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A λ∕4–λ∕4 broadband antireflective (AR) coating is developed with a sol-gel dip-coating method. By adding
SAR-5 organosilicon resin into a base-catalyzed silica sol top layer and treating at 300°C, a broadband AR coat-
ing used for blast shields with a high average transmission of 99.34% (450–950 nm) and good hydrophobicity
(with a water-contact angle of 119°) was obtained. After being subjected to rubbing 50 times and being main-
tained at a relative humidity of around 95% for 50 days, the average transmission of the coating decreased by
0.29% and 0.04%, respectively. This indicates that the organically modified silica (ORMOSIL) broadband AR
coating has good abrasion resistance and humidity stability.
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The sol-gel method is the most commonly used method
that is employed to obtain antireflective (AR) films,
and it possesses excellent stability, reproducibility, and
low production costs; this method is also used to
fabricate silica optical fibers[1–5]. These AR coatings have
high damage thresholds that are 2–3 times that of other
coating materials, which is a requirement for high-power
laser systems. They are widely used as coatings on amp-
lifier windows, quartz glass windows, and harmonic
converter crystals[1,6]. Research into the quarter-wave
single-layer AR coating is a popular topic in the AR field,
and it has widespread application in high-power laser
systems. With these single-layer coatings, the optimal
efficiency is suitable for one wavelength[7]. However, there
are many other situations in which a broader-band coating
is required. Obvious examples are harmonic converter
crystals, solar cover glass, display systems, and blast
shields[7–14].
In high-power laser systems, blast shields separate the

flashlamps from the glass laser slabs to prevent damage to
expensive amplifiers due to potential explosions[15,16]. Con-
sidering the difficulty in controlling the coating thickness,
double-layer films are widely used, and the typical design
includes λ∕4–λ∕2 type and λ∕4–λ∕4 type (where λ is the
center wavelength) films. Thomas[7] developed a simple
two-layer broadband coating that consists of a layer of
a methyl silicone polymer overcoated with porous silica.
With this approach, less than 0.5% reflection can be
achieved over a 500–1100 nm wavelength range. However,
the top porous silica layer has weak mechanical properties,
which limits its application. Zhang et al.[13] designed a
double-layer double-wavelength AR coating with 100%

transmittance at both 1064 and 532 nm, which is very
important in high-power laser systems, and the coating
was designed using thin-film design software. The sol-gel
process consists of a good experimental method that
achieves this design. Prené et al.[11] designed and developed
a type of λ∕4–λ∕2 SiO2∕Ta2O5 broadband AR coating
that has an expected amplification gain of close to 6%;
however, the transmittance at the center wavelength
was relatively low (less than 97%). Jia et al.[17] reported
a λ∕4–λ∕2 SiO2∕TiO2 AR coating used in amplifier blast
shields of the Shenguang-II (SG-II) facility. The average
transmission of dual-coated K9 substrates was increased
by 6.6% compared to uncoated substrates in the spectral
range 400–700 nm. However, the optical properties of such
λ∕4–λ∕2 type coatings need to be improved. Compared
with the λ∕4–λ∕2 design, λ∕4–λ∕4 broadband AR
coatings feature a flat broadband transmission spectrum.
Li et al.[12] utilized a λ∕4–λ∕4 wavelength system, achieving
an average transmittance for coated borosilicate
crown (BK7) glass of more than 99.5% over the range
of 500–850 nm. NH3 heat and trimethylchlorosilane treat-
ment enhance the scratch resistance and moisture resis-
tance of these coatings.

In this work, a λ∕4–λ∕4 organically modified silica
(ORMOSIL) porous broadband AR coating, which has
moisture resistance and abrasion resistance, was devel-
oped by using a modified top layer with SAR-5 resin
(SAR-5, wear-resisting methyl silicone resin binder that
can increase the wear-resistance and hydrophobicity prop-
erties of coating after heat treatment)[18]. This coating ex-
hibits a flat broadband transmission spectrum from 450 to
950 nm. The abrasion resistance and humidity stability
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were measured and compared to coatings without methyl
silicon resin.
Base-catalyzed silica sol was prepared by mixing terae-

thoxysilane (TEOS), H2O, NH3, and anhydrous ethanol
(C2H5OH) in the molar ratio 1∶2∶0.9∶34.2, respec-
tively[3], and this is marked as Z1. The chemical reagents
were stirred vigorously for more than 5 h at about 5°C.
After stirring for 2 h at 20°C, all of the solutions were
placed into an oven to age for 7 days at 60°C. Finally, the
solutions needed to be refluxed to remove ammonia.
SAR1-Z, SAR3-Z, and SAR5-Z sols (adding 5% volume
n-propanol) were synthesized with mixed sols; the
SAR-5:Z1 sol volume ratios were 1∶100, 3∶100, and
5∶100, respectively. Acid-catalyzed sol was synthesized
by mixing TEOS, H2O, hydrochloric acid (HCl), and
C2H5OH in the molar ratio 1∶4∶0.01∶20; this solution
was ready for use after being stirred for 4 h and aged
for at least 4 days at room temperature. BC1 sol was pre-
pared by mixing 120 mL B sol (TEOS, H2O, NH3, and
C2H5OH in the molar ratio 1∶2.9∶0.49∶34.2, respectively,
where the chemical reagents were stirred vigorously for
more than 5 h at 20°C, then at least 6 days at 60°C,
and finally ammonia was removed), 63 mL acid-catalyzed
sol, and 10 mL n-propanol (suitable adjustments to the B
sol and acid-catalyzed sol proportion can be made accord-
ing to the deviation from the required refractive index). For
the double-layer coating preparation, bottom layers were
prepared by using a dip-coating process with BC1 sol on
the fused silica glass. The prepared coatings were heated
at 200°C for 10 min. Subsequently, top layers were pre-
pared by dip-coating with Z1, SAR1-Z, SAR3-Z, and
SAR5-Z sols, respectively, to finally obtain the double-layer
broadband AR coatings BCZ1, BCSAR1, BCSAR3, and
BCSAR5, respectively. The coatings were put into an oven
again at 200°C or 300°C for 10–30 min.
Transmission spectra of coatings prepared with

SAR1-Z, SAR3-Z, SAR5-Z, and BC1 sols were measured
with a spectrophotometer (Perkin-Elmer Lambda 900,
150 mm integrating sphere), and the refractive indices
of SiO2 AR coatings were measured with a HORIBA UVI-
SEL 2 and Sopra GES-5 E spectroscopic ellipsometer, the
results of which are shown in Fig. 1. The peak transmission
of SAR1-Z was above 99.9%, showing almost no change
after treatment at 200°C or 300°C, with a refractive index
of 1.20 at a wavelength of 650 nm after treatment at 300°C.
Correspondingly, the peak transmission of SAR3-Z in-
creased from 99.87% to above 99.99% (200°C) and above
99.99% (300°C), with a refractive index of 1.22 at a wave-
length of 650 nm after treatment at 300°C. The peak
transmission of SAR5-Z clearly increased from 99.36%
to 99.76% (200°C) and 99.80% (300°C, n ¼ 1.25,
650 nm). Figure 1(d) shows the transmission spectra of
the BC1 coating after treatment at 200°C. The refractive
index of the BC1 coating was estimated to be around 1.37
according to the peak transmission (96.95%), which is con-
sistent with the theoretical design value of thin-film design
software TFCalc. (With the storage of BC sol for several
hours, the refractive index of the film will increase slowly.

It is necessary to select the appropriate time to obtain the
required coating refractive index.) It can be seen that as
the increment of SAR-5 resin grows, the transmission of
the coating declines at a faster rate. Furthermore, the in-
crease of the treatment temperature contributed to an in-
crease in the coating peak transmission. Figure 2 shows
the water-contact angle (measured using a DataPhysics
OCA40 instrument) of the different coatings and the ther-
mogravimetry (TG) differential scanning calorimetry
(DSC, METTLER TOLEDO TGA/DSC1/1600HT)
curves obtained in O2 atmosphere for the SAR3-Z gel.
A weight loss of 10% is shown in the TG curves in the tem-
perature range 30°C–237°C, and this is attributed to the
evaporation of water and organic solvents. Two exother-
mic peaks at around 325°C and 497°C are attributed to
the condensation between Si-OH and the oxidation of
Si-CH3 to Si-OH, respectively[19]. This resulted in a gradual
increase in the peak transmission of SAR3-Z and SAR5-Z
coatings after treatment at 200°C and 300°C, as shown in
Fig. 1. For the SAR1-Z, SAR3-Z, and SAR5-Z coatings,
the water-contact angles were 121°, 118°, and 119°, respec-
tively, with good hydrophobicity owing to the Si-CH3
hydrophobic groups of the SAR-5 resin. As the heat-
treatment temperature increased to 200°C, all three
water-contact angles increased by 3°–6°, owing to the
evaporation of water and organic solvents. However,
the water-contact angle of coatings after treatment at
300°C decreased by 12°, 5°, and 4°, respectively, compared
with treatment at 200°C. The loss of the water-contact
angle should be attributed to the transformation of hydro-
phobic Si-OC2H5 into hydrophilic Si-OH in the coating

Fig. 1. Transmission spectra of the (a) SAR1-Z coating,
(b) SAR3-Z coating, (c) SAR5-Z coating, and (d) BC1 coating.

Fig. 2. (a) Water-contact angle of the SAR1-Z, SAR3-Z, and
SAR5-Z coating and (b) TG-DSC curve for the SAR3-Z gel.
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under treatment, which can be confirmed by a slight
exothermic peak at 252°C in the TG-DSC analysis. In
comparison, the lower amount of SAR-5 resin with hydro-
phobic methyl groups in SAR1-Z resulted in a greater de-
crease in the water-contact angle compared with SAR3-Z
and SAR5-Z. A treatment temperature of 300°C was
selected for the coatings based on the following consider-
ations: (1) the increase in the coating peak transmission
and good hydrophobicity after treatment at 300°C;
(2) oven heating (from room temperature to 300°C) is suit-
able for larger-size optic elements; and (3) heat treatment
above 300°C may affect the surface shape of optical glass.
Figure 3 shows the transmission spectra for the double-

layer broadband porous silica AR coatings, as well as the
theoretical transmittance spectrum of the double-layer
broadband AR coating, which is calculated by TFCalc.
The average transmission of the BCZ1 coating after
300°C (in the spectral range of 450–950 nm) decreased
slightly from 99.52% to 99.45% after NH3 heat treatment
(20 mL NH3·H2O, 150°C/24 h) and had excellent
optical properties. The λ∕4–λ∕4 system and a central
wavelength of 640 nm were chosen for the simulation.
Because the refractive indices of BCSAR1, BCSAR3,
and BCSAR5 coatings were 1.20, 1.22, and 1.25, respec-
tively, different indices of the bottom layer were used
to calculate the theoretical transmittance spectrum. We
chose the BC1 coating with a refractive index of 1.37 as

the bottom layer, which should perform well for broad-
band AR applications, and the thicknesses (d) of the bot-
tom layer were around 117 nm, which correspond to the
optical thickness ðnd ¼ λ∕4Þ. The thicknesses of the top
layer were around 133 nm (SAR1-Z), 131 nm (SAR3-Z),
and 128 nm (SAR5-Z). The experimental transmittance
spectrum has some small deviations compared with that
of the modeled spectrum, and this may be caused by
the deviation in the thickness of two layers from the model
or the interface penetration between two layers. Before
and after annealing at 300°C, the average transmittance
of BCSAR1, BCSAR3, and BCSAR5 increased from
99.45% to 99.49%, 99.08% to 99.34%, and 98.56% to
98.95%, respectively. It was demonstrated that the in-
crease for SAR-5 resin led to an accelerated degeneration
of the coating transmission. Because of the poor transmis-
sion performance, the BCSAR5 coating is not suitable as a
broadband AR coating. Therefore, BCSAR1 and BCSAR3
coatings are the focus of the following discussion.

Regarding the practical use of these broadband AR
coatings for blast shields, their abrasion resistance is a
key consideration. The abrasion resistance test was carried
out by rubbing the coatings with a micro denier wiper
(instead of cotton ball) immersed in ethanol[12]. Table 1 lists
the measured average transmission (450–950 nm) before
and after different rubbing times. The NH3-treated
BCZ1 coating could be removed after five rubbings. The
decrease in the average transmission of the BCSARZ1
(200°C) coating was more serious than for the NH3-treated
BCZ1 coating, while there was an enhanced abrasion resis-
tance after treatment at 300°C. This enhanced abrasion re-
sistance was more pronounced for the BCSARZ3 (300°C)
coating, for which the average transmittance only de-
creased by 0.29% after rubbing 50 times; this is equivalent
to the average transmittance decrease of the BCSARZ3
(200°C) coating after rubbing 3–5 times. After treatment
at 300°C, the use of SAR-5 resin as a binder served to
increase the adhesion between individual silica particles
by Si-OH condensation, which is consistent with the
exothermic peak observed in the TG-DSC data at around
325°C. This increased the coating strength.

Another critical property for amplifier blast shields is
the humidity stability of coatings. This is because the ad-
sorption of water leads to a reduction in the optical

Fig. 3. Transmission spectra of the (a) BCZ1, (b) BCSAR1,
(c) BCSAR3, and (d) BCSAR5 coatings.

Table 1. Transmission of the Coatings Before and After Abrasive Rubbing

Average Transmittance Reduction After Rubbing (%)

Coating Average Transmittance (%) 1 time 3 times 5 times 10 times 20 times 50 times

BCZ1 NH3 99.28 0.96 1.50 2.24 / / /

BCSAR1 200°C 99.49 1.48 1.58 / / / /

BCSAR1 300°C 99.50 0.36 0.94 1.73 / / /

BCSAR3 200°C 99.34 0.17 0.21 0.41 1.00 1.67 /

BCSAR3 300°C 99.33 0.01 0.01 0.03 0.08 0.07 0.29

COL 17(3), 033101(2019) CHINESE OPTICS LETTERS March 10, 2019

033101-3



transmission and, consequently, a decline in the amplifica-
tion gain. The humidity stability of the coatings that can
be deduced from transmission spectra was experimentally
assessed by placing coating samples in a glass container in
which the relative humidity (RH) was maintained at 95%–
98% (defined as 95%). As shown in Fig. 4, the transmission
of the BCZ1 coating after 300°C without NH3 treatment
declined significantly under these conditions after 40 and
50 days; the average transmission decreased from 99.64%
to 99.30% and 99.23%, respectively, see Fig. 4(a). The
transmittance curve for the BCZ1 coating shifted towards
shorter wavelengths after being exposed to a 95% RH, and
the average decrease in the transmission deteriorated
when incident light of a substrate, such as blast shields,
contained angular light (transmission spectrum undergoes
a blue shift). The transmission spectrum of BCSAR1
experienced a slight blue shift after being maintained
for 40 days, and the same trend was seen after 50 days.
The average transmission of BCSAR1 decreased slightly
from 99.49% to 99.46% after being maintained at 95%
RH for 40 days, as shown in Fig. 4(b), and it distinctly
decreased by a further 0.15% after 10 more days. The
transmission spectrum of the BCSAR3 coating is shown
in Fig. 4(c) and indicates excellent humidity stability.
The average transmission of BCSAR3 decreased slightly
from 99.34% to 99.28% and 99.30% after being maintained
at 95% RH for 40 and 50 days, respectively, with almost
no blue shift. The excellent humidity stability of the
BCSAR3 coating confirmed the success of Si-CH3 hydro-
phobic modification by the SAR-5 resin.

In conclusion, a λ∕4–λ∕4 double-layer broadband
porous silica AR coating used for blast shields was success-
fully prepared with an ORMOSIL porous coating as the
top layer. The BCSAR3 coating exhibited excellent opti-
cal properties with a flat broadband transmission spec-
trum from 450 to 950 nm. By adding SAR-5 resin to
the silica sol and after treatment at 300°C, the abrasion
resistance of the BCSAR3 coating was significantly
increased compared to the coating without methyl
silicon resin treatment by a NH3 heat process, and the hu-
midity stability was improved by Si-CH3 hydrophobic
modification.
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Fig. 4. Transmission of the broadband AR coatings (a) BCZ1,
(b) BCSAR1, and (c) BCSAR3 before and after exposure to
95% RH.
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