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Abstract Sol–gel silica antireflective (AR) coatings
possess a high specific surface area that is more
susceptible to be contaminated by absorption of con-
taminants from the environment, which will increase the
refractive index and reduce the transmittance.
Ammonia and c-methacryloxypropyltrimethoxysilane
(KH570) vapor treatment was employed to passivate
the silica AR coating, thereby enhancing the environ-
mental stability. The properties of the coatings were
characterized with Fourier transfer infrared absorption
spectroscopy, scanning electron microscopy, atomic
force microscopy, UV–Vis–NIR spectrometer, and
contact angle measurement. The results showed that
after the vapor treatment, the coatings became denser
and the environmental stability was greatly improved.
After being exposed to a humid environment (RH >
90%) and low-vacuum environment with intentionally

induced organic contaminants for 60 days, the trans-
mittance of the modified SiO2 coating decreased by
only 0.08% and 0.2%, respectively. Meanwhile, the
average transmittance decreased by only 0.02% after
being rubbed for 1000 cycles, indicating that the co-
treated coating also possessed a good abrasion resis-
tance.

Keywords Sol–gel, SiO2 antireflective coating,
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Introduction

Sol–gel SiO2 antireflective (AR) coatings are highly
desirable in many fields such as architectural glass,1–7

solar cell systems,8–11 large-screen displaying systems,
and optical components for high-power lasers12–14 in
that they offer the advantages of controllable refractive
index, excellent optical performance, high laser-in-
duced damage threshold (LIDT), and capability of
large coating size.15 However, these silica coatings
prepared by sol–gel method possess a large specific
surface area because of their porosity. Such a high
porosity and a hydroxyl-covered surface are more
susceptible to be contaminated by absorption of
environmental contaminants like trace amounts of
volatile organic compounds and water vapor, which
will increase the refractive index of the coating and
reduce the transmittance as well as laser resistance.
Therefore, the environmental stability of silica antire-
flective coating desperately needs to be improved.

Previous works have elucidated that organosilicon
compounds can be used to replace the free hydroxyl
groups on the sol–gel silica particles so as to improve
the contamination resistance of coatings.16–21 Nor-
mally, hexamethyldisilazane (HMDS) or
trimethylchlorosilane (TMCS)22–24 was utilized to
obtain a hydrophobic coating. Belleville and Floch25

first reported that ammonia–water vapor treatment
could increase the mechanical strength of silica AR
coatings. After that, Thomas et al.17 developed a
method of post-treatment with ammonia and water
vapor followed by HMDS vapor treatment to reduce
the effect of environmental contamination of sol–gel
silica coatings. In this method, the hydroxyl groups on
the silica particle surface can be replaced by trimethyl-
siloxy groups, thereby eliminating the surface polarity
of the coating. Several researchers26–28 then studied the
effect of HMDS treatment on the silanization degree
and LIDT of the coating.
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On the basis of the above research, we developed an
ammonia and KH570 vapor treatment (AKHVT) to
improve the environmental stability of the sol–gel SiO2

AR coatings. The optical stability of porous silica AR
coatings in different work environments including
humid environment (RH > 90%) and low-vacuum
environment with organic contaminants was investi-
gated. Moreover, the effects of AKHVT on the
refractive index, microstructure, and hydrophobic per-
formance of the coating were also investigated.

Experiment

Preparation of durable SiO2 AR coatings

Tetraethylorthosilicate (TEOS � 98.6%), aqueous
ammonia (25–28%), anhydrous ethanol (EtOH
99.9%), and c-methacryloxypropyltrimethoxysilane
(KH570) were purchased from Sinopharm Chemical
Reagent. All of the reagents were used without further
purification.

The standard SiO2 sol was prepared using ethanol as
solvent, tetraethylorthosilicate (TEOS) as precursor,
and aqueous ammonia as catalyst. The final suspension,
with the molar ratio of TEOS: EtOH: NH3ÆH2O =
1:38:2.45, after aging for a week under controlled

temperature and humidity conditions (20–25�C, < 50%
relative humidity), was refluxed at 80�C for 22 h. The
resulting silica colloidal suspension displayed a blue
color, in which the average size of SiO2 particles was
about 20 nm.

The silicon wafer and BK7 glass substrates were first
sonicated in a solution of distilled water and detergent
for 30 min and then washed using distilled water and
ethanol, respectively. The coatings were then coated
on the cleaned substrates using a dip-coating apparatus
(CHEMAT Dip-Master 200). The thickness of the
coating could be adjusted by the withdrawal rate.
Then, all of the coatings were heated in an electric
muffle furnace at 80�C for 3 h to remove residual
solvent. Samples of AKHC (ammonia and KH570
vapor treated coating) were obtained by exposing to
saturated aqueous ammonia atmosphere for 6 h under
a temperature of 50�C first and then to KH570
atmosphere for 12 h at 80�C. The heated coatings
without post-treatment are named as WPTC.

Characterization

The optical transmission (T) and reflection (R) spectra
were measured by an UV–Vis–NIR spectrophotometer
(JASCO V-570). The thickness and refractive index of
the coatings were calculated from the transmittance
and reflectance spectra by Film Wizard software.
Fourier transform infrared (FTIR) spectra were
recorded using a BRUKER TENSOR-27 spectrome-
ter. The morphology, the particle size, and the porosity

of the samples were analyzed by scanning electron
microscope (SEM, Philips-XL30FEG). The surface
morphology and roughness were characterized using
an atomic force microscope (AFM, Bruker Multimode
8). The water-repellent property was measured using a
homemade water contact angle goniometer.

Results and discussion

Chemical composition analysis

Figure 1 shows the FTIR absorption spectra (range
680–3200 cm�1) of the WPTC and AKHC. All samples
present an absorption band around 800 cm�1 corre-
sponding to the symmetric stretching vibration of the
Si–O–Si bonds, whereas the asymmetrical stretching
vibration is located at 1080 cm�1.29,30 The absorption
band at 945 cm�1 is attributed to the stretching
vibration of Si–OH groups,31 which causes the coating
to be more susceptible to absorb the water vapor from
the environment. For sample WPTC, the absorption
band at 2956 cm�1 could be ascribed to the C–H
stretching vibration coming from the unhydrolyzed
ethoxyl groups29 in the coating. After vapor treatment,
the unhydrolyzed ethoxyl groups would be hydrolyzed,
whereas the KH570 (C–H) was grafted to the coating
through condensation reaction with Si–OH groups.
Therefore, this C–H absorption band still exists.
Furthermore, the band associated with KH570 (C=O)
can be observed at 1722 cm�1 from sample AKHC,30,31

which also demonstrates that hydrophilic groups on the
silica coating were successfully replaced by long-chain
functional groups after KH570 vapor treatment.
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Fig. 1: FTIR absorption spectra of WPTC and AKHC
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Morphology and structure analysis

To have a deep insight into the effect of the co-
treatment of ammonia and KH570 vapor on the
coatings, the evolution of surface morphologies was
systematically investigated by SEM and AFM. Fig-
ure 2 shows the surface and cross section of the
samples taken by SEM. As shown in Fig. 2a, the
surface of sample WPTC is loose and full of small and
uniform pores. After co-treatment of ammonia and
KH570 vapor, sample AKHC features larger-size pores
and the silica particles are woven more tightly com-
pared with sample WPTC. Meanwhile, the cross-
section images (as shown in Figs. 2c and 2d) show that
the interface between the coating layer and the
substrate gets unclear for sample AKHC. These results
illustrate that the silica particles of the coating treated
with ammonia and KH570 vapor tend to be more
tightly linked through self-condensation of hydroxyl
groups to siloxane linkages and thereby cause the

microstructure to be denser. In addition, KH570 as one
of the volatile organosilanes can also passivate the
silica particles and change the microstructure of the
coatings. Hydroxyl groups on the surface were re-
placed by nonpolar long-chain functional groups of
KH570, which not only decreased the surface energy,
but also covered the silica particles with a protective
outer shell that prevented the penetration of large
contaminants.

The 3D AFM images of different samples are also
shown in Fig. 3. The RMS (root-mean-square) values
of the coatings were determined based on the AFM
measurements obtained from a 5 9 5 lm2 region of
each coating. WPTC features a flat surface with a RMS
of 5 nm, while AKHC presents a slightly larger one of
7 nm. The slight increase of RMS which is due to the
homogeneous reaction of AKHVT has little influence
on the roughness of the coating. It is generally
acknowledged that the surface morphology and rough-
ness of the coating have a large effect on optical
property and water repellence. Here, the surface of
AKHC is considerably flat, which would make little
contribution to the transmittance and wettability.

The physical thickness and refractive index of
different coatings are calculated and listed in Table 1.
Because vapor treatment only changed the surface
structure as mentioned above, the refractive index
increased slightly from 1.17 to 1.18 at the wavelength of
1000 nm. Besides, the thickness of the coating
decreased from 204 nm to 197 nm, which was consis-
tent with the SEM images shown above.

Fig. 2: SEM images of different samples: (a) The surface of
WPTC; (b) The surface of AKHC; (c) The cross section of
WPTC; (d) The cross section of AKHC

Table 1: Optical constants of untreated and after-vapor-
treatment samples

Sample N d (nm)

WPTC 1.17 204
AKHC 1.18 197
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Fig. 3: Three-dimensional AFM images of the coatings: (a) WPTC; (b) AKHC
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Wettability property analysis

It is well known that the surface energy, surface
roughness, and volume fraction of voids would signif-
icantly affect the wettability.32–34 Here, the wettability
was characterized by measuring the contact angles of
coatings with water droplets. As shown in Fig. 4, the
water contact angle (WCA) of WPTC is 44� while that
of AKHC is 99�. According to FTIR results, WPTC
has many hydroxyl groups on the surface, which easily
absorb contaminants from the environment. It is
noteworthy that the nonpolar long-chain functional
groups of KH570 grafted on the silica particles
decrease the surface energy of the coating, whereas
the surfaces of both samples are considerably flat,
which indicates that the morphology of the coating
surface makes little contribution to the water contact
angle.

Mechanism of vapor treatment

Figure 5 illustrates the mechanism of combined vapor
treatment of ammonia and KH570. The as-prepared

SiO2 coatings via sol–gel method contain a large
number of unhydrolyzed ethoxyl groups and hydroxyl
groups on the surface of the silica particles, as
presented in Fig. 5. Ammonia vapor treatment
(AVT) can hydrolyze the residual ethoxyl groups to
hydroxyl groups, which was beneficial for more non-
polar long-chain groups of KH570 being grafted in the
next step. Moreover, some hydroxyl groups on adja-
cent particles can bind together through condensation
reaction and result in the decrease of the average
distance between silica particles, following with the
increase of the density, as shown in Fig. 2. This
behavior is associated with Ostwald ripening25,35,36:
Larger silica particles swallow the smaller ones, which
causes larger particles to grow continuously, whereas
the smaller particles dissolve. In addition, the decrease
in average distance between silica particles made the
coating thinner and denser which improved its con-
tamination resistance and abrasion resistance.

In the second step, the KH570 vapor was employed
to react with the remaining hydroxyl groups, as
illustrated in equations (1) and (2). In the first stage,
the siloxane groups are hydrolyzed into silanol groups.
Thus, the silanol groups can bond with the hydroxyl

Fig. 4: Contact angle with water of (a) WPTC and (b) AKHC
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groups on the surface of the silica coating as shown in
equation (2). After that, the Si–O–Si bonds are formed
via condensation reaction and the nonpolar long-chain
groups are successfully grafted to the coating surface.

CH2 ¼ C CH3ð ÞCOO CH2ð Þ3 � Si � OCH3ð Þ3

þ nH2O ! CH2 ¼ C CH3ð ÞCOO CH2ð Þ3

� Si � OHð Þ3 þ nCH3OH ð1Þ

� Si � OH þ CH2 ¼ C CH3ð ÞCOO CH2ð Þ3

� Si � OHð Þ3 !� Si � O � Si � CH2

¼ C CH3ð ÞCOO CH2ð Þ3 þ H2O ð2Þ

As described above, all the remaining hydroxyl
groups have now been eliminated from the surface,
which endows the coating with a protective outer shell
covered with nonpolar trimethylsiloxy groups. Hence,
the KH570 vapor treatment can make the long-chain

groups grafted and thus further increase the density of
the coating and to some extent decrease the polarity of
the coating, which will improve the environmental
stability of the coating.

As a silane coupling agent, KH570 with long-chain
groups can improve the adhesion properties of organic
and inorganic materials. Therefore, the effect of
improving the environmental stability resistance of
the coating used via KH570 could be better than
HMDS, particularly in terms of scratch resistance.
Previous work found that the coating modified by
HMDS can obtain good optical performance and
better hydrophobicity properties. More –CH3 groups
on the HMDS can make the coating possess higher
WCA (151.5�) than KH570 (about 99�). However,
AKHC still possesses outstanding environmental sta-
bility because of its protective outer shell and dense
coating structure. Moreover, the good adhesion prop-
erties of KH570 can be further studied in the following
work.
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Stability of the optical properties

Durability in humid environment and oil pollution
environment

The durability test was performed in a humid environ-
ment (RH > 90%) to evaluate the moisture resistance
of the samples. The evolution of transmittance spectra
of WPTC and AKHC is shown in Figs. 6a and 6b.
After being exposed to a humid environment for
60 days, the transmittance of WPTC decreased dra-
matically from 99.7% to 96% at the wavelength of
1000 nm. Meanwhile, the peak position of transmit-
tance has a red shift, demonstrating that the optical
thickness of the coating increased, which is probably
caused by the variation of refractive index resulting
from absorption of water. In contrast, AKHC main-
tained its optical property fairly well. The peak
transmission was decreased by only 0.08% in 60 days,
as revealed in Fig. 6b.

A two-month test in low-vacuum environment was
also conducted in a low-vacuum chamber (vacuum
degree < 10�3 Pa) with intentionally induced dimethyl
silicone oil. As demonstrated in Fig. 6d, the transmit-
tance of AKHC decreased only from 99.3% to 99.1%
at the wavelength of 557 nm after 60 days, while that
of WPTC decreased from 99.4% to 97.1% at the
wavelength of 1361 nm. Hence, we conclude that

ammonia and KH570 vapor-phase treatment can
improve the durability of sol–gel AR coatings.

Abrasion resistance of the AR coatings

The abrasion resistance test was carried out by
the rubbing method which was suggested by Floch
et al.37 and was generally considered suitable for soft
coating materials.38–40 In this method, the cotton ball
immersed with ethanol and dust was used to rub the
coating. Then, the damage performance of coating
before and after rubbing was evaluated through com-
paring the variation of its transmittance and surface
morphology. Figures 7a and 7b shows the surface
damage morphology of different samples. After 1000
rubbing cycles, many visible scratches can be seen in
Fig. 7a (WPTC), whereas no obvious damage can be
observed in Fig. 7b (AKHC). In addition, an average
transmittance in the wavelength region between
1000 nm and 1400 nm was also calculated to assess
the abrasion resistance of both samples. As shown in
Fig. 7c, after 1000 rubbing cycles, the average optical
transmittance for the WPTC decreased to 98.7% from
the initial value of 99.8%. Nevertheless, the abrasion
resistance of the coating could be enhanced dramati-
cally after being treated with ammonia and KH570
vapor owing to the improvement of the microstructure
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of the surface, where the average transmittance after
rubbing decreased by only 0.02%. As explained above,
the average distance of the silica particles becomes
smaller than before after the ammonia vapor treat-
ment. Meanwhile, the grafting of hydrophobic long-
chain groups from KH570 could further increase the
density of the coating. The coating becomes thinner
and denser, and thus its abrasion resistance was
improved.

Conclusions

A durable silica antireflective coating with pronounced
abrasion and environmental resistances was prepared
by the combined vapor treatment of ammonia and
KH570. The transmittance of modified coating de-
creased by only 0.08% after being exposed to a high
humid environment for 60 days. Meanwhile, the trans-
mittance decreased by only 0.2% in a low-vacuum
environment with dimethyl silicone oil. Furthermore,
the vapor treatment can make the surface denser, and
to some extent improve the scratch resistance of the
coating. After being scratched for 1000 cycles, the
transmittance of the coating decreased by only 0.02%.
The above results show that such kind of combined
vapor treatment can effectively improve the environ-
mental stability of the sol–gel AR coatings. This
durable silica AR coating can be very useful when
used in severe environment.
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