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Abstract. Laser induced damage to optical component surfaces poses a critical challenge in
the development of high-power laser systems. Such damage is typically influenced by its ma-
terial host, defect distribution, laser parameters, and environmental conditions. The impact of
surface defects becomes particularly pronounced under high-power, short-pulse laser irradia-
tion, especially when surface roughness is suboptimal. In this study, we applied a liquid coating
method to improve the surface quality of As»Ss glass under various surface conditions by elim-
inating defects with liquid. A detailed evaluation of the transmittance and surface laser damage
threshold was conducted. The results reveal that effective liquid coating significantly reduces
surface scattering and Fresnel reflection, resulting in up to a 24.8% increase in overall trans-
mittance and a 2.17-fold improvement in the surface laser damage threshold. These findings
underscore the critical role of liquid coating in enhancing optical material performance and offer
a practical solution for optimizing high-power laser systems.
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1. Introduction

Chalcogenide glasses are renowned for their exceptional optical properties, including wide
transparent windows [1], high refractive indices, and relatively strong chemical stability [2].
These characteristics have enabled their applications across diverse fields such as fiber optics
[3], infrared imaging [1], photonics [4], and environmental sensing [5]. However, during pro-
cessing and usage, surface defects are prone to occur [6], leading to light scattering and ther-
mal accumulation under high-power laser exposure. These issues significantly degrade the
optical properties of chalcogenide glasses, such as transmittance and laser induced damage
threshold (LIDT) [7]. Surface defects have thus become a critical factor limiting high energy
laser transmission in these materials [8]. To address this, various surface treatment methods
have been explored to reduce defects and improve optical performance. Traditional ap-
proaches include mechanical polishing [9], chemical polishing [10], laser polishing [11], an-
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nealing [12], and coating [13]. Compared to traditional methods, coatings not only reduce sur-
face defects but also provide protection for the glass surface during subsequent use [14]. Solid
and liquid coatings have been widely studied for their ability to enhance optical properties. In
2014, A.B. Marouani deposited silica-based sol-gel coatings onto sandblasted glasses, achiev-
ing a transmission increase from 68.6% to 91.4%, nearly a 23% improvement [15]. However,
the mismatch in the coefficient of thermal expansion (CTE) between solid coatings and the
glass often leads to damage under high-power or extreme thermal conditions. In contrast, lig-
uid coatings eliminate this issue, as the liquid facilitates stress relaxation and provides mobility
to the system, thereby preventing such problems.

As early as 1975, P.E. Oettinger demonstrated a 25-fold improvement in the laser damage
threshold of proustite crystals (75 MW/cm?) by applying a liquid arsenic-based coating [16]. In
1977, A.R. Chraplyvy and colleagues coated roughened NaCl and KBr surfaces with paraffin
oil, achieving a nearly perfect optical surface due to the excellent refractive index matching
between the liquid and alkali halides, effectively eliminating surface scattering caused by flaws
or damage [17]. More recently, Zhao et al. developed a liquid-supply layer containing silicone
oil droplets, which act as reservoirs for adaptive release. Under external stimulus, the liquid
spreads over the surface, improving optical properties [18]. However, chalcogenide glass pre-
sents unique challenges due to its high thermal expansion coefficient and low softening point,
making it difficult to find suitable solid or liquid coatings for mid-infrared applications [19]. While
numerous reports detail solid coatings for chalcogenide glasses, such as antireflection (AR)
coatings [20] and protective coatings [21]. The coating methods include physical vapor depo-
sition (PVD) technology and magnetron sputtering technology, etc. [22]. In 2020, L.R. Ro-
bichaud et al. coated AsSe glass with Al2O3 AR-coating, and the single-sided coating increased
the transmittance to 78%, which is 12.6% higher than that of uncoated [23]. Despite these
advancements, liquid coatings for in-creasing the LIDT of chalcogenide glasses have yet to be
investigated.

To address above challenge, we introduce a novel liquid coating method for mid-infrared
chalcogenide glass, specifically As2Ss, utilizing a compatible low Tg glass (with a Tg lower than
room temperature) As2Seol20 for surface coating. Initially, we performed various surface treat-
ments on As»S3 to achieve different levels of surface roughness. Subsequently, the liquid coat-
ing was applied to As,S3 with varying roughness to eliminate surface defects, and the results
were evaluated in terms of transmittance and surface LIDT. Additionally, an equivalent testing
method was developed to correlate surface roughness with glass absorptivity, while the sur-
face temperature distribution of As>Ss under laser irradiation was analyzed using the finite
element method (FEM) and real time thermal monitoring. The findings reveal that liquid coating
significantly reduces surface absorptivity in As2S; samples, leading to an increase in overall
transmittance by up to 24.8% and a 2.17-fold improvement in the surface laser damage thresh-
old. These results underscore the critical role of liquid coating in enhancing the performance
of mid-infrared chalcogenide glass and present a practical solution for optimizing high-power
laser systems.

2. Experimental Procedures

2.1 Preparation of experimental samples

As,S3 glass was selected for testing due to its representative properties in the mid-infrared
(MIR) range, including low light absorption in the 2 - 12 um wavelength range, excellent chem-
ical stability, and robust mechanical properties. The refractive index was measured using an
infrared variable-angle spectroscopic ellipsometer (IR-VASE MARK I, J.A. Woollam Co.) and
was determined to be 2.398 at 2.94 um, as shown in Figure 1(a). The transmittance of the
glass was analyzed using a Fourier-transform infrared spectrometer (Nicolet 380, USA) over
the 2.5 - 13.5 um wavelength range, as depicted in Figure 1(b). Within the 2.5 - 8 um range,
the transmittance was 68%, with no absorption peaks observed at 2.94 um.
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Figure 1. The refractive index (a) and transmittance (b) of As>Ss (2mm); the refractive index (c)
and transmittance (d) of As20Ssol2o.

Eight circular As,S3 glass samples (10 mm diameter, ~3 mm thickness) were prepared
and labeled G1 - G8. Each sample was ground using sandpapers of varying particle sizes, as
detailed in Table 1. Due to the use of Al,O3 polishing powder with a particle size of 20 nm, we
consider a roughness of less than 20 nm to indicate a well-polished surface. Following this

process, ultrasonic cleaning was performed to remove any dust, residual polishing powder,
and glass debris from the surface.

Table 1. Processing methods for each sample of G1-G8.

Sample Front surface of the glass | Back surface of the glass
G1. G5 13 um ground Well-Polished
G2. G6 6.5 um ground Well-Polished
G3. G7 3.4 um ground Well-Polished
G4. G8 Well-Polished Well-Polished

2.2 Surface coating

As20Seol20 (AsSI) glasses exhibit unique low-melting properties and represent the first example
of inorganic glasses with high fluidity below 100°C [24]. In our experiment, the AsSI| was used
for liquid coating due to its liquid state at room temperature and low glass transition tempera-
ture (Tg) of 10.6°C. The viscosity of the glass is 0.98 Pa-s at 115 °C and greater than 1000
Pa-s at room temperature. As shown in Figure 1(c), it has a refractive index of 2.096 at 2.94
pum and a transmittance of 80% in the 2.5 - 10 um wavelength range. To apply the coating, the
As,S3 glass was placed flat on a table with its front side facing upward. AsSI| was heated in a
quartz syringe to 100°C until fully liquefied, then carefully dropped onto the center of the sam-
ples G5 - G8 surface. A CaF. piece was used to cover and evenly spread the AsSlI layer (the
operational method is illustrated in Figure 2). Afterward, the sample was allowed to cool com-

pletely and use a vernier caliper to measure the coating thickness. After measurement, the
coating thickness is ~0.08mm and it is uniform.
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Figure 2. Operation steps for AsSI coating method and CafF> covering method and the Fresnel
reflection surface F1-F4.

2.3 Roughness measurement

The surface roughness (Ra) along the sampling length were measured using a stylus pro-
filometer (Model: DEKTAK 150). N refers to the number of valleys in the roughness generated
curve after testing. Measurements were taken at three different locations on each sample. For
liquid-coated samples (G5 - G8), measurements were conducted on the CaF; surface due to
the coating coverage. A sampling length of 200 um was used, and each measurement was
repeated three times to obtain the mean values of roughness valley number. The reported data
represent the averages of these measurements. The measurement precision of roughness
was 0.01 um, and the measurement precision of valleys was 1. Then the surface morphology
was observed using a VHX-1000E microscope at 500x magnification, clearly revealing the
surface features as shown in Figure 3.

Figure 3. Surface conditions observed As,Ss surface G1 - G4 and after liquid coating G5 - G8.

The surface roughness and the valleys data for the control group (G1 - G4) and the liquid-
coated group (G5 - G8) are presented in Table 2. The results show that as the treatment pro-
cess becomes more refined, the surface roughness decreases. After AsSI coating and CaF
covering, the surface roughness of the glass was reduced to 2.46 um. We also examined the
surfaces of the control and liquid-coated groups under a microscope, as shown in Figure 3.
When light was irradiated from the bottom of the glass, the microscope images clearly revealed
that the surface of the control group (G1 - G4) remained rough, while the surface of the liquid-
coated group (G5 - G8) became significantly smoother.
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Table 2. Surface roughness test results for each sample of G1 - G8.

Sample Ra(nm) N
G1 453.88 174
G1 262.80 108
G2 50.10 93
G4 16.23 35
G5-G8 2.46 30

2.4 Transmittance and LIDT measurement

The experiment is conducted at room temperature. The measurement setup is shown in Figure
4. The irradiation source was a long-pulse solid-state laser with a center wavelength of 2.94
um, a pulse width of 0.5 ms, and a repetition frequency of 15 Hz. The transmittance measure-
ment uses an unfocused laser with a spot size of 2mm, and tests with lower power to prevent
laser damage to the surface. The sample was placed vertically in the optical path, and input
and output power were recorded as transmittance data. LIDT measurement uses a CaF; lens
with a focal length of 30 mm, resulting in a spot diameter of 500 um. The sample was placed
vertically in the optical path and the laser pulses were focused onto the front surface of As,Ss.
When measuring LIDT data, samples G1-G4 were served as control groups without surface
coating, but similarly, CaF, was covered on their surfaces and fixed securely. The laser power
was gradually increased, with a constant exposure time of 10 seconds maintained at each
power level. To prevent thermal effects from accumulating, the laser was turned off for 5
minutes after each measurement. Measurements were repeated three times for each sample
with varying roughness to enhance data reliability, and the re-ported data represent the aver-
ages of these measurements.

Figure 4. Optical setup for laser damage threshold measurement.
2.5 Temperature measurement

Capturing the temperature of glass at the exact moment of laser damage is challenging. To
address this, a low-power continuous laser was used to irradiate the glass surface, and an
infrared thermal imager was employed to measure the resulting temperature changes. The
irradiation source was a solid-state laser with a center wavelength of 4.7 um and a fixed inci-
dent energy of 2 W. The laser pulses were focused onto the front surface of the sample using
a CaF; lens with a focal length of 30 mm, producing a spot diameter of 500 um. The glass
surface temperature was recorded using the infrared thermal imager over a 10-second expo-
sure period. For reliability, each sample with varying surface roughness was measured three
times at different positions, and the average values were calculated to minimize random errors.
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3. Results and Discussions

3.1 Laser transmittance

For well-polished surfaces, Fresnel reflection at smooth interfaces with different refractive in-
dices can lead to optical losses, particularly for chalcogenide glasses with high refractive indi-
ces. The refractive index of As2S3 chalcogenide glass is 2.398, that of AsSl is 2.096, the
refractive index of CaF2 is 1.43, and that of air is 1. In the case of normal incidence, the Fresnel
reflection is given by the formula:

2
_ [Ny
r=() (1)
where n1, n2 are the refractive indices of the two media.

In this experiment, the optical elements have Fresnel reflection surfaces labeled F1 - F4
(as shown in Figure 2). F1 is the Fresnel reflection between air and CaF,, F2 is the Fresnel
reflection between CaF2 and coating, Fs is the Fresnel reflection between coating and As;Ss,
and F4 is the Fresnel reflection between As,S3 and air. The total reflectance R can be calcu-
lated using the following formula:

R=1-(1-F)*Q-F)*x1-F)*x(1-F) (2)

The relationship between total reflectance and coating refractive index was calculated and
shown in Figure 5(a). It can be seen that the largest reflectivity occurs when the gap is coated
with air, and this reflectivity decreases from 35.3% to 22.2% as the refractive index of the
coating medium increases from 1 to 1.848, and then slightly increases. Therefore, a material
with a refractive index of 1.848 is the best as a coating medium. AsSI has a refractive index of
2.096, and this leads to a reflection of 22.8% as shown as a black dot in Figure 5(b), which is
only a small difference from the optimal situation.
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Figure 5. Theoretical calculation of Fresnel reflection (a); and transmission spectra of before and
after liquid coating (b).

As shown in Figure 5(b), the transmittance of sample is only 51.5% for G1, increasing to
61.1% for G2, 65.1% for G3, and reaching 66.5% for G4. Finer grinding and polishing treat-
ments effectively reduce surface defects and roughness. This is because the decrease in sur-
face roughness also reduces light scattering, leadinging to an increase in transmittance [25].
After the liquid coating was applied, AsSl filled the rough surface, and as light passes through
the filled interface, scattering is significantly reduced. Moreover, the refractive index of the
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coating material is closer to As,S3 glass. This reduces the Fresnel reflection loss caused by
refractive index mismatch, thereby improving the overall transmittance. So, the transmittance
of samples G5 - G8 increased, reaching a maximum of 76%. The sum of the experimental
transmission and calculated reflectivity (22.8% in Figure 5(a)) is 98.8%, with factors such as
measurement errors accounting for the remaining loss. In addition, we also observed the in-
terface area between the AsS| and As,S; after coating as shown in Figure 6, and found that
the interface quality was similar, which further proves that they can achieve similar transmit-
tance after coating.

G5 G6

Figure 6. The interface area between the AsSI and As,S; after coating (G5 - G8).
3.2 Laser damage

During the laser damage tests, damage was observed on the surfaces of both the control group
and the liquid coating group. It should be noted that we have not observed any issues related
to the coating flowing or detaching during the experimental process. Figure 7 illustrates the
variations in the laser-induced damage threshold (LIDT) for both groups across different sur-
face roughness levels. As the surface roughness decreases, the laser damage threshold in-
creases progressively. These results indicate an inverse relationship between surface rough-
ness and the laser damage threshold under pulsed laser irradiation. The laser damage thresh-
old for sample G1 is only 92.7 J/cm?, while sample G4 reaches 154.2 J/cm?. Notably, the LIDT
for the liquid-coated sample G5 peaks at 201.1 J/cm?, which is 2.17 times greater than that of
sample G1.
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Figure 7. The LIDT before and after liquid coating of G1-G4 and the enhancement ratio of LIDT.
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3.2.1 Surface temperature

Figure 8 shows the surface temperature of samples G1 - G8 under continuous irradiation with
a 4.7 um laser. For samples G1 - G4, the surface temperature increases with greater surface
roughness, with the highest temperature of 86°C for G1 and 35.1°C for the polished sample
G4. After liquid coating, the surface roughness decreases, resulting in a reduction in the sur-
face temperature of samples G5 - G8 to between 30°C and 31°C.
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Figure 8. Surface temperature measured with infrared thermal imager of G1-G8.
3.2.2 Thermal damage theoretical model

Surface roughness is inherently complex, making it impractical to analyze every peak and val-
ley in real applications. Therefore, we employ an equivalent treatment for rough surfaces [26].
For a given surface morphology, an inverted triangular folding model is applied, as illustrated
in Figure 9.

Figure 9. Treatment of rough surface with inverted triangle and downward folding.

The equivalent roughness inclination angle 8 is defined as follows:

tan g = 2% = BRal (3)
L L
L is the sampling length of 200 um, and the value of N has been obtained during rough-
ness measurement as shown in Table 2. Using this formula, the equivalent values of 6 for
different roughness profiles can be calculated out and shown in Table 3.
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Table 3. The equivalent values of 0 for different roughness profiles.

Sample G1 G2 G3 G4 G5-G8
Ra (nm) 453.88 262.80 50.10 16.23 2.48
8(°) 27.92 20.02 10.57 4.01 0.98

When a laser interacts with the material's surface, assuming no material absorption, just
part of the light is reflected while the rest penetrates into the material. Let n. and na represent
the refractive indices of the incident and refractive media, respectively, where n,=1 and
n,=2.398. Based on the Fresnel equation and the laws of refraction [27]:

2
cos 6, = Jl - (Z—Z sin Oi) (4)

i )

F is the reflectivity of As»S3 rough surface, 6; is the incident angle (here, the value of 9; is
equal to 0) and 6, is the transmission angle of the surface.

2

Ng cos Bi—ny cos 0 Ng cosBy—n 4 cosB;

Nng cos Bi+ny cos 0 Ng cos B¢+n 4 cosB;

Then, the equivalent theoretical transmittance T; can be calculated as:
T, =(1- F)Z (6)

The discrepancy between the calculated theoretical transmittance T; and the measured
transmittance shown in Figure 5 is attributed to the absorption of the glass sample. The ab-
sorptivity (A) for each sample is calculated and presented in Table 4.

Table 4. The absorptivity A for each sample of G1 - G8.

Sample A (%)
G1 16.77
G1 9.92
G2 3.96
G4 1.96
G5-G8 1.46

From the absorption rate data of G5 - G8, the absorption coefficient a was calculated using
Lambert law [28]:

A=1—e% (7)

Where a is the absorption coefficient and d is the samples’ thickness. After calculation, a
is 0.049 cm™, which is close to the absorption coefficient 0.03 cm™ of As,S; without OH" at
2.94 um in [29].

To investigate the relationship between laser irradiation-induced surface temperature and
roughness, a physical model was established to simulate the temperature field of chalcogenide
glass under continuous laser irradiation. The model assumes vertical irradiation from a Gauss-
ian-distributed laser beam with a waist beam radius of wo, and the simulation was con-ducted
using COMSOL finite element software.
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The sample has a radius of 0.5 cm and a thickness of 0.2 cm. Initially, the sample temper-
ature is uniformly set to 298.15 K. Neglecting energy loss from thermal convection and radia-
tion compared to laser energy, the back and side sur-faces of the sample are considered adi-
abatic for t > 0. The incident laser beam is modeled as axisymmetric and vertically irradiated
onto the glass surface, assuming uniform and isotropic material properties under cylindrical
coordinates. The heat distribution and variation on the glass surface are described using the
heat conduction equation [30]:

pc L+ 9(—kVT) = Q 8)

The material's density (p), specific heat capacity (c), and thermal conductivity (k) are con-

sidered, while Q denotes the volumetric heat source, representing the laser energy absorbed

during interaction. The heat source, characterized as a Gaussian distribution [31], relates to
the laser intensity (I,) and absorption coefficient (A4):

Q =4l (9)

Figure 10 illustrates the simulated and experimental surface temperatures of As,S3 glass
under laser irradiation as a function of the equivalent roughness inclination angle 8. The results
show that as the equivalent roughness angle increases, the surface temperature rises. After
liquid coating (equivalent roughness angle 6 = 0.98), the surface temperature is minimized.
This is attributed to reduced roughness and absorptivity, leading to lower heat absorption. In
contrast, higher roughness correlates with increased absorptivity and heat accumulation. The
partial discrepancy between the experimental and simulation data arises from the idealized
assumptions in the model, which simplifies the system's complexity. Factors such as material
uniformity and laser irradiation consistency, which can influence the actual process, were not
fully accounted for.
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Figure 10. Simulation and experiment of surface temperature of As>S3 glass with the equivalent
roughness inclination angle 6 under laser irradiation.

4. Conclusion

In this study, we prepared As,Ss glass samples with varying surface roughness and applied
liquid coatings to these surfaces. By establishing the relationship between surface roughness
and laser absorptivity, we analyzed the impact of roughness on the optical properties of the
glass. Our findings demonstrate that repairing surface defects on chalcogenide glass with an
AsSI glass coating significantly enhances its optical performance, increasing transmittance by
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24.8% and LIDT by 2.17 times. This research not only introduces a straightforward method for
chalcogenide glass coating but also offers innovative insights and technical sup-port for the
future development of high-performance, laser-resistant, mid-infrared optical mate-rials.
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