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Controlling the deposition of particle is of great importance in many applications. In this work,
DOL:00.0000000000000¢ we study particle deposition driven by Marangoni flows, triggered by laser absorption inside an
evaporating droplet. When the laser is turned on, thermal gradients are generated and produce a
toroidal Marangoni flow that concentrates the particles around the laser beam and ultimately controls
the final deposition. We experimentally characterize the radius of the Marangoni flows as a function
of the laser parameters. Counter-intuitively, the radius of the Marangoni region appears to remain
constant and is not proportional to the thickness of the drop which decreases due to evaporation.
We develop a model to predict the size of the Marangoni region that combines evaporative flows and
laser-induced Marangoni flows. The experimental data are in good agreement with the predictions,
allowing us to estimate the particle overconcentration factor resulting from the laser heating effects.
The addition of surfactants to the solution allows the coupling of solutal Marangoni flows with
thermal ones to achieve a final micron-scale deposit located at the laser spot. These results pave
the way for new methods with high tunability provided by spatio-temporal light control for surface
patterning applications.

Controlling the microscopic organization of large particle assem-
blies on surfaces is of great importance to design dedicated func-
tional patterns in surface material processing for biosensing, par-
ticle chromatography, 2D-photonics, or printing applications for
example™®, Complementary to top-down techniques such as
lithography, bottom-up approaches represent a very appealing
and low cost alternative strategym that have attracted intensive
studies in the past decades. Among them, evaporation-driven
self-assembly is now recognized as a smart process to organize
particles at the micron and submicron scales®?. The underlying
mechanism was firstly demonstrated with the so-called coffee ring
effectZ10 where the evaporation of the solvent of sessile droplets
triggers particle deposition at the contact line due to internal out-
wards flows induced by the evaporation gradient. To go beyond
simple organizations of deposits and to control the size of the fi-
nal deposit which is essential for surface functionnalizations, ad-
ditional strategies have been proposed based on either the use of
external fields or the control of internal flows during the evap-

oration process. For instance, evaporation masks to control lo-
cally the evaporation rate at the droplet interface or to modify the
flow field inside the droplets have been successfully proposed™L.
External fields, such as electric[m, ligh, electroosmoticl¥ or
acoustic313 fields, were also devised to increase versatility and
functionnalization but they often require specific substrate prop-
erties. Another interesting and very general strategy is based on
the Marangoni effect as proposed initially by Hu and Larson 6.
The Marangoni effect is based on the variation of surface ten-
sion due to either a thermal gradient (Thermal Marangoni Effect
(TME)) or a solutal chemical gradient (Solutal Marangoni Effect
(SME)). The Marangoni effects generate surface flows which trig-
ger a reorganization of the deposit after the evaporation of the
solvent. Marangoni flows can then oppose to the evaporative
flows and offer another degree of freedom to assemble and or-
ganize 2D materials. In this context, solutal (using surfactants
or vapour chemical) and thermal (using heating sources)m]
Marangoni effects have been exploited to reverse the coffee ring
effect. Recently, laser actuation has been proposed to induce SME
using UV laser photoactivation of specific surfactants?2 or to in-
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enable new types of patterns?? for dedicated applications. How-
ever, up to now the typical size of the final deposit is still large,
typically around a few tenths of millimeters21H23123126 g4 the
optimization of the final deposit size remains an open question
although it is essential for future miniaturized applications. A
detailed study depending on the laser and temperature parame-
ters is still lacking and a quantitative model is required to under-
stand the resulting laser-induced flows in non-equilibrium condi-
tions during the evaporation process. The present investigation
proposes such a detailed experimental investigation of the laser-
induced Marangoni flows inside an evaporating droplet as a func-
tion of laser and thermal parameters. To do this, we use a near
infrared focused laser to locally heat an aqueous suspension and
induce a localized thermal gradient inside an evaporating droplet
deposited on a glass substrate. When the laser is turned on, the
temperature inside the droplet increases rapidly and a thermal
gradient at the interface triggers hydrodynamic flows. We show
that a Marangoni recirculating zone rapidly appears around the
laser spot at the drop center and maintains all along the evapora-
tion process as presented in figure [Ip (see movie in ESIT). Inter-
estingly, this Marangoni recirculating zone concentrates particles
in a specific and localized region around the heating laser beam,
which sets the final deposit size. We finally show that the addi-
tion of surfactants could be an important issue to reduce the final
deposit size beyond standard limitations.

In the following, we first introduce the experimental setup and
present the experimental results depending on laser properties.
We then develop a model to account for the amplitude of the
Marangoni flow and the size of the recirculating region depend-
ing on the heating laser characteristics and on the thermal prop-
erties of the suspension. This model is quantitatively confronted
to experiments in order to show that the size of the recirculation
region controls the evolution of the particle concentration. We
anticipate that the size of this recirculation region is crucial to
control the size and the particle density of the final deposit as
well as the particle organization within this deposit, which are all
essential aspects for further patterning and surface functionnal-
ization applications.

1 Materials and methods

1.1 Solutions

Aqueous solutions containing 0. 1wz % of fluorescent particles (Flu-
oresbrite, YG, Polysciences, diameter = 1 um) are prepared with
deionized (DI) water. Solutions are sonicated during 20 min be-
fore use to avoid possible aggregates. Drops of volume ranging
from 0.1 uL up to 1.0 puL of solutions are deposited using a SGE
glass syringe on a microscope slide. Microscope slides (Menzel
Glazer) are first cleaned with acetone, then with DI water and
with ethanol. Finally slides are dried with dry air and argon gas.
Experiments are performed at room temperature (7 =20 °C) and
at a relative humidity (RH) varying between 40% and 70% de-
pending on room humidity conditions.
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Fig. 1 a) Image sequence of an evaporation process under infrared laser
radiation. The laser spot is at the center of the drop. The drop, deposited
on a glass slide, has an initial volume V =0.1uL. The incident laser power
is P, =250 mW and the waist of the laser beam is wy = 320um. The total
evaporation time is 7, = 42s for a relative humidity RH = 50%. White
scale bar = 500 pum. b) Sketch of the experimental set-up. An infrared
laser (A = 1470 nm) is focused in the droplet (composed of an aqueous
suspension) by an infrared (IR) microscope objective Or. The sample is
observed with an inverted fluorescent microscope, through a microscope
objective Oy and a CCD video camera. The temperature characterization
is performed with an IR camera tilted by an angle ¢ =55° from the vertical
axis. ¢) Schematic view of the flows inside a drop suspension in presence
of both evaporation and laser heating. (Left side) View of the free-
evaporation process (indicated by blue arrows in the atmosphere) which
triggers evaporative flows (blue arrows in the drop) which convey particles
towards the contact line. (Right side) A thermal gradient produced by
light absorption (red arrow) induces a gradient of surface tension (green
arrow) which triggers thermal Marangoni stresses and recirculating flows
(green arrows inside the drop).

1.2 Optical and imaging setup

A sketch of the experimental setup is given in figure . A con-
tinuous near infrared (NIR) laser beam (LUMICS, LuOcean Mini)
operating at A = 1470 nm is used. The absorption coefficient of
water at this wavelength is B = 2354 m~!'. The laser beam is
first collimated and then focused inside the sample using a micro-
scope NIR objective (O, x2.5 (Zeiss, NA=0.075) or x8 (Nachet
Vision, NA=0.25)). The laser intensity profile has been charac-
terized with a beam profiler (DataRay, Beam R2) along the beam
path and the resulting laser waist at the focus is wg =~ 320 um for
the x2.5 objective and wy = 110 um for the x8 objective, respec-
tively. To adjust accurately the laser focus inside the sample, we
use a temperature sensitive fluorescent dye (Rhodamine B at 50
mg/mL in HEPES solution (buffer pH=7)) that enables the char-
acterization of the overheating due to the laser absorption2728:
the higher the temperature, the lower the fluorescent intensity is.
The focus of the laser is then obtained when the width of the dark
region in the Rhodamine B sample is the smallest. The Rayleigh
range of the laser beam, which defines the region where the beam
can be assumed as almost cylindrical, is around zg ~ 12 mm for the
x2.5 objective and zz ~ 1.6 mm for the x8 objective, respectively



(see ESI 7). For the drop volumes investigated here, the height of
the droplet varies between 100 um - 300 um < 2 zg which means
that the laser beam can be assumed as cylindrical during its prop-
agation inside the drop. The microscope slide on which the drop
is deposited, is mounted on a translating stage (Markzhauzer Wet-
zlar) to align the center of the drop on the laser axis. Finally, the
drop is illuminated by an HBO lamp mounted on an inverted mi-
croscope (Olympus, IX71) in epifluorescence configuration. The
drop is imaged from below with a CDD video camera (C5405
Hamamatsu, fps between 5 Hz and 25 Hz) attached to the micro-
scope.

1.3 Laser heating characterization

Two different methods are used to map the temperature field re-
sulting from the laser absorption of the drop suspension. First,
we used the standard fluorescence thermometry technique con-
sidering the decrease of fluorescence intensity of Rhodamine B
(RhB) with temperature2Z22: the procedure is explained in Riv-
iere et al.??. They show that fluorescence can be used to measure
accurately the temperature field induced by the laser in a con-
tactless approach. However, the RhB concentration may increase
drastically during the water evaporation and may become inho-
mogeneous due to the Marangoni flows, preventing its use during
the late stage of the evaporation dynamics. Indeed, as shown in
ESI fafter few seconds the local concentration of RhB becomes
dependent on the hydrodynamics flows (Peclet number Pe > 1)
inside the drop. As an alternative method, we used an infrared
camera (FLIR SC7000, spectral range 1.5 —5 um, IR Objective
FLIR ATS L0905) to characterize accurately the temperature field
inside the drop222%, Due to geometrical constraints in the opti-
cal setup, the infrared camera was tilted (¢ = 55°) relatively to
the vertical axis of the laser. We checked that this inclination an-
gle has no effect on the temperature measurements (see ESIt).
A correction taking into account both the thickness and emissiv-
ity of the water and glass layers is also applied on the measured
signal to get the real temperature distribution within the droplet.
Note that results from both methods (RhB and IR camera mea-
surements) are equivalent in the first stages of the evaporation
dynamics as discussed later and shown in ESI.

2  Results.

2.1 Laser induced Marangoni recirculating flows

Once the droplet is deposited on the substrate, it first spreads
rapidly until it reaches its equilibrium contact angle 6y ~ 15 —20°.
The initial drop radius and drop apex height at the beginning of
the evaporation process are denoted R and hg respectively (see
Fig.[1f). In the absence of laser heating, particles are transported
toward the contact line and the standard coffee ring effect occurs
at the pinned contact line (R = constant). The drop evaporates
completely after an evaporation time called ¢, ~ jo% with V the
initial volume and jj the evaporation rate (jo ~ 10~® mm?/s for
water)?., For V = 0.1 uL, and R ~ lmm, the evaporation time is
typically 7, ~ 100s at a relative humidity rate RH = 50%. For a
laser-heating experiment, once the spreading phase is over and
the droplet has reached its final radius R (at most in one second),
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Fig. 2 Typical evolution of the renormalized size of the recirculating
region called the Marangoni radius 7, (¢)/R versus the renormalized time
t/ty for V.=0.1 uL, RH = 50%, R =0.75 mm, ty =42 s and wg = 320
um. The recirculating region is defined by two fluorescence peaks (see
the fluorescence profile right inset) deduced from the fluorescent image
(left inset). Two external peaks represent the contact line radius due
to contact line deposition. 7, defines the transient time to reach the
stationary value of the Marangoni radius and C.L.R. indicates the final
Contact Line Recession regime.

the center of the droplet is rapidly aligned with the laser axis.
The laser is then turned on, which defines the starting time
to our experiment ¢ = 0 s. Very rapidly, fluorescent particles are
transported by the recirculation flows towards the laser spot as
shown in figure [Th. By shifting the focus plane of the imaging
objective (Oy in figure[lp), it appears that close to the substrate,
particles are convected towards the center of the drop whereas
they are expelled from the center at the drop interface. Since
the temperature is the highest at the laser location, the induced
thermal gradient at the surface and in the bulk results in a gra-
dient of surface tension and a variation of the bulk density. The
surface tension gradient triggers Marangoni flows whereas den-
sity gradient generates thermogravitational flows22. Their rel-
ative importance is quantified by the dynamical Bond number
which compares thermogravitational with Marangoni velocity2L :
Bop= %@ha. As in our case the variations of surface tension
and density are negative with respect to temperature (for classi-
cal fluids dy/dT < 0 and dp/dT < 0 respectively) both contribu-
tions generate convection rolls with outward surface radial flows
as sketched in figure[lk. However, for drops of small volume and
thickness 4 considered in this study, thermogravitational flows are
negligible compared to Marangoni ones since the dynamical Bond
number B, p < 1. The recirculating flow inside small droplets
is then triggered solely by intrinsic evaporation and Marangoni
stresses. Particles are then concentrated in a recirculating region
as shown by the increase in collected fluorescent intensity of the
beads in the center region in figure (see also movie in ESIY).
Note that particles are still transported towards the contact line,
but in a much less ratio, because the evaporative flows dominate
Marangoni ones in this region as it will be discussed below. Due
to this competition between recirculation around the center and
evaporation flows close to the contact line, we experimentally ob-
serve a stagnation point for r = rg ~ 0.8 R. Importantly, almost all
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along the evaporation process, the contact line is pinned and the
drop radius R is constant. However, at the final stages of the evap-
oration (for > 0.8t/), as already noticed by several studies 234,
the contact line starts to recede due to the final drying (see C.L.R
region in Fig.[2). Here, we only focus on the main regime where
the contact line is pinned and the drop radius is constant.

We define r,,, the Marangoni radius of the recirculating region; it
is measured from the fluorescence intensity as presented in the in-
sets of figure[2} Here, ~ notation indicates a time dependent vari-
ation. Fig.|2[shows the evolution of 7y (¢) renormalized by the ra-
dius R as the function of the renormalized time #/¢;. At the onset
of the laser exposure (z/ty = 0), the Marangoni radius increases
and rapidly reaches a stationary value denoted r,, as illustrated in
figure[Tp and in figure[2] The transient time called #,, to reach this
stationary value r,, corresponds to a characteristic time for the
Marangoni flows to settle in the drop. Hence, #,, ~ R/U,, where Uy,
is a characteristic Marangoni velocity. With a typical Marangoni
velocity at the drop interface around U, ~ 100 — 300 um/s for
Py, =250 mW and R =~ 750 um, we get f,, ~ 2.5 —7.5s which is
of the order of the experimental transient time #,, ~ (0.1).t; ~ 4
s observed in figure Here, the Marangoni radius r, remains
constant while the drop height & decreases continuously due to
the evaporation of the solvent. This is rather counter intuitive
as in many examples such as Marangoni-Bénard instabilities>>,
the size of the recirculation cells is set by the thickness of the
liquid layer. Interestingly, our Marangoni recirculation acts as a
trapping region for particles where the concentration in particles
increases due to laser absorption and Marangoni stresses at the
drop interface. Indeed, for particles before the stagnation point
(r < rg), they are attracted towards the drop center where the
Marangoni coupling is the largest, whereas for r > rg ~ 0.8 R, par-
ticles are transported towards the contact line. Thus, particles
with a position r < rg in the initial state are concentrated in the
Marangoni region. The increase in particle concentration inside
the Marangoni recirculation zone is roughly multiplied by a fac-
tor ( %)2 ~ (0.8/0.3)% ~ 7 compared to the initial concentration c
with data taken from Fig.[2l In the next section, we show how the
Marangoni radius r,, of the recirculation zone is affected by laser
and thermal parameters.

2.2 Dependence of the Marangoni radius with laser param-
eters

The Marangoni radius for various absorbed laser powers is shown
in Figure|3| Fig.|[3p shows how the renormalized Marangoni ra-
dius 7,,(¢)/R varies as a function of renormalized time ¢/t for
several initial absorbed powers P, defined as P = Pups(ho) =
Py (1 —e B o) where hy is the initial thickness of the drop. This
confirms our first observation : after a transient regime, 7, (¢)
saturates to a stationary value r,, that depends on the absorbed
power P,,,. We plot the stationary value of the Marangoni radius
rm/R as function of the absorbed power in Figure [3p for various
volumes. Despite some data dispersion, the general trend clearly
indicates a close correlation between r,, and the absorbed power
Pups. This dispersion results mainly from the dispersion in drop
radii (see ESI}) and the laser centering process, which both af-
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fects the absorbed power. We checked that the relative humidity
does not have a significant impact on these results as expected
(see Fig.[3k). In addition, it is important to investigate how the
Marangoni radius r,, /R is affected by the laser waist w(z). Results
are shown in figure [3d, which shows that the beam size w(z) sig-
nificantly affects the Marangoni radius r,,,. All together, these re-
sults indicate that laser beam parameters strongly affect the size
of the Marangoni recirculation region. In the next section, we
characterize the temperature field inside the drop when varying
the power and the waist of the heating laser.
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Fig. 3 a) Renormalized Marangoni radius r,,(¢)/R versus the renormalized
time 1/t for various initial absorbed powers. b) Stationary renormalized
Marangoni radius r,,/R as a function of the absorbed power for various
volumes V and laser waist wy for RH = 70%. c¢) Comparison of the
Marangoni radius as a function of the absorbed power for two different
relative humidities. d) Comparison of the Marangoni radius as a function
of the absorbed power for two different waists and RH = 70%. For all
figures, dash lines are guides for the eyes.

2.3 Temperature profile inside the drop induced by laser ab-
sorption
A typical example of the experimental spatial distribution of the
temperature rise AT =T — T, induced by the laser absorption
in a evaporating drop is plotted in Fig.[dh. As suggested by pre-
vious studies223¢ we fit our data with a Lorentzian function in
fig , defined by AT = AT,,/(1+ (/&)%) where AT,, is the maxi-
mum temperature rise and ¢ the width distribution. The fit (see
Fig.[4h) shows a very good agreement with the experimental data.
We then use this Lorentzian function and its parameters to char-
acterize the absorption of the laser inside the drop. The instan-
taneous absorbed laser power, defined as P, (1 — e‘ﬁh(t)) based
on a Beer-Lambert formulation, decreases during the evaporation
since h decreases as well. It is then expected that AT, and &
evolve with time during the evaporation process. Fig. [4p shows
the variation of Af;ft) and (;Et/) during an evaporation process
as a function of time. Interestingly, the maximum temperature
rise decreases almost linearly with time whereas the temperature
width Gﬂ(tJ) reaches a constant value (denoted o for simplicity)
except at the end of the evaporation process. We plot in Fig.
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Fig. 4 a) Plot profile of the temperature rise AT, = T — T, induced by laser absorption. The temperature profile is measured at 1 =2 s after switching
on the laser for a drop with an initial volume V =0.1 uL, a radius R =760 um, T,,;, = 19°C, RH = 53%. The total evaporation time is 1y = 62 s.
The initial absorbed power is P,,; =31 mW and the beam waist is wy = 110 um. The temperature profile is well fitted with a Lorentzian function
AT = AT, /(1+ (r/c)?) with an amplitude AT, = 29K and a width 6 =0.24 R. Inset : Thermal map of the drop under those conditions. The white
dotted circle delimits the drop, and the white scale bar is 500 um. The shape of the drop in the IR picture is elongated due to the tilt angle of the
IR thermal camera (see materials and methods). b) Evolution of the temperature rise AT, (blue circles) and temperature width & (red triangles)
versus time (same droplet as in a). ¢) Maximum temperature rise AT, as a function of the initial absorbed power for various drop volumes and laser
waists. All experiment were performed under RH = (494 3)%. Dash lines are guides for the eyes. Dash lines are guides for the eyes. d) Normalized
temperature profile width ¢ versus the initial absorbed power P, for the same conditions. Dash lines are guides for the eyes. e) Temperature rise

AT,, and f) Temperature width ¢ as a function of the laser waist w(z). Dash lines are guides for the eyes.

and Fig. the maximum temperature amplitude of &Tvm, de-
noted AT,,, taken at the beginning of the evaporation process and
o as a function of the initial absorbed power. Whereas AT,, in-
creases almost linearly with the initial absorbed power, the tem-
perature width o remains almost constant for given laser waist
wo and drop volume V. This tends to show that AT, ~ a.P;
in the laser power range investigated here and that ¢ = constant
at given V and wy. Considering that the beam waist affects sig-
nificantly r,,, (see Fig), we then performed experiments with
various laser waists by translating the focusing objective Oy, in
the optical setup; such a way to vary the beam size makes sense
because the height # of the drop is always very small compared
to the Rayleigh range (zz) of the laser. This allows us to con-
trol the initial absorbed power P, almost independently to the
laser waist in the sample. The resulting maximum temperature
rise AT,, and width ¢ are shown in Fig. E}a and f. Even if a full
modelling of the temperature field induced by the laser in a evap-
orating droplet is far beyond the objectives of the present study,
in the thin film approximation (h << wy), a scaling analysis of the
heat diffusion equation gives AT, ~ A‘;’Tz’;)z which shows that AT,
tends to decrease when the waist of the laser increases as shown
in Fig. [@. Yet, such scaling requires to be confirmed by further
studies.

3 Model

In this section, our goal is to propose a simple model to account
for the hydrodynamic flows and the Marangoni radius as a func-
tion of the thermal parameters based on our previous experimen-
tal observations.

In the absence of laser heating, the hydrodynamics flows result
from the inhomogeneous evaporation rate. As characterized by
Deegan et al.Z the evaporation of the solvent is controlled by
the diffusion of the solvent in the atmosphere. Since the drop is
deposited on a substrate with a low contact angle, the evapora-
tion rate is inhomogeneous and is maximum at the contact line.
In our case, the laser induces a localized heating and a thermal
gradient inside the drop which generates Marangoni flows. Then,
the whole velocity field results then from the addition of two main
mechanisms : the first one results from the inhomogeneous evap-
oration rate, and the second one from the thermal Marangoni
effect.

Our goal, here is to propose a simple model in the case of small
absorbed laser powers P, << 150 mW. In that case, the evapo-
ration is still governs by diffusion and the evaporation rate is still
maximum at the contact line. Indeed as shown by Yen et al.38,
to induce non negligible differential evaporation by laser absorp-
tion, higher absorbed powers are required and contact angle have
to be close to 6 ~ 90° which is not the case here. In first approxi-
mation, at small absorbed powers, it is then reasonable to use the
standard evaporation flows and to superimpose the Marangoni
flows induced by laser absorption.

3.1 Evaporative driven flows

We first focus on the evaporative flows. As already mentioned,
the evaporation is controlled by diffusion in the atmosphere, so
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the evaporation rate is given, at small contact angles, by= :

. Jo
r)= 1
J(r) K- 2) @h)
where jj is the evaporation flux at the droplet interface and A =
0.5—6/m. As the contact angle 6 is small, it is convenient to
approximate A =~ 0.5. By integration over the droplet surface it

results that the volume dynamics follows a simple equation :
av
— =-2mjo.R 2
7 Jo (2)

Since the drop radius is smaller than the capillary length R <

Leap = ‘/P%: ~ 2.5 mm, the droplet shape can be well approxi-

mated by a spherical cap which gives : V ~ %390 and hg ~ R6y/2
with 6 the initial contact angle.

Based on the mass conservation equation, the analytical profile
of the flows driven by evaporation in the isothermal case for a
diffusion regime has been proposed by Hu and LarsonZ. The
height averaged radial velocity is given by :

e~ 4B B () (- ())
P At (L=t /1) r R R
€)]
and the full expression of u,(r,z), which considers a parabolic
drop profile in z, is recalled in ESI{. Once the expression of u,(r,z)
is known, it is possible to get u(r,z) from the incompressibility
equation V.ii = 0, which determines the whole velocity profile
induced by evaporation. The streamlines are shown in Fig. [Sh.
Evaporative flows show a weak downward axial flow in the
drop centre while, near the drop’s edge an outward radial
flow is induced. As shown by Eq. the typical evaporation
velocity scales as U, ~ g where ¢ is the evaporation time. In
our experiment, the evaporation time under laser irradiation
is typically ¢; ~ 40s with V = 0.1 uL, R = 800 um, hy = 80 um,
RH = 50% and an absorbing power P,,; ~ 50 mW. Then the
typical evaporation velocity is U, ~ 20 pum/s which is confirmed
experimentally by tracking particles near the contact line.

3.2 Thermal Marangoni flows induced by laser absorption

We focus now on the Marangoni flows. The analytical profile of
the thermal Marangoni effect can be derived under specific con-
ditions. First of all, it is possible to neglect the convection term
in the Navier-Stokes equation as the Reynolds number is smaller
than unity (Re = % << 1as U,? ~ 100 um/s experimentally)
where the m index stands for Marangoni. Moreover, despite laser
heating, the Boussinesq approximation |dp/dTAT| << py is veri-
fied for thin droplets so that stationary flow can be described by
Stokes and incompressibility equations (Boussinesq approxima-
tion2?)

NAi=VPand V-ii=0 4

Since the droplet is relatively flat (k) << R), we can also work in
the lubrication regime. Then the Stokes equation can be solved
by only considering the axial dependence of the radial velocity in
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Fig. 5 Numerical streamlines of the evaporative (a) and of the Marangoni
(b) flows for AT,, =20 K, 6 =350 pum, R=1 mm, ty =40 s and hy =
176 um.

axisymmetric coordinates :

%u, B Q
n 02 9z

)

With the following boundary conditions : no slip condition on
the substrate (u,(z = 0) = 0), stress continuity at the interface

Ju, _dy : h(r) _
n ( kR >z:h(r) = ), and mass conservation (Jo /urdz=0). The

Marangoni velocity4? is finally given by :

_ —hdydT 32 2
)= 30 1 g (33 7) ©

In first approximation, the drop’s profile can be written as
a parabolic profile (spherical cap approximation) : h(r) =
ho (1 — 1%), and the temperature gradient is given by the deriva-

tive of the Lorentzian profile : T(r) = T, + A—T’jz. The stream-

1+
lop
lines of this Marangoni flows are shown in figure and give
rise to recirculation rolls inside the droplet. The resulting
Marangoni flows scale typically as : U, ~ % where T" =

)j—}/ = 1.6 107*N/m/K. With the experimental values (¢ ~ 0.35 R
and AT, =~ 20K) we can get a predicted Marangoni velocity :
Un ~ 0.5 m/s which means that Marangoni flows are orders of
magnitude stronger than evaporative ones. It can be useful to
define the Marangoni number Ma = U,,/U, which defines the ra-
tio between Marangoni and evaporation velocity. In perfect clean
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Fig. 6 a) Streamplot of the flows resulting from Marangoni and evaporative flows inside a typical drop with : R=1 mm, hy = 175 pum, heated with
a temperature profile of o =350 um, AT,, =20 K, under the evaporation conditions RH = 40% and 1y =40 5. The effective Marangoni number is
Ma®’f =30. The resulting maximum velocity is Uy = 335 um/s and is located at r = r* at the drop interface. A stagnation point is obtained for
rs ~ 0.8R which corresponds to experimental observations. b) Comparison between total radial velocity with Marangoni and evaporative flows for
z="h(r)/3. Inset : Definitions of the Marangoni radius r,,, the stagnation radius r; and the drop radius R. c) Normalized radial Marangoni velocity
versus normalized radial position for different axial positions. r* defines the position of the maximum radial velocity. d) Normalized axial Marangoni
velocity versus normalized radial position for different axial positions. Inset : Typical radial Marangoni velocity profile along the symmetry axis.

conditions, we get Ma =~ 30000 for water. However, the predicted
Marangoni velocity is much higher than the experimental one :
U®P ~ 100 — 300 um/s in the central part of the drop. Nonethe-
less, as pointed out by Hu and Larson'®41 water interface is eas-
ily polluted by impurities which deeply modifies the amplitude of
the Marangoni flows; this is even accentuated for heated inter-
faces. Following Hu and Larson’s idea, impurities can be taken
into account by rescaling the Marangoni velocity through an im-
purity surface concentration v such as U,f,f f = Un/(1+av) where
a is a numerical coefficient depending on the fluid/impurities
properties. For clarity, full expressions of the Marangoni velocity
are given in ESIt. Typically, it has been estimated4! that impu-
rity concentrations as small as 300 molecules/um?* could reduce
the Marangoni velocity by a factor of 100 at least. In our case,
it is then equivalent to define an effective Marangoni number
Mall = ,ﬁlff/ Uevap Where U,f,ff is the effective Marangoni ve-
locity which takes into account pollution. The Marangoni term is
thus simply rescaled.

We then superimpose the evaporation and the Marangoni
flows. We find that a good agreement with the experimental
velocity values for an effective Marangoni number Ma®// ~ 30
can be achieved, compatible with an impurity surface concentra-
tion as detailed in ESIt. The typical streamlines of the combined
Marangoni-evaporative flows are plotted in figure [6p. First, the
resulting flows exhibit a recirculating region in the drop center
as in the experiments. Interestingly, for such effective Marangoni
flows, close to the contact line, a competition between Marangoni
recirculation and outwards evaporative flows is observed numer-

ically, as in experiments. This competition enables to define a
stagnation point rs ~ 0.8R (see Fig.[6p and b) as observed in our
experiments. In Fig.[6p, a comparison between radial Marangoni
flows and evaporative flows is shown. The hydrodynamical flows
in the central part are thus mainly governed by the Marangoni
contribution since evaporative flows are only strong enough close
to the contact line.

3.3 Size of the recirculating region : the Marangoni radius

As illustrated in figure[6h, the definition of the size of the recircu-
lating region is complex as the field velocity depends on z. Here,
the position of r,, results from both the Marangoni flows and the
parabolic drop shape. To match with the experimental observa-
tion, we define the size of the recirculating region as the location
where the flows becomes essentially vertical. If we consider a
toroidal Marangoni convection roll, a simple model consists in
identifying the position r+ at the maximum of u,,(r«) given by
equation [} The Marangoni radius is then given by twice the
distance between the center of the drop and the maximum of
the radial velocity : r, = 2r+. As it can been seen in figure Ek,
the velocity profile u,,(r) and r+ depend on the vertical position
z/h(r), so the full analytical resolution requires to solve it for each
z/h(r). To give an insight, we first propose a toy model in the
case where 0 << R which means that & =~ hy for r < ¢ . Then rx
is roughly given by the maximum of the height averaged radial
velocity Uy, (r) = %%‘% which is obtained for d>T(r)/dr? = 0.
Using the Lorentzian profile, we get r+ = 6/2 which allows us
to conclude a simple and important result : r, ~ o, in the case
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Fig. 7 Normalized stationary Marangoni radius r,,/R as a function of the
normalized temperature width 6 /R for various drop volumes V and laser
waist wy indicated as (V in UL ; wo in um). Red dashed line corresponds
to the r, =2r« model (Eq. (5)), whereas the blue line corresponds to the
average solution du;/dr=0. Grey region indicates the boundary solution
of this equation for z/h=0.1 and z/h =1.

0 << R. So the size of the Marangoni region is directly given by
the width of the temperature profile in agreement with experi-
ments.

When o is close to R, it is necessary to take into account the
parabolic drop profile /(r) and to solve numerically (ag’r”‘) =0
for each z/h(r) altitude. The numerical resolution of this equa-
tion which allows the calculation r,, = 2r« is shown in figure @
Interestingly, the position r« is exactly the same for each z/h(r)
and all the solutions collapse on a single curve (referred as model
"rm = 2r«", see Fig.[7). When ¢ << R, the numerical solution
also confirms the simple scaling model r,, ~ 6. However, despite
the good agreement between this model and experimental data,
it can be surprising to observe a dispersion in the experimental
data whereas there is only one single theoretical curve. One pos-
sible reason is that experimentally, we can only observe the 2D
image of the Marangoni flows (top view).

To test this idea, we identify r,, by the position where u.(r,z) is
maximum (and negative) which is more appropriate and in better
agreement with the experimental observations. We find numeri-
cally the position of r,, which defines the maximum of u,(r,z) for
each z/h(r). As shown in Fig. [6d, the position of this maximum
depends significantly on the altitude z/h(r). Numerical results are
shown in figure|7} From z/h(r) = 0.1 to z/h(r) = 1, it is possible
to find two limit curves shown in grey in Fig.[7l This means that
the positions where u;(r,z) is maximum are inside this grey re-
gion. We also plot the mean behaviour of these specific positions
(referred as " du;/dr = 0" in Fig. |7) which is in good agreement
with our experiment data. These results shows that depending
on the altitude in the drop, the location r,, is slightly changed
which could explain the dispersion of the experimental data since
experimentally we only observe a projection of the flows. If for
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0 << R all the models are very similar and give r,, ~ ¢, we ob-
serve a strong deviation to this simple rule of thumb when ¢ ~R.
It then seems essential to take into account the full numerical so-
lution for large o to calculate r,,. This limit has not been tested in
our experiments as it requires very large waists and higher laser
powers; the dynamics of the contact line may change as well due
to entanglement of length scales.

4 Addition of surfactants

The use of infrared laser allows the coupling of the ther-
mal Marangoni flows with additional surfactant flows (solutal
Marangoni effects). Surfactants have been proven to change
the evaporation dynamics as they may affect flows inside the
dropletsZ, To test the effects of surfactants in our case, we add
Triton X-100 (Sigma-Aldrich), a non-ionic surfactant to the initial
solution at various concentrations relative its critical micellar con-
centration (csurfacrans from 0.1 to 5 cme, with cme = 0.23 1073 M).
As shown in fig [8h, a Marangoni region is still observed around
the laser spot. However, the Marangoni radius is not constant
along the evaporation contrary to the pure thermally-driven case
presented in fig.[T]and fig.[2] A transient regime is observed where
the Marangoni radius decreases versus time. No specific depen-
dence has been observed in Fig. [8p, when the concentration of
surfactants is changed from 0.5 cmc to 5 cme. In the presence of
surfactants, Marangoni flows are due to both thermal Marangoni
flows and solutal Marangoni flows which can lead to an inhomo-
geneous surfactant concentration along the evaporation process.
Furthermore, it is observed that the contact line is not pinned any-
more and starts to recede from the first stages of the evaporation.
The resulting final deposit is then much more centred and less
scattered with surfactant than without surfactant as illustrated in
figure[8h and ¢ and compared with figure[Th. In Fig. [8d, we show
a magnification of a final deposit in the presence of surfactants.
Particles are highly concentrated and exhibit a hexagonal pattern
with multiple layers. Thus, the presence of surfactants can have
two major effects: firstly, a transient effect on the dynamics of the
Marangoni radius, which allows more particles to be trapped in
the central region; secondly, surfactants help to slow down the
recession dynamics of the contact line, especially at the end of
evaporation, generating better final deposits.

5 Discussions

The results presented in this work indicate that it is possible to
control the size of the Marangoni region with laser and thermal
parameters. They also show that laser absorption can be con-
fidently applied to increase the concentration of particles in a
specific region, which is highly relevant for several applications
such as biosensing applications, or DNA replication? for instance
where a small temperature rise is required but a high temperature
gradient induced by the laser could be applied. It is then possible
to calculate the size of this overconcentrated region. The model
is based on the superimposition of evaporative and Marangoni
flows. Interestingly, even if the magnitude of the Marangoni flows
does depend on the contaminants and the pollution through the
surface concentration v, the position of the Marangoni radius r,
is independent of it. The results presented in Fig. [7] are then very



Fig. 8 a) Evaporation dynamics in presence of surfactants in the solution
(Triton X-100 at ¢ =5 X cme, ® =0.015%wr ). Objective O : x8. Py, =
112 mW. Scale bar is 500 um. b) Dynamics of the Marangoni radius r,, /R
versus 1 /1, for various surfactant concentrations Cyrfactant = 0.1 —5x CMC
for P, =157 mW, wo =320 um and V =0.1 pL. c) Typical final deposit as
compared to the initial drop size underlined by the 'coffee ring’ (Objective
Op, : x20). Scale bar is 500 um. d) Organization and structure of the
final deposit size of the square region in ¢) . Scale bar is 10 um. Inset :
Organization of particles in the first layer. Particle diameter is 1 um.

general. It is important to note that our analysis does not take
into account the variation of the evaporation rate jy(AT (r)) with
temperature due to laser heating. Indeed, the local laser heat-
ing at the center of the drop increases the local evaporation rate,
and then can induce an inward surface flow due to a difference
in evaporation rate. However, for small absorbed power, it is ex-
pected that evaporative rate is not strongly modified by the laser
heating.

Our results also propose a simple strategy to control the final
size of the deposit. If a uniform deposit is required, the temper-
ature field should be as wide as possible whereas for high res-
olution deposits, very small laser waists and so very small tem-
perature width o should be considered. The proposed model
could be also extended towards other Marangoni actuations to
control the size of the deposit with photoactive surfactants or so-
lutal Marangoni flows for instance since the temperature field can
be replaced in the equation [f] by other fields. As suggested by the
deposit shown in Fig[Th, the final deposit size seems to be highly
correlated with the Marangoni recirculation size. However, at the
end of the evaporation process, the evaporation becomes stronger
and stronger whereas the Marangoni flows vanish as the thickness
of the drop is thinner and thinner. Hence, we do not expect that a
simple theoretical relation exist between the Marangoni radius r,,
and the final deposit size even if experiments seem to suggest a
correlation between these two quantities. Furthermore, the con-
tact line starts to recede which means that the proposed model
becomes by definition inadequate. In addition, experiments with
surfactants tend to show that the recession of the contact line
is an important aspect to reduce the final deposit size. A fur-
ther analysis would require to consider a competition between
the fast evaporation and Marangoni flows during the last stage
of the evaporation process which would be addressed in a future
work.

6 Conclusions

In this study, we have investigated Marangoni flows induced by
the local absorption of a laser inside an evaporating droplet. We
have shown that Marangoni flows allow to concentrate the par-
ticles in a region centered around the laser beam. The size of
the recirculation region can be experimentally controlled by laser
and thermal parameters such as absorbed power, laser size and
temperature width. We have proposed a model to understand
the Marangoni flows driven by laser heating inside the evaporat-
ing droplet and to predict the size of the Marangoni recircula-
tion as a function of temperature width. Data are obtained for a
variety of experimental conditions in good agreement with pre-
dictions highlighting a universal behavior. Interestingly, the pro-
posed model can be extended to other actuation strategies such as
solute Marangoni effects. The addition of surfactants was found
to induce transient effects and smooth contact line recession that
are important for reducing the final deposit size. This study paves
the way for fine control of the final deposit size and density which
are crucial parameters for future applications.
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