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ABSTRACT

In this study, cubic and hexagonal mesoporous amorphous silica thin films were synthe-
sized using evaporation-induced self-assembly process followed by calcination leaving highly
ordered spherical or cylindrical pores in a silica matrix. The films featured pores with diam-
eter between 4 and 11 nm, lattice parameter from 7.8 to 24 nm, and porosity between 22%
and 45%. All films were dehydrated prior to reflectance measurements except for one film
which was fully hydrated. The present study compares the spectral reflectance measured
experimentally between 400 and 900 nm with that computed numerically by solving three-
dimensional Maxwell’s equations in mesoporous silica thin films with the same morphology
as those synthesized. The matrix was assumed to have the same optical properties as bulk
fused silica. The pore optical properties were either those of air or liquid water whether the
film was dehydrated or hydrated, respectively. Excellent agreement was found between ex-
perimental and numerical reflectance for both cubic and hexagonal mesoporous silica films.
This study experimentally validates our simulation tool and offers the prospect of ab-initio
design of nanocomposite materials with arbitrary optical properties without using effective
medium approximation or mixing rules.

Keywords: mesoporous; nanocomposite; optical properties; nanophotonics; effective
medium approximation; photocatalysis



1 INTRODUCTION

Mesoporous silica has been intensively studied in the last two decades due to the simplicity
of their synthesis [1] and for their numerous applications including low-k dielectrics [2—4],
photocatalysis [5], optical materials [2,3, 6], thermal insulation [7], optical data storage
8], corrosion-resistant catalyst supports [9], as well as drug delivery and biosensors [10—-
12]. Those materials can assume various shapes such as spheres, fibers, and thin-films
[1]. Knowledge of their optical properties is essential for accurate design and performance
optimization.

Moreover, porosity and pore size distribution of mesoporous thin films can be measured
by conventional nitrogen adsorption porosimetry consisting of measuring changes in mass as
Ny adsorbs within the porous structure at cryogenic temperature. However, relatively large
amount of mesoporous materials is needed and thin films must be removed from their sub-
strates. Alternatively, porosity of mesoporous thin films can be estimated non-destructively
by measuring their refraction index using ellipsometry at the typical wavelength of 632.8 nm.
More recently, Baklanov et al. [13] have developed the so-called ellipsometric porosimetry [13]
consisting of in situ measurements of reflectance changes, at a given wavelength, as water
adsorbs and desorbs within the mesoporous thin films. This method can be used at room
temperature directly on films deposited on any substrate with known optical properties, and
can measure the local pore size distribution and porosity of a small sampling volume [13].
Finally, porosity can also be estimated through spectral reflectance measurements in the
ultraviolet-visible part of the spectrum [14,15]. These optical techniques rely on some ef-
fective medium approximations (EMAs) relating the film’s effective index of refraction and
porosity.

The most commonly used EMAs are the Maxwell-Garnett theory (MGT) [16,17], Drude
[18,19] (also called the Silberstein formula) [17,20], symmetric and nonsymmetric Bruggeman
[17,21], Lorentz-Lorenz [18,22-25], parallel [26] (also called Birchak formula [17]) and Volume
Averaging Theory (VAT) [27,28] models. Expressions for these models are summarized
in Table 1 . The MGT model is expressed for both 3D spherical inclusions (3D MGT)
and 2D cylindrical inclusions (2D MGT) [17]. In brief, the effective properties (subscript
7eff”) are expressed as functions of the porosity and the properties of the continuous phase
(subscript ”¢”) and of the dispersed phase (subscript ”d”). Baklanov et al. [13] and Hwang
et al. [15] used the Lorentz-Lorenz model, Boissiere et al. [29] and Balkenende et al. [30]
used the Bruggeman model. Si et al. [31] reported that the dielectric constant e.(= n7;)
of nanoporous SiO, films deposited by gas evaporation satisfy the series model. Taylor et
al. [26,32,33] used the parallel model to determine the porosity of porous silica, titania,
and/or zirconia and alumino-silicate thin films made by sol-gel processes. Thus, in the
previously mentioned studies, the choice of the EMA model has often been arbitrary and
some experimental data sets appear to be contradictory.

Recently, Pilon and co-workers [34-37] performed detailed simulations of electromagnetic
waves traveling in two- and three-dimensional non-absorbing and absorbing mesoporous
thin films with various porosities as well as pore sizes, shapes, and spatial arrangements.
Maxwell’s equations were solved through a continuous matrix with a large number of em-
bedded pores and accounted for boundary conditions at each interface. They showed that
refraction and absorption indices of 3D cubic mesoporous thin films with spherical pores



Table 1: Expressions of different Effective Medium Approximations (EMAs) widely used in
the literature.

EMA Model Formula Ref.

2 3fu(n2 —n2)

3D Maxwell-Garnett Theory n2,, =n?2|1—- — "¢ dJ
eff ¢ 2n2 +n2 + fu(n2 —n3)

(16]

(3D MGT)
2fu(ng —nd)
2D Maxwell-Garnett Theory n2,, =n2 |1 — — e Al 17
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(2D MGT)
Drude (or Silberstein) nsz = (1= fo)n? 4 fon? [18,19]
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Symmetric Bruggeman (1—fo) 5 €2ff + fo 2d Efo =0 [17,21]
nc+2n€ff nd+2neff

Nonsymmetric Bruggeman

(17]

n?. . —1 2 _ 21
Lorentz-Lorenz ;f'f =(1-fo) <n(2 1) + fo (ng ) [22,24,25]
7Leff+2 n2+2 ng +2
A= fo(nd —k3) + (L= fo)(nZ — k2)
B = 2ngkqfv + 2ncke(1 — fu)
1 B 5
Volume Averaging Theory ngff =5 [A + \/m] [27,28]
(VAT)
1
kpp = 3 [—A + VA2 + BZ]
Parallel (or Birchak) nepr = (L= fo)ne + fona (17]

arranged in simple, body-centered (BCC), or face-centered (FCC) cubic structures were
independent of polarization, pore diameter, and film morphology and depended only on
porosity [37]. By contrast, optical properties of 2D hexagonal mesoporous films with cylin-
drical pores depended on porosity, pore shape and polarization for transverse magnetic (TM)
polarized incident waves [36] but depended only on porosity for transverse electrical (TE)
polarized waves [34-36]. The effective refractive and absorption indices of 3D mesoporous
films showed good agreement with predictions by the 3D MGT and nonsymmetric Brugge-
man EMAs, respectively [37]. Those of 2D films with cylindrical pores agreed with the VAT
model [27,28] for TE polarized waves [34,35]. For TM polarized waves the effective refractive
and absorption indices agreed best with predictions by the 2D MGT and parallel model [36],
respectively.

This paper aims to validate this numerical simulation tool against experimental data
to optically design three-dimensional heterogeneous nanostructures. First, the mesoporous
thin films synthesis methods and reflectance measurement setup are described. Then, char-
acterization of the synthesized films is presented. Finally, numerical simulation results for
reflectance of mesoporous thin films, having the same morphology and thickness as those
measured experimentally, are compared with experimental reflectance for dehydrated cubic



and hexagonal mesoporous silica films as well as a fully hydrated cubic film.

2 MATERIALS AND METHODS

2.1 Material Synthesis

Highly ordered cubic or hexagonal mesoporous silica thin films were synthesized based on the
calcination of self-assembled surfactant micelles in an amorphous SiO, matrix [38]. The sur-
factants used were poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) triblock
copolymer EO9PO7EOy, (P123) and polyoxyethylene (10) stearyl ether (Brij76). Three
types of films were produced namely (i) P123 cubic, (ii) P123 hexagonal, and (iii) Brij76
cubic mesoporous silica films. Synthesis of the cubic mesoporous silica thin films using Brij76
and P123 were based on methods developed by Jung and Park [39] and Alberius et al. [40],
respectively. Pores in these cubic films were spherical and arranged in a face-centered cubic
lattice. Similarly, hexagonal mesoporous silica thin films from P123 were synthesized fol-
lowing the method described by Zhao et al. [41]. They consisted of a honeycomb pattern of
cylindrical pores with the unique hexagonal axis oriented parallel to the substrate.

Synthesis of the P123 cubic film was accomplished using a mixture of P123, ethanol
(EtOH), 0.01 molar (M) of hydrochloric acid (HCI), and tetraethyl orthosilicate (TEOS)
in the by mass ratios P123:EtOH:HCL.TEOS = 0.75:8.91:2.41:4.65. First the P123 was
dissolved in 3.57 g of EtOH and stirred for 30 minutes. Second, the HCI and TEOS were
mixed with 5.36 g of EtOH and stirred for 20 minutes. Both solutions were combined and
refrigerated for 10 minutes at 15°C. The solution had to be used within the next hour for
optimal results. The withdrawal rate was 2 cm/min at a stable 50% relative humidity. Post
processing consisted in 1 day aging at 90% relative humidity (RH) followed by 1 day at 60°C
and calcination. Calcination was performed by heating the sample up to 450°C with 4 hours
of soak time through a 1°C/min heat ramp. The process was then completed by a 1°C/min
cool down ramp to 25°C. The heating ramp was performed under inert nitrogen atmosphere.

Synthesis of the cubic mesoporous silica framework using Brij76 was accomplished using
a mixture of Brij76, EtOH, 0.01M of HCI, and TEOS in the by mass ratios Brij76:EtOH:HCI:
TEOS = 0.17:4.42:0.43:1. A silica solution was made with 0.1 g pH 2.6 of HCI, 1 g of TEOS,
and 0.84 g of EtOH. Solution was stirred in 60°C water bath for 90 minutes. A polymer
solution was then made with 3.58 g of EtOH, 0.34 g of 0.142M HCI, and 0.17 g of Brij
76. Solutions were mixed and stirred for one day. Finally films were dip coated from the
solution, in 25-30% RH, and withdrawn at 0.2 to 2 cm/min. Calcination followed with a
heat ramp to 60°C at 0.3°C/min, a hold of 4 hours, then another ramp to 450°C, held also
for 4 hours. Process was completed by a 1°C/min cool down ramp to 25°C. The heating
ramps were performed under inert nitrogen atmosphere.

Finally, synthesis of the P123 hexagonal mesoporous silica framework was accomplished
using a mixture of P123, EtOH, 0.01M of HCI, and TEOS in the by mass ratios P123:EtOH:
HCLTEOS = 0.54:10:1.2:1.66. First the P123 was dissolved in 5 g of EtOH and stirred for
30 minutes. Second, the HC1 and TEOS were mixed with 5.36 g of EtOH and stirred for 20
minutes. Both solutions were then combined and aged for 3 days at room temperature. The
withdrawal rate varied from 0.2 to 2 cm/min at a stable 50% RH. Post processing consisted
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Figure 1: (A) Normalized 1D-XRD intensity measurements for mesoporous SiO, thin films
synthesized with P123 (cubic and hexagonal) and Brij76 (cubic), (B) 2D-SAXS patterns of
a P123 cubic and, (C) a P123 hexagonal mesoporous silica thin film. Here the scattering
vector ¢ is given in nm~! and defined as ¢ = \/q2 + q2 = 4 sin 0/ = 27 /dspacing-

in 1 day of 90% room humidity aging followed by 1 day at 60°C and calcination. Finally, the
same calcination procedure as that used for the cubic mesoporous silica films was performed.

2.2 Film Characterization

Each mesoporous SiO, films synthesized was characterized using (i) one-dimensional low
angle X-ray diffraction (1D-XRD), (ii) two dimensional small angles X-ray scattering (2D-
SAXS), and (iii) scanning electron microscopy (SEM) measurements. 1D-XRD measure-
ments were performed with a Panalytical X’Pert PRO diffractometer. 2D-SAXS measure-
ments were collected on beamline 1-4 at the Stanford Synchrotron Radiation Laboratory.
SEM images were obtained using a JEOL 6700F. Figure 1A shows typical normalized 1D-
XRD intensity measurements for the P123 cubic, Brij76 cubic, and P123 hexagonal meso-
porous SiO, films. It indicates that the films are highly ordered. Figures 1B and 1C show
typical 2D-SAXS patterns of P123 cubic and hexagonal mesoporous silica thin films. Fi-
nally, Figure 2 shows SEM images of the cubic and hexagonal mesoporous silica thin films
considered obtained with a JEM-2000 FX (JEOL, Ltd, Japan). More details on films’ char-
acterization can be found elsewhere [42].

* dehydrated, ** hydrated.

The porosity of the films consists of (i) the primary mesoporosity corresponding to the
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Figure 2: SEM micrograph of P123 (A) cubic and (B) hexagonal mesoporous silica thin films
(see Table 2 for dimensions).

Table 2: Characteristics of the mesoporous silica thin films synthesized and simulated.

Film  Surfactant Pore Pore diameter Parameter Porosity refraction Thickness
arrangement d (nm) dj, (nm) ¢ index, ncyy L (nm)

1 P123 cubic (FCC) 10 21 22% 1.34* 185

2 P123 hexagonal 8.5 12 45% 1.26* 135

3 Brij76 cubic 4 7.8 29% 1.32%, 1.44** 160

volume fraction occupied by the quasi-spherical pores and of (ii) the microporosity corre-
sponding to the volume fraction occupied by the “necks” connecting the pores. Samples
primary mesoporosity was estimated from the measured pore diameters and lattice spac-
ings. Cubic films microporosity was estimated to be around 12% to 20% of the mesoporos-
ity [43,44]. Hexagonal mesoporous films’ microporosity, however, is expected to be much
smaller since a geometric model of cylinders better captures the overall porosity. Conse-
quently, the necks connecting the spherical pores in cubic mesoporous films were ignored
in the numerical simulations. There was a + 5% uncertainty associated with the poros-
ity measurements due to the 1 nm precision on distances measured with the SEM and the
approximation in microporosity contribution.

For the P123 cubic mesoporous SiOs thin film, the pore diameter d was estimated to
be 10+£1 nm and the lattice parameter d; was 21+3 nm. The porosity ¢ was calculated by
considering a unit FCC cell of length dj with spherical pores of diameter d as confirmed by
1D-XRD, 2D-SAXS, and SEM measurements. The porosity of the P123 cubic mesoporous



film was then expressed as ¢ = 27d®/3d} and equal to 22% + 5%. Similarly, the Brij76
cubic mesoporous film featured pores 4 nm in diameter d arranged in a FCC lattice with
lattice parameter dj, of 7.8 nm for an overall porosity ¢ of 29%. Results for the P123
cubic mesoporous silica film were in good agreement with those reported by Kitazawa et
al. [45] for similar films and obtained using ellipsometry. On the other hand, the P123
hexagonal mesoporous thin film featured cylindrical pores 8.5+£1 nm in diameter d. The
lattice parameter dj was found to be 1242 nm. The porosity was estimated from ¢ =
wd?/ 2\/§d% and found equal to 45% =+ 5%. These results were in good agreement with those
reported by Dourdain et al. [46].

In addition, the film thickness L and the effective refraction index n.ss; (assumed to be
constant between 400 and 900 nm) were retrieved by inverse method from spectral normal
reflectance measurements as previously described. The dehydrated P123 cubic and hexagonal
mesoporous films were 185 and 135 nm thick and n.ss was found equal to 1.34 and 1.26,
respectively. The Brij76 cubic mesoporous film was 160 nm thick and its index of refraction
was 1.32 and 1.44 when dehydrated or fully hydrated, respectively. The values of the film
thicknesses were confirmed from the SEM images.

2.3 Normal-Normal Reflectance Measurements

Spectral normal-normal reflectance measurements for each film were performed between 400
and 900 nm. The apparatus consisted of (i) a UV-NIR light source (Ocean optics, DH2000-
BAL), (ii) a bifurcated fiber (Ocean optics, R400-7-SR), (iii) a spectrometer (Ocean optics,
HR4000CG UV-NIR), and (iv) a sample holder ensuring that the direction of the incident
beam was normal to the sample surface. The light source was connected to the bifur-
cated fiber and provided polychromatic and unpolarized light. The experimental spectral
reflectance of the mesoporous silica thin films was computed from,

S)\_D)\

Reap(A) = M — D,

(1)
where S, was the signal reflected by the sample, D, is the “dark intensity”, and M, is
the reference intensity measured with a high specular reflection standard mirror (Ocean
optics, STAN-SSH). The dark intensity D) was collected by turning off the UV-NIR light
source. Before any measurements, the mesoporous cubic and hexagonal SiO, films were
dehydrated on a hot plate for 24 hours at 160°C to remove any traces of water which can
strongly affect the reflectance measurements [47]. Then, reflectance was measured four times
at room temperature immediately after being removed from the hot plate. In addition, the
Brij76 cubic film was fully hydrated under controlled relative humidity and reflectance was
measured in situ.

2.4 Mesoporous Thin Film Thickness and Effective Index of Re-
fraction

The effective absorption index of the mesoporous thin films was assumed to be negligibly
small and set to zero over the spectral range from 400 to 900 nm as observed for dense



silica glass [48,49]. In addition, scattering by the nanopores was neglected since the pore
diameter (~ 4-10 nm) was much smaller than the wavelength of the electromagnetic (EM)
wave (> 400 nm) and the thin film interference effects dominate over scattering as established
numerically [34-37].

The theoretical spectral normal reflectance for a homogeneous, isotropic, and non-absorbing
film with uniform thickness L and optically smooth surface is expressed as [50],

R . T%Z + 7’33 + 2T12?”23 COS((523 — Cg) (2)
ilm —
! 1+ rfyr3s + 2119793 cos(daz — C2)

where the Fresnel’s coefficients 715 and ro3, the angle d93, and the phase difference between
interfering waves (5 are given by,

L—nepr 5 (nepyr —n3)* + k3
ro = —L i =

1~|—neff’ % (neff~|—n3)2+k:§’
47m€ffL 27”Leff]€3
CQ = — and tan 523 = (3)
A ”sz_ (n3 + k3)

where n and k are the refraction and absorption indices, respectively. Subscript 3 refers
to the silicon wafer substrate while the mesoporous thin film deposited on the substrate
is referred to by subscript 2 assuming it behaves as an homogeneous medium with some
effective refraction index denoted by n.yy.

The film thickness L and the effective refraction index n.;; were retrieved by inverse
method using the genetic algorithm PIKATA [51] that minimizes the root mean square of
the relative error between experimental and theoretical spectral reflectance d R defined as,

s L n [R(\) = Rerp(M)]°
L D3] S e .

where R.,,(\;) was measured at N different wavelengths A\; between 400 and 900 nm.

2.5 Optical Properties of Bare Silicon Wafer

First, the refraction and absorption indices n3 and k3 of the silicon substrate, appearing
in Equation (3), were retrieved from normal-normal spectral reflectance measurements by
treating the 625 pm thick polished As doped (100) silicon wafer (0.001-0.007 Q.cm) as a
semi-infinite slab. Then, the normal reflectivity of the substrate is expressed as [50],

R,(\) = [ns(A) — 1]2 + ks()\)z (5)
[ng(A\) + 1]7 + k3(N)

where n3 and k3 were retrieved by minimizing the root mean square of the relative error 6 R
between R () and R.,,(A). The refractive index of the silicon substrate nz(\) was expressed
as a function of wavelength A and temperature 7" as [52],

n3(A) = no(A) + (AT (6)

8



where ng(\) and y(\) are empirical functions. Since Jellison and Modine [52] used a lightly
doped silicon wafer (doping concentration < 10'cm™3), their expressions for ng(\) and ()
could not be used for the wafer with doping concentration of 2x10*cm =2 used in the present
study. However, the same expression was used with different coefficients optimized to match
the reflectance of our bare silicon wafer to yield,

119.55 6.6276 x 103
s =229 x 1074
o \/5 T 71V A R N T T TV

On the other hand, the absorption index k3(\) reported by Jellison and Modine [52] was
found to be appropriate to fit the experimental data and was expressed as,

7.946 o T
3.648% — (1.24/))? P1360.9 — exp(—12.92 + 6.831/))

ks(N) = {—0.0805 + exp [—3.189 + (8)

Note that the wavelength A is expressed in ym and the temperature 7" was equal to 20°C.

2.6 Validation

The experimental setup was validated by measuring the spectral reflectance of a 105.4 nm
thick high quality thermal silicon dioxide thin film on a silicon wafer. Spectral reflectance
measurements of the thermal oxide film on a Si wafer agreed well with the theoretical spectral
reflectance predicted by Equations (2) and (3) using the Sellmeier equation for silica glass
given by Malitson [48],

0.6961663\2 0.4079426\2 0.8974794)\2

9
* A% — (0.0684043)? * A% —(0.1162414)? i A% — (9.896161)2 (9)

”%iog (A) =

where )\ is expressed in um. This establishes that reflectance measurements are properly
performed.

2.7 Reflectance Simulations

Simulations of EM wave transport through the heterogenous thin films were performed by
numerically solving the three-dimensional Maxwell’s equations along with the associated
boundary conditions. The governing equations and the method of solution have been pre-
sented elsewhere and need not be repeated [36]. The morphologies of the cubic and hexagonal
mesoporous thin films simulated and the coordinate system are reproduced in Figure 3. The
pore diameter d, lattice parameter dj, porosity ¢, and film thickness L measured experimen-
tally were used in establishing the dimensions of the numerical models.

Simulations were performed at 10 to 40 wavelengths between 400 and 900 nm. Other
input parameters included (i) the spectral refraction and absorption indices of refraction of
the silicon substrate ng(\) and k3(\) given by Equations (6) and (8) and (ii) the refrac-
tive index mg;0, of the matrix in cubic and hexagonal mesoporous silica thin films given
by Equation (9). For each wavelength, Maxwell’s equations were solved in the frequency
domain using COMSOL Multiphysics 3.4 applying the Galerkin finite element method on

9
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Figure 3: Schematic of numerically simulated (A) hexagonal and (B) cubic mesoporous silica
films with the same morphology as those synthesized by evaporation-induced self-assembly
along with coordinate system.

unstructured meshes and using parallel computing on a Dell Precision 690 with two 2.33
GHz Quad-Core Intel Xeon CPU and 24 GB of RAM. The local instantaneous electric and
magnetic field vectors, denoted by E and H and solutions of Maxwell’s equations, were com-
puted throughout the 3D heterogeneous nanostructures. Then, the mesoporous thin films’
reflectance was estimated as the ratio of the norm of the time- and area-averaged reflected
and incident Poynting vectors, i.e., Ryum(A) = [IL;r|avg/|e.0]avg Where |11, 0| and |II,,| are
the x-component of the local time-averaged incident and reflected Poynting vectors defined
as |[I| = Re{E x H*}/2. They have been further averaged over the top surface of the meso-
porous films as referred by subscript “avg”. The incident Poynting vector was normal to and
uniform over the film surface. For hexagonal mesoporous films, polarization of the incident
EM wave affects the reflectance [36]. Here, TE and TM polarizations are defined such that
the incident electric and magnetic field vectors are parallel to the cylindrical pores main
axis, respectively. In other words, the incident electric field vector is such that Ey = Eyé, for
TE polarization and EO = Eyé, for TM polarization as illustrated in Figure 3. By contrast,
polarization of the incident EM wave has no effect on reflectance of cubic mesoporous films
due to their symmetric morphology [37].

10



3 RESULTS AND DISCUSSION

3.1 Comparison Between Experimental and Numerical Reflectance

First, care was taken to ensure that all numerical results reported were numerically con-
verged, i.e., they were independent of the number and size of the finite element meshes.
A total of 65,310 and 16,472 tetrahedral elements were necessary to obtained a converged
solution for cubic and hexagonal mesoporous films, respectively. It was also verified that the
reflected time-averaged Poynting vector |lj[r| was also normal to and nearly uniform over the
film surface. The relative difference between the norms of the local time-averaged |ﬁr| and
the time- and area-averaged |ﬁr\avg Poynting vectors at the air-film interface was less than
1.12% and 0.05% for the cubic and hexagonal mesoporous thin films, respectively.

P123 Cubic Mesoporous Film

Figures 4 compares the experimentally measured reflectance R..,(\) for the dehydrated
P123 cubic film and the associated theoretical reflectance R;,(\) given by Equation (2)
estimated with the values of L=185 nm and n.y=1.34 retrieved by inverse method. Excellent
agreement was observed between R.,,(\) and Ry,()) giving confidence in the retrieved values
of L and n.s considering how sensitive Ry, (M) is to both parameters.

Figure 4 also shows the numerically computed spectral reflectance R, m () of P123 cu-
bic mesoporous thin films with three different porosities within the experimental uncertainty
namely 17%, 22%, and 27% achieved numerically with pore diameter equal to 9.2, 10, and
10.7 nm, respectively while lattice parameter remained the same. The numerical predictions
were in very good agreement with experimental measurements. Indeed, the experimental
reflectance falls within numerical predictions for porosities 17%, 22%, and 27%. Moreover,
Figure 4 shows the theoretical reflectance of a dense silica film (¢=0%) of identical thick-
ness. Changes in reflectance is appreciable when porosity varies from 0% to 22% but is not
significant for porosities within the experimental uncertainty. These results indicate that (i)
the silica matrix has the same optical properties as bulk silica [48,49], (ii) absorption by the
silica matrix can safely be neglected and (ii) the porosity can be reasonably estimated from
SEM measurements and geometry consideration.

P123 Hexagonal Mesoporous Film

Similarly, Figure 5 shows the spectral reflectance obtained experimentally and that numeri-
cally computed for TE and TM polarizations for the dehydrated P123 hexagonal film. It is
evident that the experimentally measured reflectance falls between the numerical reflectance
for TE and TM waves over most of the spectrum considered. Indeed, experimentally, the light
traveling through the bifurcated fiber is unpolarized and corresponds to the arithmetic mean
of reflectances for TE and TM polarizations. The minor discrepancies could be attributed
to the experimental uncertainty in the porosity or in the substrate’s optical properties (ng
and k3) whose effect is important since the film was very thin.

Figure 5 also shows the theoretical reflectance of a dense SiO, film having the same
thickness as that experimentally measured for the dehydrated mesoporous films considered.

11
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Figure 4: Experimental spectral reflectance of a silicon substrate bare and coated with a 185
nm thick P123 cubic mesoporous silica thin film (L= 185 nm, d= 10 nm, dy= 21 nm, and
o= 22%) along with computed numerical predictions and theoretical reflectance of a dense
SiO, thin film of identical thickness and porosity ¢= 17%, 22%, and 27%.

For both dehydrated cubic and hexagonal mesoporous films, it is evident that the presence
of the pores in the silica matrix significantly affects the film spectral reflectance.

Dehydrated and Hydrated Brij76 Cubic Mesoporous Film

It has been established that water interfaces with large radius of curvature or confined water
droplets feature different density, hydrogen bond network, and surface tension different from
bulk properties [29]. It remains unclear, however, how this affects the optical properties
of a confined water “droplet”. A Brij76 cubic mesoporous film was chosen for its small
pores in which capillary condensation take place more easily than in larger pores. The
film was dehydrated on a hot plate at 160°C for more than 24 hours before cooling at
room temperature and performing reflectance measurements. In addition, the film was
fully hydrated by placing it for several hours in RH in excess of 35% before measuring
the reflectance in situ. Increasing the RH further did not affect reflectance suggesting that
the film was saturated. The fully hydrated film was simulated as previously described by
assuming the pores to be filled with liquid water whose optical properties were assumed to
be the same as those of bulk liquid water reported by Hale and Querry [53].

Figure 6 shows the experimentally measured and numerically predicted reflectance of a
160 nm thick fully dehydrated and hydrated Brij76 cubic mesoporous thin film. It clearly
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Figure 5: Experimental spectral reflectance of a silicon substrate bare and coated with a 135
nm thick P123 hexagonal mesoporous silica thin film (L= 135 nm, d= 8.5 nm, di= 12 nm,
and ¢= 45%) along with computed numerical predictions for TE and TM polarization and
theoretical reflectance of a dense SiO4 thin film of identical thickness.

illustrates the effect of film hydration on its spectral reflectance. Very good agreement was
found between experimentally measured and numerically simulated reflectances for both
dehydrated and fully hydrated cases. This suggests that water confined in the pores optically
behaved like liquid water.

3.2 Discussion

Using the different EMAs whose expressions are provided in Table 1 for the value of ny=1.34
for P123 cubic mesoporous silica film of porosity 22% =+ 5% and assuming the SiO, matrix
has a refraction index equal to 1.457 at 632.8 nm [49], the retrieved porosity was found equal
to 25% (3D MGT), 25% (symmetric Bruggeman), 23% (Lorentz-Lorenz), 29% (Drude), 25%
(parallel), and 29% (VAT). Similarly, for the P123 hexagonal mesoporous film with 45%
porosity, the retrieved index of refraction was found to be n.fy=1.26 and the porosity was
found to be 40% (2D MGT), 42% (symmetric Bruggeman), 40% (Lorentz-Lorenz), 48%
(Drude), 43% (parallel), and 48% (VAT).

Porosity predictions by the different EMAs are similar for mesoporous SiO, and predicts
porosity within the experimental uncertainty. However, the differences between one EMA
and another can be significant and increase as the index of refraction of the matrix increases
[34]. Alternatively, the porosity can be retrieved from spectral reflectance measurements
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Figure 6: Experimental spectral reflectance of a fully dehydrated (RH < 10%) and fully
hydrated (RH > 35%) Brij 76 cubic mesoporous silica thin film (L= 160 nm, d= 4 nm, dx=
7.8 nm, and ¢= 29%) along with computed numerical predictions.

without relying on some effective medium approximation selected arbitrarily and potentially
giving a wide range of porosity for the same effective index of refraction. This is particularly
true for mesoporous or nanocomposite materials with large mismatch in index of refraction
between the continuous and disperse phases.

4 CONCLUSION

This paper presented detailed numerical simulations and experimental measurements of spec-
tral reflectance of cubic and hexagonal mesoporous silica thin films between 400 and 900 nm.
The films were synthesized by evaporation induced self-assembly followed by calcination of
surfactant micelles. Films were characterized using 1D-XRD, 2D-SAXS, and SEM mea-
surements as well as reflectance measurements. The 3D numerical simulations accurately
modeled the morphology of the films investigated using the pores’ spatial arrangement and
diameter, lattice parameter, and porosity measured experimentally. The results suggests
that silica matrix had the same index of refraction as bulk silica glass (amorphous) [48].
Excellent agreement was found between numerical predictions and experimentally measured
reflectance for both P123 cubic and hexagonal mesoporous thin films and the dehydrated
or hydrated Brij76 cubic film. In addition, when the film is fully hydrated, the phase occu-
pying the pores has the same index of refraction as liquid water. This study also validates
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experimentally the numerical tool and the numerical results reported in our previous stud-
ies [34-36]. The method and the results can be used to design and guide the synthesis of
nanostructures with desired optical properties for various applications without relying on
EMASs or mixing rules.
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