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Abstract
Zeolite films (LTL, BEA and MFI) are prepared with a thickness in the range 50-170 nm
through multistep spin-on deposition method. The optical properties of the zeolite films
including refractive index, extinction coefficient and thickness are determined from the
reflectance spectra using nonlinear curve fitting method. The total free pore volume of
the films using the Bruggeman effective medium theory is calculated. The potential of the
zeolite films for broadband antireflection (AR) application is demonstrated. Five times
reduction of the reflectance of silicon substrate covered with the double AR films
comprising of MFI type zeolite (120 nm) deposited on Nb,Os (60 nm) is achieved.
Additionally, the MFI zeolite film is used as a building block of vapor responsive Bragg
stacks with a strong response towards acetone. The reversible response of the Bragg
stacks towards acetone without additional annealing opens up the possibility to prepare
sensors with optical read-out by incorporation of sensitive and transducer elements in a

single device.

Keywords: zeolites, films, optical properties, effective medium approximation,

antireflective coatings, sensors.
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1. Introduction

Zeolites (molecular sieves) are crystalline materials with framework-type structures
built of regular and uniform pores of molecular dimensions." The zeolites are classified
according to their framework type, pore dimension and the Si/Al ratio of the frameworks.

The high crystalline zeolites have found wide application in catalysis, separation,
and ion exchange processes.”® In addition to the traditional uses, advanced applications
of these materials have also been explored.” Recent developments of synthesis procedures
for zeolite nanocrystals and their arrangements in thin-to-thick films, membranes and
hierarchical bodies have pushed them into new, diverse and economically significant
applications that have not been recognized before such as low dielectric constant (low-k)
zeolite film wused as insulator for computer chips,g'11 antireflective coatings,12
antimicrobial coatings,13 corrosion-resistant coatings for aerospace alloys,13 flexible and

15-17

transparent moisture getter films,'* various sensor devices, etc. Besides, the unique

combination of chemical and optical properties of zeolites opened up the possibility of

using them as part of tunable Bragg stacks.'®?’

The porous Bragg stacks are considered
for chemical sensing application with optical encoding. The idea behind is the change of
refractive index and/or thickness of the layers in the Bragg stack due to ion-exchange,
sorption, and capillary condensation of molecules adsorbed in the pores, which result in a
shift of the high reflectance band and consequent change of their color.

A number of novel applications of zeolites depend on the ability to create thin,
adhesive films on various substrates.” Various techniques were developed for the
fabrication of zeolite-based devices such as direct synthesis of zeolite crystals on a

24,25 .
7.2425 Besides

support, seed methods and attachment of crystals on functionalized surfaces.
a spin coating method for deposition of zeolite films is widely applied.g’26 Spin-on
process is simple, fast and offers operating precision, flexibility and high uniformity over
different surfaces. Moreover, spin coating of colloidal suspensions of nanosized zeolites
offers the possibility to form smooth layers on almost all kinds of surface with and
without surface modification. Also, spin coating allows effective control of film
thicknesses by varying the concentration of suspensions and the spin-on rotation

rates.26’27
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Reliable and non-destructive measurements of zeolite film characteristics such as
the film thickness and refractive index (or dielectric constant) are beneficial for
estimating the performance of zeolite films in the above-mentioned applications. It has
been confirmed that the deposition parameters such as the concentration of coating
suspensions, number of coating steps, speed of deposition, as well as the type of binders,
had a pronounced influence on the thickness, mechanical, and optical properties of the
films.”® If the optical properties of zeolite films can be controlled then numerous
opportunity for their practical applications will be opened up.

In this paper the optical properties of zeolite films obtained by spin coating of
aqueous zeolite suspension consisting of nanocrystals with different framework type
structures and chemical composition are studied. Besides, the possibility of controlling
the optical thickness of the zeolite films through multi-step spin coating deposition is
investigated. A color chart for fast and reliable determination of the thickness of zeolite
films based on their optical properties is suggested. The application of zeolite films as
single and double layer antireflection coatings (AR) for silicon substrate is demonstrated

along with their implementation as sensitive elements in vapor responsive Bragg stacks.

2. Experimental

2.1 Preparation and characterization of nanosized zeolites

Stable coating suspensions of discrete nanosized zeolites (LTL and BEA-
framework types) from colloidal precursor suspensions under hydrothermal conditions
are prepared according to the procedures described elsewhere.”’”’ The as-prepared
precursor suspensions for BEA and LTL type zeolites were aged at room temperature for
24 hours prior to treatment at 100 °C for 3 days and 170 ° C for 18 hours, respectively.
Additionally, pure silica MFI-type zeolite (Si-MFI) was synthesized according to the
procedure described before; the synthesis was performed at 90 °C for 3 days.’' After the
hydrothermal treatment, the zeolite nanoparticles were purified by two steps
centrifugation (24.500 rpm, 1 h) and redispersed in double distilled water.

The chemical composition of the samples was determined by inductively coupled
plasma (ICP) optical emission spectroscopy using a Varian ICP-OES 720-ES. The Si/Al
ratio for Si-MFI, BEA, and LTL type zeolites is equal to oo, 14 and 3.6, respectively.
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The size of the nanoparticles was measured by Dynamic light scattering (DLS)
using a Malvern Zetasizer Nano. The size and crystalinity of the zeolite crystals were also
confirmed by Transmission Electron Microscopy (TEM) using a JEOL 2010 FEG
operating at 200 kV. Additionally, the surface charge of the crystals was determined by
measuring the zeta potential value of suspensions at a constant solid concentration (1 wt.
%) and pH=8.5.

The crystallinity of the Si-MFI, BEA and LTL powder samples was proven by X-
ray diffraction (XRD) analyses carried out with PANalytical X'Pert Pro diffractometer
with CuKo monochromatized radiation (A = 1.5418 A). Additionally, the moisture
content and stability of the samples after calcination (550 °C) was investigated through
Thermogravimetric analysis (TGA) using SETSYS instrument (SETARAM) analyzer

(heating rate of 5 °C min™ under 40 ml.min™" flow of air).

2.2 Preparation and characterization of zeolite films

The zeolite films were prepared by spin coating approach: 0.25 ml of aqueous
colloidal suspensions with a constant concentration (1 wt. %) was mixed with 0.05 ml of
methylcellulose and the mixture was dropped onto preliminarily cleaned Si-substrate
according to the procedure described.’? The speed and duration of the spinning rotation
were 2500 min” and 30 s, respectively. In order to obtain thicker films, the coating
procedure was repeated 2-to-5 times. The layers were annealed at 320 °C for 30 minutes
with temperature acceleration of 10 °C/min after each deposition step. The zeolite films
prepared have a thickness in the range 50-170 nm (selected samples were subjected to
characterization).

The homogeneity, crystal morphology and thickness of the films were studied by
Scanning Electron Microscopy (SEM) using JEOS JSM6700F SEM at an accelerating
voltage 30.0 kV. Reflectance spectra (R) of zeolite films deposited on silicon substrates
were measured in the spectral range 400 — 900 nm using UV-VIS-NIR spectrophotometer
(Cary SE, Varian) with an accuracy of 0.3 %. Refractive index (n), extinction coefficient
(k), and thickness (d), of the films were determined simultaneously from the reflectance
measurement using non-linear curve fitting method described in details elsewhere.” The

experimental errors for n, k and d are 0.005, 0.003 and 2 nm, respectively.
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3. Results and discussion

3.1 Zeolite nanocrystals assembled in thin films

The DLS and TEM results for zeolite suspensions with Si-MFI, BEA and LTL type
nanocrystals are presented in Fig. 1. As can be seen, the mean hydrodynamic diameter of
the zeolites is almost the same, i.e., 35 nm for Si-MFI and 45 nm for both the BEA and
LTL- type crystals. In addition to the size, the morphology of the zeolites is revealed by
TEM. The Si-MFI and BEA crystals are almost spherical in shape, and the latest is build
of interconnected nanocrystals forming aggregates. Only the LTL crystals exhibit
rectangular shape with well-developed sharp edges (Fig. 1). The high degree of
crystallinity of the three type zeolites is confirmed by the XRD. The typical Bragg peaks
for MFI, BEA and LTL type crystalline structures are present in the patterns (Fig. 2), and
only a broadening of the peaks due to the small particle size of the crystallites is
observed.”

The zeolite nanocrystals are deposited in the films (thickness of 50-170 nm) by spin
coating with several deposition steps. The three type films with a constant thickness of 70
and 150 nm are presented in Fig. 3. As shown, the zeolite nanocrystals are closely packed
and form continuous films along the silicon substrates. The quality of the zeolite films
(surface roughness and homogeneity) is preserved in the entire thickness range under
investigation (50-170 nm).

The optical properties of the films are determined based on the reflectance spectra
recorded for Si-MFI, LTL and BEA zeolite films. A decrease of reflectance (R) with
increasing the films thickness is observed for all samples (Fig. 4). The changes of R for
LTL films are the strongest while for the Si-MFI films are the weakest. When the
thickness of the films increases approximately from 70 nm to 170 nm, the R-value
decreases with 12, 16 and 20 % for Si-MFI, BEA and LTL-type films, respectively (data
are taken at wavelength of 900 nm). Considering that R is a function of the optical
thickness (combining both the refractive index and physical thickness) of the films, the
assumption could be made that the biggest change of R for the LTL film is due to the

higher refractive index of the zeolite crystals as compared to others.
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Using the reflectance spectra, the refractive index, extinction coefficient and
thickness of the films are calculated.”® Figure 5 presents the refractive index of zeolite
films with a thickness of 100 nm as a function of the wavelength, i.e. the dispersion
curves of n. As can be seen, the dispersion of n is very weak that is not surprising
considering that the zeolite films are transparent in the studied spectral range. The
smallest value of #n for the Si-MFI film (» = 1.172) and the highest value for the LTL film
(n = 1.362) are obtained, while the n value of BEA is in the middle (n = 1.296). The
values of n for Si-MFI films obtained in this study are in a good agreement with the
results reported before.*

To check how the different chemical compositions of zeolites (Si/Al= «, 14, 3.6)
influence the refractive index of the films, we calculate the n curves for mixtures of SiO,
and Al,Os; with volume fractions corresponding to the Si/Al ratio of the zeolites.
Purposely the Bruggeman effective medium theory is used.”* The idea is to regard the
mixture from silica and alumina as a medium with effective optical properties that

depend on the refractive index and volume fractions of the two phases present: >>>°

Gy, n0 fifo=l, (1)

1 2
& +2¢, &, +2¢,

where ¢, & and &, are dielectric constants (¢ = nz) of SiO,, ALO; and a mixture,
respectively, while f; and f; are the volume fractions of Si0; and Al,O3; phases. Knowing
that the Si/Al ratio is 3.6 for LTL and 14 for BEA, the f; and f; are calculated to be 0.78
and 0.22 for Si/Al = 3.6, and 0.933 and 0.067 for Si/Al = 14. In order to calculate the
effective dielectric constants &, using Eq. 1, the effective dielectric constants ¢; and &, of
the two phases presented in the mixture, i.e., for SiO, and Al,Os are required. The
refractive index spectra for SiO, and Al,O; are taken from Ref. 37 and presented in
Figure 5 d, g. For clarity, it is important to note that the two parameters ¢ and n are
related as follows ¢ = n”. The calculations concerning effective medium approximations
are performed using dielectric constants, but the results in the figures are presented as

refractive index values in order to compare with already published data.
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The effective dielectric constants &, for media with different Si/Al ratio are calculated by
means of Eq. 1 using the already calculated values of f; and £ for SiO, and Al,O5*’ (Fig.
5d, g). The effective refractive indices for different media with a ratio of Si/Al=14 (curve
e) and Si/Al=3.6 (curve f) are presented in Fig. 5. It is seen that the increase of the Al,O;
fraction in the mixture leads to the increase of the refractive index of the effective media,
i.e., n=1.458, 1.471 and 1.501 for pure SiO, and mixtures with SiO, : Al,O3 equal to 14
and 3.6, respectively. Therefore one possible explanation for the higher refractive index
of LTL and BEA films as compared to the Si-MFI film is the different chemical
composition of the zeolites, i.e., the presence of Al.

Besides, the volume fraction of the free pores in the zeolite film, which is a

1,35’36. In this case the zeolite film is

measure of the total porosity, is calculated using Eq.
regarded as an effective medium built of two phases, i.e., Si0,:Al,03 and air. The already
calculated refractive indices of the zeolites (n.) (Fig. 5 a, b, c¢) are regarded as effective
dielectric constants g.= nez. The data for SiO, (curve d) along with the calculated values
for Si/Al=14 (curve e) and Si/Al=3.6 (curve f) are used for determination of ¢;; the
second phase is air with &, = 1. The calculated free pore volume f; from Eq.1 of the Si-
MFI, BEA and LTL films is 61, 37 and 27 %, respectively. In our previous study, the free
pore volume of isolated Si-MFI nanocrystals was calculated to be 19 %.> In the current
samples, the interparticle mesoporosity exists as seen in the SEM pictures (Fig. 3), and
this explains the higher free pore volume of the zeolite films. Moreover, the interparticle
space is very well seen in the Si-MFI film in comparison to the other two types. The most
packed nanocrystals are observed in the LTL film, which explains the lower free pore
volume together with the one-dimensional pore system of this material. Similar
observation for MFI films are made by Wang et al.” the films exhibit a bimodal pore size
distribution consisting of micropores (0.55 nm) and interparticle mesopores (2.7-2.8 nm).

It is well known that the moisture has a significant influence on the n value of
films. Considering the hydrophilic nature of BEA and LTL type zeolites, we can assume
that the higher refractive index is due to the higher water content in the micro- and meso-
pores. If air with the refractive index of unity is substituted with water with a refractive
index of 1.33, then the effective refractive index of the film will increase. The calculated

reduced free pore volume for LTL and BEA films is in agreement with the hypothesis of
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partly filled pores and lower mesoporosity (high packing of crystals). To confirm the
assumption of different water content in the studied samples we have conducted
thermogravimetric (TG) analysis of zeolite samples that were subjected to preliminary
annealing (Fig. 6). As can be seen, the water content in Si-MFI zeolite is the smallest (the
weight loss of 1.8 % is measured). Although no water is expected for pure silica MFI-
type zeolite, the low content is due to the presence of many structural defects, which are
more pronounced in the nanosized zeolites. The respective weight losses for the BEA and
LTL-type zeolites are 10.6 % and 12.5 %, respectively, which correspond to the release
of water bellow 200 °C. These results confirm the hypothesis made above that the higher
values of n and the smaller free pore volumes for BEA and LTL thin films are mostly due
to the water present in their pores. Figure 7 presents the dependence between the
refractive index and the thickness of the Si-MFI, BEA and LTL films. It is important to
mention that no special precautions for removing of water from the films were taken prior
to the measurements of the refractive index. In the thickness region 70-120 nm, an
increase of n is observed for all samples. A clear correlation between the water content in
the zeolites and the change of the refractive index of the films is revealed by comparing
the results presented in Figs. 6 and 7. The film thickness dependence of 7 is the strongest
for the LTL film with the highest water content, while for the Si-MFTI film is negligible.
For proper operation of devices using zeolite films, for example antireflective
coatings or Bragg stacks, it is essential the optical thickness of the films to be known with
high precision. Therefore, the reproducibility of deposition of zeolite films with
controlled optical properties and thicknesses will contribute positively to the wider
implementation of these materials as active or passive counterparts in different devices.
The change of the films thickness as a function of the number of consecutive steps of
deposition is shown in Fig. 8. For the preparation of the three types of films, the
concentration of the coating colloidal suspensions was the same (1 wt. %). Besides the
deposition conditions are kept the same: 0.3 ml coating suspension per layer, spinning
rate 2500 min™', and deposition time 30 sec. After each deposition step the samples are
subjected to annealing at 320 °C for 30 min in order to increase the mechanical stability
of the films. The total thickness of 155, 120 and 115 nm is obtained for LTL, Si-MFI and

BEA films after conducting the spin-on process five times. Interestingly after the first
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deposition step the thickness for all films is almost the same (50 nm). This means that at
fixed rotation speed the thickness of the single film depends mainly on the concentration
of the zeolite nanoparticles in the coating suspensions.

The results from the optical characterization of zeolite films are averaged over
measurements of three samples prepared at the same experimental conditions. The error
bars in Figure 8 presents the overall error in thickness accounting for both the error that
originates from the reflectance measurement inaccuracy and the reproducibility error. It is
seen that the accuracy in thickness is high enough - the error in d is less than 3 %. The
amount and concentration of coating suspension, spin-on rotation and substrate size
should be the same for all experiments in order to reproduce the films with defined
thickness.

Additional measurements not shown here reveal that the thickness of the films
increases linearly with increasing the zeolite concentration in the coating suspensions.
Thus three times higher thickness (around 150 nm) could be achieved in a single
deposition step if the concentration of the zeolites is 3 wt. %. Another way to increase the
thickness of the film is to reduce the spinning rate. However the quality of films obtained
at lower spinning rates (1000 min™) slightly deteriorates. Simultaneously the increase of
the thickness is less than two times (from 50 nm to 90 nm) when the rotation speed
decreases from 2500 to 1000 min™". It is also seen that the rate of thickness growth is the
highest for LTL film and almost the same for the BEA and Si-MFI films (Fig. 8). The
main factors that influence the film thickness, such as concentration, particle sizes and
rotation speed, are kept the same in these experiments. Therefore another parameter has
to be considered that influences the film thickness. A possible reason for the observed
differences in the films is the surface properties (hydrophilicity/hydrophobicity) and
possibly the morphology of the individual zeolite crystals. Moreover, the morphology of
the LTL crystals helps for the better packing resulting in higher thickness of the films
(see Figs. 3 and 8).

Finally we present a simple method for determination of the thickness of zeolite
films. The widely used method for fast determination of physical thickness of SiO; film
in microelectronic is through a visual inspection of the color of SiO; film thermally

grown on Si-substrates. At certain values of optical thickness (n, d) for the film, its
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reflectance has a peak due to the constructive interference between the multiple reflected
waves from the two boundaries of the film, and as a result the film becomes colored.
Figure 9 shows pictures of the zeolite films deposited on Si-substrate with denoted
thickness in the range 70-370 nm. It is seen that the color of the films changes starting
from brown for the thinnest film to blue-green for the thickest one. The color chart of the
thermally grown SiO; film is presented in Fig. 9 for comparison. It is generated using the
results from Ref. 38 by choosing the type of the material (Si0O,), thickness range,
substrate (Si), light source (daylight), and type of color presentation. It is seen that for
thin zeolite films there is a very good match between the SiO, color chart and the color of
the zeolite films. However for films with a thickness above 200 nm a divergence appears.
The reason is the different refractive indices of SiO; (1.45) and zeolite films (1.15-1.35).
On the basis of the calculated thicknesses and refractive index, a color chart for the
zeolite films is generated using®® (Fig. 9). In this case, instead of choosing SiO, material,
a Sentech-Cauchy-Layer is taken with a refractive index ny=1.25. Very good agreement
between the color of the samples (Fig. 9 a) and the generated chart is obtained in the case
of np=1.25. This color chart can be used for rapid and reliable control of the thickness of

zeolite films deposited on silicon substrate.

3.2 Application of zeolite films

3.2.1 Antireflective coatings

Based on the comparison between the reflectance of zeolite films and silicon
substrate, it is suggested that the single zeolite film could be used as antireflective (AR)
coating for silicon substrate (Fig. 4). Figure 10 presents reflectance of Si-MFI, BEA and
LTL zeolite films deposited on silicon substrate with thicknesses of 120, 115 and 110 nm,
respectively. It is seen that the zeolite films have smaller reflectance compared to that of
the bare silicon substrate. The zeolite AR coatings show significant decrease of
reflectance (R): the average R changes from 34.3 % for bare silicon substrate to 23, 20.7
and 15.1 % for Si-MFTI film (120 nm), BEA film (115 nm), and LTL film (110 nm),
respectively. The smallest values of R measured are 21.2, 18.3 and 11.8% for Si-MFI,
BEA and LTL AR coatings, respectively. Moreover, the biggest reduction in the R-value

is achieved for the LTL zeolite film deposited on silicon substrate. The R-value decreases

10
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from 48 % to 31 % at wavelength of 400 nm, from 35 % to 11.8 % at 600 nm, and from
32 % to 17.5 % at 800 nm (Fig. 10). In conclusion the use of zeolite films as
antireflective coatings is clearly demonstrated.

Moreover, stacks consisting of alternating films with different refractive indices
are required to decrease further the R-value. As low refractive index film, the Si-MFI was
selected (n=1.2) (Fig. 7), which is favorable from the viewpoint of multilayered AR
stacks.® As high refractive index film, the Nb,Os was chosen (n = 2.4 — 2.1). The Nb,Os
film is obtained by a sol-gel method as explained in details elsewhere.*’ Briefly, the Nb
sol was prepared by a sono-catalytic method using 0.400 g NbCls (99 %, Aldrich), 8.3 ml
ethanol (98 %, Sigma-Aldrich) and 0.17 ml distilled water. Instead of stirring, the
solution was subjected to sonication for 30 min and aged for 24 h at ambient conditions
prior to spin coating.** Thin Nb,Os films were deposited by dropping of 0.3 ml of the
coating solution on the substrate and annealing at 320 °C for 30 min. The required
thicknesses of stack’s films are determined through minimization of reflectance over
wide spectral range using already calculated optical constants of both materials. The most
appropriate design is experimentally implemented, and the reflectance of the stack’s film
is shown in Fig. 10 (curve f). The stack consists of 120 nm Si-MFTI film deposited on the
top of 60 nm Nb,Os film on silicon substrate. The average reflectance of the AR coating
is 7.1 %, which implies that 4.8 times of the silicon reflectance is reduced. The
reflectance spectra of single Nb,Os film with a thickness of 60 nm deposited on silicon
substrate is also presented in Fig. 10 (curve e) for comparison. The average reflectance
achieved for Nb,Os AR coating is 9.9 %. Thus, the role of zeolite film deposited on the

top of Nb,Os film is clearly seen, and most pronouncedly at lower wavelengths.

3.2.2 Bragg stacks

Bragg stacks are multilayered systems comprising high and low refractive index
materials with quarter-wave optical thicknesses (nd = A./4, n-refractive index, d-physical
thickness, A.-wavelength of incident light) arranged in periodic manner. Due to
interference phenomena Bragg stacks exhibit band of high reflectance that is centered at

Je, and it is highly sensitive to changes in optical thickness of the constituent films. If

11



Dalton Transactions

sensitive materials are used as building blocks then the position of reflectance band can
be controlled upon the influence of external stimuli.*’

For the preparation of Bragg stacks an alternating spin coated sol-gel Nb,Os and
Si-MFTI zeolite films with target thicknesses of 60 and 120 nm, respectively are used. The
development of reflectance band with increasing the number of layers in the stack is
studied by measuring the reflectance spectra (R) at normal incidence of unpolarized light
for structures comprising 2, 3, 5 and 7 layers (Figure 11). In order to increase the R-value
of the stacks, it is found that starting with Nb,Os layer deposited on the glass substrate is
beneficial; the R-value increases with the number of layers (Fig. 11), and reaches a value
of 74 % for the seven-layers.

The adsorption and desorption of acetone for the stacks with different number of
layers are carried out and the results are depicted in Figure 12. The transmittance signal
(S) as a function of time was measured at wavelength of 400 nm, and these measurements
are repeated for 3 cycles. As shown in Fig 12, both the adsorption and desorption
branches comprise two clearly distinguishable processes (Fig. 12). A fast adsorption
takes place more profoundly for sample with 7 layers, followed by steady state of the
transmittance signal (S). After switching off the acetone vapor, a very fast desorption
takes place. A recovery of the initial signal is observed within 5 min without additional
annealing. The sensitivity of the stacks is increased from 1.8 % to 4.8 % and to 8.9 % for
3, 5 and 7- layers, respectively. The changes of the signal, which is the transmittance of
reflectance, are associated with the changes in the effective refractive index of the stacks
structures. Additional measurements of a single layer combine with the modeling of the
measured spectra show that only the refractive index of the Si-MFI film changes when
the structure is exposed to acetone vapors. This is regarded as an advantage because the
selective behavior of zeolites could be fully explored. The exposure to acetone results in
replacement of air inside the zeolite pores with acetone with higher refractive index. This
leads to red shift of band edge and subsequent change of the measured signal at a fixed

wavelength.

12

Page 12 of 30



Page 13 of 30

Dalton Transactions

4. Conclusions

The optical properties of zeolite films obtained by spin coating of suspensions of
Si-MFI, LTL and BEA nanocrystals are investigated. It is demonstrated that zeolite
nanocrystals are closely packed and form continuous films that cover the entire surface of
the silicon substrate. The optical characterization reveal that the Si-MFI film exhibits the
smallest refractive index (n = 1.172), while the LTL film has the highest one (n = 1.362),
while the value of n for BEA films is in the middle (z = 1.296). A correlation between
different n values of the films and increased aluminum content in BEA and LTL type
zeolites, and the different moisture content in the films was obtained. Besides it was
demonstrated that the water content in the zeolite pores leads to a decrease of the free
pore volume of the films, which are 61, 37 and 27 % for Si-MFI, BEA and LTL type
films, respectively as calculated by Bruggeman effective medium theory. This confirms
that the pores of the LTL and BEA films are partly filled with water. Besides, a zeolite
color chart is suggested, that can be used for fast and reliable determination of the
thickness of zeolite films deposited on silicon substrate with refractive index in the range
1.15-1.36.

The potential of zeolite films for the broadband antireflection (AR) application is
demonstrated; single and double AR films on silicon substrate are prepared. Five times
reduction of the reflectance is achieved for the double AR films comprising of Si-MFI
(120 nm) deposited on top of Nb,Os (60 nm). Moreover, the Si-MFI zeolite film is
successfully used as building block of vapor responsive Bragg stack with strong response
towards acetone. Besides, a fast recovery without additional annealing is observed that
opens up the possibility for preparation of sensors with optical read-out by incorporation
of the sensitive and the transducer elements in a single device.

The reproducibility of zeolite films preparation with controlled optical properties is
demonstrated which are of significant importance for their wide implementation as active

or passive counterparts in different devices.
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Figure 1. (a) DLS curves for colloidal suspensions containing Si-MFI, BEA and LTL
type zeolites; TEM images of (b) Si-MFI and (c) LTL and (d) BEA zeolites (M= 20 nm).
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Figure 2. X-ray diffraction patterns of (a) Si-MFI, (b) BEA and (¢) LTL powder samples.
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Figure 3. SEM images of zeolite films with the corresponding thickness of (a) Si-MFI-70
nm, (b) Si-MFI-150 nm, (c) BEA-70 nm, (d) BEA-150 nm, (¢) LTL-70 nm, and (f) LTL-
150 nm.
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Figure 4. Reflectance spectra of (a) Si-MFI, (b) BEA and (c) LTL zeolite films deposited
on Si substrates (the thicknesses of the films are denoted). The dashed curves correspond
to the reflectance spectra of bare silicon wafer

20



Page 21 of 30

Dalton Transactions

L —
.................................................................................................. (g)
1.6
Tl
3 L5 _1’-’:."_‘.’_'7:.-_':::'::'_-.'_' """""""""""""""" ((‘%
= -
O 1.4+
o SO
5 (©)
R U T (b)
O .
= 1.2
' (a)
1.1 - l ' ' ' ' ' i
400 500 600 700 800

Wavelength (nm)

Figure 5. Calculated dispersion curves of refractive index for (a) Si-MFI, (b) BEA and (c)
LTL films based on the measured reflectance spectra. Refractive index for SiO; (d) and
ALO; (g) are taken from Ref. *. Calculated effective refractive index of media consisting
of SiO; and AL,O; in volume fractions that correspond to the Si/Al ratio of (e) 14, and (f)

3.6 using Bruggeman effective medium theory

34-36

21



Dalton Transactions Page 22 of 30

1.8% (a)

_ 10.6% (b)
-12- 12.5% (c)

Weight loss (%)
:

100 200 300 400 500 600 700 800
Temperature (°C)
Figure 6. TG analysis of annealed (a) Si-MFI, (b) BEA and (¢) LTL type zeolites.
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Figure 7. Thickness dependence of the refractive index (n) measured at 600 nm for (a) Si-
MFI, (b) BEA and (c) LTL type zeolites.
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Figure 8. Thickness of zeolite films as a function of the number of deposition steps.
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Figure 9. (a) Pictures of zeolite films deposited on Si-substrate by spin-coating method
(thicknesses are denoted), (b) color charts of thermally grown SiO; films, and (c) the
proposed color chart for zeolite films; (b, ¢) are generated from.>®
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Figure 10. Reflectance spectra of (a) bare silicon substrate, and single AR coatings of (b)
Si-MFI, (¢) BEA and (d) LTL zeolites films with thickness of 120, 115 and 110 nm,
respectively, (e) Nb,Os film with thickness of 60 nm, and (f) stacks’ AR coating
consisting of Nb,Os film (60 nm) and Si-MFI film (120 nm) on top of it.
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Figure 11. Reflectance band at normal incidence for (a) two, (b) three, (¢) five, and (d)

seven alternating films of Nb,Os and Si-MFI deposited on glass substrate. The first film
deposited on the glass substrate is Nb,Os.
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comprising (a) three, (b) five and (c) seven alternating films of Nb,Os and Si-MFT zeolite

Figure 12. The transmittance signal (S) measured at wavelength of 400 nm for stacks
within 3 cycles of adsorption and desorption of acetone.
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Optical properties of zeolite films and their applications in broadband antireflection
coatings and Bragg stacks sensors.
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