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Surfactant-mediated self-assembly of nanocrystals
to form hierarchically structured zeolite thin films
with controlled crystal orientationy
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We report on a scalable wet deposition to simultaneously manipulate the self-assembly and orientation of
zeolite Linde Type A (LTA) nanocrystals. This process, referred to as surfactant-mediated self-assembly
(SMSA), creates zeolite LTA thin films with long-range ordered cylindrical patterns, wherein {100} faces of
the crystals are preferably oriented parallel to the support surface. This approach makes it possible to
control the diameter as well as the depth of the cylindrical patterns in zeolite thin films fabricated via
scalable wet deposition. To elucidate the mechanism underlying the SMSA process, we applied in situ
imaging to cast solutions subjected to a temperature swing. Our results indicate that the cylindrical
patterns may be developed from micelles of the surfactant, which make up a thermodynamic phase in
the cast solution. We also demonstrate that the apparent dielectric constant and optical haze of the
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Introduction

Zeolites are nanoporous crystalline aluminosilicates used in
a broad range of industrial applications."™® Over the last two
decades, revolutionary advances in zeolite engineering have led
to the fabrication of zeolite thin films/membranes™>* as well as
the creation of hierarchical structures***** within zeolite
particles. The ability to engineer zeolite crystals as a thin film or
a membrane has opened up new opportunities in the fields of
membrane separation,**** membrane reactors,’>* and thin-
film-based electronics.>»**** Hierarchically structured zeolites
represent a bridge between conventional bulk zeolites and
meso/macroporous aluminosilicates, achieving unique proper-
ties for highly specific applications.*®* For instance, zeolite
particles have been used in the development of advanced
catalysts with high shape selectivity (attributed to the micro-
porosity) and reduced internal mass transfer resistance
(attributed to the mesoporosity).” Despite considerable
advances in the development of hierarchically structured zeolite
particles, researchers have not yet to establish a self-assembly-

“Department of Chemical Engineering, National Taiwan University, 1, Sec. 4, Roosevelt
Road, Taipei 10617, Taiwan. E-mail: dunyen@ntu.edu.tw

*Graduate Institute of Photonics and Optoelectronics, National Taiwan University, 1,
Sec. 4, Roosevelt Road, Taipei 10617, Taiwan

‘Department of Chemical Engineering and Biotechnology, National Taipei University of
Technology, 1, Sec. 3, Zhong-Xiao E. Rd., Taipei 10608, Taiwan

T Electronic  supplementary information (ESI) available. See DOI:
10.1039/c7ra10679c¢

i Authors contributed equally.

49048 | RSC Adv., 2017, 7, 49048-49055

zeolite LTA thin films can be engineered by altering the dimensions of the cylindrical patterns.

based (bottom-up) method for the deposition of hierarchically
structured zeolite thin films/membranes on non-templated
substrates.

Relatively few reports have described top-down techniques
for the patterning of zeolite thin films, and most of these have
involved electron beam lithography or photolithography.”»¢**
Electron beam lithography has been used to create square
patterns of 10 x 10 mm on thin films comprising zeolite A and
silicalite to enable the selective adsorption of bovine serum
albumin.* Several studies have described bottom-up tech-
niques for the structuring of zeolite thin films.'”*”¢%” It has
been demonstrated that organic functional groups tethered on
a glass substrate can be used for the transfer of patterns to cast
ZSM-5 films.**®” Micromolding has been implemented using
a patterned polydimethylsilane (PDMS) stamp for the struc-
turing of silicalite thin films.”” However, all existing bottom-up
techniques require a pre-patterned substrate or mold.

In this paper, we report on a novel bottom-up method,
referred to as surfactant-mediated self-assembly (SMSA), for the
fabrication of mesostructured zeolite thin films with controlled
crystal orientation. This method allows for large-scale deposi-
tion of structured zeolite thin films on pattern-free substrates.
The proposed method of SMSA involves the formation of
surfactant micelles in the cast solution. The zeolite depletion
phase (comprising the surfactant-solvent micelle) in the cast
solution ultimately forms into patterns in the zeolite thin films.
As a proof of concept, we utilized the SMSA to fabricate zeolite
Linde Type A (LTA) thin films with ordered cylindrical patterns,
wherein the {100} faces of zeolite LTA nanocrystals were
oriented to parallel the support surface (Fig. 1). The zeolite LTA

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (Top) Tilt SEM image of LTA-6.67 cast on a silicon wafer
substrate, showing that the zeolite LTA thin film comprises zeolite LTA
crystals of approximately 100 nm in diameter. In this image, the
interface between the thin film and substrate can be clearly observed.
(Bottom) The illustration shows the topology of zeolite LTA as well as
its orientation with respect to the substrate, wherein the T atoms are
tetrahedral silicon or aluminum, and the O atoms are oxygen.

discussed in this study was formulated at a Si : Al ratio of 3 : 1.
TWEEN® 80 was used as the surfactant for SMSA. We demon-
strated that the diameter as well as the depth of the cylindrical
patterns in the zeolite thin films can be precisely controlled by
the experimental conditions of SMSA. In situ imaging was per-
formed to capture the dynamics of assembly of zeolite nano-
crystals. We also showed that the apparent dielectric and optical
properties of the zeolite LTA thin films can be engineered by the
mesostructure of the thin films.

Results and discussion

The photographic image of zeolite LTA cast solutions is pre-
sented in the ESI (Fig. S17). The zeolite LTA film cast from the
solution with a TWEEN® 80 concentration of 6.67 wt% is
referred to as LTA-6.67, and the remaining samples are named
by analogy. Spin cast was employed to deposit the zeolite LTA
films on a silicon wafer or glass substrate. Following calcina-
tion, the zeolite LTA thin films were approximately 300 nm in
thickness (Fig. 1). The thin films with cylindrical patterns were
composed of nearly spherical zeolite LTA crystals with a size of
approximately 100 nm.

The crystallinity and crystal orientation of the deposited
zeolite LTA films was investigated by grazing-incidence wide-
angle X-ray scattering (GIWAXS) (Fig. 2a and b). The GIWAXS
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pattern of the silicon wafer substrate is presented in the ESI
(Fig. S2at). To confirm the existence of zeolite LTA phase, the raw
2D GIWAXS patterns were reduced to 1D patterns and were
compared the simulated powder XRD pattern (Fig. 2c). Both LTA-
3.34 and LTA-6.67 possessed the characteristic XRD pattern of
zeolite LTA. The azimuthal intensity profiles (intensity profile in
x-direction) of the first four diffractions ({100}, {110}, {111}, and
{210}) in the 2D GIWAXS pattern are shown in Fig. 2d to analyze
the preferred orientation of zeolite LTA crystals in the thin films.
The highest intensity of these four peaks occurred at 0, —45, —55,
and —22°, respectively. The results indicate that the {100} faces of
zeolite LTA nanocrystals in the thin films were oriented to
parallel the support surface. However, the highest intensity of
{210} diffraction should theoretically be at —27° instead of —22°.
The observed shift was likely due to the relatively low signal-to-
noise ratio of {210} diffraction. In contrast, the intensity in the
GIWAXS pattern of LTA-0 showed uniform distribution along the
azimuthal direction (ESI, Fig. S21), which indicates no preferred
orientation of the zeolite LTA crystals in the thin film. The results
suggest that the presence of a surfactant may be the key for the
control of crystal orientation. Compared to the existing tech-
niques for controlling crystal orientation in zeolite thin films/
membranes,****7° our proposed method considerably simplifies

the fabrication process.

The size of the cylindrical pattern can be controlled by
adjusting the concentration of TWEEN® 80 in the cast solution.
Fig. 3 presents top-view images obtained from optical micro-
scope (OM) and scanning electron microscope (SEM), showing
zeolite LTA thin films formed from cast solution with
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Fig. 2 (a) 2D GIWAXS pattern of LTA-6.67. (b) 2D GIWAXS pattern of
LTA-3.34. (c) X-ray scattering intensity profiles integrated along the
azimuthal direction of the raw 2D GIWAXS patterns and the simulated
powder XRD pattern of zeolite LTA. (d) The intensity profiles of the first
four diffractions of LTA-6.67 as a function of the azimuthal angle (x)
indicate a preferred orientation of zeolite LTA crystal in this thin film
sample. The direction of x = 0° coincides with the positive g, direction,
and that of x = —90° coincides with negative g, direction.
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Fig. 3 OM f(first row) and SEM (second and third row) images of the
zeolite LTA thin films and a statistical summary (last row) of the size of
cylindrical patterns formed in the thin films. The thin films were cast on
a silicon wafer substrate with a water contact angle of 35° from
aqueous colloidal suspensions that included the surfactant, TWEEN®
80, at various concentrations.

a TWEEN® 80 concentration of 3.34, 6.67, or 9.67 wt% (corre-
sponding to a TWEEN® 80-to-Si molar ratio of 0.039, 0.078, and
0.118, respectively). The substrate used in the preparation of
this set of samples was a silicon wafer with a water contact angle
of 35°.

It was found that the size of the cylindrical patterns
increased with the concentration of TWEEN® 80 in the cast
solutions. On each of the three samples (LTA-3.34, LTA-6.67,
and LTA-9.67), cylindrical patterns appeared over a large area
of the thin film, rather than over a local area. The SEM images
presented in Fig. 4 highlight the cylindrical patterns with long-
range order. The size distributions of the patterns in each
sample are also shown in Fig. 3. The pattern diameter of LTA-
3.34 ranged from 0.7 to 1.1 pum, whereas that of LTA-6.67
ranged from 0.9 to 1.9 um. Both samples presented a narrow
distribution of pattern sizes. However, we observed a bimodal
distribution in the pattern size of LTA-9.67, resulting in patterns
with a diameter exceeding 5 pm. The patterns in the LTA-0 and
LTA-12.5 samples in the ESI (Fig. S31) were poorly defined.

In addition to the diameter control, we were also able to
tailor the depth of the cylindrical patterns in the zeolite LTA
thin films simply by adjusting the surface hydrophilicity of the
substrate. The substrate with higher hydrophilicity (water
contact angle = 35°) produced LTA thin films with shallower
cylindrical patterns (Fig. 5a). Depositing the same cast solution
on the silicon wafer with the lower hydrophilicity (water contact
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Fig. 4 Low-magnification SEM images of (a) LTA-6.67 and (b) LTA-
3.34. These images suggest that the LTA thin films possess long-range
ordered cylindrical patterns.

angle = 54°) produced cylindrical patterns that pierced the LTA
films and left the substrate partially uncovered (Fig. 5b). The
pattern size distributions of the zeolite thin film cast on the
relatively hydrophobic Si wafer substrate are shown in ESI
(Fig. S41). The difference in the pattern depth could be attrib-
uted to the relative hydrophilicity of the zeolite LTA particles
and the micelles formed by the surfactant and the solvent
(water). Specifically, we hypothesize that the micelle was formed
by water surrounded by the hydrophilic groups of TWEEN® 80,
whereas the exterior surface of the micelle comprises hydro-
phobic groups of the surfactant. The hydrophobic nature of the
micelle surface caused the micelles to wet the surface of the
hydrophobic silicon wafer, which may explain why the patterns
pierced the zeolite LTA films on a relatively hydrophobic
substrate. Fig. 5 (right column) illustrates the proposed scheme
described above. To test our hypothesis, we used a glass
substrate with a water contact angle of 42°, similar to that of the
hydrophilic silicon wafer for the deposition of thin films. The
resulting cylindrical patterns which is showed in the ESI
(Fig. S57) did not pierce the films. The shape of the patterns in
the LTA films on a glass substrate was not as uniform as that

This journal is © The Royal Society of Chemistry 2017
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Fig.5 (a) Arelatively hydrophilic substrate yielded shallow patterns. (b)
A relatively hydrophobic substrate yielded patterns that pierced the
substrate. The proposed schemes underlying the formation of
surfactant micelles in solutions spin cast on the two substrates are
illustrated in the right-bottom of corners of (a) and (b).

seen in films on a silicon wafer, due to the fact that the surface
of the glass substrate is rougher than that of the silicon. This
indicates that the experiments using the glass substrate cannot
fully compare with those using the silicon wafer substrate.

An in situ investigation was conducted by using an optical
microscope to gain insight into the formation of patterns in the
zeolite LTA films via surfactant-mediated self-assembly (SMSA).
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Fig. 6 Snapshots of spin cast zeolite LTA-3.34 suspension subject to
a temperature swing. The scale bar for the snapshots represents 20
um. The dot patterns observed at 105 s and 416 s are probably
a surfactant-rich phase formed by the surfactant micelle, which ulti-
mately formed cylindrical voids in the zeolite LTA thin films following
calcination.

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

Specifically, we filmed the suspension that formed the LTA-3.34
when spin cast on a silicon wafer substrate subject to
a temperature swing between 15 to 80 °C. A video clip from this
experiment has been appended in the ESI (Video S17), and
representative snapshots are presented in Fig. 6. The as-cast
solution at 15 °C appeared entirely featureless, which suggests
that the entire system formed a homogeneous phase. Dot
patterns appeared when the temperature was increased to
80 °C, indicating the occurrence of phase separation.

The dimensions of the dot patterns observed in the cast
solution were close to those of the cylindrical patterns observed
in calcined zeolite LTA thin films. Thus, we suspect that the
pattern of dispersed dots in the cast solution was a surfactant-
rich phase formed by micelles of the surfactant, which was
burned off during calcination leaving cylindrical voids in the
thin films. We surmise that the continuous phase in the cast
solution may be a zeolite-rich phase, due to the fact that it
remained even after high-temperature calcination.

Interestingly, we found that SMSA can be controlled ther-
modynamically. The dot patterns disappeared when the
temperature was lowered from 80 °C to 15 °C, as shown in the
snapshot obtained at 306 s (Fig. 6). The dot patterns re-
appeared when the temperature was brought back to 80 °C, as
shown in the snapshot obtained at 416 s (Fig. 6). The revers-
ibility of the micelle formation during the temperature swing
suggests that the surfactant micelle is very likely to be a ther-
modynamic phase. Nonetheless, the three snapshot images of
the cast solution obtained at 15 °C (Fig. 6) appear similar but are
not identical. Furthermore, the two snapshot images of the cast
solution obtained at 80 °C (Fig. 6) were not completely identical
either. This might be due to the persistent evaporation of the
solvent (water) from the cast solution throughout the experi-
ment, which resulted in variations in the composition of the
cast solution.

To evaluate the effectiveness of SMSA in engineering the
electrical and optical properties of zeolite LTA thin films, we
performed measurements on the dielectric constant, trans-
mission, and reflection haze. Fig. 7 summarizes the dielectric
constants (¢;) of three zeolite LTA thin film samples (LTA-9.67,
LTA-6.67, and LTA-3.34) at frequencies ranging from 1 to
1000 kHz. Fig. S67 illustrates the architecture of the device for
the measurements. These samples were deposited on a silicon
wafer substrate with a water contact angle of 54°.

The ¢, value of all tested samples decreased monotonically
with frequency, which is common in dielectric materials. LTA-
9.67 presented considerably higher mean ¢ values and
a larger standard deviation than did the other two samples. This
was probably due to the large size of the cylindrical patterns
(relative to LTA-6.67 and LTA-3.34), which could cause current
leakage. The patterns on LTA-9.67 also presented a broad size
distribution, which may account for the large standard devia-
tion in the values for ¢,. The small standard deviation in ¢, in the
LTA-6.67 and LTA-3.34 samples suggests that almost no current
leakage occurred during the measurements. The &, of a zeolite
crystal is considered an intrinsic property governed by the
topology as well as the composition. LTA-3.34 and LTA-6.67
present an identical topology and composition; however, the

RSC Adv., 2017, 7, 49048-49055 | 49051
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Fig. 7 Dielectric constants of various zeolite LTA thin films. These
results demonstrate that the apparent electrical properties can be
controlled by varying the size of the cylindrical patterns created in the
thin films.

& values are different. The average size of the cylindrical
patterns in LTA-3.34 was approximately 0.5 pm smaller than the
patterns observed in LTA-6.67, which suggests that micrometer-
sized patterns may alter the apparent ¢, of zeolite thin films. The
dielectric constants of LTA-0 and LTA-12.5 were also measured
(ESI, Fig. S77). Both samples showed ¢, values with large stan-
dard deviation. It was likely because a number of defects
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Fig. 8 Transmission haze and reflection haze of various zeolite LTA
thin films. These results demonstrate that the apparent optical prop-
erties can be controlled by varying the size of the cylindrical patterns
created in the thin films.
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presented in these samples, which caused high leakage current
during the measurements.

Zeolite LTA films were cast on glass substrate to enable the
tuning of substrate transparency (Fig. 8). The OM and SEM
images of the tested samples are presented in the ESI (Fig. S57).
The results of haze measurements showed that the bare glass
substrate produced negligible transmission haze and less than
30% reflection haze in the visible light region. Transmission
haze and reflection haze were both shown to increase following
the deposition of a zeolite LTA film on the substrate. We
investigated three samples in which the zeolite LTA thin film
samples (LTA-12.5, LTA-9.67, and LTA-6.67) were deposited on
a glass substrate. LTA-6.67 presented the smallest cylindrical
patterns as well as the highest transmission haze and reflection
haze. Transmission haze and reflection haze were both shown
to decrease with an increase in the size of the patterns. This can
be attributed to the fact that surface features with lateral auto
correlation lengths at scale of several micrometers are less
prone to light scattering, thereby reducing the haze produced in
the visible light region.” Finally, to assess the physical adhesion
between the zeolite thin films and the substrate, we blew the
thin film samples with high-pressure nitrogen. We found that
the microstructure in the thin films stayed unchanged after the
high-pressure treatment (ESI, Fig. S87).

Conclusions

The surfactant-mediated self-assembly (SMSA) method
proposed in this paper represents a remarkable step toward
manipulating zeolite crystals as well as other classes of nano-
crystals to form patterned thin films via wet deposition. This
thermodynamically controlled technique is capable of directing
the self-assembly of zeolite LTA nanocrystals to form cylindrical
patterns with long-range order. Furthermore the crystal orien-
tation can be controlled in situ during thin film deposition. The
proposed SMSA method avoids the tedious procedures involved
in existing top-down patterning techniques, and it offers a new
route by which to tune the extrinsic dielectric as well as optical
properties of mesostructrued thin films formed of nanocrystals.
Using the SMSA method, the thin films possessing patterns with
size gradient may be prepared for cell culture.

Experimental section

Chemicals

Sodium hydroxide (98 wt%), LUDOX HS-30 colloidal silica
(30 wt%), aluminum isopropoxide (98 wt%), TWEEN® 80,
hydrogen peroxide (30 wt%), sulfuric acid (95 wt%), and
hydrochloric acid (37 wt%) were purchased from Sigma Aldrich.
Tetramethylammonium hydroxide solution (TMAOH 25 wt% in
water) was purchased from Merck. Triethoxy(octyl)silane
(97 wt%) and toluene (99 wt%) were purchased from Acros. The
deionized water used for the synthesis was purified using the
Thermo Scientific™ Barnstead™ NANOpure® DIamond™
analytical ultrapure water system.

This journal is © The Royal Society of Chemistry 2017
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Synthesis of zeolite LTA cast solution

0.13 g of sodium hydroxide (98 wt%) was dissolved in 7.9 g of
deionized water at room temperature in a paraformaldehyde
(PFA) container. This solution was then mixed with 25.4 g of
tetramethylammonium hydroxide (TMAOH) solution (25 wt%
in water) to form a mixture of NaOH-H,0-TMAOH weighing
33.4 g, of which 16.7 g was mixed with 5.8 g of LUDOX HS-30
colloidal silica (30 wt% suspension in water). The resulting
suspension was agitated at 298 K in a PFA container for 3 h. The
remaining 16.7 g of NaOH-H,O-TMAOH mixture was added
with 2.0 g of aluminum isopropoxide (98 wt%) and the resulting
mixture was agitated at 298 K in a PFA container for 3 h. The two
mixtures (with a silicon source and with an aluminum source)
were mixed and aged at room temperature for 24 h under
agitation. The entire mixture produced a mass of 41.2 g with the
following molar ratio: Al,O; : SiO, : Na,O : (TMA),O : H,0 =
1:6:0.32:7.27 : 350. We transferred 7.0 g of the aged solution
to a 10 mL sealed vial made of glass (IntelliVent™ Reaction Vial
System) for the hydrothermal reaction, which was conducted
using a microwave oven (CEM Discover® Personal Synthesizer
with LabMate™ System). The hydrothermal synthesis process
was conducted at 353 K for 45 minutes under agitation. To
maintain a constant reaction temperature during synthesis, the
power of the microwave radiation was varied between 2 and
5 W. After the microwave assisted synthesis, a solution con-
taining zeolite LTA nanoparticles formed during the hydro-
thermal reaction. Various quantities of the surfactant TWEEN®
80 (0, 0.25, 0.5, 0.75, or 1.0 g) was subsequently added to 7 g of
the premade zeolite LTA suspension. The resulting mixtures
were then stirred vigorously for 24 h to form uniform cast
solutions with 0, 3.34, 6.67, 9.67, or 12.5 wt% of TWEEN® 80.
The cast solutions with 0, 3.34, 6.67, 9.67, or 12.5 wt% of
TWEEN® 80 resulted in TWEEN® 80-to-Si molar ratios of 0,
0.039, 0.078, 0.118, and 0.158, respectively.

Deposition of zeolite LTA thin films

Cast solutions with 0, 3.34, 6.67, 9.67, or 12.5 wt% of TWEEN®
80 were deposited on a silicon wafer substrate using a spin
coater (Laurell Model-WS-650M2-23NPPB). Two types of silicon
wafer (differing only in hydrophilicity) and one type of glass
substrate were used in this study. Both silicon wafer substrates
were purchased from SUMMIT-TECH Resource Corp. The
relatively hydrophilic silicon wafer presented resistivity of 1.5-
100 ohm-cm, whereas the relatively hydrophobic silicon wafer
presented resistivity of less than 0.0015 ohm-cm. Both silicon
wafer substrates were P-boron type with native oxide and
orientation of (100) 0.5 degree. The glass substrates (Corning®
EXG Taiwan) were cleaned using piranha solution (1:1 30%
H,0, in H,0 : H,S0,) before spin coating. The cast solution was
dropped until it covered the entire substrate and then spin cast
at 2000 rpm for 30 s. Another layer of the cast solution was
subsequently dropped on the same substrate and subjected to
spin coating under the same spin conditions and duration.
Substrates covered with a thin layer of cast solution were then
transferred to a furnace (pre-heated to 80 °C) for the removal of
solvent and organic moieties. The thin film samples were baked
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at 80 °C for 1 h, after which the temperature was increased to
450 °C (heating ramp: 1 °C min~") and held there for 5 h. This
led to the formation of a solid-state thin film on the substrates.
The thin film samples then underwent direct material charac-
terization using optical microscopy, scanning electron micros-
copy, X-ray diffraction, and UV-vis-NIR reflectance spectroscopy.
Surface modification aimed at increasing the hydrophobicity of
the samples was conducted to facilitate the measurement of the
dielectric constant. The surface modification procedure is
described in the following section.

Surface modification of zeolite LTA thin films

Triethoxy(octyl)silane (OTES) was used to modify the surface of
the samples in order to increase the hydrophobicity of the LTA
films. Prior to modification, the LTA thin films were immersed
in hydrochloric acid (HCI) for 20 min. The OTES solution was
prepared by mixing 3 mL of OTES (97 wt%) with 30 mL of
toluene. The acid-treated LTA films were immersed in the OTES
solution at 90 °C for 90 min before being rinsed in toluene and
dried using a high-pressure nitrogen gun. The thin film samples
were then baked at 150 °C in a furnace before measuring the
electrical properties.

Material characterization

A Hitachi S4800 field emission scanning electron microscope
(SEM) was used to characterize the morphology of the thin film
samples. The samples were coated with platinum via sputtering
deposition at an acceleration voltage of 25 V for 40 s. SEM
imaging was conducted at an acceleration voltage of 10 kV.

An optical microscope (Whited WM-100) was used to image
the thin film samples as well as the solutions spin cast on the
substrates. The same microscope was used for the real-time
imaging of surfactant-mediated self-assembly (SMSA) occur-
ring within the cast solutions on the substrates.

GISAXS patterns were obtained using the facilities at beam-
line 13A station at the National Synchrotron Radiation Research
Center (NSRRC) in Taiwan. We employed incidence X-ray with
energy of 12.12 keV (1.0227 A). A sample-to-detector distance of
335.67 mm was opted. The incidence angle of each X-ray beam
was 0.5027°. Scattering patterns were recorded using a Bicron
point detector (Mar165 CCD) with 8 to 10 s of exposure. The raw
scattering patterns were processed using GIXSGUL”?

The water contact angle of the substrate was determined
using a contact angle analyzer (FTA125, First Ten Angstroms,
Inc.). Two measurements were performed on each sample.

To fabricate the device (ESI, Fig. S6t) for the measurements
of relative permittivity (dielectric constant) of zeolite thin films,
physical vapor deposition (PVD) was first used to deposit gold
electrodes on the samples. The pressure in the vacuum
chamber was first lowered to less than 10~> Torr. A rotary table
(operating at 10 rpm) was used for the placement of samples.
The operating voltage of the gold heater was 70 V, resulting in
a gold deposition rate of 1.2 A s~ The final thickness of the
gold electrode was 100 nm. The capacitance was measured
using a Keysight 4284A Precision LCR meter under a bias
voltage of 1 V. Measurements were conducted at frequencies of
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1, 10, 100, and 1000 kHz. The dielectric constant (e,) of the thin
films was calculated using the relation ¢, = Cd/eoA, where C is
the measured capacitance, d is the thickness (determined from
cross-sectional SEM images), A is the area of the deposited
electrode (2 mm?), and ¢, is the vacuum permittivity (8.85 x
1072 Fm ).

The UV-vis-NIR transmittance and reflectance spectra of the
LTA thin films on glass substrates was measured by using
a UV-vis-NIR spectrophotometer (V-670, Jasco, Japan). The wave-
length range was 300 nm to 800 nm and the scanning rate was
1000 nm min . The total transmission and reflectance spectra
were measured with the samples held normal to the incident
beam. Transmission haze values were calculated according to the
ratio of diffuse transmittance to total transmittance, and the
reflection haze value was defined as the ratio of reflected light
spreading 5° from specular reflections to the total reflection.
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