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Abstract: Multilayer broadband antireflective (AR) coatings consisting of porous layers usually
suffers poor functional durability. Based on a quarter-half-quarter multilayer structure, AR coatings
with dense SiO2 film as the top layer are designed, and refractive index for each layer is optimized.
After heat-treated at only 150 ◦C, refractive index of Nb2O5 film reaches to 2.072 (at 550 nm), which
can meet design requirements of the middle layer. TiO2–SiO2 composites with controllable refractive
indices are selected to be used as the bottom layer. The obtained triple-layer AR coating presents
excellent performance, and the average transmittance at 400–800 nm attains 98.41%. Dense layers
endow the multilayer structure good abrasion-resistance, and hexamethyldisilazane is further used
to modify the surface of the AR coating, which can greatly improve the hydrophobicity of the coating.
The proposed triple-layer broadband AR coating has potential value in practical applications of
sol–gel deposition.

Keywords: broadband antireflective; sol–gel process; thin film design; composite films; optical
characterization

1. Introduction

Broadband antireflective (AR) coatings have attracted much attention in imaging devices, solar
cells, display panels and laser systems by reducing reflective losses at interfaces over a broad range
of wavelengths [1–4]. AR coatings derived from sol–gel process have good potential for practical
applications due to its powerful control on the structure and properties of films, low cost and abilities
to deal with substrates of large area and/or complex shapes [5–7]. An effective 0% reflection can
be achieved at a specific wavelength when a single-layer quarter-wave silica AR coating is applied
onto flat substrates using the sol–gel method. The porosity between based-catalyzed silica colloid
particles or acid-catalyzed silica linear oligomers lowers the refractive index of silica AR coating to
the square root of the index of such optical substrates as fused quartz (1.46) and BK7 glass (1.52), i.e.,
approximately 1.22 [8–11]. Based on optical theory, the realization of broadband AR coatings needs to
establish multilayer film structures, in which the refractive index and thickness of each layer must be
carefully adjusted. Precedent studies have shown that, if a mesoporous film with ultralow refractive
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index of 1.22 or even smaller is used as the top layer, this is very helpful for improving the optical
performance of broadband AR coatings [4,12–15]. However, porous structure of film would probably
give rise to the problems such as poor mechanical strength and degraded performance due to the
adsorption of contaminants [16–19]. Even if many anti-pollution techniques have been developed, it is
difficult to ensure mechanical strength and durability of AR coatings with porous structure [20]. For
these issues, silica film derived by acid-catalyzed sol–gel method is an alternative material as the top
layer. Finer ramified polymeric siloxane chains formed under low pH conditions further crosslink by
evaporation of the solvent, causing the refractive index of dense silica film to be about 1.44 [21,22]. For
silica film with no nanoscale pore openings, it is relatively easy to implement surface functionalization
for improving film contamination-resistant performance.

The refractive indices of multilayer materials need to be fitted for the realization of broadband
AR coatings. According to the theory of multilayer design, triple-layer interference films with
quarter-half-quarter wavelength in optical thickness (i.e., λ/4-λ/2-λ/4) can provide consistent high
transmittances in a broad region and do not require the top layer with very low refractive index [20].
For the triple-layer AR coating, the reflectance at the central wavelength λ0 will be zero if

nM
2 = nL

2nS (1)

where the subscripts M, L and S correspond to the bottom layer, the top layer and the substrate,
respectively. In order to further broaden antireflection spectral range, a half-wave middle layer is
introduced, and its refractive index should satisfy the following condition

nH > nM
2/nS (2)

where the subscript H denotes the middle layer. The film structure of the multilayer coating can
be denoted as S|M2HL|A, in which A is the air, M and L are a convenient shorthand notation for
quarter-wave optical thicknesses, 2H is for half-wave optical thickness. For the triple-layer coating
applied onto fused quartz, the proper refractive index of M layer is 1.74, and that of H layer should
be larger than 2.07. High index oxide gel materials are usually prepared from zirconium or titanium
alkoxides. Nevertheless, porous network structure caused by the crosslink of sol particles during
the sol–gel transition will lead to a low packing density and then a low refractive index of film [23].
In addition, the obtained gel films exhibit an organic–inorganic hybrid structure caused by the use
of organic ligands for controlling hydrolysis and condensation of zirconium or titanium with high
reactivity, resulting in another decrease in the refractive index of film. High temperature treatment at
even above 300 ◦C can obviously increase the refractive index of film for meeting the requirement of
the above-mentioned H layer, but meanwhile it leads to remarkable energy consumption in quantity
film production. Hence, it is necessary to explore the preparation of gel oxide films with high refractive
index at a relatively low heating temperature below 200 ◦C. Many efforts have been focused on high
index titania (TiO2) films, while it is still quite difficult to simultaneously achieve high stability of
sol and high performance of gel film [24–27]. In addition, stress incompatibility between different
layers mainly related with surface tension of high index titania [28,29] must be alleviated. Niobium
pentoxide (Nb2O5) film may be an alternative choice, as niobium is less active than titanium and
Nb2O5 is a potential optical film material for the visible and near-infrared spectral ranges similar to
titanium oxide [30]. Because niobium alkoxides are quite expensive and highly sensitive to moisture,
procedures for obtaining Nb2O5 gel film from niobium salt NbCl5 have been developed [31–33]. In
this study, a modified sol system derived from NbCl5 has been developed for preparing the H layer of
the multilayer AR coating.

M layer composed by single component material may face mismatching of refractive index since
it will inevitably be heat-treated along with H layer. Thus, composite films with tunable refractive
index play a key role for assembling a good broadband AR coating. Louis et al. successfully obtained
TiO2–SiO2 binary films using titanium tetrachloride (TiCl4) and tetraethyl orthosilicate (TEOS) as
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a starting material, and the refractive index of the composite material can be accurately adjusted
between 2.20 and 1.45 through modulating thermal treatment and composition [26]. In their system,
protons prevented titanium oxo–hydroxide precipitation. Recently, TiO2–SiO2 hybrid films have been
increasing studied due to their significant potential for applications in functional AR coatings [20,34–36].
There have been two synthetic routes for preparing TiO2–SiO2 composite sols. The first is direct mixing
of separately synthesized TiO2 sol and SiO2 sol. However, it is generally difficult for this approach
to guarantee the long-term stability of the mixed binary sol because of the remarkable difference in
hydrolysis activity between titanium and silicon. The other is in situ mixing of titanium and silicon
precursors such as TiCl4 and TEOS, and this work tends to employ the latter route to obtain stable
binary sols by introducing a prehydrolysis step of TEOS.

The present work is devoted to fabricating SiO2/Nb2O5/TiO2–SiO2 AR coating by the sol–gel
process. Refractive index of the top layer was first set to be constant, and then refractive indices of
the other two layers were optimized for the quarter-half-quarter coating with the aid of thin film
design software (Filmstar). Nb2O5 film heat-treated at 150 ◦C resulted in the required high refractive
index of the middle layer, and TiO2–SiO2 hybrid films were selected as the bottom layer for optimal
combination based on the theoretical design. Substrates (fused quartz) coated with the triple-layer
films achieved the average transmittance of 98.57% at the entire visible region. The multilayer AR
coating was immerged in hexamethyldisilazane (HMDS) solution to improve surface hydrophobicity.

2. Experimental Section

2.1. Preparation of Sols and Films

Materials: TEOS (98%) was purchased from Acros, Shanghai, China. NbCl5 (99%) was purchased
from Innochem. TiCl4 (99%) was purchased from Alfa, Shanghai, China. Hydrochloric acid was
purchased from Shenyang Chemicals, Shenyang, China. Anhydrous ethanol and glacial acetic acid
were purchased from Beijing Chemicals, Beijing, China. All chemicals were used without further
purify action.

Preparation of acid-catalyzed SiO2 sol: The silica sol was prepared using TEOS as precursor under
acidic conditions. The molar ratio in the solution was set to 1 TEOS:30 EtOH:7 H2O:0.02 HCl. The
newly mixed solution was stirred for 12 h and then aged at room temperature for 15 days before further
use. The silica precursor sol is stable for at least two months.

Preparation of Nb2O5 sol: The synthesis of Nb2O5 sol was modified according to the
literatures [31,37]. NbCl5 was first, dissolved in anhydrous ethanol containing acetic acid, and
the mixed solution was sealed and stirred for 30 min. Hydrolysis and condensation were then carried
out by adding another part of anhydrous ethanol containing deionized water into the solution, leading
to the formation of fresh sol. The molar ratio of NbCl5, acetic acid, H2O and EtOH is 1:0.5:2:105. The
sol was finally filtered through a 0.22-mm PVDF filter prior to use. The Nb2O5 sol was aged at the
room temperature and can be stable for about 20 days.

Preparation of TiO2–SiO2 composite sol: The TiO2–SiO2 composite sols were prepared according
to the literatures [26,38]. In this study, the total number of moles of TiCl4 and TEOS for each TiO2–SiO2

hybrid sol was set to be constant (0.0454 mol), and three composite sols were synthesized with different
Ti/Si ratio of 30/70, 33/67, 36/64. During the synthesis of the composite sols, two different solutions
were prepared. A typical procedure corresponding to the Ti/Si ratio of 33/67 is given as an example. In
the first part, TEOS, HCl, H2O and EtOH at the molar ratio of 1:5 × 10−5:1:3 were mixed and stirred at
60 ◦C for 2 h to achieve an instantaneous hydrolysis, but slow condensation. Afterwards, the mixed
solution was added into 46 mL of anhydrous ethanol with 1.24 g of deionized water and 75 µL of
hydrochloric acid (37%), and then kept stirring at the room temperature for 30 min. The second part of
the sol was prepared by dissolving 2.84 g of TiCl4 in 60 mL of anhydrous ethanol containing 0.45 g
of acetic acid. The controlled hydrolysis–polycondensation was carried out by rapidly mixing the
two solutions under vigorous stirring, leading to the formation of fresh sol. The molar ratio in the
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initial solution was set to x TiCl4:(1 − x) TEOS:0.5x acetic acid: 40 EtOH:2 H2O:0.02 HCl. To simplify
discussion, both the TiO2–SiO2 hybrid sols and the corresponding films were noted as T30S70, T33S67
and T36S64 according to the molar ration of the converted TiO2 and the converted SiO2. The TiO2–SiO2

composite sols are stable for about two months.
Preparation of triple-layer AR coating: The films were deposited via dip coating on well-cleaned

quartz substrates. The dip speed was precisely set to control film thickness. For the coating with a
certain refractive index, the theoretical transmittance spectrum can be obtained for a certain thickness.
The experimental single-layer film satisfying the requirement of design model can be chosen by
comparing the measured spectrum with the theoretical spectrum. This approach is especially useful
for dense SiO2 film because its spectrum only presents a gentle single-peak.

During deposition of the triple-layer AR coatings, TiO2–SiO2 hybrid film and Nb2O5 film were
successively deposited on quartz substrate. Each as-deposited layer was heated at 80 ◦C for 2 min in a
drying oven to accelerate solvent evaporation. The deposition of the Nb2O5 film should be repeated
twice to obtain the required film thickness, which can avoid excessively high dip speed. Afterwards,
the first two layers were heat-treated at 150 ◦C for 1 h in the oven. In the end, the SiO2 film was
deposited to accomplish the assembly of the triple- layer coating. The AR coatings were placed for
12 h in a closed container and then characterized.

Surface modification: HMDS (15 mL) was dissolved in ethanol (50 mL), and this surface of the
AR coating was modified by the reaction of HMDS with surface hydroxyl group via dip-coating
at 200 µm s−1. The durability of the surface-modified coating was evaluated by measuring the
transmittance change of the AR coating fixed on a quartz sample holder and placed in normal air
environment for several months. Ambient temperature and relative humidity changed in the scope of
10–30 ◦C and 20%–50%, respectively.

2.2. Characterization of Sols and Films

Transmittance spectra were measured using an ultraviolet/visible/near-infrared (UV-Vis/NIR)
spectrometer (Shimadzu, UV3600 plus, Tokyo, Japan) over the wavelength range of 300–1400 nm. The
refractive indices and thicknesses of thin films obtained by fitting the transmission spectra provide a
foundation for the design and preparation of the multilayer structure coating.

Small-angle X-ray scattering (SAXS) experiments were done on the precursor sols at the BL16B1
beamline of the Shanghai Synchrotron Radiation Facility. The wavelength of the X-ray was 0.124 nm.
The 2D SAXS patterns were recorded by Pilatus 1 M with the single pixel of 1.72 × 10−4 m. The
distance between the sample and the detector was 1.6 m. The SAXS intensity patterns were corrected
for background scattering and then radially integrated into one-dimensional scattering intensities
I(q), where q is the magnitude of the scattering wave vector. The FTIR spectra of the samples were
studied using Cary 630 infrared spectrophotometer. Film surface morphology was investigated with a
CSPM5500 AFM (Benyuan, Guangzhou, China). The mechanical durability of the obtained coating
was assessed in the abrasion test, in which the coating was rubbed for 50 cycles via a 3H pencil and
the controlled normal stress on coating surface was about 30 kPa. Scratches caused by rubbing were
scanned by an optical microscopy (Nexcope, NM900, Ningbo, China). Contact angles were measured
on a contact angle goniometer (Shanghai Zhongchen, JC200 ◦C, Shanghai, China).

3. Results and Discussion

3.1. Computer-Aided Design of Triple-Layer AR Coating

Generally, the optical constants for a material will vary for different wavelengths. In addition,
thickness and refractive index requirements for each layer of multilayer broadband AR coatings make
film design rather complex. It is fortunate that refractive index dispersion is low for most oxide films
in the visible and near-infrared regions. In the initial stage of coating system design, it is feasible
to perform calculations while temporarily ignoring refractive index dispersion, and then select the
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results best suited for a given application. The design of the λ/4-λ/2-λ/4 triple-layer AR coating was
implemented by the thin film design software Filmstar (2.61.3921). The optical thicknesses of the layers
are defined with respect to the central wavelength λ0 = 550 nm. The optimization process needs to
minimize the objective function for the visible wavelengths, i.e.,

f =
1
N

N∑
i=1

∣∣∣T(λi) − 1
∣∣∣, (in the range of 400–800 nm) (3)

where T(λi) is the calculated transmittance at wavelength λi. In the latter section T(λi) also denotes the
experimental transmittance, and then the optical performance of the coating can be evaluated through
the corresponding f value. As dense SiO2 gel film with a refractive index of 1.44 is selected as the top
layer for the AR coating on fused quartz substrate, the optimized refractive index of the bottom layer
nM can be obtained for each number point of nH, and the values of f are calculated from the theoretical
transmittances of each optimized coating system, as shown in Figure 1. With nH increasing from 1.9 to
2.08, a monotonic increase of nM from 1.59 to 1.65 is found, and the values of f dramatically decrease
to 0.009. Afterwards, the variation tendency of f slows down with nH continuously increasing to
2.14. It is worth mentioning that, while nH is greater than 2, the average transmittance in the range of
400–800 nm can exceed 99%. Note that the optimized values of nM deviate from the theoretical value
according to Equation (1), which is necessary for achieving a broad region of low reflection rather than
only at the central wavelength.
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Figure 1. Optimized refractive indices of the bottom layer nM and objective function f versus refractive
indices of the middle layer nH. The refractive index of the top layer is set to be 1.44 and the central
wavelength is 550 nm. The optical thicknesses of the triple-layer AR coating onto fused quartz
are quarter-half-quarter.

3.2. Optical Properties of Films SiO2 and Nb2O5

Rational design of multilayer AR coatings must be based on accurate analysis of optical properties
of film materials. Optical transmittance provides accurate and quick information for optical coatings
deposited on transparent substrates. By adopting appropriate dispersion models, film transmittance
data can be well fitted in the range from ultraviolet to near-infrared for the retrieval of refractive index
n and extinction coefficient k [39–41]. The Cauchy equations [39] can be well suited to model the nearly
transparent film SiO2 in the whole current spectral region. In order to comprehensively study optical
properties of Nb2O5 and TiO2–SiO2 films, this work tends to employ oscillator models to expand the
scope of transmittance spectrum analysis to the UV region. For amorphous semiconductor materials,
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the Cody–Lorentz model can effectively characterize the physical characteristics of films in interband
transitions [41,42]. In addition, bandwidth of Urbach tail [43] is introduced to modify the dielectric
constants nearby the optical band gap.

The fit of the calculated spectra to the experimental data have been made for the single-layer
films with the help of a fitting program in Matlab (9.3.0.713579, 2017b) [36]. The program can find the
calculated spectrum closest to the measured data by combing the genetic algorithm and the lsqcurvefit
algorithm through adjusting fitting parameters, such as film thickness and optical constants. The
calculated curves of films SiO2 and Nb2O5 in the spectral region of 300–1400 nm are shown in Figure 2a,
which are in good agreement with the measured transmittance. In fact, the difference between
transmittance data of film SiO2 and that of bare quartz at each wavelength is less than 1.1%, implying
that the SiO2 film obtained under the acid-catalyzed condition is highly dense even without any heat
treatment. Meanwhile, multiple interference fringes can be found in the transmittance spectrum of
film Nb2O5. The decrease of transmittance of the Nb2O5 film near the left wavelength boundary of
the measurement region is obviously connected with high absorption of the film because the quartz
substrate is still transparent in that region. The achieved optical constants of the films are depicted in
Figure 2b. The refractive indices of films SiO2 and Nb2O5 at 550 nm are 2.072 and 1.439, respectively,
which can reach the requirements of the multilayer AR coating for the top layer and the middle layer.
It can be seen that the degree of index dispersion of film Nb2O5 is obviously higher than that of film
SiO2. In the visible region, the Nb2O5 film exhibits a rather low absorption analogous to the SiO2 film,
which can be attribute to the transparency and homogeneity of Nb2O5 film [30]. In addition to film
optical constants, film thickness can also be determined through transmittance spectrum analysis. As
such, the dip rate of the substrate can be nicely controlled until the optical thickness of the single-layer
film meets the need of the designed multilayer structure.

Coatings 2020, 10, x FOR PEER REVIEW 6 of 15 

 

transmittance spectrum of film Nb2O5. The decrease of transmittance of the Nb2O5 film near the left 
wavelength boundary of the measurement region is obviously connected with high absorption of the 
film because the quartz substrate is still transparent in that region. The achieved optical constants of 
the films are depicted in Figure 2b. The refractive indices of films SiO2 and Nb2O5 at 550 nm are 2.072 
and 1.439, respectively, which can reach the requirements of the multilayer AR coating for the top 
layer and the middle layer. It can be seen that the degree of index dispersion of film Nb2O5 is 
obviously higher than that of film SiO2. In the visible region, the Nb2O5 film exhibits a rather low 
absorption analogous to the SiO2 film, which can be attribute to the transparency and homogeneity 
of Nb2O5 film [30]. In addition to film optical constants, film thickness can also be determined through 
transmittance spectrum analysis. As such, the dip rate of the substrate can be nicely controlled until 
the optical thickness of the single-layer film meets the need of the designed multilayer structure. 

Figure 2. (a) Illustration of the experimental (symbols) and calculated (lines) transmittance spectra of 
film SiO2 and Nb2O5; (b) dispersion curves of refractive index and extinction coefficient obtained from 
transmittance data fits of the corresponding films. 

3.3. Selection of TiO2–SiO2 Hybrid Materials for Bottom Layer 

SAXS is a powerful tool for obtaining the internal structure of sol that can directly impact film 
optical performance. Figure 3 illustrates the scattering curves I(q) of the TiO2–SiO2 precursor sols in a 
log–log plot. For comparison, the scattering curve of the Nb2O5 sol is also shown. It can be seen that 
the scattering profiles of the TiO2–SiO2 hybrid sols exhibit a power law decay for two wave vector 
ranges 0.22 < q < 0.35 nm−1 and 0.35 < q < 1 nm−1. In contrast, the scattering curve of the Nb2O5 sol 
appears only a power law region from 0.16 to 0.3 nm−1. 

In order to retrieve necessary structural information, all the scattering curves were fitted by 
using the Beaucage model, in which a unified equation for the scattering intensity I(q) has been 
proposed by Beaucage [44]. The software SasView 5.0.1 was used to obtain the fits to the Beaucage 
model. In this model, one structural level pertains to a Guinier-like regime, describing an average 
structural size in terms of radius of gyration and a structurally limited power law regime describing 
the mass—or surface fractal scaling for that level structure [45]. Notably, the Beaucage model is 
applicable for hierarchical systems composed of ‘n’ structural levels [44]. As shown in Figure 3, the 
data of the TiO2–SiO2 sols are fitted to two structural levels, and those of the Nb2O5 sol are to single 
structural level. The evaluated parameters of Radii of gyrations Rg and the power law exponents P 
are listed in Table 1. For the Nb2O5 sol, the fractal dimension is given by df = P = 2.68, indicating that 
the interconnection between the colloidal particles produces mass fractal clusters [29,45]. As for the 
TiO2–SiO2 sols, the subscript 2 denotes the scattering from the small titania–silica clusters, and the 
power law exponents P2 are lower than 1.5, corresponding to the power-law exponent of the rodlike 
subchains [46]. On the lager structural level 1, the scattering profiles display a power law decay of P 
larger than 2.9, indicating that TiO2–SiO2 particles form compact fractal structure with a diffuse 
interface with the rest of the system [45,47]. Further, the calculated sizes of the TiO2–SiO2 structures 
are comparable with the particle size in the Nb2O5 sol. 

400 600 800 1000 1200 1400
40

50

60

70

80

90

100(a)

Tr
an

sm
itt

an
ce

 (%
)

Wavelength (nm)

 SiO2

 Nb2O5

 Bare quartz
 Fit curves 

400 600 800 1000 1200 1400
1.3

1.4

1.5

2.1

2.4

2.7

R
ef

ra
ct

iv
e 

in
de

x,
 n

Wavelength (nm)

 SiO2

 Nb2O5

0.0

0.1

0.2

0.3

0.4

0.5(b)

k Ex
tin

ct
io

n 
co

ef
fic

ie
nt

, k

n

Figure 2. (a) Illustration of the experimental (symbols) and calculated (lines) transmittance spectra of
film SiO2 and Nb2O5; (b) dispersion curves of refractive index and extinction coefficient obtained from
transmittance data fits of the corresponding films.

3.3. Selection of TiO2–SiO2 Hybrid Materials for Bottom Layer

SAXS is a powerful tool for obtaining the internal structure of sol that can directly impact film
optical performance. Figure 3 illustrates the scattering curves I(q) of the TiO2–SiO2 precursor sols in a
log–log plot. For comparison, the scattering curve of the Nb2O5 sol is also shown. It can be seen that
the scattering profiles of the TiO2–SiO2 hybrid sols exhibit a power law decay for two wave vector
ranges 0.22 < q < 0.35 nm−1 and 0.35 < q < 1 nm−1. In contrast, the scattering curve of the Nb2O5 sol
appears only a power law region from 0.16 to 0.3 nm−1.
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Figure 3. Experimental small-angle X-ray scattering (SAXS) profiles I(q) of the Nb2O5 and TiO2–SiO2

sols. The profiles are shifted vertically for clarity. The fit curves were obtained using the Beaucage model.

In order to retrieve necessary structural information, all the scattering curves were fitted by using
the Beaucage model, in which a unified equation for the scattering intensity I(q) has been proposed by
Beaucage [44]. The software SasView 5.0.1 was used to obtain the fits to the Beaucage model. In this
model, one structural level pertains to a Guinier-like regime, describing an average structural size in
terms of radius of gyration and a structurally limited power law regime describing the mass—or surface
fractal scaling for that level structure [45]. Notably, the Beaucage model is applicable for hierarchical
systems composed of ‘n’ structural levels [44]. As shown in Figure 3, the data of the TiO2–SiO2 sols are
fitted to two structural levels, and those of the Nb2O5 sol are to single structural level. The evaluated
parameters of Radii of gyrations Rg and the power law exponents P are listed in Table 1. For the
Nb2O5 sol, the fractal dimension is given by df = P = 2.68, indicating that the interconnection between
the colloidal particles produces mass fractal clusters [29,45]. As for the TiO2–SiO2 sols, the subscript
2 denotes the scattering from the small titania–silica clusters, and the power law exponents P2 are
lower than 1.5, corresponding to the power-law exponent of the rodlike subchains [46]. On the lager
structural level 1, the scattering profiles display a power law decay of P larger than 2.9, indicating
that TiO2–SiO2 particles form compact fractal structure with a diffuse interface with the rest of the
system [45,47]. Further, the calculated sizes of the TiO2–SiO2 structures are comparable with the
particle size in the Nb2O5 sol.

Table 1. Structural parameters of the precursor solutions and optical properties of the corresponding
films. Radii of gyration, Rgi and Porod’s exponents, Pi (for i = 1, 2), as obtained from the Beaucage
model [44]. f denotes the objective function of the optimization process by selecting different TiO2–SiO2

hybrid films for the triple-layer AR coating.

Precursor Solution Rg1 [nm] P1 Rg2 [nm] P2 n550 k450 f

Nb2O5 15.8 2.68 – – 2.072 2.95 × 10−7 –
T30S70 13.0 3.35 9.2 1.22 1.584 4.20 × 10−5 0.01107
T33S67 16.1 3.00 7.9 1.25 1.633 1.69 × 10−5 0.01090
T36S64 12.8 2.91 9.6 1.46 1.646 2.00 × 10−5 0.01094

The TiO2–SiO2 hybrid films have the same ingredients; Figure 4 typically illustrates the FTIR
spectrum of film T33S67. For comparison, TiO2 gel material was prepared via a synthetic route similar
to that mentioned in 2.1, and the FTIR spectra of the pure SiO2 and TiO2 films are also shown in Figure 4.
The broad peak around 3433 cm−1 corresponds the O–H stretching vibration and an O–H bending
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vibration of water molecule is also observed at 1630 cm−1 as KBr salt tablets are easy to absorb water.
The absorption bands at 1066 and 790 cm−1 can be attributed to the Si–O–Si asymmetric stretching
and symmetric stretching vibrations, respectively [20]. Meanwhile, the Ti–O stretching vibration is
also observed from the strong and broad absorption band around 435 cm−1 [48]. It should be noted
that, in the SiO2 spectrum, the peak near 450 cm−1 is attributed to the bending vibrations of Si–O–Si
bonds. Besides, the low intensity band at 580 cm−1 due to residual four-membered siloxane rings
in the silica network [49] is obvious only in the pure silica spectrum. Furthermore, the broad bands
between 400 and 800 cm−1 in the TiO2 spectrum are associated with Ti–O–Ti network. Thus, the bands
corresponding to Ti–O groups in the TiO2–SiO2 hybrid films are readily confused by Si–O–Si and Si–O
groups. In contrast with the absorption at about 950 cm−1 assigned to the Si–OH observed in the SiO2

film, the presence of absorption band at 939 cm−1 in TiO2–SiO2 film can be assigned to the deformation
of SiO4 tetrahedra by the formation of Si–O–Ti bonds [50–52], indicating in situ hybridization of the
two inorganic precursors in the hybrid sols. It is well known that the hydrolysis of precursors is
incomplete, and the condensation reactions tend to proceed at the end of the chain (–OH produced
from hydrolysis) rather than at the middle (–OR) under acid conditions [20]. Hence the obtained
polymers are linear chain network with a low degree of condensation. Figure 5 shows the TEM image
of TiO2–SiO2 hybrid film, from which no obvious nanoparticles or nanopores are observed. Such linear
polymeric features with a low fractal dimension (SAXS results listed in Table 1) are essential to the
production of highly dense amorphous thin films [25]. Therefore, it can be speculated that the optical
properties of the hybrid films are directly dependent on the relative proportions of the two precursors
of TiO2 and SiO2.
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The transmittance spectra of the TiO2–SiO2 hybrid films were fitted based on the Cody–Lorentz
model. The experimental and calculated data of film T33S67 are representatively shown in Figure 6a.
The dispersion curves of the refractive index n and the extinction coefficient k obtained from the
Cody–Lorentz model are given in Figure 6b. Table 1 also lists the refractive indices at 550 nm and
the extinction coefficients at 450 nm of the TiO2–SiO2 hybrid films. As expected, increasing the TiO2

molar fraction from 30% to 36% leads to a slight increase of film refractive index. The curves of the
extinction coefficients of the TiO2–SiO2 films are very close to each other, and the results of film T33S67
are typically plotted in Figure 6b. The TiO2–SiO2 hybrid films exhibit weak absorption in the visible
region, which is beneficial for realizing high performance of the AR coating. On the basis of the data
of films SiO2 and Nb2O5, the design software Filmstar employed the series of optical constants n
(λ) and k (λ) of different TiO2–SiO2 films to obtain the objective function values f for the respective
optimized design models (Table 1). The results show that the objective function f for film T33S67 is
the minimum (0.0109), but it is still greater than that (0.009, at nH = 2.08) of the theoretical design
ignoring dispersion of film optical constants (Figure 1). In fact, there is very small difference between
the values of f for T33S67 and T36S64 (listed in Table 1). Through investigating the actual performance
of the corresponding multilayers, the film T33S67 was eventually chosen to assemble the triple-layer
AR coatings.
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Figure 6. (a) Representative fitting using the Cody–Lorentz model for film T33S67; (b) dispersion
curves of refractive index and extinction coefficient of the TiO2–SiO2 hybrid films.

3.4. Assembly of Triple-Layer Broadband AR Coating

By importing the refractive indices and extinction coefficients of the selected single-layer films
into the design software Filmstar, the thickness for each layer of the AR coating was automatically
adjusted for achieving the optimized multilayer structure. Afterwards, the dip rate for each layer
was nicely explored by comparing theoretical and experimental transmittance spectra of single-layer
film. The optimized dip-coating speeds for individual layers are 2023, 4900 (repeat twice) and
2200 µm/s for bottom, middle and top layers, corresponding to the film thicknesses of 84.8, 126.2 and
99.7 nm, respectively. Based on the design model and the control strategies in the deposition cycle, the
triple-layer AR coating can be constructed layer-by-layer.

Figure 7 presents the measured transmittance spectrum of the AR coating in the spectral range of
300–1000 nm; the inset is the schematic illustration of the triple-layer two-sided AR coating. The average
transmittance of the experimental AR coating in the region of 400–800 nm is 98.41% and especially the
transmittance is above 99% from 600 to 750 nm. The close correspondence between the measured and
design spectral curves mainly benefits from the accurate determination of film optical parameters and
the precise control of film thickness in the whole process of coating production. Compared with the
transparent conductive oxides such as TEC8, TEC15 and Asahi U [53], the triple-layer oxide AR coating
proposed in this study can afford lower reflectance in the visible region. Thus, the high transparent
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nonconductive oxides are more suitable for the production of AR coatings if only optical performance
is concerned.Coatings 2020, 10, x FOR PEER REVIEW 10 of 15 
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Figure 7. Measured (symbols) and theoretical (line) transmittance spectra of the triple-layer broadband
AR coating on both sides of fused quartz substrate. The inset schematic diagram lists the optimized
film thickness for each layer of the antireflective (AR) coating. Labels M, H and L for individual layers
are from the subscripts for film refractive indices in Equations (1) and (2).

By substituting the experimental transmittance data into Equation (3), the obtained f is 0.0159,
which is greater than that of the optimized theoretical design (0.0109, Table 1). It can be seen that the
measured data slightly lower with theoretical values in the visible and near-infrared ranges, which
probably results from the rough surface and interfaces in the multilayer [4]. Figure 8 shows the AFM
images and root-mean-square roughness (Rq) values of bottom layer, middle layer, top layer and
triple-layer coatings, respectively. The top layer and middle layer have rather smooth surface with low
Rq values of 0.37 and 0.26 nm, whereas the bottom layer has a relatively larger Rq value of 2.84 nm.
One can observe that, in the middle parts of visible region, all the differences between theoretical
experimental transmittances are less than 1%. Taking into account the interface properties of thin
films and multilayers, Tikhonravov et al. [54] have introduced approximate equations to quantitatively
calculate transmittance spectra and the results manifest that the accumulation of the roughness may
bring about a noticeable decrease of transmittance for multilayer structures. Fortunately, the Rq value
of the surface of the triple-layer AR coating is only slightly larger than that of the single-layer SiO2

film. Thus, it is reasonable to presume that the accumulative effect between the multiple layers is very
limited so that the surface and interface scattering has a rather weak impact on the transmittance data
of the AR coating.

It can be seen that, for the triple-layer AR coating, there are two peak points both in the measured
and theoretical spectra (shown in Figure 7), and the transmittance data near the first peak point in
the range of 400–500 nm are generally lower than those near the latter peak point of about 650 nm.
The results obtained from the fitting of the single-layer films show that absorption of films SiO2 and
Nb2O5 is almost negligible in the whole visible region, but film T33S67 exhibits weak absorption in
the spectral range of 400–500 nm (Figure 6b and Table 1). Nevertheless, the calculated spectrum is
almost unchanged when setting the extinction coefficients of all the films to be zero. Therefore, under
the precondition of nice control of film thickness, the relatively poor performance of the experimental
coating in the spectral range of 400–600 nm is probably caused by the mismatching of layer refractive
indices with different dispersion characteristics in the multilayer systems. In practice, the refractive
index matching for special working wavelengths is also a major concern and challenge during the
production of broadband AR coatings [4,13,55,56]. In order to identify the roles of each individual
layer in the triple-layer AR coating, two types of double-layer AR coatings were prepared and the
experimental transmittance spectra are shown in Figure 9. The λ/4-λ/4 AR coating can only give
maximum transmittance at one wavelength, confirming that the H layer in the triple-layer AR coating
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effectively broadens the antireflection spectral region. In absence of the M layer, the transmittance
spectrum of the λ/2-λ/4 coating gives maxima for two separate wavelengths and a minimum between
the two wavelengths, which is far away from a wider region of high performance. Therefore, both the
H layer and the M layer are essential for the broadband AR coating if dense low-index layer is chosen
as the top layer (L layer). Conversely, by using ultralow index materials as the top layer, the number of
layers of broadband AR coating can reduce to only two layers or its high performance can cover from
visible to near-infrared wavelengths [4,12].
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Figure 8. AFM images of (a) bottom layer T33S67, (b) middle layer Nb2O5, (c) top layer SiO2 and (d)
triple-layer AR coating.
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Figure 9. Experimental transmittance spectra of λ/2-λ/4 (S|2HL|A) and λ/4-λ/4 (S|ML|A) double-layer
AR coatings. The layers M, H and L are T33S67, Nb2O5 and SiO2, respectively. Both the two AR
coatings were prepared via the dip-coating method.
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3.5. Durability Performance

As mentioned earlier, the acid-catalyzed silica sol derived coating has no nanoscale pores, and the
refractive index of the obtained gel material is close to that of the bulk material. Thus, the dense silica
coating can be used as an ideal material due to its low refractive index, excellent abrasion-resistance
and good durability [35]. Moreover, both the Nb2O5 and TiO2–SiO2 coatings used in this work are
also compact. Thanks to the above advantages of each layer in the triple-layer AR coating, repeated
rubbing via a 3H pencil only leaves subtle scratches on the AR coating surface as shown in Figure 10a.
Consequently, the average transmittance of the AR coating before and after rubbing test has a very
small decrease from 98.41% to 98.23% for the visible region (Figure 10b). This result suggests that the
AR coating obtained via the acid-catalyzed sol–gel method possesses a high abrasion resistance.

Dense films without nanoscale pores can also effectively prevent water vapor and other pollutants
into the inside of film system. However, the presence of –OH groups endows the polar nature of film
surface, which easily results in the adsorption of water vapor in practical application environments
and then a decrease of film performance [57,58]. For this reason, the triple-layer AR coating underwent
surface modification by HMDS treatment. Figure 10c shows the transmittance spectra of the coating
before and after surface modification. The AR performance of the coating remains largely intact, with
only a 0.2% reduction in average transmittance in the visible range. After HMDS treatment, the contact
angle with water increases from 48◦ to 101◦ (the inset images in Figure 10c). Furthermore, as can be seen
from Figure 10c, the transmittance curves of the AR coating placed in normal indoor air environment
for one month and three months are almost coincident, and the reduction values of the average
transmittance relative to the fresh surface-modified AR coating are less than 0.4%. It is concluded that
surface hydrophobicity of the AR coatings built from dense layers can be improved through simple
posttreatment, which enhances the durability of the AR coatings in potential applications.
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Figure 10. Durability tests of the triple-layer AR coatings. (a) Microscope photograph of coating surface
after rubbing with a 3H pencil; (b) corresponding Transmittance spectra of the AR coating shown in (a);
(c) change in transmittance of the AR coating before and after surface modification by HMDS. Insets are
the corresponding water contact angle images. Transmittance spectra of the surface-modified coating
placed in the normal air environment for one month and three months are also shown.
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4. Conclusions

In this work, triple-layer broadband AR coatings were designed and optimized with the aid of
thin film design software Filmstar. Heat-treated Nb2O5 film at 150 ◦C was applied as the high-index
layer and TiO2–SiO2 composite film with a TiO2 molar fraction of 33% was selected for refractive index
matching to realize the optimized design model. The broadband AR coating with dense SiO2 film as
the top layer was successfully achieved using sol–gel dip-coating method. The average transmittance
of the optimized coating on quartz substrate can reach to 98.41% at the entire visible region. The
triple-layer AR coating composed of compact film materials has excellent abrasion-resistance and the
hydrophobicity of the coating can be significantly improved by surface modification with HMDS. The
practical fabrication method of the triple-layer AR coating with good antireflection and durability
performance provides beneficial references for quantity film production of sol–gel technique.
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