RESEARCH ARTICLE

W) Check for updates

ADVANC .~
MATERIALS
INTERFACES

Open Access,

www.advmatinterfaces.de

Photo-Induced Electric Field Effects on Water Droplets
Generated in a LINbO; Opto-Microfluidic Platform

Giovanni Bragato, Annamaria Zaltron, Michele Zanardi, Riccardo Zamboni,

Maddalena De Ros, and Cinzia Sada*

In this work, droplets elongation as a result of the photo-induced photovoltaic
electric field is presented and modeled. Moving water droplets are generated
in microfluidics channels by means of a droplet-based opto-microfluidic
platform integrated in lithium niobate (LN). A cross-junction is engraved on
the substrate as droplets generator, on top of which a z-cut iron-doped lithium
niobate (Fe:LN) crystal is placed in order to build up photo-induced electric
field as a result of photovoltaic effect promoted upon suitable illumination.
Droplets detection is realized by optical waveguides, designed in a
Mach-Zehnder Interferometer (MZI) configuration on the same substrate. The
dynamics of droplet elongation is investigated, highlighting the impact of the
photovoltaic electric field on the droplet dimension and surface tension.

1. Introduction

Recently, the development of new opto-microfluidic sensing
devices!'™! has gained increasing interest due to the promising
features allowed by the combination of microfluidic and opti-
cal stages on the same platform, that addresses the need for in-
tegrating in the same portable device several tools which carry
out different tasks, e.g., manipulation of droplets, sensing of re-
fractive index®! and pH,!° targets identification and sorting.!”]
In particular, the manipulation of droplets in microfluidic sys-
tems is a wide and complex field.®! As it is well-known in liter-
ature, droplets can be generated and processed either in closed
microfluidics!>*1% or in open configuration, the latest being un-
constrained from channels-driven fluxes.[''12I The possibility of
exploiting external electric fields to move droplets, sort them,
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merge them and modify their shape has
been explored in the last years,[''"13] be-
ing the actuation and control of liquid
droplets a major challenge not only for
many industrial processes but also for
chemical, biological, and medical appli-
cations. Active control of droplets by
means of electric fields, both on surfaces
and within microchannels, typically re-
quires the deposition of metallic elec-
trodes on the employed substrate or mi-
crofluidic chip, which in turn need volt-
age suppliers, hence limiting the porta-
bility of the device and in fact almost ex-
cluding reconfigurable features. An inter-
esting alternative to metallic electrodes is
provided by light-induced phenomena able to locally modify
the conductivity of the substrate, as the case of the photo-
voltaic effect (PhV). PhV arises typically in crystals with non-
centrosymmetric structurel'*15] and is related to photoexcitation
and re-combination phenomena that lead to electric charges re-
distribution and, consequently, space-charge electric field build-
ing up. A valid candidate that exhibits photovoltaic effect for
this kind of applications is lithium niobate (LN), which has also
been proposed recently by our group!*'®'7! for Lab-On-a-Chip
systems. This insulating material is well-known in the field of
integrated optics due to its interesting electro-optical, non-linear
optical, piezoelectric, and photorefractive properties, which have
been successfully combined with microfluidic devices.['¥-24] The
high chemical resistance and biocompatibility!?’! of LN, together
with its high optical transmission in the range 350-3500 nm and
its easy interfaceability with polymers and glasses, represent an
added value and qualify this material as an optimal choice for
biological, and medical applications. In particular, in the case of
LN, the photovoltaic properties can be tuned and significantly en-
hanced by local doping the material. One of the most common
dopant is iron, which enables the introduction of two valence
states impurities: Fe?*, acting as a donor, and Fe**, acting as an
acceptor of free charges, respectively. In fact, when a suitable light
pattern irradiates an iron-doped lithium niobate (Fe:LN) crystal,
electrons in the bright areas are excited from donors (that re-
main positively charged) to the conduction band and migrate un-
til acceptor’s centres are reached in the not illuminated region
(becoming negatively charged). The spatial charge distribution
so created is responsible for the building up of the space-charge
field, that behaves as a virtual reconfigurable microelectrode. The
term “virtual” refers to the fact that no metal electrodes need to
be deposited to generate an electric field at the surface of this
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Figure 1. Scheme of the opto-microfluidic setup.

insulating material. The possibility to exploit virtual electrodes to
modify the droplet dimension is of particular interest in the study
of electric field assisted phenomena in micro-reactors cham-
bers with special attention to whispering gallery modes (WGMs)
excitation.??! Tt is well known that in ring resonator WGMs
can be formed through total internal reflection provided that the
mode path matches the right phase conditions of the propagat-
ing field. This requires given ring geometries that can be eas-
ier to be achieved by a fine tuning of the ring shape.*°! Droplets
are excellent candidates for this kind of applications because it is
possible to obtain the desired refractive index contrast by using
water/oil systems to get total internal reflection.332] The possi-
bility to modify the droplet shape on demand to match the ring
resonator conditions represents a very interesting playground for
future applications in biosensing and optical sensing in general.
This is especially true if the droplet shape can be tailored with
photo-induced effects that therefore are flexible, versatile, and not
permanent.

In this work, a new concept of droplet-based opto-microfluidic
platform integrated in LN is introduced, combining microflu-
idics with integrated optics and photovoltaic phenomena to en-
able in the future the modification and actuation of dispersed
objects within water droplets. The opto-microfluidic device con-
sists of a cross-junction engraved on a LN substrate and sealed
with a glass slide, while a z-cut Fe:LN crystal placed on the
top of the chip is employed to generate light-induced photo-
voltaic fields, which interact with the droplets. Droplets detec-
tion is realized by exploiting optical waveguides, designed to ob-
tain a Mach-Zehnder Interferometer (MZI) configuration. In par-
ticular, a novel phenomenon is observed, which results from
the interaction of the photo-induced electric field and the water
droplets dispersed in hexadecane. Droplets lengths was proven
to be sensitive to the photo-induced electric field with a de-
pendence on the droplets velocity and on the dissolved elec-
trolytes concentration. Moreover, the magnitude of this effect
can be tuned by modifying the doping level of the employed
Fe:LN.
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Optofluidic chip \

2. Experimental Section

Droplets were generated by exploiting an optofluidic chip:®! a
cross-junction was engraved on a lithium niobate (LN) substrate
such that the main channel was perpendicular to an array of Ti-
indiffused waveguides realized in a Mach-Zehnder interferome-
ter (MZI) configuration. The waveguides were coupled to laser
light, allowing the detection of droplets flowing within the main
channel (width w, = 200 pm, height h, = 100 um) and the mea-
surement of length and velocity of each single droplet. The sub-
strate was sealed with a glass cover (thickness of around 1 mm;
a brief discussion on the influence of the glass thickness can be
found in the Supporting Information). A detailed description of
this optofluidic chip, including design and fabrication, has been
provided by the group in Ref. [9].

MilliQ® water was used as dispersed phase (flow rate Q,)
while Hexadecane (Sigma—Aldrich) with 3 % w/w concentration
of SPAN® 80 surfactant (Sigma—Aldrich) as continuous phase
(flow rate Q,), hence producing water droplets dispersed in the
latter. The surface tension between water and hexadecane with
the surfactant concentration employed in this work was mea-
sured by the pendant drop method obtaining y, = 4.27 + 0.04
mNm~!. The flow rates were controlled by a pressure pump OB1
MK3 (Elveflow, Paris, France) in feedback with flowmeters BFS
Coriolis (Bronkhorst, AK Ruurlo, Holland). Liquids were injected
in the chip through microfluidic inlets. A scheme of the opto-
microfluidic setup is reported in Figure 1.

The cross-junction engraved in the substrate was employed in
a T-junction configuration by closing one of the two lateral chan-
nels perpendicular to the main channel. In such a geometry, pro-
vided that the working regime was the squeezing one,**! droplets
length L is given by:343]

L=(e+wp)Ca™ (1)

where Ca = p_v/y is the capillary number, p, is the viscosity of
the continuous phase, v is droplets velocity, y the surface tension
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Table 1. List of all the flow rates’ combinations in this work. The stan-
dard deviation o, associated to each flow rate value is 65 = 0.2 r::—an Base
lengths Ly and velocities v, are obtained from the acquisition at time t =0
min. before switching on the PhV illumination averaging over more than
100 droplets.

b=04/Q. 0. [&] Q4 [4] Lo [um] vo [um ms~]
0.8 10 8 566 + 7 6.29 + 0.03
11 8.8 566 + 6 6.97 + 0.04

12.5 10 561 +4 8.03 +0.02

15 12 563 +5 9.49 + 0.07

16.25 13 562+ 6 10.44 +0.03

17.5 14 561+ 4 11.29 + 0.05

20 16 569 + 4 13.59 + 0.06

0.6 12 7.2 488 + 4 7.02 +0.02
16.5 9.9 476 +3 9.56 + 0.03

23.5 14.1 467 + 7 13.65 + 0.06

1.0 9 9 639+ 6 6.31+0.03
13.4 13.4 638 + 4 9.47 + 0.04

19 19 641+ 4 13.6 + 0.04

between the two phases, €, w, m are geometry-dependent param-
eters (further details in Supporting Information) and ¢ = Q,/Q..
Therefore, it was possible to vary droplets length (and velocity) by
properly changing the flow rates. All the used flow rates’ combi-
nations are reported in Table 1. Droplets base length was almost
constant for fixed ¢: in the case ¢ = 0.8, it varied between (561
+ 4) um and (566 + 7) pm, for ¢ = 0.6 it was included between
(467 + 3) um and (488 + 4) pm while with ¢ = 1.0 it ranged be-
tween (638 + 4) um and (641 + 4) um. Supporting Information
provides details on how the measurement of droplets lengths and
velocities is performed.

Virtual electrodes had been realized by integrating an addi-
tional iron-doped lithium niobate (Fe:LN) (z-cut, 0.1 % Fe con-
centration) on the top of glass cover. It was well-knownl!#36-38]
that by illuminating Fe:LN material with suitably not-spatially
homogeneous light (green, i.e., 532 nm) photoexcited electrons
move in a preferential direction giving rise to a photocurrent.
The latter originated in turn a charge density that results in a lo-
cal space-charge electric field. The shape of the crystal region in
which the field was produced depends on the shape of the illumi-
nated spot. In the case of pure LN, the space-charge field can span
from 0to 10* — 10° Vm™!, while it was significantly increased in
Fe:LN crystals, with values up to 10° — 107 Vm~! (with 0.1 % Fe
concentration).[38]

The one-center charge transport model developed by Kukht-
arev and coworkers[*®! explained the bulk photovoltaic effect by
considering only one photorefractive center, which was iron in
the case of Fe:LN. In particular Fe?* acted as a donor state, while
Fe** as an acceptor one. This model was able to provide the time
evolution of the space-charge electric field, which turns out to be
an exponential law with time constant

Esc = Epm

(1—e) @
€€y Npse €€

g, =S50 mer R0l (3)
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where Np,.. and N, are respectively the density of donors
and acceptors, R = N, / Np. is the reduction degree of the ma-
terial, @, ~# 107 mW~! Q' (at room temperature) is the specific
photoconducivity' and I is the illumination intensity.

The impinging beam shape could be approximated to a cir-
cumference with r ~ 1 mm, hence the illumination intensity on
Fe:LN could be estimated as [ = P/(z7?) ~ 2.2 - 10* Wm™2. A brief
discussion on the role of laser power and wavelength in the gen-
eration of the photo-induced field could be found in Supporting
Information. In this work, a z-cut Fe:LN crystal was chosen since
the photoexcited electrons move along the z-axis (c-axis) toward
its positive direction. Hence, the +z face was placed as close as
possible to the glass cover, in order to maximize the field’s lines
entering the microchannel.

The scheme of the chip is reported in Figure 2. The illumina-
tion of the cover to promote the photovoltaic effect was provided
by a solid state laser (A = 532 nm) with a power of 65.0 mW mea-
sured in close proximity to the chip with a semiconductor power
sensor connected to FieldMaxII-TO Power Meter (Coherent Inc.,
Santa Clara, CA, USA). In the following, this illumination would
be referred to as PhV-laser (or PhV illumination) to recall its role
in promoting the building up of space-charge field due to the pho-
tovoltaic effect. In parallel, a continuous diode laser with power of
7.35 mW and wavelength A = 532 nm was coupled into the MZI
waveguide, enabling the detection of the flowing droplets and the
measurement of length and velocity of each single droplet.l”]

3. Results

The space-charge field has been generated by photovoltaic effect
so thatitinteracts with moving droplets. Different droplet lengths
L and velocities v were produced in trains and measured before
and after the switching on of the PhV-laser, in order to investigate
the effect of the space-charge field on these parameters. Each ac-
quisition has a time duration At; such that at least 100 droplets
are detected for any chosen combination of flow rates and used
to derive the average values of L and v. The middle point ¢; of each
selected At; corresponds to the instant of time used to label the i
—th acquisition. In Figure 3, an example of the behavior of the av-
erage lengths over time is reported, for the case Q, = 10 n‘q‘—i} and
Q; =8 - (¢ =0.8). Experimental results show that the droplets
length increases with exposition time to the PhV illumination,
with a saturation value reached approximately after 30 min. The
measured droplet elongation increases following an exponential
law with a characteristic time of the order of magnitude of min-
utes, being strongly reproducible.

Up to our knowledge, no data have been published on elonga-
tions of moving droplets in microfluidic channels under photo-
induced effects, such as the photovoltaic one, nor similar phe-
nomena have been either explained or modeled. In this work, we
performed systematic investigations in order to assess the role of
the photo-induced field in the physical mechanisms underlying
the droplet elongation. Specifically, we aim to clarify:

® The dynamics and time scale of droplet elongation phenom-
ena and relative stability and reproducibility;
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Figure 2. Scheme (not to scale) of the opto-microfluidic chip employed in this work. In the figure, w, = 200 um, h, = 100 um and 2W = 40 um. The two
arrows labeled with “z” point toward the positive direction of the crystals z-axis (c-axis). The MZ| waveguides were fabricated in the LN substrate prior
to engraving the microchannel: the engraving process cuts perpendicularly the two arms of each waveguide in such a way that the channel is embedded
in the waveguide. A detailed description of the device design and fabrication and the opto-microfluidic setup employed to generate droplets has been
previously provided by our group in Ref. [9]. Device fabrication Section in Supporting Information provides the most relevant details.

® The role of the space-charge field with special care to its inten-
sity and time scale (z,,) relative to its building-up and fading
processes when the PhV illumination is switched on and off
respectively;

® How the magnitude of the droplet elongation is effected by the
droplet velocity, as this parameter strongly affects the duration
of the interaction between E,, and the droplet.

3.1. Time Scale of Droplet Elongation

If the time-dependent E,, were the driven actor in modifying the
droplet length, it would be expected that the main contribution of
the photovoltaic effect comes from the Fe:LN sealing cover and
not from the undoped LN substrate where the microfluidic chan-
nels have been engraved (a brief discussion on the contribution
of the LN substrate to this phenomenon is reported in Support-
ing Information, Section Contribution of the LN substrate to the
droplets elongation). Thus, the dopant concentration inside the

Qc=10ul/min, Qq= 8 uL/min
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Figure 3. Average lengths over time with flow rates Q, = 10 r‘n‘—an and Q, =
8 r;’—an (¢ =0.8). The fitis performed with Equation (5). In this case, a Fe:LN
sample with Ng,3+ = 15.6 - 10'® atoms/cm? is employed.
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Fe:LN sample would play a major role and the ratio R would be
the key parameter to tailor the process (see Equations (2)—(3)). To
assess whether this is the case, several Fe:LN sealing covers have
been used in order to investigate the role of the E,. intensity in
the droplet elongation mechanisms. Furthermore, different dis-
persed phases and flow rate combinations (Table 1) have been
investigated, to monitor the impact of light-induced phenomena
on the droplet composition, shape, length, and velocity.

In Figure 3 results obtained using a Fe:LN top cover with
Np = 15.6 - 10" atoms/cm?®, Np,.. = 3.2 - 10" atoms/cm?® and
R =0.205 + 0.007 are presented as case study since this Fe:LN
sample represents the best compromise in terms of modulus and
building-up time 7 of the light-induced field E,. If the elonga-
tion of the droplet were induced by the photovoltaic effect, via
the space-charge field generated in the Fe:LN cover, the droplet
length L would scale with an exponential time dependence simi-
lar to Equation (1). In order to verify this hypothesis, experimen-
tal values of L(t) have been fitted with a function:

L(t)=Ly+AL(1—¢"/7) (5)

where L is the base length when no laser beam is impinging on
the iron-doped sample, while AL and 7 are the fitting parame-
ters. AL stands for the observed droplet elongation due to illu-
mination, 7 being the typical time in which that elongation is
established, respectively. The proposed function well fits the ex-
perimental data of Figure 3, providing as best fitting parameters
AL=19 + 1 um and 7 = 8 + 2 min. After 60 min of illumination
the PhV laser has been switched off and the values of the droplet
length in absence of illumination are reported in Figure 4. As
expected, L decreases with time, slowly approaching to the base
length L. This is due to the fading-out transient of the space-
charge field, that goes progressively to zero in absence of illu-
mination, with a slower process than the space-charge building-
up dynamics. In dark conditions, in fact, the photo-induced field
decays with a typical time ranging between seconds to tens of
hours,*] depending on doping and temperature.

As it can be seen in Figure 4, a decreasing trend in the form
of L(t) = a - e™""* + ¢ is observed with a typical lifetime (1/b = 61

© 2024 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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Figure 4. Average lengths over time after the switching off of the sample
PhV illumination. Acquisition at t = 0 min is the one acquired at 60 min
after the beginning of illumination (Figure 3). A decreasing trend is rec-
ognizable and a fitting with a chosen function in the form of is performed
obtaining:a=6+3um, 1/b =61+ 1min and ¢ =580 + 3 pm. The fact that
L(t - +o0) = ¢ > Ly = 566 + 7 um suggests that the observed dynamics
may be much slower than the estimation provided by the fitting parameter

1/b.

+ 1 min >8 + 1 min). It is worth mentioning that 120 min after
switching off the PhV illumination the average droplets length is
still not within one standard deviation from the average length
L,.

These results clearly suggest that the droplet elongation is re-
lated to the presence of the space-charge electric field E,. induced
by the PhV illumination.

Since the temporal evolution of E,. depends on either N, and
Ny, different values of the reduction degree R = Ny /Nps.
have been therefore studied, keeping fixed the dopant concen-
tration of the Fe:LN sample (N, = 18.8 - 10%atoms/cm?) and the
flow rates inside the microfluidic device. The employed Fe:LN
samples have been characterized by means of optical absorption
measurements,[***1] obtaining the compositional parameters re-
ported in Table 2. The droplet length measurements have been
performed in different days, so that at least 21 h have passed be-
tween each illumination routine, allowing E, to completely fade
out. Before starting each new measurement, the system has been
checked to have recovered its initial state without PhV illumina-
tion, droplets’ average length being compatible with the previ-
ously obtained L, before switching on the PhV-laser.

The fitting of the experimental data provides the parameters
reported in Table 2, from which it clearly emerges a light-induced

Table 2. Fit parameters of Equation (5) with flow rates Q, = 10 £& and

min

Q=28 r’r‘l—an (¢ =0.8) and density of acceptors of the three employed Fe:LN
samples.

R N3+ [a:’mfgs] AL/Lqy 9] 7 [min]
0.100 + 0.006 (17.0+0.3) - 107 3.2+0.2 M+3
0.205 + 0.007 (15.6 +£0.2) - 10" 3.4+0.2 8+2
0.270 + 0.007 (14.8£0.2) - 10% 23407 20+ 13
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droplet elongation of 2-3 %. These results confirm the impact of
photovoltaic-induced effects on the droplet shape, since the dy-
namics follows Equation (5) and the phenomenon is highly re-
producible. If the droplets elongation was effected only by the
strength of the photo-induced field, AL/L, values should follow
an increasing trend (Equation (4)) and depend on Ny;,. Data in
Table 2 indeed do not confirm this expectation. Some hypothesis
can then be formulated to explain this experimental evidence:

1) The investigated range of Np,. is not wide enough, conse-
quently the resolution is not high enough to highlight a de-
pendence of L on Np;.;

2) It may be sufficient that E_ > E,, ... (“threshold effect”) for
an elongation to take place. In this specific case, the above in-
equality would be verified for each of the three Fe:LN samples;

3) The elongation is due to a “gradient effect”, i.e., the electric
field spatial variation and not its intensity plays a role in mod-
ifying the droplet length. In this case, the droplets’ elonga-
tion would be caused by the dielectrophoretic force F,,,, which
in turn depends on the spatial variation of the photo-induced
electric field:

Fy, « VIE(t)]* (0)

Since the single droplet elongates only in the illuminated zone
of the channel and returns to its “standard” dimension (L)
after travelling through the electric field lines, it is expected to
display a sort of spring-like behavior, which can be modeled
by:

Foop = R(L(t) = Lo) = 7(L(t) = Lo) )

In this case, the expected dependence between the droplet
length and a weakly spatially-dependent light-induced electric
field would be:

L(t) = L, + AL(1 - ¢™/7)? (8)

In Figure 5, the droplets lengths are reported under different
microfluidic conditions and fitted by an exponential growth and
anon-linear exponential growth as discussed in Hypothesis 3). It
is worth mentioning that an exponential trend seems to be com-
patible with the experimental data. In this work it is clear that,
for all the employed samples, E, > E,;,.,,q holds and hypothesis
1) does not exclude 3).

In order to understand more clearly the origin of the observed
exponential growth, the following aspects have been dug: i) role
of the PhV exposition time, considering the illumination dura-
tion, as well as the duration of the droplet - space-charge field
interaction; ii) impact of the electric field on the droplet sur-
face tension y; iii) impact of liquid phase polarity and screening
effects.

3.2. Dynamics of Droplet Elongation

In order to understand the effect of the light exposition time on
the droplet, the behavior of AL and 7 have been studied as func-
tion of droplets velocity, namely by properly varying ¢ (Table 1).
In the case of three representative velocities, L, has been varied
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Figure 5. Average lengths over time with flow rates Q, = 10 4= 0, =

min’

L and Q, =125 £, Q4 =10 L= (¢ = 0.8). The Fe:LN sample with

min min
NFe3+ = 15.6 - 10"® atoms/cm? is employed. The orange fits are performed
with Equation (8), which is a possible candidate to capture the quadratic
trend discussed in hypothesis 3 in this Section.

as well. In Figure 6, AL/L, and 7 values as a function of droplet
velocity v are reported. Average droplets velocities are measured
together with lengths!®) and they seem not to be affected by the
photo-induced field. In fact, for each acquisition, average v, is ob-
tained and the values used to label each combination of flow rates
in Figure 6 and Figure 7 are the v, values obtained from linear
fits of the kind v = m - t + v, accounting in this way for all the
measurements performed during illumination of the Fe:LN sam-
ple. In all cases in this work, m € 1072 pmms~2. Droplets elonga-
tion (Figure 6) decreases with droplets velocity v in all the three
¢ values investigated. This suggests that, for the single droplet,
spending more time within the illuminated zone of the channel
produces more consistent elongation. Since lengths (and veloci-

3.5 1 +

3.0 ° 9=
2.5-+ * b
2.0

151

1.0 1 + +

0.5 1

AL /Lo (%)

———

0.0
6 7 8 9 10 11 12 13 14
Droplet velocity (um/ms)

Figure 6. AL / Ly a function of droplet velocities. AL values are obtained
from fits with at least 40 min of Fe:LN sample illumination.
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Figure 7. 7 values as a function of droplet velocities fitted with a straight
line equation to highlight their trend.

ties) are measured by exploiting a waveguide which is in the mid-
dle of the beam spot, two alternatives may arise: i) this acquisi-
tion setup accounts only for droplet elongation induced by illu-
minated zone before the waveguide and nothing can be said on
the remaining part of the illuminated microchannel; ii) elonga-
tion produced while the droplet is totally within illuminated chan-
nel is negligible compared to the one induced when the droplet
is entering inside the zone where the beam is impinging. The
latter hypothesis implies that the gradient of the light-induced
electric field V|E| dominates over the electric field itself in this
process. As far as the 7z values are concerned (Figure 7), they
display different trends with v according to the corresponding
¢ value.

The faster the droplets, the higher is the required time to ob-
tain the full elongation AL. This evidence is coherent with ex-
pectations, since the higher the velocity, the lower the time the
photo-induced field has to interact with flowing droplets. It is also
possible to notice that in the lowest velocity case, the lowest time
7 is the one obtained with ¢ = 0.6, which is consistent since this
is the flow rates combination that produces smaller droplets com-
pared to the other two. Considering that droplets’ volume V.,
scales with their length, namely V., ~ L, w, h, with h_ the chan-
nel height, it is reasonable to assume that for the photo-induced
field it is easier to interact with lower quantity of liquid. For ¢ =
0.8 the increasing trend is however less marked, with the differ-
ent values settling around 7 = 7,4 = 8.7 + 0.9 min. On the other
hand, this could explain why we observe a decreasing trend for
¢ = 1.0: the droplets’ volume is too high for the field to properly
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interact with the fastest droplets and hence 7 looses its meaning
for the two higher velocity values.

Experimental data can be fitted with good agreement also with
Equation (8). Resulting 7 values are smaller than the one obtained
in the case of Equation (5) but of the the same order of magni-
tude (several minutes). It is evident that the typical time 7 of the
observed elongation doesn’t match with the photo-voltaic dynam-
ics, namely 7 = 7 that depends only on the characteristics of the
Fe:LN sample and on the illumination intensity (Equation (3)).
As a matter of fact, considering R = 0.205, 7, is ~ 17 s since [ ~
2.2 -10* W m~2 while & = &;; = ¢,, = 8411* because the chosen
geometry is such that light impinging on the sample is polarized
on the xy plane. As shown in Table 2, the experimental = values
are one order of magnitude bigger than 7. which means that the
observed phenomenon is much slower than the building up of
the photo-induced field. As a direct consequence, since at t = 47
it mustbe E(t) % E,,, then all the L(t;) values for t; > 0 (in Figure 3)
are achieved when the electric field has already reached its satura-
tion value E,,,. In this case, because of Equation (7), Fy,, should
not have any temporal dependence and the same holds for the
right-hand side, yAL(t). However, since L(t) follows the experi-
mentally observed trend L(t)x(1 — ¢77) then y should decrease
over time as:

r(H) o (1—er) ©)

In order to test this hypothesis, we investigated the effect of
electric field on the droplet surface tension y.

3.3. Impact of Electric Field on the Droplet Surface Tension y

If the droplets elongation is related to a surface tension change
induced by the space-charge electric field building up, y would
depend on PhV exposition time. In order to estimate the time
variation of y over time accounting also the effect of droplets ve-
locity, we consider the data corresponding to ¢ = 0.8 reported in
Table 1. In a T-junction, the dimensions of droplets are predicted
by Equation (1), where the capillary number Ca contains viscos-
ity of continuous phase p, and surface tension between the two
phases, y. Non-polar liquids viscosity is not subjected to appre-
ciable variation in presence of electric fields up to 10° Vm™1,14243]
hence p, can be considered constant during the PhV 111um1na-
tion. This in turn further suggests that y plays a crucial role in
this kind of dynamics. In particular, by rewriting Equation (1) as:

L= A(g)Ca™ = Alg) (“7> (10)

By using y and p, values given at zero electric field, it is pos-
sible to estimate A(¢) and m when no PhV illumination is given
by fixing ¢ and fitting L, as a function of Ca with A($) and m
as free parameters by using Equation (10). With this approach it
results that A(p) = 520 + 20 ym and m = m, = 0.015 = 0.007.
Assuming that these values hold also when E,,, # 0, we fitted
L(t;) as a function of v with Equation (10) for each set of acqui-
sitions at different times, namely with ¢, = 5, 10, 15, 20, 25, 30,
35, 40 min, respectively. However, this fitting procedure fails in
appropriately describe the trend of L(t;) suggesting that we need
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to relax the hypothesis on the parameters A(¢) and m. Hence,
L(t;) has been fitted as a function of v letting the exponent m to
be a fitting parameter together with y. The fits at t, = 10, 20, 30
min are reported as an example in Figure 8a where the experi-
mental data trend is well reproduced. Each performed fit at t =
t, yields the values y(t;) and m(t;). The time behavior of y(t) and
exponent m(t) are reported in Figure 8b,c, respectively. Surface
tension displays a decreasing trend over the exposition time as
expected while exponent m is instead increasing with a behavior
similar to the L(t) time-dynamics. y (t;) values are well fitted by the
following function:

a _ Yo
Lb(l—em)  1+byy(l—e/7)
0

r(t) = (11)

where the best parameters are a = 1.000 + 0.006, b = (6.4 +
0.6) - 10’ mN™', 7, = 10 + 2 min. It clearly emerges that z, and ¢
are of the same order of magnitude and the trend is compatible
with predictions of Equation (5).

3.4. Screening Effects

Screening effect is expected to enter in action probing the space-
charge electric field, as well as the impact of the dynamics of the
droplet movement.

By keeping fixed flow rates as explained before (Q, = 10 £=

min

and Q; =8 £-, ¢ = 0.8), droplets of different NaCl solutions
(NaCl dlssolvea in MilliQ water) dispersed in the same contin-
uous phase are produced in this case. Dissociated Na* and Cl~
ions in a NaCl solution behave as mobile charge carriers and,
when exposed to an external electric field, are hence expected to
position themselves in order to screen the latter. This is indeed
what is observed (Figure 9). The average lengths’ trend is clearly
decreasing. The average length with zero NaCl concentration is
the value obtained after 45 min of sample illumination. In the
case of molar concentrations between 0.25 and 0.75 M, droplets’
average lengths are compatible with L. This further confirms the
role of the space-charge field in this observed dynamic.

3.5. Modeling

Surface tension y(t) is a property connected to the interface be-
tween the two phases and can depend on the presence of exter-
nal electric field and on the adsorption variation of SPAN® 80
surfactant dispersed in the continuous phase. Concerning the
latter, a decreasing trend of y over time is consistent with an
increased adsorption of surfactants and possibly other impuri-
ties on the water surface.?2*-4] Conversely, accounting for the
electric field increases the complexity of the system. The interac-
tion of different kind of electric field geometries with fluids has
been studied for decades starting from the pioneering work of
Taylor.*’] In literature, specific geometries have been studied to
describe the effect of applied electric field on interacting fluids
and explain the induced deformation. Static spherical droplet or
cylinder with a circular cross-section have been investigated un-
der a uniform electric field, showing that a prolate or oblate ellip-
soidal form (or ellipsoidal cross-section) is achieved according to
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Figure 8. In Figure 8a three examples of fits of L(t;) as a function of v with Equation (10) with t; = 10, 20, 30 min, by employing A(¢) parameter obtained
from the fit with Equation (10) with 0.004 < Ca < 0.009, with y and m as fit parameters. In Figure 8b surface tension values obtained from all the fits.
The point at t = 0 min. is an experimental value obtained with the pendant drop method: 7, = 4.27 + 0.04 mNm~". In Figure 8c the correspondent

m values.
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Figure 9. Trend of the obtained droplets’ average lengths as a function of

NaCl concentration. The average length with zero NaCl concentration is
the data obtained after 45 min of sample illumination.
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the electrohydrodynamic (EHD) properties of the system.[*$->0]

This deformation has been described basically as a process go-
ing from an initial steady state to a final one through a tran-
sient process that occurs within typical time scales of millisec-
onds. It is usually modeled by introducing the Taylor’s defor-
mation parameter D = (r; — r,)/(r; + r), with r, and r, the
droplet lengths in the directions parallel and perpendicular to
the field, and solving the electrohydrodynamic problem. In our
case, however, the same theoretical models cannot be used, nor a
definition of D is straightforward, because the shape of the elec-
tric field lines entering the microfluidic channel and interacting
with the droplets are not of a uniform electric field. Apart from
having a quite complex geometry to be determined, in fact, the
droplet velocity influences over time the field felt by the flowing
droplets. If we considered an uniform field, within a first order
approximation neglecting fluid inertia and charge relaxation,>!]
for a spherical droplet the solution to the EHD problem
yields:

D(t) = D (1 —e™/™) (12)
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p.a (34 2x)(16 + 9x)

T T 401 1)

(13)

where 7, is the characteristic time scale for the shape deforma-
tion, a the droplet radius, k¥ = W, /M. In the case of a cylinder
whose cross-section shifts from a circular to an ellipsoidal shape
due to the interaction with a uniform transverse field the time
scale 7, can be obtained as:

+ a
= (/’lc ”water) [4 (14)

4

co

with a, radius of the cylinder. The latter despite being a rather
crude approximation compared to our case, provides an order of
magnitude for the time scale of the deformation process. Insert-
ing the values of our system in Equation (14), using a = h /2 =
50 um, y =y, and p,,,, = 0.89 mPa's at room temperature,>?!
yields 7, = 0.046 ms, confirming that the action of the field on
the deformation process is much faster and the phenomenon we
are observing is a kind of interaction not yet modeled and needs
to be properly understood. If we employ Equation (13), we ob-
tain 7, = 0.027 ms, which is of the same order of magnitude but
faster because of the different shape. The same order of magni-
tude is obtained if @ = w,/2 is used as approximation. The time
dependence of Equation (12), which describes the transient pro-
cess between steady states, suggests that the trend L(t)ex(1 — e777)
is expected to describe the observed phenomenon. This evidence
further supports our conclusion to use Equation (5) to fit our data
as motivated in the previous sections.

In this work, we assume to describe the droplet elongation in
the context of relaxation processes. In this case the most simple
relaxation function follows an exponential trend:[>>>*]

o) = @ (15)

and it is well known that Equation (15) is a solution of the first
order linear equation:

d
0~ Lot - o) (16)

with @ = @(t> 7). This kind of dynamics is well reproduced by
a linear oscillator that, as we have already stated, fits our droplets
elongation dynamics. For a relaxation process, inertia force can
be neglected® and the linear oscillator equation can be rewritten
in the generic parameter x(t) as:

d
X0 1, _F

with 7 time constant, k the spring constant and F the external
harmonic force, typically time dependent. If ¢(t) solves the pre-
vious equation, also w () = A + Bg(t), A, B constants, solves the
same differential equation with a different final state ¢_. As a
consequence Equation (5) results in:

L(t) = Ly+ AL— ALe™" (18)
=L -ALe"" (19)
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i.e., a solution of a differential equation of the same kind of Equa-
tion (17). If k ~ y () (Equation (11)) with time constant 7, = 7, we
can proceed with the analytical solution of the problem. Although
the true expression for the force F is not known, from the trend
in Figure 6 it is clear that its influence on the droplets should de-
crease with the velocity. Since our time scale is much slower than
the deformation process, we can assume it is time independent,
i.e., the following expression can be assumed:

F=c(”7v>a (20)

where ¢ >0andy = f()“ y(t)dt/4r = 0.28 - 107 Nm™ to account
for an average effect over time of this parameter. All the complex-
ity of the interaction field-droplet is included within the parame-
ter C. By assuming that v is not significantly changing with time,
Equation (17) for L(t) yields:

7* t(1+Db A
Ly = g CETARR) _ CF e
Vs, Ve pl
+ L g (21)
v ,u?

with A and B integration constants. We can provide at this point
some considerations. If t > 7, it must be:

7> z(1+Db
L o)=L, +arL= S Z0F07) 22)
vl Yo

and as expected our final state is not time dependent. Then, when
t=0:

Lt=0)=Lj=A+ ——————+ ——B=A+ L[ +AL
VEEE Ve
+E g 23)
v u?
yielding
A+ £l po AL (24)
v p

and Equation (21) takes the following form:

L(t) = Ly + AL(1 — /%) — VEV— bte (25)
e M:;l

Interestingly, we were able to recover the same shape of Equa-
tion (5) except for a correction containing the parameters C and
b, both describing the interaction between the electric field and
the flowing droplets. We note that this additional term does
not affect the final length reached by the droplets as it vanishes
when t > 7. Since experimentally we do not observe such
correction scaling with te /™ we expect the parameter C to be
sufficiently small. We can fit the data corresponding to ¢ = 0.8 in
Figure 6 with the following equation, which is a rewritten form
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Figure 10. Experimental values of AL values (¢ = 0.8) as a function of
droplet velocity. The yellow line represents the fit of the data using Equa-
tion (26).

of Equation (22), to obtain an estimation of C and a exponent:

C 7 r(L+by)

AL = -L,=
v u? Yo 0
c/{7\“t(1+by %\ 1
= _H<L> M—AM’) 0 — (26)
v\, Yo u,) v

where we used Equation (10) and 7 = 7,3 = 8.7 min. Fitting
procedure provides a good agreement with our data (Figure 10)
yielding C = (1.45 + 0.02) - 107 N s7! and & = 0.058 + 0.006. The
parameter C is in fact small, yet the additional factor provides a
trend which is not observed experimentally (Figure 11). This is
in perfect agreement with our model since no constrains have
been included by the microfluidic channel. As a consequence,
the droplet can elongate appreciably only in the direction of its
motion, while in the two perpendicular direction the channel’s
walls opposes to the deformation (Supporting Information
Section Droplet deformation in the directions perpendicular to

c =10uL/min, Qq=8uL/min

585 -

T 580

2 575

<

=)

2 570 1

(0]

j 565 -

B - A=0

5. 5601 A=

S 555 — A=0.1

— A=0.01

5501 —— 1=0.001

0 10 20 30 40 50 60 70 80
Time (minutes)

Figure 11. Comparison of different A values inserted in Equation (27) with

AL and 7 corresponding to the data in Figure 3. The curve with A =0

corresponds to the fitted Equation (5).
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the main channel provides an estimation on the deformation on
the directions perpendicular to the droplets motion). Such con-
straint is quite difficult to be imposed since we cannot directly
measure the deformation of the cross-section. Empirically we
could account for this by adding a phenomenological parameter
A to the term proportional to t in Equation (25), so that:

L(t) = Ly+ AL(1 — ™) — 2 VEL bte” 27)
o #(Cl

where A = 1072 matches with our observed trend given by
Equation (5) (Figure 11).
Finally, rewriting Equation (26) to obtain 7 yields:

— Yo He ‘ a
7= A+ ( ; ) (Lo + AL)v (28)

which means that a dependence of 7 on v cannot be ruled out. The
varying trend with varying ¢ (Figure 7) suggests that a exponent
and C may be dependent on ¢ as well.

4. Conclusion

In this work, we have investigated the dynamics of a photo-
induced electric field by studying its action on water droplets
flowing in a continuous phase (Hexadecane) inside an opto-
microfluidic platform integrated on a LN substrate. The dynam-
ics of the photo-induced field was investigated by studying its ac-
tion on dispersed phase’s droplets flowing in a continuous phase
(Hexadecane), immiscible with the dispersed one (water), gen-
erated by exploiting an opto-microfluidic platform integrated on
a LN substrate. Droplets generation was achieved thanks to the
integrated microfluidic stage, consisting of a cross-junction en-
graved in the LN substrate, while droplets detection during their
motion across the main microchannel was achieved by exploiting
the optical stage of the device, namely an array of Ti-indiffused
optical waveguides in Mach-Zehnder interferometer (MZI) con-
figuration perpendicular to the microchannel. The electric field
was obtained by suitably illuminating with a green laser beam
a Fe:LN sample, integrated in the same device, so that the im-
pinging light was in correspondence of the MZI waveguide. To
the knowledge of the authors, this is the first time that the dy-
namics of the Fe:LN photo-induced field is investigated by di-
rectly observing its effect on dispersed droplets generated and
detected thanks to an opto-microfluidic platform in such a con-
figuration. Droplets of three similar lengths and different veloc-
ities were generated by suitably varying flow rates of continuous
and dispersed phase to investigate photo-induced field effects on
droplets of different size and velocity. An increasing of droplets’
average lengths over time during illumination of Fe:LN sample
is observed in all the cases, with a stabilization around a constant
value after a typical time 7. Although it is not clear up to now
which is the best function describing the behavior of the average
lengths over time during illumination, such a trend is reasonably
compatible with the dynamics of the photo-induced space-charge
electric field. The elongation effect is observed when employing
three Fe:LN samples with different doping, which is again consis-
tent with theoretical models available in the literature, being the
photo-induced field dynamics dependent on the Fe doping level
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of the crystal. Droplet elongation AL due to the light-induced field
and typical building-up time = were investigated as a function of
droplets velocity (and base length L), highlighting a decreasing
trend of AL with velocity and a dependence of = on droplets size.
If dispersed phase is varied by adding NaCl, a screening effect is
observed with increasing NaCl concentration. Our model is nev-
ertheless able to reproduce quite well the trend of the observed
elongation AL. Our choices for the functional form of y(t) and F
were a justified attempt to gather the essential physics involved
in the observed dynamics.

The simplicity and the flexibility ensured by the opto-
microfluidic platform presented here and these promising re-
sults pave the way for future improvements and studies, open-
ing new interesting possibilities, e.g., manipulating dispersed ob-
jects within droplets by tuning doping level of Fe:LN and/or suit-
ably varying flow rates, modifying droplets size and velocity, and
dispersed phase properties.
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