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Preparation of mechanically stable triple-layer
interference broadband antireflective coatings with
self-cleaning property by sol—gel techniquet
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Antireflective coatings usually suffer from poor functional durability during outdoor service. The
incorporation of additional properties, such as broadband antireflection, self-cleaning and mechanical
stability, is of great importance. In the current work, we synthesized broadband AR coatings via the
design concept of triple-layer interference coating. SiO,-TiO,, TiO, and nanoporous TiO,-SiO,
composite thin films were employed as bottom, middle and top layers. Substrates (BK-7 glass) coated
with the triple-layer films attained consistent high transmittances at 500-700 nm and the average
transmittance at that region was 99.4%. The triple-layer films exhibited an outstanding superhydrophilic
property with water contact angle of 2° in 0.5 s, and the superhydrophilicity could last for 30 days in the
absence of UV illumination. These triple-layer coatings also showed a good ability to decompose
organic substances under UV irradiation. The synergistic effect between superhydrophilicity and
photocatalysis provides the films with self-cleaning effect. Meanwhile, the abrasion resistance test of the
triple-layer films indicated favorable robustness and good adhesion of the films to substrates. This
multifunctional film can have potential applications in various areas, like solar cell panels, green houses

rsc.li/rsc-advances and architectural glasses.

Introduction

Antireflective (AR) coatings have been widely used in optical
devices and energy-related applications, such as solar cells,
windscreens and high power lasers, to suppress the undesired
interfacial Fresnel reflections.”” Conventional single-layer
quarter-wave AR coatings, which only work over a narrow
band of wavelengths, are seriously limited in application. In
many situations such as solar systems and display systems,
a broad low-reflection region is required. Driven by the demand
for AR coatings with better AR characteristics, a variety of
broadband AR coating designs have been proposed or
demonstrated.

Some encouraging broadband AR coating technologies are
based on subwavelength structures (SWSs) inspired by moth
eyes. As the structural features of the hexagonally arranged
pattern of conelike protuberances are below the diffraction
limit, the surface appears to have a continuous refractive index
gradient between air and substrate that practically removes the
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optical interface. SWSs can be realized using various technolo-
gies such as a “top-down” patterning including self-assembly of
nanoparticles,” nanoimprint lithography,® etching process>*’
or “bottom-up” growth of tapered nanorods." All of these SWSs
coatings were reported to strongly suppress reflectance over
a very broad spectral region.

An alternative way of reducing broadband reflectance is to
gradually reduce the refractive index of the film from the
refractive index of the substrate (1) to the refractive index of air
(Mair). This graded refractive index (GRIN) structure can be
realized with quintic/modified quintic profiles'>** or multiple-
discrete-layer design.'**® AR coatings with these refractive
index profiles are able to achieve a better broadband AR prop-
erty. However, optical materials with very low refractive indices
that closely match the refractive index of air are needed. Yet
such low-refractive-index materials generally have a low packing
density, which affects the mechanical strength of the AR coat-
ings and thus raises durability issues especially in outdoor
use.16,17

Double/multiple interference films can also realize broad-
band AR function by destructive interference of light reflected at
different interfaces. Compared to the complex fabrication
processes of aforementioned bionic broadband AR thin films or
graded-refractive-index films, however, this method is simpler.
As to double-layer interference films,'*-*° the refractive index of
the top-layer needs to be sufficient low, thus film material is

This journal is © The Royal Society of Chemistry 2017
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always limited to the one with low refractive index, such as SiO,.
In contrast, triple-layer interference films with quarter-half-
quarter wavelength in optical thickness (i.e. A/4-1/2-4/4) may
be a better choice, as they can provide consistent high trans-
mittances in a broad region and do not need material with very
low refractive index.”*** The design concept of A/4-1/2-1/4
triple-layer interference films was first described and realized by
Lockhart and King.** The obtained triple-layer AR coating
afforded the substrate a constant low-reflectance over the entire
visible region. Our group® optimized Lockhart's triple-layer AR
coating by investigating the effect of refractive indices of three
layers on broadband AR property. The glass coated with the
resultant SiO,/TiO,/Si0,-TiO, triple-layer coating achieved an
average transmittance as high as 98.4% at visible region.
However, films' self-cleaning capacity, which is crucial for
outdoor service, was not investigated in the study.

In practical application, however, AR coatings with only anti-
reflection capacity usually suffer from optical function loss due
to the accumulation of contaminants and the poor mechanical
robustness. Titania (TiO,) was widely applied to improve the
durability and mechanical robustness of thin films**® because
of its interesting properties including photoinduced super-
hydrophilicity, photocatalytic activity, antibacterial function and
high hardness. However, incorporating TiO, into AR coatings
poses a major challenge because of its high refractive index (n >
2.0).” And thus, when it is applied as AR coatings, the
percentage of TiO, must be kept low. However, the low TiO,
content is unfavorable for the self-cleaning property. Another
problem is that the photocatalysis activity and photo-induced
hydrophilicity will be affected in the absence of UV exposure,
such as in rainy or cloudy days. So a film, which can have a better
efficiency of self-cleaning property even at low intensity of UV
irradiation, is highly desired. As previously reported, films with
porous structure tend to maintain superhydrophilicity for a long
time in the absence of UV light.”***** And the porous structure is
also beneficial to films' photocatalytic activity.***' However, on
the other hand, the high porosity can have an adverse impact on
mechanical stability.'"” In summary, fabrication of films with
these integrated properties (i.e. broadband AR, photocatalytic
activity, durable superhydrophilicity and mechanical stability) is
a complicated challenge that demands a detailed investigation
to achieve a balance between them. Recently, SiO,-TiO, hybrid
films have been increasing studied due to their significant
potential in realizing such multifunctionality.>>¢3

Huang et al.*® fabricated TiO,-SiO, stack coatings with
graded refractive index (GRIN) structure. The broadband AR
property was achieved over the solar spectrum with an increase
of solar transmittance by 7.80% and maximum transmittance of
99.16% at 550 nm. Nevertheless, the coating (WCA: 25-80°) was
not superhydrophilic, which is favorable for self-cleaning and
antifogging functions. He's group®® synthesized SiO,&TiO,
double-shell hollow nanospheres (DSHNs) and DSHNs-based
multifunctional AR thin films. Substrates with DSHN thin
films attained transmittance as high as 99.4% and average
transmittance up to 98.5% in the visible region. This SiO,&TiO,
film exhibited intrinsic superhydrophilicity, anti-fogging and
high photocatalytic activity. Unfortunately, the film coated
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substrate achieved maximum transmittance at a given wave-
length other than at a broad region. The research of multi-
functional TiO,-SiO, coatings usually either focused on the
broadband AR property but ignored the durability of the coat-
ings, or did not attach importance to broadband AR property
and the transmittance curves of the obtained films were just the
same as that of the single-layer quarter-wave AR coatings. Few
works took all these properties into account and achieved
a balance between them.

In the current work, we designed a A/4-A/2-1/4 triple-layer
broadband AR coating. Compared to the most of the broad-
band AR coatings' preparation methods which need a material
with a very low refractive index, our design only requires an
index of 1.41 as top layer (the layer requires a lowest refractive
index among the three layers, Details in 3.1), so it is possible to
introduce a certain amount of TiO, into the film. Actually, we
adopted nanoporous SiO,-TiO, composite film as top layer on
the purpose of obtaining a natural superhydrophilicity as well
as enhancing the photocatalysis activity. However, considering
its negative effect to mechanical strength, the porosity was
limited. Thus, a multifunctional thin film with the desired
characteristics (i.e. broadband antireflective, self-cleaning and
mechanical stability) can be realized.

The A/4-A/2-2/4 triple-layer films were fabricated by a simple
sol-gel dip-coating process. Films' refractive index and thick-
ness of each layer were optimized with the aid of thin film
design software (TFCalc™). Substrates (BK-7 glass) coated with
the triple-layer films attained consistent high transmittances at
500-700 nm and the average transmittance at that region was
99.4%. At the entire visible region, the average transmittance
was 98.7%. This triple-layer film showed instinct super-
hydrophilicity which can last for a month and high photo-
catalytic activity. Meanwhile, the abrasion-resistance tests
showed the favorable robustness of the triple-layer films. Thus,
the triple-layer interference films with multifunctional proper-
ties of broadband antireflection, durable superhydrophilicity,
photocatalysis and mechanical stability were successfully real-
ized and the multifunctional films can have potential applica-
tions in various areas, like solar cell panels, green houses and
architectural glasses.

Experimental section

Materials

Tetraethylorthoxylsilicane (TEOS, 98%) and F127 Pluronic
(EO106-PO7¢-EO106, My, = 12 600 g mol ) were purchased from
Sigma-Aldrich. Titanium n-butoxide (n-Buti, 99%) was
purchased from Acros. Hexadecyltrimethoxysilane (HDTMS,
85%) was purchased from Aladdin. Ethanol (EtOH) and
concentrated hydrochloric acid (HCl, 37%) were purchased
from Kelong Chemical Reagents Factory. The water was deion-
ized. All chemicals were used without further purification.

Preparation of acid-catalyzed SiO, sol

Tetraethylorthoxylsilicane (104 g) was mixed with anhydrous
ethanol (860 g) and water (36 g) that contained concentrated
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hydrochloric acid (0.2 g). The final molar ratio of
TEOS : EtOH : H,O: HCl was 1:37.5:4:0.004 and the
concentration of equivalent SiO, was 3 wt% (assuming that
1 mol of TEOS gives 1 mol of SiO,). The solution was stirred in
a closed glass container at 30 °C for 2 h, and then aged at room
temperature for 7 days.

Preparation of acid-catalyzed TiO, sol

TiO, sol was prepared by mixing EtOH, H,O and HCI first, and
then dropwise adding n-Buti under stirring. The molar ratio of
n-Buti : H,O : C,HsOH : HCI was 1 : 3.55:49.75 : 0.22 and the
final concentration of TiO, was 3% by weight (assuming that
1 mol of n-Buti gives 1 mol of TiO,). The solution was stirred in
a closed glass container at 30 °C for 2 h, and then aged at room
temperature for 7 days.

Preparation of template-based SiO,-TiO, composite sols

The aged SiO, sol and TiO, sol were mixed with various weight
ratios. The proportions of TiO, sol to composite sol were 0%,
10%, 20%, 30%, 40%, 50%, 60%. The mixed sols were aged at
30 °C for 7 days. And then the template F127 was added into the
composite sols. The weight percent of F127 to composite sol
varied from 0% to 6%.

Films preparation

BK-7 substrates (® = 35 mm, d = 3 mm) were cleaned by
ultrasonication in acetone for 10 min and wiped carefully before
dip-coating. The sols were deposited on BK-7 substrates by dip-
coating under ambient condition of 30% RH (relative humidity)
and 30 °C. The thickness of the film was optimized by varying
dip-coating speeds (withdraw rates). SiO,-TiO,, TiO,, and
nanoporous TiO,-SiO, composite thin films were employed as
bottom, middle and top layer, respectively. The corresponding
sols were deposited on a BK-7 substrate sequentially with an
interval of 2 minutes to ensure complete evaporation of solvent.
The withdraw rates for bottom, middle and top layer were about
175 mm min !, 500 mm min ' and 160 mm min~", respec-
tively. The as-deposited triple-layer films were pre-heated at
100 °C for 1 h, and then annealed at 400 °C for 2 h to completely
remove the organic species and ensure crystallization of TiO,.
Apart from the above-described thin film samples, TiO, powder
samples were also prepared by the same procedure as the thin
films; TiO, sol was firstly dried at 100 °C in air in order to obtain
a gel, and then annealed at 400 °C for 2 h, and eventually
grounded by an agate pestle and mortar to obtain TiO, power.

Characterizations and measurements

X-ray diffractometer (XRD, Philips X'PertMRD, Netherlands)
was employed to study the crystal structure of the powder
samples with a scanning rate of 5° min~* from 20° to 80°, using
Cu Ko radiation. Fourier transform infrared (FTIR) spectra of
the films were analyzed by FTIR (Brubler Tensor 27) in trans-
mission mode. The samples were deposited on KBr salt tablets
via sol-gel dip-coating method. To determine particle size and
distribution, the SiO, and TiO, sols were analyzed by dynamic
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light scattering (DLS, Malvern Nano-ZS, wavelength of 632.8
nm) at 25 °C. Water contact angles were measured with a Kriss
DSA100 (Germany) instrument using deionized water as the
probe liquid. The angle precision is £0.1°. The measurement
was carried out on five different areas of the sample surface with
water droplets of 3 pL. The process of the water droplet con-
tacting the samples was recorded by a video, and the videos
were analyzed with DSA (drop shape analysis) software. This
software can measure the transient contact angle during the
spreading of liquid on samples' surface. For examination of
antifogging property, a control BK-7 glass and a BK-7 glass with
triple-layer film were cooled at ca. 0 °C for 2 h in a refrigerator
and then exposed to laboratory air. The experimental trans-
mittance spectrum was measured with an UV-vis spectropho-
tometer (Mapada, UV-3100PC) over range of 400-800 nm. The
refractive indices n and thicknesses of AR coatings were deter-
mined by an ellipsometry (SENTECH SE850 UV) using a He-Ne
laser as the light source (A = 632.8 nm). The surface topography
of the coatings was studied with atomic force microscopy (AFM,
SEIKO SPA-400). The surface root-mean-square (RMS) rough-
ness values were obtained from the analysis of atomic force
microscopy (AFM) images. Cross-sections of the AR coatings
were investigated by scanning electrons microscope (SEM, JSM-
5900LV). The mechanical durability of the triple-layer coating
was assessed by an abrasion-resistance machine (DZ-8103,
Dongguan City Dazhong Instrument CO, LTD.), on which
a standard normal stress 25 kPa was applied with rotational
shear (100 rpm for 0.5 h). The mechanical damages of the films
were determined by the changes of transmittances before and
after the abrasion tests.

The photocatalytic self-cleaning property of prepared thin
films was evaluated by investigating their ability to decompose
alkyl under UV irradiation. The films were placed in a desiccator
containing a small beaker of HDTMS for a period of 48 h at
50 °C. The vaporized silane reacted with the hydroxyls on the
surface of the TiO, and SiO,, and formed a monolayer on the
films. After modification by silane monolayer, the surfaces of
the films were hydrophobic. The photocatalytic activities were
evaluated by measuring the water contact angle of the films at
intervals during UV illumination. UV irradiation was provided
by a UV reactor with high pressure mercury lamp (300 W) as
light source and circulating-water to remove the effect of heat.

Results and discussion
Computer-aid design of triple-layer broadband AR coatings

In this work, A/4-1/2-4/4 triple-layer AR coatings were designed
with the aid of thin film design software TFCalc™. Some typical
triple-layer films modeled by the software were listed in Table 1
and the transmittance spectra of some modeled films were
shown in Fig. 1. The central wavelength was settled at 550 nm.
As shown in Table 1, the lower refractive index of top layer, the
better AR performance of the triple-layer film (samples C1 and
C9). Since nanoporous TiO,-SiO, film was employed as top
layer, the refractive index of the top layer can be decreased by
increasing the porosity. Taking into account the content of TiO,
and films' mechanical strength, we finally adopted 1.42 to be

This journal is © The Royal Society of Chemistry 2017
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Table 1 The parameters of the modeled 1/4-1/2—-2/4 triple-layer AR coatings on BK7 glass (refractive index n and thickness d, the central

wavelength for these coatings is 550 nm)

Bottom layer Middle layer Top layer
Sample number ny d, (nm) ny d, (nm) n3 ds; (nm) Tavg (%, 400-800 nm)
C1 1.79 77 2.48 111 1.52 90 98.94
C2 1.69 81 2.00 138 1.42 97 98.94
C3 1.75 79 2.14 129 1.42 97 98.92
C4 1.69 81 2.3 120 1.42 97 99.08
C5 1.69 81 2.14 129 1.41 98 99.15
Cé 1.69 81 2.14 129 1.43 96 99.15
c7 1.70 81 2.14 129 1.42 97 99.15
C8 1.68 82 2.14 129 1.42 97 99.15
C9 1.69 81 2.14 129 1.42 97 99.16

the refractive index of top layer. For A/4-A/2-A/4 triple-layer AR
coatings, the reflectance at A will be zero if

2 2
Ntop Ns = Npot

where n; is the refractive index of substrate (ns = 1.52 for BK-7);
Ntops Mmia and 71poc are the refractive indices of top layer, middle
layer and bottom layer, respectively. The equation implies that
the condition for zero reflection is independent of the refractive
index of the middle layer. This is to be expected, since for
a particular wavelength, a film with a half wavelength in optical
thickness (or multiples thereof), which is the so-called absentee
layer, does not change the performance at the central wave-
length. But the over-all shape of the transmittance curve,
however, will depend very strongly on n,,;4** (samples C2, C4
and C9). Here, we chose as-prepared TiO, film, of which the
refractive index is 2.14 (verified by ellipsometer) as the middle
layer. As a film with a refractive index of 1.42 was selected as the
top layer, an index of 1.75 would be required for the coating next
to the glass to obtain zero reflectance at the central wavelength
according to the equation (sample 3). However, for achieving
a broad region of low-reflection rather than only at the central

—
=
[
(2]
c
1]
=]
E 1 Sample C1
» 90 Sample C2
s | Sample C3
|'_' 88 Sample C4

] Sample C9

86
T T T T T T ¥
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Wavelength (nm)

Fig. 1 Transmittance spectra of modeled triple-layer films picked
from Table 1.
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wavelength, the np, was adjusted slightly to deviate from the
theoretical value (C9). Finally, the model C9 was selected for
preparation broadband triple-layer films. The schematic illus-
tration of C9 is shown in Fig. 2.

Film materials for individual layers

Synthesis of SiO, and TiO, by sol-gel process involves the
hydrolysis of precursors and the formation of Si-O-Si or Ti-O-Ti
by condensation reactions. The mechanistic aspects of hydro-
lysis, alcohol and water condensation reactions are widely avail-
able in literature.**** Under acid conditions, the hydrolysis of
precursors is incomplete and the condensation reactions are tend
to proceed at the end of the chain (-OH produced from hydro-
lysis) rather than at the middle (-OR). Hence the obtained poly-
mers are linear chain network with a low degree of condensation.
The films' chemical composition and degree of condensation
were studied by FT-IR spectral analysis (Details in ESIt). The sols
particles are composed mostly of small primary particles. The
sizes of the acid-catalyzed SiO, particles and acid-catalyzed TiO,
particles are 2.70 nm and 2.99 nm, respectively (Fig. S47).

The prepared TiO, particles transformed into anatase phase
with high crystallinity after calcination at 400 °C, which was
verified by the XRD pattern (Fig. S5T). The refractive indices of

n=1.42, d=97 nm

n=2.14, d=129 nm

Thickness (nm)

n=1.69, d=81 nm

06 08 10 12 14 16 18
Refractive index, n

Fig. 2 Schematic illustration of the triple-layer broadband AR coating
(C9).
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the calcined TiO, film and the prepared acid-catalyzed SiO,
film, measured by ellipsometry, were 2.14 and 1.44, respectively.
Therefore, the combination of TiO, and SiO, sols can be used to
achieve coatings with refractive indices ranging from 2.14 to
1.44. Fig. 3a shows the refractive indices of the prepared TiO,-
SiO, composite coatings versus the TiO, content (weight
percent) in the sols. The refractive indices of the composite
films markedly increased with an increase of TiO, concentra-
tion. The thin film with refractive index of 1.69 for the bottom
layer can be obtained with TiO, content of 45 wt%.

As to the top layer coating, an optical material with refractive
index of 1.42 is required, so nanopores were introduced into the
composites films to further decrease the refractive index.
Considering that a certain amount of TiO, is needed for effec-
tive photocatalysis, 30 wt% TiO, containing composite sols were
used to fabricate porous films for top layer and F127 was used as
pore generator. Fig. 3b shows the change of refractive index of
AR coatings as a function of the mass fraction of F127 in the
corresponding sols. The refractive index initially decreased with
an increase of F127 content, and reached asymptotically
a minimum value of 1.36. The film material with refractive
index of 1.42 for the top layer can be achieved with F127
concentration of 3 wt%.

(a) 1.80

1.75
1.70
1.65
1.60

1.55

Refractive index

1.50

1.45-/

1.40 T T T T T

0 10 20 30 40 50 60
TiO5 content (wt%)
(b) 1.65
1.60 -'\
x 155
)
°
£ 150
]
2
‘g’ 1.45 \
5
@ 140 \
1.35 T~ A
1.30 T T M T T M T M
0 1 2 3 4 5 6
F127 content (wt%)
Fig. 3 (a) Changes of refractive index of composite films as a function

of weight percent of titanium dioxide in composite sols. (b) Changes in
refractive index of 30 wt% TiO, containing composite films as a func-
tion of mass fraction of F127 in sols.
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Optical performance of the triple-layer broadband AR coatings

In sol-gel dip-coating process, film thickness is sensitive to
room temperature and humidity, so the ambient condition
should be well controlled. In this scenario, we kept the
temperature at 30 = 1 °C and the humidity at 25 + 3%. Before
the preparation of the triple-layer films, each layer was depos-
ited individually to obtain the desired thickness by varying the
dip-coating speed (withdraw rate). After a series of experiments,
the appropriate dip-coating speeds for individual layers were
identified at 175 mm min !, 500 mm min " and 160 mm min !
for bottom, middle and top layer, respectively. The triple-layer
films were prepared by depositing the bottom layer, middle
layer and top layer sequentially. The optical property of the
triple-layer films are affected more easily by small variations in
top layer's thickness than by similar variations in the other two
layers' thickness, which means that the top layer's thickness
should be accurately controlled.

The cross-sectional SEM image of a prepared trip-layer AR
coating is shown in Fig. 4. The cross-section image shows
distinguishable boundaries of top-middle and middle-bottom
layers, and it could be seen that film thickness of each layer
agreed well with the design values.

Fig. 5 shows the experimental and modeled transmittance
spectra of triple-layer broadband AR coating as well as the
measured transmittance spectrum of bare glass. The trans-
mittances of the prepared triple-layer broadband AR coating
were significantly enhanced compared to that of bare glass. The
triple-layer film coated glass achieved consistent high trans-
mittances at 500-700 nm and the average transmittance at that
region was 99.4%. At the entire visible region, the average
transmittance was 98.7%. Meanwhile, the experimental trans-
mittance spectrum was in good agreement with our previous
modeled spectrum (C9) over most of the spectral range. The
deviation in the short-wavelength region was probably due to
the dispersion of the refractive index in the wavelength
region.’>*® In the theoretical simulation, it has been assumed
that the refractive index of a film is constant, and the refractive
index at 550 nm was adopted as the refractive index for the
entire range of spectrum. However, in practical, the refractive

/nanoporous composite film

TiO: film

composite film

S4800 5.0kV 9.0mm x100k SE(U,LAO) " 500nm

Fig. 4 Cross-section SEM image of the triple-layer antireflective film.
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Fig. 5 Transmission spectra of modeled and experimental triple-layer
AR coatings compared with that of bare BK7 glass.

indices of TiO, and SiO, increase with the decrease of wave-
length, which leads to the differences between the experimental
and designed transmittance spectra.

Wettability of AR thin films

The wettability of a surface is crucial for the self-cleaning
function. A superhydrophilic surface favors the spread of
water and the contaminants on the surface can be removed
easily by rainwater. As to outdoor application, films are required
to maintain superhydrophilicity for a long time, so the dura-
bility of the superhydrophilicity is a vital factor for practical
application. Usually, the superhydrophilic property gradually
weakens after storing for a few days or months under ambient
conditions due to the deposition of dust or airborne volatile
organic substances.

Here, we studied hydrophilicity changes of as-prepared TiO,
films, TiO,-SiO, composite films (30 wt% TiO,) and triple-layer
films over time in the dark. Time-dependent variations of 0.5 s
spreading and static water contact angles of the above films are
shown in Fig. 6 and 7.

As shown in Fig. 6, all the freshly prepared TiO,, TiO,-SiO,
and nanoporous SiO,-TiO, composite thin films showed
intrinsic superhydrophilicity (below 5° within 0.5 s). Their water
contact angle at a spreading time of 0.5 s were 1.8°, 3.2° and 2.1°
for TiO, film, SiO,-TiO, composite film and triple-layer film,
respectively. After storing for 10 days, TiO, film first lost its
superhydrophilicity. The WCA of the composite film and the
triple-layer film increased comparative slow and the super-
hydrophilicity of the triple-layer film could be sustained for
a month. The static WCA of these films (Fig. 7) exhibited
a similar rising tendency. What is worth mentioning is that the
static WCA of the thriple-layer film was still nearly 5° after
storing in the dark for two months, showing a durability of
hydrophilic property. Meanwhile, the triple-layer films also
found to exhibit excellent antifogging behavior (Fig. S67).

All these films showed excellent superhydrophilic property
without UV illumination, especially the triple-layer film. Such

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Time-dependent variations of 0.5 s spreading water contact
angle of TiO,, TiO,-SiO, and triple-layer films. The insets are 0.5 s
spreading water contact angle images of the triple-layer film for O day,
30 days and 60 days.

excellent wettability can be explained by films' chemical
composition and microstructure. The TiO, and SiO, coatings
fabricated by sol-gel method can exhibit intrinsic hydrophilicity
through high temperature calcination due to the disappearance
of hydrophobic -OR* and high concentration of surface
hydroxyl groups (Fig. S1t).*®

Meanwhile, surface roughness and porosity also have
important effects on surface wettability.**** The relationship
between films' WCA and surface roughness can be explained by
Wenzel's eqn (1):**

cos By, =rcosf (1)

30

—=—TiO, film
254 ——TiO,-Si0, composite film

—o— Triple-layer film

- - n
=) o =3
1 1 1

Water contact angle (°)
T

Time (day)

Fig. 7 Time-dependent variations of static water contact angle of
TiO,, TiO,-SiO, and triple-layer films. The insets are static water
contact angle images of the triple-layer film for O day, 30 days and
60 days.
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where 6,, is the contact angle on a rough surface, 6 is the
Young's contact angle on a similar smooth surface, and r is the
surface roughness factor, defined as the ratio of the actual
surface area to the projected surface area (for a perfectly smooth
surface: » = 1, and for a rough surface: r > 1). From this equa-
tion, we can conclude that apparent water contact angle 6,, for
a rough surface is lowered from its intrinsic contact angle ¢ by
the roughness factor, if  is smaller than 90°. AFM patterns of
the surface morphologies for TiO, film, TiO,-SiO, composite
film (30 wt% TiO,) and triple layer film are shown under the
same scale in Fig. 8. The surface of TiO, film was very smooth;
the root-mean-square (RMS) roughness (R,) value was just
0.33 nm. In contrast, the TiO,-SiO, composite film and triple-
layer film showed a rough surface with increased Ry values of
3.25 nm and 8.57 nm, respectively. With the R, value increased,
the hill-to-valley surface morphology was gradually visible and
such surface morphology obviously increases the surface area
and the roughness factor r in eqn (1). So the composite film and
the triple layer film which own a rougher surface than the TiO,
film can obtain a lower WCA. Additionally, these R, values are
small enough not to cause any intense surface light scattering
as long as wavelengths longer than 200 nm are concerned.*

The triple-layer film exhibited a better hydrophilic property
than the composite film. This result may be attributed to the
nano-porous structure of the triple-layer film's top layer,
because the porous structure could generate a capillary force
that attracts water into the pores and leads to a low contact
angle.>*?8

Photocatalytic activities of the AR films

Anatase TiO, is a semiconductor with a large bandgap (E; = 3.2
eV). Upon excitation by light of appropriate wavelength (A < 385
nm), TiO, can generate electron-hole pairs. The redox potential
for photo-generated holes is +2.53 V, which can produce
hydroxyl radicals (OH"). The redox potential for conduction
band electrons is 0.52 V, which is enough to reduce oxygen to
superoxide (O, °), or to hydrogen peroxide (H,O,).** Organic
substances can be oxidized by the photo-generated holes on the
valence band of TiO, or by the active oxygen species.””?**
Previous research have shown that many liquid and solid
organic compounds (alkanes, alcohols, ketones, carboxylic
acids, etc.) can be oxidized into CO,, H,0, NO; ™~ or other simple
basic products.***

250nm
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To evaluate the photocatalytic activity of the prepared triple-
layer films, HDTMS were employed to simulate organic
contaminant in ambient environment. Silane molecules can
react with the hydroxyls on the surface of TiO, and SiO,, which
has been well studied by Fadeev et al.*®*** So after HDTMS
modification, the alkyl chains of HDTMS molecules replace the
hydroxyl and the films become hydrophobic. Illuminated by UV
light, the alkyl chains can be decomposed gradually by TiO,,
and the films again become hydrophilic. Thus, it is possible to
evaluate the photocatalytic activity of the films by monitoring
the change of water contact angle on the HDTMS modified
surface during UV-irradiation. Fig. 9 shows the evolution of the
water contact angle on HDTMS modified films including TiO,
film, SiO, film, SiO,-TiO, composite film (30 wt% TiO,) and
triple-layer film under UV illumination.

On TiO, surfaces, the organic substances can be oxidized by
the photo-generated holes on the valence band of TiO, or by the
active oxygen species. The active oxygen species can diffuse in
the air phase, although diffusion rate is slow, and oxide the
organic substance far from the locus of their formation.*>** As
to the TiO,-SiO, composite films, the HDTMS molecules on
TiO, particles can be decomposed directly, but the HDTMS
molecules on SiO, particles were decomposed through

100
—n —— = —0n

= s ¥ —u—Si0, film
o .\ —e—Si0,-TiO, composite film
g % 0\ —v— Triple-layer film
S 601 . —A—TiO, film
3 ~ >
S 40 \ T~
g i \'V .\.\
o \-v\v i
g 2- i
-
©
3

od N\ N 4 A A A A A A

T T T T
0 2 4 6 8 10

UV lllumination Time (h)

Fig. 9 Water contact angle changes of HDTMS-modified films
including SiO; film, TiO, film SiO,-TiO, composite film (30 wt% TiO,)
and triple-layer film under UV illumination.

Fig. 8 Surface topography of films by AFM: (a) TiO, film, (b) TiO,-SiO, composite film (30 wt% TiO,), (c) triple-layer film.
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diffusion of photogenerated active oxygen species at a slower
rate. Therefore, it is reasonable that the SiO,-TiO, composite
film and the triple-layer film, which possess a low coverage rate
of TiO, particles on the surface, showed a slower rate of pho-
tocatalytic oxidation. Additionally, minor differences were
observed between the photodegradation rate of the composite
film and the triple-layer film, and such differences may be
attributed to the triple-layer film's porosity structure, which is
beneficial to a rapid diffusion of reactants (active oxygen
species) and products (CO, and H,0) during UV illumination,
and thus enhance photocatalytic activity.***?

HDTMS molecules were decomposed under UV irradiation
gradually, demonstrating films' self-cleaning potential.
Provided the rate of photocatalysis is higher than the rate of
contamination, the coating can keep its surface free from
organic contamination through UV illumination. And the pho-
tocatalysis combined with the durable superhydrophilicity
provides the films with self-cleaning effect, which is vital for
long-term outdoor use.

Mechanical performance

Considering the harsh natural condition and the frequent
cleaning process during practical application, the AR coatings
are required to be robust. In this study, to evaluate the
mechanical strength of the triple-layer film, we measured the
changes of transmittance before and after being rubbed with
abrasion-resistance test equipment, as a slight damage of film's
structure during the process of rubbing can lead to a noticeable
decrease in transmittance. As shown in Fig. 10, AR performance
of the triple layer coating remained almost intact, with only
a 0.35% reduction of average transmittance in the region of
400-800 nm, indicating that the triple-layer film has strong
mechanical strength and good adhesion to substrate.

As to acid-catalyzed sol, the growth of clusters can be
described as a RLCA (Reaction Limited Cluster-cluster Aggre-
gation) model,* resulting in a structure of linear chains, and
the particle size are very small with many particle-particle
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Fig. 10 Changes in transmittance of the triple-layer coating before
and after abrasion.
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bondings,* and thus the formed film tends to be dense and
robust. Additionally, the sintering process of the coatings
enables the formation of anatase-TiO,, which exhibits high
hardness. Meanwhile, the sintering process can further improve
coating strength and adhesion to glass substrates.>»*® There-
fore, the triple-layer film, which adopted acid catalyzed coatings
as film material, showed good mechanical property. The film
material of the bottom layer used in this work was acid cata-
lyzed silica-titania composite film, considered to be robust and
have good adhesion to the substrate. However, as to the top
layer, nanopores were introduced into the composite film and
the porosity can influence the dense structure of the film,
leading to a slight decrease of transmittance after the rubbing
test. Nevertheless, this slight decrease was acceptable and the
triple-layer films retained high transparency after rubbing test.

Conclusion

Triple-layer interference broadband AR coatings were designed
and optimized with the aid of thin film design software
TFCalc™, and the optimized broadband AR coating was
successfully realized using sol-gel dip-coating method. The
triple-layer film can afford BK-7 glass broadband AR property
with a high TiO, content of 30 wt% in the top layer. Substrates
coated with the triple-layer films attained consistent high
transmittances at 500-700 nm and the average transmittance at
that region was 99.4%. At the entire visible region, the average
transmittance was 98.7%. Nanoporous TiO,-SiO, composite
thin film was applied as the top layer, which endows the triple-
layer film with intrinsic superhydrophilicity. And the super-
hydrophilicity can persist over a period of a month. This
broadband AR film also exhibited photocatalytic activity to
decompose organic compounds under UV light. The synergistic
effect between superhydrophilicity and photocatalysis provided
the films with self-cleaning property. The dense structure and
particle-particle bondings of acid-catalyzed film material
guarantee the mechanical stability of the triple-layer film, and
the triple-layer films retained high transparency after rubbing
test. Therefore, this triple-layer film with combined properties
of broadband antireflection, durable superhydrophilicity, pho-
tocatalysis and mechanical robustness have potential to be
applied in energy-related instrument and optical device.
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