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Article Info Abstract

Antireflective (AR) SiO2 coatings were developed in this work to increase the
Article history: transmittance of glass in the visible light range of 400-800 nm, due to their
Received 30 Jan 2019 potential applications on solar energy systems. Also, double-layer AR coatings
Revised 19 June 2019 were prepared by covering AR SiO2 layer with a dense TiO2 layer with the aim of
Accepted 28 July 2019 protecting AR layer from environmental effects. SiO: coatings were obtained

with sol-gel and dip coating methods, by using acid- and base-catalyzed silica
sols as precursors. Only 1% transmittance increase was gained with acid-

Keywords: i : ) i .

Antireflective glass; catalyzed SiO: coating due to its dense structure. On the contrary, SiO2 coatings
o f g formed by base-catalyzed sol have transmittance >99% in the 460-660 nm
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TiOy range and of 99.8% at 550 nm, corresponding to the wavelength at maximum

Douz;)Ie-la or coating: intensity of solar spectrum. This high values were attributed to the porous

Thin fi Im! 9 structure of the film revealed by SEM and AFM analysis, and to the optimized

thickness of coating achieved at 90-120 mm/min withdrawal speeds.
Transmittance of base-catalyzed SiO: coatings decreased to an average value of
96.2% after coated with high refractive index TiO: layer. However, still a 5-6%
achievement in transmittance of glass in 400-800 nm range was attained by
optimizing the thickness of each layer using different withdrawal speeds, and
concentration and types of the precursor sols. Characterization of the coatings
was performed with SEM, AFM, EDS and FTIR analysis.

Sol-gel method
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1. Introduction

Antireflective (AR) coatings decrease the reflectance of the light directed towards them,
thus resulting in a high degree of light transmittance. These optical coatings can be applied
to all surfaces where a minimum loss of light is required. However, achieving a high
transmission of light through glass is an important research subject especially for the solar
energy systems, as in photovoltaic and solar thermal devices, to enhance their
effectiveness [1-3]. AR coatings are widely applied to increase the solar radiation
absorption in these systems, by reducing the natural reflectance loss (~8-9%) of glass
components, such as, glass envelops of the receiver tubes in parabolic trough collectors,
glass covers of solar collectors, and glass covers of photovoltaic devices to protect its
components from outdoor environment [2-5]. AR coatings are also used in a great number
of technological application areas like, high power laser systems, camera and telescope
lenses, architectural glasses, eyeglasses, TV screens, display panels, touch screens, etc.
[1,6-8].
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AR coatings attain minimum or zero reflectance if their thickness and also refractive index
are appropriately adjusted [8]. The refractive index of an AR coating (n.) should satisfy the
condition given in Eq. (1) to achieve, theoretically, zero-reflectance [8].

ne = (no X ns)l/z (1)

where no and n;s are the refractive indexes of the medium and the substrate, respectively.
Refractive index of glass material, the substrate, is known to be 1.47-1.57. Therefore, AR
films applied on a glass surface must have a refractive index (RI) value of 1.21-1.25 to reach
zero-reflectivity in air medium (no=1.0) [9]. The common materials used as AR coating in
the visible range are SiOz (n.=1.45), Al203 (n.=1.65), MgF2 (n.=1.38), SiO (n.=1.85) and ZnO
(nc=2.0) [9,10], but, none of these materials has such alow Rl value. Among these materials,
SiO: is generally preferred due to its relatively low RI value [11]. As the refractive index is
proportional to the material density, having a porous structure will help to decrease a
material’s RI value to the desired levels [11].

Among many coating techniques, it is possible by sol-gel method to produce a porous
structure required for achieving a low RI and to control the distribution of the pores within
the structure [12]. This method has many advantages when compared to coating
technologies such as CVD and sputtering: a simple and inexpensive process; easily coating
of even large and complex surfaces, industrial applicability via dipping and spraying; and
easy control of process parameters [12-14].

Single-layer AR coatings improve the light transmittance of a substrate effectively but only
for narrow wavelength range. For the success in a broad spectrum range, double or
multilayer AR coatings are required with an increased optical performance [10,15].
Production of such systems is needed to combine coating layers having different refractive
indexes. It is of general practice to choose pairs of materials having high (2.0-2.3) and low
(1.45-1.52) indexes [9]. In addition, thickness of each layer should be adjusted in such a
way that a destructive interference of light between layers is created, which will
consequently cause a low reflectance value. Double-layer AR coatings are generally
developed by using a very low refractive index material, such as porous SiO2 or fluorides,
at the outer layer to achieve minimum reflectivity [8,9]. Although these systems attain
excellent optical features by this way, their mechanical strength and long-term stability are
reported to be relatively poor for outdoor applications [8,9]. Therefore, contrary to the
most of the works given in literature [4,9], it is needed to develop double-layer AR systems
by covering the inner SiO2 layer with an outer layer, which will have a protective role
against environmental factors [3]. Typically, the materials such as TiOz, W03, ZrO, ZnO,
Sn0; and CdS are used for this purpose [3,8,9,16]. Among these, TiO: films are
distinguished because of its high mechanical strength, high chemical stability and
superhydrophilic property under UV light, besides its well-known self-cleaning feature
[16]. Nevertheless, its refractive index, 2.3-2.5, is too high [16] so an outer TiO: layer will
significantly reduce the light transmittance when used in double layer AR systems. Thus,
development of multifunctional coatings, integrating the antireflective and durability
characteristics into one stack and working in the whole visible light range, are still a
challenging task [3]. One of the approaches for this purpose is to make a porous TiO2 layer
over the double layer system to lower its refractive index, and consequently increase the
transmittance of the AR system. Removable organic templates (Pluronic F127, Triton X-
100, PEG, etc.) are used in the sols as pore making agents, but these methods require high
annealing temperatures, like 400-500°C to remove these organic materials [8,12,17].
Another approach is to use colloidal particles dispersed in a solvent [18]. After solvent
removal, a porous titania layer is left over the surface. However Zhang et al. [18] found
that, the resultant double-layer coating was not too effective to enhance the transmittance
of glass. Thus, the goal of the present study is to produce AR double layer coatings
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synthesized under very low temperatures with enhanced AR properties that will be
applicable to any transparent substrate.

In this work, single-layer SiO2 and double-layer SiOz2/TiO: coatings are developed to
maximize the transmission of light through glass slides in the entire visible light range of
400-800 nm. AR features are gained by SiO: coatings and TiOz is selected to perform as a
protective layer. Sol-gel and dip coating techniques are used in the deposition of the
coatings. At first step, deposition conditions of single-layer SiO2 and also single-layer TiO2
films are optimized individually for a maximum light transmittance. Withdrawal speeds
(30-240 mm/min) of the substrates are adjusted for an optimum film thickness of the
films. SiO2 films are obtained using both acid-and base-catalyzed sols in order to change
the porosity of the resultant film. However, TiO: films are synthesized using only acid-
catalyzed sols to form a dense film in the final AR coatings. As a second step, the optimized
conditions are combined together to form double-layer SiOz/TiO2 coatings. The drawback
appeared by the use of TiO2 as top layer is overcame by controlling the thickness of each
layer, so keeping the AR properties of the SiOz layer. Coating thickness is optimized by
changing the withdrawal speed and concentration of titanium in the coating sol.

2. Materials and Methods
2.1. Materials

All chemicals used in the experiments were of analytical grade and purchased from Sigma-
Aldrich. Tetraethyl orthosilicate (TEOS, Si(OCz2Hs)4, 99%) and tetrabutyl orthotitanate
(TBOT, Ti(OCsHo)4, 97%) were used as the precursors of the silica and titania sols,
respectively. NH3z (28-30%) was used as the base catalyst in the system and HCI (37%), as
the acid catalyst. Absolute ethanol (EtOH, 99.8%) was selected as the solvent of the sols.
Ultrapure water (18.2 MQ.cm) was used in the experiments and obtained from Millipore
Direct-Q8-UV water purification system. Soda-lime glass slides (2.6x7.6 cm, Marienfeld
Co.) with thickness of 1 mm were used as substrates for the deposition of coatings. Glass
substrates (G, in short) prior to usage were cleaned ultrasonically in acetone and ethanol
for 15 min. They were then immersed in concentrated sulfuric acid for one week, followed
by thorough washing with distilled water.

2.2. Preparation of Sols
2.2.1 Preparation of SiOz Sols

Silica sols were prepared by using either a base or an acid catalyst to investigate the effect
of catalyst type on the AR properties. For the base-catalyzed sol, NH3-EtOH mixture was
added dropwise into TEOS-EtOH mixture under vigorous stirring. The resultant sol was
stirred further for 2 h at 25°C. The transparent silica sol with a pale blue color was obtained
after aging for 2 days at 25°C. The molar ratio of TEOS:H20:NH3:EtOH in the final solution
was 1:2.37:1:38 [19], and the concentration of silicon ions was 0.4 mol/L (pH = 10.8). Acid-
catalyzed silica sol was prepared by the dropwise addition of H.0-EtOH mixture into TEOS-
HCI-EtOH mixture under vigorous stirring. The molar ratio of TEOS: H20:HCL:EtOH in the
final solution was 1:4:0.004:80.4 (pH = 3) [20]. The transparent sol was aged for 2 days
prior to usage. SiOz coatings obtained by using the base-catalyzed sol and by using the acid-
catalyzed sol were shortly denoted as B-SiOz and A-SiOz, respectively, in the text.

2.2.2 Preparation of TiOz Sols

Titania sols were prepared by hydrolyzing TBOT-HCI-EtOH mixture with the dropwise
addition of H20-EtOH mixture under vigorous stirring. The resultant transparent acid-
catalyzed sol was stirred further for 2 h and also aged for 2 days prior to usage. The molar
ratio of TBOT:H20:HCL:EtOH was 1:3.55:0.22:164 [20] with a final titanium concentration
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of 0.1 mol/L (pH = 1.6). In addition, a titania sol having 0.2 mol/L titanium concentration
was also prepared by using the molar ratios of components as 1:3.55:0.22:78.3 (pH ~ 1.3),
to investigate the effect of titanium concentration on the AR properties.

2.3. Deposition of Coatings on Glass Surface

Single-layer SiO2 (G/SiO2) or single-layer TiO2 (G/TiO2) coatings were obtained by
depositing appropriate sols onto the both sides of the clean substrates using dip coating
technique. The as-coated films were then dried at 120°C for 3 h in an oven under ambient
atmosphere. The effects of dip-coating parameters (withdrawal speed (WS) and also dwell
time of the substrates in the sols) were investigated in detail to enhance the AR properties
of single-layer coatings.

Double-layer coatings (G/Si0z/TiOz) were produced by coating the glass substrates first
with SiOz layer (inner layer) and then with TiO: layer (outer layer). Each layer was heated
at 120°C for 3 h. The following parameters were investigated to maximize the AR
properties of the double-layer coatings: Withdrawal speeds, catalyst type of the SiO2
coatings (A-SiOz and B-Si0O2) and titanium concentration in the TiOz sols (0.1 M and 0.2 M).

2.4. Characterization

Field emission scanning electron microscopy (SEM, ThermoScientific/Apreo S) was used
in the morphological characterization of SiO. and TiOz coatings. The thickness of the
coatings was determined from the cross-sectional SEM view of the samples. The elemental
analysis of the coatings in terms of atomic percent was done by energy dispersive X-ray
spectroscopy (EDS) connected to the SEM. The surface topography of the coatings was
identified by BRUKER-Dimension Edge with ScanAsyst atomic force microscopy (AFM).
AFM analysis was conducted in tapping mode for a scan area of 3 pm x 3 pum. The surface
roughness values were obtained after the analysis of AFM images and represented in terms
of root mean square roughness (Rq). Chemical structure of the films was detected by
Fourier transform infrared spectrophotometer (FTIR, Perkin Elmer/Spectral00) with
ATR attachment, working in the range of 4000-650 cm'. AR properties, optical
transmittance and reflectance, of the glass substrates before and after coated with different
films were determined with UV-Visible spectrophotometer having a 60 mm integrating
sphere attachment (Shimadzu/UV-2600-ISR), in the wavelength range of 300-1000 nm.

3. Results and Discussions
3.1. Development of Antireflective SiOz Coatings

SiOz is used to form an AR layer over glass surface because of its low refractive index (RI)
value. SiO: film is deposited on the surface with sol-gel polymerization of TEOS in ethanol
and water under either acid- or base-catalyzed conditions. A network of Si—0-Si gel is
obtained after the hydrolysis of the alkoxysilane, TEOS, as given in Eq.(2) and
polycondensation of the hydrolyzed species (Egs. (3)-(4)) [21].

HYor OH™
=Si—-0C,Hs+H,0 —— =Si—0H + C,H;OH 2
HYor OH™
=Si—-OH+=Si—0CH; —— =S5i—0—Si = + C,H;0H 3)
HYor OH™
=Si—-0OH+=Si—0H ———=S8i—-0-Si= +H,0 (@)
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3.1.1 Effect of Catalyst Type

The hydrolysis and polycondensation reactions, in Egs.(2)-(4), depend on many
parameters like catalyst type, concentration of species, type of solvent, temperature, etc
[22]. However, type of catalyst might have the utmost importance in determining the rate
of hydrolysis and condensation reactions, thus in turn, the growth behavior of SiO:
colloidal particles in a gel. Under acid-catalyzed conditions, primary silica particles tend to
form linear or randomly branched polymeric chains. These chains entangle and are also
cross-linked during growth stage, finally resulting in a dense gel film over the surface
[23,24]. The porosity of this dense film is relatively low, therefore, coatings obtained from
acid-catalyzed sols have a refractive index value of ~1.44 [23-26], nearly the same as that
of bulk SiOz (n=1.45). Using a base catalyst instead leads to a spherically expanding
particle (cluster) growth. The growth of these discrete colloidal particles leads to a
network structure formation, where voids in nanometer scale are entrapped between
them, eventually resulting in a porous film formation over the surface at the end of gelation.
Thus, refractive index of SiO2 coatings obtained by using the base-catalyzed sol (B-Si02) is
reported to be in the range of 1.12-1.35 depending on the resultant pore volume
[19,23,24,27]; remarkable lower than the one using the acid-catalyzed sol (A-SiOz).

The dense and porous structure of the A-SiOz and B-SiOz coatings are assessed with SEM
analysis, shown in Fig. 1(a) and (b), respectively. The films are coated at 120 mm/min
withdrawal speed. Fig. 1(a) points out a smooth and dense surface structure for the acid-
catalyzed SiO: coatings. This must be the consequence of dense packing of chain-like
polymeric particle network. On the contrary, the surface of coatings deposited from the
base-catalyzed sol shows a rather rough surface, as given in Fig. 1(b). Silica aggregates
(light sides) and voids between them (darker sides) can be distinguished from the top
surface view. Similar SEM images were also obtained by Xiao et al. [25] for both acid- and
base-catalyzed SiO2 coatings. The cross-sectional SEM views, given as an inset in Fig. 1(a)
and (b), revealed that B-SiO: film are formed from individual silica clusters in spherical
form while only a dense film is detected in A-SiO2 coatings, probably because of its small
primary particles. The thickness of A-SiOz and B-SiOz layers is measured as ~31+3 nm and
~140+4 nm, respectively. The EDS analysis performed during SEM study indicate the
existence of only silicon and oxygen atoms in the coatings regardless of the catalyst type.
Silicon atom at 33.33 at.% and oxygen atom at 66.67 at.% prove that silica film is in the
oxide state, as given in Fig. 1(c) and (d) for A-SiOz and B-SiOz, respectively.

AFM measurements are performed to elucidate more clearly the surface morphologies of
SiO2 coatings and their roughness profiles. The results are shown in Fig. 2 and confirm the
SEM observations. Three-dimensional (3D) AFM images verify that acid-catalyzed SiO:
coating consists of very tiny particles (Fig. 2(a)), whereas, base-catalyzed SiO: coating is
formed from relatively bigger and discrete particles in spherical form (Fig. 2(b)). The size
of particles measured from AFM images, are found to be in the range of 5-20 nm for A-SiO2
and 30-70 nm for B-SiO2 coatings, compatible with the mean particle sizes obtained by
Vincent et al. [24]. Surface roughness of the coatings is also characterized by AFM analysis
for the entire scan area of 3 um x 3 pm. Root mean square roughness (Ry), the standard
deviation of the distribution of profile heights, is measured as 0.47 nm for A-SiOz and
2.85 nm for B-SiO: films. The roughness values of the coatings are in good agreement with
the Ry values of acid-catalyzed SiO2 (0.394 nm) and porous SiO2 (2.914 nm) coatings,
deposited in the work of Wang et al. [28].The very low R, value of A-SiO2 proves that these
coatings have atomically smooth surface structure, which could only be obtained by the
dense packing of tiny particles. B-SiOz film have relatively rough surface when compared
to A-SiO: film, apparently due to the size of its particles and the voids remained between
these discrete particles. Representative cross-sectional views of the 3D images are
depicted in Fig. 2(c) and (d) to reveal the height profile changes of the film surfaces



Ikizler / Research on Engineering Structures & Materials 6(1) (2020) 1-21

evidently. The height profile (peak heights/valley depths) of A-SiO2 film remains within
the +1 nm range (Fig. 2(c)), verifying the smoothness of the surface. However, the larger
amplitude peaks and valleys within the range of +6 nm (Fig. 2(d)) for B-SiO: film can be
attributed to its rough surface structure. Moreover, the peak widths in the surface profiles
could be taken as an indication of the size of the particles. When compared to narrow peak
widths of A-SiOz2 film, larger peak widths signify the bigger particle existence within the B-
SiO: film. Smooth and relatively rough surface morphologies for acid- and base-catalyzed
SiO2 coatings were also demonstrated by Li and Shen [26] and Wu et al. [23] in their AFM
analysis.
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Fig. 1 SEM images of (a) acid-catalyzed and (b) base-catalyzed SiOz coatings (The insets
show the cross-sectional views); and their corresponding EDS results in (c) and (d),
respectively
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Fig. 2 3D AFM images of (a) acid-catalyzed and (b) base-catalyzed SiO: coatings and their
cross-sectional scans of the surface profiles in (c) and (d), respectively

Chemical structure of SiOz2 films is confirmed with ATR-FTIR measurements and the results
are given in Fig. 3 with the symbols showing the peak locations. Uncoated glass substrate
(soda lime silica glass) shows two peaks at ~780-790 cm and ~900 cm-!, indicating the
symmetric stretching of Si—-O-Si bonds and stretching vibrations of Si—OH bonds,
respectively [21,29]. Beside peaks coming from the glass substrate, the most intense peak
observed at 1060-1080 cm! (indicating with an arrow) can be ascribed to the asymmetric
stretching of Si—-O-Si bonds [21,29]. The presence of this distinct absorption peak verifies
the SiO; formation over the glass surface for both A-SiO: and B-SiO2 coatings and its
network structure, as also indicated by Qian et al. [21] and Ganbavle et al. [30]. Fig. 3 also
shows that the intensity ratio of Si—0O-Si to Si—~OH peaks (at positions 1070 cm? and
900 cm1) is higher for B-SiOz coatings than A-SiOz films, as also found by Vincent et al. [24].
They interpreted this ratio as an indication of the completion of the condensation reaction
of silanol group (Si—OH) in SiO: films. Therefore it can be deduced that using a base catalyst
increases the rate of condensation reaction of silanol group (Si—OH) to form siloxane
groups (Si—0-Si) [22-25]. These findings verify that under the acid-catalyzed conditions,
hydrolysis is fast and condensation is slow; on the other hand, the condensation rate is
faster than hydrolysis rate under the base-catalyzed conditions [22,23,25,31].
Furthermore, the absence of peak at 1400 cm! (bending of C-H bonds) in B-SiO2 films
implies the purity of the coatings since no residual ethoxy groups exist [19]. However, the
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wide weak peak observed at 2985 cm~! (asymmetric stretching of C-H bonds) in addition
to the weak peak at 1400 cm in A-SiO2 coatings must be due to the unreacted TEOS
precursor [19,30]. All these findings denote that SiOz reaction goes to the completion with
a base catalyst under low drying temperatures [19].
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Fig. 3 FTIR spectra of uncoated and SiOz coated glass substrates

Optical transmittance (T) and reflectance (R) spectra of SiO2 coatings obtained using both
acid- and base-catalyzed sols are shown in Fig. 4(a) and (b), respectively. Single-layer SiO2
coatings obviously increase the transmittance of the glass substrates for both catalysts
when compared to uncoated one. Average transmittance of uncoated glass, in the whole
visible light range of 400-800 nm, is calculated as 91%. Coating the glass surface with base-
catalyzed SiO: film raises the average transmittance to 98.1% at this wavelength range but
with acid-catalyzed SiO: film, only to 92.3%. In other words, ~7.1% increase in
transmittance is gained with B-SiO2 coating, compared to ~1.3% increase with A-SiO:
coating. Substantially higher transmittance of B-SiO: film must be the results of its porous
structure, as also confirmed by SEM and AFM images. It can be deduced that AR properties
of glass is significantly enhanced by B-SiO2 coatings. Fig. 4(b) also supports this inference.
While ~9% of light is reflected from both sides of the air/uncoated glass interface in
wavelength range of 400-800 nm, this average value can be reduced to 1.8% by coating the
glass surface with B-SiOz film. Moreover, it can be lowered to even below 1% in the
wavelength range of ~560-790 nm and to a lowest level of 0.4% at 655 nm. However,
average reflectance value of glass can only be reduced to 7.7% by A-SiO2 coating.

Glass substances coated with AR films attain zero-reflectivity in air medium if destructive
interference can be created between light reflected from the coating/air interface and
coating/glass interface. This condition can only be met if both refractive index and
thickness of the applied coating are appropriately chosen [32]: (i). Refractive index value
(nc) of the coatings applied on glass surface should be between 1.21 and 1.25, as can be
calculated from Eq.(1). (ii). thickness of coatings (dc) should be adjusted so that
destructive interference can occur at one quarter of the wavelength (1) of incident light
desired [32]:

d. = (4/4)/n, (5)

Reflectivity of base-catalyzed SiOz coating could be as low as 0.4% as shown in Fig. 4(b), so
it can be inferred that, RI value of these coatings must be within 1.21-1.25 range. Rl value
of B-SiO2 coating can be estimated using Eq. (5), considering the wavelength at minimum
reflectance (4=655nm) in Fig. 4(b) (or maximum transmittance in Fig. 4(a)), and its
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coating thickness, dc = 140 nm (from Fig. 1(b)). ncis calculated as ~1.17, in agreement with
the experimental nc results of Xiao et al. [25], Suratwala et al. [19] and also Yan et al. [27]
who used approximately the same molar ratio of components with this work. When
compared to nc = 1.45 of bulk SiO3, this low RI value proves the porous nature of B-SiO2
coatings. The base-catalyzed hydrolysis leads to bigger particle formation, as determined
by AFM images. Void spaces are remained between these bigger particles during particle
packing. A porous coating is finally formed at the end of gelation, where air can be
entrapped within voids (nar = 1), resulting in a lower refractive index compound, nc ~ 1.17
[24,33,34]. On the contrary, tiny silica particles are obtained if an acid catalyst is used.
When the particle size becomes smaller, void spaces between these particles decrease
considerably during the particle packing. Hence, RI of this final dense film is high [24,33].
The reason of the very high transmittance values attained by B-SiOz coating compared to
dense A-SiOz2 coating must be the lower refractive index of the base-catalyzed film.
Therefore, this work is mainly focused on base-catalyzed SiO2 coatings to achieve zero-
reflectivity.
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Fig. 4 Effect of catalyst type on (a) transmittance and (b) reflectance spectra of single-
layer SiO2 coatings (WS=120 mm/min)

Surface topography of the coatings must also be taken into consideration to prevent light
scattering for attaining zero-reflectivity. A rough surface may lead to optical scattering loss
in the transmitted light (transmission haze), especially if the magnitude of the surface
roughness is close to the working wavelength of light [3,24,26,35]. Vincent et al. [24]
calculated the scattering loss in transmitted light (Taiffuse/ Ttotal ratio at A = 550 nm) caused
by the surface roughness of their acid- (R; = 0.3 nm) and base-catalyzed (R, = 4.5-16.2 nm)
silica films. No any significant surface light scattering was detected in their work and
0.67% maximally, for the base-catalyzed films having R; = 16.2 nm. In addition, using the
Rayleigh scattering model (roughness dimensions are lower than the wavelength of light),
Mozumder et al. [3] evaluated Rayleigh scattering in the visible region (at A =532 nm) as
negligible for silica (n.=1.43) surfaces if roughness is smaller than 100 nm. Since Rq
roughness of both A-SiO2 (R; = 0.5 nm) and B-SiOz (R; = 2.9 nm) coatings in this work is
less than 3 nm, it can be inferred that, intensity of the scattering loss in transmitted light
can be accepted as negligible in the working wavelength range of 4=400-800 nm with
these very small roughness values of either catalyst type [28,36]. The optical results of this
work are the results of total light transmittance (or reflectance) measurements obtained
by the integrating sphere attachment. Transmission haze, the percentage ratio of the
diffusely (scattered) transmitted light to the total transmitted light (Taiffuse/ Ttotal O (Ttotal-
Tairect) / Ttotal), can be estimated if the intensity of the directly transmitted light values are
known [35]. By this approximation, transmission haze is found as 0.4% and 0.9% for A-
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Si02 and B-SiO:z coatings, respectively, consistent with the roughness values. In addition, if
the thickness of coatings is increased, a maximum haze of 1.1% is observed, showing the
high direct transmittance and low transmission haze of the coatings [24,28,35,36].

3.1.2 Effect of Withdrawal Speed

Thickness of coating can be adjusted for minimum reflectivity by changing the withdrawal
speed (WS) in the dip coating technique, keeping all other parameters constant. The effect
of WS, ranging from 30 to 240 mm/min, on the optical properties of base-catalyzed SiO:
coatings is shown in Fig. 5. Transmittance spectra in Fig. 5(a) show that B-SiOz coatings
increase the transmittance of glass for all speeds. However, highest transmittance value
(the maximum peak point of the broad spectrum) of 99.8% is reached at WS=90 mm/min.
Withdrawal speeds >90 mm/min result in very slight decrease in maximum peak values,
from 99.8% to 98.5%. In addition, maximum transmittance peak positions shift towards
longer wavelengths with the increase in WS, as noted in Table 1. The red-shift in
wavelengths for WS> 90 mm/min can be attributed to an increase in coating thickness, as
also detected by Yuan et al. [37] in their working WS range of 48-120 mm/min for porous
SiO2 films and by many others [24,27,29,38]. Considering Eq. (5), this red-shift behavior
must be the results of better matching between the refractive index (nc~ 1.17) and
thickness of the coatings, dc [38]. The theoretical thicknesses are calculated to satisfy the
quarter-wave condition at wavelength of maximum transmittance [9,20,38,39]. The d.
results are given in Table 1 and the real film thicknesses measured from the SEM views are
in good agreement with these computed d. values with a maximum difference of 9 nm. The
similarity between computed and measured thickness values for AR coatings is also
confirmed by Prado et al. [38], Ye et al. [20] and, Han and Kim [39]. In addition, it is
calculated that coating thickness increases with increasing WS (> 90) according to the
relation, d. ~ WS%5 (R?2=0.9942); in accordance with the thickness evolution of the dip-
coated films (Theoretically at high withdrawal speeds, viscous drag forces is balanced with
gravitational force in the thickness evolution) [17,40]. On the other hand for lower WS
(< 60 mm/min), the resultant coatings must be too thin and probably more amorphous
than the thicker films obtained at WS > 60 mm/min. This might be the reason of relatively
lower transmittance values and inconsistency in peak positions at these low speeds. The
same trends and findings are also detected in reflectance measurements given in Fig. 5(b).
B-SiO2 coatings significantly decrease the reflectance of glass and minimum reflectance
values, changing from 0.3% at 90 mm/min to 0.6% at 240 mm/min, are achieved with a
red-shift in the spectra. Hence, it is possible to obtain AR coatings having minimum
reflectance at different wavelengths, which will be applicable to different optical end-uses.
Effect of WS on acid-catalyzed SiO: films was also investigated but only 1.5% gain in
transmittance was detected maximally.

Transmittance and reflectance values at 550 nm are drawn in Fig. 5(c) to compare the
effectiveness of AR coatings in solar radiation spectrum, since 550 nm wavelength
corresponds nearly to the maximum intensity of the solar radiation spectrum [34].
Transmittance increases with the increase in WS up to 90 mm/min, at which maximum
transmittance of 99.8% coincides with transmittance at 550 nm wavelength. This value is
higher than the transmittance values found in previous reports: e.g. 99% (4=548 nm)
obtained by Vincent et al. [24] at WS=85 mm/min, 99.4% (1=500 nm) achieved by Prado
et al. [38] at WS=150 mm/min, 97.5% (4=500nm) found by Mahadik et al. [36] at
WS=80 mm/min and 98.78% (4=550 nm) found by Xu et al. [34] at WS=162 mm/min.
Although the coating parameters are too different in these studies, the coating thicknesses
are varied between 100-110 nm. The SEM thickness of B-SiOz coating at 90 mm/min is
measured as 108+5 nm. Hence, the very high transmittance value attained in this work
must be the result of proper adjustment of the required thickness (Table 1) for maximum
transmittance at 550 nm based on quarter-wavelength rule. Additionally, the roughness of
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the B-SiO2 coatings is negligibly small to create any scattering loss. With the increase in
coating thickness further, WS > 90 mm/min, a nearly linear decrease in transmittance at
550 nm is observed; and it is reduced to 92.7% at 240 mm/min, still higher than that of
uncoated glass. Reflectance values show the mirror-image similarity with the
transmittance data. A minimum reflectance of ~0.3% is achieved at 90 mm/min and it
increases linearly with the increase in WS.

Transmittance values at 550 nm are also compatible with their corresponding average
values, calculated in the wavelength range of 400-800 nm and given in Table 1. High
average transmittance values of 98.8-94.2% and also low average reflectance values of 1.2-
5.1% verify the effectiveness of all B-SiOz coatings in the entire visible light range.
Nevertheless, the films obtained by WS = 150 mm/min will be more effective at longer
wavelengths, as inferred from their higher average transmittance values than their
transmittance values at 550 nm. Also, the significant red shift in wavelengths at maximum
transmittance for WS = 150 mm/min given in Table 1 substantiates this inference.

Table 1 Transmittance (T) values of single-layer B-SiOz coatings deposited at different
withdrawal speeds

Coatin Withdrawal Maximum Wavelength at Film Average T
Nameg Speed T Maximum T Thickness at400-800 nm
(mm/min) (%) (nm) (nm) range (%)
Uncoated
Glass (G) i i i 910
30 98.2 670 - 96.8
60 98.7 610 - 98.0
90 99.8 550 118 98.8
120 99.5 655 140 98.1
G/B-Si02
150 99.2 720 154 97.0
180 99.3 790 169 95.9
200 98.8 820 175 95.1
240 98.5 890 190 94.2

On the whole, it can be deduced that WS of 90 and also 120 mm/min seem to be the
optimum conditions for B-SiOz films because of their high transmittance values in terms of
both average (98.1-98.8%) and maximum (99.5-99.8%). In terms of average, 7.8% gain at
WS =90 mm/min and 7.1% gain at WS = 120 mm/min shows their effectiveness in the
whole visible light range. Furthermore, transmittance of these films is greater than 97%
nearly in the entire visible light range and greater than 99% in the broad wavelength range
of visible light (460-660 nm at 90 mm/min and 560-760 nm at 120 mm/min). The average
transmittance values of 98.8-98.1% at 90-120 mm/min are greater than the average
transmittance value of 96.6% at WS =96mm/min in the work of Yuan et al. [37]
corresponding to B-SiO: films of the same RI values.
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3.2. Development of TiOz Coatings

Although base-catalyzed SiO2 coatings improve the light transmittance of glass
considerably, their durability is reported to be quite low because of their porous structure
[31]. The connections between spherical particles within the porous film are all point-
contacts, thus leading to low durability against scratches and environmental factors
[26,31]. Moreover, as the pores get affected by humidity, optical properties of the porous
film will get reduced by time [25,26]. Thus, AR coatings also have to possess high durability
besides its AR properties for their usage especially in outdoor applications (e.g. solar
collectors). In this work, it is aimed to protect porous silica layer from the external factors
by coating it with a TiO:z layer, which have excellent chemical and mechanical durability in
addition to well-accepted self-cleaning and superhydrophilic features [32]. The only
disadvantage of the TiO: film in AR applications is its high refractive index value, n. = 2.3-
2.5[32,41], since the required condition given in Eq. (1) cannot be not satisfied. Therefore,
at first, optimization of the dip-coating process parameters in single-layer TiO: film
production is performed to maximize the transmittance, before being applied to the
multiple coatings.

Transmittance change of TiO: films obtained from the sols with different titanium
concentrations is shown in Figs. 6(a) with respect to withdrawal speed (Transmittance
spectra of TiOz coating for WS =90 and 120 mm/min are given in Fig. 9). TiO: film layer
reduces the transmittance of glass substrate remarkably below to its uncoated level. Since
acid-catalyzed sols are used in TiO2 deposition, the final dense film must be the reason of
low transmittance values. The same results were also found by Miao et al. [41] and they
attributed this decline to dense and non-porous film structure of TiO.. Maximum
transmission of light is found at WS =60-120 mm/min range for all titanium
concentrations but the highest at 90 mm/min. Transmittance tends to diminish with
further increase in WS (i.e. coating thickness), because of the higher light absorption
capacity of the thicker films. An increase in titanium concentration also causes an increase
in film thickness [42], so, a further fall in the transmittance of films is detected for
[Ti]=0.2M sols. Maximum transmittance of 87.4% is achieved at 0.1 M titanium
concentration corresponding to a film thickness of 28+4 nm, while it falls to 80.1% at 0.2 M
case and even up to 70% at 0.3 M (data not shown here). Parado et al. [38] found
transmittance of 41 nm thick dense titania films (WS=150 mm/min) as 79% at 550 nm, by
using nearly the same sol composition of [Ti]=0.2 M. Higher titanium concentration of
0.9 M was studied by Touam et al. [43] for three different WS of 10, 20 and 30 mm/min.
They obtained only a slight increase with the increase in WS, but transmittance at
A=550 nm is measured as ~68% for these thick (80-123 nm) titania films. Mohallem et al.
[44] investigated the optical transmittance of TiO: films for low withdrawal speeds of 12-
90 mm/min. The thickness of their films were changed from 40 to 800 nm, depending on
the WS, but none of their film achieved to reach over the transmittance of glass (~78% at
A=550 nm for 40 nm thick TiOz2 films). The results of this work are in good agreement with
the previous findings, and transmittance enhancement up to 87.4% is attained by
decreasing titanium concentration to 0.1 M and WS to 90 mm/min.

The effect of dwell time at constant WS (120 mm/min) is also investigated, as shown in
Fig. 6(b). The substrates are immersed in the sol and allowed for different durations to be
completely wetted by the sols before taken out. Extending dwell time does not give much
change to the final transmittance of the TiOz coatings. However, it is selected as 10 min to
ensure that glass surface is uniformly wetted by the sol all over the entire surface.
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SEM view of the TiO2 coatings, obtained from the sol having 0.1 M titanium concentration,
is givenin Fig. 7(a). The SEM image verifies a dense, smooth and non-porous film formation
over the glass surface. The cross-sectional view of the coatings, represented in Fig. 7(a) as
an inset, points out a very thin continuous TiO2 film formation. The thickness of the film is
measured as 34+4nm for WS=120 mm/min. EDS measurement given in Fig. 7(b)
demonstrates the titanium and oxygen existence in the coatings. Since TiO: film is too thin,
additional peaks (like Si, Na) coming from the glass surface are also detected. FTIR spectra
of TiOz coatings show the only peaks belonging to the glass substrate, since the
characteristic Ti-O bond at around 500-600 cm! wavelength range is out of the
measurement range (650-4000 cmt) of the ATR-FTIR (used for film samples) instrument.
X-ray diffraction measurements of TiO2 films are also conducted; however, no peaks could
be detected in the XRD pattern. The absence of peaks must be the result of amorphous
structure of TiO: films. The similar phenomena are also observed in the XRD analysis of
the SiO: films. Touam et al. [43] for TiO: films and also Mahadik et al. [36] for SiO: films
could not be detected any peaks in their XRD analysis. They attributed the absence of peaks
to the amorphous nature of the resultant films.

AFM results confirm the SEM observations. 3D AFM image presented in Fig. 7(c) shows
that the surface of the coating is very smooth and covered by tiny particles. The Rq
roughness of the film is only 0.24 nm, even smaller than the dense A-SiO2 films, probably
due to high acid concentration of titanium sols. A representative line scan of this surface is
illustrated in Fig. 7(d). The height profile fluctuations of the coatings changes only within
the +0.5 nm range (Fig. 2(c)), verifying the smoothness of the surface. As the details are
given in Section 3.1.1, acid-catalyzed reactions lead to the growth of linearly or randomly
branched polymeric particle chains with fast hydrolysis and slow condensation [31,43].
Therefore, the resultant film has a dense structure. These results are in good agreement
with several works reported in the literature [20,31,42-44].

3.3. Development of Double-Layer Coatings

Double-layer AR coatings, Si02/TiO2, are produced by coating the antireflective B-SiO2
layer with TiO2 layer. The thickness of outer TiO: layer is altered by depositing from sols
with different titanium concentrations (0.1 M or 0.2 M). Transmittance change of the
resultant double-layer coatings at 550 nm wavelength are drawn in Fig. 8 together with
their corresponding single-layer coatings. When porous B-SiO: film is coated with 34+4 nm
thick TiO: films, corresponding to 0.1 M titanium sol concentration, transmittance of the
resultant stack falls in between to that of single-layer B-SiOz and single-layer TiO2 (0.1 M).
Although transmittance of B-SiOz2/TiOz (0.1 M) double-layer coatings falls short of the
single-layer B-SiOz coatings (from 98.9% to 96.3%), B-Si02/TiO2 (0.1 M) system improves
the transmittance of glass considerably, ~5% gain. When the thickness of TiO2 layer is
increased to 49+3 nm in B-Si0z/TiOz system by using 0.2 M titanium concentration,
transmittance decreases further to 85.8%, which is quite below than that of uncoated glass
(91.2%). Lari et al. [45] observed a decline in transmittance of glass to ~89.8% at 550-
630 nm range, by coating with SiOz/porous-TiOz double-layer system (WS=25 mm/min)
having nearly the same thickness of layers, 150 nm/30 nm, of this work. Miao et al. [41]
attained 3.4% gain in transmittance in 400-800 nm range using a porous TiOz outer layer
in their porous-SiOz2/porous-TiOz (48.6 nm/22.5 nm) system. Kesmez et al. [42] also
produced SiO2/TiOz coatings with 4-5% gain in transmittance of glass. Hence, ~5%
achievement with a dense TiO2 film can be considered as a good result when compared to
previous SiO2/TiO2 studies even possessing an outer porous TiOz layer. This high gain must
be the results of using a very thin TiOz layer above the porous SiO: layer having very high
transmittance [41]. Kesmez et al. [42] emphasized that TiOz thickness should be kept as
low as possible by decreasing the Ti concentration in order to preserve the AR properties
of SiOz layer. Furthermore, the results of Ramirez-Garcia et al. [46] showed that outer TiO:
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layer of very small thickness (20-50 nm) still gives improved abrasion resistance and
lower transmission haze to the resultant SiOz2/TiO: bilayers. If dense A-SiO: film is used in
the double-layer system, transmittance of the resultant stack falls to 87.1% by coating with
0.1 M TiOz layer and further to 77.1% by coating with 0.2 M TiOz2 layer. It can be deduced
that, no any improvement in transmittance of glass could be obtained with A-SiO2/TiO:
double-layer system when nonporous, dense structures are used in both layers. Thus, the
introduction of nano pores into the structure seems to be a requisite for higher optical
properties.
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Fig. 8 Transmittance values at 550 nm wavelength of single- and double-layer coatings,
obtained by using base-catalyzed SiO: film as the inner layer (WS=120 mm/min; the
values in parenthesis denote the titanium concentration in TiO2 sols)

Thickness of each layer in the B-SiO2/TiOz (0.1M) system is varied by differentiating the
withdrawal speeds to investigate any further improvement in transmittance. The results
at 550 nm wavelength are given in Table 2. When B-SiO: layer is deposited at WS of
90 mm/min (d:~ 108+5 nm), as in 90/90 (T=94.3%) and 90/120 (T=93.9%) coatings,
transmittance nearly remains constant with the change in TiO: film thickness. The single-
layer thicknesses of TiO2 films are 28+4 nm and 34+4 nm for WS =90 and 120 mm/min,
respectively. Nonetheless, when B-SiO: layer is coated at 120 mm/min speed
(d: = 140£4 nm), highest transmittance of 96.3% is achieved if TiO2 layer is also coated as
thick with 120 mm/min. Another point of view is that, if the outer TiO: layer is applied as
thick (as in 90/120 and 120/120 coatings), the inner B-SiOz layer must be thick also, and
vice versa. These results imply that the light waves reflected from the interfaces of the
layers interfere destructively mainly in the 120/120 coatings, that is, by the thicknesses of
layers obtained at WS=120 mm/min. The thickness of each layer in 120/120 double-layer
system is measured using the cross-sectional SEM views, and are found as ~138 nm and
~37 nm for B-SiO2 and TiO: layers, respectively. The results are compatible with the single-
layer thickness measurements. In addition, the existence of silicon and titanium atoms in
the double-layer coatings is confirmed with EDX analysis, performed at the same time with
SEM measurements.

The AR performance of the B-SiO2/TiO2 double-layer coatings in the whole visible light
range (400-800 nm) is evaluated with the transmittance spectra given in Fig. 9, with their
corresponding single-layer coatings for comparison. Transmittance of single-layer dense
TiO2 coatings is significantly lower than that of uncoated glass in the entire range.
However, the inclusion of an inner B-SiOz layer beneath the TiO2 coatings results in highly
effective double-layer coatings. Although their transmittance is not as high as that of
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single-layer B-SiO: films, AR characteristics of the inner SiO2 layer are still preserved. B-
Si02/TiOz coated glass, of each layer deposited at 120mm/min, transmits light higher than
the uncoated glass in the whole measurement range. Moreover, transmittance 296% is
achieved for wavelengths >530 nm and 98% transmittance is obtained maximally at
A=750 nm. When the WS of TiO2 film is decreased to 90 mm/min, transmittance of
120/90 coatings reaches over to that of uncoated glass after 4> 450 nm but is still lower
than that of 120/120 coatings for all wavelengths. The same phenomena are also observed
in 90/90 and 90/120 coatings if thinner B-SiOz films of 90 mm/min is used.

Table 2 Transmittance (T) values of single- and double-layer coatings deposited at
different withdrawal speeds

Coating Name WItlE?;—;v;?riiiI;eed' Tat (5(;3 nim, ﬁzgrg%%'f:rf
B-SiO: Layer TiOz Layer range, (%)
G (Uncoated Glass) - - 91.2 91.0
G/Si02/Ti0z (90/90) 90 90 94.3 94.4
G/Si02/Ti02 (90/120) 90 120 93.9 94.1
G/Si02/Ti02 (120/90) 120 90 93.8 94.1
G/Si02/Ti02 (120/120) 120 120 96.3 96.2

The average transmittance of coatings at 400-800 nm wavelength range is also calculated
and given in Table 2. Average values are in consistency with the values at 550 nm. Table 2
points out that, all double layer coatings bring about an average of 3-5% gain in
transmittance to glass slides in the whole visible range. Moreover, in the broad range of
wavelength from ~500 to 800 nm, an average gain of 6% (or T =297.2%) and 7% gain
maximally is achieved with the 120/120 coatings, while an average gain of 4% (or
T 295.1%), with all other double-layer coatings. In addition to solar applications [3],
transmittance improvement in this wavelength range is also important in the development
of high power laser systems [26].
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Fig. 9 Transmittance spectra of single- and double-layer coatings (values in parenthesis
are the WS of each layer)
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4. Conclusion

Single- and double-layer antireflective coatings are developed using sol-gel and dip coating
methods to function in the whole visible light range of 400-800 nm. SiO2 is used as the AR
layer and TiO2 is selected to perform as a protective coating. At first, the optimized
conditions in the deposition of single-layer films are determined; then, double-layer
coatings of SiO2/TiO2 are developed by taking these optimized conditions into account to
achieve a high transmittance.

Effect of catalyst type of silica sols (for the porosity change), and also withdrawal speed
(for the thickness change) are investigated in the deposition of single-layer SiO: films. It is
found that, base catalysts gives rise to the formation of a porous B-SiO: film, so leading to
a decrease in the refractive index value up to ~1.17. Hence, an average of 7-8% gain in
transmittance in 400-800 nm range is achieved with B-SiO: films when compared to
uncoated glass. The results also show that the maximum transmittance of 99.8-99.0% at
550 nm is achieved at 90-120 mm/min speeds corresponding to a coating thickness of
~110-140 nm. Moreover, B-Si0z coatings with maximum transmittance working at
different wavelengths can be achieved by increasing coating thicknesses further. On the
other hand, acid-catalyzed A-SiO: coatings have dense structures, resulting in a slight
increase in transmittance (only 1-2% gain).

AR coatings have to possess high durability besides their AR properties for the usage in
outdoor applications. For this reason, double-layer AR coatings are prepared by covering
inner B-SiO2 layer with an outer TiO: film, since the excellent chemical and mechanical
durability of TiOz is well-accepted in the literature. The inclusion of a nonporous and high
RI TiO: coating leads to a decrease in transmittance, compared to single-layer B-SiO:
coatings. However, adjustment of thickness of each layer (to create destructive
interference) and the usage of porous SiOz film as the inner layer, allow SiO2/TiO2 coatings
to transmit light higher than the uncoated glass. 5-6% achievement in transmittance of
glass, in the whole visible range of 400-800 nm, shows that these coatings can be used in
solar energy systems such as glass covers of solar collectors and photovoltaic panels; and
also be used in the development of high power laser systems. In addition, these AR coatings
can be applied to the all type of transparent surfaces since this production method do not
require high temperatures. This work only focuses on the optical properties of double-
layer coatings, their durability is under investigation.
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