UNIVERSITA
DEGLI STUDI
DI PADOVA

Administrative office:
Universita degli Studi di Padova

Department:
Physics and Astronomy Galileo Galilei

XXXII series PhD course in Physics

Study of light driven phenomena for
optofluidic applications in Lab-on-a-chip
platforms in lithium niobate

Coordinator:
Ch.mo Prof. FRANCO SIMONETTO

Supervisor:

Prof. CINZIA SADA
Co-supervisor:

Prof. CHAUVET MATHIEU

PhD Candidate
RICCARDO ZAMBONI



To Gino and Emilio



" Measure what is measurable, and make measurable what is not so.”

Galileo Galilei

"What we can do in technology is defined by our tools.
If we want new possibilities we need to create new tools”
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Abstract

Since the growing interest in Lab-On-a-Chip (LOC) applications, the demand for
a high multifunctional and portable devices in order to increase the achievement
of complex laboratories analysis on a small size chips. This need pushed the
research to integrate in the substrates several tools with different tasks, and con-
sequently, the requirements of the material exploited become rapidly more re-
stricted. In particular, the performances of multiple toolkit device are related to
its capabilities of combining and matching stages, thus avoiding any detrimental
interferences between the material properties needed for their realization.
During the last 20 years, several materials have been proposed for the combina-
tion of different tools on the same device. Only recently our group proposed
Lithium Niobate (LiNbO;) as a valid alternative for a monolithic substrate in
LOC application. This material is well-known in the field of integrated optics,
due to its interesting optical properties, that brought it to be the main component
in optical modulators in the telecom devices. The excellent performances in this
tield can be combined to the microfluidic for the realization of reliable optofluidic
stages for LOC application. Moreover, LINbO; was demonstrated as a substrate
for several micro-manipulation tools, exploiting its further properties, such as
photovoltaic tweezers of micro-sized objects, nano-droplets pipetting with pyro-
electric induced field, acoustic driven particle transports via piezoelectric gener-
ated surface acoustic wave respectively. For these reasons, the merge of all these
tools on the same monolithic substrate could represent the optimal improvement
to push even further the LOC technology.

This thesis aimed to demonstrate that a multifunctional opto-microfluidic plat-
form can be realized in one monolithic substrate of lithium niobate, achieving
properties that can be properly exploited for LOC application. In particular,
the attention was focused on combining integrated optics and microfluidics in
a unique platform, where light is confined in an optical waveguide and crossed
a microfluidic channel allowing for a transmission detection. The realization of
microchannel for the coupling with microphotonic structures is presented: so in
particular channel configurations, such as droplet generator, are characterized
and compared to those achieved with other standard material, in order to show
the better performances provided by LiNbOj;. In this platform the crucial aspect



was played by the optical quality of the lateral walls of the microfluidic chan-
nel in order to guarantee an optimized optical coupling of the integrated opti-
cal waveguide and the microchannel. Such an optical grade quality allows for
the integration of microchannels with Ti-indiffused waveguide, in an unexplored
way alternative to the standards in optofluidics. This optofluidic coupling is per-
formed by crossing the waveguide with an engraved microfluidic channel. This
configuration enables the analysis of the transmitted light guided by the first half
of the waveguide to the second half of it. The self-aligned geometry allows for
the traveling of the light beam from one waveguide (input waveguide) across the
channel until it recouples in the other part of the waveguide (output waveguide).
This optical transmission signal of the medium inside the channel is exploited
for LOC applications, such as optical measurements of the droplet geometrical
properties (such as frequency, length, volume), and controlled microfluidic pH
titration, which allows for the pH determination and the neutralization of strong
acidic or basic solution, and finally as an optical multiplexer actuated microflu-
idically. In all these applications, the devices showed not only high level of inte-
gration and accurate response, but also superior performances than the standard
procedures and materials. Moreover, a further tool was integrated to this optoflu-
idic platform: a photovoltaic tweezers, exploiting the lithium niobate capability
of photoinducing electric field on its surfaces. These multifunctional stages are
proposed for the effectively manipulation of the orientation liquid crystal inside a
microchannel, and the consequent polarization control waveguide transmission
beam.
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Introduction

The lab-on-a-chip technology is changing the way of doing analysis in several ap-
plication fields, from biology to chemistry. Like the evolution from phone booths
to smartphones changed the concept of communication, the idea of holding a
laboratory in our hands is representing a major technological breakthrough. In-
deed, the possibility of having a diagnostic tool in our pockets could have a great
impact on the life quality in the future. Lab-on-a-chip can be described as a minia-
turized device, where multiple tools are synergistic integrated onto a single chip.
Like in laboratories, these devices can perform several analyses and operations
depending on the tools available.

The development of these devices is driven by the numerous advantages pro-
vided by this technology compared to standard ones. Among these, one of the
most evident is the compactness of a few centimeters chip in comparison to bulky
laboratory instruments, guaranteeing less handling and complex operations and
also an improved portability. In parallel to the small sizes, these devices are much
more affordable than a laboratory setup, not only in terms of size and cost, but
also in terms of reagents consumptions and consumables in general. Moreover,
lab-on-a-chips are usually highly automated, thus reducing the eventual sources
of human errors. These features make lab-on-a-chips really appealing for several
applications, in some of them they even showed superior performances than con-
ventional systems. Actually, the commercialization of devices have been already
started for instance for glucose monitoring, HIV detection and heart attack diag-
nostics and it is clear that this is only the beginning.

Since “everything that glitters ain’t gold”, many lab-on-a-chips still have to be
optimized to become commercially available. Efforts are required to achieve a
convenient transfer from research laboratories to the hands of people. Most of
the promises given by researchers have still to be fulfilled, because of the lack of
a reliable synergetic integration of multiple tools on the same substrate. In this
framework, this thesis aimed to investigate the possibility of realizing a valuable
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substrate for lab-on-a-chip application in lithium niobate LiNbO;. This material
is well-known for its optical successful applications due to its properties, such
as the commercial diffusion of optical modulators in the telecom field and the
second harmonic generation devices (i.e. periodic poled lithium niobate PPLN),
and recently it has been proposed for interesting micro-manipulation purpose
for biological application, such as photovoltaic [1] and pyroelectric tweezers [2,
3], and also acoustofluidic tools by means of surface acoustic waves [4]. Sur-
prisingly, it has been never proposed as a monolithic lab-on-a-chip, despite these
burgeoning premises. Indeed, LiNbO; has never been exploited as a substrate
for the integration of a microfluidic circuit, except for recent work published by
our group [5-7]. This thesis investigated the combination of all these three tools
on the same monolithic substrate of lithium niobate. Firstly, in the following the
engraving of microfluidic channels in lithium niobate will be presented exploit-
ing several fabrication methods, evidencing the drawbacks and advantages of
each one. The characterization of such a micro channels will be reported and
in particular droplet generator circuits in lithium niobate will be compared with
standard scaling laws and compared with conventional ones. These fabrication
techniques took into account also the possibility of an eventual coupling with
standard micro-photonic structures, such as integrated Ti-indiffusion waveguide.
This conjunction is also presented in this work, where the fabrication of both z-
propagating Ti-indiffused waveguides and micro channels on the same substrate
are reported. 5num waveguide were diffused into a sample of lithium niobate,
where afterwards the microchannles were engraved perpendicularly to the prop-
agation direction of the waveguides. The channel crossed the waveguides or-
thogonally to the light propagation direction, thus dividing the waveguides in
two parts. The light from one waveguide travels across the channel interacting
with the medium inside it, and finally recouples in the other part. The optical
transmission signal is therefore collected and analyzed at the end of the second
part of the waveguide output. This optofluidic coupling is completely new con-
figuration and never explored before. Indeed, most of the standard optofluidic
devices for lab-on-a-chip applications relies on the fiber embedding [8-13], which
presents several fabrication disadvantages, such as alignment and gluing. Al-
though several interesting results have been achieved with these devices in terms
lab-on-a-chip applications [14-16], those advantages curb an high parallelization
and a reliable commercialization. This technique can be a promising way of the
realization an optofluidic device in lithium niobate, avoiding any alignment pro-
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cedures and exploiting standard fabrication techniques used for MEMS devices.
Such an optofluidic platform allows for a transmission optical analysis of the
microchannels, and consequently for several interesting optofluidic applications.
Among the others, in this work an example of optical trigger for flowing objects
in the channel will be given. If the objects flowing inside the channel are droplets,
the optical trigger can offer a way for the measurements of droplets volume, fre-
quency and lengths. An improvement of the waveguides design, made of a sin-
gle or parallel array of independent waveguides, has been achieved by realizing a
Mach Zehnder interferometer configuration. This in fact enables the detection of
the flowing object velocities illuminating the channel with two reference points
instead of just one. The measurements of flowing objects properties in a inte-
grated device represents a valid alternative to standard imaging systems such as
microscopes and cameras. This feature is fundamental for removing the chip out
of the laboratories and also in some cases this device can provide superior perfor-
mance and high versatility due to the local probing. Another application, showed
for the first time in this work, is the pH titration, which is a technique used for
the pH measurements and the neutralization of high acidic or basic solutions, ex-
ploiting the abrupt optical absorbance transition of peculiar molecules, called pH
indicator. The device provides a dynamic measurements of this optical property
inside a microchannel by the transmission optical signal from the waveguide, and
also high durability thanks to the high chemical resistance of lithium niobate.
Finally, a third stage has been integrated in the LiNbO; device, implementing
with an iron doped lithium niobate cover, which allows for the generation of pho-
toinduced electric charge inside the channel. This manipulation stage is demon-
strating to actuate matters inside the microfluidic channel, in particular in this
work Liquid Crystals orientation inside the microfluidic channel was simultane-
ously monitored by the optofluidic system and actuated by means of the photoin-
duced electric field.

The topics herein presented are divided in the following chapters:

Chapter 1 discusses the potentialities of optofluidic in lab-on-a-chip applica-
tions, taking into account the contribution that lithium niobate can provide.
In particular, this chapter describes briefly the material and its properties,
evidencing the recent results in manipulation stages.

Chapter 2 proposes how microfluidic droplet generators can be realized, from
their fabrication to their performances. Each step is described in details: the
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state of the art of micro machining techniques in lithium niobate, pointing
out the major advantages of each in the realization of microchannels, the
sealing procedures, the functionalization of the channels, and finally, the
characterization of T-junction and cross-junction configuration for droplet
production, and their comparison with theoretical scaling laws and other
materials devices.

Chapter 3 aims to show the optofluidic lithium niobate device, and in particular

how waveguides structures can be integrated in a lithium niobate microflu-
idic chip. Moreover, all the optical characterization of the waveguide are
described with and without the channels.

Chapter 4 describes the optofluidic coupling in lithium niobate platforms ex-

ploited for several applications. Among the others, the device is presented
as a reliable substitution of a microscope setup, measuring several proper-
ties of objects flowing inside the microchannel. Also the material showed
good performances as a optical multiplexer actuated microfluidically and
for the pH titration.

Chapter 5 presents a photovoltaic tweezing stage integrated in the optofluidic

platform. The iron doping of the lithium niobate cover of the device en-
hances the photovoltaic properties. The doping procedure is described and
in particular the physical principle behind the photoinducing of electric
tields. Finally, the capabilities of this device are showed in the application
on liquid crystals controlled orientation inside the microchannel.



Chapter 1

Lithium niobate as a valuable
substrate for lab-on-a-chip
applications

Lab on a chip

Photorefractivity:
Photovoltaic tweezers
holographic recording

_ ,//
high chemical resistance 7

LiINbO3 Piezoelectricity: o

SAW and Acoustofluidic

Figure 1.1. Some of the properties which make LINbO3 an optimal candidate for the realization of multiple
stages lab on a chip.

Since its discovery, lithium niobate LiNbQO; is one of the most exploited mate-
rial as a substrate for photonics devices [17]. Its success was gained by large vari-
ety of optical properties [18], which allow for realizing platforms useful in a wide
applications range. This material, recently, attracted the attention of researchers
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belonging to other scientific areas, in particular for optofluidic applications [7, 19—
21]. The combination of its well-known optical properties with the microfluidic
tools can pull the trigger for prosperous development of new LiNbO; devices ex-
ploiting its potentialities (figure 1.1). These chips could not only take advantages
of the optical integration of different micro photonic structures on this material,
but also of the recent demonstration of tools for liquid manipulation based on
piezoelectric [4], photovoltaic [22] and pyroelectric properties [23]. Optofluidics
fast development, indeed, has carried to the realization of several lab-on-a-chips,
which require the integration of multiple stages on the same compact substrate.
This feature can be satisfied by a monolithic LiNbO; substrate by the synergistic
conjunction of all the characteristic previously described. In this context, this the-
sis aims to give a demonstration of these possibilities. In particular, this chapter
will give a brief review of each key point, that pushed for a lab-on-a-chip realized
in a monolithic substrate of LiNbOj:

1.1 the first section of this chapter is dedicated to highlight the newborn field of
optomicrofluidic, and its powerful tools provided for lab-on-a-chip appli-
cation;

1.2 in this second section a complete overview of the LiNbO; properties is given;

1.3 finally, in this last section some key applications of this material in lab-on-a-
chip systems are described.
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1.1 Optofluidics: an emerging field

“Optofluidics” is recently attracting a growing interest by the scientific commu-
nity, as demonstrated by the surge of citations in scientific publications since
2005 (figure 1.2). The introduction of this term in a scientific paper was in 1985
by Jones [24], where the author described a fiber optics based sensor including
the control of pneumatic valves. However, only 20 years later the publications
with this term started to have a considerable increase with the simultaneous
burgeoning development of lab-on-a-chip and microfluidics (figure 1.2).

Optofluidics citations
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= 1000 / RN/

< 75p 5: /4 ﬂs ﬁ: v
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Figure 1.2. Optofluidics publications for each year. The data were taken from web of science.

Several definitions have been given for Optofluidics such as “the marriage
between optics and fluidics” [25] or “the combination of the integrated optical
and fluidic components in the same miniaturized system” [26], but the field is
still evolving due to its dynamic and multidisciplinary nature. The optofluidic
devices and applications rely on the synergistic conjunction of Microfluidics and
Optics components. The mutual interaction between these two technologies of-
fers to the optical applications an unexplored reconfigurability [27], thanks to na-
ture of fluids media, and to the microfluidic an incomparable optical toolkit [28],
such as probes or manipulation tools. This combination represented a technolog-



4 1 Lithium niobate as a valuable substrate for lab-on-a-chip applications

ical breakthrough in both fields and opened for a development of a large variety
of devices with different applications [25, 29]: thanks to the advantages provided
by the integration of both optical and microfluidic stages on the same chip. One
class of devices exploited the microfluidic tools as a new versatile mechanism for
the optical integrated platform [14, 30]. Indeed, microfluidic stages have the abil-
ity to change the optical properties of the fluid medium in reliable and fast way,
by the replacement of one fluid, or the control of the interface between two fluids.
Among the others, the most successful integrations of microfluidic for optical ap-
plication are: the micro-optofluidic lenses [31], where micro lenses properties are
controlled by the liquids ones; optofluidic laser [32]; reconfigurable liquid waveg-
uides [33], where the liquids with different index of refraction are manipulated to
confine light in the desired directions; and optofluidic controlled photonic band
gap structure [34].

Furthermore, the development of optofluidic devices gave a technological boost
to the lab-on-a-chip performances [35, 36] and micro total analysis system [37,
38] for the realization of novel integrated platforms with application in chemical
synthesis, biotechnology, and analytical chemistry. The increasing development
of optofluidic was concomitantly with the emerging of lab-on-a-chip technology,
due to the capabilities provided by this optical and microfluidic merge. Many
of the current works and efforts in optofluidic are focused in integrating the op-
tical devices that are usually implemented in biological and chemical detection
schemes (like optical light sources and photodetectors) onto compact and pla-
nar optofluidic platforms [39]. A broad range of novel optofluidic based lab-on-
a-chip paved the way for high functionality degree devices, such as integrated
flow cytometers [15, 16]. In parallel, the introduction of optofluidic allows for an
extension of the application range of lab-on-a-chip concept in other areas never
explored before (figure 1.3), such as in energy field [40, 41].

The toolkit provided by the optofluidics to lab-on-a-chip applications represents
an invaluable technological breakthrough, among them one of the most exploited
and successful class are the optically controlled photonic devices for the manip-
ulation of microscale dielectric objects. The Nobel prize in 2018 to the pioneering
work of Arthur Ashkin on the exploitation of optical forces for the manipulation
of particle [42] and single cells [43], gave the evidence of this success. From those
forerunner works, the development of such manipulation stages achieved never
reached levels of control [44], such as optical tweezers [45, 46], optical sorters [47],
optical stretchers [48] and optical driven pumps [49].
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Figure 1.3. Diagrams of actual application of the combination of optical and microfluidic tools on the same
substrate. Image is taken from [41].

The cited applications and devices are only the first successful results obtained
during this last 10 years. The possibilities of this newborn field are limitless
thanks to the burgeoning microfluidic and optical technology. Moreover, the
combination of different material and fabrication technique will open even more
the already wide range of optofluidic application devices. Among the others,
LiNbO; represents an interesting substrate for new developments, due to its mul-
tiple properties.

1.2 Lithium niobate properties

Lithium niobate (LiNbOj;) is an artificial ferroelectric crystal, synthesized for the
tirst time by Zacharisen in 1928 and then widely investigated in Bell Laboratories
20 years later. It belongs to compound classes of the pseudo-binary system
Li,O-Nb,O;. Figure 1.4 shows the phase diagram of this system: the variability
in lithium niobate composition in solid solution, in particular for 7' > 1150°C
it ranges for 6mol%. The maximum of the liquid-solid line corresponds to
the congruent composition (Li:Nb=48.5), corresponding to a lithium deficiency
compared to the stoichiometric composition (50mol% Li,O). At its congruent
composition, solid and liquid phases present the same Li:Nb ratio. For this
reason, a uniform growth by standard Czochralsky technique is only achievable
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in congruent composition.
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Figure 1.4. Phase diagram of the Li,O-Nb,O; pseudo-binary system [50].

The ferroelectric nature of the crystal affects directly its structure (figure 1.5):
lithium, niobium sites change positions respect to the oxygen atoms accordingly
if the temperature is higher or lower than Curie’s Temperature (7, ~ 1140 °C).
Oxygens are distributed in a planar sheets in a slightly distorted hexagoal
close-packed configuration. The octahedral interstices formed by the oxygen are
equally filled by lithium, niobium and vacancy. In the paraelectric phase, above
T, Liions are aligned with the oxygen plans, niobiums are instead in the middle
of the octahedras and the material does not exhibit polarity. While a spontaneous
polarization switches below 7. in the ferroelectric phase, where Li ions move
44 pm in the direction orthogonal to the oxygens planes, in the same direction Nb
ones moves to the 27 pm respectively.

In particular, in the ferroelectric phase this material belongs to trigonal space
group R3c, with point 3m. Indeed, it exhibits a mirror symmetry about three
planes, that are 60° apart perpendicular to the oxygens planes, and it presents a
three-fold rotation symmetry around the axis obtained by intersection between
the three planes. There are three different cells describing the LiNbO; crystal
structure: rhombohedral, hexagonal and orthohexagonal. Among them, the most
widespread one is the orthohexagonal. Tensors components of the material prop-
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Figure 1.5. Structure of lithium niobate in the two phases. The horizontal purple lines on the right represent
the oxygens planes.Image taken from [51]

erties follow usually the three axis x,y,z of this cell. The three axes are orthogonal
and z-axis, or also called c-axis corresponds to the intersection between the three
symmetry planes.

1.2.1 Physical properties

The peculiar structure of Lithium niobate brings out a lot of physical properties.
In particular, its optical unique features make it a well-known and widely ex-
ploited material in the field of optics. Pure material is almost transparent in the
spectral region from 0.35um to 5pm. In the standard orthohexagonal cell refer-
ence framework, the permittivity tensor points out its birefringence:

€11 0 0
€= 0 en 0 (11)
0 0 €33

where the two indices of refraction follows: the ordinary n, = \/%, that is the
index of refraction seen by light polarized in any direction perpendicular to the c-
axis, and the extraordinary n, = \/% seen by c-axis polarized light. Both indices
depend strongly on extrinsic impurities, and this feature makes lithium niobate a
flexible optical material with tailored properties. As optical material, the disper-
sion relationship of both index of refraction can be approximated by the Sellmeier
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equation. The accuracy depends on the range of the wavelength and the compo-
sition respectively. The most used approximation is the following [52]:

50+ Cy, Ao,
P 100 ()\072‘ + MOJ‘F)_Q — )\_2 12
50 — CLi Ali 9 ( ) )
+ ’ -+ AUV — AIR,iA

100 ()\171' + ,MLiF)_Q — A2

F=f(T) - f(To)

5 5 261.6
f(T) = (T'+273)" +4.0238 - 10 {coth (m) — 1}

where T, = 24.5°C, X is in nanometers, Cy; is the composition of LiO, ex-
pressed in mol% and i = (o, e) is related to refractive index. The approximation
has an accuracy of 0.005 in index of refraction for a range of 47:50 mol% in Li
concentration, of 400:1200nm for wavelength and 50:600 K. An example of the
constant for the Sellmeier equation is reported in table 1.1 for A =632.8 nm and at
room temperature.

Parameter Ordinary Extraordinary
Ag 4.5312-107°  3.9466 - 10~°
Ao 223.219 218.203
Ay 2.7322-107°  8.3140-107°
A 260.26 250.847
Arr 3.6340-107%  3.0998 - 1078
Ayy 2.6613 2.6613
1o 2.1203-107%  7.5187-107F
1 —1.8275-107* —3.8043-107°
n 2.2866 2.2028

Table 1.1. Values of fitted parameters for the Sellmeier equation [52] (Aq for Nb on Nb site, Ay for Nb on
Lisite, Ayv for high energy oscillators like plasmons, Arg for phonons, i are the temperature coefficients).
The two indices of refraction are the values obtained at room temperature for a wavelength of A = 632.8nm.
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Electro-optic effect

Both indices of refraction of the material can be modified by applying an electric
field. The effect is described by a variation in the second order tensor A (;3), :

1
A (ﬁ) = Z 7ﬂijkEikz + Z SijklEk:El + ... (13)
bk el

the two tensors 7;;;, and s;;;; depend on the material, i.e. structure and they re-
fer to the linear or quadratic behavior of the material, usually called Pockels and
Kerr-effect, respectively. Lithium niobate exhibits only the Pockels effect and the
Pockels’ tensor can be simplified, due to its symmetric structure, as follows:

0 —ra 713
0 T2 T3
o 0 0 73 (1.4)
0 T49 0
T49 0 0
| 722 0 0 |

where the values of the coefficients are showed in table 1.2

ri3 8.6-10712mV-!
rog  3.4-1072mvV—!
r33 30.8-1072mV~!
ryo 28.0-1072mV-!

Table 1.2. Values of coefficients of the Pockels’ tensor r, data taken from [53]

The combination of these properties and the waveguide made the material be
really interesting since early 1970 for the modulator application, especially in the
telecom spectral range [54].

Pyroelectric effect

The peculiar structure of lithium niobate is really sensitive to the temperature, as
long as the position of Li and Nb sites are temperature dependent. The sponta-
neous polarization (AP) of the material changes accordingly with temperature
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(AT):
0
AP = pAT with p=| 0o (1.5)
Y2 ]
where p3 = —4-107° Cm 2K [55] and p is called the pyroelectric tensor. As

expected, the only non-negligible component is the one corresponding to the di-
rection where Li and Nb can easily shift respect to the paraelectric phase.

Piezoelectric effect

The spontaneous polarization P can also change by applying a stress. It emerges
that (considering the orthogonal cell system):

0 0 0 0 dys —2du
Pi - Z dijkajk With d= _d22 d22 0 d15 0 0 (16)
. dsg ds dsz 0 0 0

where P, is the induced polarization in the 7 direction, o,y is the stress tensor and
d;jr. is the piezoelectric one, which has only 4 independent components, due to
the LiNbO; symmetry. The tensor d describes also the converse effect: i.e. the
crystal shows a strain under the application of an external electric field.

Photovoltaic effect

The non-centrosymmetric structure leads typically to a photovoltaic effect, that
is the current from the electrons excited from absorbing center in the material
by way of optical interaction, and their movement to the neighboring ions in
a preferential direction. The photovoltaic effect in LiNbO; was discovered in
1974, observing a stationary current in the material exposed to light [56]. This
current is proportional to the light intensity,the absorption coefficient and to the
wavelength:

Jphw,i = Bijrejerd = akgjrejerd (1.7)

where 3, is the complex photovoltaic tensor (5;;, = ijk), e is the versor of the
light field.



1 Lithium niobate as a valuable substrate for lab-on-a-chip applications 11

Photorefractive effect

The combination of electro-optic and photovoltaic effects leads the material to ex-
hibit the peculiar mechanism of photorefractivity. This phenomenon consists in
the change of the index of refraction of a material exposed to light illumination.
This effect was originally called optical damage, since it leads to defocussing ef-
fects in a propagating light beam, either detrimental results especially in the col-
limation of laser beam. However, after the discovery of optical holography in
1962 [57], the capability of this effect was recognized. In fact if the material is il-
luminated by a non-uniform pattern of light, the photoinduced carries can freely
move in the material. These carriers can be trapped in the interbands levels, like
intrinsic or extrinsic impurities, resulting in a non uniform charge distribution,
which leads to the rising up of an internal space-charge electric field. This pho-
toinduced electric field modulates consequently the index of refraction by means
of the electro-optic effect. The key role in observing this effect is therefore played
by donor and acceptor centers in the material.

In lithium niobate the niobium antisite has the double role of donor state, since
Nb*" acts as a donor state and Nb>" as a acceptor state. Indeed, it is crucial the
presence of intrinsic or extrinsic impurities with two valence states for photore-
fractivity. One of the most common doping to enhance the effect is iron with the
two states Fe®" as a donor and Fe®" as an acceptor.

1.3 Lithium niobate in lab-on-a-chip applications

The introduction of lithium niobate in lab-on-a-chip devices was driven by the
needs of simple and efficient micro-manipulation stages. Three main stages in
LiNbO; were mainly exploited: photovoltaic tweezers [23], pyroelectric tweezers
[22] and surface acoustic waves (SAW) system [4]. The first one relies on the
photoinduction of electric field by means of the photoexcitation of electrical
carrier in iron doped lithium niobate (1.6), due to its outstanding photovoltaic
properties. In this scenario, the field pattern is related to the light pattern, thus
the limitations of the tweezers are limited to the light pattern resolution. These
stages were demonstrated to manipulate either charged or neutral particles by
dielectrophoretic or electrophoretic forces, respectively, but also with droplet
(even water droplet [58]) and biological samples [1]. The photovoltaic tweezers
was reported to effectively sorting bubbles in a microfluidic Y-junction channel
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realized in a hybrid Fe:LiNbO;-PDMS device [21].

illumination approaching trapped particle
pattern
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Figure 1.6. Working principle of PT: a) the electric field are photoinduced by an illumination pattern, b)
the particle interact with the electric field either by dielectrophoresis or electrophoresis, and finally c) they
are trapped. Image is taken from [23].

The same electric field pattern can be obtained by the exploitation of pyroelec-
tric effect, in this case a thermal treatment allows for the generation of an electric
tield pattern, determined by the geometry of material poling domain (figure 1.7)
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Figure 1.7. Working principle of Pyroelectric electric field pattern generation, the pattern in this case is
defined by the poling domains instead of light pattern. Image is taken from [3].

The reported applications were similar to the photovoltaic tweezers, particle
trapping by electro and dielectrophoresis, in addition electrowetting actuated mi-
cro lenses [19] and nano pico-droplets pipetting were achieved exploiting lithium
niobate [2, 59].

The effective manipulation of particles can be achieved also with the acoustic
wave generated by electrodes on a piezoelectric substrate [60] like LiINbO;. These
systems were reported in many lab-on-a-chip devices [61, 62]: for mixing appli-
cations in microfluidic channel [63], for droplets transport [64], for manipulation
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of micro-objects [65, 66] and for pumping applications [67]. The working princi-
ple is based on the generation of pressure waves by means of voltage variations
on electrodes deposited on piezoelectric substrate: these waves travel on the sub-
strate surfaces and interact with object desired. In several application the LiNbO,
were coupled with PDMS microfluidic structure [64].
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Chapter 2

Microfluidics in LINbO; devices: a
new perspective

The integration of a microfluidic stage is crucial for almost every applications
of lab-on-a-chip, since many of biological and chemical application have liquid
analytes. The realization of microfluidic channel in LiNbO; is the first step to
reach levels of integration further beyond to particle manipulation presented in
the previous chapter. The achievements of a reliable way to produce microchan-
nels on LiNbO; could open to the powerful combination of large toolkit on same
substrate, exploiting all the aforementioned properties of the material.

Such an integration could be obtain only if a core microfluidic stages can be real-
ized and coupled with others, and recently our group presented some examples
[5-7], a picture of the system is given in figure 2.1.

Figure 2.1. the picture report an example of a lithium niobate chip, where a droplet generator circuitry is
engraved by mean of a self-polishing saw technique, as described in [7].

In this chapter an overview of possible solution for the realization fo microme-
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ter sized microchannel on LiNbO; is reported, evidencing the possible integration
with other stages.

Among the possible microfluidic circuits that can be realized, this thesis demon-
strated the realization of a droplet generator. It is a peculiar microfluidic struc-
ture, that allows for the realization of small volume (i.e. droplet) of the so called
dispersed phase isolated and surrounded by the so called continuous phase. The
achievements of such complex microfluidic circuit is necessary goal for lab-on-
a-chip application, since droplet microfluidics is a crucial technology for several
applications [68, 69]. Indeed, each single droplets represent an isolated environ-
ment, which can be easily controlled, merged and separated. These features make
droplets as perfects carriers for biological sample or chemical reactors, improving
the safeness, control and the throughput of analysis and operations. Moreover,
the droplet microfluidic is one of the best solution for mixing, in fact the flow pro-
tile inside a droplet moving along a channel promotes the mix of the liquid inside
it, on the contrary in one phase microfluidic where the flow is always laminar.

In this chapter two droplet generators in LiNbO; substrates will be described,
their fabrication steps by steps and then their performances:

2.1 in this section a state of the art of microfabrication techniques is presented,
then a deeper investigation is proposed for the self-polishing engraving,
which is the technique used for the samples of this work. An overview on
the sealing procedures followed is also given, and finally the wettability
and the functionalization of the channel is discussed.

2.2 At the beginning of this section there is a description of all different technique
for droplet generation in microfluidic. Secondly, this work focuses on two
possible passive configurations: the T-junction and the cross-junction. For
the first one, the theory behind the scaling law typically used for this con-
tiguration is provided together with the experimental setup and the results,
which are already published in [6]. The same is made for the second case:
discussion of data and acquisition system were here tested more in detail,
since the results are completely new and unpublished.
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2.1 Microfluidic circuit fabrication in lithium niobate

2.1.1 State of the art

Microfabrication technique has been always being a crucial step in the develop-
ment of new devices both for photonics and lab-on-a-chip application. In par-
ticular, lithium niobate micromachining typically requires big efforts, since this
material has strong chemical resistance, it is anisotropic, highly pyroelectric and
presents low toughness. This hard manipulation made LiNbO; used tradition-
ally as an inert substrate integrated with other material as it presented in the sec-
tion 1.3. However, its machining could open new unexplored possibilities in the
realization of versatile lab-on-a-chip exploiting its superior physical, optical and
electronic properties, and also could increase the efficiency of the well-known ap-
plication of this material in this field. Depending on the structure to realize, each
technique can have several advantages. As a matter of fact the removal rate, the
surface quality and the resolution can vary significantly on the technique used
for the microfabrication.

Lots of efforts were done with laser ablation technique on lithium niobate using
both micro and nanoseconds pulsed laser [70], and femtosecond laser [71, 72].
This latter improved significantly the process, since it reduces the redeposition
due to ultrashort lasing pulses. Laser ablation techniques have a huge advan-
tages in their flexibility, basically any kind of three dimensional structure can
be realized and in the literature both microfluidic [6] and photonics [73] struc-
ture were realized with this technique. However, this process suffers from low
removal rate and most of the time it needs an extra HF bath to remove the imper-
fections. This drawback limits the application of this technique to the realization
of microfluidic structure without any optical stage integration, due to the poor
quality of the surfaces. Indeed, after the laser ablation a thin amorphous layer
usually characterized the surface [74], which compromises any optofluidic cou-
pling with microchannels. Nevertheless, the flexibility on the structure and the
resolution of this technique make it be widely exploited for applications requir-
ing a particular design, with finely tuned and resolved feature.

Similarly to the laser ablation, focused ion beam (FIB) milling suffers from low
removal rate, since the aspect ratio of the structure slows the removal rate [75].
This technique is suitable only for low aspect ratio structure. Higher removal rate
can be achieved using deep reactive ion etching (DRIE), thanks to the fact that the
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sample is both chemically etched by the plasma ions and bombarded by the di-
rectional ions accelerated by a DC bias [76]. However, this technique requires a
previous photolitography process in order to define the structure geometry. All
these steps make DRIE expensive and long, thus not flexible and not suggested
for any prototyping.

Although all the aforementioned techniques have been successfully demon-
strated for the realization of several different applications, their drawbacks, such
as the low removal rate, do not allow an effective realization of the micro-
structured channel of the order of 100 um. Such dimensions can only be achieved
by means of mechanical micromachining. Three main techniques were reported
for the milling of LiNbO;: microdrilling [77], microengraving [78, 79] and micro-
cutting [6]. The first one consists in a CNC machine in combination with a tool of
0.5 mm diameter cubic boron nitride square end mill. It works as a microdriller,
and it achieved at best a roughness greater than 500 nm. The second one is the
engraving of structure exploiting a single crystal diamond tool. Even if this tech-
nique obtained at best a roughness of 10 nm, it is only feasible for small depth cut
lower than 100 um. Nevertheless for photonics structure, such as ridge waveg-
uide, this technique leads to good quality and flexible structure waveguides [79,
80]. The last one consists in the realization of controlled cuts on the lithium nio-
bate samples using a CNC saw. This technique is optimal for the realization on
microfluidic channel for optofluidic application such as droplet optical trigger [7]
or polarization separators [81] or index of refraction sensor [20]. Since this tech-
nique is the one used for the realization of the samples of this work, it is described
in details in the next section.

2.1.2 Self-polishing saw

The microchannels of this work are all realized with the same machine DISCO
DAD 3350 precision saw (Disco Corporation, Tokyo, Japan), in collaboration with
Femto-St Institute and University of Franche-Comté in Besangon. The machine
can be equipped with different blade depending on the material to cut. Several
study have been done by our group in [6], where the machine was equipped
with a polymeric blade coated with diamond particle with 56 mm of diameter
and 200 pum of thickness. The best surface quality was achieved with a rotation
speed of 10 000 rpm. In the following only the best performing results will be pre-
sented, excluding the discussion of all the systematic work performed to achieve
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the best preparation condition. Both optical microscopy and atomic force micro-
scope (AFM) measurements were done to check the quality of the edges and to
measure the roughness. The images in 2.2 show sharp edges, even in corners of
the cross which is the most stressed part. The bottom part, instead, presents the
typical sinusoidal pattern of few microns due to the blade cut, however for the
later presented optofluidic applications only the roughness of the side wall are
matter of concern.

(a) Bottom view (b) Top view

Figure 2.2. Image of the engraved cross junction taken with an inverted microscope Nikon Ti-E with a plan
10x/0.10 objective. On the left bottom surfaces are focused, while on the right the edges.

The Roughness R was measured sampling areas of 10x10 pm? across the sur-
face by means of a Veeco CP-II atomic force microscope (AFM, Camarillo, CA,
USA) and calculating the average over each area. In figure 2.3 an example
of these measurements are reported for both bottom surfaces and lateral walls
respectively. These analyses [6] provided an average resulting roughness of
R = 23 &+ 7nm for the bottom surface, and R = 8.5 & 0.9 nm for the lateral surface.
These results demonstrated to be accurate and precise enough for optofluidic ap-
plications, especially the lateral roughness, since it granted an optical grade pol-
ishing necessary for the coupling of waveguides. Moreover, it showed a remark-
able improvement compare to laser ablation, which achieved in best condition
R = 65 4 4 nm for the lateral surfaces [6].

All the previous analyses were realized on x-cut LINbO;. However, Z-cut sam-
ples micromaching has already studied for the realization of microchannel with
optofluidic application in [20, 81], thus showing same optical grade quality of the
lateral surface and the feasibility of the technique in z-cut. The engraving direc-
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Figure 2.3. 10x10 um? AFM analysis of the surfaces of the test channels: on the left for the bottom one
and on the right the lateral one. The color scale is the same for both of the images to allow for a better
comparison.

tions can also affect the quality of the channel due to the complex crystal structure
of the material. The channel presented previously was z or y, which can limit the
desired geometry. In fact specific applications can require others cutting direc-
tions, such as different angles respect to y for exploiting refraction, as showed
later in section 4.5. A further investigation was made to study the effect, that
the engraving angle respect to the y direction, would have on the channels edge.
These tests were performed varying both the angle comp from 0° to 32° and the
thickness of the blade 50 pm and 200 um, again only the best performances will
be presented. In figure 2.4 microscope images of these angled cut are compared
depending on the angle and same 50 um thick blade. Same size cuts (1 cm long
and 50x50 pm? of section) are engraved on different sample form the same crystal
wafer. The worst quality of the edges is clearly at 30°, then from 26.5° to 15.5°
the sharpness definitely increase and getting worst decreasing again below 15°.
This behavior seems to be caused by the peculiar crystal structure, which should
exhibit different brittleness on different directions. However, same cuts for the
worst results were performed with the 200 pm thickness blade in the last image
of figure 2.4, and it clearly shows that same chipping effect is not visible any-
more. Probably this is because the thinner blade can be more affected on lateral
vibrations and the different of brittleness of the material can generate this vibra-
tions. Moreover, this effect is also confirmed by the profilometer analysis made
by means of surface profilometer P-10 (KLA Tencor, California, USA), since the
width of 50 blade width results 10 pm larger than the thickness of the blade value,
while for 200 pm it was compatible. The profiles allow for the measurements of
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both width and depth of the channel and for statistical significance measurements
were done on 10 different channels and 10 different profile for each. Both the av-
erages of the depth for the two blade are compatible with the nominal value with
a semidispersion of 1um, which is also the semidispersion for the width mea-
surements.

(a) 12.5° (b) 13.3° (c) 14.1°

(d) 15.5° (e) 21.5° (f) 26.5°

(g) 30° (h) 32° (i) 30° (200 um thick blade)

Figure 2.4. Microscope images of the different angled microchannels (angle values on the bottom of images).
All channels are realized with a 50 pm thick blade, expect for the last one done with 200 pm one. The
microscope used was a inverted Nikon Ti-E equipped with a 50 times magnification objective.

2.1.3 Sealing procedures

After engraving channel, the LINbO; samples have to be sealed with a top cover,
which should allow the connection of fluidic inlets/outlets. The cover material
needs specific requirements: firstly, it must be compatible with LiNbO, substrate,
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secondly it has to transparent in visible range for applications the imaging sys-
tem, and thirdly it should be compatible with standard microfluidic fluids. Dif-
ferent solutions were tested in this work, and checking each drawback and ad-
vantage in order to match best sealing procedure to the addressed application.

Oxygen plasma treated PDMS bond

This technique is based of the well-known procedure in microfluidics, i.e. the
bonding of PDMS (Polydimethylsiloxane!) with other material by means of oxy-
gen plasma treatment. In the field this technique is typically employed for the
sealing of PDMS devices on a substrate [82]. The steps for PDMS-LiNbO; bond-
ing is the same as others material. Firstly a layer (1x10 mm depending on the
application) of PDMS Sylgard® 184 (Dow Corning, Midland, Michigan, United
States) on flat and clean surface is cured at 80°C for 2h. Then, it is cut in the
proper shape by means of scalpel. Before the plasma exposure of both PDMS
cover and LiNbOj; substrate, this latter is properly cleaned with sequential rinses
with acetone, ethanol and distilled water. Once cleaned, the substrate is exposed
to oxygen plasma for 15 minutes at power of 600 W in a flow rate of 10 sscm using
a FEMTO plasma chamber treatment, in order to expose the hydroxyl groups ? on
the material surface. Right after the 15 minutes, the PDMS is added in the cham-
ber, and the same treatment is done for 48 seconds. This process time was defined
after a systematic calibration, optimizing both time and power of the plasma ex-
posure, respectively. Such a treatment for PDMS develops silanol group Si—OH
on its surface [83]. Then the two substrates are squeezed together in the right
position. At this point, the two hydroxyl groups on both surfaces starts to react,
creating a strong covalence bound O—Si—O. In figure 2.5 it is reported an exam-
ple of a final device with PDMS cover.

The fluidic inlets/outlets for this kind of cover are relatively easy to connect,
since PDMS is easy to handle both before and after curing. Another advantage of
this sealing procedure is the reversibility, indeed, even if the bond itself is strong,
LiNbO; has high chemical resistance, while PDMS has not. Despite this inter-
esting feature, the PDMS cover has several crucial drawbacks, which makes this

IPDMS: (C,H,0Si),, CAS number: 63148-62-9.

The effects of the Oxygen Plasma exposition are described in terms of free reactive Oxygens
promotion on the surface and their recombination with H to give OH group that mainly comes
from environmental humidity as well as H adsorbed component. Only in less extent native Hy-

drogen within the matrix can contribute due to the low diffusion coefficient at room temperature
2.
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Figure 2.5. LiNbO; optofluidic device sealed with a cover of PDMS by means of oxygen plasma treatment.
The fluidic connections in this case have been done using 1 mm outer diameter steel capillary.

technique unsuitable for certain applications. In particular, the material suffers of
aging problem and swelling ones with the contact of standard microfluidic oils,
such as mineral oil and hexadecane. The first drawback results in a progressive
degradation of the material after several months, thus limiting the huge dura-
bility of lithium niobate. The second one is affecting the section of the channel,
since the rigidity of substrate forces the expansion of PDMS inside the channel,
thus throttling the channel. In particular in optofluidic applications when light is
coupled into channel, the swelled PDMS can scatter laser light in unpredictable
ways. In conclusion, this technique is optimal for prototyping stages, due to its
reversibility. However, it is not suitable for many application, which require oil
inside channel.

UV curable glue mediated bonding

Another sealing technique commonly used in microfluidic is the employment of
a UV curable glue to bond a cover with the substrate, in particular with LiNbO,
substrates [7, 84]. This technique is based on the presence of a thin layer of glue
between two substrate to keep them bonded as depicted on the left in figure 2.6.
Since the cured glue layer is rigid materials, this method is more suited for the
bonding of two rigid material, such as LiNbO; or glass. In particular, in this
work both LiNbO;-glass and LiNbO;-LiNbO; were achieved. The procedure is
well described by Langelier in [84]:

1. first of all, two substrates are cleaned with standard rinses with solvents
(usually sequentially acetone, ethanol and isopropanol),
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2. then the two are kept into tight contact using compressive load, which in
this work is applied using two point clamps,

3. the glue is distributed all around the contact perimeter using a syringe, and
the thin air gap between the two substrates is loaded by the glue via capil-
lary pressure-driven flow.

4. Finally, the bond is formed by cross-linking the UV-curable glue, once glue
substituted completely the air.

Herein, the glue used was the UV-curable epoxy resin NOA 68> (Norland Optical
Adhesive, Cranbury, New Jersey USA), which is colorless polymer liquid pho-
topolymer. It becomes solid after curing under UV light and it has a high chem-
ical resistance to acid solutions and common solvents. This choice was made on
the basis of high viscosity, which avoids the drop inside the microchannels, and
the chemical resistance. Other resins could work equally well for this application,
and the properties of the glue should be chosen depending on the requirements of
the application, such as the low shrinkage of NOA 61 used in [84] for acoustoflu-
idic devices. An example of a final device for optofluidic application is presented
on the right in figure 2.6. This device presents a cover of silica, where 4 holes are
micro drilled in order to allow the fluidic connection made by silicone tubing. In

tubings

Sio,
NOA
LiNbO, | |
(a) Scheme of the bonding layers (b) Example of final device

Figure 2.6. On the left a scheme of the three layer needed for this bondig procedure is depicted. On the right
there is an example of LINbO; optofluidic device sealed with a cover of silica by means of NOA 68 glue.
The fluidic connections are provided by Masterflex® silicone tubing glued on the silica cover.

conclusion, this bonding technique does not suffer of aging or swelling problem,

SNOA 68: viscosity 4500-5500 cP, refractive index of cured state 1.54, modulus of elasticity
20000 psi, tensile strength 2500 psi.
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like the previous one, it provides high rigidity to the final device, which is cru-
cial for monodispersity droplet microfluidic applications. Another advantage is
the flexibility provided by the choice of the glue depending on the application.
However, it requires long processing time compare to PDMS ones, and the re-
versibility it is not so straightforward. Indeed, the detaching process of the two
substrates requires a bath of Chloroform at 60 °C for more than 1 h for NOA 68.

LiNbO;-LiNbO; direct bonding

Bonding can be defined as a microsystem technology procedure, that aims to
permanent seal in a solid-state manner two flat and smooth surfaces [85]. Ev-
ery bonding procedure consists in three main steps: cleaning and activation of
the two surfaces, alignment and pre-bonding details, final sealing. The bonding
physical nature can be Van der Waals interaction or chemical bonds, such as hy-
drogen bonds, depending on the nature of the surfaces. Since the two surfaces
have to be placed in close contact due to the chemical nature of this sealing, flat-
ness and smoothness of the surfaces are crucial as well as their cleanliness. Four
parameters are typically defined to quantify these latter conditions for the flat-
ness:

total thickness variation (TTV) for flatness, it is the maximum height difference
on the surface;

bow for flatness, it is the maximum deviation of the wafer surface (the sum of
both side distances) from a reference plane, which is usually considered as
a flat surface, on which the wafer lays;

warp for flatness, similarly to bow, it is the same maximum deviation of the
wafer surface to a reference plane linearly corrected by the bow;

roughness for smoothness, it is usually considered as the standard height devi-
ation of a surface scan on a wafer.

Typically if the microroughness is higher than 0.2 pm, the surface cannot be bond-
able [86]. Several procedures have been developed by scientists to achieve the
these bonds, depending on the surfaces and physical nature of the sealing to
achieve. The most common example are direct bonding [86, 87], anodic bond-
ing [88], solder bonding [89] eutectic bonding [90]. In this work direct bonding
of LiNbO;-LiNbO; is the only tested, in order to verify the feasibility of such
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techniques for optofluidic application. Indeed, this technique is not suitable for
research purposes, since the irreversibility nature of this procedure.

The samples used for these tests are square of 1x1 cm from double sided polished
wafer from Gooch & Housego (Ilminster, UK) with a nominal 77V < 10pum,
R, = 0.2nm and warp < 50 nm with different crystallographic cut direction (z-cut
and x-cut). Two cleaning procedures are the most common for LiNbO; before
bonding procedures. The first one involves standard sonic bath and a soak in a
boiling solution of NH,OH-H,0O,-H,O (1:1:5):

1. ultrasonic bath in acetone for 10 min;
2. ultrasonic bath in ethanol for 10 min;
3. rinse with distilled water;

4. soak in NH,OH-H,0,-H,0O (1:1:5) for 20min at 70°C (only for the first
recipe);

5. rinse with distilled water and drying with nitrogen;

The second includes also Piranha solution H,SO,-H,O (1:3) soak in between steps
3 and 4 for for 30 min at 70 °C. The procedures efficiency was evaluated by mea-
suring the contact angle (CA) of water droplet in order to check improvements.
Contact angles for each surface (£z and +x) were measured before and after the
treatments, for both recipes in several repeated experiments. As reported in fig-
ure 2.7, there is no significant difference between two procedures. Moreover, in
both cases a strong hydrophilicity (C'A < 10°) is achieved.

Once cleaned all the different bond configurations have been tested, but no
bond was obtained. However, in literature direct bonding have been already
reported [91] using two z surfaces of LiNbO;, LiNbO; and Si or SiO,. This un-
expected results could be due to either the low atmospheric cleanliness during
each steps, or to the lack of plasma activation treatment. A thermal treatment
was added in order to achieve bond. An optimal bond was obtained between -z
surfaces after 1h in O, atmoshpere (50 NLh™') at 1000°C. The bond was tested
by cutting and lapping, both stressful treatments did not affect the bond.

In conclusion, this procedure could represent the best option to seal definitively
a device. If a reproducible bonding protocol could be precisely defined it would
be possible to create a microfluidic device that resists to pressure. However, this
technique still lacks of reproducibility for a standard protocol, moreover it is not



2 Microfluidics in LiNbO, devices: a new perspective 27

4 ] i
] I : I

30

[S)
@

25

204 T

104 ) L
5+ W I )

ol

8

Contact angle (%)
o
&

Contact angle (*)
)

@

=

PRE POST | PRE POST = PRE POST | PRE POST PRE POST | PRE POST | PRE POST | PRE POST
SURFACE +Z | SURFACE-Z = SURFACE +X = SURFACE -X SURFACE +Z = SURFACE-Z | SURFACE+X = SURFACE-X
(a) without step 5 (b) All steps

Figure 2.7. Contact angles results for both recipes before cleaning (in blue) and after (in yellow) of 1 uL
water droplet. The error is calculated by the standard deviation over 6 different droplet measurements.

well suited for prototyping, due to the high level of complexity compare to the
others already presented.

Wettability

The realization of microfluidic device was presented in the previous sections, in
most of microfluidic application another step is usually required in order to con-
trol the wettability of the microchannel, i.e. the interaction between the fluids
and the surfaces of the material. In particular, the droplet generation application
requires specific wettability properties of the surfaces of the channels depending
on the two phases used for the droplet generation. In lab-on-a-chips applications
the interest is mainly focused on the generation of water droplet in oil. A com-
plete wettability study of lithium niobate was realized in [92] by means of mea-
surements on the static contact angles of small droplet of liquid used. Bettella et
coworkers [92] measured the average water contact angle as 62 & 1° and the aver-
age hexadecane one (which is the oil used in the several applications and also in
this one) always less than 10°. As explained in [92], the moderate hydrophobicity
is not enough for the droplet generations, as showed in 2.8, but he proposed a
functionalization aimed to increase the contact angle of water. Moreover, a func-
tionalization is also needed for an homogenization of the wettability properties
of channels surfaces, since microfludic channels could expose different material

on the walls as showed before in this section (top PDMS or glass and other three
LiNbO,).
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(a) before OTS treatment

Ee—— = o rhd ey

(b) After OTS treatment

Figure 2.8. Examples of droplet production in T-junction configuration, using hexadecane with SPAN® as
continuous phase and water as dispersed one. On the top, no droplet are produced because of the absence of
OTS functionalization, while on bottom thanks to OTS droplet are prperly produced.

In [93] authors presented two possible functionalizations of lithium nio-
bate, which lead to an increase of C'A of almost 30° exploiting trichlorosilane
molecules. Moreover this self-assembled monolayer technique has been proven
also for other materials used in this work, such as silica [94] or PDMS or NOA
[95]. In this PhD thesis, devices were functionalized using a self assembled mono-
layer of octadecyltrichlorosilane* (OTS), which is the one also proposed by Bet-
tella [92]. OTS was dissolved in a solution of toluene at a concentration of 100 pM,
then this solution was fluxed inside the channel for 20 min. During this time, OTS
bonds with the channels surfaces of LiNbO;, due to the formation of a siloxy-
niobate (-Si-O-Nb-) bond via a condensation reaction between —Si—Cl and nio-
bate hydroxide (-NbOH) [93]. Then the residual OTS-toluene was cleaned by
rinsing pure toluene and a thermal treatment at 80 °C. The improvement of this
functionalization treatment in terms of water contact angle is on average up to
101 £ 1°, and in terms of droplet generation the results can be appreciated in fig-
ure 2.8.

2.2 Droplet generator configurations

Since the early years of the microfluidic growth, several droplet generators con-
tigurations have been developed and studied: they can be divided in two main
general categories the active and passive generators [96] (figure 2.9). The firsts re-
quire an external source to achieve the complete droplet break-up, the seconds do

*octadecyltrichlorosilane: CH;(CH,),,SiCl;, CAS number 112-04-9, Mm: 387.93 gmol !, den-
sity: 0.984 gmL 1.
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not, and they are based only on geometry, fluxes and properties of the fluids. In
most of the cases active generators are based on a passive ones with an additional
active control, in order to enable additional handles for on-demand droplet gen-
eration. This section is focused on the demonstration of the droplet generation

Passive

Microfluidic

droplet
Active

Channel
wettability ‘

Fluid
velocity

Figure 2.9. Overview of droplet generators: passive and active. Active ones are based on several external
input, such as either electric field or magnetic,to allow further handling on the droplet properties. The
image is taken from [96].

capabilities of the microfluidic circuitry on lithium niobate, for this reason only
passive generator is considered. The extension to an active version from a passive
generator device is straightforward, in particular in lithium niobate which offers
several properties for this purpose, such as piezoelectricity [97] or inducing field
properties [98].

The most characteristic feature of a passive droplet generator is its geometry,
which is commonly base on a junction where the interface between two immis-
cible fluids reaches the Rayleigh-Plateau instability [99, 100] and the break-up of
the droplet happens. The two liquids are usually referred as dispersed phase,
which is the droplet liquid, and the continuous phase. For the rest of this work
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the ¢, d subscriptions refer respectively to these two phases.
The most used geometries are reported in [101], while figure 2.10 represents an
overview of most common configurations:

Dripping regime Jetting regime Stable co-flow regime

(a) Continuous phase Continuous phase Continuous phase

N —

—

Dispersed phase Dispersed phase

Dispersed phase

(b) Continuous

phase

Continuous
phase |

Continuous phase Continuous phase Continuous phase

=
Dispersed |
phase |
(c) Dispersed I * Dispersed Dispersed
phase I phase phase
|
—> ®0 | i 0 '
|

Figure 2.10. The three main passive droplet generators geometries, a) is the co-flowing, b) is the flow-
focusing and c) cross flowing. For each of the three junction the three regimes are reported. The image is
taken from [101].

co-flowing the two liquids interact by means of two coaxial tube. This is one of
tirst method ever proposed, however nowadays it is not so spread because
it cannot be integrated in a chip in a straightforward way as other configu-
rations.

cross-flow the break-up is forced in this geometry by a T-junction, the dispersed
phase obstructs the channel shrinking the continuous phase stream. This
configuration is one of the simplest to be integrable, due to its simple ge-
ometry.

flow-focusing the dispersed phase stream is squeezed by the continuous liquid
in two orthogonal channels, in a cross junction configuration. In this case
the total flux of the continuous phase (). is divided in two halves, one for
each channel Q./2.
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The two configurations tested in lithium niobate, herein, are the flow-focusing
using a cross junction and the cross-flow using a T-junction. For every passive
configuration there are two interesting properties of the droplet, that have to be
handle: the frequency and the volume. Both depend on several parameters of
the system, such as the densities (p4, p.), viscosities (iq4, jt.), interfacial tension (o)
and fluxes (Q., @q) of continuous and dispersed phases respectively. These pa-
rameters influence drastically the droplet break-up as far as the Rayleigh-Plateau
instability. Three main working regimes (fig. 2.10) can be identified:

co-flow in this regime, neither the Rayleigh-Plateau instability nor droplet break-
up occur. Two phases flow parallel to each other. This regime is usu-
ally characterized by small fluids velocities, high interfacial tension, which
makes unfavorable the creation of new interface, and similar viscosities of
fluid to decrease any drag.

jetting the main feature of this regime is a dispersed phase thread, that connects
the junction to the droplet breakup. The Rayleigh-Plateau instability occurs
far from the junction. Typically this regime is not the most stable, due to the
thread instability. However fast production frequency can be achieved.

dripping this is the standard regime for droplets production. Droplets breakup
occurs at the junction. The performance of such regime is optimal for most
of the applications, in terms of monodispersity of the droplets and produc-
tion frequency respectively.

Moreover, other two regimes can be considered:

squeezing This is an extension of the dripping regime [102]. If the droplet break-
up is dominated by the drag forces and the droplet does not fill completely
the exit channel during the detachment, the regime is still called dripping
regime. Whilst, if the pressure dominates in the break-up and the droplet
clogs the output channel.

balloon This is a novel regime discovered by Tarchichi [103]. It is a peculiar
regime of the Tjunction configuration at low velocity of the continuous
phase, and the droplet generation depends mainly on the geometry features
of the junction and not on the velocities of the two phases.
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Each one of these 5 regimes is the results of a complex hydrodynamic system
involving small geometries, its wetting interaction with both fluids and their mu-
tual interaction. First approximation that can be made in such system is the con-
tinuum hypothesis for the fluids, that is the assumption of the continuity in space
of quantities of interest, such as velocity, density and pressure [99, 100]. The
molecular nature of the fluid in this assumption is neglected, thus considering the
spatial scale higher than the density fluctuation due to the molecular structure.
This approximation is a well respected hypothesis in microfluidics, for instance
in 10 pm channel there are approximately 30 000 water molecule [100], and in par-
ticular for device presented here (i.e. 50 pm of minimum geometrical feature).
Therefore, it is possible to define a fluid particle small enough to describe in a
continuous manner our system, and at the same time large enough to avoid mis-
leading value of properties (i.e. velocity, density and pressure) due to molecular
fluctuations. Each liquid fluid particles can be described by the hydrodynamic
equation of motion:

Du; 00y
L= F, Y 2.1
p Dt + afL‘j ( )
where p is the density, u; is the velocity of the i-fluid particle, F; is the external
forces applied on the i-fluid particle, o;; is the stressor tensor and 2 = 2 + uj%

is the material derivative. The equation 2.1 can be written in the standard form
of Navier-Stokes equation taking into account:

. . 22 ou; __ (.
i ) the mass conservation 77 + p 5 = U

ii ) the incompressibility V - 7 = 0;

iii ) the Stoke’s law for Newtonian fluid (as liquids of this thesis)o;;

m <% + %) — %5 Jum where y is the dynamic viscosity:

(933j Bxi Z] awm

1 F
—_cvP+Evii4 = (2.2)
p p p

Du
Dt
where P is the pressure applied to the liquid and F' is the forces per unit volume.
The right side —%VP + %VQE + % represents the force densities: —V P is pressure
driven term, %VQ i = V - ¢ is the diffusion term, which is related with the viscous
stresses & and F is the external forces, for the passive generators it is equal to
gravity % = 7. Instead, the left side 27 is the inertial acceleration, consisting of
o

two terms: time dependent acceleration %7 and convective acceleration (i - V).
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For the case of two fluids two Navier-Stokes equations have to be solved inside
the two space domains, considering the following boundary conditions:

i ) continuity of the normal velocity on the interface:

—

Ue T =Ug- T

ii ) the viscous stress tangent to the interface must be the same for both phases:
G t=04-1

iii ) the normal stress (I' = P1 + &) difference is balanced by the capillary pres-
sure:
T, i—Ty 7= —~k
where 7 is the interfacial tension and k = R; ' + R, twice the mean radius of
the curvature.

As can be seeing, these four forces were mentioned in the equation 2.2: iner-
tial, viscous, and capillary forces and gravity. The latter can be neglected in the
droplet formation process, since in the confined geometry it is negligible com-
pared to the viscous forces. Even if the equation can be simplified at Reynolds
number Re = % smaller than 1 (i.e. the case of microfluidic since L ~ 100 pm),
the presence of three interfaces and two liquids makes the system complex and
without a unique solution. The standard approach is to describe the physical be-
havior of the system by identifying regimes, where a main force dominate over a
competition between viscous, inertial and interfacial forces. The predominance of
one physical effect over another is usually described with dimensionless number,
such as Reynolds number Re = E’Z—L, which is the comparison between inertial
and viscous forces. The most commonly used dimensionless number in droplet
generation is the Capillary one C'a, which expresses the comparison between vis-
cous stress and capillary pressure, which are the two dominating forces in such
small geometries:

Ca="# (2.3)
7

where u is the velocity of the liquid, ;. is the dynamic viscosity and v is the interfa-
cial tension. This dimensionless number allows for distinguishing the regimes of
a droplet generator. Indeed, lower value of Ca corresponds to higher importance
of the capillary forces, since the surface of the dispersed phase is lower. Whilst,
higher value of Ca are given by the opposite mechanism and it is easier to in-
crease dispersed phase surface. The predominance of one of the two effects in
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terms of droplet production can be expressed in terms of scaling laws. It is a "law
of the variation of physical quantities with the size of the system or the object
in question” [99]. In particular, in case of droplets two scaling-law are consid-
ered: one for the droplet lengths, which can be extended to the volume (V' ~ L),
and one for the frequency. Indeed, these two parameters are the ones interesting
for applications of microfluidics, and the aims of the study of a scaling law is to
give an instruments for the proper prototyping of a microfluidic device. In the
following section scaling laws for both configuration will be described in details.
Before that, it is worth mentioning that Navier-stokes equation for droplet gen-
erators has been solved using several numerical simulations technique, such as
lattice Boltzmann [104]. However, these simulations demonstrated to be quite
time consuming, since the complexity of the solutions is directly correlated to the
complexity of the geometry and the system. Scaling laws guarantee, therefore, a
valid method for prototyping purpose.

2.21 T-junction

Scaling laws:

The first scaling laws for this configuration was proposed by Thorsen et al. in
2001 [105], where authors gave a physical explanation of the scaling behavior of
droplet volumes in a T-junction circuit. Their model was based on determina-
tion of droplets volume considering the competition between Laplace pressure
and the shear stress acting on the dispersed stream inside the main channel. Five
years later, Garstecki et al. [106] proposed a finer interpretation introducing a
pressure term, which takes into account the resistance to the continuous phase
flow by the growing continuous phase tip inside the main channel. The same
paper was also the first statement of using Ca (eq. 2.3) as a key value for the dis-
tinction between two important regimes in T5unction: squeezing and dripping.
These two regimes are characterized by the size of the droplet during the break-
up. The squeezing regime feature is the complete obstruction of the main chan-
nel droplets before breakup and the pressure term is dominating in the break-up
process. Whilst the dripping regime is the opposite, the droplet does not fill com-
pletely the channel, and the shear stress is the main reason for the detachments
of droplet.
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The final equation for the droplet lengths proposed in [106] is:

w£0 =1+ a% (2.4)
L

where > is the droplet length normalized by the main channel width and «
should be /¢ but authors left it as a fitting parameters. This law was confirmed
by the same authors with experimental results [106] and by some computational
calculation [107]. However, the equation 2.4 has good experimental comparison
only in a small range of C'a values, only in squeezing regime. A valid extension
to the describtion of the dripping regime, still based on physical consideration,
have been done by Christopher [102], where the authors considered three forces

acting on the emerging interface in figure 2.11. Since the comparison of the exper-

Figure 2.11. Sketch of the emerging droplet considered in the Christopher’s model. Both s and b represent
distances. The image is taken from [102].

imental data from the LiNbO; will be compared with this scaling law, the model
will be described more in details. The model considers the break-up instant when
the three forces are balanced:

F,+F. +Fp=0 (2.5)

The three forces are:

2 2 I 2
FU ~ {—O’ (g—i-ﬁ) +o (64—%)] bh = —oh (26)

Capillary force
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2
h
—o (2 4 2) of droplet (with approximation of curvatures), multiplied by the

it is the difference between Laplace upstream o (3 + #) and downstream

area of interface bh.

Drag force

Ue Qcuec
Fr ~ pe——bh = po—_
e =0~ " lw, — b)?

it is the force generated due to viscous shear applied from continuous phase

2.7)

flowing on the emerging dispersed phase. The shear stress rate is approx-
imated as the average velocity of continuous phase u. divided by gap size
between wall and tip of droplet w. — b.

Squeezing pressure force

ncugap b bh, o anch
we —bwe—b  (we—b)3

F, ~ Apbh ~ (2.8)

it is obtained from a lubrication analysis [108] for the pressure during flow
in a thin gap with aspect ratio (w. — b)/b.

The droplet length during the shrinking of neck (i.e the dispersed phase con-
nection between the growing droplet inside the continuous channel and the dis-
persed connection, the s sized part in figure 2.11) is calculated substituting equa-
tions 2.6, 2.7 and 2.8 into 2.5. The contribution to the length after the neck shrink-
ing is approximated by g outh - tsqueeze, Where tsgceze is the time between the neck

shrinking and the breakup ts5yeczc ~ % ~ “’f{Q—“:fh, and wg, e 1S the growth speed

Ugrowth = % Finally the length scaling law obtained by Christopher is:
L - A
—=b+=0¢ (2.9)
We b

where b = wic, A= Jtand ¢ = % The A parameter is the same « in the previ-
ous Garstecki’s model (eq. 2.4), indeed for squeezing regime (where b is during
detachment is close to the continuous channel width) the equation 2.9 leads to
equation (eq. 2.4) if b — 1, as expected. With similar arguments they derived also
the semi-empirical trend for frequency for constant values of ¢:

NcWe
g

f=

f oc Ca® (2.10)

where f = ftu,, [ is the frequency of the droplet production, ¢, = £, o is a
parameter determined experimentally to be 1.31 £ 0.03.
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Other several theoretical models have been proposed, however most of them just
added further parameters to better follows experimental data without any oth-
ers theoretical considerations. Instead, Van Steijn [109] followed other approach
based on geometrical consideration, and found similar results to the previous one
by Christopher.

Experimental

The feasibility of a T-junction realization in LiNbO,; was proven recently by our
group in [6, 7, 92, 110]. The T-junction on LiNbO; consists of two channels
both of = 100pm and w = 200 um crossing each other ortoghonally, as re-
ported in figure 2.2. The cover was a glass cover and with four connections, but
one of the four has been sealed in order to work as a Tjunction. The two lig-
uids were: MilliQ® water for the dispersed phase, and hexadecane °, which was
added with interfacial tension v between two fluids is increased adding surfac-
tant (SPAN®80)° in continuous phase at 0.08 % (w/w). The interfacial tension of
the hexadecane with the surfactant was measured using a pendant drop system,
using the procedure described in [111]. The results plotted in figure 2.12 confirm
the well-known value for the critical micelle concentration CMC' of 0.03 %, in-
deed from the linear interpolations the value obtained is 0.032 £ 0.002 %. The in-
terfacial tension for the continuous phase with a nominal concentration of 0.08 %
was 7 = 4.11+0.29mNm™'. The liquids were pumped into the channels us-
ing two syringe pump PHD 2000 (Harvard Apparatus, Holliston, Massachusetts,
USA), and the video recording was made by a camera Phantom VRI v7.3% (Phan-
tom, New jersey, USA) connected to an inverted microscope Nikon Eclipse Ti-E
(Nikon Corporation, Tokyo, Japan) equipped with a plan 4x/0.1 objective.

Results and discussions

The performance of such LiNbO; T-junction were deeply tested in [6, 92, 110] in
squeezing regime, where it is reported a monodispersity on the droplet lengths
always less than 3 %, and for the velocity less than 10 % (in [6, 92, 110] At, the

“Hexadecane: CH;(CH,);,CH;, CAS number: 544-76-3, M = 226.44 gmol~!, viscosity 3cP,
density 0.77gcm ™! at 25°C.

°SPAN®80: C,,H,,O;, CAS number: 1338-43-8, Mm: 428.62 g mol !

7accuracy: 0.2 %

8resolution: 800x600 px?, pixel size: 22x22pm
6688 fps.

2 and maximum frame rate at full resolution:
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Figure 2.12. Plot of the measured value of the surface tension for different value of surfactant concentration.
Each value was measured for five water droplets (nominal volume 0.5 L) in hexadecane with different
concentration of SPAN®80. Blue and red lines are the two linear interpolations for lower and higher
value of the CMC respectively. The value obtained for the CMC from the intersection of the lines is
0.032 £ 0.002 %, which is in agreement with the nominal value of 0.03 %.

time interval between two droplets, is used, the velocity is directly proportional
to it). The droplet length monodispersity in LiNbO; T-junction is agreement with
those achieved in other materials (5 % stainless steel [112], 2 % polyester [113], 3 %
PDMS [109], 2 % glass [114], 2 % PMMA [115]).

Regarding the scaling laws, in figure 2.13 the length over ¢ is reported, the lin-
earity is well respected by these data, thus confirming that LiNbO; T-junction
follows standard material T-junction behavior.

The scaling laws comparison was also tested, in order to finally cross-checking
the performance of the material and allowing future prototyping. Both the scal-
ing laws of Christopher’s model were compared: the equation 2.9 for droplet
lengths and the equation 2.10 for the frequency. The comparison was done in a
range of Q. from 5pL min~! to 40 pyLmin~!, and ¢ = % from 0.3to 1.5 In figure
2.13 the linear behavior of the data is clearly confirmed, all linear interpolations
(gray lines) have R? > 0.99, thus confirming the linear model of Cristopher [102]
(equation 2.9). Moreover, the lack in compatibility among the intercept and the



2 Microfluidics in LiNbO, devices: a new perspective 39

value 1 suggests the better description given by the implementation of the Cristo-
pher’s model (equation 2.9) compare to Garstecki’s one (equation 2.4). The other

5.5 T T 1 T . r

B Q=5 pL/min =

5.0 4 B Q=7 ul/min .'/'_

Q¢ =12 ul/min ol =

454 | = Qg=20puL/min P sty
Q¢ = 30 pL/min [ S

4.0 H = Qg =40 ul/min = L T L ~ A
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Figure 2.13. The graph represents the normalized length over ¢ = % data obtained from the video analysis
for each data at Q. fixed. The gray lines are the linear interpolation as suggested by data itself and scaling
law from Christopher [102].

useful scaling law proposed by Christopher is the power behavior (equation 2.10)
of the frequency f with the capillary number Ca, . The same data were used for
this comparison. In figure 2.14 the fits are showed, the data follows clearly a
power law behavior. The fitting parameters for the exponent obtained are on av-
erage 1.30 = 0.08, which is definitely comparable with the one measured by the
Christopher 1.31 £ 0.03. These results represent a benchmark for the comparison
between lithium niobate and other standard material, thus validating the relia-
bility of a LINbO; based microfluidic platform.

2.2.2 Cross-junction

Scaling laws:

Flow focusing devices can be divided in different categories, depending on their
confinements during the break-up of the droplets. Indeed, the geometry of the
device affects drastically the formation of droplets and its various regimes. For
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Figure 2.14. Plot normalized frequency f over capillary number Ca.. Gray lines are the interpolations of
power law BCa,” for each set at constant value of ¢ = 22

Qe

instance, the presence of an orifice just before the cross influences all the break-
up process, and in particular its 3 dimensional shape and position can change the
droplets generation. In this thesis, only the most simple geometry without ori-
fice is considered as a proof of the feasibility of such configurations on LiNbO;.
Indeed, other geometrical features can be easily integrated afterwards, thanks to
the aforementioned fabrication technique on LiNbO;, they were therefore con-
sidered not necessary to validate the response of a LINbO; platform. A complete
study about this simple cross geometry were done by Cubaud and Mason [116],
where they gave an overview of different working regimes and related scaling
laws. The only suitable regime for stable and monodisperse droplets production
is the dripping regime. In [116] the authors experimentally observed that the
droplets formation weakly depends on the viscosity of dispersed phase, while
it strongly depends on the viscosity of the continuous phase and the interfacial
tension. Their simple approximation was to consider the droplet length L, pro-
portional to its velocity uq ~ (Q. + Qq4)/S with S the section of the channel, and
the time needed for the dispersed phase tip for pinching the cross 7T},;,,. This time
is roughly approximated with the time needed by the dispersed phase to fill the
volume of the cross V,,,ss = h*w.*wy (w. width of the continuous phase channel,
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wqy for the dispersed one) divided by the capillary number Ca., Tpincr, = %
Tpinen 18 not proportional to Ca, = QC“‘ since the stretching of the neck creates
more interface. Indeed, the interfac1a1 tension v acts against the droplet forma-
tion and it increases the formation time, while the viscosity (. increases the drag
force and thus the the dispersed phase tip filling. These considerations lead them

to formulate the simplified scaling of:

Qe
Qc + Qd

Then the authors fitted this model with data and evidenced two regimes, one

d x (a.Ca.)”' where a,= (2.11)

when the droplet is longer than 2.5 times the channel height and the other, when
is smaller. In the second one also the exponent was found different from —1,
since small droplets present higher resistance to the side flow-induced break-up.
Even if this model is really simple, it still gives an idea on the physical effects
that have to be considered. Several others models have been developed in the
next decade, some of them are based on the redefinition of the free parameters
found by Cubaud’s model, such as in [117, 118]. Others are the extension of
such model, like in [119], which is still based on the growth time 7., of the
droplet, but it considers the pinching phase as divided in two subphases. Others
are related to sophisticated calculations of the volumes during the break-up [120],
it gives a function for the frequency, volume of droplet with only one constrained
titting parameters. This model was confirmed by the authors with experiments
varying several parameters, although using them only in small ranges. Among
all the models developed, the one developed by Liu and Zhang [121] were the
only one, which applied similar consideration proposed by Garstecki for the T-
junction [106]. The authors developed an empirical relation for the droplet length
based on two phases, growing of the tip and squeezing part:

= (e+wp)Ca,™ (2.12)

c

where ¢ = Qd

, €, w and m are fitting parameters, which depend on the geometry,
suchas I' = w—c and A = 74, and viscosity ratio A = . The equation 2.12 was
confirmed using both experimental and numerical simulations, through which
the authors also obtained numerical values for the parameters. Among the others,
this model had the highest experimental testing range. For these reasons, the
droplets features generated by the cross-junction in LiNbO; of this thesis will be

compared with it.
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Experimental

The same structure described in the previous section can be used also as a Cross-
junction droplet generator, exploiting the seal fluidic connection (see fig. 2.15).
The only difference is the side in which the continuous phase is injected.

Figure 2.15. Example of the droplet formation in a flow-focusing configuration in lithium niobate based de-
vice. Both channels section is 200x100 pm?. Image was taken with the setup described in the experimental
section of this chapter.

The two phases were the same used for this characterization of the T-junction:
MilliQ® water for the dispersed phase, and hexadecane with SPAN®80 as con-
tinuous phase at 3% (w/w). The surface tension for this solution was v =
4.274+0.04mNm™! (see fig. 2.12). The experimental setup was different from
the previous case of Tjunction. Two different configurations were tested. The
pumps setup is depicted in figure 2.16: the pump consisted in OB1 MK3 pres-
sure driver pump with 3 channels’ with a range 0-8 bar (Elveflow, Paris, France).
The flow control was obtained by a feedback system provided by the coupling of
three flowmeters BFS Coriolis'® (Bronkhorst, AK Ruurlo, Holland). Video record-
ing was provided by a camera acA800-510um!! (Basler, Ahrensburg, Germany) A
magnification of 2.6 times was provide by an plan objective 10x, and the illumi-
nation by a backlight-collimated led.

Results and discussions

The range of fluxes tested were Qq = 5 : 40pLmin~' and % = 2.5 : 82.5uL min},
which allowed for span from the squeezing to dripping regimes. Indeed, the

resolution: 0.006 %, stability: 0.005 %, response time: 9 ms.
Waccuracy: 0.2 %, response time: 35 ms
Hresolution: 800x600 px?, pixel size: 4.8x4.8 pm? and max fps at full resolution: 511 fps.
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Figure 2.16. Experimental setup for the control of the flow inside the microchannels.

droplet lengths were varied from 1 to 4 times the channel width w.. For each con-
figuration the device was first filled with continuous phase to avoid any residual
air inside, then the fluxes were set by the pump. Thanks to the feedback con-
trol guaranteed by the flowmeters, the stability of the flow was monitored, and
only when the system was stable the camera started the recording. Typically, the
videos of the droplets flowing in the main channel were recorded after 10 min-
utes from the turning on of the pump. This time was chosen from the interval
needed to reach the desired flux by the feedback system of the pump (typically
in the order of 1 min) and waiting eventual time due to the hydraulic capacitor of
the microfluidic system after the flow meter. 10 minutes guarantee to the system
to be in a stable condition, since all the microfluidic system is rigid, i.e. the chip
is made by rigid material and the tubing by teflon. The time constant of all the
setup should be less than the standard microfluidic one, which is typically in the
order of 2 minutes. Moreover, each measurement of this work was realized filling
tirst the fluidic system with the oil, and avoiding any possible residual of air.
The videos of the flowing droplets were taken in a position, which was ap-
proximately 5mm from the junction. For each fluxes configuration hundred
droplets were recorded with at least 10 frames for each droplet, in order to have
statistical significance to measure speeds and lengths. Both these values were
extrapolated from the frames of each video by means of an homemade tracking
software. It measures the i-droplet length average L, over all j-frame, where the
i-droplet appears, as showed in figure 2.17. The video recording settings (i.e. the
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Figure 2.17. Sketch of the working principle of the tracking software: for each j-frame, it measures i droplet
the length, on red color on the left, and the velocity, on blue color on the right.

number of frames per seconds and the exposure time) were tuned properly in
order to have the same droplet in at least ten consecutive frame, allowing for av-
eraging the quantity of interest for the single droplet. An analogous analysis was
done for the velocity. In the following graphs 2.18 are reported an example of the
results from the tracking script for Q. = 30 uL min~' and Q4 = 10 pL min~".
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Figure 2.18. Two graphs report the results from the analysis of the video for Q. = 30 uL min~! and
Qq = 10puL min~'. On the bottom plots the red and blue points represent the droplet lengths L;;, velocity
v for i-droplet and j-frame respectively. The orange and light blue points are the averages L;, v; for i-
droplet over all j-frames. On the top the two histograms are reported based on the overall values, L;; on
the right and v;; on the left. The two mean values for velocity and length are calculated from the two
histograms and results L = 348.9 = 4.8 ymand v = 35.2 £ 1.9 mm/s.

The analysis of the average parameter for each droplet was implemented to
cross-checking the stability during the measurements. As can be seen from fig-
ure 2.18 the averages of both lengths and velocities are stable for more than 100
consecutive droplets, this behavior confirmed the stability over time of the sys-
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tem and in particular the stability of the fluxes over time. For each video, the
system calculates the average and the standard deviation'? of the all the single
parameters values, L;; and v;;. The device presents good performance in terms of
monodispersity of droplet, over the all range tested the maximum, the percent-
age error range from 4 to 0.5 % with an average of 1.4 % for droplets lengths and
from 8 to 0.5 % with an average of 2 % for droplets velocities. These values are in
agreement with other devices presented in literature [122].

The unusual discretization of the measured L;; and v;; (the red and blue mark-
ers in 2.18) is due to the fact that the camera acquisition system has pixelization of
the measurements. In order to increase the sensitivity and avoid this unpleasant
effect, the magnification could be increased. However, an increasing of the mag-
nification should be followed by a consequent increasing of the recording speed,
since the field of view would decrease and the frame per seconds of the camera
should be tuned properly to maintain the 10 consecutive images of the droplets.
The setup was set in order to exploit all the possible range of the recording speed
of the camera. A further upgrade of the system could be to use faster camera, but
renouncing to the compactness of the video system. The choice would strongly
compromise the future possible integration of other part to the setup exploiting
other feature of LiNbO;, such as a green beam line for the photovoltaic tweezers
reported in the last chapter.

Finally, this data could be compared with the scaling law developed by Liu and
Zhang ( equation 2.12). The results are plotted in the graph 2.19. From the veloc-
ities the capillary number (equation 2.3) can be accurately calculated as:
_ HcUgq

7

where y. = 3c¢P is the viscosity of hexadecane, v = 4.27 £ 0.04mNm™! is the

Ca. (2.13)

viscosity of hexadecane with 3 % surfactant.

The results of the device presented in this work agree with the model in a
huge range of lengths, and even if the device did not have the same parameters
I, A, X tested experimentally in [121]. Indeed, the chip of this work has I' = 0.5,
A =1,and A = 0.3 and the interpolation of our data give m = 0.2194-0.004, which
are in the same order of the with the authors value. Nevertheless, in the graph

5 (@i—)?
12in this case for a correct estimation o, = =—— has been used where N is the number
N
>
of the samples and z = =
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Figure 2.19. The graph represents the length over Ca data obtained from the video analysis and its com-
parison with the Liu’s scaling law [121] (equation 2.12). The gray lines are the interpolations of data with
L — (A(¢))Ca,™, where A(¢) = e +wd, for each set of data with constant values of ¢. The inset reports

w

the trend of the A parameter, which should be linear as predicted by the model for Ca < 0.01. In the case
of these data, it is clear that the linear behavior cannot be clearly confirmed. However, only the point at
phi < 0.2 deviate from the linear regression, these points corresponds to the series with highest values of
Ca.

in the inset the A(¢) value should follow a linear trend, which is only suggested
by our data. However, C'a. values are higher than the one tested in [121], the
model, indeed, describes the squeezing regime. Since the data studied in this
work were chosen in order to study the higher range as possible, in this case
these measurements represent a further advance on the test of validity of the
scaling laws, which was not explored at these parameters before.



Chapter 3

Integrated optics in LiNbO,: a way to
Opto-microfluidic

In the previous chapter the potentialities of LiNbO; as microfluidic substrate
was demonstrated. In this chapter the attention will be focused on the optimal
integration of optical stages on LiNbO,; substrates already equipped with
microfluidic circuitry. In particular, the coupling between photonic waveguides
and the microchannel, on the same LiNbO; substrate, will be presented. This
coupling consists in the configuration in figure 3.1, where waveguides are
crossed by the microchannels, dividing them into two aligned optical units.
These are the building blocks of an optical transmission probe: one optical unit
working as input whilst the opposite being the output waveguide respectively.
This optofluidic integration is particularly interesting, since this transmission
optical signal contains several informations on the properties of the matter inside
the channel.

Waveguide

Figure 3.1. Scheme of the final optofluidic device integrated in LiINbOj3: the yellow channel represents the
waveguides, which face the channel directly on the channels walls. An interesting application is the optical
transmission signal of droplet inside the channels.
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Until now, several opto-microfluidic devices have been proposed exploiting

the interaction of light with microfluidic channel. Most of them relied on the
embedding of optical fibers in polymeric substrate [9-13], starting from the pio-
neering work of Nguyen [8]. Despite the good performances of such devices, the
fabrication process presented huge disadvantages compared to those achievable
if an integrate optics stage is fully integrated in the same substrate, where the
microfluidic one has been embedded. Indeed, the embedding of fibers into the
grooves on the chip is a critical step, since the alignment of the two fibers can
change a lot between two side grooves and the interlocking between fiber and
groove is never 100 % matched. For these reasons, the process is unsuitable for in-
dustrialization purpose. Secondly, the fibers connection represents a weak point
in terms of coupling with microfluidic structures. As a matter of fact, the gluing
process of fibers onto optofluidic chips is still far from guaranteeing reproducible
sealing performances, both in terms of leaking and air sacs formation. Thirdly,
the typical diameter size for the fiber core is 100 um, which assures in most of
the time a complete illumination of all the microfluidic channel, but at the same
time it can avoid any local measurements at a measurable level of 10 ym into the
channels. Few attemps were done also with the coupling waveguide-channel [48,
123-126]. However, in most cases the waveguides were far from the channels, be-
cause of a bad quality of the microchannel roughness. In this case waveguided
light diffuse out the main direction, causing a lot of noise in the optical illumina-
tion. Moreover, some applications can require optical local investigation inside
the channel, which cannot be achieved because of fanning process. Finally, most
of these waveguides are based on silicon etching, which is a slow technique for
microfluidic structures usually in range of hundred of micrometers.
On the contrary, a direct coupling channel-waveguide avoids any gluing process
and does not need any grooves, and at the same time decreases the diffusion
noise. Moreover, the small light spot in the channel represented by the waveg-
uides output is an optimal source for local measurements. Even if the illuminated
volume in the channel is limited by the geometrical features of the channel, the
size and the position of the waveguide output, these properties can be tuned for
the specific applications. In these terms the waveguide-channel coupling pre-
sented in this chapter represents an unexplored way to overcome several draw-
backs of the standard optofluidic systems. The chapter is divided in three sections
as follows:
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3.1 A state of the art of waveguides realization in LiNbO; is presented, then a
detailed description is given for Ti indiffusion technique, and in conclusion
the procedure and all the parameters for the realization of the waveguides
for this work are reported.

3.2 This second section is dedicated to the characterization of the waveguides.
Firstly, the setup used for the coupling is described and the reason of the
setup choice is justified by the comparison with other couplers. Secondly,
the waveguide features are characterized in terms of modes and losses.

3.3 This section is a description of the features of the optofluidic response, giving
particular attention to the affecting properties of coupling between waveg-
uide and microchannels to the optical channel.
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3.1 Waveguides for optofluidic application in lithium
niobate

Since the pioneering investigations in Bell laboratories in 1950s, LiNbO; was
rapidly recognized as a key material for photonic application, exploiting its func-
tional properties for the realization of a multipurpose device, such as electro-
modulators and switches, diffraction gratings and non linear frequency convert-
ers. This interest pushed to the development of fabrication methods of waveg-
uides, which represent the basic interconnection for any optical integrated plat-
form. Classical techniques were discovered and developed since late '60s, such
as local doping and proton exchange, and most of the integrated optical de-
vices relied of those methods. However, there is no literature of any optoflu-
idics application until 2015 [5], where Ti-indiffused waveguide are coupled with
a microfluidic channel. Others unconventional techniques, such as self-written
waveguides, were developed after '60 to overcome some important issues and to
satisfy the demand for better optical performances. In particular, the latter tech-
nique was demonstrated to be feasible for an optofluidic application recently in
2012 [20].

3.1.1 State of the art

Several techniques were developed for the realization of LiNbO; waveguide
[127], the purpose of this section is to give a brief overview of the most used
methods, explaining the working principle highlighting drawbacks and advan-
tages for an optofluidic application, in particular the transmission of the light
across a microchannel by means of a waveguide for both collection and illumina-
tion:

Ti-indiffusion It consists in the change of refraction index by means of local dop-
ing by means of the diffusion of Ti ions inside the material. This technique
is the most studied and widespread in integrated optical application, since
its flexibility, relative simplicity and at the same time good light confine-
ments. Indeed, both ordinary and extraordinary refractive indices can be
modified by the diffusion of the Ti ions, thus making feasible the propaga-
tion of both TE and TM modes [128]. Moreover, the material maintains its
electro-optic property after the Ti-indiffusion, thus making this technique
really appealing for the realization of optical modulators [129]. Depending
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on the wavelength and modes, the width of a Ti-waveguide can range from
few microns to tens of microns. Such wide Ti-stripes are usually realized
by standard photolitography lift-off technique and thermal treatments for
the diffusion. The flexibility of photolitography technique opened an high
range of application for Ti-indiffused waveguide. Among the others, the
advantages ensured by the Ti-waveguides in optofluidic applications are
the flatness of the substrate to ensure sealing procedure and flexibility on
the geometry design of the waveguided configurations, such as bent struc-
tures. Furthermore, the feasibility of a fiber pigtailing connection [130] is
necessary for achieving high portability for lab-on-a-chip application.

Proton-exchange In this method the specimen is immersed in a bath of hydro-
gen ions rich liquid at high temperature, during the process the protons
substitute the Li ions inside the material. This replacement induces on the
material a strong index change, only the extraordinary one, in general in the
order of An, ~ 0.1. Although this technique does not allow for any changes
in the ordinary index, the strong confinement, high polarization rejection
and resistance to optical damage are interesting features for specific optical
applications, such as non linear application in combinations with a subse-
quent annealing process and such as visible range application due to its
higher resistance to the optical damage. In terms of advantages for optoflu-
idic applications this technique is comparable with the Ti-indiffusion, ex-
cept for the cost of the loosing one polarization.

Ion-implantation The index of refraction changes can be obtained also by means
of the bombardment of the material surface by accelerated ions. The ions
release their energy to the crystal lattice through the nuclear collisions and
the electronic excitations. Therefore, the penetration depth in the material
depends on the ions mass and energy. The energies reported in literature
[131] varies from few MeV to 20 MeV, and the ions species implanted were
different (H, C, B, O, F, Si, P, Ag). The damages to the crystal lattice on
the crystal surface in the trajectories of the ions are usually recovered by
a subsequent annealing process. The waveguide structure can be defined
by using a photolitographic mask to protect part of the materials surfaces
by the bombardment. Although photolitography technique provides same
flexibility of the Ti-indiffusion, this technique requires bulky and expensive
instruments for the acceleration of the ions, thus closing any extension for



52 3 Integrated optics in LINbO;: a way to Opto-microfluidic

applications in fields with strong purpose of industrialization, such as lab-
on-a-chip.

Laser writing this technique consists in inducing refractive index changes by
means of illumination, either taking advantage from the photorefractive ef-
fect (see section 1.2), either damaging irreversibly the crystal structure. The
tirst option requires continuous laser with a power in the rage of tens of
mW, while the second needs high power femto seconds laser. Main ad-
vantage of these techniques is the extreme free choice on the waveguide
3D structure, since computer driven step motors usually moves the sam-
ple during the writing process of the waveguide. Moreover, the reversibil-
ity nature of the photorefractive effect allows even for a re-design of the
waveguides. This technique advantages are particularly appealing from
an optofluidic perspective, in particular the reconfigurability provided by
the photorefractive effect. In 2012 Chauvet reported an optofluidic sensor
based on this technique [20]. However, the waveguides has a limited life
time, thus strongly comprising the portability of a device with laser-written
waveguides.

Ridge waveguide Ridge waveguides exploit the index of refraction change be-
tween two materials, due to the realization of protruding microscopic struc-
tures. These structures can either realized by mechanical micromachining,
as described in section 2.1, either by chemical etching, either by ion beam
milling. A critical parameter for the losses of such waveguide is the rough-
ness of the surfaces. Such a feature can gives high value of dispersion,
which in some cases leads to losses not comparable with other technique,
even if the index change ensures high confinement. The technique is not
suitable for closed microfluidic device, since the protruding structure rep-
resents an obstacle for the sealing procedure.

In conclusion, the waveguides presented in this work were realized by the
Ti-indiffusion. Among the suitable techniques for optofluidic application, the
Ti-indiffusion provides good confinement in both index of refraction when com-
bined with suitable photolitographic techniques, it allows versatility in terms of
structure, such as Mach Zehnder interferometer (section 4.3) and the procedure
guarantees high reproducibility for a future simple technology transfer. Finally,
all the facilities requirements for the realization of such waveguide were fulfilled
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by the Department of Physics and Astronomy in Padova.

3.1.2 Ti-indiffused Waveguides

The Ti-indiffused on LiNbO, waveguides are realized by steps [127]:

1. A positive photoresist mask is realized on the substrate with the desired
waveguide pattern, typically the waveguides widths vary from few pm up
to tens pm, depending on the wavelength and the modes guided.

2. The Ti layer is deposited on the substrate with the photoresist, typically by
means of either heated evaporator, either E-beam, or sputtering. The thick-
ness of the layer and the thermal treatment parameters define the depth of
the diffusion, which usually ranges from tens up to hundreds of nm.

3. The lift-off process removes the photoresist, thus removing also the excess
of the Ti on it, and leaving on the substrate a titanium layer with the pattern
described by the mask.

4. Finally the diffusion of titanium is performed by a thermal treatment, usu-
ally at temperature between 980 °C and 1050 °C for time between 4h and
12h, depending of the depth desired.

Generally this last step is realized in wet oxygen atmosphere. In particular, the
oxygen is necessary, since Ti layer oxidizes into TiO, at high temperature, and
then Ti*" ions migrate inside the material, occupying vacant Nb and Li sites. In-
stead, the wet atmosphere neutralizes the Li" ions into a LiOh layer on the sur-
face, thus avoiding the out-diffusion of Li inside the TiO, layer. The diffusion of
the Ti ions inside the material is described by the Fick’s law:

oC(z,t) 0 ( 9Ca, t))

ot ox oz

(3.1)

where x is the direction of diffusion, C(z, t) is the concentration along x and time
t dependent and D is diffusion coefficient, which can depend on the temperature
and concentration. The concentration C'(z) is the interesting properties, since the
index profile n(x) is directly related to this properties. If D depends on the con-
centration the solution of the equation 3.1 is not so straightforward, for instance D
is a function of C' in case of high dopant concentration, thus leading to a solution
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that could not be analytical. Only in specific configuration of boundary condi-
tions the equation 3.1 can be solved, using Matano Boltzmann law for description
of the D dependencies. On the contrary, when D(C') shows a weak dependence
on C (such as for dilute system or C almost constant), D takes the role of an ef-
fective Diffusion constant and can be generally describe by the simple model for
the Diffusion coefficient is the Arrhenius law D = Dy exp(—Qp/kT), where Qp is
the activation energy (i.e. the energy needed by Ti ions for the starting the diffu-
sion). In the case of independence of D from C, two solutions are interesting for
the study of the waveguides case depending on the presence or not of a residual
titanium layer on the surface. If the titanium film is not completely diffused, the
system can be approximated as a lithium niobate with a surface concentration
equal to the saturation concentration C. In this configuration the interface is not
considered and the titanium film provides a constant concentration C; during the
time of diffusion, it is modeled as an infinite source of Ti ions. This approximation
leads to a solution of Fick’s diffusion as:

x
V4Dt

However, this solution does not describes all the situation of a real diffusion, in

C(l’, t) = Csurface(t) erfc( ) (32)

particular the titanium film is completely diffused at some point. This situation
can be modeled by a layer with negligible width and considering a reflection
boundary conditions at the interface. The concentration of this layer is described
by C(x,t = 0) # 0 only for z = 0. The solution of Fick’s law for this model is a
semi gaussian as described by [132]:

Cyot —z?
Clx,t) = .
where Cjy(t) is the total amount of titanium deposited in the film. 2(22‘)’:)2 is

the concentration of the imaginary film aforementioned. In the case of titanium
waveguide the diffusion in the direction orthogonal to the interface can be mod-
eled by the solution, since the titanium layer is completely exhausted at end
of the thermal treatment. Indeed, the SIMS characterization presented later in
the section the Ti profile inside LiNbO; can be clearly fitted by a gaussian func-
tion. Moreover, from this profile the penetration depth can be estimated as the
o = V4Dt

These two solutions can be combined to describe the case of a channel waveg-
uide, in fact the Ti ions in this case diffuse in two directions: one normal to the
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surface and one parallel, due to the presence of a titanium stripe and not a layer.
This case is described by two directions concentration C(x,y,t), where x is the
orthogonal diffusion direction, whereas y is parallel to the surface. The diffusion
in each direction is correlated by the diffusion in the other, and the Fick’s law
is not separable equation. Nevertheless, a good approximation can be obtained
from the combination of the two solutions aforementioned, the diffusion in x can
be modeled as the solution 3.3, while along y the diffusion can be described by
two solutions 3.2 as follows:

C(x,y,t) = C(x,t)C(y,t)

. Csurface ox —z? orfe U)/2 -y orfe U)/2 +y (34)
- St exp () [t e

where w is the width of titanium stripe. This is an approximation from a simple
model and consideration, but can still give an two dimensional distribution of the
titanium concentration distributions inside Lithium niobate. This distribution is
crucial to estimate the index of refraction profile change inside the material due
to the diffusion process. The correlation between the Ti ions concentration and
both index of refraction of LiNbO; was obtained phenomenologically in [133] as:

Aneo(2,y) = Aeo(Csur face, N)[C(x, y)]*° (3.5)

20 i ~e,0 7T-C’sur ace
Ae,o(csurface) = ( \/;T ) (Bo;e,o()\> + Bl;e,o<>\)-\/_—20T'f- )

where C7; is the Ti concentration in the stripe before diffusion, and By, , and

Bi..,, are phenomenological coefficient depending only on the wavelength X as

follows:
By, = 0.385 — 0.464\ + 0.171)\2

By, = 9.13 + 3.85\ — 2.49\?
Bpe = 6.53-107% — 3.15- 102X + 7.09 - 1073 \?
Bie = 0.478 4 0.464)\ — 0.348)

(3.6)

Ti-induffused waveguide for optofluidics

The waveguides realized for the devices of this thesis are fabricated with the
aforementioned process, in this paragraph more details will be given on the pa-
rameter used. Each process, showed in figure 3.2, was performed in a clean room
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Figure 3.2. Sketches of the mains steps of the Ti-indiffused waveguides production, from left to right:
51813 (51800 Series, Dow Chemical, Midland, Michigan, USA) photoresist deposition, Uv light exposure,
Ti deposition via magnetron sputtering technique, lift-off, thermal treatment.

ISO 7. The photolitographic patterns were designed on the wafer using posi-
tive photoresist 51813 from the 51800 Series (Dow Chemical, Midland, Michi-
gan, USA). Before the photoresist depositions, the substrates were coated with an
hexamethyldisilizane (HDMS, Dow Chemical, Midland, Michigan, USA) based
primer at 2000 rpm for 30s. Then, the S1813 was spinned at 6000 rpm for 60 s with
an acceleration of 1000rpms~'. The layer thickness was measured with a point
contact profilometer P-10 (KLA Tencor, California, USA), and the results was
1.1 £ 0.1 pm , compatible with the value given by the supplier. Before the UV ex-
posure, the sample with the photoresist was soft baked at 60-80 °C for 10 min. Al-
though the supplier usually suggest higher temperature (115 °C), LiNbO; suffers
higher temperature changes, therefore the temperature of this step was decreased
and time increased after a calibration. After 10 min of baking, a Chromium mask
was aligned on the samples and pressed into steep contact on to the samples.
Then, the samples were exposed at 9mW cm ™2 of UV light for 18 s and right after,
another bake step was done at 80°C for 20 min. The developments were per-
formed by means of soak for 60 minute into the developer microposit MF-319
(Dow Chemical, Midland, Michigan, USA).

The following process was the Ti deposition, made by a magnetron-sputtering
machine (Thin film technology). The sputtering chamber was evacuated at a
3 X 10~% mbar, then an atmosphere of Argon gas was maintained at 5 x 10~ mbar.
The sputtering DC power was set at 40 W during the 5 min of presputtering time
and 22 min of the sputtering time. The resulting Ti-layer had a thickness of 40 nm
measured by means of AFM (Veeco CP-II, Camarillo, CA, USA).

The samples with photoresist and Ti layers were dipped into a solution of
SVC(TM)-14 (Dow Chemical, Midland, Michigan, USA) at a temperature of 60 °C
until the photoresist was completely removed from the sample. In some cases for
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large samples, such as 3 inch wafer, an ultrasonic treatment was needed to speed
up the process. The samples holder kept the samples in vertical position during
the soak, in order to avoid any redeposition of detached Ti on the substrate. After
the lift-off process, every sample was rinsed with distilled water and checked by
the microscope.

Once checked the quality of the Ti stripe structure, samples were put onto
a quartz holder into a tubular furnace F-VS 100-500/13 (Carbolite Gero,
Neuhausen, Germany). The thermal treatment for the Ti diffusion was performed
with heating and cooling rate at 300°Ch~! and at a final temperature of 1030 °C
for 2h. During the process, an oxygen gas was fluxed at 50 NLh™! into the at-
mosphere, when temperature was higher then 500 °C, in order to oxidize the Ti.
Unfortunately, wet conditions were not reproducible as needed with available
set-up so that optimal conditions were not reached. After the diffusion, one last
step was needed to properly coupled light inside the waveguide, the cutting and
polishing step. The lateral surfaces are lapped and polished with a polishing ma-
chine PM5 (Logitech, Glasgow, Scotland), in order to reach optical grade of the
surfaces.

SIMS and RBS characterization

The titanium diffusion described before was characterized with standard tech-
nique Secondary Ions Mass Spectrometry (SIMS) and Rutherford Back Scattering
(RBS), in order to investigate the titanium concentration profile inside LiNbO,
substrates. In particular the Ti layer, before diffusion, were analyzed by an
RBS system in Legnaro National Laboratories (LNL-INFN). A proton beam at
2 MeV hit the Ti layer and a solid state silicon detector with a detection angle of
1.966 mrad detected the signal at 170° respect to the beam. The RBS spectra for
a 41 + 5nm thick Ti layer is reported in figure 3.3. Since the aim was to investi-
gate the Ti layer, the RBS measurements were performed on a substrate of SiO,
instead of LiNbOj;, because the backscattering of SiO, pattern is well-known and
it allows for a faster analysis. A gaussian interpolation of the clear peak about
channel 370, which is the one refers to Ti, was performed to obtain the Ti atoms
concentration in the layer Cp; =(4.1 £ 0.1) x 10?2 cm ™.

The concentration profile of Ti inside LiNbO, substrate was measured by
SIMS measurements. The SIMS was ims4f mass spectrometer (CAMECA, Gen-
nevilliers, France) equipped with a Cs* beam at 10 kV, which guaranteed an im-
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Figure 3.3. Experimental RBS spectra obtained from the measurement of a Ti layer on SiO,: on the left
there are the clear background of SiO, and around channel 370 there is a clear backscattering of Ti peak.

pact energy to the ions of 14.5kV of impact energy, because of the —4.5kV of the
sample holder. During the second ions detection an electron gun compensated
the charge losses on LiNbO;. The Ti ions extracted from the substrate were se-
lected by an energy sector followed by a magnetic mass spectrometer, and the
number of ions signal over time was, then converted into depth estimating the
erosion speed of the Cs beam. In figure 3.4 there is a graph with the SIMS analy-
sis obtained, which describes the Ti concentration over the depth of the LiNbO,
substrate.

The resulting data from the SIMS were interpolated with a gaussian profile
and the Diffusion constant can be estimated D = ;—j =89+ 2nm?s~!, where 02 is
the gaussian variance and ¢t = 2h is the diffusion time. Moreover, the Cy,; fqce can
be extrapolated from the data and it results (1.06 & 0.04) x 10?! cm™!. In conclu-
sion, from the values of D, Cyy; face and Cr; and the change in index of refraction
for this work waveguide can be calculated from the equation 3.5 and result:

An, = 1.12+0.03-1072

3.7
An, = 0.66 + 0.02 - 1072 (3.7)

The choice of these diffusion parameters (i.e. the ¢ =2h) with the 5 pm guarantee
the single mode at 632.8 nm. Although multimode waveguides usually provide
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Figure 3.4. the graph represents the results of a SIMS analysis: the concentration profile of Ti inside
aLiNbOj substrate, obtained from the diffusion of a 41 &+ 5nm titanium film on a x-cut LINDO; substrate
after diffusion in O, atmosphere at 1030 °C for 2 h.

higher light transmission, the single mode is the simplest one to study the in-
teraction of the light from the waveguide with the channel. Moreover, it allows
for simpler pigtailing coupling, even if the refraction index difference 3.7 can-
not afford the best end-butt coupling. However, the Ti-indiffused single mode
waveguides are the best solution for prototyping application, and in the future
new technique and waveguides can be easily integrated.

3.2 Near field analysis

There are several techniques to couple laser light inside a waveguide (figure 3.5),
such as prism couplers [134-136], transverse couplers [137, 138] (both direct fo-
cusing and end butt coupling), grating couplers [139, 140], and tapered couplers
[141, 142]. Each of these coupling methods was initially developed for different
characterizations and applications, for instance prism couplers for thin film char-
acterization [136], or permanent pigtailing for stable realization of optical devices
[138]. Among the others, the latter has the best features required for a lab-on-a-
chip realized in LiNbO;, since it is permanent, stable and portable. Nevertheless,
it does not represent the optimal solution during the prototyping stages, since
during testing phase cannot be flexible. A reliable alternative is represented by
the direct coupling made by the objective in a near field setup. It allows an out-
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put mode characterization of the waveguides and a preliminary study for any
transverse coupling method.

laser lens

fiber

Figure 3.5. Sketch of most used waveguide coupling methods. Grey box S represents the substrate, C in
light blue the clad and F in blue the core of the waveguide. On the left two different transverse coupling,
where bottom one represents the pigtailing. On top right there is schematic representation of a grating
coupler, and on the bottom left a prism coupler.

3.2.1 Experimental setup

In this section a description of the setup used to couple the light inside the waveg-
uide will be given, since other parts of the setup, such as sources or detectors,
depend on the application, it will be describes in the next chapter. As aforemen-
tioned, the coupling technique used is a transverse couplers using a double ob-
jective setup, one to focus the light inside the waveguide and the other to collect
the light in a near field. Two objectives mounted on the setup are a 20X Objective
for coupling light, and a 50X long working distance for recollecting the light. The
coupling is maximized when the numerical aperture of the coupling objective is
equal or smaller than the numerical aperture of the waveguide. The numerical
aperture of the setup is measured by a CCD, coupling a 632.8 nm and measuring
the profile depending on the distance from the objective [92]. In figure 3.6 the
behavior of the waist in both direction over the distance is reported. From these
data, the initial waist w, and Rayleigh length 2 were measured by the interpola-
tion of w(z) = wo+/(1+ (£)?), which are reported in the graphs in figure 3.6. The
numerical aperture can be calculated as follows:

NA =22 _0.09+0.01 (3.8)
QZR
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Figure 3.6. Waists derived from the gaussian interpolation of the laser spot at different z distance from the
objective. The red line represent the interpolation with gaussian beam dispersion w(z) = wo/(1+ (£)?)
The Rayleigh lengths obtained from such interpolation are reported in bottom of the graphs. '

An estimation of the numerical aperture of the waveguide can be done as de-
scribed by [143], where an effective value for a graded index z-propagation
waveguide with asymmetrical 2 dimensional profile (standard case for Ti-
indiffused waveguide) is calculated as follows:

2 2
NAs = \/(W) where for this work: NA.;; =0.13 (3.9)

Thanks to this system, the setup can measure both the intensity and the output
mode of waveguide, depending on the sensor. Two different laser light sources
were coupled inside the waveguide: a continuous diode laser with power of
7.35mW and a wavelength of 532nm and a He-Ne laser with a wavelength of
632.8nm and power of 4mW. An half plate and a polarizer can be then added in
order to excite both the TE and TM mode of the waveguide.

3.2.2 Near field characterization

An output mode characterization can be obtained coupling a CCD LaserCam-HR
II (Coherent, Santa Clara, California, USA), thus allowing for a near field study
of the output modes from the waveguide. Such an analysis is required to inves-
tigate the waveguide quality and to provide the modal profile often needed in
photonics applications as well as for pigtailing coupling. As a matter of fact, a
future pigtailing coupling makes the device able to collect the signal in high in-
tegrated level. The analyses were done on eight x-cut samples for a total number
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of 40 z-propagating guides, which is the most common configuration used for
the future presented applications. In particular, the characterization was done on
Ti indiffused 5 nm wide waveguide, which exhibits only a mode with a gaussian
mode excitation in the visible range [17]. Even if the infrared range is the most
suitable for LiNbOj; in terms of losses, the visible range has several interesting
applications in lab-on-a-chip application, such as spectroscopic ones. Neverthe-
less, once demonstrated an application with visible range, the extension to a IR is
straightforward.

An example of the shape of the output from a 5 pm wide waveguide is reported
in figure 3.7.

Figure 3.7. Example of a CCD image of a near field output from a 5nm wide Ti waveguide. The intensity
scale is in arbitrary units. Two little arrows on the top are the reference frame according with the crystals
axis.

Figure 3.7 shows the expected confinement of the light due to the index profile,
on the x axis the intensity is more confined due to the higher index contrast with
air. The shape of the intensity confined in the waveguide gives a direct idea of
the index profile and, consequently, of concentration of titanium, which depends
on the diffusion parameters. The mode is related to diffusion time, which was
chosen in order to obtain an optimal mode. On one hand the waveguide had
to be studied with butt-coupling technique and have a good pigtailing coupling,
but at the same time provide an optimal source for the microfluidic channel.

In order to quantify the properties of this output and its reproducibility a deeper
analysis is required. The study of the reproducibility of the output mode shape
was done by an analysis of 4 profiles: along y, along x and the two at 45° degree
(figure 3.8). The only profile, that can be interpolated with a gaussian function, is
the horizontal profile on the left figure 3.8, since both sides of that profile present
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the same index of refractive distribution.
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Figure 3.8. Analysis of the waveguide mode in figure 3.7: on the left x and y are reported in the side
graphs, on the right same analysis for the two profiles at 45°. The blue lines in the side graphs represent the
gaussian fits.

The integrals I between the background value and the 16 % of the maximum
intensity are calculated for each waveguide and for each side of the profiles, in or-
der to measure quantitatively the reproducibility of such a shape. These integrals
give a quantitatively description of the surrounding intensity distribution of the
mode, which is the most sensitive part of the mode to the refractive index profile.
In particular, two different parameters were obtained from these integrals:

left right left right) —1
. . —1
Ileft o Imght [left o I’mght
= ;reft :; ht l_eft right (3.11)
e+ r et 7
where ]é?f;ﬁ’”ght represents the left or right integrals along direction x or y, I, _

refers the integrals along two directions +45° or -45° respectively. The idea be-
hind these two parameters is: for the first one S (eq. 3.10) the estimation of the
symmetry reproducibility of the mode shape along the two crystallographic di-
rections, for the second D (eq. 3.11) is the measurement of the difference between
two diagonal profiles. Both analyses were done for forty waveguides on eight
samples for both polarization TE and TM, in table 3.1 all the averages are re-
ported.

The variance on the mean obtained from analysis is always less than 15 %, show-
ing a remarkable reproducibility of the mode shape over different samples and
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TE:

S, S, D

0.23+0.02 0.038£0.006 1.00=+£0.07

T™M:

S, S, D

0.26 £0.02 0.059 £0.006 0.96 £0.05

Table 3.1. Results of the analysis on the parameters S (eq. 3.10) and D (eq. 3.11) for both polarization over
4 waveguides. Means and relative errors are reported.

waveguides. Moreover, from the results of the analysis reported in the table 3.1
some information about the guide symmetry could be gained. S, is close to zero
suggesting that the diffusion of titanium parallel to the surface could be con-
sidered symmetric as expected. The same conclusion can be obtained from D
compatible to one, thus meaning a high symmetry on the two diagonal profiles.
Along x direction, on the other hand, the high difference between refraction in-
dexes of air and LiNbO; led S, to be significantly different from 0. Finally, no
detectable differences were observed between the two polarizations. This analy-
sis demonstrated the high reproducibility of the fabrication method and showed
some features on the output mode shape, thus suggesting that the reproducibility
of the process is sustainable and open the way to a future upgrade of the pigtail-
ing coupling.

Another important study on the waveguides is the measurement of the propaga-
tion losses, in order to check the performance of the waveguides. The procedure
consisted in the cut-back technique, which is the transmission intensity measure-
ments of different guides varying their lengths. Usually it is performed for a
tixed coupling input source in the waveguide, which in our case it was not avail-
able. However, the error due to the coupling efficiency can be estimated and
considered during the analysis. The steps followed were: measurements of the
transmitted intensities by four waveguides were measured at different lengths
of the samples after well-known distance cuts (each cut is perpendicular to the
propagation direction of waveguides). The intensities for the four guides were



3 Integrated optics in LINbO;: a way to Opto-microfluidic 65

measured for seven different lengths'. As aforementioned, the dispersion on
the transmission intensity was given mainly from the coupling instability, for
this reason the errors were calculated from the standard deviation of 10 mea-
surements with different coupling on the same waveguide. The data were fit-
ted with I = yo + lpexp —a(L — Ly), where I is the laser beam intensity, « is
the attenuation coefficient, L is the length of the guide, y, and L, are fitting pa-
rameters and both resulted compatible with zero. Results of the analysis are re-
ported in 3.2, where the attenuation coefficient « is reported in logarithmic scale
a — (logscale)logyp(exp —a).

# Waveguide o[dBem™!] o, [dBem™!]

1 3 2
2 8 2
3 4 3

Table 3.2. Results of the attenuation coefficient « from the data fitting I = yo + Iy exp —a(L — Lg) for 6
different waveguides.

These values are comparable for the literature value for visible wavelength, for
instance Irrera [144] obtained 2 dB cm™!. These value are higher than the one ob-
tained for IR range: indeed, the coupling with visible range light is not common
in LiNbO; due to its telecom successful exploitation. However, in many lab-on-
a-chips the visible light is much more interesting, such as intracellular dyes [145],
and as proven in the next chapter the intensity is not a limiting factor for these
application. In fact, 1 mW laser beam is far enough for the transmission of the
light across the channel, and it allows for probing application.

3.3 Microchannels and waveguides coupling

The light transmission at the output of the Ti-indiffused waveguide on LiNbO,
can be analyzed only if the quality of the output surface roughness has an optical
grade. The achievement of the light transmission between two waveguides on the
two sides of microfluidic channel can be obtained only if the channel walls have
such a quality. The engraving of microchannels described in section 2.1 provides

'Measurements were carried out by Dr. Anna Zaltron and Rita Scolaro in Department of
Physics and Astronomy in Universita degli Studi di Padova
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a self-polishing behavior, thus channel walls show the required feature for the
optical transmission [6]. Any roughness higher than the wavelength can scatter
light in every direction, thus causing diffusion and avoiding a good transmission
across te channel. Since the roughness from the engraving technique is less than
1/10th of th visible range, there are no needs of any other process for guarantee-
ing the transmission. Therefore, the coupling between Ti-indiffused waveguides
and the microchannel on the same LiNbO; substrate is straightforward. Firstly,
the waveguides were realized on the samples, then the channels were engraved
directly onto the sample, in an orthogonal direction respect to the waveguides.
During the cut, the waveguides were basically divided into two parts by the en-
graving process and the channel, and both outputs were directly on the channels
walls. A schematic representation of such coupling between the waveguide and
the channel is reported at the presentation of this chapter in figure 3.1. This pro-
cess does not need any precaution on the coupling, neither in terms of design on
both structures, microfluidics and waveguide, neither in terms of future fabrica-
tion steps.

(a) Air - =38% (b) Water - = 46 % (c) Hexadecane {- = 76 %

Figure 3.9. Example of a near field images of a z-propagating waveguide coupled to a 200 pm wide microflu-
idic channel: from the left channel is filled with air (n = 1), water (n = 1.333) and hexadecane(n = 1.434).
The wavelength of light is 632.8 nm and same attenuation were used for all images.

The light cone is effectively influenced by the liquid inside the channel and
also by the cover, from which part of light is refracted and reflected as depicted
in figure 3.10. This light cone from the waveguide represents basically a local
optical probe of the channel, depending on the position and the index of refrac-
tion the illumination part of the channel can be tuned. Indeed, if the channels
geometry does not allow for a complete illumination of the matters inside it, the
light interacts only with specific portion of it. This is a novel feature in the field
of integrated optofluidics since the fibers devices usually probe all the channel
feature. In this thesis the configuration used is always the first one reported in
figure 3.10, which it is not the optimal in terms of transmission because of the
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cover presence. However, the configuration can be easily modified by means
of either a chemical etch of the cover, exploiting the chemical resistance of the
lithium niobate (center sketch of figure 3.10), either adding a extra layer before
the engraving process (right sketch of figure 3.10). Therefore, the optical probe,
i.e. the waveguide output can be positioned in any position, depending on the
applications needs. The latter results demonstrates the possibility of the simplest
configuration, this improvement could lead to other interesting perspectives and
new applications.

Side view
Cover Cover Cover
Etched part Extra
engraved
layer
—_— q-ﬂ g 1 —
Channel section Channel section Channel section
LN LN LN

Figure 3.10. Side views of the possible configurations to adjust the position of the waveguides output
respect to the height of the channel. On the left, there is the standard configuration used in this work,
where the waveguide is on the upper edge of the channel and part of the light interact with the cover. In the
center, the configuration of the channel can be changed by means of chemical etching inside the channel,
since the substrate and the cover material can exhibit different chemical resistance, such as polymer or glass
and lithium niobate. The final sketch represents a possible solution to tuned the position of the waveguide
output respect to the channel height, just by tuning the height an extra deposited layer(either polymeric or
crystal) before the engraving of the channel.

Furthermore, the alignment of the two sides of waveguide is naturally
achieved in a perfect way, thus making the fabrication of the device straight-
foward compare to the chips, where fibers are embedded and glued. Moreover,
the direct facing of the waveguide inside the channel gives to the optical mea-
surement a local behavior, since the source inside the channel has 5pm width.
This feature makes the system unique to the our knowledge, in particular the
combination of such thin optical probe inside a microfluidic channel combined
with high portable and integrated chip.

Since the waveguide output ends directly on the channel walls, the transmission
of the light across the channel between the two aligned waveguide depends on
the index of refraction n., inside the channel. Indeed, the numerical aperture
NA = ng,sin 6 of the waveguide inside the channel describes the cone of light 6.
In particular, depending on n., the ¢ changes, since NV A is constant given by the
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waveguide features, thus increasing amount of light recoupled light across the
channel. This behavior was confirmed by the transmitted shape output in figure
3.9. Figure 3.9 proved the optofluidic coupling of the device, since the optical
transmission is effectively influenced by the liquid inside the channel.

3.3.1 Two phase systems optical transmission signal

The optical transmission signal from the described coupling is even more sen-
sitive to the flow inside the channel of an object. This effect is due not only for
the eventual index of refraction contrast with the surrounding medium inside the
channel, but also for the presence of interface which can scatter light and for the
eventual absorbance of the object material. The generic description of the object
is given to highlight the wide range of application of this system. In particular,
water droplets in hexadecane were fluxed inside the channel to demonstrate the
signal sensitivity of the coupling. In this case instead of the shape of the output
the intensity was monitored during the time of the passage of each droplet.

As reported in figure 3.11, the droplet signal is characterized by two peaks
corresponding to the meniscus and a plateuax during the droplet passage. As
expected the droplet plateaux is significantly lower than the signal in the presence
of oil in front of the waveguide, due to the scattering of the interface and the
refractive index contrast of water with the hexadecane. Instead, the peaks can be
explained mainly as a lens effect from the meniscus shape. This feature is really
interesting because also the geometrical information can be obtained from such
signal. In figure 3.12, the reproducibility of such feature can be appreciated, thus
opening a future investigation on the morphology analysis. This characterization
is feasible only thanks to the local probing nature of such fabrication technique.

In the next chapter several application based on the signal will be presented.
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Figure 3.11. Sketch of the optofluidic coupling working principle for droplet passage. The droplet in front of
the waveguide scatters light because of the interface and refractive index contrast, thus presenting a lower
signal compare to the channel filled with heaxadecane. Such plateaux is characterized by two peaks during
the meniscus passage, which probably act as lenses coupling more light inside the collection waveguide.
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Figure 3.12. Highlight on the signal corresponding to a meniscus. Different signals are reported after
several droplets, in order to demonstrate the reproducibility of the signal. Each signal is shifted in the y
only for visibility reason, all the four are perfectly matching each others.
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Chapter 4

Applications: new approaches of
optical sensing in LINbO,

The LiNbO; chip with Ti-indiffusion waveguides and engraved microchannels
can exploited for several applications, both in lab-on-a-chip field and optoflu-
idics. Indeed, the waveguide optical transmission signal is demonstrated as a
reliable probe for the liquid and object flowing in the microchannel. The optical
probe in such an integrated way is an essential feature for every lab-on-a-chip
application [14], and requires an optical study of objects inside a microfluidic
channel. The interaction of the objects inside the channel and the light from the
waveguides depends on the optical properties and interfaces of the objects and
the medium. This interaction can be studied by the transmission optical signal
and all this properties affect directly this signal. Therefore, the waveguide output
represents a feasible tool for the measurement of those objects properties, in an
integrated and portable LiNbO; chip. This novel stage represents an implemen-
tation of the toolkit provided in a monolithic substrate of LiNbO;, thus getting
closer to a multifunctional lab-on-a-chip in LiNbO;.

Furthermore, the interaction between the microfluidic channel and the light from
the waveguide allows for controlling the optical transmission by a microfluidic.
The control on the liquids in microfluidic channel can be transduced in a control
over the transmission signal.

In this chapter some applications of the coupling between Ti-indiffusion waveg-
uides and engraving microchannels in LiNbOj; are presented as follows:

4.1 This section describes an optical trigger for the flowing objects inside the
channel. This platform based on the waveguide-channel measured the fre-
quencies and the time passages of objects flowing inside a channel. The
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performances are compared with standard devices typically used for this
application.

4.2 The previous section platform can also measure several shape properties of
the objects. In this section this features is highlighted, in particular the cou-
pling of a droplet generator demonstrated how the device can be sensitive
to the droplets lengths, velocities and some shape changes during transi-
tions between different droplets generation regimes.

4.3 In the section a slightly different chip is presented: the photonic configuration
is a Mach Zenhder interferometer. This structure was exploited to achieve
a velocimeter with two spatial trigger-point-references.

4.4 This section describes a novel integrated device for the pH titration, it exploits
the optical transmission signal as a probe for the absorbance measurements
of a solution with pH indicator. The optical absorbance of a pH indicator
changes drastically with the pH of the medium, and thanks to this proper-
ties the device can be used for the determination of the pH of a solution.

4.5 Finally a section dedicated on an application where the microcahnnel tool is
used to control the optical transmission signal. An optical stage controlled
by the liquid inside the channel is presented. Essentially, the refraction of
the light beam from the waveguide is driven by the liquid refractive index
inside a channel, which is tilted and not perpendicular to the waveguide
propagation direction.
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4.1 Optical trigger

The first straightforward application of the waveguide-microchannel coupling
described in the previous chapter is an optical trigger for detecting flowing ob-
jects inside a channel. As a matter of fact, the signal of a droplet in section 3.3
brings the information of the passage time of both meniscus in front of the waveg-
uides. As a consequence, the alternation of the continuous phase and the droplet
is described by an intensity peak and a subsequent drop of the signal (as far as
the dispersed phase has a index of refraction lower than continuous one, the vice
versa happens for a refractive index higher for the dispersed phase.) Similarly,
the transition from a droplet to the continuous phase is identified by a rise of the
signal and subsequent peak (see figure 4.1). These fingerprints play the roles of
trigger signal and it can be used to identify frequencies as well as the intervals
between two subsequent passage.
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Figure 4.1. Example of three consecutive droplets signals, where in the bottom figure are highlighted the
trigger times: in green the front meniscus signal, in violet the rear meniscus.

For instance, following the sketch in figure 4.1, the trigger time for the rear
meniscus of i-droplet is the violet time ¢, whilst the front meniscus of the analo-
gous droplet is in green t/. The time interval between two menisci with the same
curvature can be calculated as At" =t | —t] or At = t! 1= t!, as well as the time
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interval for the passage of the i-droplet At = ¢} — t;. Both time intervals have a
crucial geometrical meaning, since At" and At“ are the inverse of the frequency,
and the At is proportional to the velocity and the length of the objects. Therefore,
the determination of these trigger times is essential for the calculation of all the in-
teresting physical properties of flowing objects. For this reason, the definition of
a procedure for trigger times determination is mandatory, in order to define and
measure a reliable time instant and its error. An highlight of the meniscus sig-
nal was given in 3.12, where that reproducible signal represents a fingerprint of
the meniscus shape. Nevertheless, an univocal estimation was needed to define
a time instant, which in this section was considered from the high slope part of
each meniscus signal. From the statistical analysis of a large number of droplets
trains, it emerged that the best physical quantity representing the beginning (and
the end) of a meniscus is the instant ¢ corresponding to the full width at half maxi-
mum (FWHM) of the recorded signal, taken with respect to two adjacent plateaus
(continuous and dispersed phases respectively), as showed in figure 4.2.

e N

V[mv]

t [ms]

Figure 4.2. Example of the overlapping of the signal from four different on the front meniscus, where it is
also depicted the estimation §t of the uncertainty related to a rise/drop of the signal. Blue lines refer to the
16 % of the average rise/drop of the signal, in the same way light green lines refer to the 84 %.



4 Applications: new approaches of optical sensing in LINbO, 75

L2 M2 pol

Figure 4.3. Sketch of the experimental setup. A 632.28 nm He-Ne laser was enlarged by two lens (L1,L.2)
to properly fit the pupil of the objective, then a half wave plate and a polarizer allow the choice of the
polarization. The light recollected by a near field system were analyzed by silicon photodiode. The current
signal was then transduced and amplified into a Voltage value by mean of a transimpedance amplifier. Two
syringe pumps control the flows of continuous and dispersed phase respectively.

4.1.1 Optofluidic setup for droplet optical trigger

The demonstration of how this coupling can be used to trigger an object inside a
microchannel was performed by the device with the glass cover described in sec-
tion 2.1 in figure 2.6. The main substrate was made by LiNbO; with the integra-
tion between the Ti-indiffused waveguides and a Tjunction droplets generator.
The optofluidic setup (figure 4.3) for the measurements consisted in: a He-Ne
laser (wavelength = 632.28 nm, power = 1 mW) was coupled into one waveguide
of the device by means of the near field system described in section 3.2. The
alignment between the beam and the waveguide was achieved by a six degrees
of freedom micropositioner. The chip holder allowed the fluidic connection with
two independent syringe pumps (PHD 2000, Harvard Apparatus), and the gener-
ation of droplets was achieved by a T-junctions, such as the one described in sec-
tion 2.2. The two liquids were: MilliQ® water for the dispersed phase (n = 1.332
at 632.28nm), and hexadecane with a concentration 0.08 % (w/w) of SPAN®80
(n = 1.434 at 632.28nm). When passing in front of a waveguide, the droplets
interact with the light from the input waveguide, and the output waveguide col-
lects the transmitted light across the microfluidic channel. The output was read
by a silicon photodiode and amplified by mean of a transimpedance amplifier.
Finally, the analog signal was digitalized through an oscilloscope MSO-X 2012A
(Agilent Technologies, Santa Clara, California, USA). The device was tested with
this setup at different droplet lengths and frequencies. The continuous phase flow

Q. values tested were 10, 20, 30 and 40 mL min~!, for each of which the dispersed

— @
Qe

equal to 0.1, 0.2, 0.4, 0.6, 1, 1.2 and 1.5 These flows correspond to a range of

phase flow (), was modified accordingly to ()., in order to obtain the ratio ¢

frequencies from 2.2 Hz to 121.9 Hz and a range of droplets volume from 4.69 nL
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to 15.7nL. The same experiment was compared to those acquired in real time
imaging of the droplets flows using a standard setup (i.e. an inverted microscope
coupled with a fast camera) described in [6], by way of comparison.

4.1.2 Optical trigger performances

The optical triggering achieved by the presented opto-microfluidic platform was
finally compared with standard imaging technique. Firstly, one clear improve-
ment respect to standard technique is the exploitation of a voltage signal, which
requires a faster and more portable hardware for a real time analysis compare to
the videos, obtain by the standard setup. Moreover, the platform is itself really
compact compare to the bulky microscope and camera usually exploited for these
kind of measurements. Even if the high recording speed cameras have nowadays
compact sizes, the voltage signal given by the opto-microfluidic platform pro-
vides higher integration and several advantage from multiple point of views: the
storage price is way lower than the video, and the real time analysis does not
require as much computational power as the video analysis does, and also it can
be performed by an electronical circuitry, thus guaranteeing more compactness.

The performances comparison was carried out by focusing on two droplets prop-
erties: the time passage At and their frequency f = 1/At?. At for the optical
trigger was measured as described in previous section in figure 4.1, while imag-
ing approach used the whole video: and At = Lv with L and v was calculated for
each frame for each droplet, by standard tracking software [6]. At, is measured
as N/T from the video analysis, where N is the number of droplets flowed in
the time interval 7. Instead it could be measured in two ways from the optical
trigger either by At" or by At®. The relative difference (At — At? )Atl, never
exceeded 0.2 %, and their dispersion was compatible within 10 %. It is worth men-
tioning that no systematic trends between Atg, , At;  across the tested rates was
measured, as confirmed also by residuals and covariance tests of cross-linked
quantities. The statistical analysis evidenced that there is no distinction in pre-
ferring one or the other parameter (At%,, At! ) as an estimator for the droplets
frequency. The uncertainty estimation on each single trigger time, described
in figure 4.2, depends on the speed and the shape of the droplets, and conse-
quently on the flow rates employed. The 6t ranged from 377 & 4 s at a flow rates
Q. Qq = 10,1puLmin~ ! to 50 £ 1ps at Q.,Qy = 40,60 uL min~!. These values
are extremely low respect to the time intervals between two droplets. The ra-
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tio between §t and At?, spreads from 0.4 % for first case (At¢, = 11.21 £0.03 ps
Qc, Qg = 40,60 L min~') to 0.1 % for the second one (At?, = 369 + 6 us Q., Qy =
10, 1 pL min~'). Moreover, ot results to be very small also compared to the time
of passage At of a single droplet, less than 0.8 % for all tested rates. The 6t is
always related to a correspondent 61/, which depends on the sensitivity of the in-
struments to distinguish the two plateuax. In general terms, §V' is always related
of the refractive index difference between the object and the medium, and also to
the object shape. Therefore, 0V can vary depending on the application, and the
sensitivity of the system have to be tuned accordingly. As an order of magnitude,
the minimum 0V variation that can be detected is 2 time the value of the noise dis-
persion. Firstly the stability of the coupling should avoid any noise higher than
dV, in the case of our setup is always less than 1% of the transmission without
objects. However, this can be easily reduced further with the pigtailing. Sec-
ondly, the acquisition system can influence the overall sensitivity, which mostly
depends on the Analog to Digital converter. In particular, the measurements of
the next section will show an upgrade in terms of sensitivity of the system in both
of this two aspects.

Both measured parameters (At, At?) were compared between the two systems
(Video camera setup, optical trigger) as showed in figure 4.4.
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Figure 4.4. Comparisons between the microscope setup system (MS) and the droplet measured with the
optical trigger system (WG) here presented: on the left At® , on the right Atq.The Logarithmic scales were
set for a better visualization. Error bars were not drawn for the sake of clarity (markers size is bigger than
errors). All repeated measurements were reported when available.

Both graphs showed an overlapping of the data from the two systems, prov-
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ing that optical trigger measure both At, At; in a reliable way, thus demonstrat-
ing the accuracy of the opto-microfluidic system. The precision of the latter was
also significantly higher than the standard approaches, as reported in figure 4.5,
where the dispersions are plotted for each values of ). at each dispersed flow
rate ()4. As it can be noted from figure 4.5, apart from few points at the lowest
flow rates, the optical trigger is characterized by a significant lower dispersion
in the determination of At, in average the optical trigger dispersion is more than
0.5 times of microscope dispersion. In particular, the microscope setup dispersion
is constant and does not show any evident trend depending on the microfluidics
setup (as evident when looking at the o dependence on ¢). While, the optical
trigger follows a decreasing trend (lower dispersion increasing ¢), thus demon-
strating that it is mainly affected by the natural droplet size dispersion due to the
generation process. Indeed, the droplet generation fluctuations are expected to
decrease with the increase of the flow thanks to the greater system stability.
Finally, another advantage of the opto-microfluidic tool compared to the stan-
dard systems is the sample rate acquisition. A standard system requires expen-
sive cameras with high recording speeds for an high acquisition rate, and even if
the technology of such cameras is always improving, the price and the sizes in-
crease exponentially accordingly with the performance. While the optical trigger
can easily reach several tens of kilohertz with a standard analog to digital con-
verter, or even the signal can be read in an analogically way exploiting electronic
circuitry.
In conclusion, the voltage signal output of the opto-microfluidic platform ex-
hibited an high reproducible and stable behavior throughout a wide range of
droplet volumes and velocities, and the data follows the same trends observed
in microscope-based analysis, but showing less dispersion. The comparison with
the microscope-fast camera method highlighted the good performances of the
LiNbO; device, which reduced the signal reading dispersion of more than 50 %
respect to the standard setup. Moreover, the droplet signal profile showed how
the shape of the voltage signal is directly determined by the droplet size and
geometry. The beginning and the end of each droplet can be thereby clearly dis-
tinguished and associated with the rise and fall of its corresponding optical sig-
nals. These results confirm how a sensor stage for flowing object triggering can
be integrated in every LiNbO; optofluidic devices. This system can be useful for
several practical applications, such as counting either biological analytes before
a specific analysis, or either droplet of strong chemical reagent, exploiting also
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Figure 4.5. Comparison between the dispersion o of At* obtained with the microscope setup system (red
bins) and with the optical trigger system (blue bins), for each tested ¢ and Q.: 10 uL min~! on the top left,
20 pL min~" on the top right, 30 uL min~"' on the bottom left, 40 pL min~" on the bottom right.

the biological compatibility and chemical resistance of this material. This trigger
can be also used as a feedback system to select specific droplets with a desired
length and velocity, in combination with the piezolectric sorting tage in LiNbO;.
In general, the presence of a fully integrated and self-aligned optical stage, i.e.
the waveguides array, can also allow performing a wide range of optical investi-
gations, such as absorption or fluorescence measurements, suitable for deriving
physical and chemical properties of droplets.



80 4 Applications: new approaches of optical sensing in LiNbO,

4.2 Droplet shape optical analysis

The previous section showed an application on how the optical interactions can
be used to measure some properties of flowing droplets inside the microchan-
nels. Although the interesting results obtained, it is clear from the signal in figure
4.1 that the optical interaction with the droplet represents a finer probe of optical
and geometrical properties of droplets, such as refractive index, menisci curva-
ture and position inside the channel. This section is focused on the investigation
of how droplets shape affects the optical signal of the optical trigger device and,
consequently, how this optical probe can be exploited to analyze droplets shape
features, such as meniscus curvature, droplet volume and length and the section
of the droplet inside the channel (figure 4.6). The measurements of these prop-
erties are crucial not only for a better understand of the droplet fluidodynamics
system behavior, but also for several application in microfluidic, such as mea-
suring the volume of droplet for drug delivery applications [146]. The figure 4.6
shows a slightly different droplet signal, in fact a deeper analysis on the droplet
shape requires an increased sensitivity and a better resolution of the signal respect
to the previous one (figure 4.1). An upgrade was performed on the setup: the
coupling and the waveguide quality were significantly improved by means of a
standardization of the fabrication procedure and a better optical setup, an Analog
to Digital converter with a better resolution was introduced, and pressure pumps
with flowmeters to control better the flow rates. The new setup is depicted in
tigure 4.7, where an acquisition fast card Ni 6023 (200KHz maximum frequency
and 0.0023mV sensibility, NIST) collects the signal from photodiode and a pres-
sure pump OB1 MK3 pressure driver pump with 3 channels' with a range 0-8 bar
(Elveflow, Paris, France). The flow control was obtained by a feedback system
provided by the coupling of three flowmeters BFS Coriolis? (Bronkhorst, AK Ru-
urlo, Holland).

These expedients allow for the detection of new fingerprints of the signal, in
particular a more extensive behavior due to the meniscus signal. An interesting
new feature is the minimum before and after each meniscus peak, since it repre-
sents a clear fingerprint of the first interaction of the droplet with the waveguided
beam. Although the previous determination of the triggering time guarantees a
fine determination of the frequency, in the case of a deeper analysis on the droplet

Iresolution: 0.006 %, stability: 0.005 %, response time: 9 ms.
2accuracy: 0.2 %, response time: 35 ms
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Figure 4.6. Sketch of the droplets trigger system: on the top droplet signal from the upgraded device of
the droplet in the inset picture. The time passage is calculated in-between the two red points, which are
the starting and ending interaction instants. On the bottom the two views of the channel during the
interactions. In particular, the side view shows the starting (ending) time instant of the interaction.

shape a different indicator was needed. For this reason, the optimal indicator was
the minimum, which gave a clear determination on the starts of the interaction
between droplet and light. Moreover, the aim of this shape analysis was to give
a preliminary insight on the study of the shape of multiple droplets, in order to
gain more information of the droplet generators behavior. So, the statistical focus
given to indicator to estimate the single object time passage was not needed as
in the previous application, since the measurements were always considered a
multitude of droplets. The distribution of the droplets shape are usually much
higher than the error due to the estimation of the indicators. For this reason, in
this section only the minima were considered as indicator, after a test on their
reproducibility.

Thanks to the new capability of the improved setup, the measurements of vol-
ume can be easily achieved in a device that integrates on the same substrate both
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Figure 4.7. Setup for the droplet shape measurements: the optical transmission signal from the waveguide
is studied by near field setup and simultaneously the video is recorded by an imaging system with a fast
camera acA800-510um? (Basler, Ahrensburg, Germany) on the bottom of the sample.

a droplet generator ( in particular in this case a Cross-junction) and a waveguide
system described in this thesis. Indeed, the time interval between two consecu-
tive droplets is the period of the production frequency and for the mass conser-
vation:

Var = 7 Qat® (4.1)

where V;, is the volume of the droplet, (), is the flow rate of the dispersed
phase, and fq is the generation frequency of the droplets. The ¢ can be detected
by the waveguides transmission signal and the ()4 can be measured by a flowme-
ter. The measurement of (); should consider the eventual difference in flow rates
due to the system relaxing time, such as tubing expansion. In particular, the
LiNbO; guarantees a high rigidity compared to the standard polymeric devices
and, as explained in the section 2.2.2, the stability check before each measure-
ment ensures that (); measured correspond to the actual one inside the dispersed
microchannel. Therefore, the setup rigidity, the high sensitivity of the flowmeter
and of the optical trigger allow for an indirect measurement of the volume as de-
scribe din equation 4.1. In figure 4.8 the volume analysis for the Cross-junction is
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showed: the data follows the expected trend for the volumes described in 2.2.
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Figure 4.8. Cross-junction measurements of the volume, calculated as droplet production frequency multi-
plied for the dispersed phase flow. The error is always lower than 3 % and distribution respect the behavior
described in 2.2 for every value of Q.

The data was obtained by means of the generation of more than 300 droplets
for each flow rates combination. This number was chose as a good compromise
to have high acquisition frequency to distinguish all the features of the signal,
high statistical significance and at the same time reasonable file sizes. However,
the device canperform single droplet measurements once characterized the be-
havior, as far as continuous measurements once realized an electronic to perform
an in-line analysis.

For each point of the plot, the frequency was measured by means of the optical
trigger, and in particular from the inverse of the average period between: the time
periods between two consecutive front menisci signals, and the same for the rear
meniscus. From this analysis, the volume averages and its error were obtained by
the multiplication with the flow rate averages during the droplet generation mea-
sured by the flowmeter BFS Coriolis* (Bronkhorst, AK Ruurlo, Holland), which
is also used as feedback for the pumps of the setup, described in figure 2.16. For

*accuracy: 0.2 %, response time: 35 ms
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each droplets sequence, the volume error never exceeded 3 %, thus confirming
the outstanding performances of the devices, previously presented. Moreover,
the volumes follow the standard power law scaling laws respect to C'a derived
from the one for the frequency (scaling law for frequency in equation 2.10), con-
firming the feasibility of droplet generator in lithium niobate.
Another geometrical property that can be measured from the optical transmis-
sion signal is the droplets length, because ¢, is proportional both the velocity and
the length as follows:
ty = La = AL (4.2)
Udr

where L, and v, are the length and the velocity of the droplet respectively,
and AL is the difference due to a trigger mismatch. The waveguide position (see
figure 4.6) is on the edge of the channels and the trigger time corresponds to the
instant when droplet interacts with the light from the waveguide. This instant
cannot correspond to the one given by the most advance part of the droplet is
in front of the waveguide. In fact, the droplets menisci have a cup shape and
their curvature shape must be taken into account. Basically, the time passages
measured do not correspond of the ones of the droplet but the ones of the in-
teracting spacial parts of the droplets, which is smaller than the droplets length.
Nevertheless, the system can be calibrated by an analysis of AL, which is con-
stant varying the flows if the droplets curvature remains constant. The analysis
was performed by a simultaneous video recording and waveguide triggering of
the flowing droplet, done by the setup schematized in figure 4.7.
The relationship between the actual L4 and the one extracted from the time
passage was studied for Cross-junction in figure 4.9 for a range of % between
0.78and 4.4 In this range the droplet production regime changed from the
squeezing and to the dripping. The plot in the figure 4.9 shows clearly two
regimes in the relationship between the actual droplet lengths and the ones es-
timated from the time passage. The reason for this knee trend is clearly due
to the change of curvature of the droplet during the squeezing dripping tran-
sition, which affects the trigger instant and consequently AL. In particular, in
both regimes the curvature does not change with the variation of the flows, nei-
ther Q4 nor ().. Two linear interpolations were made (gray lines in figure 4.9,
the logscale is the reason for an apparent non linear behavior of the lines): the
first one (dashed line)for L4 /w. = [1.5,5] with slope 1.01 £ 0.01 and intercept
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Figure 4.9. Plot of comparison between the two simultaneous measurements of the droplets lengths in the
cross-junction configuration. The dashed lines represents the two linear regression of the data two regimes.
As expected the relationship of the two lengths does not depends on q. For a better visualization of the
two trends both axes are in log-scale.

of —0.15£0.02 (R? = 0.999), the second one (dashed-dotted line) fits the data
Ly /w. = [0.1,1] with slope 1.29 & 0.02 and intercept of —0.47 + 0.02 (R* = 0.997).
In the first regime, where the droplets are longer than the channel (i.e. squeez-
ing regime), the slope is compatible with 1, as expected, and so the intercept
can be considered as an estimator of %f. This calibration is constant over all the
squeezing regime range, and it allows the measure by this system of the lengths
of droplets inside the microchannels with using only the waveguide signal.

In the second regime, the same considerations cannot be done. In this case, the
slope is not compatible with 1, and so fu—f is not equivalent to the intercept. In the
dripping regime the trigger instants change with the flow rates, due to the curva-
tures dependencies on the flows. The droplet in the dripping are not affected by
the channel boundaries, as the squeezing regime, and so the droplets curvature
depends strongly on the flow rates. This dependence did not allow for a descrip-
tion by same constant fU—CL for droplets during both regimes. Nevertheless, the
t AL

behavior of L is still linear, thus suggesting tha is still in a linear dependency

on the velocity, and consequently the time intervals has a linear trend compared



86 4 Applications: new approaches of optical sensing in LiNbO,

to the velocity. This linear behavior allows the calibration of the device for the
measurements of the lengths in this regime, thus expanding the length range of
the device even to the dripping regime.

4.2.1 Transition from squeezing to dripping

The droplet curvature has a strong influence on the optical transmission signal,
since the latter is the result of the interaction of the light from the input waveg-
uide and the droplets surfaces. An analysis of this interaction was performed
by the generation of several droplet shapes, with different curvatures exploiting
different droplets generation regimes. As mentioned before, the droplet during
the squeezing to dripping transition has drastic shape modification, due to the
presence of the channel walls. In the following figure 4.10 this transition of the
signal is showed.

a) b) c) d)

Figure 4.10. Different droplets signals and their corresponding images. In all droplets images, they are
flowing from right side to left side. Figures a) and b) represent droplets in the squeezing regime, c) refers
to a droplet in the transition regime, and finally the d) is a droplet in the dripping regime. The signals
on the top have drastic changes during the transition: the plateau, first, modifies in the only one point
then its value increase, and finally two peaks become only one. The flows in the figures change as follows:
Qq = 10pL min~! for every one, a) Q. = 20pLmin~!, b) Q. = 40pL min~!, ¢) Q. = 60 pL min~—*, d)
Q. = 120 pL min—1.

During the droplet shape change on the bottom in figure 4.6, the time dura-
tion of the bottom plateau decreases until it becomes one minimum, then this
minimum increase in intensity, and finally in the pure dripping regime the sig-
nal presents only one peaks. This transition of the signal is strongly and clearly
related with the shape of the droplet, and theoretically the shape of the droplet
can be deduced from the signal with the knowledge on the exact interaction be-
tween droplet and light inside the channel. However, the interaction can be cal-
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culated only knowing the shape of the droplet itself, and the shape is still under
investigation. The only studies realized are based on time consuming simulation,
as reported in section 2.2. Nevertheless, several results can be obtained on the
droplet shape just by simple considerations on the interaction depicted in figure
4.10. The minimum of the droplet signal is the time instant corresponding to the
minimum transmission of light across the channel. Since the eventual lens effect
of the meniscus shape influences only the peaks, and in general the side part of
the signal, the minimum should be affected only from the light that either does
not interact at all with the droplet, or partially interacts with droplet interface.
The first component is related to the distance between the droplet from the chan-
nel cover, indeed, the droplets are never in deep contact with channels surfaces,
they are always surrounded by an oil layer. The thickness of this layer depends
on Ca by the Bretherthon’s law [147], and so during the transition squeezing to
dripping. The second component should depend on the side section curvature
only (see side view in figure 4.6), which does not change drastically during the
transition. Consequently, since this distance variation describes the squeezing-
dripping transition quantitatively, the same could be obtained by these minima.
In particular, the minimum for i-droplet was calculated as follows:
minen,, ;) Vit)

Min(i) = V- D) (4.3)

where V(i — 1) is the average intensity signal of the previous plateau of the con-
tinuous phase, which allows for a normalization. The average and standard de-
viation of the distribution of this parameter over 300 droplets are plotted in fig-
ure 4.11 in function of Cq, in order to check the variation during the squeezing-
dripping transition.

The transition is well described by this plot, where the minima shows a well-
defined linear trends for C'a value higher than 0.03 (R? > 0.99 for each interpola-
tions), which depends on ();. The slopes of the linear interpolations are plotted
in the inset, where they show with (); with a linear behavior. These considera-
tions can be related directly to the oil layer thickness £, since the minima should
be proportional to this properties. In particular, the analysis on this layer can be
performed. As expected, the distance between the droplet and channel surface
starts to increase at the transition, from the figure 4.11 a quantitative value for the
capillary number C'a* can be extracted by the intersection of the minima average
(for values C'a < 0.025) and the fits (for values Ca > 0.03). C'a* results are com-
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Figure 4.11. Plot of the minimum against the capillary number: a clear transition can be appreciated after
almost Ca =0.03 Linear interpolations were realized for C'a higher than this value. The slope of this linear
behavior decrease with the Q 4, in the inste this trend is showed.

patible between each (), set, and the average of all sets results is 0.026 & 0.002.

The relationship between h and Min allows for the phenomenological analysis
varying C'a. No conclusion can be achieved for values lower than C'a*, but for
higher Ca* the linear trend of Min should be the same for h. A simple scaling
law for h can be suggested based on this simple discussion, even if a quantitative
analysis requires a well-defined formula to describe the relationship between h
and Min. The simple phenomenological model from the data in figure 4.11 is:

h(Ca) = h(Ca*) + a(Qq)Ca where «(Qq) =+ vQq (4.4)

where «, (3, 7y are fitting parameters, which can be quantitatively measured from
the fits in figure 4.11, once studied the relationship between h and Min. This qual-
itative analysis represented still a novel method to study shape of the droplet and
in particular the squeezing to dripping transition. Future investigations could be
open for a quantitative studies.

In conclusion, this system allows for measuring the volume and lengths of Cross-
junction generated droplets, and also gives an interesting insights on the tran-
sitions squeezing-dripping and droplets shape. Further studies will represent a
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key step for a deeper investigation on the microfluidic droplet behavior inside
the channels.

4.3 Highly sensitive optical velocimeter

The time passage At measured by the previous device is an effective indirect
measurements of droplets velocity v, indeed v = At/L where L was their lengths.
In that case the measurements of the velocity is always correlated to the length
and it requires a calibration step, which can be done by imaging system or other
integrated stages. Herein, a solution for a direct optical measurements is pro-
posed. The key innovation behind this upgrade is to use two reference points at a
known distance, in order to trigger the object at two different passage times. This
improvement can be achieved by exploiting two waveguides as references, the
distance between which is known, and measuring the time intervals between two
consecutive triggers times. Although this approach is the simple improvements
of the system described in section 4.1, it hides some complexities in the synchro-
nization between two triggering times of the passage of the objects across the two
waveguides, since the two measurements should be performed independently.
In this work a novel solution is proposed to overcome these problems, instead
of 2 independent waveguides, a Mach Zehnder configuration was exploited. The
Mach Zehnder interferometer (MZI) waveguided structure in figure 4.12 is a well-
known configuration for switching application in lithium niobate, exploiting the
electro-optic effect [54]. This structure guarantees an independent reading setup
for both probe points inside the channel and a integrated synchronization with-
out the need of a post-processing of the signal. Up to author knowledge, there
are no analogous integrated device which aims to similar measurements. The
working principle of this approach is based on four-time-trigger signals given
by: the start of the interaction of the object with the transmission of the arm 1
(referring to the figure 4.12), the same with the one of arm 2, and the two times at
which the interaction stops for both arms. This system has the only requirements
that the object should present a non negligible optical interaction with the optical
transmitted signal across the channel. The MZI configuration guarantees that the
optical coupling in each arm is the same of that mentioned in section 3.3. As a
consequence, the 4 time triggers correspond to the two drops and two rises of the
optical transmitted signal respectively.



90 4 Applications: new approaches of optical sensing in LiNbO,

Figure 4.12. Sketch of the working principle of the optofluidic velocity sensor based on a Mach Zehnder
interferometer structure. The device consists in the same substrate described in the previous section, but in
this one the waveguided structure is a Mach Zehnder configuration, instead of a straight waveguide. In the
inset, the working principle is reported, first the light is splitted into two arms divided by a distance 2W,
then the light independently crossed the channel for two arms and it is recoupled, and finally the signal
from both arm is collected in only one waveguide output.

Although some attempts using such interferometer configuration was already
reported in optofluidic applications, no results were published for such velocity
sensing application up to our knowledge. Most of published reports exploited
this configuration as interferometer for the measurements of liquids refractive in-
dex, either without waveguides [148, 149], or using only one arms coupled with a
microfluidic channel and the other used as a reference [150-152]. For this reason,
a novel design was studied to find the optimal configuration, since the geometric
features have strong influences on the optical losses, such as bent part and Y-
junction, and they affect drastically the trigger times analysis of the system, such
as distance of between the two arms. From this point of view, the geometrical
design was a crucial step for an effective realization of such a device, which has
to guarantee the best performance as a velocimetry and at the same time a good
optical transmission.

During last forty years, several studies were published on the dependencies of
the optical losses on the geometrical features of the MZI configuration, since the
MZI is one of the most exploited structure for optical modulators [54]. The main
crucial parts of MZI from this point of view are the Y-junctions, which acts as
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a splitter (figure 4.13) [153, 154], the tapered regions [155] and the bending parts
[156]. Despite these studies represent a comprehensive description on the optimal
configuration, the optofluidic design is different from the one used for the optical
modulator, since it has two main constraints on the distance between two arms
2. Firstly, the presence of the channel could lead to cross-coupling phenomena,
due to the numerical aperture of waveguide illuminating the channels. Indeed, if
the dispersion of the light inside the channel from both arm is comparable to 21V,
part of the dispersed light from the arm 1,2 can be couple into the arm 2,1, during
the cross of the channel respectively. Secondly, the object interactions with the
light for both arms could presented the same cross-coupling phenomena. There-
fore, 2IW should be high enough to avoid any coupling between the light from
the arm 1 into arm 2 and vice versa. In particular, in this work the device was
tested using water droplet for the validation of the proof of concept. Neverthe-
less, the application of the device can be extended for every other objects, as long
as they have an optical interaction with the arm, and the 2IW is large enough to
avoid this cross-coupling problem. For instance, the extension to solid particles
or biological samples is straightforward, once validated the proof of concept with
water droplets.

Figure 4.13. Sketch of a standard waveguided Mach Zehnder interferometer. The main parts are high-
lighted: the tapered region, which is the transition part between the straight waveguide and the Y-junction,
the two Y-junctions, which are the correspondence for the beam splitters, the S shape bend and the two
straight arms, which together represents the interferometer arms.

Therefore, a proper geometry had to be studied for this application fitting
the previous requests, considering that 2/ (i.e. the distance between two arms)
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should be higher than the illumination cone from the numerical aperture, in or-
der to avoid the cross-coupling. Another restriction is the fact that the relative
largeness of 211 and the droplets length could lead to different regimes signal, as
showed in the figure 4.14. Firstly, the numerical aperture NA = 0.13 (section 3.1)
of the waveguide leads to a waist of 13.2 um at the end of a 100 pm wide channel,
thus 2W > 2 - 13.2 pum. Secondly, there are four trigger times: ¢;; when the front
droplet meniscus passes in front of the arm 1, ;5 when the front droplet meniscus
passes in front of the arm 2, t5; and ¢y, are the same for the rear meniscus respec-
tively. In particular, ¢;; and t;2 are both correlated to a drop of the transmitted
optical signal, because the presence of droplet in front of the waveguide scatters
the transmitted light. The opposite holds for t5; and ts.

c E
100

3532 3 342 3546

t[ms]

(e) ()

Figure 4.14. On the left there are sketches of three different regimes in terms of signal behavior, depending
of the relative droplet length compare to the arms distance. On the right the three graph reports the signals
in each different regime respectively. The yellow highlighted plateaus represent the situation, where both
arms have oil inside the channel, the red one when a droplet covers both arms, the green and blue when only
one of the two is covered by a droplet. The signals are obtained by a test device with 2W = 260 pm and
exploiting air droplets in oil.

The differences between the three regimes depend on the ratio R = £ of

the droplet length, 211 and the distance between two consecutive droplets. In
fact, two consecutive droplets can exhibit different chronological sequence of the

aforementioned triggering times, as shown in figure 4.14, and the regimes are
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characterized by different times and plateaus heights (depending on the the dif-

ference of index of refraction between two phases) sequences as follows:

(a)

(b)

(©)

As

if R > 1 and continuous phase length L, (i.e the distance between two con-
secutive droplets) are higher than the distance between two arms 2/, the
chronological sequence should be ¢y, t12, ts1 and ty, and this order is pre-
sented again for each droplet, see figure 4.14 (a,b). This chronological se-
quence implies also a specific sequence in terms of plateaus heights: both
arms without droplets interaction correspond highest plateau (yellow region
in figure 4.14), only one arm interacting with droplet corresponds to a half in-
tensity plateau compared to the latter (blue or green region in in figure 4.14,
depending on the arms transmission), and both arms interacting with droplet
correspond to lowest plateau (red region in figure 4.14). The combination of
this two sequences makes the signal a univocal fingerprints of the situation
inside the channel.

if R < 1 and continuous phase length L. is higher than the distance be-
tween two arms 21V, the chronological sequence should be ¢4, t31, t11 and 55,
and this order is presented again for each droplet, see figure 4.14 (c,d).This
chronological sequence implies the following plateaus sequence: both arms
without droplets interaction correspond highest plateau (yellow region in fig-
ure 4.14), only one arm interacting with droplet corresponds to a half intensity
plateau compared to the latter (blue or green region in in figure 4.14, depend-
ing on the arms transmission). On the contrary, this regime needs an external
information to correlate the actual droplets sequence to the signals, there is
not a univocal droplets sequence that corresponds to the signal. However, the
once matched the signal with a droplets sequence all the information about
the droplets can still be obtained by the signal.

if R < 1 and continuous phase length L. is higher than the distance between
two arms 2W, the chronological sequence should be t3, t51, t1; and ¢35, but
t11 of one droplet is anticipated respect to ¢, of the previous one, see fig-
ure 4.14 (e,f).This chronological sequence implies a similar plateaus sequence
to the previous regime, expect for the situation where both arms interacting
with droplet correspond lowest plateau (red region in figure 4.14). The con-
sequence is the same of the latter regime.

aforementioned, the only regime with a univocal matching between the
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droplets inside the channel and a signal is the with R > 1, which allows for
the measurements of velocities and lengths of droplets, and to know exactly the
droplets sequence inside the channel. On the contrary, two regime with & < 1
still guarantee the measurement procedure, but cannot provide aunivocal inter-
pretation of the droplet sequence inside the channel. For this reason, 2W should
be always lower than the droplets length, in order to implement this interesting
feature, which make the MZI device unique and completely analogous to any
imaging system.

4.3.1 Final geometrical design of the device

The distance between two arms of MZI design was chosen as 2W = 40um,
which allowed for avoiding any cross-talk, and for fulfilling the regime re-
quirements for a unique correspondence, this means for droplets with a length
L > 40 pm(= 0.2w,). The other parameters were chosen in order to reduce to the
minimum the optical losses. The design of the tapered region, the Y-junction and
the S-shaped arms were done fixing the value of 2 and tuning the other geo-
metrical parameter in order to achieve maximum optical transmission, following
the well-known optimization studies in literature [155-158].

In [157] the authors gave an analytical description of power and mode splitting
Y divider. In particular, for small angles the Y-junction works as a power splitter,
the best solution for this application. An angle of 0.5° guarantees a power split-
ting mode and at the same time it is also achievable by standard photolitographic
techniques.

Secondly, the tapered region before the Y branch is designed following [155],
where the authors made calculations based on the following superposition in-

tegral:
2

+oo
Tho = ' | bnu s 45)

where ¢;, are the modes coming in the tapered region and ¢,,:(x) are the modes
coming out from it. They obtained that the integral depends only on the index
of refraction of waveguide core and the outer part, and the widths of the start
and the end of the tapered region respectively. The designed angle was 2.8°, it
allows for achieving a loss lower than —0.5 dB and at the same time for realizing
a smooth transition, which is simple to reproduce with photolitography.

Finally, in [156] several low losses solutions were proposed for the four S-shaped
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sections, which divides the waveguides from the Y-branch to distance of parallel
distance 2W. The optimal solution for a W < 0.1 mm, found by the Baets [156]
was a the connections between two arcs, which have losses lower than —0.5dB.
The two curvature radii for the arcs were given by Baets as:

L? w2

R=t <1 + F) (4.6)

2WW was fixed by the application constraints, the values of L and R was chosen
Imm and 12.5mm respectively, in order to obtain a maxixum inclination angle
for the waveguides 0.5°. The final design had a length of 9.6 mm: two tapered re-
gions of 300 um, two S-shaped connections of 1 mm and the straight arms section
is 8 mm, to allow the alignment.

The fabrication of such waveguide geometry was realized with the same tech-

5 pm 5 pm

&
(a) After photolitography and before Ti de- (b) after the Ti lift-of and before the diffusion
position

Figure 4.15. Pictures of the edge at the Y-junction of the MZI, before Ti-depostion on the left and after Ti
indiffusion on the right. Both were taken by optical microscopy Eclipse Ti-E, Nikon with 40x apochromatic
objective.

nique described in the previous chapter (i.e. photolitography, lift-off and Ti-
indiffusion). The complexity of this geometry compared to the straight waveg-
uide requires a deep verification of the final reproduction results, because the fine
structures play an important role in terms of transmission and behavior. Among
the others, the quality of Y-branches is a key factor, which was monitored dur-
ing each steps, and characterized in figure 4.15, where pictures taken with optical
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microscope are reported. From the picture on the left, the edges on the right and
left are clearly defined and sharp, thus demonstrating high precision on the re-
production of the tapered region and the waveguide in general. Although the
nominal resolution of the photoresist series is 0.48 um, the section in-between
two waveguides the edge has a defined shape without the sharpness of the other
edges. On the left, after the Ti sputtering the effect of this lack of sharpness is
clear, during the lift off process the detachment of residual titanium layer was
not so well defined. Such a behavior of the edge was well-known since 80’s, and
in particular Sasaki in [158] studied the losses due to lack of sharpness in the
junction region.

branching angle 6, degrees
0 05 10 5 20 25
—

& 8 3
LRt
R

4

power transmission, A /P,

2
S

G 75 50 75 100 125 10
normalised branching angle 8 =0Ad, degrees

(b)

Figure 4.16. On the left, there is the sketch of the junction considered by Sasaki, and on the right the power
transmission calculated for different parameter. Both image were taken from orignal work of Sasaki [158].

The distance s (see figure 4.16), is measured by means of Atomic force mi-
croscope (Veeco CP-1II, Camarillo, CA, USA) measurements. This morphology
profile allows for the study of the thickness and sharpness of Ti stripes. s results
to be close to 0.5 nm (figure 4.17). Such a value is compatible with the photoresist
resolution, and the power losses, in this case, results to be less than 10 %, since
f =0.5°,d = 6 m.

4.3.2 Droplet velocity analysis results

Finally, the configuration of MZI described in the previous paragraph allowed for
transmission measurements across the channels, and the same near field setup of
the previous section can be used to couple light. A complete analysis of the trans-
mission modes according to the polarization is reported in our previous work
[159]. A crucial parameter is the actual 21/ inside the microchannel between the
two modes propagated in the two arms. The procedure used to measure 21V was
the imaging the two modes inside the channel with the near field setup (section
3.2). The collection objective in the setup has a working distance of 0.8 cm, which
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Fiqure 4.17. Example of the AFM analysis result for MZI’s Y-junction and Tapered section before diffusion
of titanium. White semi spherical object in pictures are residual dust on surface of the sample. Profile on
the right refers to corresponding profile studied in the figure on the left. For a better representation profile 2
and 3 have been shifted long ordinate by 35 and 70 nm, respectively. Axis labels are referred to the crystal
ones.

is higher than the distance between the channel and the side of the sample, thus
allowing the focus on the channel surface. In figure 4.18 a typical example of the
CCD images of the channel side are reported.

o o

(a) air

o )

(b) water

® S

(c) hexadecane

Figure 4.18. Three image of the channel view: on the top with air inside the channel, in the middle with wa-
ter, on the bottom with hexadecane inside the channel. in terms of intensity there is basically no difference,
since both three were taken with an OD of 3.3 to avoid the saturation of the CCD.
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The three images in figure 4.18 differ in terms of liquid inside the channel the

first had air, the second water, and the third hexadecane. No differences in terms
of overall intensity can be appreciated, since all of them were taken with a optical
density of 3.3. However, the mutual intensity between the two arms seems to
changes accordingly to the liquids inside the channel, this effect can be explained
either due to the liquid different refraction on the light collected by the objective
(i.e the light have to cross the channel before meet the objective), either by a non
orthogonality of the channel respect to the waveguides or simply by a coupling
effects. Nevertheless, more investigation needs to be sure on this effect, studying
only half on the device without the channel in order to characterize better the Y
behavior. While, the similarity of overall intensity between the three confirms
the fact that the images taken were really at the side of the channel and not after-
wards. Indeed, the transmission intensity across the channel changes drastically
by varying the refractive index inside the channel. From all the images 2/ can
be estimated from centroid of the beams profiles gaussian interpolation, on aver-
age 2W was 42 um and the experimental error on this distance will be consider
in terms of the distribution of the velocity measured. Indeed, the uncertainty on
the measurement of the velocity is also related to the fact that the source and col-
lector of light (i.e. the two waveguides across the channel) are not a point but an
extended object.
The measurements of the droplet velocity were performed, generating droplets in
a T-junction configuration using Hexadecane as continuous phase and MilliQ®
as dispersed phase, in the exact way reported in section 2.2.1. The produced
droplets were in a regime from squeezing to dripping, with a length from L /w, =
0.9 — 202pm to L/w, = 5.9 — 1255pm. So, in every tested cases the device
worked always in the first regimes of acquisition, an example of a standard sig-
nal is reported in figure 4.19.

The four trigger times ¢4, t12, t21, t22 are considered in correspondence of the
peaks before and after the rises and drops of the signal respectively. The indica-
tor of the time is in this chase chose as the peak, because it guarantees the higher
reproducibility. In fact, the MZI signal did not provide the same stability of the
signal of previous section. However, this is still a preliminary study and a proof
of concept of the system, the future perspective and effort could improve the sys-
tem i, thus reaching the same sensitivity of the previous section device. Moreover,
the increased complexity of signal is compensed by the simpler and faster analy-
sis of this indicator respect to the previous one. Moreover, the velocity estimation
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Figure 4.19. Example of the signal from a droplet generated with flow rates of Q. = 110 uL min~! and
Qq = 10uLmin~?. As expected, there are two drops and then two rises, the regime is the first one and so
t11 corresponds to the first drop of the signal, t12 to the second, to; to the first rise and ta5 to the second.

need an indicator, which is always related to the same position on the droplets, in
order to trigger the droplet in the same position. The only indicator that provide
this feature is the peak, respect the previous ones, since it is reproducible over all
four times. Indeed, these peaks are due to the lens effect of the droplet meniscus,
so they are associated to the time when the waveguide light interacts with a spe-
cific point of the curved interface between continuous and dispersed phase. The
choice is motivated by the fact that these peaks have high reproducibility over all
droplets signal tested, and they are also really easy to be analyzed in a fast and
reliable way.

In tigure 4.20 the peaks related to ¢4, are reported for different droplet lengths
and velocities. This graph shows the stability of the maximum compared to the
oil plateau, and also that the width is proportional to the droplet length. The
uncertainty on the determination of this points depends on the ratio between
the width and the acquisition frequency. It could be maintained constant just
by changing accordingly the acquisition frequency, but the higher is the acqui-
sition frequency, the lower becomes the droplet analyzed, maintaining the same
amount of total points in one signal. For this reason, the acquisition frequency
was chosen at 50 kHz, which allows for analyzing over 300 droplets with a rea-
sonable amount of points (< 107) and also to describe such peaks with at least
10 points. Then, the uncertainty was estimated as the error on the centroid from
the gaussian fit. The estimated value varies from a maximum of 2 x 107% ms (for
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Figure 4.20. Examples of peaks related to tao for different value of Q. (in the legend) and fixed QQq =
10 uL min~1'. Higher is the Q., longer is the droplet, and wider is the peak.

the longest droplet) to a minimum of 9 x 10~"ms. Such uncertainties were con-
sidered as a systematic error, which was added to the error from the times data
dispersion distribution of the times.

Once determined the four trigger times distributions, the velocity can be ob-
tained. In particular, both velocities of first meniscus and the second can be mea-
sured with this device as follows:

Utront = lig — ti
ront —
2W
4.7
- to1 — too (4.7)
rear 2W

This feature is interesting, since for some applications it could be useful to mea-
sure each one independently, especially because the two measurements are un-
correlated. The estimation of droplet velocities was made by the average of the
two v. Similarly, two lengths estimation can be done through the value of the

velocities, as follows:
_tor—1n

L, =
v
4.
Ly — tog — T2 (48)
v
Indeed, the droplet length can be estimated as the time needed by the droplet
to pass in front of one of the two arms divided by the velocity. Thanks to these

four triggers times both velocities and lengths can be measured, an example for
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300 droplets distribution generated at Q. = 20 pLmin™' and Q4 = 20 pL min™" is

reported in figure 4.21.
140 60 60
120 { v: 15.05£0.07um/ms s Ll/w:2.41£0.01_ 5o L2/w: 2.41+0.01
108 40 1A 40
—
80 M
& & 30 & 30
60 =
A 20 - 7 20
20 10 4 10
0 0 0
.
3001 * i 300 300
250 P 250 250
L]
3 200 : I ! 5 200 3 200
g o i g g
=5 1507 . : I I = 150 = 150
100 « | ' 100 100 A
1 3Tt delty
50 | i 50 - S R, 50 |
0 G 0 : Moap el 2 Y E— PV,
149 150 151 152 2.37 2.38 2.39 2.40 2.41 242 243 2.37 2.38 2.39 2.40 2.41 2.42 2.43
vipm/ms] Liw Ly/w

Figure 4.21. Output of the analysis made by the elaboration the voltage signal of 300 droplets. In blue on
the left there is the histogram of the velocity, such 'digital” dispersion of points in graph below is due to the
acquisition frequency (in this case 50 kHz) discretization from the DAC. Red and yellow histograms refers
to the two lengths respectively. The values reported on the top of the graphs represent the averages and
standard deviations.

These analysis were done for several droplets generated at different velocity
in order to demonstrate the sensibility and the working principle of the device. In
particular, two different measurements were performed: in the first one Q); was
fixed at 10 pL min~* and Q. was changed to achieve both dripping and squeezing
generation of droplets (left figure 4.22), in the second ¢ = % was fixed at 1and
both flows were varied up to 55 uL min~* (right figure 4.22). The results are re-
ported in figure 4.22, where the comparison between MZI configuration (vasz;)
and the standard camera setup (vyiqe,) is reported. In particular, the setup used
as a comparison is the one described in 2.2.2.

Both graphs show a clear overlapping between the two systems, thus demon-
strating the accuracy and the independence from the droplet properties of MZI
measurements over a wide range of droplets, for both faster (¢=1 figure on the
right 4.22) and longer droplets (Q; =10 pL min~! figure on the right 4.22). The sig-
nificant results is remarkable, since the same measurements of a standard setup
can be exploited with a portable and integrated device. This device represents
a huge improvement respect to the one presented in section 4.2, since it requires
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Figure 4.22. The graphs represent the trend of velocities over ¢, on the left, and over Q)., on the right. The
blue points are the results for the MZI device analysis while the red one for the video. The insets show better
the difference in terms errors of the two systems.

only the measurements of the distance between arms as a calibrations step, which
can be done only once for every device. Moreover, this data confirms that the MZI
does not distrub in any way the droplet generation on the device, and there is no
cross-talking between this two stages, thus evidencing a perfect integration on
the same substrate. Consequently, the independence from the droplet generation
and properties on the velocity measurements is the validation of the proof of con-
cept, which can be extended to any other flowing objects, as long as their length
is smaller than 2/ and they interacts with the light from the two arms.

A deeper investigation on the comparison of the performance between MZI de-
vice and standard video setup is presented in the following figures 4.23. The ac-
curacy of MZI measurements respect to the Video was estimated by compatibility
of the slope with 0 and intercept with 0 of the linear interpolation between vy, 7,
and vy 4., (see top graphs in figure 4.23). In both case slopes and intercepts were
compatible with 1 and 0 respectively (slope 1.001 + 0.005 and intercept 0.1 & 0.1
for Q4 =10pLmin~! and slope 0.993 £ 0.007 and intercept 0.5 &+ 0.2 for ¢ = 1),
moreover in both cases R? was higher than 0.9998.

The precision comparison between the two systems is reported in figure 4.23
on the bottom, where the standard deviation is reported in terms of percentage
of the distribution of more than 300 droplets for each combination of flows tested.
The plots of both situations (Q; =10 pL min~' and ¢ = 1) show a drastical increase
in the precision by the MZI respect to the Video analysis. In particular, the values
for the MZI are always less than 1%, which is less than the lowest value for the
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Figure 4.23. The graphs represent precision and accuracy analysis made for both data sets, on the left
Qa =10 pL min~" and ¢ = 1 on the right. The graphs on the top are the linear behaviors of vy e, against
vamz1, in order to test the accuracy. The graphs on the bottom report the standard deviations in percentage
of the Vv ideo, in ted and of the varz1, in blue, for a distribution of 300 droplets.

video analysis. Furthermore, the precision of video analysis strongly depends on
the @, while the one from the MZI is independent of it and with an average error
of 0.5 %.

In conclusion, the LiNbO; MZI velocimeter device was demonstated to be a re-
liable integrated tools for the velocities measurements of flowing object inside a
microchannel. As matter of fact, its performances were proven to be three times
higher than the one of a standard video camera microscope setup, in terms of
precision. Beyond these remarkable results, the integrability and portability of
the presented platform is not even comparable with a bulky instruments of stan-
dard system, such as a camera and a microscope. Despite the new technological
improvements in terms of the sizes of video camera, the prices increase exponen-
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tially with the sizes and the acquisitions speed, while speed is not a limiting factor
by MZI system. The optical signal, indeed, can be either read analogically with-
out any speed limitation, or converted by an Analog to Digital converter, which
can easily reach hundreds of kHz for cheap prices. Finally, the signal from the
MZI can be simply analyzed during the measurement or efficiently store, while
the video storage and analysis are typically slow, unefficient and require post
processing.

4.4 Optofluidic device for pH titration

One interesting properties that can be analyzed by the optical transmission signal
is the absorbance of the liquid inside the microchannel. The standard law used
for the description of absorbance spectroscopic analysis is:

T = Ir_ e Rk (4.9)

where I is the transmitted intensity across a medium of length L and attenuation
coefficient k,, Is is the incident intensity on the medium and 7' is the transmittiv-
ity. From the equation 4.9, the exponential dependence of optical path L decreases
drastically the contrast of transmission measurements between two different me-
dia, thus making such an analysis inconsistent for microfluidics, where most of
the distances are in the order of hunderds of micrometers. However, in some spe-
cific applications the absorbance of liquid medium has sharp transition in corre-
spondence with change of one property. This is the case of pH titration where
the absorbance changes drastically respect to the pH of the solution, in particu-
lar at the so called titration point. Despite the small optical path guaranteed by
microfluidic environment, in such a sharp transition this optofluidic device could
be precise enough for pH precise determination by means of the optical transmis-
sion analysis.

The pH titration is a standard chemical quantitative analysis used for the deter-
mination of pH solutions. This measurements is based on the capability of pH
indicator molecules to change their optical response (i.e. the transmission spec-
tra) depending on the pH of the medium where these molecules are dissolved.
There are several pH indicator available, and they are distinguished by their end-
point, which refers to the pH point at which the indicator changes color in a
colorimetric titration. This technique is the most convenient for the determina-
tion of the equivalence point of the mixture of an acid-base systems, in order
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to neutralize the starting acidic or basic solution, depending on the needs. A
standard neutralization is typically done adding to the starting acid or basic so-
lution a small quantity of complementary one, and simultaneously checking the
color (or equivalently the absorbance) of the analyte to identify the endpoints of
pH indicator. In this case the endpoint of the pH indicator is equivalent to the
equivalence points of the system. An example of standard pH neutralization is
reported in the figure 4.24, where an aqueous solution of NaOH is neutralized by
HCl1 one exploiting Blue Bromothymol pH indicator, which changes its color from
blue (basic) to yellow (acid) passing through green during the interval pH 6-7.6
around the endpoint, thus when the solution has the green color the solution is
neutralized.

basic solution neutral solution acid solution
color blue color green color yellow
ph>7 ph=[6.6,7] ph<6.6

Figure 4.24. Setup for standard titration: the buret allows for the addition of small volumes into the liquid
in the beaker, where the pH is also measured by the pH electrode as a reference. The starting liquid with the
pH indicator is stirred by means of the magnetic bar.

It is clear how the pH of the solution is related to its optical absorbance
thanks to pH indicator molecule. In particular, its absorbance spectrum drasti-
cally changes during the transition across the endpoint, thus allowing for also
precise pH determinations near this pH point. This chemical analysis is perfectly
suited for the device described in the previous chapter, where the waveguide is
an optical transmission probe for the microchannel liquid. The 100 um optical
path of the channel is large enough, to perform such an analysis thank to the
sharp transition of the pH indicator.

In this framework, the lithium niobate optofluidic device has all the properties



106 4 Applications: new approaches of optical sensing in LINbO,

and tools needed to perform such a chemical analysis in an integrated device:
the chemical resistance that no other optofluidic material plaftorm can provides,
and also the proper optical transmission probe. It can be exploited for effective
neutralization operation in microfluidic channel, offering low reagents consump-
tions and high portability. Moreover, using different pH indicators with different
endpoints the pH of a solution inside a microchannel can be measured effectively
in a large range. These kind of lab-on-a-chip could be a breakthrough, since the
standard pH performed slow measurements with the needs of large volumes of
solutions (several mL), while such an optofluidic device has fast response in mi-
crofluidic environment of few nanoliters.

The physical principle was that to record the transmitted light across the mi-
crofluidic channel filled with the analyte. The light is illuminating the fluid by
a suitable integrated optical waveguide as already described in the previous sec-
tions. The advantages of LiNbO; platform not only relies on its performance but
also on the excellent chemical resistance to the chemical etching of LiNbO;. This
material is almost inert to strong acidic and basic solutions allowing the widest
range of applications of pH values involved in titration.

4.4.1 Opto-microfludic pH titration

The device should integrated in the same substrate an equivalent system to the
bulk one. Firstly the two liquids with opposite pH values should be added in a
controllable way inside the microchannel. Each one is pumped by an OB1 MK3
pressure driver pump and the flow control is obtained by a feedback system pro-
vided by the coupling of three flowmeters BFS Coriolis® (Bronkhorst, AK Ruurlo,
Holland), as showed in figure 4.25. The two flows ratio between the two is re-
lated to the concentration of the mixture, which is injected inside the optofluidic
device. Depending on the pH of the solutions, the pH indicator will change the
mixture transmission spectra. In this way the optical waveguide acts as a probe to
the real pH of the solution, and so the flow ratio can be adjusted as a consequence,
in a rapid optofluidic feedback system which avoid any extra consumption.

The system were tested using Blue Bromothymol® as pH indicator, which
presents a nominal endpoint inbetween pH of 6 an 7.6, it have a color change from
blue (basic) to yellow (acid), as showed in figure 4.24. The liquids injected were

Saccuracy: 0.2 %, response time: 35 ms

®CAS Number: 34722-90-2 Empirical Formula (Hill Notation) C,,H,,Br,NaO5S
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Figure 4.25. Opto-microfluidic setup for the titration: the injection of the two fluids is provided by the
Elveflow pumps system with two flowmeters, whereas the the optical system is the standard near field
previously described. The light intensity is measured with a silicon photodiode. The pH is controlled by a
feedback system: the ratio between the flows changes the composition of the mixture inside the channel, and
the waveguide is measuring constantly the transmission, therefore the pH of the solution.

aqueous solution of NaOH and HCI respectively, the same concentration of pH
indicator was added to both solution. The concentration was optimally chosen in
order to achieve the highest absorbance possible, avoiding saturation phenom-
ena. Indeed, if the concentration of pH indicator exceeds the limit of solubility, it
changes the pH of the solution introducing artifacts in the final measure. The op-
timal concentration was calibrated for our system by means of a spectral analysis
using V-670 UV-VIS-NIR Spectrophotometer (Jasco Europe, Italy). Twelve solu-
tions of aqueous solution of HCl and NaOH with different concentration of Blue
Bromothymol were prepared and their visible spectra are reported in figure 4.26.
Firstly, the spectra suggest that the highest transmission contrast between two
solution can be achieved in the red range wavelength. For this reason, the wave-
length used for this experiment was 632.8 nm, but any wavelengths can be used
in principle and even multiple waveguide at the same time. Secondly, the graph
on the right is the transmission data at 632.8 nm, which show an exponential be-
havior as evidenced by the interpolation. The tail of the exponential represents
the saturation region in terms of absorbance, the addition of other pH indicator
doesn’t increase the absorbance. At the same time, the saturation in terms of pH
artifact of each solution was tested with a pH meter, and each one does not show
pH changes. The optimal value for the pH indicator concentration choose was
the last one of the exponential, which was 0.12 pM. Indeed, this value allows for
achieving the maximum in terms of absorbance without affect the pH value of
the solutions.



108 4 Applications: new approaches of optical sensing in LINbO,

1.0

=]
~

e
N\
PAZE

N
N\

/) 7 N
\

o
o

7/
\

D

=]
w

N\
\\
-

7
s

o
IS

T
3 o
7
Z
X\

T@ 632.8nm
=]
8

o
N

0.2

=]
i

o

=3
o
=)

5 1
350 400 450 500 550 600 650 700 750 1 2 3 4 5 6 7 8 9 10 11 12
A [nm] C[1075M]

(a) Visible Spectra (b) T 632.8nm

Figure 4.26. Concentration analysis of the Blue Bromothymol: on the left there are the transmission spectra
in the visible, the blue spectra are the one for the NaOH aqueous basic solution, whereas the orange one are
the acid HCI aqueous. On the right, the transmission at 632.8 nm (the red line in the visible spectra) are
plotted in function of pH indicator concentration.

Before the actual measurements in the device, a calibration of the pH indicator
was performed in order to study what to expect by the device results. In particu-
lar, the standard bulky titration was performed and at several fixed pH value of
the solution a spectral analysis was done. In the figure 4.27 an example of these
spectra is reported on the left, whereas on the right the transmission at wave-
length of 632.8 nm during the transition.
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Fiqure 4.27. Titration analysis for Blue Bromothymol: on the left 5 different pH solution spectra are
reported across the endpoint, (a solutions picture is in the inset). On the right the data of the transmissions
at 632.8 nm are plotted in function of pH.

The transition shows an abrupt change of transmitted intensity in a really
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limited interval of the pH. The characterization of this transition was realized by
the fit with an error function of the data in figure 4.27. The steep transition from
T =1to T = 0 occurred in a pH interval of 0.6 and centered in 6.89 £ 0.05. The
calculations for such a transition for an optical path of 100 pm shows a transition
of Ay, =0.12£0.01 in transmission in the interval 6.5-7.1, and thus making
feasible a detection with the optofluidic platform.

This value is matching with the measurements performed with the device,
as showed in figure 4.28 where our latest main results are reported. In these
measurements the flows were changed 11 times every 3 min as following;:

time Q(startingsor) PLMIN™!  Q(Neytratizingsor.) BLmin ™!

0-3 min 100 0

3-6 min 70 30

6-9 min 65 35
9-12min 60 40
12-15min 55 45
15-18 min 50 50
18-21 min 45 55
21-24 min 40 60
24-27 min 35 65
27-30 min 30 70
30-33 min 0 100

Table 4.1. Combination of flow tested every 3 minutes the starting solution flow was decreased, while the
neutralizing one was increased accordingly. The precision of the experimental is the one provided by the
sensibility of the flowmeters.

The pump system allowed for a dynamic changed of the flow rates, but as a first
tests the use of fixed and stable flows was better to understand the behavior
of the systems. The transition between each flow rate combination was still
recorded and tested as a first step to check the dynamic behavior. Moreover, the
two solutions were mixed before the injection onto microfluidic channel, in order
to check the right mixing of two solutions, and to prevent slow diffusion and
mixing in microfluidic dimension.
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Figure 4.28. The optical transmission response from the waveguide on the chip is plotted in function of
time in which every 3 min the ratio between the flow of two solutions was changed. The two measurements
have the opposite order of flow ratios. In both insets there is an enlargement of the abrupt transition.

The measurements show well distinguishable steep transitions between two
plateaus, which correspond to the pH transition, since both measurements are
completely reversible (see figure 4.28), neglecting any random noise as the source
of such a transition. Both transitions were characterized by the difference be-
tween the average of 60 point after and before the transition interval respectively,
and they results Aye; =0.09 £ 0.01 (basic solution as the starting solution, left
tigure 4.28) and Anq,on =0.08 £ 0.01 (acid solution as the starting solution, right
tigure 4.28). Both values are compatible with the predicted one.

These latest results clearly show how the neutralization point can be easily found
with this opto-microfluidic device: the flow rates can be tuned accordingly in a
feedback system with the transmission optical signal from the waveguide. More-
over, the detection precision on the intensity during the transition could be a
reliable measurements of the pH. It indeed shows a precision For instance, in the
case of figure 4.28 the device could measure the pH in the interval 6.5,7.1 from
the optical transmission response. The pH indicators and the wavelengths can
be tuned opportunely in order to measure also in higher pH ranges, even high
or low pH taking advantage of the chemical resistance of LiNbO;. This proof
of concept opens the way to many applications in the chemical analyses and
work is in progress to study further potentialities and opportunities provided
by our platform. A further improvement will be performed by optimizing the
measures protocol: the possibility of using an alternate sequence of droplet A-B-
A-B-... (A=analyte solution, B=solution without the pH indicator) will allow to
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update the transmission measures with the background subtraction.

4.5 Optofluidic multiplexer

The potentiality of combining of LiNbO; and microfluidic tools on the same plat-
form opens to the exploitation of these devices for optical applications. An exam-
ple is presented herein, whit the aim to realize an optical multiplexer actuated by
a microfluidic system. The microfluidic channel can be used to tune the light re-
fraction inside the channel in order to couple light in different waveguides. The
sketch in figure 4.29 represents the working principle of this device. The light
from a waveguide can be directed inside one desired waveguide from a pattern
by means the refraction dependent on the value of tilt angle respect to channel
direction. Like an optical multiplexer, the output pattern can be controlled by
the tilt angle, the channels widths and the refractive index of the medium in-
side the channel respectively. In particular, one or multiple output waveguides
of a pattern can be excited by choosing the liquid with the needed dispersion
relationship inside a tilted channel with a specific width. Moreover, the waveg-
uides pattern can be designed depending on the application, either multiplexing,
switching, or filter. In general, the liquid optical properties can be tuned oppor-
tunely to modified the light propagation depending on the needs. For instance,
multiple channels with different tilting angles and widths can be realized on the
same sample, where the liquids with specific optical properties can be injected,
in order to achieved a multiplexer. In this way, the liquid add a novel degree of
freedom in the tunability of optical devices.

Herein, the first demonstration of this possibility is demonstrated by proving the
feasibility on controlling the waveguide output by means of the refraction con-
trolled by the liquid inside a tilted channel.

The device designed for this aim is based on a pattern of straight waveguides,
interrupted by a microchannel in a diagonal direction respect to these latter. A
channel induces a refraction of the light from the waveguide (i.e. the input
waveguide), which can recoupled in other waveguide (i.e. the output waveg-
uide) from the pattern depending on the aforementioned parameters. Therefore,
the distance between the input waveguide and the output waveguide is related
by refractive index of the liquid inside the channel. In particular, the distance d is
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related as follows to the parameter of the device referring to the figure 4.29:

sin(a(ng, npn,0) —0)L

L p—
d( ,TLL,”LN70) COS(CK(”L;”LN’H))

(4.10)

where n; is the refractive index of the medium inside the channel, nyy is
the refractive index of lithium niobate seen by the light inside the waveguide
(i.e. ordinary, since the waveguide are z-propagating) 6 and o(n,nin,0) =
sin’l(ZLL—LN sinf) are the angles in figure 4.29 and L is the width of the channel.
Depending on the distance d, the device controlled by the liquid inside the mi-
crofluidic channel.

array of waveguides
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Figure 4.29. Sketch of the final design for the optofluidic device: a pattern of waveguides is coupled with a
L wide microfluidic channel, which crossed them at an angle T — 0. Such a channel induces a refraction of
the light from the input waveguide at an angle o, resulting in a deviation d on the other side of the channel.

If d matches the distance between the input waveguide and a waveguide from
the pattern, the light can recouple in the latter. The device can also avoid any re-
coupling if the n;, is small enough to have 0 higher than the critical angle, thus
achieving a total reflection condition. In particular, this condition is reached when
ng > npysinf. So, the device can be tuned the output waveguide over a pattern
by tuning opportunely the waveguide pattern by means of photolitographic pro-
cess, and the n, for instance just by adding salts in water.

4.5.1 Fabrication and coupling procedure

Although the device geometry is slightly different from the previous presented
ones in this chapter, the fabrication steps were the same: firstly the Ti indiffusion
waveguide patterns were realized (section 3.1), secondly tilted channels were en-
graved by means of self-polishing saw (section 2.1). The main issue for this ap-
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plication is the control of the distances between the waveguides during all the
fabrications steps, since the performances of the device are strictly related to the
waveguides pattern. In particular, the higher is the distance between two con-
secutive waveguides the greatest is the refractive index change needed to cou-
ple light from one to the other. Several patterns of waveguides were tested: the
waveguides width was maintained always 5 pm, while the pitch (i.e. the distance
between the centers of two consecutive waveguides) was varied as follows: 10,
11,12, 13, 14, 15, 20 and 25 pm. Since its importance in term of performances, the
pattern geometries were measured at each step during the fabrication process:
the nominal one on the Chromium mask, after the lift off and after diffusion. Ti
stripes after the lift-off were characterized by Microscope pictures (figure 4.30), in
particular for each pattern the unit width was measured. The unit is considered
as the minimum part, which is repeated in the pattern (see red dashed lines in
tigure 4.30). The widths of 1 up to 5 units were measured then the average is con-
sidered with the semidispersion as the error, the results are reported in table 4.3.
Each pattern was realized twice on each sample, 24 samples were realized from
2 different wafer, in order to take into account every fluctuation possible during
each fabrication step.

il

50 pm (

(@)

=

Figure 4.30. Microscope picture of the Ti stripes after the lift-off process. The microscope was an inverted
Nikon Ti-E equipped with 60x Objective. The red dashed lines represents the unit for the patterns, on the
left the picture of a pattern with a unit of 14 pnm (nominal value) is reported, and on the right the unit has
a nominal width of 25 pm.

The results are in agreement with the nominal values. The unit distance can be



114 4 Applications: new approaches of optical sensing in LINbO,

compared between different patterns, but the waveguides width could be change
between different patterns due to the photlitography process. The widths of Ti
stripes and the empty spaces between stripes were also analyzed independently
from the unit of the pattern, in particular considering the position on the wafer.
In fact, the Ti deposition procedure could affect the distribution especially on the
high surface like on a full wafer, for instance during the spin coating and the UV
exposure the developed photoresist layer can present some lack of uniformities,
or during the Ti sputtering the deposition rate can change for such surface. In
particular, the samples were squared shape with side of 1.7 cm, and 12 samples
can obtain from one 3 inch wafer distributed on a cross shape, thus 8 distributed
on the side and 4 in the center of the wafer. Such a distribution requires an anal-
ysis to confirm the uniformity for all the samples. The results of the analysis for
the pattern with 10 um unit is reported in the following table: The samples on

position and wafer Ti stripes [um] 5pum empty space in between [pm]

central on wafer 1 6.2+0.3 4.14+0.2
side on wafer 1 58+0.3 4.44+0.1
central on wafer 2 6.1+0.3 4.4+0.2
side on wafer 2 5.74+0.3 4.6 +0.1

Table 4.2. Ti stripes analysis depending on the position on the wafer.

different positions presented some slight differences in both Ti stripes and empty
spaces, but values are still in agreement each others considering errors from sta-
tistical analysis. The results show how the photolitographic technique tends to
have larger waveguides against the space in-between them. This effect could be
due to the diffraction of the UV during exposure, because this mismatching is
more evident in the central sample where the diffraction of the light is higher.
However, such differences are always lower than 2 um and have a systematic and
reproducible aspect, that can be predicted and corrected during the mask design-
ing.

After the characterization of the Ti stripes, the diffusion was performed and the fi-
nal patterns were obtained. Since the Ti stripes patterns could be modified during
the diffusion process, a second analysis of the final configuration was required.
For instance, some anisotropies during the thermal treatments or crystal defects
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could induce some differences between the Ti pattern and the actual distances
between modes propagated inside the waveguides. Moreover, an optical control
of the diffused waveguides represents a test for the quality of the sample. There-
fore, before the engraving of the channel, the samples were analyzed by a near
field setup depicted in figure 4.31.

diode laser
652-660 nm

sample
single mode fiber - -
633-780 nm 2m 20x/0.35 CCD
objective

Figure 4.31. Experimental near field setup for coupling a laser diode into a waveguide. the fiber is posited
onto a nanopositioner, in order to get close as much as possible to the surface of the sample. The near field
output is characterized by an objective coupled to a CCD camera.

In particular, a red diode laser was coupled into several consecutive waveg-
uides for each pattern by a mono mode fiber and the mode outputs were analyzed
by a CCD (figure 4.31). Each picture was taken without moving both sample and
camera, but only the fiber in order to allow for an overlapping of the images
taken and so an analysis of the distances. The intensity profile of the overlapped
pictures were interpolated with one gaussian functions for each waveguide, as
showed in figure 4.32.

From these interpolations, the distances between the centroids were obtained,
as well as the o, which represent the waist of each input source. The average of
this later over all the waveguides analyzed was 1.80 & 0.02 um, which confirms
that a pattern with distance larger than 20 cannot be achieved for this wave-
length. The average differences between two consecutive centroids are reported
in table 4.3 for each pattern. The table is an overall views for all tested pattern:
from the values the diffusion seems to be the critical process, since the average
distances after diffusion are smaller than before. However, this mismatch is due
to the fact that the propagation mode is slightly different from the Ti concentra-
tion profile, and due to the diffusion of Ti in the direction parallel to the surface.
So, this difference can be properly predicted and corrected during fabrication
process. It is worth mentioning that these problems only at a laboratory level, be-
cause Ti-diffused technology in the telecom has reached an excellent compatibil-
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Figure 4.32. Analysis of the 15 pm unit pattern: on the top near field pictures overlapping is reported,
where each waveguide is coupled singularly and then the overlapping final image is the result of all outputs.
On the bottom, the blue line is the intensity profile referring to the outputs image, where each profile is
normalized in order to have an integral equal to 1 and the x-axis is shifted by the first Gaussian centroid.
The red lines report the value of the Gaussian centroid, resulting from the gaussian interpolations drawn
in and the black dashed line.

ity between the nominal the design and the final diffused one. The last fabrication

Nominal unit Ti stripes and distances between
width [pm] empty space [um] waveguides [pm]
(on Chromium Mask) (after Lift-off) (after diffusion)

10 10.0£0.1 8.7+£0.2

11 11.0£0.1 9.6 +0.3

12 12.0+0.1 10.4£0.2

13 13.0£0.1 11.3+£0.1

14 14.0+0.1 12.2£0.1

15 15.0+0.1 13.1+£0.2

20 20.0+0.1 17.54+0.3

25 25.0£0.1 21.8+0.3

Table 4.3. Overall results of the pattern geometry characterization: from the nominal value, then Ti stripes
after the lift off, to final waveguides.
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step required for the realization of this device was the engraving of the channel,
in section 2.1 the realization of such angled channels is already discussed. Sev-
eral value for § angle were tested: 12.5°, 13.3°, 14.1°, 15.5°, 21.5°. All the channel
were engraved with the 50 um thick blade, and in principle the L should be the
same. Nevertheless, for a precise calculation of d a measurements of the channels
width L are needed. For this reason, 10 profiles of the channel were obtained by
a profilometer P-10 (KLA Tencor, California, USA), and for each one the widths
were calculated, final geometry features of each samples are reported in the fol-
lowing overview table: The actual channel are 10 pm thicker than the nominal

0 (degree) L [pam]

12.5 61+1
12.5 62 £ 2
13.3 62+1
13.3 61+1
14.1 62 £ 2
14.1 62 £ 2
21.5 61+1

Table 4.4. Results of the analysis on the channel geometry features.

blade width, this mismatch could be either due to the vibration during the cut or
to the actual thickness of the blade. Nevertheless, there are no specific needs of
channel widths for this application, 50 pm was chosen in order to prevent high
consumption of liquids and low dispersion. The injection of this latter were pro-
vided by pressure pumps, which flowed the desired liquid from a tank into a tube
connected to the a inlet in the PDMS cover, which was previously connected to
the LiNbO, substrate, as described in section 2.1. The chip showed in figure 2.5
was indeed one used for this application.

The devices were tested with water (n;, = 1.331 at 655 nm) and air (n;, = 1.0003
at 655 nm) as the liquid inside the channel. The setup used for the measurements
was the one depicted in figure 4.31. A mono mode fiber for a wavelength of
655 nm was used instead of the objective as a coupler, since it guarantees a single
coupling with the input waveguide of the pattern. In fact, for a spot higher than
the pitch of the waveguides pattern, more than one waveguide can be excited.
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The diameter mode output of such fiber was measured to be lower than 5 um,
which is lower than the minimum distance between two consecutive waveguide,
thus avoiding for the simultaneous coupling of the waveguides.

4.5.2 Results and comparison with the theoretical formula

The first test made on the device was the control over the effective optical trans-
mission across the channel on the diagonal surface outputs. The proof was given
by the microscope images taken from the top of the samples, thanks to the scat-
tering light from the waveguides. These pictures, as the one reported in figure
4.33, demonstrated that the light can be recoupled on a different waveguide of
the pattern from the input one across the channel. On the picture 4.33, indeed,
the light from the left waveguide (i.e the input one) when it meets the channel is
a refracted pattern respect to the input one.

W microchannel

input waveguide

output waveguide

Figure 4.33. Picture from the top of a multiplexing device. The input waveguide on the left is illuminating
the microchannel, which refracts the beam across the channel and it couples in the output waveguide. The
output waveguide is clearly not align with the input one, thus demonstrating the working principle of the
device. In particular, the three bright spots on the channel represents respectively: the point where input
waveguide illuminates the channel, the spot of illumination on the other side of the channel, and the point
of reflected illumination.

Before the measurements, the formula 4.10 allows the calculation of d for each
sample (¢, L) and for each liquid (air, water, n;,), and so the best pattern for each
application was used. For instance, the calculation for a wavelength of 655 nm
gave dg, = 22.6um and dyger = 11.4pm for the sample with § = 13.3° and
L = 61+ 1pm. So, the best pattern for this sample and this liquid was the one
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with a nominal unit width of 13 um, which has a distances between consecu-
tive waveguides of 11.3 = 0.1 pum. Once the pattern is chosen, similar measure-
ments to the one done for the characterization of the waveguide pattern were
performed. However, in this case the overlapping of the images cannot be per-
formed, since the injection of the liquids can move slightly the sample. This prob-
lems is solved automatically once the device is equipped with pigtailing connec-
tions. A different solution was exploited to overcome this problem, for each sam-
ple several waveguides were kept without the channel, as a reference, in order
to maintain the flexibility of the near field setup and still perform a quantitative
analysis by the overlapping of the figure. The distance of the center of each output
waveguides was normalized by the distances from the references waveguides.
An example of such analysis is reported in figure 4.34, where the two images of
the output waveguide on the top were shifted according to the reference waveg-
uide position, in this way the two can be overlapped and compared in terms of
distances. The two images represent the outputs with air and water inside the
channel respectively (water on the bottom and air on the top). The difference of
position is clear and well defined, thus demonstrating how the system can prop-
erly multiplexed the waveguide output by means of the microfluidic channel. By
the overlapping of the profile in the plot in figure 4.34, the distance between the
two outputs was measured by means of the gaussian interpolation of the profile.
the example in the figure reports a value of 10.9 um, which differs of less than
0.5 um from the expected value.

The difference in terms of intensities in figure 4.34 is due to the different dis-

persion depending on the liquid inside the channel, since Rayleigh’s length de-
pends on the refractive index. However, the output is clearly distinguishable and
the air case is the worst possible intensity that can be achieved. In the case of
higher refractive index liquid, the intensity increases.
The multiplexing is effectively demonstrated for all samples and all pattern from
same measurements, the maximum difference from the expected value and the
experimental one was 1um. This value is 1/10th of the maximum distance of
the pattern, thus preventing any possibilities of mismatching of the waveguide
outputs. Moreover, this error was the results of the systematic error from the pro-
cedure of positional normalization using the reference, since between the mea-
surements of the output and the reference there was always a non negligible time
interval, in which the sample can move due to small mechanical vibrations. Nev-
ertheless, a future pigtailing connections will improve even more the system.
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Figure 4.34. Example of analysis of a multiplexing actuated by the microfluidic channel: on the top there
are two CCD near field Images of the output modes, where the OD on the left represents the optical used
for avoiding the saturation of the camera. As expected, the top figure refers to the air, while bottom one to
water, since higher refractive index corresponds to smaller dispersion. On the bottom, the plot reports the
intensity profiles with gaussian fits (black lines) and relative centroids (red dashed lines), the red number
represents the distance in microns between the two centroids.

Finally, a comparison between the calculated and the measured d is crucial for the
prototyping stage of the device, and also to validate the working principle of the
system. The analysis was performed fro both results for water in blue in figure
4.35 and in red for air. The plot shows the values of d normalized by the length of
the channel varying the 6:

d(np,npn,0)  sin(a(ng,npy,0) —0)

L ~ cos(a(ng,npy,0)) (411)

The quantity d presents also the dispersion boundaries due the beam waist dur-
ing the crossing of the channel.

The water results are in agreements for all the 0 range tested, validating the
system. Instead the results for air are slightly lower for the highest angle, but
these results could be explain by the approximation of gaussian beam, which
does not describe the light behavior inside the channel for long light paths, such
as the one for high angle and air. In particular air is not the best solution as a
tester, since every time the channel should be dried in a perfect way and any
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Figure 4.35. Comparison between the distance d calculated and measured for water(blue) and air(red).
The points represents the experimental points for different samples and patterns, and bright dashed lines
represents the respective calculation, and the other transparent line represent the d — 0.5waist and d +
0.5waist.

residual droplet can be source of error.

In conclusion, this configuration proves how a microfluidic actuated optical de-
vice can be realized especially with the water, describing all the parameters that
influences the performances. In particular, the width of the channel L, the angle
of the channel §, the pattern of the waveguides and the range of liquid index of
refraction (n;) can be tuned accordingly to the needs of the applications. This

Fiqure 4.36. Example of the waveguides outputs, where a broadband in the visible range was coupled
into the input waveguide, and due to the relation dispersion of the liquid inside the channel, each spectral
component has different d, and so it is coupled in different output waveguide of the pattern.

large amount of parameters that can be controlled opens the application range of
this platform. Among the others, the multiplexing applications is clearly the most
interesting one, but several future investigation have to be done, also combining
more outputs and exploring others liquid and angles. Moreover, the microfluidic
actuation opens the possibility of several optical application, such as spectral fil-
ter. For example, this latter can be achieved coupling a broad band source into the
input waveguide, and tuning properly the dispersion relationship, in order to ob-
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tain different wavelength output in each of the waveguide outputs, as showed in
tigure 4.36. Another interesting application for such platform is the combination
with the photovoltaic tweezers and liquid crystals, described in the next chapter.
The integration of both stages could lead to the light actuated multiplexer, which
can control also the polarization of the output, thanks to the exploitation of liquid
crystals.



Chapter 5

Integration of a photovoltaic tweezer

The previous chapters demonstrated the feasibility of the realization of an
optofluidic device in LiNbO; exploiting new studied microfluidic capabilities of
this material, and its well-known optical potentialities. Despite this achievement,
most of the starting interest gained by LiNbOj; in lab-on-a-chip field was related
to properties of manipulation stages, such as pyroelectricity [22], piezoelectricity
[160] and photovoltaic effect [23]. A remarkable result in terms of lab-on-a-chip
application could be the combination of both these tools on the same LiNbO; plat-
form. In this chapter an example of such integration is presented. In particular,
a sample of LiNbO; with the microchannel coupled with the waveguide is prop-
erly sealed with an iron doped lithium niobate cover, for photovoltaic tweezers
(PT) application. The PT is one of the most promising application of the material
in this field, and an integration with the optofluidic device previously described
in this work could pave the way for a lab-on-a-chip realized in lithium niobate.

The iron doped LiNbO; can generate an electric field if illuminated by suitable
wavelength light and geometry. The effect relies on the photogeneration of elec-
trical carriers from the Fe** ions along c-axis, which can be trapped inside accep-
tors, such as those given by Fe®*. In case of a non uniform illumination a space
charge accumulation creates an effective potential difference and so an electric
field. In the geometry hereby presented, the evanescent queue of this electric
tield penetrates into the microfluidic channel from the cover, thus interacting
with the matter inside the channel. In such way, the optofluidic LiNbO; device
is integrated with a PT, thus implementing on it a new tool for micromanipula-
tion of “objects” by means of photoinduced electric field. This final configuration
could be applied for plenty of lab-on-a-chip applications and also represents the
first core building block for further integration exploiting others properties of the
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material. For instance, the manipulation of liquid crystal (LC) director was con-
trolled by the PT inside the microchannel and simultaneously was successfully
monitored by the waveguide signal.
This chapter describes step by step the integration of this stage into the optoflu-
idic chip and it is divided as follows:

5.1 The first section is dedicated to an analysis of the physics behind the PT
in iron doped material, from the charge transport to one center model by
Kukhtarev [161], which describes the photoinduced field generation in iron
doped lithium niobate.

5.2 In the second the sample fabrication steps are reported with a complete dis-
cussion on the structural parameters of the Fe:LiNbO;, and their influence
on the PT properties. Then, the setup needed for the characterization of this
new chip is presented.

5.3 Finally, in the last section the LCs actuation application is showed. During
the LCs actuation, the simultaneous optical properties change is monitored
by the transmission signal from the optofluidic system. These interesting
results demonstrated the feasibility of such device for LCs actuation, and
also proved the effectiveness of such integration and the coupling of the PT
and the optofluidic substrate.
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5.1 Iron doping of Lithium niobate

The photorefractive properties of LiNbO; is already described in the first chapter
1.2. In the following, the focus is on the effect provided by extrinsic centers in
the material. Among the others, the transition metals attracted particular interest
as dopant in LiNbO;, since they present at least two valence states, which play
the roles of donor and acceptor, respectively. Both states influence the charge
transport process of the photorefractive effect.

5.1.1 Charge transport phenomena

There are three main contributions to the current of the photoinduced carriers:
the drift, the bulk photovoltaic and the diffusion. Therefore the total current in-
side the material can be expressed:

J = Jarift + Jpho + Jdiff (5.1)
which has to satisfy the Poisson continuity equations:

V(E) = Eﬁ
0
s o . (5.2)
ot
The drift current is due to the carriers interacting with an electric field E, which
correspond to the sum of an eventual external one, a space charge field gener-
ated by the separation of trapped carriers, and a pyroelectric field eventually
promoted by the heating due to high intensity illumination. The latter can be ne-
glected for an intensity less than 10°W /m? [162]. This current follows the Ohm’s
law: R .
Jarift = 0E (5.3)
0 = qaN
where ¢ is the conductivity tensor, /i is the mobility tensor of either holes or elec-
tron, depending on the carrier type considered, and N is the density of the carri-
ers.
The bulk photovoltaic current is the contribution from the movement of the pho-
toinduced carrier from the absorbing center to the nearest neighboring ions. This
transfer is due to the non-centrosymmetric structure of the material, and the con-
sequent preferred momentum of the carriers. The photoinduced charges can con-

tribute to drift and diffusion as far as the thermalization was occurred. In fact,
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the photoinduced carriers contribute only to the photovoltaic current before ther-
malization, which is a current already described in 1.2 and characterized by the
photovoltaic tensor 5. The largest effect in LiNbO; can be obtained along the
c-axis, which is often expressed in a scalar form as:

jpl}v’c = akg = uTphy Eppy ct/ hv (5.4)

where k¢ is the Glass constant, that takes into account the anisotropy of the crys-
tals (2.8 - 107''m/V for Fe:LiNbQ;), and « is the absorbing coefficient which de-
pend on the wavelength and the compositional properties of the material. The
Glass constant can be expressed as the mobility of the carriers p divided by the
energy of the photon hv, multiplied by the time constant 7,,, in which carriers
contribute to the photovoltaic current, and by the phenomenological field E,,,
which moves the carriers.

The diffusion current is due to the spatially fluctuation of the carriers density, and
kpT.

it is proportional to the diffusion tensor of the carrier D = pE=

jaits = —¢DVN = —pkpTVN (5.5)

where N and p are respectively the density and the mobility of the carriers con-
sidered.

5.1.2 One center model

The first model developed of the photorefractivity is the one center model by
Vinetskii and Kukhtarev [161]. It describes many experimental results, such as
photorefractivity of iron doped lithium niobate for low intensity illumination, i.e.
I < 10* — 10°W /m”. In this model only one photorefractive center is considered,
as the name suggests, and in the case of Fe:LiNbO; the center is the iron. It shows
two possible valence states in LiNbO, Fe** or Fe’*, which is carrier acceptor or
donor, respectively. Kukhtarev described the carriers density evolution and their
current by the following equations:

V-

ON;
= SI—‘_B Npez+ — ,YZN’LN e3t — T
N (14 BN ror =L

8NF62+ . aNF63+

o = g = (I + Br)Npee + %iNiNpes:

j = quiN;E — ¢D;VN; + sNpe+kgl)

(5.6)
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Fe? Fe™
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Figure 5.1. Sketch of the working principle of one center model for iron doped lithium niobate. One photon
excites one electron from the donor state Fe** to the valence band. The photoinduced electron can be trapped

by an acceptor state Fe>*. The electron moves in the conduction band by diffusion, drift and photovoltaic
phenomenon between the excitation and the trapping moment.

where [ is the illumination intensity, V;,v;, 11; and D; are respectively the den-
sity, recombination, mobility and diffusion constant of the carriers (either elec-
trons or holes i = e, h), (3, is the thermal generation rate, Np.25+ is the density
of the acceptor or donor, s is the photoionization cross section and E is the total
applied field (that is the sum of both external and space charge field). The cur-
rent j is taking into account all three contributes from the charge transport: drift,
photovoltaic and diffusion. The space charge field of this model should obey the
Poisson continuity equation:

V- (gEOEsc> =p= Q(N’L + A—NVF62"') (57)

where ANp.2+ refers to the difference of donors density from the case without
illumination. This latter equation can be simplified, since N; (standard value
10 m™) can usually be neglected compare to AN+ (standard value 10**m™).
Moreover, the previous set of equations can be approximated by the adiabatic ap-

proximation, which states that the carriers are in a quasi equilibrium state with

ON; __
T
approximation for long illumination times, since the carriers density reaches a

the traps distributions

0. In lithium niobate this can be considered a good

constant saturation value in few picoseconds. This approximation allows for stat-

ON .2+
oi

since the charge transports slowly gives a contribution. Thanks to this approxi-

ing that also = 0, which it does not mean that Np.+ is in a steady state,

mation, the model estimates the carriers density at any time and any place as:

(S[ + BT) NF82+

N =
Vi NF63+

(5.8)
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From this latter equation combined with the definition of the conductivity by the
Ohm'’s law (equation 5.3), the following definition can be derived:

sl NF62+ 5T NF62+
Vi Npes+ i Vi Npes+

= Ophv,i + Odark,i (59)

The conductivity o; shows clearly two contributes: one the so called photoconduc-
tivity o,n,, which is non zero only if the material is illuminated, and o441, SO
called dark-conductivity, which does not depend on the illumination, but only on

the thermal excitation of carrier. It is worth mentioning that both conductivities
N2+
N§e3+
tally controlled by thermal treatments.

depend on the reduction degree of the material, since it can be experimen-

5.1.3 Non homogeneous illumination solution

A non homogeneous illumination increases the grade of complexity of the pre-
vious equations (eq. 5.6). The simplest case to approach the non homogeneous
illumination solution is the interference of two beam along z-axis:

I(2) = I(1 + msin(k - 2)) (5.10)

Imaz—TImin ;
Imaz+lmin 18 the

visibility of the pattern, k= El — IZQ is the difference of the beam wavevectors.

where [j = hQLI? is the average of the two beams intensities, m =

The solution to describe the carriers density into the material [161] was first ob-
tained developing all the three main equations of the one center model (eq. 5.6)
in Fourier series, since they depend only on the spatial coordinate Z. In the case
of a small modulation m < 1 only zero and first terms can be taken into account,
in fact each term of the Fourier expansion decreases as m/, where f is the counter
of Fourier terms. Each variable of the three main equations (/' = E, N re2t, Npe2+,
N) can be expanded as F' = Fj, + Fei"%. Thus, the three main equations (eq. 5.6)



5 Integration of a photovoltaic tweezer 129

simplify as follows:

Eo + Ephy +1Ep

E,.~FE =— - - ; 5.11
! 1+ Ep/E, — iEy/E, — iEy,/E, (-11)
] v k 7
Ephv = Joh = G?/ NF63+
Ophw qlb;
kT
Ep=-2"K
q
-1
q 1 1
I
1 EGOK (NF62+ * NF63+)
q
E, = N
a ceo K e

where Ej, is the diffusion field, E. is the space charge generated electric field,
E, and E, are the space charge limiting fields respectively, and K = k- 2. When
both the spatial frequency and the light pattern are fixed, £, represents the max-
imum field that can be generated by the movement of the electrons inside the
material. In Fe:LiNbO; the diffusion field E), is negligible compared to the pho-
tovoltaic one E,, for light modulation larger than 1pm, thus E,. has the same
phase of the light pattern. The one center model gives also information in time
evolution of the space charge field, which is described by an exponential behav-
ior in the case of a sinusoidal illumination. The time constant of this phenomenon
can be calculated as:

1+ (Ep —iFEy)/Ey

Tse = - : 7T 5.12
1+ Ep/E, — iEo/E, — iByp/E, (5-12)
YilNpes+ 1
Ey = 1 Ee =
M K
€€p
™ —

Ophyi T Odark,i

5.14 Comparison with experimental data: simplified version

In this work, the one center model results can be further simplified by taking into
account several assumptions:

i = e , the previous equations are the same for both holes and electrons and in
general, both of them can be involved in the charge transport. However,
the electrons dominate over holes in transports processes for visible light
and iron doped lithium niobate [162, 163], as a consequence in the case here
under study it holds i = e.
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Ey =0 , in our experimental setup no external field were applied to the material.

E,> Ep, E(; > Epny , there are not limiting effect, which means that the material
have enough donor and acceptor to support the space charge field. This is
the case studied herein, since the material was always strongly doped.

E,hy > Ep , the modulation was larger than 1 pm.

The first conclusion that can be made from these considerations is that F,; >
Ep, and consequently 7,. ~ 7). The substitution of equations 5.10 and 5.11 in
One center model time evolution equation 5.6 combined with the aforementioned
assumptions, gives rise to the following simple result for the space charge field
time behavior:

Ey= —Epy(1— ¢ ) (5.13)
where £, is the photovoltaic field and it represents also the saturation value for
E,.. Such description can be directly compared to the fitted data and provides a
feedback to tune the Fe concentration and the reduction degree. Indeed, several
useful dependencies can be obtained:

Jphv X I Npez+ (5.14)
_ NF62+

771 o Oy X ]NF€3+ (5.15)

Ephv 0.8 NF63+ (516)

5.2 Fe:LiNbO;-optofluidic device characterization

In this work the Fe:LiNbO; substrate covers the opto-microfluidic platforms
instead of the glass of the previous chapter. In this way, a new manipulation tool
can be integrated without any new fabrication steps and without loosing any
capabilities provided by the optofluidic substrate. Indeed, the integration of a
Fe:LiNbO; onto the optomicrofluidic device is straightforward, just by following
the same procedure described in section 2.1 for the glass. In figure 5.2 a sketch
of the final device is reported, where the photovoltaic eletric field is induced
from the upper part of the device. In this way, there is no restriction to the
illumination pattern by the device configuration, since the monolithic Fe:LiNbO,
cover the whole microfluidic circuit. Therefore, the electric field can be induced
in every desired position on the cover, and the consequent evanescent field
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can be generated in every section of the microfluidic circuit, either in front of
waveguide either in the junction. This feature opens the field of applications
drastically: on one hand any light pattern can be realized as well as every electric
field modulation, on the other this pattern can be freely positioned respect to the
microfluidic circuit. This configuration allows, indeed, an independent control
of each device features: the microfluidic channel by fluids injections from the
tubes on the top, the waveguide by the injection of the light on two sides, and the
photoinduced electric field by the illumination from the top in-between the tubes.

green laser

input waveguide

output
waveguide

microchannel

Figure 5.2. The sketch represents the final lab-on-a-chip realized in lithium niobate. The cover in brown is
the iron doped material, which acts as a PT illuminated by the green laser. The substrate on the bottom is
the optofluidic device described in previous chapters. The matter inside microfluidic channel is at the same
time monitored by the waveguides, thanks to the effective coupling, and it can be manipulated by the PT.

The only new developments needed for this upgraded device are related to the
green illumination and the fabrication of Fe:LiNbO; covers. Indeed, the physical
properties of the sample have strong influence on its photovoltaic response, thus
making the control on these properties crucial for the performances of the device.

5.2.1 The integration of Fe:LiNbO,

The Fe:LiNbO, samples used to close the opto-microfluidic circuit were grown by
Czochralski technique, which allows to control the concentration of dopants in-
side the material. The samples grown, reduction degree thermal modification and
samples cuts were carried out by the group of matter physics of Department of
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Physics and Astronomy of University of Padova. In particular, boules of congru-
ent lithium niobate with different iron concentrations were grown with a diame-
ter of 1.7 cm oriented along z-axis. Then, the flat z-cut flat samples were obtained
by the boule slicing with a thickness of 1 and 1.3 mm by means of a South Bay
540 machine equipped with diamond coated blade. The cut was performed after
a precise crystalline alignment, exploiting X-ray diffraction measurements. The
cleaning procedure after the cut was made of baths in acetone and isopropanol
in ultrasonic cleaner for ten minute each. The reduction degree was tuned by
thermal treatments in different atmosphere, done in a tubular furnace Hochtem-
peratureofen Gmbh (model F-VS 100-500/13) by Gero: an oxidizing atmosphere
induces a decrease in the reduction degree, while the reducing atmosphere pro-
motes the reduction of iron its Fe®* to Fe** states. Several parameters have to be
controlled in order to obtain the desired concentrations, such as time, temper-
ature, the inert gas composition with O, or H, and temperature ramps. Once
performed the thermal treatment, the samples concentrations can be measured
by absorbance measurements, thanks to the fact that the two iron valence states
modify the absorbance band of the material. A complete description of from the
growths to the thermal treatment is reported in [164].

The Fe:LiNbO; bilk doped crystals were then polished on both on z-faces.
This technique was realized by means of lapping and polishing machine
PM5(Logitech Limited, Glasgow, UK), and the roughness were reduced after two
steps, exploiting two different size aluminium oxide powder, the first one with
9pum and the finest with 3 pm size. On average 300 pm were lapped form both

sides of the sample. This lapping step guaranteed a roughness of 9 um (root mean
A(nm)
10

process by means of SF1 Polishing Fluid (Logitech Limited, Glasgow, UK).

square). The final step to achieve an optical quality (R, <

), was a polishing

Finally the both side polished z-cut samples with desidered reduction degree and
Iron concentration were integrated in the optofluidic device in the way described
in section 2.1: the microfluidic connections were realized drilling the holes into
the sample and connection tubes, and the sealing were achieved by means of the
NOA®68 (Nordland optics UV curable glue).

5.2.2 Characterization setup

The setup for characterizing the integration of the Fe:LiNbO; cover is the same
described in section 3.2 regarding the red beam, but in addition it has a green
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laser line for the excitation of the photoinduced field. The green beam has to illu-
minate the cover directly, without passing through the LiNbO; substrate in order
to optimize the photovoltaic effect. Indeed, both the bottom of the microfluidic
channel and the lithium niobate device itself can modify the beam profile of the
spot on the iron doped cover, thus preventing a full control of the photovoltaic
effect and the illumination area. For this reason, the laser beam illuminates the
cover from the top. The final setup is sketched in figure 5.3. The green laser used

Fluidic
connection

Green pump
laser

Output
waveguide

pchannel

Figure 5.3. Sketch of the setup used with the devices covered by an iron doped lithium niobate cover. On the
left, there is an overall view of the setup: the He-Ne laser is coupled into the waveguide with the objective
(O1) as the setup describe in section 3.2, then the signal is recollected by O2 and read by a photodiode PD2
coupled with a green-line filter. The polarization of He-Ne laser is controlled by a half-wave plate and a
polarizer, and 10% of its intensity is used as normalization signal and recorded by PD2. The intensity
signal is amplified by a Lock-in, and normalized by the signal from PD2. The continuous diode laser at
532 nm is first expanded with two lenses (L1, L2) in order to tune the waist of the beam, then another lens
(L3) focus it on the spot, which is determined by the cross between the channel and the waveguide.

for the generation of the photoinduced field is a diode laser with a effective power
of 66.3 mW. The power of the beam can be controlled using an variable attenuator
(Att. in fig. 5.3). At the end of the configuration showed in fig. 5.3, the spot of the
beam on the top of the cover is an ellipsoid with axis 955 + 1 pm and 817 + 1 ym
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(measured the FWHM of the two profiles), and an area of 2.45 + 0.01 mm?. The
size of this spot allows to have an homogeneous intensity over the channel width
(i.e. 200 pm), thus an homogeneous evanescent photoinduced field is created in-
side the channel. The visible waveguide presents in the underneath optofluidic
device in principle can guide also green light, however in this setup most of the
light is absorbed by the iron doped cover and due to the device configuration a
random coupling of green light laser is rare. Nevertheless, a spectral notch filter
(F in fig. 5.3) around 532 nm is used to avoid that any undesidered green light
scattering by the channel walls enters in the final detector which is positioned
after the output waveguide.

The coupling beam configuration is almost the same of section 3.2. The main
difference is in the acquisition system, since the requirement for the liquid crys-
tal application is the measurements of the optical transmission signal from the
waveguides. The near field setup is coupled with a photodiode, which gives a
current signal proportional to the light intensity. This signal is amplified by a
phase sensitive amplificator, in order to cut signal noise. The only frequency am-
plified by this lock-in is the one applied by the chopper wheel (C in fig. 5.3).
Moreover, this setup allows for collecting 10 % of the original beam by a beam
splitter, in order to normalize the signal over the laser intensity variations (PD 2
in fig. 5.3).

5.3 An Application: integrated light-controlled Liq-
uid crystals cell

Among the possible applications of this device, surely one of the most promising
is represented by its combination with liquid crystals (LCs), thanks to the pho-
tovoltaic effect of LINbO, and the sensitivity to the external electric fields of LC.
As a matter of fact, a LCs cell using LiNbO; as active substrate has been already
presented in [165-169], and in particular the light-induced photovoltaic control of
the LCs orientation was demonstrated. Another recent publication [170] shows
how such LCs cells can be efficiently implemented in a microfluidic configura-
tion: in [170] the authors report a device where LCs can injected in a microflu-
idic channel and external light beams are used to monitor the orientation of LCs
molecules. Although these interesting results, such cells still lack of a full inte-
gration between the microfluidic and the light-driven components. In this thesis
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a reliable overcome of this lack is proposed by the exploitation of this optofluidic
device. The LCs inside a micro-optofluidic circuit are controlled by the photoin-
duced field generated by the cover, and at the same time their orientation are
monitored by the waveguide transmission signal. This orientation can be varied
upon demand by the photovoltaic actuation of the iron doped lithium niobate
cover in order chose the desired signal transmission from the waveguide. The
LCs used for this purpose are 5CB.

5.3.1 5CB Liquid crystal

HsC . . : .
crystalline nematic isotropic
OO
['r'r'r [y,

Figure 5.4. On the left molecular structure of 5CB liquid crystals. In partcular the bottom figure is taken
from On the right three structure phases of thermotropic 5CB with the transitions temperatures.

4-Cyano-4-pentylbiphenyl C,gH (N (figure 5.4) or commonly called 5CB are
thermotropic uniaxial nematic liquid crystal first synthesized by Gray, Harrison
and Nash in 1973 [171]. They presented the three standard thermotropic phases
depending on the temperature: crystalline below temperature of 22.4 °C, nematic
between 22.4°C and 34.5 °C and isotropic above 34.5°C [172].

Nematic phase and director

The nematic! phase is characterized by no specific positional order (i.e. no-long
range order with respect to gravity centers of the molecules, like a liquid), and by
a long order in term of average the direction of molecules [174], this preferential
orientation is described by the director n (i.e. the direction average of molecules
alignment). The difference with isotropic phase (i.e. no order both positional

nematic vnua from greek = thread, first cited by Friedel [173] (1992), due to the thread-like
defects in this phase.
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and directional) and crystalline phase (i.e. high positional and directional orders)
are described by an order parameter. The description of this parameter can be
made adopting several approaches [174], the most intuitive and simple one for
the uniaxial nematic LC, such as 5CB, is the microscopic approach. In this frame,
the LC molecules can be represented in good approximation as rigid rods, which
cannot interpenetrate each other. Like LC molecules, the rods have cylindrical
symmetry about its main axis, which is described by a versor a. In agreement
with the figure 5.5 the components a can be defined as:

<V

)
X

Figure 5.5. Reference frame for the liquid crystal, G in blue is versor representing the rod direction, 7i is the
director of the system.

sin @ cos ¢
a4 = | sin@sin ¢ (5.17)
sin 6

where the reference frame (figure 5.5) is taken as the one where z-axis is
aligned with 7, and each component is expressed in terms of polar angles 6 and
w. The distribution of the angle position of the axis a, and so the rods alignment,
can be described by a distribution function f(6, ¢)dS2, where dQ} = sin #dfd¢ is
the small solid angle. The nematic phase has rotational symmetry about 7 and
it is symmetric in the change n — —n, therefore f(0,¢) = f(0) = f(m —0). The
alignment distribution can be described with the average:

(a-n) = (cosl) = /f(@) cos0d2 =0 (5.18)
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which it gives a trivial solution, sincef(#) has maximum for # = 0 and 6 = 7,
minimum for # = 7 and it is symmetric about this latter. However, this integral
can be considered as the dipole from a multipole expansion. The next multipole
non trivial is the quadripole:

3cos%0 — 1 3cos?0 — 1
S = <T> . /f(@)TdQ (5.19)

It is clear how S is a measurement of the alignment and thus an order parame-
ter: when § = 0 or § = 7 the versors a are all aligned in the same direction of n
and S = 1, on the other hand if a has a perpendicular alignment respect to 7 (i.e.
0 = 2) S = —3, and with a random distribution (i.e. (cos’§) = ) S = 0. The
three phases can be described quantitatively in terms of orientational order of the
molecules by using the parameter S.

The order parameter S describes in this way the anisotropic behavior of the sys-
tem, which makes the LCs highly susceptible to external fields. For instance, the
magnetic anisotropy favors an alignment of 7 to an external magnetic field al-
ways positive. The same alignment happens for an external electric field because
of the anisotropy of dielectric constant Ae = ¢ — €., which in the case of the
5CB is always positive, so n aligns with the electric field. Therefore, in the case of
optical frequencies, the LCs show a birefringent behavior with 7 corresponding
to the optical axis, where the two refractive indices are VeI = Ne and /e, = n,
[175]. For 5CB, the two values are n, =1.518 and n. =1.682 at room temperature
and at 632.8 nm.

A more accurated description [176] of the LC can be given combining the order
parameter S and the director 7 in the order parameter tensor Q;; = S [f;7; — 56

3
by the so called Frank-Oseen free energy:

1 LK, 1 ) Ky
g —2K11(V n+ Kll) + 2K22(n (V xn) K22) (5.20)
1 1
+ 5Kgg(ﬁ x (V xn))?— 5Klg(v 1) (n - (V X n))

(5.21)

where the K; and K;; are the curvature elastic constants relative to each possible
deformation, as depicted in figure 5.6. The presence of an external magnetic or
electric field has strong influence on the deformation of the director direction,
due to the high anisotropy of the system. In particular, the additional energetic
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a b C

Figure 5.6. The three deformation of uniaxial LCs: splay, twist and bend from left to right respectively.
Image taken from [176]

term for an electric field E acting on LCs molecules is:

1 1 =
e =——e B> — —¢€,(n- F)? 5.22
g 87T€L 87r€ (n-E) ( )

The deformation that the device aims to control is the one relative to the above
energetic term, where E is the evanescent part of the photoinduced field created
inside the channel.

Optical properties

As aforementioned, 5CBs present a strong anisotropic dielectric constant Ae =
€| — €1, which describes the dielectric susceptibility difference respect to the di-
rection parallel and perpendicular to the director, respectively. This difference
leads to the birefringency of the material and the difference in terms of refractive
indices. In general, a light beam that enters in a birefringent material, is split-
ted into the two polarization components, which travel with different velocities
inside the material. At the end of the sample, the beam has a polarization state
depending on the recombination of these two components. In a quantitatively
way, the description can be given by a simple 2D formalism [177]. If the entering
light has a linear polarization with an angle ¢ with the director n, the components
are described as:
o FEqcost
E;, = (5.23)
Eysin6
the two components are perpendicular to the propagation direction. After pass-
ing through the LCs, it becomes elliptically polarized due to the birefringency

previously described:
S EqcosOexp(ik,L
Fro=1" plikeL) (5.24)
Eysin 6 exp(ik,L)
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where L is the length of the LCs sample, k. = 27”716 and k, = Qy’rno are the propaga-
tion vectors along same direction of L (the reference frame is chosen to consider
only one component of these vectors). These two components can be analyzed
with a polarizer at the same angle of the initial polarization. In [177] the matrix
describing the polarizer is:

5 cos? 6 — cos fsin 6 (5.25)
— cos 0 sin sin? 6 .
Therefore, the intensity can be calculated as:
- AnL
|PELc|? = Ef cos?(20) sin® = (5.26)

A

With a monochromatic light the intensity depends only on the L and An = n.—n,,.
For 6 = 7 the transmission is zero. Without the polarizer, the transmission on the
signal is minimum when the polarization of the initial beam is aligned with the
smallest value of the index of refraction, and vice versa is maximum when the
polarization of the initial beam is aligned with the highest value of the index of
refraction. This is a free space propagation description, which can not be applied
to the optofluidic system. However, it gives an explanation on how the intensity
of a beam can be modified by LCs. In fact the liquid crystal inside the channel
acts in a similar way with the beam from the waveguide output.

Anchoring

The orientation of LCs respect to an interface, i.e. anchoring, is crucial for the re-
alization of any kind of devices involving LCs actuation. Their behavior strongly
depends on the properties of the material, the morphology and the physical in-
teraction between the LCs molecule and the surface. Three main cases observed
are:

hometropic anchoring, when 7 is perpendicular to the interface,

uniform planar anchoring, when 7 is aligned to a well defined direction parallel
to the interface,

random planar anchoring, when 7 is parallel to the interface, but with an arbi-
trary alignment in this plane.
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The alignment is defined by the interplay between steric interaction and elastic
behaviors of the molecule. The most common technique for achieving a uniform
planar anchoring is a mechanical rubbing, which consists in a friction procedure
after a polymer coatings on the substrate, in order to produce a grooves pattern.
However, this technique cannot be applied for microfluidic devices, in fact closed
microfluidic channels inhibits any kind of intrusive methods. Several alternative
techniques were studied depending on the material and the final desired anchor-
ing, such as patterned surfaces [178] or non intrusive surfaces [179].

The anchoring of a photoactuated LCs cell in LiNbO; should be orthogonal to the
alignment of the photoinduced electric field in order to allow for a reorientation
by this latter. In particular, in this work the anchoring have to be uniform pla-
nar, since the photoinduced field by Fe:LiNbO; is orthogonal to the surface. 5CBs
exhibit such an alignment on substrate of untreated LiNbO;, as demonstrated in
several papers on photoactuated LCs cells [167, 168, 170]. Moreover, two other ef-
fects favor this anchoring: the morphology in the bottom of the engraved channel,
which presents scratches in the bottom in the direction of the channel as showed
in figure 2.2, and the capillary flow of LC inside the channel [180].

5.3.2 Photoinduced actuation and waveguided signal

The simultaneous readout of the alignment of the LCs throughout the waveg-
uide transmission signal is presented in this section. The LCs director alignment
inside the microchannel affects directly the two polarization components of the
red beam across the channel, since the index of refraction seen by the two com-
ponents is different An = n. —n, = 1.682 — 1.518 = 0.164. So, the actuation of
5CBs inside the channel by means of the photoinduced field allows for changing
their orientation from the starting anchoring orientation (i.e. parallel to the flow
direction and channel main direction) to the final alignment with the evanescent
electric field. If the red light from the waveguide in the channel is polarized, the
transmission signal is simultaneously sensitive to the described rotation (figure
5.7).

The red beam polarization was aligned with the direction of photoinduced
field, which is the direction of the orientation direction of the LCs after the ac-
tuation. The choice of this polarization should imply an increase of the signal
when the green light is on. First test was made using a Fe:LiNbO; cover with an



5 Integration of a photovoltaic tweezer 141
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LN crystal with Ti:waveguide

LN crystal with Ti:waveguide

Figure 5.7. These two sketches on the left represent the two states of the device: on the left when the green
light is off and the orientation of LC follows the flow direction, on the right instead the green laser is on and
the dipole interaction of LC with photoinduced field forces LC to align in the field direction. Two little black
arrows represents the z-axis of the two LN samples.

0.1mol % and with a reduction degree of 0.033. This value of reduction degree
guaranteed an high concentration of Fe’*, which is proportional to the saturation
photoinduced field E,,, in equation eq:Edep. Since the reduction degree can be
controlled by thermal treatments, every desired reduction degree can be chosen
depending on the application. As first test, the maximum value of electric field
should be highest as possible in order to be sure to observe the effect. As showed
in graph 5.8, the transmission signal rises at the turning on of the laser.

= T T T T T T T T
0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000
time (s)

Figure 5.8. The graph represents the transmitted signal (i.e. Intensity in y-axis) throughout the waveguide,
during a photoactuation by means of a green laser at 66 mW. The lighting time of the latter was at 200 s.
The iron doped cover features for this measurements were 0.1 mol % of iron concentration and a reduction

degree of 0.033. The red line represent the fitted curve of 5.27, where points from 1200s and 3000 s were
not considered.

Several considerations have to be made from this graph. Firstly, the transmit-
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ted intensity signal is constant for the first 200s and suddenly it increases. The
switching on instant of the green laser t,, corresponds exactly to 200s. The ab-
sence of any delay between t,,, and the start of signal rise confirms the effective-
ness of the LCs photo-actuation. In particular, it suggests that the LCs rotation
time is negligible compared to the time needed for the generation of the photoin-
duced field, which is equal to the carrier generation time and their transport in
Fe:LiNbO;. Indeed, there is no delay between the raising time of the transmitted
signal and the lighting time of the photo-actuation. This result is also confirmed
theoretically, considering the time scale involved in the system:

e the time scale of the LC rotation 7,, = 37 and for typical photoinduced
field 10° — 10°V m™!, ranges from 1ms to 1s (5CBs: 7; = 66 mPas, Ae =
0.5248);

e For the intensity used in this work the time scale of the photoinduced 7 (eq.
5.15) ranges from tens to hundred of seconds, much higher than the time
scale of the LC rotation.

Secondly, the variation of the signal recorded by the waveguide is only in-
fluenced by the presence of the LCs inside the channel, because the same ex-
perimental conditions measurements were performed with with water and the
signal does not present any similar increasing behavior, as shown in figure 5.9.
Therefore, any change of the transmission signal due to the effect of the photoin-
duced field or to the green light on the waveguide properties should be neglected.
As a consequence of these two considerations, the transmission signal should
follow exactly the exponential behavior described in equation 5.13. Indeed, as
far as the evanescent photoinduced field increasing, it should interact with LCs
deeper in the channel, because the electric field threshold for the interaction is
reached in deeper distance from the Fe:LiNbO; surface. In this way, the electric
tield aligns consequently LCs deeper in the channel, and the amount of aligned
LCs increases, thus inducing an increase of the red light beam transmitted signal
proportional to the amount of LCs oriented. Finally the transmission signal is
expected to have the same time behavior of the field:

t

[ = Io(l—e 7e) (5.27)

where 7, is the same of equation 5.13, and I, is the maximum intensity when
the field is equal to the saturation field E,;,.However, the red fit in figure 5.8
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shows clearly a bad interpolation of experimental especially in the range between
1200s and 3000s. This behavior of the data is due to the fact that equation 5.13
was obtained in approximation of light modulation m << 1. This approxima-
tion does not fit well with the gaussian illumination of this device, so that other
fourier terms should be considered in the expansion. Nevertheless, it is always
a good approximation for ¢ < 7 due to the fact that higher harmonics of the
space-charge field grow slower than fundamental one. This behavior is evident
in figure 5.8, where the data with ¢ < 600s is well described by the red curve, and
the 7 = 692 & 14 s. This value confirms that the correspondence between the pho-
toinduced electric behavior and the transmission signal one is really mediated by
the actuation of the LCs inside the channel.

In addition to the proof of the working principle provided by the previous mea-
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Fiqure 5.9. The graph represents the transmitted signal (i.e. Intensity in y-axis) throughout the waveguide,
during a photoactuation by means of a green laser at 66 mW with water inside the channel. The switching
on time of the latter was at 200s. The iron doped cover features for this measurements were 0.1 mol %
of iron concentration and a reduction degree of 0.033. The red line represents the mean value, while the
dashed ones have one standard deviation of distance.

surements, the next step was the demonstration of how this actuation can be
tuned by varying the compositional parameters of the Fe:LiNbO3. As explained
before, the reduction degree of the material can be modified by thermal treat-
ments to obtain the desired value. Since 7,. depends on the reduction degree
(equation 5.15), same samples can show faster or slower behavior, after a thermal
treatment. In order to test such tunability of the device, the same sample used
for the previous measurements underwent a reduction treatment to increase the
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reduction degree (i.e decrease the concentration of antisite Fe’* and at the same
time increase the concentration of the site concentration Fe**). The reduction ob-
tained at the end of the process was 0.2 and consequently the 7 should decrease of
about 6 times, since the 7 is inversely proportional to reduction degree (equation
5.15). After the treatment on the sample, the same measurement was performed
and the results is reported in figure 5.10.
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Figure 5.10. The graph represents the transmitted signal (i.e. Intensity in y-axis) throughout the waveg-
uide, during a photoactuation by means of a green laser at 66 mW. The switching on time of the latter was
at 40s. The iron doped cover features for this measurements were 0.1 mol % of iron concentration and a
reduction degree of 0.2. The red line represent the fitted curve of equation 5.27, where points from 75s and
200's were not considered.

As showed by the data, the 7 is decreased significantly from the previous case,
in particular the time constant derived by the fit from all the data is 29.51 £ 0.09s.
The saturation transmitted intensity is decreased from 60 % to 40 %, since the sat-
uration value of the field is proportional only to the antisites concentration Fe®".
However, this value is still enough for some optical applications, such as optical
spectral filters [181], which require high contrast. The data still presents a low
compatibility with the exponential behavior (i.e. the red function in figure 5.10)
for t > 7, especially for interval between 75s and 200s. Nevertheless, the expo-
nential description has still good agreement for ¢ << 7, but still the fit with small
amounts of points does not give a precise estimation for 7. A precise estimation
can still be obtains by means of a Taylor expansion of equation 5.27, taking the

linear term for t — 0:
a] Isat

ot ’t~>0 =

(5.28)
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In particular, the analysis of 7 is interesting since it is related to the intensity of
the green light (equation 5.15). So, the photoactuation should be tuned by the
change of /. The prove of this tunability is showed in figure 5.11, where several
transmission signal from the waveguides are reported during a photoactuation
with different green laser powers.
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Figure 5.11. The red points represents T values for the transmitted signal (i.e. Intensity in y-axis) at
different power illuminations of green laser. The iron doped cover features for this measurements were
0.1 mol % of iron concentration and a reduction degree of 0.2. The inset shows how these values are obtained
from the linear interpolation of the transmitted signal, which are the points with different blue brightness.

The graph highlights the linearity of 7 for a power range from 30 and 66 mW,
where 7 is estimated, as showed in the inset, from the linear interpolation of
time close to the switching on time. These results demonstrated how large is
the range of time constants tunability, indeed, the device can increase its re-
sponse time more than 7 times just using an attenuator of optical density 0.3
This improvement is due to the combination of two factors: the faster electric
tield growth, which has inversely proportionality with the green beam intensity
(equation 5.15), and the simultaneous faster reaching of the threshold electric
tield for deeper layer of LCs in the field of view of the waveguided red beam.
Therefore the temporal evolution of the waveguide signal is totally dominated
by the intensity photoinduced field and its time dependence: this allows for a
complete performances control of the optofluidic device (in terms of transmitted
light intensity and polarization) solely by the tuning the compositional properties
of Fe:LiNbO; cover.

These promising results show that deeper investigations on the tunability pro-
moted by the material are necessary, in order to exploit all the potentialities of-
fered by the device. In particular, the LCs orientations turning off and the general
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Figure 5.12. Transmitted signal of three consecutive photoactuations. The sample used was the same of
figure 5.10. The lighting times are evidenced by the green regions, which are limited by the turning on
times 70, 1240 s and 2350 s and the turning off ones 770s, 1900 s and 2950 s.

reproducibility of the phenomenon are the future steps to be studied in details
for a complete analysis of the system. In figure 5.12 an example of this feature is
given. The same reduced sample of previous measurements was used and three
consecutive photoactuations of the LCs were realized. As it is possible to notice,
the same transmitted signal as well as the time constant of the LCs reorientation
are highly reproducible, thus paving the way for the realization of an highly re-
usable optofluidic controller.
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Lab-on-a-chips are promising devices for a multitude applications, aimed to sub-
stitute operation typically done in laboratories in small platforms. The multidis-
ciplinary research efforts are focused on the realization of few centimeters size
devices, which can provide a wide and flexible toolkit. This work aimed to de-
velop and prove the potentiality of lithium niobate as a substrate for such plat-
forms.

The first part of this work was dedicated to the realization of microfluidic chan-
nels on lithium niobate: fabrication methods were investigated. Different tech-
niques were explored in order to realize a microfluidic circuits on lithium niobate
studying the drawbacks and advantages of each one, both the channels engraving
and the sealing procedures. The optimal fabrication technique for microchannel
was found to be the engraving by an self-polishing saw, which allows for an opti-
cal grade quality of channels walls in term of roughness, and thus, for optofluidic
coupling. This quality was tested with both atomic force microscope and opti-
cal microscope. Regarding the sealing, three procedures show high compatibility
with such a microfluidc structure, each one with advantages and drawbacks de-
pending on the applications and the reconfigurability. The optimized microfab-
rication procedure can be exploited for the realization of several microfluidic cir-
cuits, in particular this work focused on two droplets generators configurations,
a Tjunction and a cross-junction. Both these microfluidic stages were character-
ized in details: the wettability, the capabilities in terms of droplet stability, the re-
producibility and its performance. The water-in-oil droplets generation showed
a frequency and volumes compatible with the well-known scaling laws, and a
polydispersion better than 3 %, which in agreement with the other standard ma-
terial. This study demonstrated the feasibility of the realization of a microfluidic
closed stage in lithium niobate.

In the second part, the optofluidic integration was presented between the mi-
crofluidic channel and waveguide on the same substrate of lithium niobate. Sev-
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eral techniques can be used for the waveguides realization in this material, since
its famous exploitation in photonics. For optofluidic coupling with microchan-
nel, the best technique is the Ti diffusion. The waveguides realized for this pur-
pose were 5 um wide Ti-indiffused, and they are designed to be monomode in
the visible range propagation, since in several lab-on-a-chip application such a
wavelength range is required. Each fabrication steps were deeply described: the
photolitography, the sputtering of Ti, the lift off and the thermal diffusion. In
particular the Ti diffusion inside LiNbO; was characterized by SIMS and RBS in
order to study the optimal diffusion time to achieve a single mode waveguide.
The waveguides were characterized by a near field analysis, which allowed for a
transmission study of the losses and the output modes. The transmission losses
achieved were on average 3dB cm ™! for 632.8 nm, which is compatible with stan-
dard of literature. The shape mode was studied in details for demonstrating the
reproducibility of such a fabrication technique and for a future pigtailing cou-
pling with optical fibers. An analysis of the mode symmetry was performed on
more than 40 waveguides. Finally, the coupling with these waveguides and the
microchannel were presented: the channels were engraved in a substrate with the
waveguide, and the saw crossed the waveguides, in fact they were divided into
parts.

The light from the first part crosses and illuminates the channel. The waveg-
uide that acts a source therefore is called input waveguide. After being trans-
mitted by the medium filling the channel, the light can couple into other part of
the waveguide (output waveguide) on the other side of the channel, thus allow-
ing for optical transmission analysis across the microchannel. Such a coupling is
provided by the optical quality of the channel surface, and due to this feature it
represents an unexplored way of coupling waveguides to microfluidic channel.
It guarantees an self-alignment of the two waveguides, low transmission losses
and a optical probing direct on the channel and with a local intrinsic nature. This
local probe can be used for the measurements of flowing object in the channel or
as simply transmission probe on the liquid inside the channel.

In the third part of this thesis several applications of this coupling were proposed.
Firstly a novel optofluidic device was described, which aims to substitute the
standard microscope and camera system for imaging. This device can, indeed,
measure the frequency and the time interval of flowing objects in the channel
by their optical transmission response, analyzed by the waveguides system. In
particular, the system was tested with water-in-oil droplets, generated by an inte-
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grated T-junction, and the device showed a precision higher than standard setup,
and a never reached level of integration. The droplets optical transmission sig-
nal gave also several geometrical information on the droplets shape, such as the
volume and lengths. Moreover, a phenomelogical analysis of droplets generation
led to a phenomenological scaling law on the lubrication film during the squeez-
ing to dripping transition.

Another significant application proposed is the velocity measurements of ob-
jects flowing inside a microchannel, by changing slightly the structure of the
waveguide with a Mach-Zehnder interferometer configuration. In particular,
the coupling between this photonic structure and the channel allowed for a
never achieved before precision on the direct measurements of velocity inside
microchannel in a such integrated device. The system was based on a two ref-
erence points acting as optical triggers, but both can be analyzed by the same
waveguided output, due to the peculiar photonic configuration.

Secondly, the waveguide transmission signal was exploited for a pH titration
microfluidic operation, in order to neutralize an acidic or basic solution. The
optofluidic substrate guarantees a continuous monitoring of the pH of a solu-
tion with a pH indicator inside the channel, which can be use as a feedback to
control two flows of two opposite pH solutions for the chemical neutralization.
The lithium niobate high chemical resistance allowed for its use of either high
or low pH solutions, and thus this device achieved unique results, such as the
neutralization of either HCl and NaOH solution in microfluidic channel and the
simultaneous control. This simultaneous control can be further used for also pH
measurements, exploiting different wavelength and pH indicators.

Thirdly, the flexibility in term of channel configuration was exploited for the re-
alization of tilted channels respect to the waveguide, in order to control the re-
fraction of the light inside the channel by the liquid optical properties. This mi-
crofluidic actuation on the light transmission was exploited for the realization
of a stage, which can be considered as the first step for achieving a microfluidi-
cally actuated optical “multiplexer”. Among an waveguides array, the output
waveguide could be tuned by the optical properties of the liquid inside the mi-
crochannel, because of the refraction control inside the channel. The working
principle was confirmed by air and water at a wavelength of 632.8 nm, thus open-
ing several future investigations on possible spectral filter application and other
more sophisticated multiplexing operations tuning the uncertainty relation of the
medium inside the channel.
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All this promising applications showed the feasibility of a lab-on-a-chip based
on a optofluidic driven LiNbO; substrate. These results represent only the first
investigation on the potentialities of LiNbO; for optofluidic device, indeed the
capabilities offered by this material properties can represent a breakthrough in
the lab-on-a-chip technology. Among the others, the photovoltaic effect was al-
ready demonstrated to be optimal properties to generate electric field to manip-
ulate microobjects. The last part of this work focused on the demonstration on
the combination of a photovoltaic tweezers on the optofluidic device previously
presented. A cover of lithium niobate doped with iron was implemented to the
substrate with the microchannels and the waveguides, such a doping was real-
ized to increase the capability of photoinduction of electric field on its substrate.
In order to demonstrate the interaction of such a photoinduced electric field, this
device was tested with liquid crystals, which can be oriented in the direction of
the electric field. Their orientations were controlled by the electric field and it
influenced the polarization optical transmission of the waveguide. In particular,
this thesis showed how the electric field interaction power can be tuned by the
compositional properties of the cover and the photoinducing laser intensity, de-
pending on the needs of the applications.

In conclusion, this thesis is a first proof on the potentiality of monolithic lab-on-
a-chip realized in lithium niobate. A well defined fabrication protocol was de-
veloped for the realization of an optofluidic coupling between microchannel and
Ti-indiffused waveguides, which represents the main building block for several
integrated devices in lab-on-a-chip technology and optofluidics. In both fields,
this coupling was succesfully exploited for achieving novel interesting results.
Moreover, the device was integrated with a photovoltaic tweezers, demonstrat-
ing the feasibility of a integration of a complete toolkit on the same LiNbO; sub-
strate, exploiting its multiple properties. These promising results represent only
the first step of a long and wide way to bring lithium niobate lab-on-a-chip inside
to people pockets. However, the large variety and unique combination of prop-
erties of this material could be a breakthrough to pave the way for a revolution
in this field.
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