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Introduction

The Greek word "plastikos", which means "suitable for moulding", suggests the reason why plastic
has become an essential element of human life. The malleability or plasticity ensured by this material
during production and processing allows plastics to be cast, pressed or extruded into a wide variety of
shapes such as őlms, őbres, sheets, tubes, bottles and boxes, thus őnding use in different industries.
The Plastics - the Facts 2022 report, presenting an analysis of the 2021 data related to plastics pro-
duction, demand, conversion and end-of-life management in Europe, shows that, after a stagnation in
2020 due to the Covid-19 pandemic, the global plastics production increased to 390.7 million tonnes
in 2021 with a rise of 4%, proving the strong and continuing demand for plastics [1].
Despite the current policy of good practice and awareness raising for the reuse and recycling of waste at
least in the more developed countries, the presence of plastic accumulations in particular in our oceans
is still large and extremely alarming with repercussions on tourism, shipping, őshing and aquaculture.
Considering that the global cumulative production of plastic is expected to reach 34 billion metric tons
by 2050 [2], the around 10,000 tons of plastic waste ending up nowadays in the surface waters or on
the ocean ŕoors is destined to increase [3]. The propensity of plastic products to absorb solar ultra-
violet (UV) radiation and undergo photolytic, photo-oxidative, and thermo-oxidative reactions results
in their degradation, which, though, is not complete. As a consequence, these synthetic polymers are
fragmented into smaller and smaller debris of sub-millimetric dimension, called microplastics (MP) [4].
A study by the International Union for Conservation of Nature (IUCN) [5] identiőed synthetic textiles
(35%), tires (28%) and city dust (24%) as the principal sources of microplastics, i.e. particles with
a size ranging from 1 nm to 5 mm (according to GESAMP1 [6]), in addition to őbres with a length
between 3 nm and 15 mm and a length-to-diameter ratio that must be greater than 3, made mainly of
polypropylene (PP), polystyrene (PS), polyamides (PA), polyethylene terephthalate (PET), polyvinyl
chloride (PVC), polyacrylonitrile (PAN) and polymethylacrylate (PMA) [7].
The widely documented contamination of marine and freshwater environments by MPs represents a
serious concern not only for aquatic organisms, which ingesting them undergo impaired reproduction,
malnutrition, internal abrasions, and blockages [8], but also for human health, since the presence of
microplastics has been revealed even in drinking water and foodstuff, such as ősh and mussels, table
salt, sugar, honey and milk [9]. Although ingestion is considered the principal pathway of exposure
for humans, the detection of MPs in lung tissues conőrms that inhalation is an other exposure route
[10] as well as dermal absorption. Particles smaller than 100 nanometers can pass the dermal barrier
exposing the immune system to toxic and dangerous chemicals, metals and pathogenic organisms. As
a concequence, microplastics can be considered highly risky because they have been demonstrated to
be a courier for them at concentration several orders of magnitude higher respect to the levels in the
surrounding environment.

The capability to identify and quantify MPs plays a fundamental role in the attempt to limit and
reduce the impact they have, both on aquatic and terrestrial ecosystems, as fearsome pollution source.
The separation, manipulation and characterization of microplastic particles, however, is a very chal-
lenging process due to their extremely small particle size, almost invisible to the naked eye, and complex
chemical composition, cross-contamination and inhomogeneous nature. Indeed, the lack of standard-
ized procedures of sampling, sample preparation, and detection represents the major obstacle to deőne
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a validated methodology for MPs sorting [11]. Consequently, MPs measurements are performed with
different protocols, depending on the research questions and objectives of the study. Nevertheless, all
methods follow an analysis workŕow based on three common steps: sample extraction, preliminary
őltration (i.e. separation of microplastics from sediments) and isolation, identiőcation [12].
Up to now, a variety of methodological approaches for the microplastics quantiőcation is available,
but their application depends on the dimension and shape of the particles and/or őbres to be inves-
tigated as well as on the processing aim. The most commonly used technique providing MPs visual
sorting relies on their morphological classiőcation and characterisation by light microscopy, assuming
shape, degradation stage, and color as criteria. However, this approach underestimates small frag-
ments (< 50 µm) and creates false positive results for long őbres (< 200 µm) [13] which, instead, are
clearly identiőed by employing the scanning electron microscope (SEM), providing extremely clear,
high-magniőcation images of microplastics up to 10-20 µm. The elemental chemical composition of
polymers can be derived relating SEM measurements to EDS (energy dispersive X-ray spectroscopy)
microanalysis, while, complete information on plastics molecular and bond structure is provided by
advanced spectroscopy techniques such as FTIR and µFTIR, Raman and µRaman microscopy which
allow the characterization of plastic particles with spatial resolution below 50 µm and 1 µm respectively
[13]. To sort millemeter-size MPs, instead, some destructive analytical techniques - such as differential
scanning calorimetry (DSC) and thermogravimetric analysis (TGA) - based on the measurements of
changes in the polymers physical and chemical properties, are proposed in literature together with
gas/liquid chromatography in combination with mass spectrometry [7].
It is worth noting that, at the moment, in the framework of plastic particles investigation, there are
no effective techniques allowing the detection and investigation of sub-micrometric MPs, having a di-
ameter ranging from 100 nm and 10 µm [14].

In this thesis project, a preliminary study has been performed on the development of new reliable
procedures for the detection and identiőcation of MP materials dispersed in water. The aim is to
overcome the limitations of the technologies not suitable to characterize micrometer sized plastics and,
in perspective, to provide cheap and compact MPs analysis tools that would be easily marketable
Plug-and-Play devices.
The idea is to exploit an opto-microŕuidic platform integrated in a lithium niobate (LiNbO3, LN)
substrate to generate and detect MilliQ water (dispersed phase) droplets dispersed in hexadecane (con-
tinuous phase), containing microplastics. The droplet generation is provided by setting up a laminar
regime in a microŕuidic circuit engraved on the LN substrate designed in a cross-junction conőgu-
ration. The main microchannel, where droplets ŕow, cuts perpendicularly the device’s optical stage
composed by Ti-indiffused optical waveguides, realized on the same substrate in a Mach-Zehnder inter-
ferometer (MZI) conőguration. A proper coupling of a laser beam (λ=532 nm) at the waveguide input
allows a real time monitoring of the droplet, which is illuminated passing across the two MZ branches,
triggering an optical transmission (OT) signal collected at the guide output. The performances of
this Lab-On-a-Chip platform has been already tested with the mentioned opto-ŕuidic conőguration
in previous works ([15][16]) where, however, pure water droplets have been considered. In this study,
instead, aqueous solutions with different concentrations of spherical plastic microparticles have been
produced to generate sequences of droplets exploited then to evaluate and verify, also on the basis of
the results obtained in [14], the ability of the chip to detect the content of such solutions. This analysis
will be performed by the acquisition of a voltage signal describing the interaction between the droplets
ŕowing in the channel and the laser coupled in the waveguide. The passage of a droplet in front of the
MZ arms induces a transmission variation of the detected light which is then converted by a suitable
electronics in a modulation of the voltage signal providing information on the dispersed phase content.
This work is therefore a pioneering feasibility study that to be validated, required microplastics stan-
dards. As a consequence in order to have the better possible control on MPs dimension and compo-
sition, it has been decided to employ plastic microparticles of industrial manufacturing. In this work
we mainly focused on polystyrene (PS), being one of the most diffused plastics both for industrial and
everyday applications.
Table 1 reports the Research Particles (microParticles GmbH, Berlin, Germany) micro and nano



3 Contents

spheres used in this thesis project.
The experimental activity, as mentioned, was mainly centered around PS microparticles investigation,
while PMMA spheres has been introduced only in a later test aimed to evaluate the device perfor-
mance by considering plastic materials diverse from polystyrene. Each type of PS microplastic (in the
following called: PS-340 nm, PS-617 nm, PS-1050 nm, PS-2500 nm and PMMA-2500 nm respectively)
has been diluted in MilliQ solutions at different concentrations and adopted as dispersed phases to
generate sequence of droplets. After deőning a measurement and analysis protocol, the responses of
the opto-microŕuidic chip have been examined as a function both of the spheres diameter and of the
MPs solutions concentration, investigating also the frequency content brought by a droplet signal. Ex-
perimental data have been explained in terms of a theoretical model. Finally some applications of the
őndings deduced by the data analysis are explored by setting different experimental conditions, such as
the aforementioned test with the PMMA-2500 nm particles and the effect of the electric őeld exposition
on the microplastics enriched droplets is presented as future perspective to increase the microplastics
detectivity. In this case a new approach has been implemented that combines virtual electrodes written
by suitable illumination of LN and the exploitation of its photovoltaic effect. The consequent building
up of a local space-charge electric őeld designed to interact with the ŕowing droplets has been used to
compare the water droplet response with and without microplastics.

Batch No. Mean diameter (µm) Standard-Deviation (µm) W/V solids content

PS-R-KM303 0.34 0.01 5%
PS-R-B1155 0.617 0.02 5%
PS-R-KM612 1.05 0.03 10%
PS-R-KM595 2.5 0.03 10%

PMMA-R-L2835 2.5 0.06 10%

Table 1: Research Particles microspheres.

This thesis is composed of 5 chapters:

• in Chapter 1 the mechanism generating droplets is discussed by resorting to the speciőc dy-
namic characterizing the geometry of the microŕuidic circuit exploited. The optoŕuidic platform
adopted is then introduced by presenting the main lithium niobate properties followed by a de-
tailed description of the microchannels engraving technique employed and the realization process
of the integrated MZI waveguides. The chapter ends with the experimental setup description;

• in Chapter 2, the initial discussion about the optical sensing capabilities provided by the platform
will be discussed with special attention of the role of optical triggering that the platform allow
to achieve. The optical response of the device in presence of MPs in a dispersed phase is therfore
presented. Then, the measurement and analysis protocols are deőned on the basis on preliminary
trials. The brief section at the end of the chapter, instead, concerns the investigation of the
frequency content of the OT signals acquired, based on power spectrum computation. The main
results of this analysis are reported in Appendix A;

• in Chapter 3 the experimental results obtained in this work are shown, with special care devote to
evaluate the behaviour of the two analysis parameters deőned in the analysis protocol in Chapter
2, as a function of the different solutions concentrations and diameter microparticles;

• Chapter 4 proposes some hypothetical models őtting the experimental data describing the trends
of the reference estimator parameter, deőned in the analysis protocol, in terms of the MPs
concentrations;

• in Chapter 5 the őndings derived in Chapter 3 are initially exploited to discuss the results
obtained by testing as dispersed phase the solutions with PMMA-2500 nm particles. Then, the
same is done by mixing two solutions containing spheres of different dimension. Finally, at the
end of the chapter, a space-charge electric őeld is induced in the lithium niobate substrate of
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the optoŕuidic platform to explore its effects on MPs solutions, given the known results from a
previous work [15] on pure water droplets.



Chapter 1

Lithium niobate Lab-on-a-Chip platform:

microŕuidics and fabrication

In this chapter, a description of the working regime generating droplets is provided in section 1.1, by
focusing on the dynamic of the exploited microŕuidic circuit geometry (T-junction). In section 1.2
the opto-microŕuidic platform employed to produce and detect droplets is presented. Since the device
substrate is made of Lithium Niobate, the main properties of this material are brieŕy summarised
and the fabrication process of a Ti in-diffused optical waveguide is therefore illustrated, with special
attention to Mach Zehnder-based conőguration of (MZI) waveguides exploited in this project. Finally,
the process of integration of the microŕuidic channels is discussed providing a description on how
they are, engraved in the same substrate where the optical guides are realized. In this thesis a closed
microŕuidic geometry has been exploited as a consequence some details will be given the chip sealing
procedure and LN functionalization. The experimental setup, instead, is depicted in section 1.3.

1.1 Microŕuidics

Since the early 1960s, the society has witnessed the most rapid technological development of its history:
the miniaturization of electronic devices. This progress in miniaturizing, down to sub-micrometric
sizes, involved microelectronics as well as many other őelds and several kinds of systems - such as
mechanical, thermal or electromechanical - giving rise in the 1980s to a new őeld known as MEMS
(microelectro-mechanical systems). Later, in the 1990s, this domain became extremely diversiőed with
MEMS devices being fabricated for chemical, biological and biomedical applications, where ŕuid ŕows
operating under unusual and unexplored conditions.
This led to a strong cross-fertilization among different őelds paving the way to new disciplines such as
microŕuidics, i.e the science and engineering of systems in which ŕuid behavior differs from conventional
ŕow theory primarily due to the small length scale of the system [17][18].
In particular, microŕuidic technology processes or manipulates amounts of ŕuids ranging from µL to
pL and relies on channels with dimensions of 10 to 500 µm [19] As a consequence, microŕuidic channels
operate in a laminar ŕow regime characterized by Reynolds number Re such that

Re =
ρdv

µ
< 100 (1.1)

where ρ and v are the ŕuid’s density and average velocity respectively, d is the characteristic linear
dimension of the ŕow and µ the dynamic viscosity of the ŕuid [20].
Since a turbulent ŕow regime is never experienced (Re<100 is well below Re ∼ 2000 that Reynolds
demonstrated to be the value at or near which the transition from laminar to turbulent ŕow occurs
[21]), under these conditions no mixing happens between different phases, making microŕuidics to
be suitable for producing controlled emulsions of two or more immiscible ŕuids. Consequently, the
possibility to achieve dispersed phases in a continuous one has been seen as a high potential not only
for applications in physics but also in the biological, chemistry and medical őelds [22].
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1.1.1 Droplet generation

The advantage provided by the laminar regime, combined with the high resolution and sensitivity in
detections, low cost and fast analysis [19], is widely exploited in droplet microŕuidics, where small
volumes of ŕuids are produced with high precision manipulation.
Droplets of one phase (such as water), can be spontaneously produced if combined with another phase,
that being immiscible, plays the role of a continuous phase (typically oil) where the droplets are dis-
persed in. For this reason normally we use the term of dispersed and continuous phases.
Several droplet generator conőgurations have been developed and studied since microŕuidic’s birth,
with the common aim to ensure high reproducibility but also low dispersion in volume of droplets and
high range of droplets frequency. In general, they can be divided in two main categories: active and
passive. Both of them require external pumps to inject both phases in the microchannels. However,
the former makes use of additional energy input - by applying additional forces either from electrical
and magnetic őelds or mechanical controls - to promote the interfacial instabilities needed for droplet
generation (i.e droplet break-up). The latter, instead, acts without external actuation by relying on
the circuit’s geometry as well as the inertial and viscous properties of the ŕuids. [23]
This thesis’ project exploited a passive droplet generator based on a T-junction geometry, one of the
most employed because of its simplicity and ability to produce monodisperse droplets. It is directly
obtained from the cross-junction conőguration, where the continuous and dispersed phase ŕuids, la-
beled in the following with the subscription c and d respectively, ŕow in two microŕuidic channels that
cross each other orthogonally, shaping a crosswise junction. By closing one extremity of the secondary
channel where the ŕux Qd is injected, perpendicular to the main one where Qc ŕows, the T-shape
junction is formed.
The droplets production can differ varying the ŕuxes Qd and Qc, besides being strictly dependent on
the physical parameters characterizing the ŕuids injected, such as the viscosity (µc,µc), the density
(ρc,ρd) and the surface tension in combination with wettability properties, which affect the phases’
contact angle with the channel surfaces.
In general, in order to explain the physical mechanisms of droplets generation, it has been demon-
strated that regardless the working conditions, droplet shearing off is induced by the forces exerted
by the continuous phase on the dispersed one entering the main channel. Therefore, depending on
the competition of the capillary, viscous, and inertial forces involved, three different regimes can be
distinguished [24][23][15]:

• co-ŕow: in this regime, ŕuids have similar viscosities; the interfacial tension between them is
high as well as their wettability on channel surfaces. No droplets are formed since the two phases
ŕow parallel to each other undisturbed with small velocities;

• jetting: this working condition occurs when the sum of viscous forces exerted by continuous-
ŕuid and dispersed-ŕuid inertia overcomes interfacial tension forces; due to its intrinsic instability,
this regime allows high frequency generation of small droplets but with a wider dispersion in the
droplets volumes;

• dripping: unlike the jetting, this regime produces highly monodispersed droplets at a high
but steady rate. The breakup of the droplet is dominated by the viscous force exerted by the
continuous phase on the dispersed one and occurs at the junction and not after a small portion
of the main channel, as in the previous case.

Among the regimes described in őgure 1.1, the dripping, thanks to its stability, is the most studied
regime and the one most devices are designed on.
In the case of cross-ŕowing geometries, including such as T-junctions, another regime is feasible, called
squeezing. In this case the dispersed phase completely obstructs the main channel before that the
break-up occurs, generating larger droplets that completely őll the main channel, as represented in
őgure 1.2. This behavior is led by a balance between the shear forces proportional to the continuous
phase velocity, higher at the junction since the channel is partially obstructed by the dispersed phase,
and the force driven by the pressure drop across the emerging droplet that acts differently on dripping
and squeezing regime [24]. The latter is the working condition of choice for this work.
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Figure 1.1: Sketch of the three typical working regimes in a T-junction droplet generator. Image
taken from [15].

The őrst detailed theoretical model describing the production of droplets in the T-junction geometry

Figure 1.2: The different stages of droplet generation in a microŕuidic circuit with a T-junction
conőguration operating in squeezing regime is depicted. The dispersed phase, emerging from the
secondary channel, progressively őlls the main channel as long as the continuous phase ŕowing in it is
blocked; the pressure build-up squeezes the dispersed phase upstream, shrinking the neck until break-
up of the droplet takes place [24]

.

was proposed by Garstecki et al. [25]. They identiőed, in addition to the shear stress force and the
surface tension force analyzed by Throsen et al. [26], a third force acting on the dispersed phase tip
growing at the ŕuid-ŕuid interface: the one arising from the pressure drop occurring at the junction.
The balance among these forces is analytically described by the capillary number Ca, expressed by

Ca =
µcvc
γ

, (1.2)

which Garstecki’s work indicated as the parameter to distinguish between the dripping and squeezing
regimes. At higher Ca values, the droplet break-up is dominated by the viscous shear forces, which are
provided by the continuous phase viscosity µc and average velocity vc and produce the small droplets
distinctive of the dripping regime; on the contrary, at lower Ca, the capillary pressure given by the
interfacial tension γ is dominant, promoting the formation of droplets that occupy the entire width of
the channel, giving rise to the squeezing regime.
The same authors obtained also that the droplet’s length is strictly dependent on the ratio of the
volumetric rates of ŕow Qd/Qc, according to the law:

L

wc
= 1 + α

Qd

Qc
, (1.3)

where α ≈ wd/wc is a constant of order one (since wd and wc are of the same order of magnitude)
depending on the geometry of the T-junction, wd and wc are the widths of the secondary channel and
main channel respectively.
However, the scaling law expressed by the equation 1.3 has proved to be valid only in squeezing working
condition and in a small range of Ca values. An extension to an intermediate squeezing-to-dripping
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regime was justiőed by the model proposed by Christopher and co-workers [27], which provides a
detailed analytical evaluation of the forces involved in the droplet breakup. Their study was based on
a spherical shape description of the dispersed phase tip emerging at the intersection of the channels,
as illustrated in őgure 1.3, where the sphere’s radius b is connected to the dispersed phase by a neck
of width s, equal to wd.
The dynamic of the droplet process generation is governed by the relation

Fσ + Fτ + FP = 0 (1.4)

where the balance among the capillary force Fσ, the drag force Fτ and the squeezing pressure one FP ,
according to Christopher et. al hypothesis, determines the instant at which the break-up starts.
These three forces are given by the expressions:

• Capillary force

Fσ ∼
[
−σ

(
2

b
+

2

h

)
+ σ

(
1

b
+

2

h

)]
bh = −σh (1.5)

that describes the difference between Laplace pressures σ
(
1
b +

2
h

)
and −σ

(
2
b +

2
h

)
acting re-

spectively upstream and downstream with respect to the droplet (curvatures are approximated),
multiplied by the projected area of the emerging interface bh, where h is the depth of the channel

• Drag force

Fτ ∼ µc
vc

wc − b
bh ∼ µc

Qc

(wc − b)2
b (1.6)

describing the force due to the viscous shear stress applied on the emerging dispersed phase
droplet by the continuous phase ŕowing in the main channel. The shear rate is approximated by
taking the ratio of the Qc average velocity vc, evaluated in the gap between the phases’ interface
and the wall of the channel, divided by the gap (wc − b);

• Squeezing pressure force

FP ∼ ∆pcbh ∼ µc
vc

wc − b

b

wc − b
bh ∼ µc

Qcb
2

(wc − b)3
(1.7)

which is obtained from a lubrication analysis, as studied by Stone [28], for the pressure during
the ŕow in a thin gap with aspect ratio (wc − b)/b

Figure 1.3: In this sketch the droplet emerges right before the break-up instant as discussed in the
model proposed by Christopher and co-workers [27].

The shrinking process, leading to droplet generation, takes place when Fτ and FP overcomes the
capillary force Fσ opposing the droplet pinch-off. By comparing equation 1.4 to equations 1.5, 1.6
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and 1.7 it is possible to derive the neck length b reached in the shrinking. It conőnes the Qd volume
connecting the dispersed phase still ŕowing in the inlet microchannel and the emerging droplet within
Qc.
The time required for the break up is estimated with the quantity tsqueeze ≈ wd/vc ≈ wdwch/Qc that
provides the additional contribution to the droplet’s length due to the shrinking process when it is
multiplied by the droplet speed vgrowth = Qd/bh during its growth. Therefore, the total length of the
generated droplet is given by the law:

L

wc
= b̄+

Λ

b̄

Qd

Qc
(1.8)

where b̄ = b/wc and Λ = wd/wc. As a consequence of the fact that the parameter Λ coincides with α
parameter introduced by Garstecki and co-workers, the result obtained in 1.8 is traced back to equation
1.3 with b̄ → 1. this condition is veriőed in the squeezing regime, since b is close to the channel width
wc during the droplet detachment.
In addition to the droplet length, another relevant quantity to be considered in the droplet gener-
ation process is the droplet production frequency. Christopher et al. derived it from experimental
observations deőning

f̄ =
µcwc

γ
f ∝ Ca1−δ, (1.9)

a power law valid for constant values of ϕ = Qd/Qc, where 1 − δ is experimentally determined to
be 1.31±0.03 and independent of the ŕuids viscosity as well as on the parameter Λ. The mentioned
frequency f̄ directly affects the rescaled volume V̄ = V/w2

ch = L̄b̄ of the single droplet, since it is
provided by the power law

V̄ =
ϕCa

f̄
∝ Caδ. (1.10)

with δ = −0.31± 0.03.

In this work, the liquids used as continuous phase and dispersed phase are hexadecane1 with SPAN®

802 surfactant at 3 % (w/w) (in the following: hexadecane) and Milli-Q® water (in the following:
MilliQ), respectively. The latter is employed to produce the solutions containing plastic microparti-
cles, which are also adopted as dispersed phases.

1.2 Opto-ŕuidics platform

In this thesis, the generation and detection of droplets have been provided by employing a Lab-on-a-
Chip prototype entirely made on lithium niobate (LiNbO3) crystals, able to detect the single droplet
passage and estimate its size without the need of any imaging processing. It is an opto-microŕuidics
platform based on the coupling of a self-aligned integrated optical stage to a micrŕuidic one. The
optical stage is, made of an array of optical waveguides realized by exploiting the Titanium in-diffusion
approach. The miroŕuidic one, instead, is made of a cross-junction (or T-junction) geometry engraved
in the same monolithic substrate by means of a mechanical micromachining process [29][30].

1.2.1 Lithium niobate

Lithium niobate (LiNbO3) is a crystalline dielectric material with very interesting properties and
characteristics that make possible to tailor its behavior for several different applications, incluiding
microŕuidics technology. This compound is colorless, chemically stable and insoluble in water and or-
ganic solvents. Due to its physical and optical properties, such as electro-optic effect, birefringence and
piezoelectricity, lithium niobate is widely exploited in the őelds of integrated optics and photonics as
well as in the control of light beams through the generation of surface acoustic ultrasonic waves (SAW).
As a consequence, it is ideal for the development of integrated waveguides, Pockels cells, electro-optical
and acousto-optical modulators and switches, non-linear optical frequency converters and diffraction
gratings, making this material very appealing in the telecommunication industry [31][32][33].

1Hexadecane: CH3(CH2)14CH3, CAS number: 544-76-3, molar mass MM = 226.44 g mol−1, density ρ = 0.77 g cm−3

2SPAN® 80: C24H44O6, CAS number: 1338-43-8, molar mass MM = 428.62 g mol−1
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LiNbO3 crystals are ferroelectric with a Curie temperature TC ≈ 1140◦C .
At room temperature, the crystal exhibits a mirror symmetry about three planes that are 60◦ apart,
whose intersection identiőes a three-fold (120◦) rotational symmetry axis. These symmetries properties
classify LiNbO3 as a member of the R3c space group. Since in the trigonal system the deőnition of the
crystallographic axes is not unique, it is possible to consider three different conventional cells (hexag-
onal, rhombohedral or orthohexagonal) with the orthohexagonal one that is the most functioning in
the description of this material physical properties by means the tensorial formalism.
The lithium niobate structure consists of oxygen atoms arranged in planar sheets in a slightly dis-
torted hexagonal close-packed conőguration. The octahedral interstices formed by oxygens disposition
are one-third őlled by lithium atoms, one third by niobium atoms and one third are vacant, following
the order Li-Nb-vacancy along the z axis.
For temperatures above TC , in the paraelectric phase where the material does not display polarity,
lithium atoms lie in the oxygen planes őlling the previous mentioned interstices, while niobium ions
are located at the center of the octahedral structures.
At T<TC instead, a spontaneous polarization is established by the shifts of the Li ions and Nb ions
with respect the atoms’ positions in the paraelectric phase. Both of them move along the z-axis, with
the former by about 44pm from O planes and the latter by 27pm from the center of the octahedra.
[35][15]

Physical properties

The main physical properties characterizing the LiNbO3 are [35]:

• birefringence;

• electro-optic effect that produces a refractive index variation due to electric őeld application,
inducing in the lithium niobate the Pockels and the Kerr effect;

• piezoelectricity, the effect inducing a polarization in response to an applied mechanical stress;

• pyroelectricity that generates a variation of the spontaneous polarization as a function of tem-
perature;

• bulk photovoltaic effect, with the production of a current established by the electrons excited by
uniform light illumination;

• photorefractive effect, which accounts for a refractive index change of a material when it is
irradiated by a non-uniform light.

Below, the properties of major interest are set out in more detail.

Birefringence and optical properties

Lithium niobate is a transparent crystal, with high optical transmissivity in the range λ = 350 ÷ 3500
nm. Its characteristic birefringence is led by the crystallographic structure and symmetry properties
which set the anisotropy of the permittivity tensor. The latter, in the orthohexanogal cell reference
framework, is represented by a 3x3 matrix:

ϵ̄ =



ϵ11 0 0
0 ϵ11 0
0 0 ϵ33


 (1.11)

The ordinary refractive index, experienced by electromagnetic waves polarized in the direction parallel
to the xy plane and perpendicular to the optical axis (z-axis), is expressed by the quantity no =

√
ϵ11/ϵ0

while the extraordinary one is deőned by ne =
√

ϵ33/ϵ0 and it is seen by light polarized parallel to the
optical axis z and propagating in the xy plane.
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These indices depend on light wavelength λ, on the composition of the crystal as well as on the presence
of extrinsic impurities in the latter. In the wavelength range λ = 400 ÷ 3000nm and for a compositions
of Li CLi = 47 ÷ 50mol%, the generalized Sellmeier equation [37],

n2
i =

A0,i +A1,i(50− CLi)

(λ0,i − λ−2)
+AUV,i −AIR,iλ

2 (1.12)

interpolates the mentioned refractive indices dependence, with an accuracy of 0.002 on ni, i = {o, e}.
Here, the intensity factors A express contributions to the refractive indices in the visible, the near visible
and the near infrared region. In particular, the coefficients A0,i and A1,i account for the contribution
given by Nb on Nb sites and Li sites respectively; AUV and AIR, instead, refer respectively to UV
contribution due to plasmons and IR region contribution given by phonons.
In the case of λ=632.8 nm the ordinary and extraordinary refractive indices are:

no = 2.287± 0.002 ne = 2.203± 0.002 (1.13)

Ordinary Extraordinary

A0 4.5312 · 10−5 3.9466 · 10−5

A1 2.7322 · 10−5 8.3140 · 10−5

λ0 223.219 218.203
AUV 2.6613 2.6613
AIR 3.6340 · 10−8 3.0998 · 10−8

n 2.2866 2.2028

Table 1.1: Fitted parameters for the Sellmeier equation 1.12 [37]. The refractive indices values are
obtained for room temperature and a wavelength λ = 632.8 nm.

Pyroelectric effect

This effect, that inŕuences material’s spontaneous polarization according to the temperature, is present
in lithium niobate in the ferroelectric phase and it is caused by the shifts of lithium and niobium ions
with respect to the oxygen sheets.
It is possible to deőne the spontaneous variation of the polarization ∆P as a linear function of the
temperature variation ∆T, according to the expression:

∆P = p∆T (1.14)

where p = (0, 0, p3), p3 = −4 · 10−5 C m−2 K−1, is the pyroelectric tensor whose form is because Li
and Nb position shifts occur only along the z-axis. Note that the negative value of p3 indicates, that
upon cooling, the +z crystal face will become more positively charged as previously discussed.

Bulk photovoltaic effect

The bulk photovoltaic effect is manifested as a short circuit current induced by an uniform illumination
of the material and arises typically in non-centrosymmetric crystals [31]. In the case of lithium niobate,
it was discovered in 1974 by Glass and co-workers [38]. The photo-excited electrons are generated in
the light’s absorbing center by means of optical interactions; they move along a preferential direction
with a current that can be expressed as:

jphv,i = βijkeje
∗

kI = αkG,ijkeje
∗

kI (1.15)

where βijk is the photovoltaic tensor, ej and ek are the unit vectors describing the polarization of the
incident light, while I is the intensity. Introducing the light absorption coefficient α of the material, it
is possible to evaluate the so-called Gauss coefficients tensor kG,ijk = βijk/α.



13 1.2. Opto-ŕuidics platform

According to experimental values reported in the literature, the current mainly drifts in the direction
parallel to the z-axis [39].
The combination of the electro-optic and photovoltaic effects generate the photorefractive phenomena.
It relies on the presence of intrinsic or extrinsic impurities with two valence states. These impurities,
in fact, add intermediate levels in-between the valence and conduction bands of the pure crystal acting
both as donors or acceptors depending on their valence state. As a consequence, when a non-uniform
light pattern interacts with the material, the induced non-uniform charge distribution in the crystal
triggers an internal space-charge electric őeld, which modulates the material refractive index by means
of the electro-optic effect.
In the case of lithium niobate, this double role of donor and acceptor state is fulőlled by the niobate
antisite, since Nb4+ acts as a donor state while Nb5+ as an acceptor one. Furthermore, the photore-
fractive effect is highly enhanced if the crystal is conveniently doped. The most common choice for
doping is iron, which provides the two valence states Fe2+, acting as a donor, and Fe3+, acting as an
acceptor.

1.2.2 Optical waveguides

Optical waveguides, also known as "dielectric" waveguides, are regions where light is conőned and
guided in optical circuits. They can come in a wide variety of shapes and sizes, and the miniaturiza-
tion of such systems, in the form of thin őlm waveguides, has been proven to minimize the effects of
ambient conditions and optical signals’ loss of information, while possessing high power densities [24].
The simplest dielectric guide is the planar slab guide shown in őgure 1.6, where a planar őlm of re-
fractive index nf is sandwiched between a substrate and a cover material with lower refractive indices
ns and nc (nf > ns ≥ nc).

Figure 1.6: Sketch, taken from [40], of the propagation of a wave in a planar slab guide.

Typical differences between the indices of the őlm and the substrate range from 10−3 to 10−1, and a
typical őlm thickness is 1 µm. The light is conőned by total internal reŕection at the őlm-substrate
and őlm-cover interfaces [41].
Lithium niobate, as before mentioned, is widely used not only in photonics but also in the telecom-
munication industry, being one of the best materials for the realization of optical waveguides thanks
to its very low optical absorption (∼ 0.1 dB/cm) in the typical employed telecom wavelengths ranging
from 1260 nm to 1675 nm. Since the mid-70’s, the most common integrated optical waveguide-based
devices in lithium niobate crystals have been realized by exploiting Ti in-diffusion. For this reason, this
technique is one of the most widespread and studied of all the LN technology. Although other tech-
niques allow achieving higher optical conőnement, Ti-in-diffusion is advantageous for the production
of devices since it maintains the electro-optic properties of LiNbO3 and ensures good light conőnement
on both ordinary and extraordinary refractive indices, allowing both TE and TM propagation modes
[42].
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State of the art

An overview of the other most employed fabrication techniques for integrated optical waveguides in
lithium niobate is provided.

Proton exchange It is based on the substitution of lithium ions Li+ in the crystal matrix with
hydrogen ions H+ by submerging the lithium niobate substrate in a liquid substance rich of
hydrogen ions, usually benzoic or toluic acid, at high temperature (150÷400◦C). This process is
followed by a subsequent annealing in a controlled atmosphere, leading to the so-called Annealed
Proton Exchange (APE) that ensures a better resistance of the material to optical damage.
The advantage of this technique is a high variation of the extraordinary refractive index of the
order ∆ne ∼ 0.1, with the ordinary one, on the contrary, that remains unchanged. The main
drawback, instead, is that the proton exchange inŕicts on the lithium niobate the loss of its
electro-optical properties.

Ion implantation This method consists of bombarding ions at őxed energy and incidence angle with
respect to the normal of the material surface. Depending on the ion energy - between a few MeV
and more than 20 MeV [43] - and mass, both electronic excitations and nuclear interactions can
contribute to the crystal modiőcation and, as a consequence of this, to a refractive index change,
up to an order of 0.1.
A subsequent thermal annealing process allows the recovery of the optical transparency charac-
terizing the LiNbO3 as well as the elimination of the damage induced by the ion implantation. If
the high refractive index variation obtainable in both the ordinary and extraordinary directions
represents a clear beneőt, the cost and the dimension of the facilities to accelerate ions limit this
technique’s use.

Laser writing The main advantage of this approach is that three-dimensional waveguide structures
can be fabricated in the bulk of a sample without any further processing. The writing of the
optical guides on the substrate is realized either by exploiting the photorefractive effect of lithium
niobate or by irreversible structural modiőcation of the crystal. In both cases, the change of the
refractive index is obtained by scanning the material with a focused laser beam. The difference
between them lies in the applied processing parameters, like pulse energy and pulse duration. In
particular, the technique based on the photorefractive effect relies on a continuous laser with tens
of mW power. This leads to a considerable increase in ne of the order of 10−3. The re-design of
the guide structure is allowed, if needed, thanks to the reversibility nature of photorefractivity
which optoŕuidic applications take great advantage of.
The optical damage, instead, is generated by focusing a high-power femtoseconds laser on the
region where the waveguide needs to be realized, which is scanned by moving the sample through
a computer-controlled step motor [44]. In this way, varying the energy, it is possible either
decrease only ne or both ne and no, with the latter case allowed at higher pulse energies.
Overall, the limited time durability of the waveguides is the main drawback of the laser writing
technique.

Ridge waveguides This waveguide conőguration provides high lateral optical conőnement thanks to
the signiőcant refractive index contrast achieved between the lithium niobate and the protruding
microscopic structures of a different material that are realized on the substrate to build the optical
guides up. The fabrication of the latter is mainly obtained either by mechanical micromachining,
exploiting micro-saws or micro-mills able to produce optical grade surfaces, or by chemical etching
that, instead, relies on a mixture of HF and HNO3 acting as an etchant and on the use of
chromium (Cr) stripes as masks.
Ridge waveguides produce stronger scattering compared to diffused ones, resulting in a lower
efficiency: this is due to their surface’s roughness and to the presence of defects which, moreover,
represent an obstacle to the sealing of an optoŕuidic platform, making this kind of waveguide
not suitable for close optoŕuidic devices.
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Titanium In-diffused waveguides

Titanium in-diffusion, as previously stated, is the most widely used and studied technique of waveguide
fabrication in lithium niobate. It consists of a refractive index change by local doping of the substrate,
achieved by Ti ions diffusion inside the material. This method, combined with standard photolitho-
graphic lift-off techniques and thermal treatments, is ŕexible and simple, allowing the realization of
Ti-strips having a width ranging from 5 µm for visible spectral application to 8ś10 µm for telecom
wavelengths. Moreover, the versatility in the waveguides geometry design makes possible to obtain
optical circuit conőgurations more complicated than a planar slab guide, keeping unaltered the ŕatness
of the substrate. This feature, which is very useful in particular for optoŕuidic applications, has been
exploited to realize the waveguide, integrated in the lithium niobate sample used as a substrate for the
microŕuidic platform, in a Mach-Zehnder interferometer (MZI) conőguration.
Furthermore, the choice of this fabrication process was favored by: its high reproducibility, as already
demonstrated by its commercial use in GHz optical modulators, the intention to produce a waveguide
able to support only the fundamental mode, preserving the proőle of the gaussian light beam propa-
gating in it, and, last but not least, the availability of all the needed instruments and facilities required
for its implementation even at a academic lab level (clean room, collimated UV lamp, magnetron
sputtering, oven).

Fabrication

The main steps of the procedure to realize an optical waveguide on a lithium niobate substrate by Ti
in-diffusion are the following:

Figure 1.7: Sketch of the main steps of the Ti-indiffused channel waveguides fabrication

0) Sample cutting A commercial wafer of congruent lithium niobate (Crystal Technology) is cut
orthogonally to the x-axes into samples 1 mm thickness of the desired size, by a means of a
South Bay 540 cutting machine, equipped with a diamond-coated Cu-alloy blade. A graduated
protractor is used to align the wafer along the crystallographic axes. Each sample, once it has
undergone three separate 15-minute sonicating baths in soap and distilled water, isopropanol and
acetone respectively, is labeled indicating on its x-surface the crystallographic axis orientation.

1) Photolithography This step is preceded by a further cleaning surface treatment, realized by
generating a plasma discharge in oxygen atmosphere with medium-vacuum condition (P∼ 0.6
mbar). After that, the surface of the sample is covered with a primer based on hexamethyl-
disilizane (HDMS) to favor the adhesion of the photoresist to lithium niobate surface. The
deposition of a positive photoresist 3 mask on the LiNbO3 substrate, with the desired waveguide
pattern (MZI geometry in this work), is then performed. The process is completed by exposing
the sample with the mask to UV light and developing it with a bath in a basic solvent that
removes the degraded photoresist.

2) Titanium sputtering The titanium őlm is deposited on the substrate coupled to the photoresist
mask usually by exploiting sputtering techniques, heated evaporation, or E-beam methods. In

3The photoresist employed was the S1813 from the Microposit S1800 G2 series which is usually used in micro-
lithography on silicon and showed to be suitable also on lithium niobate.
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this thesis, a magnetron sputtering process is applied: the sample is placed in a vacuum chamber
facing the titanium target, with the surface to be coated in the direction perpendicular to the
trajectory followed by Ti-atoms that are removed after bombardment by the ions of the plasma.
The latter is generated by setting a working pressure of ∼ 5·10−3 mbar, achieved by employing
a rotary vacuum and a turbomolecular pump and by a subsequent injection of Argon gas to feed
the plasma. The discharge is provided by applying a ∼300 V voltage difference between the
chamber and the titanium target, with the presence of permanent magnets, which better conőne
the plasma in the proximity of the target, that increases the sputtering rate. At the end of the
deposition process, a (41 ± 5) nm (SIMS measurements performed in [45]) Ti-layer on the surface
of the sample is produced.

3) Lift-off The photoresist mask, as well as the titanium layer deposited over it, are removed by
means of a lift-off process, a chemical etching technique. In particular, the sample is immersed
in a SVC(TM)-14 photoresist stripper at 60◦C.

4) Annealing The thermal diffusion in the lithium niobate of the Ti-stripes remained on the sub-
strate after the lift-off is usually performed inside a furnace, in a wet oxygen atmosphere, at a
temperature between 980 ◦C and 1050 ◦C, for a time ranging from 4 up to 12 hours, depending
on the desired diffusion depth. This step, for the sample used in this thesis, occurred in a tubular
furnace at a temperature of 1030 ◦C/h for 2h, adopting a heating and cooling rate of 300 ◦C/h
and 400 ◦C/h respectively. In this way, excessive thermal stresses to the crystal are avoided.
Moreover, to prevent contaminations, the sample is laid on a platinum foil before positioning it
on a quartz rod in the furnace.

5) Lapping and Polishing The cutting of the LiNbO3 wafer causes damages and defects on
the lateral sample’s surfaces. To remove them, and obtain thereby a roughness of the surfaces
suitable for the presence of an optical waveguide, a lapping treatment followed by a polishing
one is needed. Both are scraping processes that are performed by employing a rotating disk put
in contact with the surface and wet with an aqueous solution containing alumina particles. The
difference between the two procedures lies in the dimension of the latter: the lapping is applied
by using 1-10 µm particles, while the polishing is realized with nanometric ones.

As far as the annealing treatment is concerned, it is worth focusing on the mechanism whereby titanium
ions diffuse in the substrate.
The presence of a wet oxygen atmosphere plays a fundamental role: in fact, oxygen allows, at high
temperatures, the oxidation of Ti layer in TiO2 promoting the occupation of vacant Nb and Li sites
by Ti4+ ions migrating inside the material; wet condition, on the other hand, avoids the out-diffusion
of Li inside the TiO2 layer, by neutralizing Li+ ions into a LiOH layer on the surface.
From an analytical point of view, the diffusion process can be described by the well-known Fick’s law:

∂C(x, t)

∂t
=

∂

∂x

(
D
∂C(x, t)

∂x

)
(1.16)

where C(x; t) is the concentration of titanium at time t along the direction of the Ti-ions diffusion x
and D is the diffusion coefficient, which can be dependent on both dopant concentration and temper-
ature.
The solution of equation 1.16 and, as a consequence, the waveguides diffusion proőle inside the sub-
strate, are strictly related to the level of dependence of D on the concentration. In case C was high an
analytical solution is allowed only in speciőc conőgurations of boundary conditions. On the contrary,
if the dopant concentration is almost constant, D results to be weakly dependent on C and can be
estimated as an effective diffusion coefficient (at őxed temperature) as predicted by Arrhenius law
D = D0 exp(−QD/kBT ). In particular, the activation energy needed to titanium ions to start the
diffusion is expressed by QD.
When C is constant, instead, the condition of independence of D provides two distinct solutions ac-
cording to whether the titanium őlm is completely diffused in the substrate or not. The latter case
is not treated, because the correspondent solution does not describe all the cases which involve real



17 1.2. Opto-ŕuidics platform

diffusion. The former, on the contrary, depicts a situation that can be modeled by a titanium layer
with negligible width since titanium ions, after a certain amount of time, are completely diffused in the
LiNbO3. Thereby, applying reŕection boundary conditions at the interface between lithium niobate
and the titanium layer, whose concentration can be considered to be C(x; t = 0) ̸= 0 only if x = 0, the
solution of the Fick’s law [46] is:

C(x, t) =
Ctot

2(πDt)2
e−

x2

4Dt , (1.17)

where Ctot(t) is the total amount of titanium deposited on the surface őlm.
The diffusion process, thus, at the end of the thermal annealing, generates a semi-gaussian proőle of the
titanium concentration inside the sample, in the direction perpendicular to the substrate’s interface.
This leads to dielectric waveguide layers with graded refractive index proőles directly linked to C(x, t)
[47] and having the shape of an ellipsoid in the plane orthogonal to the light propagation direction (z
crystallographic axes) that is squeezed in the proximity of the sample’s surface.

Figure 1.8: Graphical representation of the concentration proőle of titanium inside a lithium niobate
substrate in the direction orthogonal to the surface [45].

Figure 1.8 reports an example of the Ti-indiffused waveguides obtained at the Physics and Astron-
omy Department of the University of Padova, and used in this thesis. A semi-gaussian function can
interpolate the Titanium proőle inside lithium niobate: the illustrated graph has been obtained by a
SIMS (Secondary Ions Mass Spectrometry) characterization allowing, through the őt, the estimation
of the titanium penetration depth, which can be expressed as σ =

√
4Dt. As a consequence, by [45],

analyzing the diffusion process for these Ti-indiffused waveguides not only with SIMS measurements
but also with a RBS (Rutherford Back Scattering) characterization, the UNIPD group was able to
estimate the diffusion coefficient D = σ2/2t: for an initial deposited Ti layer of thickness 41±5 nm and
thermal annealing of 2h at 1030◦C/h, he obtained D = 89 ± 2 nm2 s−1, corresponding to a σ ≈ 1.1
µm and with a titanium concentration at the substrate surface C0 = (1.06± 0.04) · 1021 atoms · cm−3.

Mach-Zehnder interferometer (MZI) waveguide conőguration

Once known how titanium in-diffusion fabrication procedure has been carried out, as well as the phys-
ical and chemical mechanism that promotes the diffusion of Ti-ions in the lithium niobate substrate,
the optical waveguide in MZI conőguration adopted in this study is here presented.
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are required: polymers and glass substrates are used in the biomedical and chemical őeld while silicon-
based substrates and metallic ones are employed for electronics and mechanical engineeringśrelated
applications [50].
In the case of lithium niobate, the micromachining demands extra efforts due to the chemical resis-
tance, anisotropy and high pyroelectricity of the crystal in addition to the low thickness of the sample.
However, the aim of exploiting the superior physical and optical properties of LiNbO3 leads to the de-
velopment of several techniques for the realization of engraved structures on this substrate. According
to the type of microstructure to be realized - microŕuidic channels, optical waveguides, optoelectronics
devices - and its characteristics (depth, width or roughness) the available fabrication techniques are:
chemical etching, reactive ion etching, focused beam lithography, laser ablation and mechanical micro-
machining.
The microŕuidic circuit with a cross-junction (or T-junction) geometry exploited in this thesis has been
fabricated by means of mechanical micromachining. In order to justify this choice the other mentioned
techniques are brieŕy presented, focusing on their advantages and drawbacks:

• Chemical etching: it is widely used on LiNbO3 substrates for the realization of ridge waveg-
uides, employing a HF solution to etch the surface. This technique allows obtaining optical
quality surfaces but the etching rate is very low - till a few nm/min depending on the surface
crystallographic orientation - making very long the fabrication of micrometrical structures.

• Reactive ion etching: RIE is based on a plasma discharge that, creating reactive free radicals
and ions, etches the surface of a wafer. In the case of LiNbO3, for instance, a mixture of CF4, Ar
and H2 can be used to generate the plasma [51][52]. Although this technique allows to engrave
microchannels with high-quality surface manufacturing, several hours are needed to fabricate a
100 µm deep channel.

• Focused Beam Lithography: FIB is mainly adopted for the fabrication of LN structures with
a depth scale of tens of nanometers or below. It is a well-known method to produce LN-based
nano-structures like photonic crystals and nanograting metasurfaces as well as to create smooth
sidewalls on nanocrystalline microresonators. Due to the very low material removal rate, which
has been proven to decrease as a function of aspect ratio of the milled structures [53], FBI allows
to obtain an incredibly low roughness of the channel surface. In [54], for the őrst time a surface
roughness of 0.9 nm was shown on LN surface for etching depth of 6.4 nm, with 7nm gold (Au)
coating, paving the way to access the feasibility of FIB milling on ultra-shallow and ultra-smooth
LN nano-structures.

• Laser ablation: thanks to its ŕexibility, this technique is widely exploited for designing struc-
tures with őnely resolved features. In fact, it allows basically the realization of any kind of
three-dimensional structure, őnding applications both in microŕuidics [55] and photonics [56],
guaranteeing an accurate control of their dimensions. This leads to a easier microŕuidic design
allowing the realization of channels that can be shrunk or enlarged, tailoring their depth with no
added complexity. The laser ablation on lithium niobate, which have been developed by using
micro, nano and femtoseconds pulsed laser, often needs an additional HF bath to remove the im-
perfections on the treated surfaces. This drawback compromises any possible optoŕuidic coupling
with microchannels, preventing the use of this method to the realization of microŕuidic devices
with integrated optical stages. In addition to this, a low removal rate characterizes structures’
fabrication procedure.

Although the mentioned techniques demonstrated to be effective in several applications, their draw-
backs make them not suitable for engraving microŕuidic channels with dimensions of the order of 100
µm. These dimensional scales are only allowed by employing mechanical micromachining. This
technique, commonly used to fabricate microstructures in silicon for optoelectronics devices, is suc-
cessfully exploited also in optoŕuidic applications on lithium niobate, providing good quality channel
surfaces in a short fabrication time. In particular, the optimal method for the realization of microchan-
nels is microcutting [55], which is preferred to microdrilling and microengraving, that are other two
exploited techniques for the milling of lithium niobate substrates.
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As a consequence of the aforementioned considerations, after the fabrication of the MZI waveguide,
the channels composing the microŕuidic stage of the LiNbO3 sample used in this work have been en-
graved on its surface, resorting to microcutting through a CNC saw. The procedure has been realized
in collaboration with Femto-St Institute and the University of Franche-Comté in Besançon. In this
case a DISCO DAD 3350 precision saw (Disco Corporation, Tokyo, Japan), equipped with a polymeric
blade of diameter 56 mm and thickness 200 µm coated with diamond particles, has been exploited at a
rotation speed of 10000 rpm and a cutting speed of 0.2 mm/s. The latter parameters were previously
optimized in order to get the lowest roughness on the side faces.
The channels obtained have been analyzed with both optical microscopy and atomic force microscope
(AFM), to evaluate that the surface and edges quality was appropriate for a waveguide optical cou-
pling. The measurements were performed by means of a Veeco CP-II atomic force microscope (AFM,
Camarillo, CA, USA), estimating the roughness of the lateral and bottom surface of the channel by
averaging the results derived sampling more than őve 10x10µm areas. The values reported in table
1.2 show a marked improvement with respect to the laser ablation technique, since previous analysis
showed a roughness of R = 65 ± 4 nm for the lateral surfaces.

Surface Average roughness (nm)

Bottom 23 ± 7 nm
Lateral 8.5 ± 0.9 nm

Table 1.2: Average roughness of the bottom and lateral surfaces of the microchannel walls.

The bottom surface, as illustrated in the AFM analysis in őgure 1.11a and in the micrographs in őgure
1.12, displays along the channel length a striping pattern generated by the blade of the saw during
the fabrication. The width and the depth of these strips have a dimensional scale of hundreds of
micrometers, representing a "macroscopic" roughness that is much greater than the average ones in
table 1.2. Nevertheless, this is not a problem neither for the production of microŕuidic droplets nor
for the coupling of the waveguide with the channel for two main reasons:

• between the droplet and the bottom surface of the channel there is always a continuous phase
thin őlm of hundreds of nanometers thick that avoids the impact of the defects on the droplet
shape;

• for the guide-channel coupling what matters is the roughness of the lateral walls, which are not
affected by the aforementioned pattern (őgure 1.11b) since they are further smoothed by the
blade rubbing on their surfaces.

(a) Bottom surface (b) Lateral surface wall

Figure 1.11: 10x10 µm2 AFM images of the bottom surface (őgure 1.11a) and lateral wall surface
(őgure 1.11b) of the microchannel analyzed.
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(a) (b)

Figure 1.12: Micrographs of the bottom surface of the microŕuidic channels realized by an optical
microscope (őgure 1.12a) and a Scanning Electron Microscope (SEM) (őgure 1.12b).

The extremely low roughness of the lateral surfaces of the channel, therefore, proves that microcutting
is able to achieve a precise enough cut to allow an effective waveguide coupling for the studied opto-
ŕuidic applications.
Engraved microchannels, realized on the LiNbO3 sample adopted, display an average width of wc =
213 ± 1 µm and height h = 108 ± 1 µm: these results correspond to the average of 10 different
proőlometry measurements performed 6 along the main channel and 4 in the shorter one, by means of
a surface proőlometer P-10 (KLA Tencor, California, USA).

Figure 1.13: Sketch, taken from [15], of the lithium niobate sample employed in this experimental
activity. The lengths reported are expressed in mm.

1.2.4 Chip sealing

Once the optical waveguide and the microŕuidic circuit have been realized, the lithium niobate sub-
strate needs to be sealed with a top cover (a glass one in this case) in order to get a solid and compact
chip.
Before realizing the bonding with the LiNbO3 substrate, the cover is cut with the same sample’s dimen-
sion by using the available South Bay 540 cutting machine. Then, by means of a sandblaster, 4 holes
are drilled on it: they match the extremities of the cross formed by the microchannels and represent
inlets and outlets of the microŕuidic junction which are completed gluing 4 Masterŕex silicone tubing
as connectors.
After that, the following bonding procedure occurs:

• both the sample and the top cover are accurately cleaned applying in sequence acetone, ethanol
and isopropanol;

• after properly placing the glass cover on the substrate, the two are kept in tight contact by means
of external compressive load, which is provided by two point clamps in this case;
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• by using a syringe needle, the liquid photopolymer Norland Optical Adhesive 68 (NOA68,Norland
Products Incorporation)4 is placed all around the contact perimeter of the sample-cover sandwich.
Via capillary-pressure driven ŕow, the glue őlls the thin air gap between the two materials
stucking its diffusion due to surface tension in proximity of the channel edges, having the NOA
layer a few micrometers thickness. The process takes up to 24 hours. An analog bonding
procedure is presented in [57].

• since NOA resine becomes solid if exposed to UV radiations, once it has completely substituted
air in the thin gap, the bonding is completed by cross-linking the glue using a UV lamp, obtaining
the őnal compact chip.

Figure 1.14: Schematic representation of the sealing procedure performed through NOA resine.

1.2.5 Functionalization of the lithium niobate

As described in 1.1.1, the generation of the droplets occurs by the interaction of immiscible continuous
and dispersed phases, such as hexadecane and water. The functionalization of the sample is a process
that aims to make hydrophobic the surfaces of the lateral walls of the microŕuidic channels, including,
in this case, also the upper surface created by the glass top-cover.
In droplet microŕuidics circuits, in fact, it is always needed the presence of a thin layer of continuous
phase between the droplet and the channel’s walls, so that the dispersed phase never gets in con-
tact with the latter. This yields more control on droplets production as well as on their shape and
uniformity[58].
In absence of functionalization, wettability measurements with water droplets provides an average
water contact angle with the lithium niobate surfaces of 62 ± 1◦, proving that the moderate hydropho-
bicity of LiNbO3, which instead is highly oleophilic having a contact angle with hexadecane always
less than 10◦, is not enough for the generation of droplets.
Therefore, in order to increase water contact angle, the same method proposed in [39] is employed. The
procedure provides for the ŕuxing, within the microchannels for 20 minutes, of a solution of octadecyl-
trichlorosilane (OTS) dissolved in toluene at a concentration of 100 µM. OTS is a molecule with a long
hydrophobic carbon chain and a polar head region made of SiCl3 group, which binds to lithium niobate
oxygen atoms forming siloxy-niobate (-Si-O-Nb-) bonds [59]. In this way, a self-assembled monolayer
is produced on the surfaces of the channels making them hydrophobic [60]. In addition to this, thanks
to the functionalization, also the wall of the glass cover becomes hydrophobic [61].
Finally, eventual residuals of OTS-toluene solution are cleaned by ŕowing pure toluene in the microŕu-
idic circuit for 5 minutes and then by heating the device at 80 °C for 60 minutes.
After OTS treatment, the average contact angle water-lithium niobate is 101 ± 1◦; in őgure 1.15 a
comparison of the droplet production in the microŕuidic channel before and after the functionalization
is illustrated. The improvement is evident.

4This resine is characterized by a high chemical resistance to the most common solvents and by a high viscosity; the
latter feature avoids an eventual drop inside microchannels, making it an ideal choice for this application
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the buoy őrst, is exposed to the pressure applied by the driver pump and, through the interface, forces
the slave one to ŕow in the chip. Thus, the preliminary procedure repeated for every measurement
to introduce the dispersed phase in the optoŕuidic platform - either in the case of MilliQ or solutions
containing microplastics required initially to őll the buoy with hexadecane, playing the role of "master"
ŕuid. Afterward, the outlet of the ŕowmeter, likewise őlled with hexadecane, was connected to the
upper extremity of the buoy, allowing the injection in the latter of the dispersed phase ("slave" ŕuid).
Great care has been paid to prevent the insertion of air bubbles. Once the inlet of the secondary
microchannel of the T-junction is joined to the lower extremity of the buoy, droplets were generated
ŕowing in the main channel the continuous phase (hexadecane), directly injected in the chip by the
pump through the second ŕowmeter.

Figure 1.17: Sketch of a buoy realized by gluing with NOA resine two tips of a micropipette

Optical component

The optical coupling of the MZI waveguide is performed with a continuous diode laser with a power of
7.35 mW and a wavelength λ = 532 nm. The laser beam passes through a half plate and a polarizer
so that, when it is focused to the input of the interferometer by means of a 20X Objective, both
the TE and TM modes of the waveguide can be excited. The chip is located on a platform with 6
degrees of freedom, allowing both translation and rotation of the sample. Once light crosses the sample,
perpendicularly to the droplet ŕowing direction, it is collected at the output of the guide by a 50X
Objective and directed to a silicon photodiode. The outgoing signal is then ampliőed by exploiting a
trans-impedance ampliőer and digitalized by the acquisition fast card Ni 6023.

Figure 1.18: Schematic representation of the laser-waveguide coupling and light collection at the
output of the optoŕuidic platform.

This optical conőguration results be very ŕexible allowing freedom of action on the optoŕuidic platform.
However, as it will be also mentioned in the following, the drawbacks are that this coupling is not
"permanent". Recoupling procedures after each measurement are in fact needed, often inŕuenced by
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any mechanical stresses applied to the experimental setup.
A CCD camera, with a 10X objective, is placed below the chip in order to take screenshots of the
droplets ŕowing in the main channel.
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Chapter 2

Measurement and analysis protocols

In this chapter, we discuss in 2.1 the performance of the employed optoŕuidic device in the detection
of MilliQ droplets and solutions with microplastics droplets, as well as their identiőcation. In sections
2.2 and 2.3 the measurement and analysis protocols are deőned by identifying the best estimator for
the optical signals evaluation and by setting the working conditions (combination of Qc and Qd) valid
for all the acquisitions performed in the experiments. Finally, in section 2.4, the formulation of the
power spectrum employed to investigate the frequency content of the oscillations characterizing the
plateau of a single droplet signal is presented.

2.1 Optical trigger

A Mach-Zehnder optical circuit is crossed by a microŕuidic channel so that the optical waveguides
constituting the MZI branches are cut at 90 degrees (see őgure 2.1). In this conőguration the branches
are de fact interrupted by the microŕuidic channel but geometrically self-aligned. The light coupled
into the MZ is in fact split into two branches each illuminating a microŕuidic channel and the light
transmitted detected by the opposite part of each branch. This system works as an optical probe since
a dispersed phase passing across the MZ branches induces a transmission variation of the light detected
at the opposite side of the microŕuidic channel.
The versatility of the MZI waveguide geometry, in addition to its independence of any previous calibra-
tion procedures, makes the adopted optoŕuidic device a reliable optical trigger that provides several
information on the matters ŕowing inside the channel through the transmitted optical signal.

Figure 2.1: Schematic representation of the coupling between the main microchannel and the optical
waveguide integrated in the lithium niobate optoŕuidic platform employed in this thesis

The optical transmission (OT) signal is collected by the photodiode and by a suitable electronics that
ampliőes by the trans-impedance ampliőer and őnally digitalized by the D/A converter is converted
in a voltage signal V (t) (V) as a function of time t (ms). The interaction between the droplets ŕowing
inside the microŕuidic channel and the light guided in the MZI waveguide is therefore measured.
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2.2 Normalized integrals

In order to let this opto-microŕuidic platform be a reliable sensing tool for identifying and quantifying
microplastics in aqueous solutions it is mandatory to deőne a suitable protocol and implement an
analysis technique that can distinguish in the OT signal between water-only and water with MP
droplets. When identiőed, the second priority is to quantify the content of the latter in terms of
particles dimension, concentration, composition respectively.
To achieve this goal an indicator i.e. an analytical parameter is needed. In particular, it has to be:

• simple to compute given the considerable number of data sets to analyse;

• independent of the coupling of the laser to the MZI guide - and therefore on the hexadecane’s
voltage signal -, since it varies for each data sets;

• independent of the shape of the signal which is affected not only by the content of the dispersed
phase, as it is shown in section 2.1, but also by external factors such as instabilities of the
experimental apparatus;

• sensitive not only to the MP particles’ presence and to the different signal they can generate,
but their concentration in the aqueous solution and dimension as well.

The indicator satisfying these requirements has been investigated by comparing several signal proőles
depending on the experimental conditions for droplets generation, including microŕuidic channels ge-
ometry as well as different Qd/Qc ration to have various droplets sizes. It has been evidenced that the
most reliable parameter is given by the area under the plateau of each i-th droplet’s signal which is
deőned as:

Ii(t)
1 =

1

∆ti

∫ t+∆ti/2

t−∆ti/2
Vi(t) dt (2.3)

where Vi(t) describes the OT signal acquired in the interval ∆ti, representing the duration (namely
the number of sampled points) of the droplet passage in between, referred to the two voltage absolute
minima aforementioned. A sketch of the physical meaning of this choice is reported in őgure 2.6 and
őgure 2.3. These minima, as well as the four trigger times, are a őngerprints of each droplet sequence
signal, regardless of the dispersed phase content which affects the droplet plateau voltage trend as well
as its length. For these reasons they are a well-deőned reference in the computation of the integral
Ii(t).
The latter quantity, which is expressed in V , has been evaluated by applying three different normal-
ization procedures, in order to őnd out the best estimator independently of the droplet generation
conditions and possible size dispersion.
These estimators are evaluated for every i-th droplet belonging to a sequence signal. Three mean
values IN , IN,cut, and IN,avg are then computed for the overall sequence sampled with the associated
standard deviation.
IN , dimensionless, is calculated according to the equation:

IN =
1

n

n∑

i=1

Ii(t)

V i
C−hexa

(2.4)

where n is the total number of droplets sampled in a sequence. Referring to the őgures 2.8a and 2.8b,
the i-th droplet integral Ii(t) is normalized to the centroid V i

C−hexa of the hexadecane’s voltage level
Vhexa detected immediately before the front droplet’s meniscus intersects the őrst MZI arm (to the left
of the plateau) and immediately after the passage of the rear meniscus across the second arm (to the
right of the plateau).

1Since the signals acquired are sampled with a frequency of 50 kHz, Ii(t) is actually a discrete integral which can be
approximated to a continuous one, yet.
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the ratio ϕ = QD/QC .
In particular, őgure 2.13 displays the dependence of IN on the average droplets’ speed, comparing
values obtained with different ratios ϕ=QD/QC : 0.6, 0.8 (reported also in the plot of őgure 2.11) and
1.0. Data referred to ϕ=0.6 and ϕ=1.0, as in the case of ϕ=0.8, have been acquired adopting the PS
particles with a 340 nm diameter, őxing the concentration C=0.65 mg/g as well.
Excluding the combination of ŕuxes QD=20 µL/min QC=20 µL/min, which seems to provide a
squeezing-to-dripping transition in the droplets production regime, in the range 6≤ v̄avg ≤ 14 µm/ms
the behavior of the integral is similar, showing a decreasing trend. As displayed by the last ϕ=1.0 point
at v̄avg=14.48 ± 0.01 µm/ms, in fact, the squeezing-to-dripping transition can be inferred because in
this working condition the droplet break-up at the junction of the microŕuidic channels starts to be
dominated by the viscous shear stress. In this case the Capillary number Ca is higher, with values
typical of a dripping regime. In fact, given the hexadecane viscosity µc=3 cP and an interfacial tension
γ ∼ 4.11 mNm−1, Ca is ∼ 0.011 which is close to Ca∗ ∼ 0.015 and higher than 0.0044, i.e. the values
respectively suggested by De Menech et al. in 2008 [65] and, more recently (2020), by Arias et al. [66]
to mark in a T-junction the squeezing mechanism transition into the dripping regime.
Therefore the choice of using the ratio ϕ=0.8, and in particular by őxing Qc = 10 µL/min and Qd = 8
µL/min, is mainly based on the results obtained in previous studies ([45][63]), concerning the char-
acterization of an optoŕuidic device with MZI waveguides integrated in LN as droplets velocimeter.
Such combination of ŕuxes, in the case of pure water droplets, provides an average length L̄w =561
± 9 µm and an average velocity v̄avg = 6.21 ± 0.04 µm/ms [15], deőning an experimental condition
which is appropriate for the dimensional features of the device. Moreover, as veriőed in [14] and [16],
this experimental condition is suitable to test the effect of a space-charge őeld, photo-induced on an
iron-doped LiNbO3 sample, on a single droplet with such lenght (see section 5.3). As a consequence,
unless otherwise noted, every őgure or result reported later in this thesis will refer to measurements
that have been performed with the combination of ŕuxes QC = 10 µL/min and QD = 8 µL/min .

2.4 Power spectrum

The normalized integral IN provides info on microplastics in the droplets at a macroscopic level by
means of evaluating the area under the plateau of each droplet signal.
The signal of microplastics in water droplet exhibits a noisy shape with maxima to minima difference
as large as 50% of the signal dynamics. Similar water droplets, instead, produce signals without
these fast-in-time oscillations, as a consequence it is reasonable to attribute this noisy response to
the presence of microplastics. To get more detailed information about the ŕuctuations in water with
plastic signals a Fourier analysis was implemented. In particular, it relied on the computation of the
Discrete Fourier Transform (DFT) of the sampled voltage signal describing the optical transmission at
the output of the waveguide [67].
The optical signal acquired for each sequence of droplets generated brings information on the overall
aqueous solution content, that is both water and the microplastics within it. As a consequence in this
thesis we proposed to interpret Vi(t), as expressed in 2.3, as

Vi(t) = Vi(t)w ∗ Vi(t)P

i.e. a time convolution of the signal contribute coming from the water dispersed phase (Vi(t)w), and
the contribute of the plastic particles transmitted light (Vi(t)P ).
Exploiting the properties of the Fourier Transform (FT), it is possible to derive the frequency content
V̂i(t)P of each droplet produced in a sequence, since

V̂i(ν) = V̂i(ν)w · V̂i(ν)P (2.8)

V̂i(ν)P =
V̂i(ν)

V̂i(ν)w
(2.9)

where V̂i(ν), V̂ν(ν)w and V̂i(ν)P are the DFT of the their respective time representations.
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In order to compute V̂i(ν)P , with i = 1...nth droplets, from a droplet-sequence signal collected both
for the water and the water with microplastic dispersed phases (see the protocol in section 2.3), the
following procedure was implemented:

a) point-by-point average voltage estimation of the plateaux of the water signal; it provides the
sequence Vavg, w = {Vavg, w(tj)}∆tw

tj=0 with Vavg, w(tj) =
1
n

∑n
i=0 Vi(tj)w. The latter is obtained by

averaging, on n droplets, the voltage level V (tj)w of each droplet signal at the j-th instant of
the time length ∆tw = min{∆ti}ni=1, to whom every droplet plateau signal longer than ∆tw was
truncated, ensuring equal length signals. In this way the average operation is allowed;

b) computation of the point-by-point DFT V̂avg, w = {V̂avg, w(νj)};

c) computation, each droplet produced by the water with plastic dispersed phase taken individually,
of the point-by-point DFT V̂i = {V̂i(νj)}νsampling

νj=0 with νsampling=50 kHz

d) evaluation of ∆tmin = min(∆tw; {∆ti}ni=1) and computation of

V̂i(νj)P =
V̂i(νj)

V̂avg, w(νj)
νj ∈ [0; νsampling] (2.10)

where the sequences V̂avg, w(νj) and V̂i(νj) ∀ i = 1...n are truncated in the frequency domain, so
that they have the same time length ∆tmin (see őgure 2.14) with a point-by-point correspondence
in the evaluation of V̂i(νj)P .

Hence, the Fourier transform V̂i(ν)P is given by the sequence {V̂i(νj)P }νsampling

νj=0

Finally, to describe the distribution of power into the frequency components composing the signal

Vi(t)P , its energy spectral density S̄i(ν)P =| V̂i(ν)P |2= V̂i(ν)P · V̂i(ν)P has been estimated.
It is important to point out that, in order to avoid boundary effects and limit possible artifacts
in the power spectrum due to the truncation of either V̂avg, w(νj) or V̂i(νj) (or both), an epsilon
parameter 0 ≤ ϵ ≤ 20 points (1 ms =50 points) has been introduced, so that each i-th power spectrum
S̄i(ν)P has been evaluated considering a truncation time ∆t

′

min = ∆tmin − ϵ with ϵ selected such that
S̄(ν)P = {S̄i(ν)P }ni=0 is maximized. An example of power spectrum is illustrated in őgure 2.15 .

Figure 2.14: Superposition of Vavg, w (in blue) obtained averaging point-by-point the plateau of each
water droplet signal, composing the overall sequence acquired, with the őrst droplet signal (in orange)
generated by a dispersed phase containing PS-617 nm particles (C=0.64 mg/g). The red circle spots
the difference in time length between the two signals and the consequent truncation, described in
section 2.4, which is applied on (Vavg, w), in this case.
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Figure 2.15: Power spectrum of a sequence of droplets containing PS-617 nm particles (C=0.64
mg/g). The focus is on the second peak present in a three-peaks-structure characterizing the region at
lower frequencies. Each line that composes the peak represents the power spectrum S̄i(ν)P of a single
droplet.

In general, regardless of the concentration mPS/mw and the dimension of the particles considered,
power spectra present a well-recognizable structure characterized by three main groups of peaks, as
it is shown in őgure 2.15, that are arranged in the frequency domain ν [kHz]=[0,50] where the upper
limit coincides with the sampling frequency of the optical transmission.
However, the frequency position and intensity of the peaks vary according to the spheres’ diameter and
their concentration in such a way that it is not straightforward to extract unambiguous information
about the content of the aqueous solution analyzed. For this reasons, the őne structure of the frequency
oscillations has not been investigated, and we focused the attention on performing instead a qualitative
analysis of power spectra. Great the attention has been paid to investigate their not trivial dependence
on the water signal employed and derive an estimation of the microplastics’ concentration (see appendix
A).
Therefore, the analysis carried out in this thesis project relies on the results provided by the parameter
IN which proves to be very trustworthy.
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Chapter 3

PS particles comparison

This chapter concerns the comparison between the results produced by the different microparticles
(PS-340 nm, PS-617 nm, PS-1050 nm, PS-2500 nm) diluited in MilliQ water solutions. In particu-
lar, section 3.1 investigates the normalized integral IN as a function of the different concentrations of
PS-340 nm and PS-2500 nm particles, expressed as mass of PS micro-spheres mPS over the mass of
water mw (mg/g). Moreover the effects of the same concentrations on the parameter m, introduced in
section 2.3, and the ŕuctuations in the droplet signal according to the diameter of the particles, are also
presented. The same investigations are discussed for the PS-617 nm and PS-1050 nm MPs in section 3.2.

The data produced by the different PS spherical microparticles, acquired following the protocol de-
scribed at the beginning of section 2.3, have been analyzed by comparing separately the PS-340 nm
with the PS-2500 nm, and the PS-617 nm with the PS-1050 nm. As reported in table 3.1, PS-617
nm and PS-1050 nm have a diameter which is approximately an integer multiple of λ, unlike the
PS-340 nm and PS-2500 nm ones. Therefore two different regimes in the intensity transmitted by
the microparticles have been identiőed depending on the ratio 2R/λ. As already known by the Mie
Theory ([68][69][70]), the light scattering can strongly depend on the size of the particles illuminated
by light. Consequently in the microplastic-water droplets, scattering effect of microplastics should be
taken into account and it is expected to affect the behavior of the parameters IN and m, varying the
PS concentrations, according to the diameter of the particles.

d (nm) 340 617 1050 2500

d/λ ∼ 0.6 ∼ 1.2 ∼ 2.0 ∼ 4.7

Table 3.1: Ratio between the diameter d of the particle and the wavelength λ of the laser beam

3.1 PS-340 nm and PS-2500 nm

3.1.1 IN vs mPS/mw

The trend of the normalized integral IN for the PS-340 nm particles, represented in őgure 3.1a, re-
sembles the one observed in the optical transmission of the PS-2500 nm microspheres (see őgure
3.1b). In particular, taking as a reference the IN of the water signal (point blue), measured at
(QC = 10µL/min,QD = 8µL/min), it is evident the growth of the integral values at the lower
concentrations reported in the tables 3.2 and 3.3. In the case of the PS-2500 nm particles this growth
is of ∼5% for C2, which provided the highest integral value, while for the PS-340 nm microplastics is
not possible to give an estimate since, due to systematic errors, all the integrals IN are affected by an
offset that makes the curve in őgure 3.1a stand completely below the water integral. Nevertheless, its
increase is straightforward.
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design, with special care to the droplets generation and microplastics inclusions. It is clear, in fact,
that eventual unwanted microplastics deposit within the channel requires cleaning processes that are
not compatible with őber pigtailing. As a consequence, in this thesis the focus has been őxed on the
determination of the best microŕuidics condition to achieve the best microplastics detection and higher
sensibility. When achieved this result, the optical optimization of the signal detection can be easily
achieved by using the pigtailing coupling. [45][71][72].

3.2 PS-617 nm and PS-1050 nm

3.2.1 IN vs mPS/mw

The calculation of the parameter IN , relative to the PS-617 nm and the PS-1050 nm particles have
been expressed as a function of the spheres concentrations (see tables 3.4 and 3.5). The relative trend
is reported in őgure 3.5a and őgure 3.5b respectively.

Name PS mass (mg) Water mass (g) mPS/mw (mg/g)

C0 0.5 3.5795 0.14 ± 0.03
C1 0.5 2.1328 0.23 ± 0.05
C2 0.5 1.1331 0.44 ± 0.09
C3 1.3 2.0797 0.64 ± 0.05
C4 1.5 1.3465 1.14 ± 0.07
C5 1.6 0.9391 1.7 ± 0.1
C6 2.4 0.8495 2.8 ± 0.1
C7 16.7 3.7354 4.47 ± 0.03
C8 7.5 1.3415 5.63 ± 0.07
C9 10.0 1.3560 7.39 ± 0.07

Table 3.4: 617 nm PS microparticles concentrations. Masses with a standard deviation of 0.1 mg

Name PS mass (mg) Water mass (g) mPS/mw (mg/g)

C0 0.5 3.8693 0.13 ± 0.03
C1 0.5 2.0930 0.24 ± 0.05
C2 0.6 1.2568 0.45 ± 0.08
C3 7.1 10.7727 0.66 ± 0.01
C4 1.5 1.4675 1.04 ± 0.07
C5 1.6 0.9339 1.7 ± 0.1
C6 2.3 0.8636 2.7 ± 0.1

Table 3.5: 1050 nm PS microparticles concentrations. Masses with a standard deviation of 0.1 mg

Taking again the water signal as a reference, the decrease of the integral values, as mPS/mW increases,
is around 90% for the PS-617 nm spheres and 88% for the 1050 nm ones, when the integrals of the
respective highest concentration are considered. IN curve seems to approach a constant value at the
higher concentrations for both cases. In particular, it is very sharp for the PS-1050 nm particles which
exhibit more intense extinctions effects in the interactions with the laser light than the PS-617 nm ones.
For these reasons it has been limited the experimental investigation to solutions containing PS-1050
nm particles having mPS/mw < C6. For mPS/mw > C6 the acquisition system was not able to detect
so low level of transmitted light.
The evidence that no increasing trend can be detected at lower concentrations conőrms, as expected,
the effects of the role of 2R/λ in the identiőcation of two distinct regimes whereby particles interact
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containing the PS-617 nm MPs, justifying the well-deőned trend of the curves depicted in őgure 3.7.
As it is shown in őgure 3.3a and őgure 3.3b, also in this case the increase of m with mPS/mW is
associated to a decrease of the correspondent σm that tends to assume a constant value. Therefore these
results prove, once again, that the the quicker the ŕuctuations increase the fastest their stabilization
is. Moreover, such őnding suggests a correlation with the dimension of the microspheres involved. As
a matter of fact, these results and the previous one obtained for PS-340 nm and PS-2500 nm particles,
show that particles with larger diameter exhibit a bigger m value at őxed mPS/mW . Moreover particles
with larger diameter show a smaller correspondent σm than of the relative smaller particles ones
respectively.
Finally, σm exhibits the same trend observed in section 3.1.2 when mPS/mW approaches 0, both for
the PS-617 nm and PS-1050 nm. It is evident, therefore, that it is a matter of concentration since the
dimension of the particles affects only the rate of the curve increase, as it is clear in őgure 3.7b.

3.3 Variability in the droplet length

In this section an hypothesis justifying the observed large variability of the droplets’ length is proposed
by introducing the Pickering emulsion effect.

Regardless of the diameter of the PS spheres considered, the evaluation of the average length Lavg

of a droplets’ sequence containing MP was quite complex. Although Lavg can be evaluated by averag-
ing the single droplet length L on the n droplets composing the sequence produced, a large dispersion
was observed, with standard deviations σLavg even greater than 10% of Lavg. This evidence limited
the precision in estimating the microplastics concentration in the diluted solutions and, consequently,
the deőnition of a analytical trend of Lavg as a function of mPS/mw. This complexity cannot be
attributed to the data acquisition procedures nor the chosen set-up conőguration because all signals
of MilliQ droplets signals allowed computing the average lengths with σLavg ≤ 1.5% (when no strong
ŕuxes instabilities occurred). As a consequence, it is evident that the presence of microparticles in the
droplet considerably contributes to the observed variations of Lavg values.
According to [15], by considering as a reference a MilliQ droplet average length of 566±7 µm, an
approximated estimations of Lavg for the 4 types of PS particles have been determined at different
concentrations:

• PS-340 nm: 550 ≤ Lavg ≤ 610 µm

• PS-617 nm: 560 ≤ Lavg ≤ 591 µm

• PS-1050 nm: 528 ≤ Lavg ≤ 605 µm

• PS-2500 nm: 557 ≤ Lavg ≤ 573 µm

The observed length dispersion cannot be justiőed by ŕuctuations introduced by the experimental
setup because pure water droplets don’t show this behaviour. In the case of microplastics enriched
droplet, in order to explain this phenomenon, we suggest that the Pickering emulsion effect should be
considered.
Pickering emulsions are particle-stabilized systems. Droplets dispersed in emulsions without emulsi-
őers, due to their high interfacial area, make these systems thermodynamically unstable. They are
usually stabilized by including low molar mass surfactants or surface-active polymers in the formu-
lations to decrease the interfacial tension between the phases. Studies carried out by Ramsden and
Pickering revealed another way of stabilizing the droplets, i.e. by employing solid particles (usually
micro- or nanoparticles) as a replacement for the surfactants [73].
Although the use of the latter to stabilize mixtures of oil and water in the form of emulsions is credited
to Spencer Pickering, the őrst that investigated this mechanism, extending it also to bubbles in a foam,
was Walter Ramsden. The British biochemist in fact worked intensively on the spontaneous formation
(by agitation) of solid or highly viscous coatings on the free-surfaces (i.e. air-water) of protein solutions
and of non-protein-containing colloidal dispersions, paving the way to a wide exploration of Pickering
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emulsions in the biomedical őeld, in particular since the early 2000s [74]. The superior stability, low
toxicity, and stimuli-responsiveness compared to classical emulsions treated with surfactants make the
Pickering emulsions stabilization effect very attractive in biomedicine, especially for topical drug de-
livery [75] and bio-imaging [76], as well as in the area of biomass-based particles where it is exploited
in the context of foods and topical creams [77].
The preparation of a Pickering mixture depends on the size and shape of the particles included in it,
as well as their concentration and wettability properties.
Referring to the diameter of the MP particles adopted in this preliminary study, it is interesting to note
that Bink et al. in [78] used spherical, monodisperse polystyrene latex particles of different sizes to
explore the effect of particle dimension on the properties of oil-water emulsions. They found out that
the sedimentation stability of the latter decreased if increasing the particle diameter in the 0.21 to 2.7
µm range. Moreover, other works, studying the inŕuence of different particle shapes on a decane-water
interface, proved the stabilizing effect of polystyrene spherical particles, although they resulted to be
less effective than elliptical PS ones.
Focusing on concentration dependence1 it is known that for most Pickering emulsion systems, the
increase in particle concentration not only decreases the formed droplet size and improves surface
coverage, but also leads to the formation of a network structure around the emulsion droplets, which
further improves the emulsion stability [73]. Bink and co-workers analyzed SiO2 particles in droplets
of an oil-water emulsion system, and found that by increasing the concentration the droplet size of the
emulsion decreases if the concentration is kept lower than 3%, and it remains instead unchanged above
that threshold.

Figure 3.9: Sketch of the contact angle (left) and corresponding probable positioning (right) of
particles at the oil-water interface, in the case of hydrophilic (top) and hydrophobic (bottom) spheres.
The wettability of the particles, thus, induces the formation of an oil-in-water (o/w) emulsion, or of
a water-in-oil (w/o) emulsion, depending on whether θ < 90◦ or θ > 90◦, respectively. The image is
taken from [73]

On the basis of the experimental results presented in this thesis, on PS spherical particles with a
diameter between 0.34 µm and 2.5 µm and at concentrations not exceeding ∼ 1.3%, it reasonable to
suppose that microparticles included in the dispersed phase acted as surfactants, contributing at the
reduction of the surface tension γ at the droplet interface. If so, this would induce a direct consequence
on the droplet frequency production. In fact, according to equation 1.9, the lower γ the higher f̄ is, thus
promoting a larger number of generated droplets at higher particles concentration at őxed production
time.
In conclusion, the Pickering emulsion stabilizing effect can be claimed as a potentially active when
PS microspheres are dispersed in our water droplets but need further investigation that goes beyond
the scope of this thesis. However, given the analogies between the aforementioned studies with the
experimental framework here considered, further investigations and analysis on this hypothesis are

1rather than on wettability one, which is directly related to particles desorption energy at the interface.
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going to be carried out in the next future.



Chapter 4

Theoretical models describing IN dependence on

the particles concentration mPS/mW

In this chapter some models will be discussed to explain the results reported in Chapter 3 to őt
the trends of IN points obtained for different PS-particles. In section 4.1 a model based on the
well-known Lambert-Beer is presented. Then, in section 4.2, an interesting approach involving Super-
Poissonian ŕuctuations is employed to describe the data referred to PS-617 nm and PS-1050 nm
particles. Moreover a transmittance-correction to the latter model is introduced in section 4.3 with
the aim of őtting IN values computed from PS-2500 nm signals. Finally, section 4.4 presents a model
inspired to the scattering Mie theory and a correction of the Lamber-Beer law, in order to describe the
results produced by PS-340 nm spheres.

4.1 Lambert-Beer model

The őrst approach to reproduce the trend of an optical transmission signal describing the physical
interaction of a radiation with a medium of depth x is to apply the Lambert-Beer law.
Keeping in mind what reported in 3, if we observe the plots of IN as a function of the solutions’
concentration, data obtained from the PS-617 nm and the PS-1050 nm particles follow a decreasing
exponential curve. On the contrary, it is evident how IN values for PS-340 nm and PS-2500 nm do
not őt such a curve.
Therefore, the data reproducing the dependence of IN on the concentration mPS/mW for the PS-617
nm and the PS-1050 nm MP can be őtted with the exponential extinction law:

IN (c) = a · exp−b·c (4.1)

which describes the attenuation of the light as a function of the varying concentration c = mPS/mW

in the case that the medium thickness is constant.
Both őtting parameters, a and b,are reported in table 4.1 and table 4.2, while őgure 4.1 and őgure 4.2
show őtted data together with the correspondent normalized residuals plot, for the PS-617 nm and
PS-1050 nm particles, respectively.
Residuals plot referred to the PS-617 nm suggests that their distribution is not random, with a sort
of correlation between errors. In the case of the PS-1050 nm, although few points are considered, the
normalized residuals seem not to follow a stochastic trend showing mutual dependence as well. These
őndings indicate that the Lamber-Beer model does not describe correctly these observations.
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4.2 Super-Poissonian model

Alexander B. Kostinski et al., in 2001, proposed an interesting approach to describe how, in presence of
a medium containing a random collection of obstacles assumed to be not only statistically homogeneous
but also spatially correlated, the attenuation with depth of incoherent radiation incident normally on
the medium surface is often slower than exponential[79].
In a correlation-free medium, given well-precise assumptions deőning a Poisson process (e.g. see
[80][81]), a close connection exists between exponential extinction of photons (i.e. Lambert-Beer law)
and Poissonian statistics. Relaxing the hypothesis of statistical independence between photon extinc-
tions events, the spatial correlations among obstacles, that can be thought of as forming patches and
voids throughout the medium, are introduced. Therefore, the distribution of absorbed photons devi-
ates from the Poisson one, being characterized by Super-Poissonian ŕuctuations.

Given pn(x) the probability of having n photons absorbed in a given volume of a layer of depth
x, the expression

pn(x) =
n(x) n exp−n(x)

n!
, (4.2)

where n is the random number of absorbed photons in the volume per unit time and n(x) is the mean
count of extinction events over many realizations as a function of the depth x, describes a Poisson
process that occurs in absence of spatial correlation of the obstacles in the medium.
In this case n(x) stays constant, meaning that the local mean concentration of obstacles c remains
unchanged since n(x) = βx = σcx, with σ the extinction cross section per obstacle. However, when
correlations are present the local mean number of absorbed photons n(x) must be regarded as a
random variable. Therefore, to obtain the total distribution pn(x) = p(n), one must integrate over the
distribution of local mean extinction rates p(n̄), as follows

p(n) =

∫
∞

0
p(n|n̄)p(n̄)dn̄ =

∫
∞

0

n̄ n exp(n)

n!
p(n̄)dn̄ (4.3)

Setting [79]

p(n̄) =
1

βx
exp(− n̄

βx
) (4.4)

the result of eq. 4.3 is:

p(n) = pn(x) =
1

1 + βx

(
βx

1 + βx

)n

. (4.5)

To determine the probability of no extinction, the photon probability of transmission p(0) = p0(x)
through a layer of depth x is required: it corresponds to

p0(x) =
Ntr

Ninc
=

1

1 + βx
(4.6)

with Ntr and Ninc stand for the number of incident and transmitted photons, respectively.
In the more general case, based on a Γ-distribution model, p0(x) is proportional to:

Ntr

Ninc
∝ 1

(1 + βx)q
(4.7)

with q the parameter of Γ-function chosen as p(n̄). This power-law attenuation of the incident radiation
has a decreasing trend slower than the exponential one, predicted by applying the Lambert-Beer law
Ntr/Ninc = exp(−βx). We therefore assumed to use a similar expression of IN in function of c to
interpolate the PS-617 nm and PS-1050 nm data according to the expression,

IN (c) =
a
′

(1 + b′c)q
(4.8)
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A B [(g/mg)2/3] D [(g/mg)2] E [(g/mg)10/3]

0.509 ± 0.007 - 0.15 ± 0.01 0.031 ± 0.002 - 0.00034±0.00004

Table 4.6: Parameters obtained by őtting IN data of the PS-340 nm with equation 4.15.

Figure 4.7a illustrates the őt of IN (c) experimental values while table 4.6 reports the best estimations
of the őt parameters, obtained by least-squares minimization. It is interesting to note how B and
D, associated with c2/3 and c2 respectively, are the most relevant parameter of the exponential term,
meaning the evaluation of the multipole expansion series at the second-order seems to be a reasonable
approximation.
The distribution of the normalized residuals represented in őgure 4.7b shows an absence of a clear
trend, suggesting a prevalence of random errors; therefore, although the approximations applied in the
calculations, the model here proposed provides an acceptable description of the data acquired.



Chapter 5

Applications

The results of the analysis presented in chapter 3 are used in this Chapter to test the device with
different material microplastics (PMMA).A Comparison between PMMA and PS particles (section
5.1) will be presented by introducing as dispersed phase a mixture of PS-340 nm and PS-1050 nm
spheres solutions at the same concentration (section 5.2). Finally, by properly illuminating an iron-
doped Fe:LN sample put on top of the opto-microŕuidic device we were able to create an electric
őeld induced by inhomogeneous space charges produced by the photovoltaic effect. We consequently
explored the impact of this induced electric őeld on the moving droplets. In particular, we were able
to measure its effect on droplets in terms of variation of the MP length and velocity (section 5.3)

5.1 PMMA particles

In order to evaluate the capability of optical apparatus to identify MP particles different from the
PS ones, water droplets containing PMMA spheres with a diameter of 2500 nm (in the following:
PMMA-2500 nm) have been produced and analyzed. Special care was devoted to evaluate their optical
transmission signals with respect the PS-2500 nm ones.

(a) PS - C4.2.1 (b) PMMA-C4.2.1

Figure 5.1: Comparison between the signal plateau produced by a droplet containing PS-2500 nm
particles, at concentration C=2.5±0.1 mg/g, (5.1a) and the one detected by a droplet obtained ŕowing
a PMMA-2500 nm solution at the same C=2.5±0.1 mg/g (5.1b). The different distribution of the
spheres within the two solutions is visualized through the screenshots of a droplet part of the sequence
generated by each of them.

A comparison between a droplet plateau signal from PS-2500 nm spheres measurement (őgure 5.1a) and
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As a consequence, an electric őeld is expected to align or interact with them and affect the relative
detection. No data ara available in the literature about this aspect. As a consequence in this work a
preliminary study has been carried out to see whether the presence of an external electric őeld can be
exploited to enhance the micro-plastics detection and identiőcation

5.3 Effects of a space-charge electric őeld on droplets of MP solution

The photovoltaic properties of lithium niobate (see section 1.2.1) can be used to create a local electric
őeld. It can be signiőcantly enhanced by local doping of the material, especially in the case of an iron-
doped lithium niobate (Fe:LiNbO3, Fe:LN) sample. In fact, considering a pure LiNbO3 substrate, the
space-charge electric őeld Esc induced by a uniform light illumination ranges from 0 to 104-105 V/m,
while in presence of a 0.01% mol Fe:LN z-cut crystal it increases up to 106 V/m. In [15] the effects

of Esc, generated by illuminating a z-cut Fe:LiNbO3 sample (reduction degree R=
N

Fe2+

N
Fe3+

= 0.05±0.01)
properly integrated in the same optoŕuidic platform employed in this work, are evaluated on the length
and velocity of MilliQ droplets.
The same analysis was performed in this study on droplets produced by injecting in the microŕuidic
circuit solutions of water and microspheres as dispersed phase. The optoŕuidic platform adopted for
the measurements is the same illustrated in őgure 1.14, but with the integration of the aforementioned
Fe:LN sample. As shown in őgure 5.9a, it was appropriately őxed to the top cover of the chip orient-
ing the +z face toward the glass. The light illumination of the Fe:LN sample is provided by a solid
state laser (λ = 532nm) with a power P = 65.0 mW measured in close proximity to the chip with a
semiconductor power sensor connected to FieldMaxII-TO power meter (Coherent Inc., Santa Clara,
CA, USA). The scheme of the Fe:LN cover illumination setup is reported in őgure 5.9b).
All the details about the generation of the photo-induced space-charge őeld and its dependence on
Fe:LiNbO3 crystal characteristics (e.g., NFe2+ , NFe3+) and orientation can be found in [15] and [83].
Moreover, in the former a brief feasibility test on the not-complete-screening of the induced őeld due
to the glass cover is also presented while in the latter a detailed study on dielectro- and electrophore-
sis effects on the trapping of microparticles due to the Fe:LiNbO3 evanescent photo-induced őeld is
reported.
The photo-induced őeld Esc is generated by illuminating the Fe:LN cover at the level of the microŕuidic
channel with the spot aligned with the employed MZI waveguide.

(a) (b)

Figure 5.9: Figure 5.9a illustrates a schematic representation of the integration on the optoŕuidic
chip, that is represented in a section perpendicular to the main microchannel and hence to droplets
ŕowing, of the iron-doped Fe:LN sample; the latter is illuminated by the optical apparatus sketched in
őgure 5.9b, where M0, M1, M2 and M3 are mirrors.

In order to verify the actual presence of the photo-induced őeld, MilliQ droplets have been initially
produced and their lengths and velocities have been measured before switching on the photovoltaic









Conclusions

This thesis is the result of a preliminary study that aims at the investigation and development of new
approaches for the identiőcation of micrometer sized plastics, in order to overcome the limitations of
the current technologies available, based on spectroscopic analysis (Raman spectroscopy, FTIR spec-
troscopy) or optical as well as scanning electron microscopy, which are suitable to track millimeter-sized
plastics particles at most.
An optoŕuidic platform integrated in lithium niobate has been exploited to generate droplets contain-
ing microplastics. Each droplet was detected employing the optical stage integrated in the LiNbO3

substrate and consisting of a Ti in-diffused optical waveguide in Mach-Zehnder interferometer (MZI)
conőguration. The passage of the droplet in front of the two MZI arms was monitored collecting an
optical transmission (OT) signal. Such a signal is provided by the coupling of a λ = 532nm laser beam
with the optical guide, crossed orthogonally by the main channel of a microŕuidic circuit, designed for
the droplets formation, engraved in the same device with a cross-junction geometry.
PS-Research spherical particles with a nominal diameter of 340 nm, 617 nm, 1050 nm and 2500 nm
have been diluted in MilliQ water, realizing solutions of different concentration. These aqueous mix-
tures, playing the role of dispersed phases, have been injected into the optoŕuidic device, with the
purpose of exploiting the reproducibility of the correspondent droplets sequence ŕowing in the hex-
adecane continuous phase, to characterize and differentiate the solution content as a function of the
concentration and dimension of the microparticles, by őxing the latter and the former respectively.
A presentation of the microŕuidic regime and dynamic supporting the droplet generation, in addition
to a description of the process followed for the optoŕuidic platform fabrication, introduced by brieŕy
reviewing the literature concerning microchannels engraving and optical waveguides integration in LN,
has been provided to explain the experimental conditions that have been used in this thesis.
We demonstrated the capability of the detector to recognize the presence of PS plastic particles, com-
paring the plateau of the signal produced by a single MilliQ droplet with the one related to a droplet
containing microspheres. In order to optimize the device performance, a measurement and analysis
protocol has been developed and here presented in Chapter 2. On the basis also of the results obtained
from previous works carried out by the UNIPD group, the combination of ŕuxes Qc=10 µL/min and
Qd=8 µL/min, corresponding to a ratio ϕ=0.8, has been selected as the reference one for all the acqui-
sitions performed in this experimental activity. The normalized integral IN , computed by averaging
the areas delimited by the plateau and the two absolute minima characterizing the OT signal of each
droplet belonging to a sequence, has been identiőed as the best estimator for the data analysis, es-
pecially in relation to its independence on the not permanent coupling of the laser to the MZI guide.
This dimensionless quantity has been considered together with the m parameter which, instead, has
been designed for the evaluation of the ŕuctuations affecting the droplet plateau and varying according
to the concentration and dimension of the particles considered. The frequency content of the voltage
oscillations deőning such ŕuctuations was analyzed by computing their power spectrum. Given the dif-
őculty to extract not ambiguous information from them, in appendix A qualitative results of the study
of the power spectrum are summarised. As a perspective study, further investigations are required to
dig on the dependence of the position of some peaks on the geometry as well as the dimension of the
microparticles and, probably, on the material they are made of.
It is important to stress again that the results here derived are the consequence of a preliminary study,
as innovative as ambitious. Both experimental and theoretical őndings reported represent a very solid
starting point for the deőnition of a protocol and, consequently, the realization of a device suitable
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for the detection of micrometrical plastic particles. From the analysis of the behaviour of the integral
IN as a function of the particles’ concentration, presented in chapter 3, it was found an interesting
dependence on the ratio d/λ, where d is the diameter of the particles taken into account and λ the
wavelength of the laser beam employed. In fact, both PS-340 nm and PS-2500 nm spheres, that have
a fractional d/λ ratio, show a IN plot characterized by an initial increase at the lower concentrations
(below mPS/mw < 1 mg/g), followed by a decrease due to the prevalence of extinctions effects induced
by higher mPS/mw values and reducing the light transmitted. This trend is not reproduced by the
PS-617 nm and PS-1050 nm microparticles, which have a diameter d approximately integer multiple of
λ, since their signals generate just a decreasing IN curve. This thesis showed that m and σm provide
a useful tool since the analysis of the trends at varying the concentration pointed out an inŕuence
due to the particle diameter, rather than a dependence on d/λ. As a matter of fact, keeping separate
the evaluation of the pair PS-340 nm and PS-2500 nm from the PS-617 nm and PS-1050 nm one, the
particles with the higher diameter between the two considered display more intense ŕuctuations and
a quicker stabilization. At the same concentration, in fact, m values follow a quicker increasing trend
while σm distribution decreases more rapidly.
The inŕuence of microplastics dimension is also crucial and some hypothetical models are proposed to
őt the different IN trends. An interesting approach based on Super-Poissonian ŕuctuations has been
exploited to interpolate PS-617 nm and PS-1050 nm data. In the case of the PS-2500 nm spheres,
instead, the introduction of a transmittance term to correct the őtting equation deduced by the just
mentioned Super-Poissonian model was needed to describe the initial integral rise. Since the inter-
action of an electromagnetic wave with the PS-340 nm particles induces a different light extinction
regime, the distribution of the normalized integrals associated with their solutions has been described
by resorting to an approximation of the Lambert-Beer law. In this case, it was obtained by deőning the
scattering cross-section according to the Mie scattering formulation and expressing ρσscat as a function
of c=mPS/mw. The őtting curves that have been tested reproduce the arrangement of all the IN data,
regardless of the type of particle examined.
The őndings gradually derived have been őnally explored in three different applications, presented
in chapter 5. PMMA-2500 nm microparticles have been diluted in MilliQ solutions and employed as
dispersed phases to test the capability of the optical device to identify plastics of a different material.
Comparing the plateau of the signals produced by two single droplets containing PS-2500 nm and
PMMA-2500 nm particles respectively, we found a clear difference in the intensity of ŕuctuations char-
acterizing the OT signal collected. This is supposed to be related to an inhomogeneity in microplastics
concentration affecting PMMA dispersed phase. The discrepancy between the two normalized integrals
plots referred to PS and PMMA plastics respectively seems to suggest that, in the concentration range
mMP/mw 2÷5 mg/g, our experimental setup is able to distinguish the two materials. Our results
prove that the higher transparency of PMMA-microparticles, given the more light transmission pro-
vided by solutions including them, induced different optical response. The observed difference is visible
in the same concentration range also in the m and σm distributions. Conőrming the aforementioned
considerations on the different voltage signal ŕuctuations, they show respectively a quicker increase
and a quicker decrease of the PMMA values with respect to the PS ones.
The second application concerned the generation of a droplet sequence by ŕowing in the microŕuidic
circuit a dispersed phase realized by mixing the same quantity of PS-340 nm and PS-1050 nm solutions,
both at concentration C=0.65 mg/g. The analysis of the results obtained from this test was essentially
qualitative but it provides an interesting őnding. In fact, by comparing the plateau produced by a
droplet containing the mixture with the two describing a PS-340 nm and PS-1050 nm signal separately,
it turned out that the voltage ŕuctuations due to the mixture are more similar to those induced by
1050 nm particles. The same evidence has been found by evaluating the three power spectra, since
the arrangement of the peaks characterizing the frequency content of the mixture plateau oscillations
seems to look more like the PS-1050 nm one.
Finally, the effects of a space charge electric őeld Esc, induced by illuminating an iron-doped lithium
niobate (Fe:LiNbO3, Fe:LN) sample properly integrated in the same optoŕuidic platform, were investi-
gated on two PS-617 nm solutions (C3 and C4). Although the őeld created seems to be weak, according
to the elongation ∆L explored by MilliQ water droplets, a shrinking of the droplets’ length in the pres-
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ence of microplastics was noted for both the concentration of 617 nm particles employed. The action of
Esc was also visible on IN . In fact, the normalized integrals describing the transmitted light of the two
solutions with the illumination are lower than the correspondent obtained in absence of the őeld. The
impact of the latter appears to be more intense for more diluted MP aqueous solutions, since C3 inte-
gral experienced a reduction higher than C4 one. In perspective, these hypotheses could be veriőed by
implementing the current microŕuidic stage with an additional external PDMS microchannel circuit,
designed to generate subsequent dilutions of the dispersed phase initially introduced in the lithium
niobate platform. In this conőguration, the optical setup should detect a negative ∆L variation as
long as the particles’ concentration is so low to make the dispersed phase undistinguishable from pure
water. From the theoretical point of view, to justify both the L contraction of microplastics-solution
droplets due to Esc and the length variability characterizing all the PS-droplet sequences, regardless
of the diameter and concentration of the particles, we invoked the so called Pickering emulsion effect.
Further measurements by including a surfactant in a MilliQ-dispersed phase could lead to interesting
results since it would produce, acting on the surface tension at the water-hexadecane interface, the
stabilizing effect which is supposed to be realized by the plastic solid particles.

To conclude, the optoŕuidic platform employed in this thesis project proved to be really effective
in the detection of microplastics. As a matter of fact, the ŕowing of a droplets sequence containing any
of the PS spheres types available provides, in terms of an optical signal, a őngerprint of its passage,
showing to be distinguishable from a MilliQ water droplet signal in a not ambiguous way. The device
has demonstrated, by means of the estimator IN , to be able to identify different particles’ concentra-
tions as well as to make visible, as a function of the latter, the dependence of IN on the diameter of
the spheres employed. Last but not least, the results derived from PMMA microplastics, even though
preliminary, allow the author to be conődent that the detector has also the capability, in a speciőc
concentration range at least, to distinguish diverse plastic materials.
In perspective, the employment of plastic microparticles of different materials and dimensions, in
addition to realizing the optical trigger by coupling the MZI waveguide to a laser with a different
wavelength, could pave the way for future improvements of the exploited opto-ŕuidic conőguration in
microplastics identiőcation and quantiőcation.
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droplet-with-plastic signal acquired, it results that the time length is ∆t ∼ 1ms and the dependence
of power spectrum on Vavg, w is attenuated.
Comparing then the őrst graph with the third, and the second with the fourth, we can evaluate instead
the frequency content brought by the PS-617 nm particles at different concentrations but for the same
water base employed. It emerges that the group of peaks centered around 7.5 kHz (in the őrst power
spectra its intensity is very low) seems to move towards lower frequencies the higher is the concentration
taken into account. On the contrary, the őrst two major peaks, those located around 1.25 kHZ and
2.5 kHz, maintain a pretty stable position. In particular, the latter looks like to be a constant in the
power spectra, since it is present by varying both the particles’ diameter and concentration, and the
water base adopted as well. This őnding encourages its possible dependence either on the material or
on a shape factor, as already discussed in section A.1.
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