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Abstract

In this study we show different methods for tailoring and fabrication of various cost-effective
antireflective nanocoatings for transparent as well as non-transparent substrates. The main
purpose was the preparation of coatings with decreased reflectance in the full visible
wavelength range by simple wet processing techniques. Structure of coatings was designed by
optical simulations applying simplified calculations considering the refractive index of
substrates and aiming the broadband antireflective properties. The advantageous optical
properties were achieved by bilayered structures combining compact and porous sol-gel
derived oxide layers utilizing molecular templating as well as nanoparticulate films. The
applied bilayered structures enhance the flexibility of design by not only the selection of the
layer thicknesses but also by different ways of adjusting the effective refractive index of the
layers. Furthermore, chemical stability of the coatings was also investigated. The optical and
structural properties of prepared films and bilayered coatings were studied by UV-vis
spectroscopy and scanning electron microscopy, respectively. The transmittance of coated
glass substrates is above 97.5%, the reflectance of coated silicon substrates is less than 4%
between 450 nm and 900 nm.
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1 Introduction

Nanosized materials are in the focus of scientific interest because of their special properties in
many areas (e.g. catalysis, microelectronics, protection of the environment, biomedical
applications). Consciously influencing materials at the atomic, molecular or nanoscale can
result in species with the desired structure, characteristics and suitability for many practical
applications. Nanostructures can be developed in various forms (coatings, nanoparticles,
mesoporous gels efc.) depending on the actual purposes.

For the formation of nanostructured coatings sol-gel method [1] is widely used which includes
many layer deposition techniques (e.g. dip coating, spin coating, doctor blading). For creating
uniform coatings on large surfaces dip coating is probably the most effective technique.
Applying this method a precursor sol is synthesized first in which controlled hydrolysis and
polycondensation of various alkoxydes take place. After layer deposition coatings are
generally annealed at elevated temperature developing a well defined, mechanically stable
thin layer. Porous structures also can be formed by doping the precursor sols with thermally
sensitive materials which form regular supramolecular units (e.g. micelles, polymer chains)
during layer deposition and are eliminated at high temperature. For such purposes various
surfactants or polymers can be used. Structure and size of pores and value for porosity can be
controlled by changing the molecular build up and amount of the dopant [2-5].

Optimizing the parameters of such thin layers (mostly their effective refractive index and
thickness) coatings can be developed with advantageous optical properties which make them
suitable for application in eyeglasses, solar cells and other optical or optoelectronic devices
[6-14]. Possibilities for finer tuning of the optical properties can be broadened by the creation
of layers with graded refractive index and bi- or multilayered structures [15-17]. Such
multilayered systems can provide additional functionality for the coating aside the
advantageous optical properties (e.g. coatings with antireflective and photocatalytic [18] or
antireflective and superhydrophobic [19] characteristics).

One of the greatest challenges by the formation of a coating with desired optical properties is
the adjusting of the appropriate refractive index and layer thickness values. The main problem
is that bulk refractive index of most materials is higher than the desired value. Formation of a
layer with voids or pores (results in lower effective refractive index) can provide solution for
this question. Hexagonally close packed array of spherical nanoparticles prepared by various
methods (e.g. Langmuir — Blodgett (LB) [20-27], convective assembly process [28]) and
micro- or mesoporous sol-gel films are typical examples for the realization of such structures.
Furthermore omnidirectional antireflective coatings based on spherical or hemispherical
structures also can be prepared [29-30].

In this study we present methods and significant examples for optical tailoring, preparation
and optical characterization of bilayered antireflective coatings on transparent (glass) and
non-transparent (silicon) substrates using various fabrication methods. On glass a compact
silica sol-gel film was covered by a close packed array of spherical Stober silica nanoparticles
deposited by the LB technique. On silicon substrate a titania layer and a porous silica sol-gel
film were stratified onto each other by dip coating. These types of layers were chosen because
of their refractive indices make them suitable for developing antireflective structures.
Thickness values were calculated by optical simulations for both systems. Optical
investigation of the prepared coatings was carried out by UV-vis spectroscopy taking
transmittance or reflectance spectra of the coatings on glass or silicon substrates, respectively.
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2 Theoretical Considerations and Experimental Details

2.1 Optical design of antireflective coatings

Design of antireflective coatings was carried out by applying the basic principles of thin layer
optics. The general purpose was minimizing the reflectance of visible light in the broadest
possible wavelength range. For the determination of the appropriate refractive index and layer
thickness the following conditions were used (see Egs. 1-2. [6-9]):

d = Ao (1)
4
Ry
Ry =~mn, . )

Eq. 1. is the so called “A/4 condition” (d and n are the thickness and the effective refractive
index of the layer, respectively and An.x is the wavelength corresponds to the lowest
reflectance). In Eq. 2. n; and n; are refractive indices for the media between which the layer
can be found (e.g. in case of a monolayer 1 and 2 corresponds to the substrate and the
surrounding medium, respectively). For finer tuning of the parameters transmittance or
reflectance spectra were simulated considering the supposed structure of the layer.
Wavelength range of low reflectance can be broadened by developing a refractive index
gradient through the coating which can be carried out by the preparation of bilayers. Optimal
refractive index and thickness values can be assumed also by applying simulations.

In this work we prepared antireflective coatings on transparent (glass) and non-transparent
(silicon) substrates with basically different refractive indices (ca. 1.52 for glass and 3.88 [31]
for silicon, respectively). From this reason different types of layers were required which cover
a quite wide range of refractive indices for the preparation of coatings: compact (cSiSG) and
porous (pSiSG) silica sol-gel films, titania (TiSG) sol-gel films and LB layers of Stober silica
nanoparticles were used. Refractive index values for the simulations were taken from the
literature or from our previous experimental data. Transmittance or reflectance spectra of
monolayers were simulated with a model supposed a homogeneous monolayer on the
substrate [32]. Structure of bilayered coatings was approximated with two optically
homogeneous layers on each other [8, 32-33]. Simulations were used for assuming the
appropriate layer thickness values and coatings were prepared according to the calculated
optimal parameters.

2.1.1 Antireflective coatings for transparent substrates

Glass was used for the experiments as transparent substrate with a refractive index of ca. 1.52.
In this case a layer with an effective refractive index of 1.23 can provide perfect antireflective
property at a given wavelength (see Eq. 2.). Hexagonally close packed array of spherical
Stober silica nanoparticles has a value of ca. 1.25 (it was calculated using the Lorentz-Lorenz
[34-36] effective medium approximation [37] considering the refractive index for particles as
1.435 [38-39]) which is very close to the optimal one. Such layers can be prepared by the LB
method. Choosing a value for transmittance maximum in the middle wavelength range of
visible light (550 nm) an optimal layer thickness of 110 nm (see Eq. 1., n=1.25) was found.
For developing a refractive index gradient and broadening the wavelength range for enhanced
transmittance another layer should be inserted between the substrate and the particulate layer.
Compact silica sol-gel film is suitable for this purpose because of its refractive index (ca. 1.46
[40] which is between the values for the substrate and the outer layer). Additionally it can
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provide an enhanced mechanical stability for the coating compared to single particulate LB
films [33]. Thickness for this layer was determined using Eq. 1. and found to be 94 nm
(Amax=550 nm).

Transmittance spectra of single compact silica sol-gel and particulate LB films and their
bilayer as well were simulated using the mentioned parameters (cSiSG: n=1.46 and d=94 nm;
LB: n=1.25 and d=110 nm) and are displayed in Fig. 1. All curves showed enhanced
transmittance compared to the bare substrate. In case of bilayers maximum value is slightly
decreased compared to the spectra of single LB film but wavelength range for enhanced
transmittance became broader as expected.

It was also demonstrated that wavelength range of increased transmittance can be shifted by
changing layer thickness values. Choosing 400 nm as the wavelength corresponds to
maximum transmittance thickness values were calculated as 80 nm and 68 nm for the LB and
sol-gel films, respectively.

Schematic structure of designed bilayers for transparent substrates is displayed in Fig. 2. a.

2.1.2 Antireflective coatings for non-transparent substrates

As non-transparent substrate silicon was chosen because of its importance in many practical
applications (e.g. various semiconductor-based sensors, photodetectors, solar cells,
semiconductor photonics, efc.). Considering its refractive index as 3.88 a layer with a
refractive index of 1.97 is the most suitable for an antireflective coating (calculated from Eq.
2.). Therefore a titania sol-gel film with an effective refractive index value of 2.00 (as we
determined in our recent work [33]) was chosen as the first layer. Choosing the wavelength
corresponds to the minimal reflectance as 550 nm again, optimal thickness was found to be
about 70 nm for this layer (see Eq. 1.).

A bilayered system was developed with a graded refractive index for non-transparent
substrates, too. The second layer was decided to be a porous silica sol-gel film with a
refractive index value between 1.3 and 1.4. Its thickness was determined using Eq. 1.

For the more precise calculation of layer thickness values simulated reflectance spectra of
three different bilayered systems were compared. Layer thicknesses were chosen as 50, 65
and 80 nm for titania (refractive index: 2.00) and 76, 99 and 122 nm for porous silica
(estimated refractive index: 1.31) sol-gel layers, respectively. Simulated spectra are displayed
in Fig. 3. All combinations result in significantly decreased reflectance compared to the bare
substrate. System with the thickest layers seem to be the less advantageous, both of other
studied coatings provide antireflective property in the visible wavelength range (it depends on
the chosen wavelength which is actually better).

Coating with a 65 nm thick titania and 99 nm porous silica sol-gel layers were chosen for our
experiments. Reflectance spectra of such single films and their bilayers were simulated and
displayed in Fig. 4. Results showed very similar tendencies compared to that for transparent
substrates: single layer with near optimal refractive index (titania sol-gel film in this case)
provided the lowest reflectance at a defined wavelength but the bilayer ensured decreased
reflectance in a broader wavelength range.

Schematic structure of designed bilayers for non-transparent substrates is displayed in Fig. 2.
b.

2.2 Preparation of coatings

For layer deposition processes microscope glass slides (76x26x1 mm, Thermo Scientific,
Menzel-Gléser) and rectangular pieces of silicon wafers were used as solid substrates. They
were washed with 2-propanol (a. r., >99.7%, Reanal) then rinsed with 2-propanol and distilled
water (18.2 MQcm, purified with a Millipore Simplicity 185 filtration system) and dried at
room temperature before using. In case of single LB films substrates were additionally soaked
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in the mixture of sulphuric acid (ISO- For analysis, 98%, Carlo Erba) and hydrogen peroxide
(puriss, 30%, Reanal) in a volume ratio of 2:1, rinsed again with distilled water and 2-
propanol and dried at room temperature. All of the layers were prepared at room temperature
(23£1) °C.

2.2.1 Preparation of sol-gel monolayers

Two different types of silica precursor sols were prepared by the acid catalyzed, controlled
hydrolysis of tetraethyl-orthosilicate (TEOS, for synthesis, >99%, Merck) in ethanol (a. r.,
>99.7%, Reanal). Hydrochloric acid (HCI, purum, 37%, Fluka) was used as catalyst and it
was added together with water as an aqueous HCI solution. Precursor sol (1) was synthesized
for preparing compact silica sol-gel (cSiSG) films. The molar ratios for TEOS: ethanol: water:
HCI were 1: 18.6: 5.5: 1x107 and the mixture was stirred for 1 h at room temperature.
Precursor sol (2) was suitable for depositing porous silica layers (pSiSG). In the synthesis
process 2 g of Pluronic PE 10300 triblock copolymer (BASF, Ludwigshafen Germany) was
dissolved in 22 mL of ethanol. Ethanol, TEOS and 0.1 M HCIl were mixed in another beaker
applying the same molar ratios as for the preparation of precursor sol (1) with the total
volume of 35 mL. Both mixtures were stirred for 30 min at room temperature and for
additional 30 min after mixing the two solutions [41].

Titania precursor sol was prepared by acid-catalyzed hydrolysis of tetrabuthyl-orthotitanate in
ethanol (TBOTi, purum, >97%, Fluka). TBOT], absolute ethanol, deionized water and nitric
acid (HNOs3, 65%, Carlo Erba) were mixed and stirred for two h at 60 °C. Molar ratios were
the following: TBOTi: ethanol: water: HNO; = 1: 27.4: 1.3: 0.3 [42].

Sol-gel films were prepared by the dip coating method: cleaned and dried glass or silicon
substrate was immersed into the precursor sol and pulled out with a constant speed. A dip
coater (MTA MFA, Hungary) was used for the process. Withdrawal speed values were varied
between 1.6 and 19.3 cm/min depending on the used precursor sol and the desired layer
thickness. The deposited films were annealed in a drying oven (Nabertherm B170) at 450 °C
for 30 min (or at 480 °C for 1 h for silica films prepared from precursor sol (2)) with a heating
rate of 20 °C/min (and 5 °C/min for titania films). In case of silica films type (2) Pluronic was
decomposed and eliminated from the system at the temperature of annealing, resulted in a
regular porous structure.

2.2.2 Preparation of particulate LB films

Silica nanoparticles with diameters of 84 (£9) and 131 (£10) nm were prepared by the Stober
method [43] and used without any surface modification [44]. Size of the synthesized particles
was controlled by changing the ratio of the used reagents. Size distribution functions of
particles were determined from transmission electron microscopy images by measuring 300
particles for each system. Silica alcosols were diluted with chloroform (Ultra Resi-analyzed,
>99.8%, J. T. Baker Inc.) in a volume ratio of 1:2 and homogenized in an ultrasonic bath (300
W, Elma S15H) for 10 min (and for additional 2 min before each spreading).

Preparation of nanoparticulate LB films was carried out in a laboratory-built Wilhelmy film
balance. A glass slide was immersed into the water and particles were spread onto the water-
air interface using a 500 ul micro syringe. Particulate film was compressed by a moving
barrier with a constant speed of 8.1 cm*/min while the surface pressure was monitored by the
Wilhelmy plate method. Particulate film was transferred onto the substrate by pulling out the
slide with a speed of 1.2 cm/min at ca. 80% of the respective collapse pressure of the film
keeping its constant value. Films were dried in a drying oven at 110 °C for 1 h with a heating
rate of 3 °C/min. For determining the effect of heat treatment on the optical properties of LB
films they were annealed at 450 °C for 30 min with a heating rate of 20 °C/min.
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2.2.3 Preparation of bilayered coatings

Two basically different types of antireflective bilayers were prepared as it was described in
sections 2.1.1-2. In the first case (cSiSG-LB) a compact silica sol-gel film (prepared from
silica precursor sol (1)) was deposited with the appropriate withdrawal speed by dip coating
on glass substrate and dried at room temperature for ca. 10-15 min. Then a nanoparticulate
layer was prepared onto the sol-gel coating by the LB technique. The coating was finally
annealed in a drying oven at 450 °C for 30 min (heating rate: 20 °C/min). In the second case
(TiSG-pSiSG) a titania layer was prepared by dip coating on silicon substrate and it was
annealed at 450 °C for 30 min with a heating rate of 5 °C/min. Then a silica layer (from
precursor sol (2), contained Pluronic) was deposited onto the surface of the titania film.
Bilayer was annealed once again at 480 °C for 1 h (heating rate: 20 °C/min). Main preparation
steps for both bilayered systems are summarized in Table 1. and their supposed schematic
structure is displayed in Fig. 2.

2.3 Optical characterization of coatings

2.3.1 Optical measurements

Optical properties of every monolayered coating (sol-gel or LB) and bilayers on glass
substrates (cSiSG-LB) were investigated by UV-vis spectroscopy. Transmittance spectra of
the films and bare substrates were taken using a Specord 200-0318 spectrophotometer in the
wavelength range of 350-1100 nm with 1 nm resolution and a scanning speed of 5 nm/s.

From coatings on silicon substrates reflectance spectra were taken using a fiber coupled
Avantes AvaSpec-2048 spectrometer with an Avantes HL-2000 halogen light source in the
wavelength range of 330-1100 nm at near normal incidence. As reference, a silicon wafer was
used. The reflectance spectrum of silicon was calculated using refractive index and extinction
coefficient data for silicon given in the literature [31] and the relative reflectance values were
multiplied by the theoretical reflectance of silicon.

2.3.2 Evaluation of measured data

For the final design of bilayered coatings study of optical properties of constituent single
films was necessary. Investigation of monolayers was carried out on glass substrates in all
cases. Layer thickness was tuned by controlling the particle size (for particulate LB films) or
changing the withdrawal speed (for sol-gel films).

Measured spectra of single sol-gel, LB and bilayered coatings were evaluated by fitting them
to calculated transmittance functions, obtained for appropriate models corresponding to the
structure of the coating. The fitting procedures provided effective refractive index and film
thickness values. As the glass substrate had weak absorption, the transmittance spectra were
corrected before fitting to eliminate the absorption of their substrates [15, 32]. The fitting
procedure used a Levenberg — Marquardt algorithm [45].

Transmittance spectra of sol-gel coatings were fitted with a homogeneous layer model [32]
supposing identical homogeneous monolayers on both sides of the transparent substrate. Film
thickness-withdrawal speed functions were determined for all used precursor sols based on
the fitted thickness values using the Landau — Levich equation [46] (see Eq. 3., d is the film
thickness, v is the withdrawal speed, g is the gravitational acceleration, n, p, yLg are the
dynamic viscosity, density and surface tension of the precursor sol, respectively). It could be
done because all parameters in the equation (aside the layer thickness and the withdrawal
speed) were considered to be constant for each sol at a defined time.

d=0.94 (nv); (pg)? 3)

Vi
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In case of LB films three parallel samples were studied and their spectra were evaluated
assuming a refractive index profile which corresponded to their supposed geometrical
structure: a regular hexagonal array of monodisperse spherical particles [47].

Structure of bilayered coatings was designed using the model that supposes two optically
homogeneous layers on each other. Thickness values for constituent single films were
calculated using Eq. 1. (for details see section 2.1). Measured spectra of bilayers were
evaluated using this model and fitted refractive index and layer thickness values were
compared to the values used for simulations in case of both coating types.

2.3.3 Effect of acidic treatment on the optical properties of coatings

Effect of acidic treatment was studied on the optical properties of porous silica sol-gel films.
Resistivity of coatings against acidic impacts can be very important from the aspect of
potential outdoor practical applications since many environmental effects have acidic
characteristics (e.g. rain, acid rain). Coatings were prepared for this purpose on glass
substrates applying a withdrawal speed of 8 cm/min and were immersed into hydrochloric
acid with pH value of 0 or 3 and were held there for 3 h under vigorous stirring. Slides were
dried afterwards at room temperature for 24 h. Transmittance spectra for films were taken
before and after treatment.

2.4 Structural characterization of bilayered coatings

In-depth structure of antireflective bilayers was studied by Field Emission Scanning Electron
Microscopy (FFESEM). For this purpose both types of bilayered coatings (cSiSG-LB and
TiSG-pSiSG) were prepared onto silicon substrates. Cross-section FESEM images were taken
using a LEO 1540 XB field emission scanning electron microscope.

3 Results and Discussion

Transmittance spectra were taken from single LB, various types of sol-gel and bilayered
coatings and evaluated using different theoretical models. The reduced chi-square values of
the fitting were in the range of 107 and the coefficient of determination (R?) value was
usually above 0.999 which indicated a very good agreement between measured and calculated
spectra.

Bilayered coatings for both types were designed based on the fitted refractive index and layer
thickness results obtained for single LB and sol-gel films.

3.1 Antireflective coatings on transparent substrates

3.1.1 Optical properties of the single particulate LB films

Transmittance spectra of annealed particulate LB monolayers on glass substrates showed
enhanced transmittance as expected for the whole studied wavelength range (see Fig. 5.).
Spectra had a maximum above 0.994 and the corresponding wavelength increased with
particle size. For the evaluation of the spectra of LB films the model was applied which
supposed a monolayer of close-packed spheres. The results of fitting were collected in Table
2.

The fitted refractive index values were 1.228 and 1.245 which confirmed the colloidal, nearly
close-packed structure of the nanoparticulate LB films. The layer thickness values were about
10% smaller compared to the TEM diameter of particles for both studied particle sizes. This
experience and the slight decrease of the refractive index compared to the calculated value of
1.25 (see section 2.1.1) could be attributed to the potential shrinkage of the particles during
the heat treatment. Thickness of annealed layers was very close to the calculated optimal
values (80 and 110 nm, see section 2.1.1) for antireflective coatings at wavelength ranges



QO Joy U W

OO U TGOS BRSNS DLDDAEDLNDAEDNWWWWWWWWWWNNNNNNNNNNRRRRRRRP PR
O WNRPOWO-JOATDRWNRPOW®OW-JIAUDRWNROW®O-JdAANANRWNRFROW®-JANURWNROW®-JIOU N WNR O W

around 400 and 550 nm, respectively. Low values for standard deviations showed that optical
properties of LB films had a good reproducibility.

3.1.2 Optical properties of the single compact silica sol-gel films

Prepared compact silica sol-gel coatings had higher transmittance than that of their bare
substrates for the whole studied wavelength range for every withdrawal speed (see Fig. 6.).
Their spectra had a maximum at transmittance value of ca. 0.94-0.95 and the corresponding
wavelength increased with the withdrawal speed. Transmittance spectra were fitted with the
homogeneous layer model and the resulting refractive index and film thickness values are in
Table 3.

The refractive index values were mostly between 1.45 and 1.46 reinforcing the supposed
compact structure of the coatings. Film thickness values were in the range of 60-120 nm
which means precursor sol was suitable for the preparation of the appropriate layer in the
bilayered antireflective coatings (see section 2.1.1).

Thickness was found to be directly proportional to the 2/3™ power of withdrawal speed
satisfying the Landau — Levich equation in the studied range so the correlation between
thickness and withdrawal speed could be determined (see Fig. 7.). Refractive index values
were found to be independent from the withdrawal speed in the studied range.

3.1.3 Final design and optical characterization of bilayered coatings

For detailed designing the structure of bilayered cSiSG-LB type coatings on glass substrate
wavelengths for transmittance maximum (Am.x) for annealed LB films were calculated
substituting the fitted refractive index and layer thickness values (Table 2.) into Eq. 1.
Originally targeted wavelengths (400 and 550 nm, see section 2.1.1) were adjusted this way to
the real size of the synthesized particles. Thickness of the corresponding compact silica sol-
gel film (with the same A,.x) Was also calculated with Eq. 1. assuming the refractive index as
1.46 (see Table 3.). Based on the resulting thickness values the withdrawal speed was
calculated using the previously determined layer thickness-withdrawal speed function. Results
of calculations were collected in Table 4. Combined coatings were prepared applying the
determined parameters.

Measured spectra of bilayered coatings showed that they had an enhanced transmittance in the
whole studied wavelength range compared to their bare substrates (see Fig. 8.). Both
transmittance spectra showed maximum values above 0.992.

Measured and simulated spectra of combined coatings had similar shape and the wavelengths
corresponding to the maximum transmittance values were approximately the same (see Fig. 1.
and 8.). Measured spectra were fitted to the calculated ones applying the model used for
previous simulations (assuming the coating as two homogeneous layers). Targeted and fitted
refractive index and layer thickness values (collected in Table 5.) showed very good
agreement in case of coatings contained 84 nm particles. For bigger (131 nm) particles
agreement remained reasonable but slight differences occurred (probably due to the increasing
inhomogeneity and light scattering effect of particles).

Comparing the spectra to that of single LB films it was found that interference peaks became
less sharp resulting in a slightly broader wavelength range of enhanced transmittance as it was
expected based on the simulations. Results also showed that this range could be consciously
varied by changing the particle size.

3.2 Antireflective coatings on non-transparent substrates

3.2.1 Optical properties of single sol-gel films

As it was described in section 2.1.2 titania and porous silica sol-gel films were chosen as the
constituent layers for the antireflective bilayer on silicon substrate.



QO Joy U W

OO U TGOS BRSNS DLDDAEDLNDAEDNWWWWWWWWWWNNNNNNNNNNRRRRRRRP PR
O WNRPOWO-JOATDRWNRPOW®OW-JIAUDRWNROW®O-JdAANANRWNRFROW®-JANURWNROW®-JIOU N WNR O W

Transmittance spectra of titania sol-gel films prepared on glass substrates had a minimum of
0.60-0.65 (see Fig. 9.). Fitted results showed that they have the highest refractive index (1.96-
2.01) among the investigated samples with a film thickness of 50-85 nm (see Table 6.).
Porous silica sol-gel coatings had higher transmittance than that of their bare glass substrates
for the whole studied wavelength range for every withdrawal speed (see Fig. 10.). Spectra had
maxima higher than 0.99 above the withdrawal speed of 4.8 cm/min. Refractive index values
were much lower compared to that for compact silica films in most cases (1.31-1.38) as
expected and the thickness values were between 75 and 160 nm. Refractive index values were
fluctuated, but in the middle range of withdrawal speeds found to be approximately constant
(ca. 1.31).

Thickness was found to be directly proportional to the 2/31 power of withdrawal speed in the
studied range in both cases so the correlation between thickness and withdrawal speed could
be determined for these precursor sols, too (see Fig. 7. and Table 6.).

3.2.2 Final design and optical characterization of bilayered coatings

Since estimated effective refractive index for titania and porous silica sol-gel films (2.00 and
1.31, respectively) could be reasonably reproduced experimentally, only layer thicknesses had
to be adjusted. For previously calculated thickness values (65 nm for titania and 99 nm for
silica layer, see section 2.1.2) corresponding withdrawal speeds were determined (see Fig. 7.
and Table 6.) and found to be 12.6 cm/min for titania and 3.6 cm/min for silica films. Coating
was prepared on silicon substrate applying these values. Reflectance spectra of native silicon
substrate, titania layer and TiSG-pSiSG bilayer (measured and fitted) are displayed in Fig. 11.
Measured reflectance curve for the bilayer was fitted to the calculated one applying the model
used for previous simulations (fitted results are in Table 7.).

Bilayered coating owns a reflectance value below about 10% of the reflectance for bare
silicon substrate for the whole studied wavelength range (but it is lower in some ranges: e.g.
below 5% between 650 and 750 nm). Above ca. 570 nm bilayered system has a significantly
decreased reflectance compared to the single titania layer. Though single titania sol-gel film
showed the lowest reflectance at ca. 500 nm, wavelength range for decreased reflectance
could be significantly broadened applying the prepared TiSG-cSiSG bilayer.

Measured and simulated TiSG-pSiSG curves showed very similar shape and fitted refractive
index and layer thickness values showed good agreement with the values used for
simulations. It means that the simulation supposing two optically homogeneous layers can
provide a reasonable approximation for predicting the optical properties of such bilayered
coatings.

Antireflective property of TiSG-pSiSG coatings could be visually observed since coating
owned a dark (almost black) color showing a sharp contrast compared to strongly reflective
bare silicon substrate (see Fig. 12.).

3.2.3 Chemical stability of sol-gel coatings

Chemical stability of porous silica sol-gel films (the outer layer of the prepared TiSG-pSiSG
antireflective coating) was studied by treating them in strongly acidic media (at pH values of
0 and 3). Difference of transmittance caused by the treatment is displayed in Fig. 13.

Results show that acidic treatment did not change significantly the optical properties.
Difference between transmittance values measured before and after treatment stayed below
0.002 for the whole studied wavelength range indicating a chemically stable structure under
these circumstances. It makes such coatings more suitable for practical applications since they
showed enhanced resistance against potentially acidic type environmental effects.
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3.3 In-depth structure of antireflective bilayers
Cross-section FESEM images were taken of both types of antireflective bilayers (see Figs. 14-
15.). Significant overlapping between the two layers was not observed (neither for cSiSG-LB,
nor for TiSG-pSiSG coatings). The in-depth structure of the coatings corresponded well to the
supposed schematic structure (see Fig. 2.). Layer thicknesses were in line with fitted values
calculated from optical data (see Tables 5. and 7.).

4 Summary and Conclusions

Design, preparation and optical characterization of two different types of antireflective
bilayers were carried out in this work by simple and low-cost colloid chemical methods.
Layer structures were determined in order to get the most advantageous refractive index
profile. Structure of coatings was designed by simulations approximating the coatings as the
combination of two optically homogeneous (effective) layers. Preparations were carried out
by applying the calculated parameters and coatings were finally studied by UV-vis
spectroscopy and FESEM.

In case of transparent, glass substrates compact silica sol-gel film and a close-packed layer of
Stober silica nanoparticles were applied providing transmittance above 0.975 in the 450 nm—
1000 nm wavelength range.

In case of non-transparent, silicon substrates the bilayered coatings were composed of a
titania and a porous silica sol-gel layer. The prepared bilayered structure showed a reflectance
below 4% above 450 nm which is significantly lower compared to the value for the bare
substrate (>30%). Chemical stability of the outer porous silica sol-gel layer was proven by its
unchanged optical characteristics after long time treatment in strongly acidic environment.

It was shown that by choosing the appropriate layer structures various bilayered antireflective
coatings can be designed and prepared on transparent or non-transparent substrates using wet
colloid chemical methods like dip coating and Langmuir — Blodgett technique. Applying
porous silica sol-gel film as the outer layer can improve the suitability of the coatings for
practical applications due to its resistivity against acidic type effects.
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Table 1

Steps ¢SiSG-LB, Type 1 TiSG-pSiSG, Type 2
(substrate: glass) (substrate: silicon)
1 Dip: compact SiO, SG (1) Dip: TiO, SG
2 Drying on RT TA: 450 °C, 30 min
3 LB: SiO, Dip: porous SiO, SG (2)
4 TA: 450 °C, 30 min TA:480°C, 1h



Table 2

Results of fitting
Sample Effective Layer thickness
refractive index [nm]
1.245 79
84 nm LB 0.010) 0.6)
131 nm LB 1.228 115

(+0.006) (+1.2)



Table 3

. Results of fitting
Sol-gel film Wlthdrawa.l speed . Layer thickness
[cm/min] Refractive index
[nm]
3 1.476 63
cSiSG 7.5 1.458 92
12 1.459 119



Table 4

Calculated

Appropriate Appropriate
wavelen.gth for thickness for withdrawal
Sample transmittance
. sol-gel films speed
maximum .
[nm] [em/min]
[nm]
84 nm LB 393 68 3.7
131 nm LB 565 97 8.1



Table 5

1. layer (¢SiSG)

2. layer (LB)

Sample Effective Layer thickness Effective Layer thickness
refractive index [nm] refractive index [nm]
target  fitted target  fitted  target  fitted target  fitted

cSiSG
+ 1.460 1.459 68 65 1.245 1.237 79 79
84 nm LB
cSiSG
+ 1.460 1.477 97 94 1.228 1.280 115 124

131 nm LB



Table 6

. Results of fitting
Sol-gel film Wlthdrawa.l speed . Layer thickness
[cm/min] Refractive index

[nm]
9.7 2.009 53
12.1 1.982 60
TiSG 14.5 2.000 74
16.9 2.001 82
19.3 1.955 83
1.6 1.430 75
3.2 1.380 93

pSiSG 4.8 1.308 110
6.4 1.312 133

8.0 1.346 154



Table 7

1. layer (TiSG) 2. layer (pSiSG)
Sample Effective Layer thickness Effective Layer thickness
P refractive index [nm] refractive index [nm]

target  fitted  target  fitted  target  fitted  target  fitted

TiSG-pSiSG ~ 2.000 1.994 65 66 1.310  1.312 99 95



Captions - Table(s)

List of Table Captions

Table 1.: Summary of the preparation steps of studied bilayered coatings (SG means sol-gel
film, RT and TA stand for room temperature and temperature of annealing, respectively)

Table 2. Fitted effective refractive index and film thickness values determined from
transmittance spectra for nanoparticulate silica LB films after annealing (displayed results are
the average of three parallel values, standard deviations are in brackets)

Table 3. Fitted refractive index and film thickness values determined from transmittance
spectra for compact silica sol-gel films prepared with different withdrawal speeds

Table 4. Calculated thickness of sol-gel films and the corresponding withdrawal speed values
for the preparation of the appropriate combined coatings

Table 5. Fitted refractive index and film thickness values determined from transmittance
spectra for cSiSG-LB type bilayers; values used for simulations (target) are also displayed

Table 6. Fitted refractive index and film thickness values determined from transmittance
spectra for porous silica and titania sol-gel films prepared with different withdrawal speeds

Table 7. Fitted refractive index and film thickness values determined from reflectance spectra
for TiSG-pSiSG type bilayers; values used for simulations (target) are also displayed
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Captions - Figure(s)

List of Figure Captions

Fig. 1.: Simulated transmittance spectra of compact silica sol-gel film (n=1.46, d=94 nm),
silica LB film (n=1.25, d=110 nm) and their bilayer on glass substrate (spectrum of bare
substrate was measured)

Fig. 2.: Schematic structure of prepared bilayered coatings (a: cSiSG-LB; b: TiSG-pSiSG)

Fig. 3.: Simulated reflectance spectra of titania (n=2.00) and porous silica (n=1.31) sol-gel
bilayers on silicon substrate with various layer thicknesses

Fig. 4.: Simulated reflectance spectra of porous silica (n=1.31, d=99 nm) and titania (n=2.00,
d=65 nm) sol-gel films and their bilayer on silicon substrate

Fig. 5. Transmittance spectra of LB films of silica nanoparticles with different sizes after
annealing at 450 °C (scattered points were measured and solid lines are the fitted curves)

Fig. 6. Transmittance spectra of compact silica sol-gel films prepared with different
withdrawal speeds (scattered points were measured and solid lines are the fitted curves)

Fig. 7.: Layer thickness-withdrawal speed functions for different sol-gel films (titania,
compact and porous silica)

Fig. 8. Measured and fitted transmittance spectra of ¢SiSG-LB type bilayered coatings on
glass substrates (symbols are measured and solid lines are the fitted curves)

Fig. 9. Transmittance spectra of titania sol-gel films prepared with different withdrawal
speeds (scattered points were measured and solid lines are the fitted curves)

Fig. 10. Transmittance spectra of porous silica sol-gel films prepared with different
withdrawal speeds (scattered points were measured and solid lines are the fitted curves)

Fig. 11.: Reflectance spectra of TiSG-pSiSG bilayered coating on silicon substrate, titania
sol-gel film and bare silicon substrate (in case of the bilayer symbols show the measured data
and solid line is the fitted curve)

Fig. 12.: Photograph of a piece of silicon covered by TiSG-pSiSG bilayered antireflective
coating placed on a virgin 3” silicon wafer

Fig. 13.: Difference of transmittance values for porous silica sol-gel films (pSiSG) caused by
acidic treatment (pH=0 or 3; duration: 3 h)

Fig. 14. Cross-section FESEM image of bilayer consists of a compact silica sol-gel film and a
nanoparticulate silica LB film (cSiSG-LB; LB layer was prepared using 131 nm particles)

Fig. 15. Cross-section FESEM image of bilayer consists of titania and porous silica sol-gel
films (TiSG-pSiSG)



