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Abstract: Antireflective (AR) coatings can suppress the undesired interfacial Fresnel reflections,
and they are widely used in optical devices and energy-related instruments. Conventional single-
layer AR coatings, which only work at a single wavelength, encounter serious limitations in some
practical applications because of their inherent properties. In this paper, A/4-A/4 double-layer
antireflective (AR) coatings with constant high transmittance in a pre-determined wavelength range
was prepared by the sol-gel method via acid-catalyzed and base-catalyzed SiO, thin films. A double-
layer antireflective coating with an almost constant transmittance value of 99.8% in the range of
550-700 nm was obtained, and the transmittance of this coating was higher than 99% in a wider range
of 450-850 nm with a fluctuation of less than 1%. The coatings had good environmental stability and
maintained constant high transmittance after two weeks of exposure in 50% humidity. The broadband
AR coatings may have important applications in fields such as electroluminescent display.

Keywords: broadband antireflective coatings; silicon dioxide; thin film design

1. Introduction

Antireflection coatings (ARCs) can significantly reduce optical loss by making use of
phase changes and dependence of the reflectivity on the refraction index, and are widely
used in various applications such as display panels, camera lenses, architectural glass,
solar cells, and high-power laser systems [1-8]. The light reflection of a single side of the
glass—air interface is about 4-5%, and for both sides of the glass—air interface, the light
reflection approaches 8-10%. ARCs applied to display panels demand constant high trans-
mittance with little fluctuation because display panels are sensitive to chromatic aberration.
A single-layer ARC can be non-reflective only at a specific wavelength, which means it is
severely limited in a slice of a special optical device.

Driven by the demand for ARCs with better antireflective characteristics, multilayer
ARCs have become a research hotspot. Zhang et al. reported a A/4-A/4 double-layer ARC
with an excellent optical performance, of which the transmittance can attain 99.95% at
532 nm and almost 100.00% at 1064 nm [9]. Li et al. prepared a A/4-A/2 double-layer
broadband ARC with an average transmittance of 99.4% at 500-700 nm using the sol-
gel method [10]. Li et al. also prepared a A/4-A/2-A/4 triple-layer ARC which can attain
consistently high transmittances, and the average transmittance was 99.4% at 500-700 nm [11].

The practical problem is that it is hard to prepare a double-layer ARC that can attain
consistently high transmittances in a predetermined wavelength range with little trans-
mittance fluctuation. Transmission spectra of most double-layer ARCs have two or more
peaks, which means they can attain high transmittance only at some specific wavelengths.
An optical coating devoted to the reduction in display panel specular reflection should be
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developed with consistently high transmittances and a simple process. There are a variety
of techniques for making thin coatings. Sputtering can be used to deposit thin layers on
many kinds of substrates with different shapes [12,13]. It is a well-developed process for
the deposition of ARCs on thermochromic windows and display devices [14-17]. However,
sputtering requires a moderate vacuum for deposition. Physical vapor deposition and
chemical vapor deposition are typically used to form layers with controlled thicknesses
and refractive indexes [18,19]. It remains challenging to extend this technology for broader
applications because of the relatively high cost and substrate size limitations of the va-
por deposition technique. Compared with these methods, the sol-gel method has the
advantages of controllable microstructure, low cost, simple operation process, and the
application of substrates with different sizes and shapes. With a controllable microstructure,
specific properties such as ultra-low refractive index and hydrophobic performance can be
easily achieved.

In this work, the A/4-A/4 double-layer ARCs with excellent optical properties were
fabricated by a simple sol-gel dip-coating process. The refractive index and thickness of
the double-layer coatings were designed with computer film design software (TFCalc™,
version 3.5). Substrates (BK-7 glass) coated with the double-layer ARC attained constant
high transmittance of 99.8% with a fluctuation of 0.1% in the region of 550-700 nm and aver-
age transmittance of 99.25% in a wider region of 450-850 nm for the first time. This double-
layer ARC remained almost intact after being placed for two weeks at 25 °C and 50% relative
humidity. Thus, the double-layer ARC with multifunctional properties of constant high
transmittance, broadband antireflection, and good environmental stability was successfully
realized and it can have potential value, especially in the field of display panels.

2. Experimental Section
2.1. Preparation of Acid-Catalyzed Silica Sol

Tetraethyl silicate (TEOS) (97%, TCI, Japan), Methyltriethoxysilane (MTES) (98%,
TCI, Japan), EtOH (double distillation, Changzhen, China), hydrochloric acid (HCI) (36%,
Kelong, China) and H,O (deionized water, Ulupure, China) were added into a clean PET
container. The mixture was stirred for 2 h and the temperature was kept at 30 °C. Themolar
ratio of (TEOS + MTES):EtOH:HCI:H,O was 1:37.54:0.00408:4, and the proportion of MTES
is in the range of 0-40%. After stirring for 2 h, the sols were stored in a thermostat for
7 days at 25 °C.

2.2. Preparation of Base-Catalyzed Silica Sol

Tetraethyl silicate (TEOS) (97%, TCI, Japan), Methyltriethoxysilane (MTES) (98%, TCI,
Japan), EtOH (double distillation, Changzhen, China), NH3-H,O (25%, Kelong, China) and
H,O (deionized water, Ulupure, China) were added into a clean PET container. The mix-
ture was stirred for 2 h and the temperature was kept at 30 °C. The final molar ratio of
TEOS:MTES:EtOH:NH;3-H,O:H,O was 0.91:0.09:37.6:0.17:3.25. After stirring for 2 h, the sols
were stored in a thermostat for seven days at 25 °C. In order to remove the ammonia and
prevent gelation or precipitation of sols, the silica sols were under refluxing in oil bath at
110 °C for 2 days. After removing ammonia, the sol was diluted to twice the mass.

2.3. Preparation of Films

The circular BK-7 glass with a diameter of 35 mm and a thickness of 3 mm were used
as substrates, and the refractive index of BK-7 was 1.52. The substrates were immersed in
EtOH for 30 s and we wiped with cleanroom wipers (LTK, Wuxi, China) carefully before
the dip-coating process. The sols were deposited on the BK-7 under the condition of 30%
relative humidity and 25 °C by the dip-coating method. The thickness of each layer can
be controlled by regulating withdrawal rates in the dip-coating process. The bottom layer
was deposited on the surface of bare substrates by dip-coating at a rate of 4200 um/s and then
heated at 400 °C for 2 h. The top layer was deposited on the bottom layer at a rate of 3600 um/s.
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2.4. Characterization of Double-Layer Coatings

The refractive indexes (1) of these coatings were measured on the ellipsometry (Horiba,
Uvisel, error < 2%) at A = 500 nm. Transmission spectra were measured by a UV-Vis
spectrophotometer (Lambda750, PerkinElmer, Waltham, MA, USA), and transmittance
error < 0.2%, wavelength < 0.1 nm was used to measure the transmission spectra. Surface
morphologies and cross-sections of the ARCs were investigated by scanning electron
microscope (SEM) (Nova NanoSEM450, FEI, Hillsboro, OR, USA), which was used to
investigate the surface morphologies and cross-sections of the ARCs. The surface roughness
of the ARCs was investigated by atomic force microscopy (AFM) (Bruker Dimension Icon,
Bruker, Billerica, MA, USA) and was used to investigate the surface roughness of the ARCs.

3. Results and Discussion
3.1. Design of Broadband ARCs with Constant High Transmittance

In various double-layer broadband ARC systems, A/4-A/4A/2 (the central wavelength)
and A/4-A/2A/4 coating designs are the most commonly adopted in general. The A refer to
the desired central wavelength of ARCs. The A/4-A/4 coatings refer to two optical coatings
with different refractive indexes and the thickness of each coating is A/4. Compared
with A/4-A/2 coatings, the A/4-A/4 coatings are better to achieve broadband ARCs with
constant high transmittance [20].

A/4-A/4 double-layer broadband ARC with constant high transmittance is simulated
by the computer software TFCalc™ (Version 3.5, Software Spectra, Spectra, Portland, OR,
USA). For the double-layer ARCs, the desired central wavelength of each layer is 600 nm.
Double-layer coatings with different refractive indexes are simulated and the results are
shown in Figure 1. The optimum refractive index of the bottom layer and top layer
are 1.40 and 1.145. The optimum simulated double-layer coating can achieve a constant
high transmittance of 99.99% at a broadband wavelength of 550-700 nm and an average
transmittance of 99.75% at a broader wavelength range of 450-850 nm. The thickness of the
bottom and top layers are 107 nm and 131 nm, respectively, in the ideal model.
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Figure 1. Simulated transmittance spectra of modeled double-layer coatings.

The preparation of sol-gel films can be achieved by various methods. The dip-coating
method was adopted in our work because of the advantages of simple process, mild coating
conditions, easy control of film thickness, and suitability for large-scale production, so it is
widely used [21]. As shown in Scheme 1, the bottom layer was acid-catalyzed SiO, thin
films and prepared by the dip-coating method and heating for 2 h at 400 °C (process I).
The top layer was base-catalyzed SiO, thin films and prepared by the dip-coating method
(process II).
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Scheme 1. Schematic illustration of bottom layer (process I), top layer (process II), and double-
layer coatings.

3.2. Preparation of Bottom Layer and Top Layer

Several acid-catalyzed sols were prepared with different ratios of TEOS and MTES
and the total amount of precursors remains unchanged. The ratios of TEOS:MTES are 9:1,
8:2,7:3, and 6:4, respectively. The refractive indices of these coatings are shown in Figure 2.
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Figure 2. Refractive index changes before and after calcination of MTES with different content.

By comparing the refractive indexes of different ratios of MTES/TEOS sols, we found
that the ratio of TEOS and MTES has no effect on the refractive indexes of these films
before calcination with a refractive index value of 1.43. The refractive index of the film is
determined by the size and shape of particles in the sol. It is reported that the particles of
acid-catalyzed sol particles are generally chain-like, formed by incomplete hydrolysis of
precursors [9,22]. According to the Reaction Limited Cluster—cluster Aggregation (RLCA)
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model [23], the growth of the sol particles results in a linear chains structure. The size of
sol particles is very small with particle-particle bonding, and thus the film formed by sol
particles tends to be dense and robust. The synthesis of SiO; linear chains structure by the
sol-gel process involves hydrolysis reactions and condensation reactions, which refer to
the hydrolysis of precursors and the formation of Si-O-5i bonds. Compared with TEOS,
there are only three ethoxy groups that can hydrolyze during the reaction in MTES instead
of four. As only two ethoxy groups are needed during incomplete hydrolysis of precursors,
TEOS and MTES may be regarded as the same, their ratios should theoretically have no
influence on the refractive indexes of the film.

In Figure 2, refractive indexes obtained by spectroscopic ellipsometry analyses are
reported for the various molar ratios of TEOS and MTES. As the MTES content increases
from 0 to 40%, the refractive indexes of calcined films decrease gradually. There are two
processes during calcination [24-26]. The porosity of calcined films increases and the
refractive indexes of calcined films decrease because of decomposition reaction with the
methyl group of MTES. On the contrary, the porosity of calcined films decreases, and the
refractive indexes of calcined films increase because of condensation reaction with the
hydroxyl group of TEOS. As the total number of precursors remains unchanged, more
MTES means more methyl groups and fewer hydroxyl groups, and the apparent refractive
indexes of the calcined films decrease as the MTES content increases.

Figure 3 displays the surface SEM images of 25% MTES film before and after calcina-
tion. The SEM images show that the porosity of the 25% MTES film becomes higher after
calcination, which can explain the decrease in the refractive index of the film from 1.43
to 1.40. Therefore, we chose the film with 25% MTES content as the bottom layer for the
double-layer ARC.

Figure 3. SEM images of 25% MTES film before calcination (a) and SEM images of 25% MTES film
after calcination (b).

For the top layer of the double-layer ARC, an optical material with a refractive index
of 1.145 is required. Our laboratory previously reported a silicate film with an adjustable
refractive index from 1.21 to 1.10 via the sol-gel method [26]. MTES was introduced
into the base-catalyzed film to decrease the refractive index of pure TEOS sol-based film.
When MTES/TEOS = 0.1, the refractive index of the base-catalyzed film is exactly 1.145.
This procedure was adopted in our work to prepare the top layer.

3.3. Optical Performance of the Double-Layer ARC

In the sol-gel dip-coating process, the film thickness can be easily controlled by
withdrawal rate [21], so the withdrawal rate must be accurately set up to make sure that the
optical thickness of each layer matches the A/4 requirement. After a series of experiments,
the appropriate withdrawal rates for individual layers were determined as 4200 pm/s and
3600 pm/s for the bottom and top layer, respectively.

Figure 4 shows the cross-sectional SEM image of a prepared double-layer ARC.
The cross-section image shows a clear and identifiable boundary between the top and
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(a)

bottom layers, and it could be seen that the film thickness of each layer was in good
agreement with the design values.

Figure 4. Cross-sectional SEM image of double-layer ARC.

Figure 5a shows the transmittance spectra of simulated and prepared double-layer
broadband ARCs, and the transmittance spectrum of bare glass was also measured.
Figure 5b shows the transmission spectra of experimental double-layer ARC in the region
of 550-700 nm. Compared with bare glass, the transmittances of the prepared double-
layer broadband ARC were significantly enhanced. The prepared double-layer ARCs can
achieve consistent high transmittances with a fluctuation of 0.1% at 550-700 nm and the
average transmittance at that region was 99.85%. At the region of 450-850 nm, the average
transmittance was 99.25%. The transmittance spectrum of experimental double-layer ARCs
was in good agreement with the transmittance spectrum of simulated double-layer ARCs
(n1 = 1.40 np = 1.145) over most of the spectral range. The deviation was probably due to
the light scattering, which was ignored at the simulated spectrum [27].

(b)

100 100.0
08 99.8
S
96 g 99.6 -
—— Double-layer film: simulated g —— Double-layer film: experimental
94 | —— Double-layer film: experimental < 99.44
—— Bare BK7 glass [
92 99.2 4
90 T T T T 990 T T
500 600 700 800 550 600 650 700
Wavelength/ nm Wavelength/ nm

Figure 5. Transmission spectra of bare BK7 glass, simulated and experimental double-layer ARCs
(a) and transmission spectra of experimental double-layer ARC in the region of 550-700 nm (b).

The light scattering is positively related to the roughness of the coatings. The rough-
ness of the bottom layer, top layer, and double-layer coatings were analyzed by atomic force
microscopy (AFM). As shown in Figure 6, the surface of the bottom layer coating (a) is rela-
tively smooth compared to the top layer and double-layer coatings; the root-mean-square
(Rq) is just 0.325 nm. The surfaces of the top layer (b) and double-layer coatings (c) are
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both relatively rough; the root-mean-square (Rq) values are 5.57 and 4.65 nm, respectively.
The root-mean-square (Rq) value of the double-layer coating stays at a low level, which is

less than 5 nm, and the optical loss of experimental transmittance is less than 0.5% compared
to that of simulated transmittance.

(a) : R,=0.325nmm

Figure 6. AFM 3D images of bottom layer coating (a), top layer coating (b) and double-layer coating (c).
3.4. Stability of Double-Layer ARC

In practical application, ARCs are often required to be resistant to humidity. In this
study, to evaluate the stability of double-layer ARC in humid conditions, we measured the
transmittance spectra of double-layer ARCs before and after being placed for two weeks at
25 °C and 50% relative humidity, and the result is shown in Figure 7.

100

=3
3
S
E 99
= — Before two weeks
§ — After two weeks
|_
98 T T T T
500 600 700 800

Wavelength/ nm

Figure 7. Transmittance spectra of double-layer ARC before and after two weeks.



Coatings 2022, 12, 435 80f9

Compared with regular base-catalyzed single-layer coatings with a 7-8% reduction in
average transmittance after being placed for two weeks, the antireflective performance of
the double-layer ARCs remained almost intact, and the reduction in average transmittance
in the region of 450-850 nm was only 0.5%. The result shows that the double-layer ARC
has good environmental stability.

4. Conclusions

Double-layer broadband ARCs with an average transmittance of 99.25% in the region
of 450-850 nm were achieved using the sol-gel dip-coating process. The ARC with an out-
standing optical property was prepared successfully and the transmittance achieved 99.7%
with little fluctuation of 0.1% in the region of 550-700 nm. This double-layer ARC with
good environmental stability has potential value in the fields of camera lenses, architectural
glass, solar cells, high-power laser systems, and especially display panels.
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