17 cm? were obtained from two LN wafers. The
samples are diced with a precision saw (DISCO DAD 3350) at 10000 rpm and linear velocity of
0.2 mm s~! equipped with a polishing blade. The same dicing technique is used to engrave the
fluidic channel (Fig. 2(a)). Two kinds of channels were engraved with a width L of 50 and 200
pm and the same depth of 100 um. Notably, the channels were engraved after the diffusion of
the waveguide, thus the input and output arrays are self-aligned. Fluidic channels with different
tilted angles 6 = [10, 12.5,13.3, 14.1, 15.5, 20, 21.5, 25,27, 28, 30, 31]° with respect to the y-axis
were fabricated. Finally, the channels were sealed using a polydimethylsiloxane (PDMS, Dow
Chemical) substrate. Inlet and outlet tubings were embedded in the PDMS cover to connect the
device and the pump. A covalent bonding between the PDMS and the crystal is obtained by
plasma activation of both substrates for 1 min at 600 W with a continuous O, flow of 10 cm?
min~! at a pressure of 3 - 1073 mbar. The microfluidic performances of each channel have been
established even for a multi-phase system as in [58].
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3.2.  Opto-microfluidic setup

The experimental setup consists of two main parts: the optical one for light coupling and detection
(see Fig. 2(b) and Fig. 2(c)), and the microfluidic one for fluid injection (see Fig. 2(d)). The
fluids are injected at a constant pressure of 200 mbar by a pressure pump (OB1 MK3+, Elveflow).
Distilled water is used to test the system, and 8 aqueous solutions of CaCl, are tested for refractive
index sensing. The value of CaCl, concentration, Cc,cy,, and the respective refractive index of
the solutions are listed in Table 1.

Table 1. Solutions are made by solving the CaCl, in water.?

Ccact, (%) 0 2 5 10 14 20 26 30
nr 1.332 1.3378 1.3451 1.3575 1.3677 1.3839 1.4008 1.4121

“The refractive indices at a wavelength of 632.8 nm are obtained by a linear relationship starting from the refractive
index of water and the value of the concentrations [59].

Three light sources are used in this work: a He-Ne laser (maximum power ] mW and 4 = 632.8
nm) for the refractive index sensing, a CW diode laser (maximum power 8 mW and A = 655
nm) for the optical switching and characterization measurements, and a broadband source based
on a supercontinuum fiber (more details are given in section 4 of Supplement 1). In each case,
the input power is an order of magnitude lower than the one causing optical damage. The
photorefractive properties of the material, therefore, have no effect on the performance of the
device. The light beam is coupled with the waveguides in a butt-coupling configuration using a
Plan Achromat Objective 20x/0.35 except for the broadband source, which is fiber coupled. In the
first case, the diameter of the focused beam has a minimum value of 5.1 + 0.9 um, which ensures
the excitation of a single waveguide at once. To collect near-field images of the output waveguides
(see Fig. 2(b)), a similar microscope objective is used in combination with a charge-coupled
device (CCD, LaserCam-HR II, Coherent). For spectral or power measurement, an optical fiber
with an inner diameter of 7.2 + 0.7 um is precisely aligned by a 3D nano-positioning stage (see
Fig. 2(c)), and it is connected to either an Optical Spectrum Analyzer (AQ6373B, Yokogawa) or
a photodiode (S120C, Thorlabs). In every case except for the broadband source, the polarization
of the incoming light is opportunely polarized to excite TE mode.

4. Results and discussion

The results in this paper are based on Eq. (1) and are completely available in Dataset 1 [67].
Equation (1) describes the refraction of the light beam at the interfaces. Thus, a preliminary
discussion on the quality of the channel walls is mandatory and detailed in section 2 of Supplement
1.

4.1. Transmission at the interfaces between channel and waveguides

The technique used to engrave the channel is similar to the one to realize for the ridge waveguides
[60] and it is meant to obtain optical quality surfaces. A complete characterization of the surface
roughness with an atomic force microscope and scanning electron microscope is given in [58]. We
observed that the light transmission due to the presence of a 200 um wide straight channel (6 = 0°)
filled with air decreases to only 38% of its initial value, and it can be increased by injecting fluids.
The power at the input for this measurement was 0.5 mW, thus allowing low-power applications.
Also, waveguides in lithium niobate have been reported to sustain high power transmission [60].
A narrower channel offers higher transmission, due to the lower dispersion of the beam inside
the channel. However, the qualitative inspection of tilted channels in Fig. 3 reveals the presence
of scratches on the upper edge of the 50 um wide channel. The comparison between Fig. 3(a)
and 3b shows a higher density of scratches for the channel made with a 50 pm thick blade with
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respect to the one made with a 200 um thick one. The measurement with a profilometer P-10
(KLA Tencor, California, USA) of the channel width L gives 201 + 1 and 61 + 2 um (average over
more than 10 profiles for each channel and different channel), respectively. The scratches and
the higher mismatch from the nominal blade width suggest the occurrence of blade oscillations
during the dicing for the 50 um thick blade, which is less stable due to its thinness. This behavior
might be improved by adjusting the dicing machine parameters. A systematic investigation has
been performed on the best procedure to get sharp and scratched-free microfluidic channels.
The best performance is achieved with a channel engraved at a positive angle with respect to
the y-axis of the crystal, in agreement with the crystalline structure of the material (see section
2 of Supplement 1). In this configuration, the transmission is similar to the straight channel
configuration for both channel widths.

Fig. 3. Microscope images with 50x/0.6 Plan Objective (Nikon) of channels with a tilt angle
of 30° and with two different widths: (a) realized with a 50 um thick blade, (b) with one 200
um thick, respectively. In (b), only one side of the channel is shown to better compare the
quality of the edge with the worst side of the channel in (a) at the same magnification.

4.2.  Proof of the working principle and optical switching

According to Eq. (1), fluids with a lower refractive index ny shift the light to a longer distance d.
Thus, the optical path of the light within the channel is longer. When the distance d is equal to
d,e with the proper media inside the channel, light can switch to a lateral output waveguide (see
Fig. 4(a)). To demonstrate this optical switching, different arrays (i.e., with different d,,,) and
channels (i.e., with different 8) are tested sequentially by injecting air and water. Figure 4(b)
shows an example of the switch for a channel with 8 = 13.3°, a light source 4 = 655 nm and
an array with d,,, = 11 um. Only one waveguide of the output array transmits light, and its
position depends on the refractive index of the medium inside the channel. If air flows through
the channel, the refraction angle is greater than in water according to Eq. (1), and consequently,
this difference results in two excited different output waveguides. Measuring the shift d between
the input and output waveguides requires a reference for the position of the input waveguides. To
this aim, each sample has a reference waveguide, which is not intercepted by the channel (see
Fig. 4(a)). The reference waveguide has a known distance from all other waveguides, allowing
alignment to the input waveguide and setting the origin of d to that waveguide. The distance d
is measured as the separation between the centroids of the Gaussian profiles along the y-axis.
Figure 4(c) shows an example of these profiles corresponding to the output of Fig. 4(b). The
three centroids (vertical dashed lines) of the Gaussian fits (black lines) correspond to d = 10.5
um and 21.3 um, which agrees with the measured distance between the waveguides for the array
dyg = 11 um (considering the adjustment to the nominal d,,, due to thermal diffusion). The
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graph in Fig. 4(d) shows the measured d compared with Eq. (1) prediction for different arrays
and angles 6 for both water and air. The values of d are normalized by the width of the channel L
to compare data obtained with different channel widths. The normalized d,,, results agree with
the values predicted by Eq. (1) (solid lines). For 6>26°, we observed no transmission in any of
the waveguides of the array, since the angle of incidence is larger than the critical angle 6.(np).
Similarly, no light is collected if d does not match a multiple of d,,,, or the beam size does not
overlap with any output waveguides. Therefore, the parameters for an efficient switching behavior
have to be chosen to have 6<6.(nr) and to achieve d(nr, §) = d,,,. During the propagation inside
the channel, the beam diameter increases due to diffraction, and consequently, the beam extension
across the channel is larger than the initial mode size. The diffraction has been taken into account
considering a Gaussian beam propagation along the optical path (more details are given in section
5 of Supplement 1), and the beam diameter after crossing the channel is highlighted by the two
dashed lines in Fig. 4(d). Only the diffraction along the length of the microchannel (y-axis in
Fig. 1(a)) matters for the considerations. The diffraction along the vertical direction (x-axis
in Fig. 1(a)) causes losses but does not change the working principle of the proposed device.
Furthermore, along this direction the waveguide mode has an initial width that is at least twice
wo, thus making negligible losses compared to diffraction in the other direction. Notably, the
beam diffraction inside the channel is insufficient to excite more than one waveguide in this range
of angle 6. This feature allows the system to switch precisely between two waveguides by the
microfluidic control. The switching process is only limited by the angle of incidence, which has
to be lower than the critical angle (26° for lithium niobate and air). Nevertheless, this feature can
be also exploited for blocking the beam and switching between transmission and total reflection
configurations. The switching operation speed depends on the performance of the microfluidic
actuator, which injects new fluid and switches between two fluids. There are several publications
about actuators that can be directly integrated and can be easily controlled electronically [61].
Moreover, other microfluidic features can be implemented to increase the performance of this
switch, such as the use of droplets [31,62] to introduce complex configuration.

4.3. Refractive index sensing

The output signal described in the previous section depends strongly on the refractive index of the
medium in the channel np. The latter is univocally related to the output waveguide of the array
and, thus, the system works as an optical sensor for the refractive index of the fluid flowing inside
the channel. To enhance the difference in a shift among different ng, larger 8 compared to the
previous application have been used. The performances are tested with the 8 aqueous solutions
listed in Table 1 inside a channel with = 29°. Each fluid is injected consecutively increasing
the refractive index. Simultaneously, the waveguide output is captured in an array of d,,, = 10
um, with the analysis of the profile as described in Fig. 4. For such large 6, the diffraction makes
the size of the beam larger than the d,,, = 10 um, and multiple output waveguides are excited by
light propagating through the channel. The example in Fig. 5(a) shows this effect in the near-field
images of the output for three different solutions. It is worth mentioning that the three images
are not aligned along the x-axis. The equivalent realigned profiles with respect to the reference
are shown in Fig. 5(b). The overall intensity of the entire set of excited waveguides follows a
Gaussian shape, which is related to the beam size propagated through the channel. The value of d
is, therefore, measured as the centroid of the Gaussian interpolation of the intensities transmitted
by each waveguide of the array. The measured values of d by this analysis are compared with
Eq. (1) in Fig. 5(c). The results (listed in Supplement 1) follow again the prediction given by
Eq. (1). Therefore, the output waveguides provide an instantaneous measurement of the refractive
index of the liquid flowing in the channel ng. The partial derivative of Eq. (1) with respect
to nr provides also a definition of the sensitivity S of the proposed method (see section 6 of
Supplement 1). In Fig. 5(d), S is plotted in a wider range of refractive indices for different channel
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Fig. 4. (a) Sketch of the optical switching operations. First, the input is the reference
waveguide, then, the input is the first waveguide of the array and the output is collected with
air in the channel. After the injection of water, the switch occurs to a closer waveguide to
the input one. Finally, the reference is observed again. (b) Near-field images of the output
waveguide for a switching operation for a system with 6 = 13.3°, 2 = 655 nm, and the
dyg = 11 um: first reference (green), for the channel filled with air (red), with water (blue)
and reference again (green). Every image is captured with an optical density filter to avoid
saturation of the camera: OD = 5.3 for air and OD = 7 for the others.

parameters. For a channel like the one used for the data in Fig. 5(c) (68 = 29° and L = 200 um), S
is equal to 206 um RIU~! for ny = 1.3. In practice, the sensitivity depends also on the value
of dy,, which has a practical limit given by the wy. For d,,; = 10 um, this result corresponds
to a minimum variation Ang = (d,,, — wo)/S = 0.02 RIU (considering the actual experimental
value dy, = 8.7 um and also the width of the waveguides) to switch completely between two
consecutive waveguides. However, the experimental analysis is based on multiple waveguides
signal, which allows for enhanced effective sensitivity. In detail, two patterns like the ones
reported in Fig. 5(b) can be distinguished even as long as the intensity pattern among multiple
waveguides changes. If there is an intensity change in the light pattern measure measured by
multiple waveguides sufficient to distinguish the Gaussian functions related to two different
indices of refraction, the system is able to distinguish the signal. A decrease of d,,, leads to an
enhanced sensitivity for two reasons: the minimum Ang decreases and the number of waveguides
collecting signals can increase. Experimentally, we observed an uncertainty of 1 pm on the
determination of the centroid, and thus the minimum distance between two centroids should be at
least three times this value corresponding to Anp = 3 X 1um/S = 0.015 RIU. Since the sensitivity
of the final device depends on the fabrication parameters, the device can be optimized to enhance
sensitivities. For instance, § is inversely proportional to L and lower d,,, enhanced the sensitivity.
Therefore, L = 1000 um and d,,, = 5 um allows to achieve Ang = 5um/S(1000um) = 0.005 RIU.
It is worth noting that this value of § is about 10 times larger than the conventional commercial
Abbe refractometers. However, Abbe refractometers are bulky instruments, are not portable, and
cannot be embedded in the microfluidic circuit. This method provides a real-time measurement in
pocket size device on flowing liquid, which can be further used in microfluidic operation without
any waste. Sensitivity can also be improved by collecting the light after multiple reflections
within the channel, which we expect to be detectable with greater power input.
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Fig. 5. (a) Measured near-field images for different CcaCl, in a device configuration with
6 =29°, L = 200, and an array with dy,; = 10 pm. (b) Corresponding profiles of the images
in (a) shifted along the y-axis properly using the reference waveguide. The value of d for
each solution is obtained as the centroid of the Gaussian function described by the intensities
transmitted by the set of output waveguides. (c) d obtained by this analysis (red dots) versus
the refractive index nr of the solution, the blue line is Eq. (1). The errorbars correspond to
the error obtained by the Gaussian fit on the centroids.

4.4. Wavelength demultiplexing

The shift d occurring to the light beam inside the channel depends also on the light wavelength A by
the np(A), as indicated in Eq. (1). A broadband light is, therefore, spectrally split across different
output waveguides. When the output waveguide array collects different spectral components of
the light, the system acts as a spectral demultiplexer. A graphical representation of the working
principle of the demultiplexing operation is shown in Fig. 6(a). Due to dispersion inside the
channel, the spectral components with longer wavelengths, such as red in the visible range, are
refracted to a lower y coordinate (see Fig. 6(a)), than components with a shorter wavelength,
such as green. The demultiplexing is evidenced in our system by scanning the output waveguides
along y direction through a color CCD camera. The example in Fig. 6(b) shows the output of
three consecutive waveguides with d,, = 25 um upon water injection in a 200 um wide channel
with the supercontinuum broadband source as input. There is a clear spectral difference between
waveguides in Fig. 6(b), which reveals the occurrence of a demultiplexing process in the channel.

A quantitative spectral analysis has been performed by a spectral scan along the y-axis
collecting a spectrum every 5 pm. The spectrum of each waveguide is considered as the local
maxima of the transmitted power of this scan, as described in the procedure in section 7 of
Supplement 1. An example of three spectra related to three consecutive waveguides is reported
in Fig. 6(c), together with the transmitted spectrum of the reference waveguide and the source
initial spectrum. The relative importance of the different components due to spectral dispersion
inside the channel is clearly visible by comparing the three spectra with the reference and the
source ones. Each spectrum has a range between 532 nm and 700 nm in agreement with the
reference, but, for instance, longer wavelength components (red region) are enhanced at a lower y
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Fig. 6. (a) Sketch of the working principle and the y-scan measurement for the demultiplexing
operation. (b) Outputs near-field CCD images from a dy,; = 25 um array in a device with
a L =200 pm and 6 = 30° channel with water. (c) Examples of spectra recorded during
the scan along the y-axis, from the top to bottom: the spectrum recorded of the first
waveguide (y=0 pm, red line), of the second one (y=23 um, yellow line) and third one (45
um, green line), of the reference waveguide (dotted pink line), and of the source (dashed
blue line). (d) Calculated d versus wavelength (red curve) evaluated by Eq. (1) for L = 200
um considering the dispersion relation of water nr(2) plotted on the right axis in blue.
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Fig. 7. (a) Spectral components against the position of the waveguides for two channels
with the same 6 = 30°. (b) Red components for a channel with L = 200 um and different 6.
The 6 and exact wavelength are specified in the label. (c) is the corresponding graph to (b)
but for green components.

coordinate. In agreement with Eq. (1), larger shifts d are observed for shorter wavelength and,
conversely, for longer wavelength in the visible range as shown in red Fig. 6(d), according to the
relation dispersion of water in blue in Fig. 6(d). Due to the low dispersion of water, wide angles
are needed for the effective discrimination of spectral components. Larger dispersion can be
achieved when the incidence angle is close to the critical angle and for more dispersive fluid.
As a proof of concept, we used 6>25° and d,,, = 25 um and water as fluid for the application
herein presented and selected the two largest spectral components to analyze quantitatively the
spectral separation capabilities. The choice of these parameters relies on the fact that a larger
angle provides larger chromatic dispersion and large d,,, allows to collect the most dispersed
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part of the spectra. For these two components, the integral Iy of the full peak at the selected
wavelength (i.e., 4 nm intervals) is considered and normalized against the corresponding integral
for the reference spectrum. The resulting values Iy are shown in Fig. 7(a) for two channels with
different L. Figure 7(a) reveals that the Iy for red components are up to 5 times stronger in
waveguides at smaller y coordinates, i.e., closer to the input waveguide and, therefore, at smaller
d one, for both widths of the channel. Conversely, the green component is shifted towards the
farther waveguides, from a negligible value of Iy in the first waveguide (at y=0 um), up to about
4 times at the fifth waveguide (y=90 um). For the wider channel, the spectral components reach
a value close to zero with respect to the reference, thus achieving efficient spectral filtering. The
demultiplexing can be further tuned with the tilt angle 8. Figure 7(b) and 7c report the Iy of
red and green components, respectively, for channels with different 6. According to dispersion,
channels with larger 8 present a more pronounced spectral dispersion. The experimental data
agree with this behavior, especially for the red components in Fig. 7(b), where Iy vary from 2 up
to 5 times the reference increasing 6 from 27° to 31°. For green components, the behavior is less
evident due to the greater diffraction of the beam diameter across the channel, as described in
detail in section 5 of Supplement 1.

5. Conclusion

An opto-microfluidic coupling between waveguide arrays and tilted fluidic channels in lithium
niobate is presented in this work. In the proposed device, the channel with a tilted angle up to 30°
has been considered and coupled with waveguides presenting optical quality interfaces. Light
propagates through the interfaces between the channel and the waveguides by optical refraction.
The optical path, therefore, depends on the optical properties of the fluid flowing in the channel.
The system has proven to be an optimal playground for either optical or microfluidic applications,
exploiting the flexible optical nature of the fluid or the probing properties of light.

The light beam inside the channel can couple into waveguides of the output array if the shift of
the optical path matches the position of one of the output waveguides. We demonstrated that this
coupling occurs and that the switch between two waveguides can be achieved upon the injection
of the different media inside the channel. This feature enables also the optical sensing of the
refractive index of the medium. Observing which waveguides in the array are transmitting light,
the device acts as a digital, real-time optical probe of the refractive index of the fluid inside the
channel. Finally, larger 6 channels are demonstrated to be efficient wavelength demultiplexers,
splitting different spectral components of the light due to the relation dispersion of the liquid
inside the channel.

The system is used with different fluids, light sources of different wavelengths, and different
coupling techniques. The LN is widely cited in optics, making easy a combination of this
coupling with other optical methods. For example, the light transmission can be improved by
pig-tailing stable bonded fiber, which is not suitable during the experimental phase but is optimal
for stable and durable operation. Multiple waveguides could be coupled without effort in this
way. In addition, the chemical resistance of the material and the robust monolithic structure of
the device open up the possibility of using complex optical media such as light-diffusing media,
colloidal suspension, and liquid crystal. For instance, SCB liquid crystals have also a 2 times
lower Abbe number than water and a well-known birefringence offering an interesting optical
playground for light spectral manipulation operation.

It is also expected that the coupling herein proposed can be extended to other types of
waveguides in LN [63], thus making the system very versatile. The material is very interesting in
both the microfluidic and optical fields for its peculiar combination of properties, thus providing
an additional tool to enhance the capabilities of optofluidics. We believe that the system can
be scaled down to the nanofluidic size of the channel and one micrometer width waveguide,
using other fabrication techniques, such as laser ablation [24]. It is also worth mentioning that
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the integration into a single pocket-size substrate of both optical and microfluidic stages makes
the device suitable for lab-on-a-chip applications. These features open various opportunities
in different fields, such as point-of-care devices, medical diagnostic, or environmental sensing
[64—66]. Furthermore, the close environment of the microfluidic channel combined with the
strong chemical resistance of lithium niobate makes the system suitable for any chemical analysis.
Although the initial cost is higher than traditional polymer-based devices, the robustness of the
device combined with chemical resistance and real-time use makes it competitive with traditional
disposable polymer devices and optimal for long-term use, such as environmental or medical
monitoring.
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