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Abstract

Silica sol-gel coatings on different substrate materials and
their use as model systems have been studied. Mesoporous
silica coatings with thicknesses of 85 - 135 nm and porosity
of 18 - 37% were prepared by dip-coating on polycarbonate
and glass substrates. In order to eliminate the shrinkage of the
porous structure acid or base vapour treatment was applied.
Thickness and refractive index of the coatings were deter-
mined by analysing the transmittance spectra of the samples.
Ellipsometric porosimetry measurements were carried out to
determine the porosity, pore radius distribution, thickness and
refractive index. The thickness of the samples was further con-
firmed by scanning electron microscopy. The adsorption capac-
ity of the porous coatings was also studied by dye impregnation
tests. The temporal stability of the samples was investigated by
UV-Vis spectrometry and it was found that the advantageous
= 98 — 99%) of the samples remained
constant even after a 1 year storage period.
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1 Introduction

Porous silica sol-gel coatings with improved light transmit-
tance (anti-reflective coating = AR) are increasingly popular
in various research areas and applications. One of their most
important basic requirements is that they maintain their opti-
cal stability during the time of their utilization. Attaining sus-
tainable long-lasting porous thin films with AR properties is
a major challenge, especially in lighting technologies and in
related applications, for instance solar energy conversion [1].
There are numerous requirements in order to avoid the porous
system filling with pollutants from the air or the aging process
during the utilization (collapsing of structure).

Anti-reflective coatings can be single-, double-, or multilay-
ers with gradient or constant refractive index, using coatings or
surface texturing on the target surface. Antireflective coatings
can be fabricated with nanophysical (chemical vapour deposi-
tion, etching, lithography) or with nanochemical methods (sol-
gel process, etc.) [2-4].

Sol-gel process is one of the commonly used wet chemical
methods to prepare AR coatings. The sol-gel techniques are
relatively low-cost, the reaction conditions are mild, and more-
over the composition and structure of coatings can be easily
controlled. The first step of the preparation is the hydrolysis
of a suitable silane compound (e.g. alkoxy-silane) in aqueous
or alcoholic medium which can be initiated by base or acid
catalysis. The hydrolysis followed by polycondensation reac-
tion results in the formation of colloidal particles, macromol-
ecules and/or microphases (precursor sol or solution). Mainly
microphases form in case of base catalysis (referred as base
catalyzed silica-particles or layers) while using acid catalysis
(referred to as acid catalyzed system) polysiloxane chains form
in the precursor solution. Deposition of precursor sol onto a
solid substrate by dip-coating (or spin-coating process, etc.)
results in a thin liquid film on the solid surface, and after drying
and/or suitable heat treatment the sol-gel coating is acquired.
Mesoporous coatings can be prepared by depositing micro-
phases (the deposited layer will contain several voids among
the particles) or by using micellar templates to form the pore
system. Strengthening the sol-gel network by post-treatments
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is required in long-term applications. One of the most com-
monly used treatment methods is placing the samples under an
ammonia vapour atmosphere [5-8]. A number of studies have
focused specifically on the hardening effect of the ammonia
treatment. Therefore, the most actively investigated area in this
topic deals with sol-gel porous coatings used in high-power
laser applications. The hardening effect was first reported by
Floch and Belleville [9]. They have found that porous silica
sol-gel coatings synthesized with base-catalyzed reactions
exposed to ammonia vapours or immersed into alkaline eth-
anolic solutions gained adhesive- and abrasion resistance on
glass substrates. As a consequence of the ammonia treatment
the thickness diminished and the transmittance spectra showed
a blue shift. They explained these findings with an increased
amount of siloxane bridges and H-bonds between the adjacent
silica particles creating a strengthened (and shrunk) cross-
linked network.

Using ammonia treatment Shen and Li [7] were able to
increase the hardness of silica sol-gel particles against the
laser-induced damage threshold. They observed enlarged pore
size and decreased thickness as consequences of the treatment.
All of the above-mentioned researches focused on increasing
the physical stability of base catalysed silica particle coatings.
Grosso et al. have found that ammonia treatment can replace
the thermal curing of acid catalysed mesoporous silica thin
films prepared by micellar templates [11]. They concluded that
the OH™ takes part in catalytic reactions at the micelle/silica
interfaces and improves the stability of the pore system, but the
temporal behaviour of the system was not investigated.

The stability of the optical properties during storage has not
been fully explored.

The purpose of this work was to prepare mesoporous silica
coatings by single layer deposition to improve the long-term
stability of the light transmittance. The samples were strength-
ened in ammonia or in hydrochloric acid vapour atmosphere.
Two optically transparent substrates (polycarbonate and micro-
scope glass slides) were coated by sol-gel method. The effect
of the acid or base treatment and the treatment time on the pore
system was investigated. In certain cases, the open porosity and
structure of the coatings were characterized using ellipsometric
porosimetry and dye impregnation tests. The adsorption of a
cationic dye in the pore system was characterized by UV-Vis
spectrophotometry method. The optical stability behaviour of
the silica coatings was monitored by measuring the transmit-
tance spectra for one year.

2 Experimental section
2.1 Materials

Tetraethyl orthosilicate (TEOS, Acros Organics reagent,
grade 98%), 2-propanol (Reanal reagent, grade >99.7%),
Pluronic PE10500 (BASF reagent), Pluronic P123 (BASF
reagent), hydrochloric acid (HCI, Fluka reagent, purum, 37%)

and deionized water (18.2 MQ-cm, purified with a Millipore
Simplicity 185 Filtration System) were used to synthesize
silicon-dioxide precursor sol.

Microscope glass slides (76x26x1 mm, Thermo Scientific,
Menzel-Gliser), and polycarbonate sheets (PC, 50 x25%2.1 mm
LEXAN™, XI.102UV Sheet) were used as substrate materials.
(APS, Reanal
grade 97%) was used for the pre-treatment of PC sheets for

(3-aminopropyl)triethoxysilane reagent,
better adhesion. Ammonia solution (Reanal reagent, a.r., grade
25%), and hydrochloric acid solution were used for the net-
work strengthening. Rhodamine 6G dye (R6G, Sigma-Aldrich,
grade 95%) was used for dye impregnation tests. All chemicals
were used without further purification.

2.2 Silica sol preparation

The silica sol was prepared by the acid catalyzed controlled
hydrolysis of TEOS. The molar ratio of the components was
TEOS: 2-PrOH: HCI: H,0: PE10500 = 1: 14.49: 0.01: 5.61:
0.01, and TEOS: 2-PrOH: HCI: H,O: P123 = 1: 14.49: 0.01:
5.61: 0.01.

In the first step, Pluronic PE10500 or Pluronic P123 surfac-
tant and hydrochloric acid were added to the alcoholic medium,
and it was stirred until the complete dissolution of the surfac-
tant at room temperature. To this TEOS was added and the mix-
ture was stirred for further 30 minutes.

The as-prepared silica sol was stored at room temperature
before being used. In all cases, only one day aged sols were
applied for coatings preparation.

2.3 Sample preparation

Glass slides were soaked in 1% detergent solution, rinsed
with distilled water, neutralized with dilute sulphuric acid,
rubbed with 2-propanol moistened cellulose wadding, then
rinsed with 2-propanol, and washed with deionized water. PC
substrates were ultrasonicated in 1% detergent solution for
5 minutes, and then rinsed with distilled water. All substrates
were dried at 70 °C in a drying oven (Memmert UNB 400).

Pre-treatment of substrates

PC substrates were immersed into a 1% solution of the cou-
pling agent (3-aminopropyl)triethoxysilane in 2-propanol for 1 h.

Layer deposition

Sol-gel films were prepared from the precursor sol by
dip-coating method (dip coater, Plosz Engineering Ltd.,
Hungary) on PC and glass substrates. Cleaned and dried sub-
strates were immersed into the precursor sol and then with-
drawn at a constant speed. Withdrawal speeds were 15 mm/min
for glass, and 10 mm/min for PC substrates. For ellipsometric
porosimetry measurements withdrawal speeds of 10 mm/min
and 30 mm/min were used for samples on glass substrates.

Network strengthening treatments

The as-deposited coatings were kept in a desiccator that
was filled with ammonia or hydrochloric acid vapours (in
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equilibrium with 2 M ammonia solution or with 6 M hydro-
chloric acid solution) for 1 h (in case of hydrochloric acid, and
for samples on glass substrates in ammonia) and 3 h (in case of
samples on PC substrates in ammonia). The vapour treatments
were performed at room temperature. The acid or base vapour-
treated lyogels were heat treated with the following method.
A number of coatings on glass substrates were calcined in a
muffle furnace (Nabertherm B170) at 480 °C for 1 h with a
heating rate of 15 °C/min. The coatings on PC substrates and
the remaining samples on glass substrates were dried in a dry-
ing oven at 120 °C for 13 h. Fig. 1 summarizes the steps of the
sample preparation.

Glass |

l

Substrate ‘ Polycarbonate | ‘

Deposition | Si0, lyogel | \ Si0, Iyogel |
‘ NH, (H,0), 3h | | HCI (H,0), 1h | | NH, (H,0), 1h | ‘ HCI (H,0), 1h ‘
\ 120°C | [a2eec] | 480°C |
Treatments J J ¥
O — e, | [Famerin] | i

Label [ 120 | [p-B120] [P120B| [P-120a]  [G-B120| [G-B4so| [G-a480| [ G480 |

Fig. 1 Block diagram of the preparation steps of the porous silica coatings
on PC (P) and glass (G) substrates, heat treated at 120 °C (120) and 480 °C
(480); B refers to the base, and similarly A refers to the acid vapour treatment.
The acid and base vapour treatments take place at room temperature.

2.4 Characterization of the samples
The presence of coupling agents
Coupling agent ((3-aminopropyl)triethoxysilane) was

applied to eliminate the disadvantageous effects caused by the

significant difference between the thermal expansion of the
polymer substrate and the inorganic-oxide materials [12]. The
presence of the coupling agent in the samples was confirmed by

X-ray photoelectron spectroscopy measurements. The results

show 0.6% Si and 0.7% N on the surface. This analysis indi-

cates the presence of the APS molecules on the PC surface.
Studying light transmittance of coated samples by

UV-Vis spectrophotometry method
Transmittance spectra of the prepared coatings on glass and

on PC substrates were recorded using a UV-Vis spectrophotom-

eter (Analytic Jena, Specord® 200). The transmittance spectra
were measured in the wavelength range of 400 - 1100 nm, with
slit 1 nm, integration time 0.20 s, scanning speed 5 nm/s, and
resolution 1 nm.

Analysis of light transmittance spectra

From the analysis of transmittance spectra, the average
transmittance increment (ATI), the maximum light transmit-
tance (T, ), layer thickness (d), and refractive index (n) were
determined. The ATI is calculated from the difference of the

integrated area of the transmittance spectra measured on the
Sample) and the substrate (A
gated wavelength range (410 — 780 nm) as described by Eq. (1)

coated sample (A ) in the investi-

substrate

sample — Asubstrate

780 nm—410 nm

ATI =

(M

The maximum light transmittance value was selected in
the range between 410 nm and 780 nm. Despite the fact that
the transmittance spectra were recorded between 400 nm and
1100 nm, the aforementioned region is particularly relevant in
practical applications (e.g. LED street lighting).

The refractive index was determined as 1.585 for PC and
1.517 for glass substrates at 632.8 nm. The effective refractive
index of the coating on the transparent substrate was deter-
mined at 632.8 nm by using an optical fitting model. The fit-
ting procedure was described in detail in our previous papers
[13-15]. The fitting procedure uses the Levenberg — Marquardt
algorithm [16]. The porosity of coatings was estimated using
the Lorentz-Lorenz formula [18-20].

Studying the pore structure of coatings by ellipsometric
porosimetry (EP)

In certain cases, ellipsometric porosimetry measurements
were carried out to determine the (open) porosity, pore size
distribution, porosity, thickness and refractive index of the
coatings. G-120 and G-480 type samples on glass substrates
were characterized by a Semilab’s PS-2000 apparatus. The
measurements were carried out in the wavelength range of
275 — 800 nm. The thickness and the effective refractive index
of the coatings were determined by applying the Cauchy model.
The adsorption isotherms were taken at 300 K, and 2-propanol
was used as the adsorptive material.

Studying the pore structure of coatings by cationic dye
impregnation tests

The main objective of cationic dye impregnation tests was to
get indirect information about the effect of ammonia treatment
on the pore structure by studying the adsorption capacity of the
coatings. Coated glass substrates (G-120, G-B120, G-480, and
G-B480) were immersed into 10* M aqueous impregnating solu-
tion of R6G. After 1 minute of impregnation dye molecules in the
pores reached the equilibrium accumulation. The samples were
rinsed with distilled water to remove the excess dye from the
surface. The absorbance of impregnated samples was measured
with UV-Vis spectrophotometer between 420 nm and 600 nm.

Characterization of coatings by scanning electron
microscopy (SEM)

In certain cases, the thickness of the porous silica coatings
was further confirmed by scanning electron microscopy. Cross
sectional images of samples on glass substrates (G-B480) were
taken using a LEO 1540 XB type scanning electron microscope
with 3 kV acceleration voltage. Before the measurements sam-
ples were coated with gold using a sputter coater.
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Fig. 2 Transmittance spectra of the bare PC substrate and the untreated SiO, sample (P-120), hydrochloric acid treated SiO, sample (P-A120), ammonia

treated Si0O, sample (P-B120), and ammonia treated SiO, sample (P-120B) on PC substrate (a), and the transmittance spectra of the bare glass substrate and the
untreated SiO, sample (G-480), hydrochloric acid treated SiO, sample (G-A480), ammonia treated SiO, sample at 120 °C (G-B120), and ammonia treated SiO,
sample at 480 °C (G-B480) on glass substrate (b). All ammonia treatments were carried out on the lyogel forms with the exception of samples P-120B. In the

latter case samples were treated in ammonia vapours after extraction. The absorption peak appearing at 682 nm in (a) is attributed to the absorption of a UV

protection additive found in the PC substrate.

3 Results and discussion

The results are reported in the following sections. In the first
part the results are interpreted and discussed for the as-prepared
samples. Investigations for the long-term optical behaviour are
shown in the second part.

3.1 Properties of as-prepared samples

Without pre-treatment with a coupling agent, porous silica
coatings on polycarbonate substrates show micro-cracking
after the heat treatment. In comparison, crack free, homoge-
neous surfaces formed when the samples were pre-treated with
the coupling agent.

This advantageous effect of the pre-treatment is due to the
presence of APS molecules which ensures better adhesion
between the coating and the PC surface. During pre-treatment
the silica coating is covalently bonded to the substrate due to
the aminolysis mechanism between the APS and PC [12]. The
effect of the ammonia and hydrochloric acid vapour treatment
on the transmittance of samples was studied. In the case of
ammonia treatments, two different methods were carried out.
In the first method, the base vapour treatment was applied after
the heat treatment and extraction of the coatings. In the second
method, the base vapour treatment was carried out on the lyogel
form still containing the templates, before the heat treatment.

UV-Vis transmittance spectra of the prepared systems

Fig. 2 demonstrates the differences in the light transmittance
caused by the different treatments. These spectra were mea-
sured after the final preparation step. It can be observed that the
post-extraction ammonia vapour treatment has an unfavourable
effect (Fig. 2a, P-120B), as the light transmittance is the lowest
in this case. In comparison, all other spectra show a remarkably
high light transmittance. Therefore, in further experiments,

only the different network strengthening treatments of the lyo-
gels were investigated.

Analysis of the UV-Vis transmittance spectra

The ATTand T, _values, the fitted parameters (n and d), and
the calculated porosity are presented in Table 1. For every trans-
mittance spectrum, a fitting procedure was performed in order
to obtain the layer thickness and the effective refractive index.
The accuracy of the optical fitting procedure is monitored by
the reduced chi-squared values and the coefficient of determi-
nation (R?) values. These values are in the range of 107 - 10,
and above 0.995, respectively. Therefore, there is a good corre-
spondence between measured and calculated spectra.

The effective index of P-120B
(1.453 £ 0.006) indicates no porosity after post extraction

refractive samples
ammonia vapour treatment. This can be explained by the
ammonia molecules inducing cross-links in the coating struc-
ture that results in its shrinkage, which leads to the deterio-
ration of the light transmittance (Table 1). The light trans-
mittance after the network strengthening of the lyogels with
base vapours (P-B120 and G-B480) is higher than after
the network strengthening with acid vapours (P-A120 and
G-A480). Samples without any network strengthening (P-120
and G-480) show a lower light transmittance. On the basis of
the high efficiency of this type of network strengthening treat-
ment, hereinafter the vapour-treatments were applied on the
lyogel form of the silica coatings.

Floch and Bellevile described that the alkaline treatment on
silica particulate layer caused a decrease in the layer thickness
[9]. This shrinking effect was not observed in our system. We
obtained higher layer thicknesses when using acid treatment
(107 = 3 nm, P-A120; 104 = 1 nm, G-A480) or base treatment
(112 £ 2 nm, P-B120; 102 + 0 nm, G-B480) compared to the
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Table 1 The average transmittance increment (ATI), maximum transmittance (T ), effective refractive index (n), layer thickness (d)

max

and porosity values of different SiO, coatings on PC and glass substrates obtained by UV-Vis spectrophotometry

Samples ATI [%] T . [%] nat 632.8 nm [-] d [nm] Porosity [%]
G-480 6.34+£0.07 99.27 £0.02 1.300 £ 0.004 85+2 28

G-A480 7.07£0.03 99.63 £0.03 1.283 +0.003 104 £ 1 36

G-B120 6.01 £0.24 99.42 +0.09 1.302 +0.003 134£5 32

G-B480 7.22+0.04 99.78 £ 0.05 1.267 £ 0.004 102£0 37

P-120 7.72 £0.04 97.17+0.11 1.368 = 0.002 101 £1 18

P-A120 7.69 +0.04 97.57+0.16 1.367 +£0.001 107 +3 18

P-B120 8.36 £ 0.05 98.57+0.03 1.323 +0.002 112£2 27

P-120B 5.36+0.08 9491 +0.24 1.453 +0.006 96 + 1 0

untreated coatings (101 £ 1 nm, P-120; 85 + 2 nm, G-480).
Similarly the porosity values of network strengthened samples
are equal or higher than those of the untreated samples (Table 1).

It is worth mentioning that in these cases the vapour treat-
ment was applied directly on the lyogel forms of the samples.
The lyogel forms still contain the micelles, which can with-
stand the constrictive impact of network strengthening vapour
treatments and heat treatments. After examining the properties
of the as-prepared samples the optimum systems (P-B120 and
GB-480) were selected for long-term investigations, which
ensure the highest ATI and the lowest n values. Additionally, the
untreated coatings (P-120 and G-480) were selected as refer-
ence samples during further measurements. These selected sam-
ples were monitored by UV-Vis spectrophotometry for one year.

Scanning electron microscopy studies

Scanning electron microscopy was applied as an independent
method to confirm the thickness of the silica coatings obtained
from the optical fitting. Fig. 3 shows the cross-sectional view
of the G-B480 single layer sample on glass substrate. The
thickness defined with optical fitting for these type of samples
(102 £ 0 nm, Table 1) is in reasonable agreement with the one
observed in the scanning electron image (~ 80 nm).

Ellipsometric porosimetry measurements

The porous silica coatings on glass substrates that were not
subjected to base or acid vapour network strengthening treat-
ment have been investigated with ellipsometric porosimetry.
Ellipsometric porosimetry is a coupled method in which the

vapour adsorption can be studied step-by-step through spec-
troscopic ellipsometry. Furthermore, this technique provides
the possibility of determining the optical properties of coatings
as a spectroscopic ellipsometer at zero relative pressure of the
adsorptive material.

The coatings were aged for one month before the measure-
ment. The samples were measured under atmospheric conditions
and in vacuum. The effective refractive index values obtained
by spectroscopic ellipsometry in atmosphere (Table 2) are com-
parable with the optical fitted parameters (Table 1, G-480).

| Coating

Substrate

100 nm

Fig. 3 Cross-sectional SEM image of ammonia-treated silica thin film
(GB-480) on glass substrate.

Table 2 Layer thickness (d) and effective refractive index (n) values of untreated SiO, coatings deposited on glass substrates

(G-120 and G-480) obtained by spectroscopic ellipsometry measurements. The withdrawal speed was 10 mm/min for

G-120 samples and 30 mm/min for G-480 samples.

Atmosphere Vacuum
Samples
d [nm] nat 632.8 nm [-] d [nm] nat 632.8 nm [-]
G-120 843+1.7 1.3616 + 0.0032 83.7+1.8 1.3508 +0.0019
G-480 110.6 +8.3 1.3267 +0.0029 110.2+9.1 1.3122 +0.0007
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Fig. 4 2-propanol adsorption-desorption isotherms at 300 K measured by EP in the untreated G-120 (a) and G-480 (b) SiO, coatings on glass substrates. Pore

size distribution of untreated G-120 (¢) and G-480 (d) SiO, coatings on glass substrates determined by the modified Kelvin model applicable for mesopores.

The G-120 and G-480 samples have type IV adsorption
isotherms according to the IUPAC classification, which is spe-
cific to mesoporous materials (Fig. 4a and 4b). The adsorption/
desorption hysteresis loops are type H1. The saturation appears
at higher relative pressure for G-480 samples (Fig. 4b, 0.45)
than for G-120 samples (Fig. 4a, 0.39) which is due to the pres-
ence of higher pore sizes in the G-480 samples.

The normalized pore radius distribution was determined
from the volume adsorbed ratio by the modified Kelvin model
and is presented in Fig. 4c and 4d. These results show that these
thin films have narrow pore size distributions. The determined
pore radius values obtained from the desorption isotherms are
ca. 1.5 nm for G-120 and 1.8 nm for G-480 (Table 3).

The desorption isotherm shows that G-120 samples have a
lower porosity (22.20 + 0.44%), which may indicate that the
pores are less interconnected within the film. Young-moduli of
coatings were also determined. The Young modulus values of
the coatings were calculated based on the film thickness iso-
therm measured during the ellipsometric porosimetry desorp-
tion cycle, using a combination of the Kelvin and the Young-
Laplace equations, according to the method published in [20].
G-480 samples have a higher stiffness (2.9+0.1 GPa) than
G-120 samples (1.7+0.1 GPa) which are softer films (Table 3).

Table 3 Porosity and pore radius values determined by analysing the adsorption
and desorption data, and Young’s modulus values of untreated SiO, coatings
deposited on glass substrates (G-120 and G-480) obtained by ellipsometric
porosimetry measurements. The pores were filled with 2-propanol.

Porosity Pore radius Pore radius Young’s
Samples

[%] (ads.) [nm] (des.) [nm] modulus [GPa]
G-120 2220+0.44 2.09+0.04 1.53£0.00 1.7+£0.2
G-480 30.15+0.35 2.07+0.00 1.80 £ 0.05 2.9+0.1

The porosity values of the G-480 samples determined with
optical fitting (28 + 0%) are in good agreement with those
obtained from ellipsometric porosimetry adsorption data
(30.15 £+ 0.35%, Table 3). The porosity determined by the
optical fitting gives the total porosity, while the ellipsometric
porosimetry measurement provides the volume of the accessi-
ble pore system. Therefore, these results reveal that the entire
pore system of the coatings is open and accessible to the small
2-propanol molecules.

Dye impregnation

Dye impregnation tests were carried out on silica coatings on
glass substrates obtained from sols containing Pluronic P123
template (Section 2.2). Mesoporous coatings were impregnated
with 10* M solution containing R6G dye molecules (size of
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Fig. 5 Absorption spectra of the impregnated G-120, G-B120, G-480, and G-B480 samples normalized to 1 unit absorbance (a), and to 100 nm (b).

molecules ~ 1 x I x 0.4 nm? [21]) in order to define the acces-
sibility of the pores [22]. The presented absorbance spectra
(Fig. 5) were calculated as the difference of absorbance values
of the sample measured after and before dye impregnation. The
absorption spectra are normalized to absorbance unit of one
(the scale adjusted so that for each curve maximal absorbance
value equals one, Fig. 5a) and to 100 nm thickness of the coat-
ings (absorbance values of samples with varying thicknesses
adjusted to a theoretical coating of 100 nm thickness, Fig. 5b).
The absorption peak detected at 530 nm is attributed to dye
monomers, and the shoulder at 500 nm to the dye H-dimers
[23]. The relative amount of monomer to dimer molecules of
R6G in the pores can be analyzed as shown in Fig. 5a. G-B120
samples have the highest shoulder at 500 nm, which indicates
a higher amount of dimer molecules. Therefore, it appears that
due to the ammonia treatment higher pore sizes are present in
the coatings and dimerization can occur. Untreated samples
prepared with a moderate temperature drying step (G-120)
show the lowest amount of dye adsorbed as seen in Fig. 5b. The
results show that both the ammonia and the higher temperature
heat treatments result in the increase of the adsorbed amount of
dye molecules. These findings are in good agreement with the
calculated high porosity values (Table 3, G-480) obtained for
ammonia treated systems and for those which were treated at
higher temperature.

3.2 Light transmittance of samples in a one-year
time period

Transmittance spectra of the silica coatings on transparent
substrates were measured every month for one year. The repre-
sentative transmittance spectra after 1, 60, 120, 240, and 360 days
of storage are presented in Fig. 6. This long-term monitoring of
temporal changes in light transmittance is rarely found in other
studies, even though investigating the temporal stability of AR
coatings has great importance in practical applications. In Fig. 6,
the first two charts show the transmittance spectra of the porous
SiO, coatings without any network strengthening (samples

P-120 and G-480; Fig. 6a and 6b). The other two charts show the
transmittance spectra of the SiO, coatings network strengthened
in lyogel form with ammonia both on polycarbonate and on glass
substrates (P-B120 and G-B480; Fig. 6¢ and 6d).

Throughout one year of storage a gradual decrease can be
observed in the transmittance of the untreated P-120 and G-480
samples. This decrease in the transmittance values is more sig-
nificant in the case of the samples on PC substrates than for
the samples on glass substrates, presumably due to the lower
temperature of the heat treatment. Light transmittance has
reached its minimum value after 120 days, and further decline
was not observed (Fig. 6a and 6b). When ammonia network
strengthening is used, in the case of coatings on PC (P-B120)
the transmittance of the samples shows no noticeable changes
during the measured interval (Fig. 6¢). In contrast, when glass
was used as substrate, the light transmittance of G-B480 shows
noticeable decrease after four months of storage (Fig. 6d).

Analysis of transmittance spectra: the maximum trans-
mittance (T _ ) and the average transmittance increment
(ATI) values

The systematically measured maximum transmittance values
clearly show that the ammonia-treated coating is stable for both
P-B120 and G-B480 samples (Fig. 7), though a slight decrease
can be observed for glass substrates after four months of storage.

Fig. 7a and 7b show the calculated values of the average
transmittance increment for samples on both polycarbonate and
glass substrates. As the results show, the observed values are
influenced by the type of substrate material. The ATI values of
the same porous silica coatings are higher on PC (8.36 + 0.05%
for P-B120, and 7.65 £+ 0.12% for P-120) than on glass sub-
strates (7.22 + 0.04% for G-B480, and 6.34 = 0.07% for G-480).
Moreover, the ammonia treatment has an advantageous effect
on the optical properties of the porous silica coatings. The
light transmittance remained constant in the whole measured
wavelength range (410 — 780 nm) even after 1 year of stor-
age when PC was used as substrate. The ATI values of G-B480
show continuous decrease (observable after four months of
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Fig. 6 Transmittance spectra of the bare PC and glass substrate and the untreated SiO, coatings (P-120) on PC (a), untreated SiO, coatings (G-480) on glass (b),
ammonia-treated SiO, coating (P-B120) on PC (¢), and ammonia-treated SiO, coating (G-B480) on glass (d) after 1, 60, 120, 240, and 360 days of storage. The
absorption peak appearing at 682 nm in (a) and (c) is attributed to the absorption of a UV protection additive found in the PC substrate.

storage) regardless of the network strengthening. The decrease
of transmittance values is significant and gradual when no spe-
cific treatment was applied (Fig. 7). P-120 and G-480 samples
show decreases in the maximum light transmittance of values
3.6% and 1.6%, respectively (Fig. 7c and 7d). This decrease
was calculated as the difference between the first and the latest
measured values of the same samples. The decrease is more
significant in the case of P-120 compared to G-480, presum-
ably due to the lower heat treatment temperature (120 °C) used
for samples on PC. P-B120 and G-B480 samples, however,
kept their high transmittance values (>98%, and >99%) even
after one year of storage.

Analysis of transmittance spectra: layer thickness (d),
effective refractive index (n), and porosity of silica coatings

The silica coatings were characterized via optical fitting
model. Layer thickness and effective refractive index were
calculated for the untreated (P-120 and G-480) and ammonia
treated (P-B120 and G-B480) silica coatings prepared on PC
and glass substrates.

The thickness of untreated samples (P-120, and G-480,
Fig. 8a and 8b) begun to decrease after 30 days. In compari-
son, the base vapour treatment prevented the shrinkage of the

P-B120 and G-B480 systems. Thus, it appears that the aging
effect observed on the untreated samples can be slowed down
by network strengthening treatment of the lyogels in ammonia
vapour atmosphere.

The effective refractive index values of the samples are pre-
sented in Fig. 8c and 8d. Pluronic PE1500 is a water soluble
and thermally decomposable surfactant [24], therefore it was
removed from the silica coating during water extraction or
calcination. The differences in the measured refractive index
values can be connected to the effectiveness of the template
removal methods. In the case of coatings on PC when mod-
erate temperature heat treatment and extraction was used, the
refractive index values measured on the as-prepared sam-
ples are high (1.368 + 0.002 for P-120, and 1.323 + 0.002
for P-B120). In contrast, the higher temperature heat treat-
ment used for coatings on glass resulted in lower refractive
index values (1.300 £+ 0.003 for G-480, and 1.267 + 0.004 for
G-B480). Out of all measured samples, P-B120 samples are
unique in that they show a constant refractive index over the
entire measured interval (Fig. 8). However, the refractive index
values of the untreated P-120 samples reached the refractive
index of the bulk silica (1.45) after only 90 days. This rapid
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max

(P-120) and ammonia-treated (P-B120) SiO, coatings on PC substrate (a, ¢), and untreated (G-480) and ammonia-treated (G-B480) SiO, coating on glass
substrate (b, d) obtained by UV-Vis spectrophotometry during 360 days.

Table 4 The porosity values of untreated (P-120, G-480) and ammonia-treated (P-B120, G-B480) coatings on PC and glass substrate obtained by
UV-Vis spectrophotometry during 360 days. 120 and 480 refers to the temperature of heat treatment.

Porosity [%] 1 day 30days 60days 90days 120 days 160 days 190 days 240 days 360 days
P-120 18 13 7 0 0 0 0 0 0
P-B120 27 27 27 28 27 27 26 27 27
G-480 32 28 29 28 28 24 23 22 25
G-B480 39 37 39 38 36 36 35 34 34

increase in the refractive index is attributed to the collapsing of
the pore system (ca. 20% decrease in coating thickness can also
be observed). In case of the untreated samples on glass sub-
strates, although the refractive index values increased in time,
this increase was not significant (Fig. 8d) presumably due to
the high temperature (480 °C) heat treatment. Helsch et al. have
described the spontaneous migration of ions in glass toward the
coating, due to the varied composition of glass (Na,O, K,0,
Ca0O, MgO) [25]. The high temperature during heat treatment
helps the migration, these ions fill the porous system, which
results in the increase of the refractive index values.

Porosity values calculated with the help of the effective
refractive index values of the layers and the refractive index

values of the bulk silica (n, , = 1.46) and air (n, = 1.00) are
listed in Table 4. The as-prepared untreated G-480 samples
show higher porosity (32%, Table 4) than the P-120 samples
(18%, Table 4). G-B480 and G-B120 samples kept their high
porosity and only a moderate decrease can be observed in the
measured interval. In contrast, P-120 samples no longer appear
to be porous after 60 days. In accordance with their refrac-
tive index values, the P-B120 samples show constant porosity
throughout 60 days, while a decrease in the porosity values was
observed for all other samples. From these results, it can be
concluded that porous silica coatings network strengthened in
lyogel form with ammonia vapours are more stable on PC sub-
strate (P-B120) than on glass substrate (G-B120).
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substrate (a, ¢), and untreated (G-480) and ammonia-treated (G-B480) SiO, coating on glass substrate (b, d) obtained by the analysis of UV-Vis transmittance

spectra during 360 days.

4 Conclusion

The results reported show that without network strengthen-
ing the shrinkage of the layers is responsible for the temporal
decrease of light transmittance. The sorption of water vapour
and possible pollutants present in air only causes a small
decrease in the light transmittance, in spite of the completely
open pore structure of the coatings.

The network strengthening treatment carried out in ammo-
nia vapour proved the most efficient at inhibiting the shrinkage.
The hydrochloric acid vapour treatment showed only moderate
results. A possible explanation for this is that during acid cataly-
sis there is no considerable increase in the reaction rate of poly-
condensation, which is responsible for the network strengthen-
ing. The ammonia treatment has proven most advantageous to
use on the coatings still containing pore structuring templates.
According to our results, the ammonia treatment administered
after the removal of the templates causes considerable shrink-
age in the coatings, which decreases the light transmittance.
According to our hypothesis, the pores still containing tem-
plates are not able to shrink in ammonia vapour atmosphere
because the surfactant micelles act as an opposing force against
the compressing pore walls.

It was shown that in case of optimal ammonia vapour treat-
ment (1 and 3 hours in the vapours of 2M ammonia solution)
in the investigated wavelength range (410 - 780 nm) the aver-
age transmittance increment only changes within the margin
of error for PC substrates during one year (value of 8.4%),
while in the case of glass surfaces there is significant decrease
after 160 days (from 7.7% to 4.1%). According to our hypoth-
esis, this effect is related to the temporal instability (due to
the migration of components) of the substrate (glass). The
decrease of maximum transmittance is also lower in case of
PC substrates: 0.28% for PC and 0.45% for glass.
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