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Different post-treatment processes involving the use of ammonia and hexamethyldisilazane (HMDS) were explored for
application to 351 nm third harmonic generation SiO2 antireflective (3ω SiO2 AR) coatings for high power laser systems
prepared by the sol-gel method. According to experimental analysis, the 3ω SiO2 AR coatings that were successively
post-treated with ammonia and HMDS at 150°C for 48 h and again heat-treated at 180°C for 2 h (N/H 150 + 180 AR) were
relatively better. There were relatively fewer changes in the optical properties of the N/H 150 + 180 AR coating under a humid
and polluted environment, and the increase in defect density was slow in high humidity environments. The laser-induced
damage threshold of the N/H 150 + 180 AR coating reached 15.83 J=cm2 (355 nm, 6.8 ns), a value that meets the basic require-
ments of high power laser systems.
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1. Introduction

The sol-gel method, which was first, to the best of our knowl-
edge, described by Ebelmen in 1846, has since been widely used
to prepare different kinds ofmaterials[1]. Porous silica antireflec-
tive (AR) coatings prepared using the sol-gel method possess
excellent optical properties and superior laser-induced damage
thresholds (LIDTs) and are typically used in final optics assem-
blies of inertial confinement fusion (ICF) experimental devices
such as the National Ignition Facility (NIF) in the USA[2], Laser
Mégajoule (LMJ) in France[3], and Shenguang facilities (SGs) in
China[4–7]. Silicon oxide coatings with low refractive indices and
prepared using the sol-gel method can be used for fused silica
and crystal elements in final optics assemblies, while hafnium
oxide and tantalum oxide coatings with high refractive indices
can be used in reflective elements[8–10]. Unlike coatings prepared
using physical vapor deposition (PVD), the sol-gel coating
coated on optical elements has a high LIDT because of its high
porosity and specific surface area[11]. The sol-gel method is also
simple, convenient, and flexible for preparing coatings com-
pared to PVD. Currently, numerous third harmonic generation
(3ω) silica AR coatings coated on optical elements (such as fused
silica, crystal optics, and disposable debris shields) are mainly

used in the final optics assemblies of high power laser devices[12].
However, the performance stability of 3ωAR coatings will affect
the final output quality of high power laser systems (HPLSs).
Typically, the 3ω AR coatings for the glass optics of HPLSs
are post-treated for a specific duration in a chemical atmosphere
with fluorine or long-carbon-chain reagents to improve their
performance stabilities[13–15]. Most studies focus on the stability
of optical properties, such as the transmittance decrease of AR
coatings at 3ω wavelength; however, the formation of coating
defects is ignored in the accelerated experiment, and the number
of defects may affect the damage to the downstream optical
elements[16]. Therefore, it is necessary to investigate post-
treatment processes for 3ω AR coatings that can be applied
to HPLSs.
After studying the post-treatment processes for 3ω AR coatings

used in different HPLSs, including NIF, LMJ, and SG II[17–19],
in this study, the effects of four different post-treatment processes
on 3ω AR coatings were investigated by analyzing the coating
transmittances in high temperature, high humidity, and organic
contaminated environments, coating defects in a high humidity
environment, and LIDTs. In the post-treatment process, 3ω SiO2

AR coatings that were successively post-treated with ammonia
and hexamethyldislazane (HMDS) at 150°C for 48 h separately
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and again heat-treated at 180°C for 2 h (N/H 150 + 180 AR) are
relatively better in both optical stability and defect control.

2. Experiments

The SiO2 sol was prepared using purified tetraethoxysilane
(TEOS), ammonia (NH3 · H2O), ethanol (EtOH), and poly-
ethylene glycol (PEG200). The molar ratio of the chemical
reagents in the solution was TEOS:EtOH:NH3:H2O=
1:34.2:0.9:2, and a certain amount of PEG200 was added. After
stirring the solution in ice water for a specific duration, the
sealed solution was aged for some days in an oven set to 50°C.
The solution was then refluxed to remove excess NH3 · H2O
until the pH of the SiO2 sol was seven. Finally, the 3ω sol used
for the 3ω AR coating via dip coating was obtained by diluting
the initial SiO2 sol with a certain amount of EtOH.
The JGS1 (far ultraviolet silica fused glass, transparent in the

range of ultraviolet and visible spectra) substrates with a diam-
eter and thickness of 32 and 7mm, respectively, were completely
immersed in the 3ω sol at a speed of 5–10 cm/min. The sub-
strates were then pulled out at the same speed using a cus-
tom-made dip coating machine. The actual coating process
usually needs to test the peak wavelength (λ) of coating trans-
mittance and adjust the dip coating speed. After the JGS1 sub-
strates with AR coatings were placed in a drying cabinet formore
than 2 h, they were heat-treated in an oven at 180°C for 24 h to
obtain a heat-treated 3ω AR coating (JGS1 with 3ω AR) whose
optical thickness (λ=4) is about 88 nm.
All of the JGS1 samples with 3ω AR coatings were post-

treated via different processes in a chemical atmosphere, as
shown in Fig. 1. Two beakers containing approximately 30 mL
each of NH3 · H2O and HMDS were heated in an oven at 150°C
for 48 h to constitute two different post-treatment processes
[two steps (1, 2) and one step (3, 4)]. Finally, JGS1 substrates
1 and 3 were heat-treated for another 2 h at 180°C.

3. Results and Discussion

Typically, the refractive index of silica AR coatings is approxi-
mately 1.20, and coating elements with excellent AR perfor-
mance for 3ω can be obtained and applied to the final output
main optical path of HPLSs by matching the refractive index

of the AR coating with that of the element. However, due to
the porous nature of the sol-gel silica coating, the coating ele-
ments, when used in laser devices for a long time, are mainly
affected by the experimental environment, such as water vapor
in air and contaminants in the devices. Typically, the stability of
the silica coatings will decrease under such environmental con-
ditions over time. The stability performance of silica coatings
can be determined by their optical properties, contact angles,
and surface defects.
Samples 1–4 were placed in the high temperature, high

humidity Espec LH-213 oven for 24 h, where the temperature
and relative humidity of the oven were set to 85°C and 85%
(85°C/85 RH), respectively. The changes in the performance
of the coating were determined under extreme temperature
and humidity conditions to simulate experimental conditions.
The transmittances of samples 1–4 under different experimental
conditions were tested using a Lambda900 spectrophotometer
(PerkinElmer, USA). The optical performances of samples 1–
4 at different experimental stages are illustrated in Fig. 2; note
that the testing range for spectrophotometry was 200–
800 nm. The peak transmittance (Tmax) and wavelength
(λmax) of the corresponding samples are shown in Table 1.
Figure 2 indicates that all samples undergo a slight red shift
at the peak transmittance after post-treatment because the
hydrophobic trimethyl groups are attached to the surface of
the silica coating after post-treatment. Samples 1 and 3 exhibit
similar peak transmittances before and after post-treatment,
while samples 2 and 4 exhibit peak transmittances reduced by
0.15% and 0.21%, respectively, after post-treatment; and the
peak wavelength of samples 2 and 4 red shifted about 20 nm.
In the post-treatment process, the gasification of NH3 · H2O
and HMDS created a sealed oven to form a chemical atmos-
phere. The HMDS gas perhaps gradually liquefied to form
microbeads that blocked the pores of the silica coating when
the oven temperature was decreased; this increased the refractive

Fig. 1. Schematic diagram showing post-treatment processes of 3ω AR.
Fig. 2. Optical performance of 3ω AR coatings at different experimental
stages: (a) sample 1, (b) sample 2, (c) sample 3, (d) sample 4.
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index of the silica coating and decreased the transmittance of the
element. The microbeads in the porous silica coating were dis-
charged by another round of heat treatment in an oven at 180°C
for 2 h. At the same time, the peak wavelengths of the samples
did not exhibit a noticeable shift after 85°C/85 RH environment,
while the peak transmittance of the samples decreased in general
and the peak transmittance of sample 1 after 85°C/85 RH envi-
ronment was the highest (99.28%) among all the samples. This
indicates that the water molecules infiltrated the pores of the
silica coatings, leading to a decrease in the peak transmittance.
The lower decrease in the peak transmittance of sample 1may be
because the surface of the silica coating subjected to the two-step
post-treatment reacted more efficiently with NH3 · H2O and
HMDS than that of the coating subjected to the one-step
post-treatment and because the surfaces of the silica coatings
were covered with hydrophobic groups.

The water contact angles of the silica coatings after post-
treatment and 30 days after the end of the high tem-
perature, high humidity experiment were measured using the
optical contact angle (OCA) 40 system (Dataphysics Instru-
ments, Germany); the results are shown in Fig. 3. For the test,
3 μL deionized water droplets were used, and the coating was
in contact with the water droplet for 10 s before being sampled.
Hydrophobic groups were formed on the surface of the silica
coatings, resulting in good hydrophobic properties after post-
treatment. All four samples exhibited contact angles greater than
125° between the silica coating and water droplet; the contact
angle of sample 1 was close to 130°, indicating excellent hydro-
phobic properties. The water contact angles of all samples
were maintained at approximately 120° after testing under
extreme conditions, which showed that different post-treatment

Fig. 3. Water contact angles of the 3ω AR coatings.

Fig. 4. Defect positions of all samples. (a)–(d) samples 1–4 before 85°C/85 RH treatment, (e)–(h) samples 1–4 after 85°C/85 RH treatment.

Table 1. Peak Transmittance and Wavelength of 3ω AR Coatings at Different
Experimental Stages.

Sample

Effect of Heat
Treatment

Effect of Heat
Treatment and
Post-Treatment

Effect of 85°C/85
RH

λmax=nm Tmax=% λmax=nm Tmax=% λmax=nm Tmax=%

1 368 99.58 374 99.55 376 99.28

2 355 99.65 373 99.50 372 99.03

3 366 99.65 369 99.67 388 98.42

4 354 99.67 374 99.46 372 99.25
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processes can induce better hydrophobicity on the surface of
silica coatings.
The basis of the coating stability was the stability of the coat-

ing transmittance and hydrophobicity; however, changes in the
surface defects of silica coatings will eventually affect the LIDT
of the silica coating[20]. The defect situations in all samples
before and after 85°C/85 RH conditions were observed using
a DM4000 metallurgical microscope (Leica, Germany), as illus-
trated in Fig. 4. There were few defects observed on the coating
surface as seen in the 1.3mm2 field of the microscope before the
85°C/85 RH experiment, and the sizes of the defects were
approximately 15 μm. However, more defects with different
characteristics were observed on the surface coating of each sam-
ple after the 85°C/85 RH experiment. Among them, the defect
features of samples 1 and 2 were single defect points, but the
defect points of sample 2 affected the surrounding areas with
a diameter of approximately 60 μm. The defect features of sam-
ples 3 and 4were cluster defect points dispersed around themain
defect point, which greatly increased the defect density of the
silica coating. Numerous defects that appeared may affect the
damage resistance of the coatings and progress of the experi-
ments. Sample 1 with the two-step post-treatment process has
good stability of defect growth. It is because the first step with
NH3 · H2O not only forms Si-O-Si bond and then strengthens
the SiO2 spherical framework on the coating, but also partially
replaces the Si-OC2H5 bond with a Si-OH bond, which is con-
ducive to the next reaction with HMDS to form Si-�CH3�3[21].
Compared to sample 2, after sample 1 was heated at 180°C/
2 h again, perhaps some amount of HMDS droplets in the coat-
ing pores vaporized and some formed new Si-CH3 bonds in the
pores, which also may increase the stability of sample 1.
The particulate contaminants from motors, lubricants, and

organic plasticizers are volatilized inside the vacuum compo-
nents during experimentation with HPLSs, which will also affect
the properties of the sol-gel coatings[22]. An off-line experiment

simulated hydrocarbon volatilization in a vacuum chamber,
which was found to influence the sol-gel coating. The temper-
ature of the vacuum chamber was increased from 22°C to
50°C, and the pressure was varied from atmospheric vacuum
to 10−6 Torr. These conditions weremaintained for 1 h, followed
by slow cooling to 22°C before the pressure returned to normal
after 3 h. The hydrocarbon contamination source in the volatile
cavity was a 1.0 mg mixture of 85% squalene (C30H62) and 15%
dioctylphthalate (C24H38O4)

[17]. Figure 5 shows the transmit-
tance spectra of all samples before and after contamination,
and Figure 6 shows the transmission loss (Δ) of the samples
at 351 nm after exposure to hydrocarbons. The peak transmit-
tances of all samples noticeably decreased, and the peak
wavelengths shifted after hydrocarbon volatilization in a 50°C
vacuum environment. In comparison, the transmission
losses at 351 nm for samples 1 and 2 were lower after the
contamination.

Fig. 5. Transmittance spectra before and after contamination: (a) sample 1,
(b) sample 2, (c) sample 3, (d) sample 4.

Fig. 6. Transmission loss of samples at 351 nm.

Fig. 7. LIDT (355 nm, 6.8 ns) results of the samples.
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The defects in the optical coatings were the main source of
damage under long-pulse laser irradiation[23,24]. The LIDTs
of the elements with a coating were recorded using the small-
sized LIDT test platform at the Shanghai Institute of Optics
and Fine Mechanics by the “1-on-1” method. The test results
are shown in Fig. 7. The wavelength of the laser used in the test
was 355 nm, and the full width at half-maximum was 6.8 ns.
To apply the coated components to HPLSs, the LIDTs of the
most recently developed coated components must meet the
basic requirements. It was observed that the LIDTs of the sam-
ples were close to each other. Specifically, the LIDTs reached
14.84–17.57 J=cm2, and those of samples 1–3 were slightly
higher than those of sample 4, which is currently used in the
SG II laser facility.

4. Conclusion

In conclusion, post-treatment is an important process in prepar-
ing sol-gel coatings for optical elements. This study aimed to
optimize the post-treatment process for sol-gel SiO2 coatings
using experiments that can be applied to HPLSs. The compre-
hensive performance of 3ω SiO2 AR coatings with the post-
treatment process of N/H 150 + 180 AR was the most efficient
in terms of the parameters tested (i.e., transmittance, defect den-
sity, water contact angle, and LIDT).
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