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Abstract: Cerium oxide, in addition to its catalytic properties, is also known for its optical properties
such as ultraviolet (UV) radiation filtering and a relatively high refractive index (n > 2), which
makes it an excellent candidate for multifunctional coatings. Here, we focus on the optical
properties of thin deposits (<2 um) of densely packed CeO, nanoparticles, which we assemble
using two evaporation-based techniques: convective self-assembly (CSA, a type of very slow
blade-coating) to fabricate large-scale coatings of controllable thickness—from tens of nanometres to
a few micrometers—and microfluidic pervaporation which permits us to add some micro-structure
to the coatings. Spectroscopic ellipsometry yields the refractive index of the resulting nano-porous
coatings, which behave as lossy dielectrics in the UV-visible regime and loss-less dielectrics in
the visible to infra-red (IR) regime; in this regime, the fairly high refractive index (~1.8) permits
us to evidence thickness-tunable anti-reflection on highly refractive substrates, such as silicon,
and concomitant enhanced transmissions which we checked in the mid-IR region.

Keywords: Cerium oxide nanoparticles; anti-reflection; self-assembly; microfluidics; convective
self-assembly

1. Introduction

Cerium oxide nanoparticles have been applied in diverse fields including catalysis, luminescence,
and nanomedicine, etc. [1-3]. Here, we investigate their optical behaviour when assembled as coatings
onto a substrate. As cerium oxide (CeO,) has a fairly high optical refractive index, we expect that
dense coatings made out of CeO, nanoparticles will also exhibit a high refractive index.

We follow a low-tech approach to engineer simple coatings out of dispersions of
CeO, nanoparticles. The coatings are realized using evaporation-based techniques out of water-based
dispersions, making the processes fairly appealing in terms of energy consumption and toxicity:
Their fabrication requires virtually no external pressure, no toxic or hazardous gases, no elevated
temperatures, no etching, no vacuum, and no toxic solvents. The coatings we obtain have simple
yet non trivial structures and they perform very well from an optical point of view, in particular for
anti-reflection on highly refractive materials, which we demonstrate on silicon as a case study.

First, we re-demonstrate that the evaporation-based blade-coating method is efficient for
producing coatings of controllable thickness, in this case, out of CeO, dispersions. These results
conform to the pioneering work of O. Velev and co-workers [4,5] who coated SiO, dispersions on glass
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and silicon. The very slow regime of blade-coating, were evaporation competes favourably with the
casting velocity enhances the formation of a well structured, thin to thick deposit. We also add some
complexity via micro-patterned structures using an evaporation-based micro moulding technique.
We measure the refractive index of these coatings which behave as lossy dielectrics in the ultraviolet
(UV)-visible regime and loss-less dielectrics in the visible to infra-red (IR) regime; in the latter regime,
the fairly high refractive index (~1.8) permits us to demonstrate thickness-tunable anti-reflection
properties on substrates with a high refractive index such as silicon substrates, and concomitant
enhanced transmission which we tested in the mid-IR region, thereby covering a large spectral range.

2. Thin and Structured Coatings of Densely Packed CeO, Nanoparticles

We use two different techniques that permit us to assemble an initially dispersed state of
nanoparticles into a solid made of the same, densely packed nanoparticles: convective self-assembly
(CSA) and microfluidic pervaporation (p-pervaporation). A detailed description of these methods will
be given in Section 4.2.

In brief, CSA is a modified blade-coating technique where the withdrawing velocity of the
substrate on which the coating will be deposited is so small that evaporation competes with the film
casting rate, so that the dispersion is pre-concentrated at the level of the deposition meniscus; on top
of this, it enhances the structure of the deposit [6-9].

u-pervaporation takes advantage of the extremely well-defined poly(dimethyl siloxane) (PDMS)
geometries crafted by soft-lithography [10,11], as well as the ability of some solvents to pervaporate
across the elastomer PDMS matrix [12]. Pervaporation induces a concentration mechanism of the
solute, which was initially solubilized /dispersed in the solvent, thus leading to the formation of a
solid that grows in a neat geometry [13]. It is an ‘augmented’ version of the moulding of solids into
micro-capillaries, a seminal and inspiring piece of work described in [14].

2.1. Convective Self-Assembly

CSA has been extensively used to deposit a variety of objects (from molecules [15] to large
colloids [6]) into homogeneous thin coatings on relatively large scales (tens of cm?). It is possible to
control the thickness and to some extent the morphology of the coating via process parameters such as
the casting velocity, the concentration of the stock solution [16], temperature, humidity, etc., but also to
couple the reaction to the deposition process, for instance for sol-gel coatings [17], and finally to stop
and re-run the process (stop-and-go), in order to add more structure to the deposit [18].

Here, we use the simplest version of CSA, namely a continuous and slow deposition of a
dispersion at constant volume fraction ¢ at room temperature and with no specific control of the
atmosphere (the room in which we work is nevertheless air-conditioned with a constant temperature
21 °C and relative humidity ~0.5). The air flow over the evaporating zone is not controlled and is left
to natural convection; it has been demonstrated that for the deposition colloids and unlike the case of
polymers, it is not a crucial parameter [7]. The only control parameter we use is the casting velocity v;
we deposit the same grade of CeO, nanoparticles with batches coming at two different typical sizes:
~4 and ~40 nm (average diameter, see Section 4.1).

The overview of our deposition campaigns is summarized in Figure 1 with the coating thickness,
the morphology of the coatings, and their optical appearance. In the velocity range of deposition we
studied (v < 100 um.s 1), the decreasing trend of / against v is a clear signature of the CSA regime
and with a comparable behaviour for the two sizes of nanoparticles studied here; it contrasts with the
Landau-Levich regime where } is expected to scale like i ~ v%/3 [15].
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Figure 1. (Left): Thickness of coatings of CeO, nanoparticles deposited at different coating speeds v;
each point averages at least seven independent experiments. The different morphologies of the sample
are zoned at the bottom left for the two systems (blue 4 nm, grey 40 nm) and flat films are obtained
otherwise, see Figure 2 top; the dashed lines represent the fitting with a power law. (Right): Rescaled
data considering the initial volume fraction ¢y and a dry volume fraction ¢. = 0.61. The solid line is a
fit according to Equation (3). Inserts: Macroscopic views of the samples highlighting the high degree
of transparency.

However, the coating is not always homogeneous and flat, see Figure 2 top and the grey
and blue zones in Figure 1, bottom left. Instead, for the large particles and at low deposition
velocity (v < 40 um.s™!) the coating exhibits thickness oscillations. Notice this is definitely not
stick-and-slip [19] but instead oscillations around a mean (non zero) thickness with no return to the
bare substrate. At even lower velocity (v < 10 um.s 1), the coating delaminates, probably because it
becomes thick, tough and brittle [20]. For the small-size particles, we observe only thickness oscillations
below v < 10 um.s~! (blue zone in Figure 1, bottom left).

The same data can be re-scaled using a simple mass-conservation assumption (Equation (3) simply
states that all the particles coming from the bulk reservoir are accumulated into the final deposit via
evaporation), that takes into account both the initial and final volume fractions, ¢y and ¢ respectively.
Using ¢ = 0.61 a value that we obtained from ellipsometry, which is in agreement with a close
packing of a polydisperse hard-sphere [21], the data reasonably collapse and follow the expected trend
h ~ v~1 indeed.

In all cases but the ones where the coatings delaminate, the coated substrate appears perfectly
transparent with no visible effect of surface undulations and no haze (upper inserts in Figure 1),
even though optical microscopy reveals the defects (Figure 2 top). Low resolution scanning electron
microscopy (SEM) of the surface of some samples may show evidence of the granulometry of the
particles (Figure 2 bottom left) but a cross-section of a selected sample demonstrates a beautiful, flat,
and large-scale structure (Figure 2 bottom right).
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Figure 2. (Top): Representative optical microscopy images (bright field) for the coatings deposited
at different deposition speeds using CeO, sols with nanoparticle size of 4 nm (first row) and 40 nm
(second row); the morphologies of the coating are either with thickness oscillations and possible
delamination, or flat (see also Figure 1 left). (Bottom): Scanning electron microscopy (SEM) (SEM-FEG
HR JEOL 6700F) images of (A) the surface of coatings deposited at different speeds using CeO, sols
with nanoparticle size of (top) 4 nm and (bottom) 40 nm and (B) of a cross-section of a coating deposited
at 20 um.s~! (40 nm particles).

2.2. Microfluidic Pervaporation

Microfluidic pervaporation is a templated self-assembly method [22] where a PDMS mould—the
template—is used to guide the growth of a solid made of nanoparticles. In turn, the template also
serves as a pump via the pervaporation mechanism described more in detail in Section 4.2. The process
is self-powered: We fill the microfluidic template with a dilute dispersion and pervaporation
extracts the solvent, which in turn concentrates the dispersion until a solid nucleates, which then
progressively grows. It can be a long process as the growth velocity vy can be understood on a simple
volume conservation assumption, very similar to Equation (3): vy ~ ve¢po/(¢c — o) where v, is an
evaporation velocity associated with the pervaporation mechanism [12,23]. It offers little flexibility as
it is mainly governed by the geometry of the template, i.e., surface exchange for pervaporation, yet the
growth velocity is still largely tunable via ¢. We typically see vy ~ 0.2 um.s~! which permits us to
fill the entire length of the template in about one day. It is slow mostly because the stock solution is
dilute, ¢y ~ 1%, and much slower than CSA (v &~ 10! — 10% um.s~!, Figure 1) because the evaporation
proceeds across the PDMS template, not directly in air.

In general, the solid we obtain nicely replicates the shape of the mould [13].
However, we discovered fairly recently that there are cases where the solid significantly deforms the
template during its growth [24]. It is likely due to a poro-elastic mechanism related to the depression
generated inside the material, originating from the suction mechanism during the evaporation-induced
growth [25].

We deliver here the very same observation: Whereas the mould has a nominal thickness of ~3 pum,
the final material barely reaches h ~ 300 nm, see Figure 3. We understand it on the basis of the small
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size of particles, here ~4 nm, which generates a massive pressure drop inside the material during the
growth of the solid upon evaporation that tends to collapse the soft PDMS template. It is somewhat
disappointing as we targeted thick deposits, but the final material turns out to be fairly flat (Figure 3).
Altogether, this method mainly leads to arbitrarily structured coatings which are impossible to obtain
with CSA only and where the structure could bring some additional function.

A

Length 3 cm
Width 2.5 mm

Figure 3. (A) Materials engineered with p-pervaporation made of densely packed CeO,, nanoparticles,
structured with two different designs. In each case, the large figure shows the entire material through
a tiled image obtained from optical microscopy in bright field mode and the insert is a SEM view of
the top surface of the material. In the upper case, the thickness is about 180 nm; in the bottom case,
the thickness is about 260 nm (measured with optical profilometry). (B) Optical microscopy (left) and
3D reconstruction from optical profilometry (right) of the micro-structured materials.

3. Optical Features of CeO, Nanoporous Coatings

3.1. Refractive Index

Variable angle spectroscopic ellipsometry (VASE) was used to measure the refractive index of the
coatings and we limited ourselves to coatings made of the thinnest grade of nanoparticles where the
final material does significantly scatter the light (empirical observation). VASE provides ellipsometric
raw data (here ¢ and A angles) that need to be parametrized in order to extract the complex refractive
index 71 = n + ik [26].



Appl. Sci. 2019, 9, 3886 6 0f 15

The optimisation approach requires knowledge of the refractive index 7inp of CeO, nanoparticles,
their packing density ¢, inside the coating (1 — ¢. being the void fraction or porosity), and the
thickness of the coating /. We then compute the ellipsometric angles of the coating with a refractive
index calculated via the Bruggeman effective-medium approximation [27] of a flat nano-porous film
with no roughness and deposited of a semi-infinite silicon substrate with an oxidized top surface,
namely a 2 nm thick silica layer.

To guide the input parameters, we used the coating thickness measured by mechanical
profilometry (h = 18 £ 3 nm), the packing density ¢. = 0.64 of a random close packing structure, and the
refractive index 71 p based on literature data [28] and parametrized according to [29]. The optimisation
is then performed through the Horiba software and eventually yields ¢. = 0.61, 1 = 15 nm, a model of
fiyp (not shown), and ultimately, a very good agreement with ellipsometric raw data (Figure 4 left).
The refractive index of CeO, nanoparticles is comparable yet smaller in magnitude than bulk cerium
oxide, which could be attributed to a synthetic route that is likely to lead to a material different from
bulk CeO,.

We thus obtain a satisfactory measurement of the refractive index of the nanoporous coating of
CeO, on a specific range of photon energy (1 —5 eV, i.e., A = 1250 — 250 nm, Figure 4): 7i shows a
significant absorption of light in the UV-visible regime up to A ~ 500 nm where the material becomes
a loss-less dielectric with n =~ 1.75, k ~ 0. We assume it remains true even up to the mid-IR range,
for instance A = 4 pm, which we will also use to characterize the transmittance of the coating in
this regime.

Also, we assume that this measurement obtained on a specific coating is intrinsic and thus holds,
whatever the thickness of a homogeneous coating made out of the same grade of particles.

250 0.20

2058 k 015
< 200 0.10 i

n
1.75 0.05
3 1.50 , , 0.00
1 2 3 4 250 500 750 1000 1250
photon energy (eV) A (nm)

Figure 4. (Left): Examples of ellipsometric angles i and A collected for eight angles over a given
range of energies (symbols) and best parametrization (solid lines). (Right): Complex refractive index
(1 = n + ik) of a CeO,, coating obtained out of these ellipsometric measurements.

3.2. Reflection Features on Silicon Substrates

Light reflection is due to a refractive index mismatch at an interface between two different
media. The reflectance R = Ig/Ij is the ratio between the reflected intensity Ig over the incident
intensity of light Iy and can be calculated using the Fresnel equation at normal incidence as follows:
R = [(n1 — n3)(nq + n3)]? where the n;s stand for the refractive indices of the two media, and which
also holds when the refractive indices are complex values. As an example, silicon in air (17 = 1, n3 > 3)
displays a reflectance of around R > 40% in the visible to near-infrared range, see the dashed blue line
in Figure 5.

An anti-reflective coating (ARC) with an adequate refractive index and thickness can lower this
light reflection at an interface between two different media. The simplest ARC with a refractive index
1y leading to R = 0 at normal incidence and at a single wavelength of incident radiation A is obtained
at a thickness h = A /(4n;) when n, = (n113)'/2. More precisely, such a result is obtained through the
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calculation of the multi-layer reflection coefficient R = |r|? based on r, the amplitude Fresnel coefficient
of a three-layer stack where layer 1 stands for air (refractive index n; = 1, semi-infinite), layer 2 stands
for the coating, and layer 3 is the semi-infinite substrate [30,31]:

_ 2+ rzexp (2if)
1+ rypra3 exp (2iB)’

@

with B = 27tnph/A the phase shift in the coating of thickness h, and r1p = (17 — n2)/(n1 + np) and
ro3 = (ny — n3)/(ny + n3) the amplitude Fresnel coefficients at interfaces between media 1 and 2, and 2
and 3 respectively. Notice that the ;s may admit complex values. Here, medium 1 is air (n; = 1),
medium 2 is the nanoporous CeO,, coating (see Figure 4 right for 15), and layer 3 is the silicon substrate
(n3 found in Reference [32]).

A 24 nm ||a 89 nm ||» 128 nm | |» 157 nm

400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200 400 600 800 1000 1200
A (um) A (um) A (nm) X (um)

Figure 5. Intensity reflection coefficient R against wavelength for four different coating thickness

(values given in red); in red the measurement, in black the calculation according to Equation (1) with

no free parameter, in dashed blue the reflection coefficient of a bare silicon substrate. The value of R

denoted by the arrow is the best extinction calculated from Equation (1) in the visible to near-infra-red

(IR) range.

We performed the characterization of intensity reflectance R under normal incidence of light
in the range A = 250 — 1300 nm with bench-top, fairly basic equipment; the main limitation of our
set-up comes from the illumination and collection of optical fibres which do not work exactly at
normal incidence but accommodate some angular opening, which is somewhat detrimental to the
fine measurement of R. Figure 5 shows measurements of R vs A when the coating is deposited on the
polished side of a silicon wafer. Here, we show the results for coatings with four different thickness
(red curves) along with the reference reflectance of the bare silicon substrate (blue dashed curve) and
the calculated reflectance, black curve with Equation (1).

In all cases, the reflectance is lowered by the presence of the coating (Figure 5), and for the three
thickest coatings, it even exhibits a vanishing reflectance at several wavelengths, which expectingly
increase with the thickness of the coating. Owing to the absence of a fitting parameter, the agreement
between the experiments and the calculation is satisfactory, especially in the visible to near-IR range.
The slight discrepancy that shows for the thickest coating could be due to the fact that we are not
working at a perfect normal incidence.

The ARC is particularly efficient for # = 157 nm where R < 1% in a significant range of
wavelengths in the near-IR range A = 1000 — 1300 nm, Figure 5. In Section 5, we give a systematic
mapping of R highlighting the regions where such a coating performs the best in terms of thickness
and wavelength.

3.3. Enhanced Transmission on Silicon Substrates

Along with anti-reflection behaviour comes a possible enhanced transmission provided by
the ARC. Now, we work with a bare substrate which has two polished sides and which is thick
enough (350 um) to exhibit an incoherent behaviour [30], so that we can neglect the interferences.
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We nevertheless take into account the multiple reflections for calculating the total optical path from
which the total transmittance follows:

_ (1= Racs)(d = Ras)

T
1—RscaRas

exp (—al), (2)

with R is the reflectance at the different interfaces where subscripts A, C, and S stand for air, coating,
and substrate respectively, « = 47k3/A is the extinction coefficient in the substrate with k3 as the
imaginary part of the refractive index of the substrate of thickness L. R 4¢cs and Rg ¢ are calculated
following the procedure of Equation (1); in the case of a bare substrate, replace Racs and Rsca
with R 4.

We measured the transmission T of a two-sided polished substrate coated with a micro-structured
pattern using a spectro-imaging set-up (described in Section 4.4 and in [33,34]). Owing to the imaging
capability of the device, it is possible to select the measurement place in a heterogeneous sample
such as ours, see Figure 6A with a spatial resolution of about 25 um in this specific case, but which
depends on the magnification. We thus performed a reference measurement on the bare substrate,
the result of which is shown in Figure 6B (blue symbols) and which agrees well with the calculated
Equation (2) and tabulated values [32] (blue line). We notice a residual peak at A = 4.2 um which
we attribute to CO, absorption, and which we have difficulty in systemically removing. When the
measurement was performed and averaged on a specific part of the pattern—namely the bright lines
of Figure 6A—we observed a significant increase of transmittance, see the red symbols of Figure 6B,
and which is parametrized with Equation (2) where the thickness & of the coating is left as a free
parameter in the range 300-600 nm. It is clear that the experimental transmission is properly framed
by the calculated T although the best agreement is found for & = 400 nm which does not perfectly
match the actual thickness & = 260 nm. The slight discrepancy could be due either to the fact that the
sample is actually slightly slanted and not perfectly perpendicular to the incident beam, or possibly
also that the pixel size of the imaging set-up (/25 pum) is not very small compared to the width of the
pattern ~100 um), which could induce some ‘blurring’ in the measured transmittance. Yet, it definitely
corroborates that the anti-reflection coating is accompanied with an enhanced transmission; such a
coating could thus be used to enhance the silicon transmission when this material is used as an optical
component for mid-IR imaging purposes for instance, and is particularly efficient at some specific
wavelengths but is obviously wavelength dependent, see Section 5.

A T B
5 0s 0.8
0.7 0.7
—~
S
g - 06 B 06
= 0.5 0.5
e s
0 0.4 04
x (mm)

Figure 6. (A) Imaging the intensity transmission T at A = 4 um for a micro-structured pattern.
(B) Spectral transmission T in the mid-IR range. Symbols are the local average of the wavelength
dependent transmittance for the bare silicon substrate (blue) and for the pattern (red, average along
the bright lines). The solid blue line is the theoretical transmission of an incoherent silicon substrate;
the solid red line corresponds to a calculated T with a coating thickness i = 400 nm, whereas the pale
red zone shows the parametrization of T with h ranging from 300 to 600 nm.
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4. Materials And Methods

4.1. Dispersions of CeO, Nanoparticles

Fairly monodisperse cerium oxide (CeO,) nanoparticle dispersions were synthesized and kindly
provided by Solvay with two grades: a small diameter (4 + 1 nm) at volume fraction ¢ = 1.2 x 102,
pH = 1.6, and a large diameter (40 + 10 nm) at volume fraction ¢ = 5.6 x 1072, pH = 4.2, see Figure 7.
These acidic dispersions are formulated in water with acetic acid in order to ensure the long-term
colloidal stability of the particles (month/years at 4 °C) with no additional additives such as surfactants.
Transmitted-electron microscopy (TEM EOL JEM 2200FS FEG HR 200 kV) observations reveal the
polyhedral shape of the particles, along with a significant size range which was otherwise also
estimated using dynamic light scattering (values given above). The dispersions are used as such for
the assembly of the nanoparticles. Importantly, we also obtained the very same results concerning
coatings, using a commercial dispersion available at Sigma-Aldrich (catalog number 289744-500g).

Figure 7. Transmitted-electron microscopy. (TEM) of CeO, nanoparticles deposited on the TEM grid,
with diameters in the range of 4 + 1 nm (left) and 40 &= 10 nm (right).

4.2. Assembly Methods

4.2.1. Films Obtained by Convective Self-Assembly (CSA)

Convective self-assembly (CSA) is a modified blade-coating technique where the withdrawing
velocity of the substrate on which the coating will be laid (Figure 8) is so small that evaporation
competes advantageously with the film drawing rate: both the meniscus and the wet film
(deposited continuously due to the displacement of substrate with good wetting properties) act
as suction pumps via evaporation that drag the nanoparticles in this confined zone to eventually build
a dense film, which fully dries soon after [7-9]. The final thickness & of the film is controllable via the
velocity v, the evaporation rate, the bulk volume fraction ¢y of the dispersion, shape of the meniscus,
etc. From mass conservation and as a rough guide [6,35]:

p~ o Qe 3)

¢c—¢o v’
where ¢ is the volume fraction of the dispersion in the reservoir, ¢, the one of the final deposit,
and Q. the volumetric evaporation rate per unit of length in the lateral direction, perpendicular to v
([Qe] = m?.s71). Interestingly, the coating thickness increases with a decreasing v, which sustains the
enhanced role of evaporation in order to pre-concentrate the dispersion at the level of the meniscus.
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Figure 8. Sketch of the convective self-assembly (CSA) set-up: (A) A small volume of a dispersion of
nanoparticles (the ‘reservoir’, in blue) is placed in-between a static blade and a substrate moving at
controlled velocity v. (B) Side view of the geometry which leads to a deposit, in red, of controllable
thickness / drying soon at the level of the meniscus [7,8]. The figures were reprinted with permission
from Langmuir 2016, 32, 51, 13657-13668. Copyright 2016 American Chemical Society.

This regime differs from the so-called Landau-Levich (LL) regime where the withdrawing velocity
v is fast enough that the deposited film remains liquid during deposition and dries afterwards. Here,
the liquid film thickness increases with the velocity v due to enhanced viscous dissipation in the liquid
film, and consequently, the thickness of the final deposit increases with v.

The transition between CSA and LL regimes as a function of velocity, concentration, evaporation
rate, etc., lead to a V-shaped curve for h against v [15]: 1 ~ v~ ! at low v and h ~ v?/3 at high v. It has
been largely explored both experimentally and theoretically but remains a debated issue subject to
continuous improvements. In particular, there exist considerable differences for the drying mechanisms
between molecular or polymeric solutions and colloidal dispersions; heterogeneous coatings are often
observed but remain largely unexplained, e.g., stick-slip sparse coatings or continuous yet undulating
coatings (Figure 2, top). Nevertheless, homogeneous coatings are also at stake (Figure 2, bottom).

In practice, a small volume of a dispersion of nanoparticles (~ 100 pL) is placed in between the
static blade and the substrate which moves at a velocity v in the range of 1 — 100 um.s~!. Here, both
the blade and the substrate are 3 x 2 square-inches, 1 mm thick glass slides (Marienfield Ref. 11400420)
which were super-cleaned via piranha treatment (20 min) followed by air plasma treatment (1 min),
both performed in a clean room. Glass slides are exposed to air only at the time of setting up the
CSA experiment.

4.2.2. Deposits Engineered with Microfluidic Pervaporation

Microfluidic Pervaporation combines the moulding in micro-capillary methods (MIMIC [14])
with the ability of the poly(dimethyl siloxane) (PDMS), to let solvents pervaporate (permeation
followed by evaporation) across it, including water even though the PDMS is hydrophobic [12,36,37].
In the MIMIC method, the PDMS mould contains micro-channels with precise and sometimes
complex morphologies engineered with soft-lithography (typical dimensions: thickness 0.5-50 um,
width 10-500 pum, length 1-10 mm) which are filled with a dispersion which then dries, mostly
from the openings. It leads to a solid material made out of the dispersion which nicely replicates
the shape of the micro-channels. Including thin membranes to the PDMS mould [12] (Figure 9)
enhances tremendously the drying via permeation across the membrane, and permits us to build
solidified materials out of (possibly ultra-) dilute dispersions [13,38-40]. Additionally, the versatility
of soft-lithography leads to a rich variety of mould’s topographies into which the growth of a material
is made possible.
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membrane

solidified

dispersion reservoir )
material

Figure 9. Sketch of the p-pervaporation technique leading to micro-structured deposits: A
poly(dimethyl siloxane) (PDMS) mould (left) is designed with channels initially filled with a dilute
dispersion; solvent spontaneously permeates across the elastomer, concentrates the nanoparticles,
and leads to a solid material out of the dispersion upon removal of the mould (right).

Indeed, we fabricated here two types of structured moulds: a series of long and thin parallel
channels (width 100 pum, height 3 pm, length 30 mm), and a large structure consisting of a single channel
(width 2.5 mm, height 3 um, length 30 mm) with poles preventing the collapse of the PDMS mould.
This structures are suggestive to the potential of the p-pervaporation for engineering structures that go
beyond simple coatings, e.g., gratings for instance.

4.3. Substrates

We use mostly used glass substrates for high-throughput coating campaigns and switched to
silicon substrates for measuring the optical properties of the coatings on a high-index substrate
(BT Electronics, one-sided polished 1 mm thick and two-sided polished 0.345 mm thick).

4.4. Optical Methods

Optical performance was measured as follows: Spectroscopic ellipsometry permitted us to extract
the refractive index of the coatings; reflectance in the visible-to-near IR range leads to the reflection
coefficient evidencing anti-reflection in some cases; mid-IR provided us with the transmittance of
the samples.

The variable angles spectroscopic ellipsometer we used was a HORIBA Jobin Yvon UVISEL
working here in the 250-1300 nm range and we analysed eight angles in the range 55-75°. We worked
only on the thinnest grade of nanoparticles (4 nm) as the material made out of the largest ones scatters
too much light.

The reflection measurements were performed at normal” incidence with basic bench-top
equipment from Avantes. The sample was illuminated via the same co-axial fibre, from which
the light emerging from the sample is also collected (Avantes reference FCR-7UVIR400-2-BX/ME).
Neither the illumination nor the collection are actually at perfect normal incidence: The illumination
fibre is not collimated (numerical aperture 0.22). The lamp shines at the spectral range of 200-2500 nm,
but due to the two detectors we use, there is an unfortunate detection gap around 800-1000 nm.

Transmission in the mid-IR range was measured on a specific system, namely fast infrared imaging
spectroscopy (FIIST [33,34]), which permits us to image the optical transmission in the range of 2-6 pm.
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5. Appendix: Optical Performances

5.1. Calculated Reflectance

Here, the reflectance R of a nanoporous coating of CeO, is calculated on silicon substrates as
described in the main text as a function of its thickness / with the measured refractive index (Figure 4)
and over a large range of wavelengths. Results are shown in Figure 10 where we set a threshold to
R at 5% in order to best highlight the performance zones in terms of anti-reflection; the mapping
is split in two zones: small /1 in the visible to near-IR range and large % in the mid-IR range. In all
cases, the near-zero R shows as blue cones with quite narrow bands and which are clearly sometimes
degenerated, namely several regions with R =~ 0 show as a function of A for a single h.

B
R

500 5107
1000 4107
1500 310*
2000 2107
2500 1107
3000 0

2 3 4 5 6

A (pm

A
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h (nm)

200

300
500 1000 1500 2000
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Figure 10. Reflectance R calculated for a nanoporous CeO,, coatings of variable thickness h deposited
on a silicon substrate. (A): Small thickness / in the visible and near-IR range; (B): Large thickness in the
mid-IR range.
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Figure 11. (A): Transmittance T calculated for a nanoporous CeO, coatings of variable thickness
(red curves) deposited on a silicon substrate (blue curve). (B): Transmittance excess AT = Tgj coat — I5;
as a function of wavelength and coating thickness /.

5.2. Calculated Transmittance

The same type of calculation was performed for transmittance T on double-sided polished
silicon substrates in the range of mid-IR, see Figure 11. In part A, a few examples of T against A are
given for three different coating thicknesses (30, 280, and 500 nm, red curves) and are compared to
the transmittance of the bare substrate in blue. Obviously, the silicon substrate is opaque (T = 0)
below some A which actually depends on its thickness, here A ~ 1 um for a 325 pm thick substrate.
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Above this opacity cut-off, the substrate is basically homogeneously semi-opaque (e.g., T ~ 0.57 at
4 pm) while adding a thin coating can dramatically enhance the transmittance. Part B of Figure 11
shows a mapping of the increase of transmittance that the coating provides, namely AT = Tgj,coat — Tsi,
against & and A. In the mid-IR range, up to 15% of transmittance enhancement can be observed;
obviously, this enhancement depends significantly on A but can nevertheless be of some interest for
monochromatic processes such as imaging.

6. Conclusions

We demonstrated that low-cost, low-tech techniques such as blade coating out of aqueous based
dispersions offer an interesting alternative for producing thin, homogeneous, and well controlled
nanoporous coatings. While this has been known for years, we demonstrated here the benefit of using
dispersions of CeO,, an oxide possessing a high refractive index and which results in nanoporous
coatings with a high refractive index. These coatings are then interesting candidates for use as an
intermediate layer between air and substrates, such as silicon with a even higher refractive index for
providing, for instance, anti-reflection features. Eventually, we believe the UV-blocking of the coating
could be of potential interest for protecting organic sub-layers and we think the catalytic capabilities of
CeO, could add even more functionalities to the final material.
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