Study of fluid dynamics at the boundary wall of a
microchannel by Bloch surface waves
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Understanding how a fluid flows at the boundaries
when it is confined at the micro/nano scale is crucial
for a broad range of engineering and biology
applications. We propose an experimental technique
based on Bloch surface waves sustained by a one-
dimensional photonic crystal to evaluate the speed
of the contact line, i.e. the triple junction separating
three phases, in the low Reynold’s number regime
and with a nanometric resolution. Here, we report on
the experimental characterization of the translatory
motion of the contact line that separates two water
solutions with a relatively high refractive index
mismatch (7.35x10-3) and its slipping over a solid
surface. The advantages are the relative simplicity
and economy of the experimental configuration.
© 2019 Optical Society of America
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The research area of microfluidics emerged due to the
appearance of microtechnology in the early ‘90s [1].
Subsequently, the field rapidly developed in several research
fields, i.e. in chemistry, medicine, biology, and so on, with
substantial advantages in terms of integration and fabrication
costs. Consequently, the demand for new and reliable
detection systems increases, therefore making the peculiar
nature of surface electromagnetic waves (SEW) very
attractive and suitable to characterize fluid flow and mass
transport in proximity of boundaries at the micro/nanoscale
[2,3]. Among all other types of SEW, Bloch surface waves
(BSW) are guided at the boundary between a truncated one-
dimensional photonic crystal (1DPC) and an external
homogeneous dielectric medium [4]. 1DPC are dielectric
multilayered stacks characterized by a photonic band
structure that shows a photonic band gap where light cannot
propagate inside the 1DPC. BSWs are localized at the
boundary due to Bragg and total internal reflection (TIR) at
the 1DPCand homogeneous medium sides, respectively [ 5,6].
Their field envelope decays exponentially both inside the

1DPC and the external medium. Given their extreme
sensitivity to any refractive index perturbation at the
1DPC/external medium interface, BSW were demonstrated
to provide the accuracy and the dynamic range that are
needed for biosensing applications [7]. Moreover, BSW were
used for early cancer biomarkers detection [8], enhanced
Goos-Hanchen shift [9], surface-enhanced Raman scattering
[10], room temperature polaritons [11], and surface
integrated optics [12].

Here, we report on the application of a BSW based sensing
scheme to probe fluid flow in close proximity of a flat solid
boundary, as guaranteed by the evanescent character of the
BSW. The proposed technique could complement well-
developed techniques based on either particle-tracking
velocimetry [13] or particle image velocimetry (PIV) [14],
particularly tomographic PIV [15] or p-PIV [16], by suppling
information otherwise not available.

The 1DPCs used in the present work were fabricated by
evaporating under high vacuum conditions SiOz, Taz0s, and
TiO2 layers on standard microscope slides by means of a
plasma ion assisted system. The surface roughness of the
stack, as measured by atomic force microscopy, was 1.32 nm
(rms). Details on the design and fabrication are given
elsewhere [17]. In Fig. 1(a), we sketch the 1DPC, which is
constituted by a periodic stack, with thicknesses
dsi0,=275 nm and dr,,0,=120 nm, that is topped by two
20 nm thick layers made out of TiOz and SiOz, respectively.
The refractive indices of SiO2, Taz0s,and TiOz atA;=632.8 nm
are:  ngo,=1.447+i5x10°,  np,,,=2.075+i5x107,
nTiOZ:2.293+i1.83X10'3. The main advantage of BSW
sustained by 1DPC is the possibility to optimize the 1DPC
geometry for specific applications [18,19]. The 1DPC were
designed for an aqueous external medium [6,20]. In Fig. 1(a),
we show the normalized |E|? field profile of the s-polarized
BSW, which is characterized by an evanescent tail penetrating
inside the fluid:

|EI? = Ae~", @)
where Lp =102 nm at Ay, A=0.81 is the value of the
normalized |E|? at the 1DPC/fluid interface and z is the

orthogonal direction. The intensity profile was calculated by
means of the transfer matrix method [21]. Fig. 1(a) shows that



the evanescent tail can be used to probe the material
transport of a fluid flow in close proximity (Lp) of the
1DPC/fluid interface.

In Fig. 1(b), we show the experimental setup used to excite
the BSW. A He-Ne laser at Ao is collimated and polarized along
the TE direction by means of a polarizer. The beam is
expanded by means of a telescope constituted by a 40x
microscope objective and a spherical lens (SL, fi = 250 mm); a
rotating diffuser inside the telescope destroys the beam
spatial coherence. After an iris, the 1 cm wide beam is focused
into a BK7 coupling prism above TIR by a cylindrical lens
(CL1, f2=150 mm), achieving the Kretschmann-Raether TIR
configuration (KR) [22]. Alternatively, one could use
diffracting elements embedded in the 1DPC in order to get
grating coupling to the BSW. Diffracting structures placed at
the surface of the 1DPC [23,24], would permit both to couple
to the BSW and to study their effect on the fluid flow. A double
rotation stage allows to set the average incidence angle (6)
around the BSW resonance angular position at Ao and to
collect the reflected beam at 26 with a cylindrical lens (CL2,
f3=150 mm), which acts as a Fourier lens that images the
angular reflection pattern on a CMOS array detector
(Thorlabs DCC1645C, 1280x1024 pixel, 8 bit).
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As shown in Fig. 1(c), the back face of the microscope slide is
coupled to the BK7 prism by means of an index-matching oil.
The front face of the microscope slides is topped with a PDMS
flow cell, which permits to bring a fluid in contact with the
1DPC surface. The geometry of the PDMS micro-channel is
shown in Fig. 1(d). The channel is w = 1 mm wide; the central
part of the channel is 17 mm long; the inlet and the outlet
arms of the channels are 13.6 mm long. The channel height is
h =200 um and the cross-section X = 0.2 mm?. The fluidic chip
is directly glued onto the 1DPC.

Asshown in Fig. 1(c) and Fig. 1(d), the cylindrical focusing and
Fourier imaging lenses allow to illuminate a sharp line at the
1DPC surface perpendicularly to the incidence plane and
along the micro-channel, ie. parallel to the fluid flow. Such a
configuration permits to sense refractive index changes
simultaneously and in parallel along such a line [18]. In Fig.
1(e), we show a typical image acquired by the CMOS camera.
Every abscissa point corresponds to a different 6 (1280 pixel,
AB =1 deg, cg=0.78 mdeg/pix) and every ordinate point to
the position x along the micro-channel (1024 pixel,
1;=3.69 mm, ¢;=3.6 pum/pix). The excitation ofa BSW shows
up as a resonant dip in the angular reflectance spectrum. The
angular position of the dip may vary along x due to local
inhomogeneities of the 1DPC and of the fluid.

Fig. 1. a) Calculated electric field square modulus in the 1DPC when a BSW is excited. The complete multi-layered geometry is shown and the fluid
flow on the top is sketched by a parabolic profile. b) Optical set-up for the excitation of BSW on 1DPC in the KR TIR configuration (Polarizer — POL,
40x microscope objective — MO, Rotating Diffuser — RD, Iris — IR). c) Sketch of the microscope slide with the 1DPC and the BK7 prism in contact
through an oil. The 1DPC is topped by the PDMS micro-fluidic channel. d) Fluidic cell geometry. The cell height is 120 um, width and length are
quoted in the figure. The red line shows where the light is focused. €) Image acquired by the CMOS camera; the green line represents the reflectance,

I, in arbitrary units measured along the row 512.

Here, as an external fluid we used either deionized water or a
5% glucose solution in deionized water, corresponding to a
refractive index contrast Anyy = 7.35x10. In every
experiment, the micro-channel is filled with the glucose
solution at the beginning and then deionized water is injected
by means of a motorized syringe (3 port Cavro Pump from
Tecan) ata controlled flow rate @ until complete substitution
of the fluid takes place. During the transition, the CMOS
camera acquires the reflected signal at its maximum frame
rate of fg,, =25 fps. Camera acquisition starts when
pumping is switched on. The experiments were conducted
for six different flow rates, ®: 4.058 uL/s, 3.162uL/s,
2.266 uL/s, 1.370 pL/s, 0.474 pL/s and 0.365 pL/s, leading to
20p
u(h+w)
lower than 10, where p is the specific mass and

corresponding Reynolds numbers [25] Re = always

i =8.9-10™"Pa-s the dynamic viscosity of water at ambient
temperature.

From the experiments, we obtained reflectance videos saved
in AVI format. The videos were analyzed frame by frame and
the refractive index change was retrieved as a function of
time, by means of a proprietary LabView VI and according to
the following procedure.

Each frame f, as shown in Fig. 1(e), is an 8-bit array of pixels
[Ii ]-]f. The plot of an array row is the angular reflectance

profile measured in a point along the fluidic channel (green
curve in Fig. 1(e)). The starting frame fixes the reference
vector (p,,)o, Where p,, is the BSW resonance angular
position along the ordinate m, both in pixels. For each
successive frame f we evaluated (p,,); and the shift
(Apm)s = Pm)r — (Pm)o, which was converted to
A6 (x,t) by means of the factors cg, ¢; and the framerate.



Then, A8(x,t) was converted to the local change of the
effective refractive index of the fluid An, ¢ (x, t) making use
of the volume sensitivity Sy of the sensor:

Anger(x,t) = AB(x,t)/Sy, (2)

where S, = 96 /dn = 34 deg/RIU was measured by means
of calibration experiments with liquids with known refractive
index [2] under stationary conditions. An,,,(x,t) is the
weighed effective index of the fluid in the layer probed by the
BSW evanescent tail.

In Fig. 2, as an example, we plot the |Ane £r(%, t)| signal
retrieved by temporally monitoring the BSW resonance in
two positions A and B (Fig. 1(d)) along the flow direction x,
separated by Ax = 3.24 mm, when ® = 2.266 pL/s.

As it can be seen from Fig. 2, a temporal delay between the
two signals can be resolved. Since A was closer to the channel
inlet, the refractive index increase was observed earlier than
in B. We can evaluate the distance from the 1DPC surface
&(x, t) of the interface between the two solutions by means
of the following expression [2]:

Anpax
Ex,t)=L, In—————,
P |Aneff(x, t)l

where Any,x = ng, — ng is the refractive index difference
between the solution and the pure DI water, respectively.
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Fig. 2. Case ®=2.266 uL/s. Time dependency of the effective
refractive index change in the A and B points shown in Fig. 1(d). The
two dotted lines mark the interval inside which v(§) was calculated
via the Eq. (4).

To evaluate, under stationary conditions, the translation
velocity of the contact line v(¢) as a function of the distance &
from the 1DPC surface, we extract, as shown in Fig. 2, the
relative temporal delay between Aand B, At (An,¢¢), for each
value of An, ¢, and, correspondingly, of £. The velocity of the
contact line as a function of ¢ is then given by:
Ax 4

O =5 @
However, for the used fsm, such a procedure gives rise to very
noisy data for An,; and ¢ values corresponding to the flat
portions of the curves shown in Fig. 2. It is therefore necessary
tolimit the procedure to a convenient interval of An, ¢ ¢, which
limits the dynamic range for the measurement of ¢ (x, t). For
the case shown in Fig. 2 (® = 2.266 pL/s), An,gf is analyzed
between 7% and 93% of Any, 4, corresponding to & values

between ¢,,;, =7 nm and &,,,, = 280 nm. For different ®
such an interval might have a slightly different width,
depending on the quality of the signals. We point out that such
a restriction is stronger than that imposed by the resolution
of the technique for the measurement of the refractive index
change, which is An,¢f 1, = 3% 107 RIU [2]. The main limit
to the accuracy on ¢ comes from the maximum available
CMOS fsam.

The dynamic range (¢, ) can be extended by increasing the
penetration of the BSW evanescent tail inside the liquid. This
canbe achieved by increasing Ao to excite a BSW closer the TIR
edge [7,19]. Alternatively, for fixed Ao, one could modify the
1DPC geometry. However, this would also increase &,,,;,, and
deteriorate the accuracy. The accuracy could be recovered by
either using a camera with larger fsum or by increasing Any, , x.
The contact line velocity curves retrieved from the
measurements are plotted in Fig. 3. For each value of ® used
in the experiments, we plot vy, = v(§) - £/®, i.e. the velocity
normalized to the average velocity across the channel. The vy,
curves are the average of repeated measurements: ten for
@ =4.058, 3.162, 2.266, 1.370 uL/s; four for @ =0.474 uL/s;
two for ® =0.365 pL/s. The error bands amplitude is the
standard deviation of the averages.

o 4744pLis A 3162 uLfs |

8 2266 ulis 1.370 uL/s
= 0474 pulis 0.365 ulis
100 200 300
E[nm]

Fig. 3. Contact line velocity profiles measured for each flow rate ®.
The curves are the average of ten (4.058, 3.162, 2.266, 1.370 uL/s),
four (0.474 uL/s) and two (0.365 plL/s) different experiments.

The plots appear qualitatively different over the investigated
range of ®. Those obtained for the two lowest (blue, light
blue) @ show that, within the explorable ¢ interval, vy (&)
decreases when approaching the boundary (§=0). Even with
the limitation set by &,,,;,,, itis likely that v, (¢) getszeroatthe
boundary, suggesting the presence of a still boundary layer.
With increasing @ (red, green) vy, (§) gets larger in proximity
of the boundary and is still much different from zero, about
1/3 of the average speed in the channel, at §,,,;, =7 nm. The
limitation due to &,,;, does not permit to say whether a
slipping layer is formed or not at the boundary. Further
increasing ®, we observe a fall of vy (§) back to the behavior
observed for small ®.

The results shown in Fig. 3 are qualitatively consistent with
the theoretical model developed by Ledesma-Aguilar et al.
[26,27], which studied the slip velocity arising from diffusion
effects near the contact line. The slip velocity in the vicinity of
a solid boundary arises naturally in diffuse interface models,
which consist of the usual Navier - Stokes equations coupled
to a convection - diffusion equation. In their model the



difference between the slip and average velocities determines
whether the interface advances as a meniscus (low and
intermediate @) or a thin layer of fluid is left adhered to the
boundary wall (large ®). Moreover, in the limit for the solute
diffusion coefficient close to zero, the model will reduce to the
only Navier - Stokes equations which characterize the fluid
velocity into the microchannel, and the Poiseuille equation
represents a simple analytical solution in the case of alaminar
regime [3,26]. At the present stage, we are not yet able to
perform a quantitative comparison between the theoretical
description and the results shown in Fig. 3, which will be
addressed in our future work.

In conclusion, in this work, we developed an optical system
based on BSWs to evaluate the contact line speed of a fluid
flow in the low Reynold number condition in proximity of a
micro-channel wall. The most important feature of the
developed system is that the measurement of the contact line
velocity at different distances from the boundary wall is
carried out with a nanometric resolution. Within the limit
imposed by diffusion of chemical species in the liquids, we
think that the technique could be useful for velocimetry
measurements at distance from surface not accessible by
other techniques, such as the p-PIV [16] for example.
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