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Abstract: An aluminum-coated grating (ACG) is a core component of laser systems and spectrometers.
Understanding damage to the ACG induced by nanosecond lasers is critical for future high-power
laser applications. In this study, we applied finite element simulation and practical experimentation
to investigate the characteristics of ACG damage. Based on a coupling model using fluid heat transfer
with the level-set method, we simulated the damage caused to an ACG by a 1064 nm nanosecond
single pulse laser. The theoretical modeling showed that the ridge and bottom corners of the grid
will be preferentially damaged, and the simulated damage threshold will range from 0.63 J/cm?
to 0.95 J/cm?. We performed a one-on-one damage test according to the 15021254 standard to
investigate the failure condition of 1800 1/mm ACGs; the laser-induced damage threshold (LIDT)
was 0.63 J/cm? (1064 nm, 6.5 ns). Microscopy images showed that the damaged area decreased with
decreasing laser fluence, and scanning electron microscopy measurements showed that the main
damage mechanism was thermodynamic damage, and that damage to the grid occurred first. The
results of the experiments and simulations were in good agreement.

Keywords: nanosecond pulsed laser; aluminum-coated gratings; damage mechanism; LIDT;
morphology

1. Introduction

In recent years, numerous research efforts have been made to understand the damage
mechanisms and the ablation process in the interaction between lasers and gratings [1-3].
Gratings are an important pulse compression element in high-peak power laser sys-
tems [4,5], and their laser-induced damage threshold (LIDT) both limits the laser energy
and affects the operating cost of optics renewal or replacement. Gratings, whose general
structure comprises a metal film deposited on a glass substrate, with regular grooves on
the surface of the metal film, also play a key role in spectroscopy devices. In laser systems
and photoelectric imaging equipment, the LIDT of gratings is a very important indica-
tor [6]. Measuring the LIDT of gratings and studying their laser damage characteristics and
mechanisms is of great importance for the optimization of gratings and the application of
high-power lasers.

Damage to thin-film materials by nanosecond pulsed lasers involves complex physical
mechanisms, such as impurity-induced phase explosion [7,8], phase transition-induced
mass removal [9], plasma-induced plasma expansion [10], plasma shielding [11], and
shock wave effects [12-14]. To date, with the improvement of laser technology, researchers
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have studied the damage mechanisms and damage thresholds of various lasers acting on
different gratings [15-17], including those of continuous lasers on multilayer dielectric
film gratings [18-20], and those of nanosecond pulsed lasers and ultrafast lasers acting on
gold, multilayer dielectric, and hybrid multilayer dielectric film gratings [21]. However,
aluminum-coated gratings are also widely used in spectrometers, aperture cameras, and
detection devices because of their low cost, high practicability, stable reliability, and high
diffraction efficiency, but there are few reports on the damage caused to aluminum-coated
gratings irradiated by 1064 nm nanosecond pulsed lasers.

Moreover, previous research has generally focused on the influence of the laser pa-
rameters on grating damage, such as wavelength [22], pulse width [15], spot [23] and
pulse accumulation [24] effects; the differences in laser damage caused by different grating
structure characteristics [25] such as the substrate material, the thickness of the film, the
stacking of the films, and the manufacturing process; and the damage induced by impuri-
ties, defects [26], and contamination [27]. Most of the research methods have been based on
experiments, with a lack of reports on the use of simulation models to predict the LIDT of
metal gratings irradiated by nanosecond lasers. The dynamic evolution process of damage
to gratings by lasers also needs to be further studied. Thus, the damage mechanism of
nanosecond pulsed laser irradiation on ACGs needs to be further clarified, and the process
underlying laser-induced damage on the grating structure needs to be further investigated.

To understand the properties of ACGs under nanosecond pulsed laser irradiation,
we built a simulation model coupling fluid heat transfer and the level-set method, and
we also performed an experimental study using nanosecond pulsed laser irradiation
(1064 nm, 6.5 ns). We tested the LIDT and damage morphology of ACGs with nanosecond
lasers at different energy densities. In addition, some typical morphologies were further
analyzed. The simulation results were compared with the experimental results to verify
the accuracy of the model. Our work has implications for grating design and the prediction
of grating LIDT.

2. Materials and Methods
2.1. Sample Customization

The ACGs were designed with a groove density of 1800 1/mm and manufactured
by the National Engineering Research Center for Diffraction Gratings Manufacturing
and Application of China. A schematic diagram of the grating is shown in Figure 1.
Resin adhesive with a thickness of 30 um was spun onto a 40 mm X 40 mm X 6 mm
K9 glass substrate. An aluminum film approximately 125 nm thick, with a purity of
99.9999%, was used to fabricate a surface-relief grating structure by E-beam evaporation.
The grating groove depth was 105 nm and the thickness of the remaining layer was 20 nm.
Photoresist material was spun onto the aluminum film, and a photoresist grating structure
was manufactured using a holographic method. The structures of the photoresist gratings
were transferred to the aluminum film layer by reactive ion-beam etching. Finally, gratings
with a diffraction efficiency of 70% were fabricated.
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Figure 1. Schematic diagram of the grating structure.

2.2. Simulation Model

To better understand the characteristics of nanosecond pulse laser damage to ACGs,
the process of nanosecond pulse laser irradiation of ACGs was simulated. When ACGs
are irradiated by a nanosecond laser, complex damage mechanisms need to be considered,
including mass removal, interfacial tracking, and temperature-induced changes to the
thermal physical properties of the material. In addition, the gravity of the material itself,
the recoil pressure gas expansion, and Darcy resistance all have an important influence on
ablation morphology. Compared with the moving mesh method (ALE) and the volume of
fluid (VOF) method, the level-set method can simulate the topological structure changes
more accurately. Under an evolution process, the mesh automatically adjusts the density to
track the discontinuous motion locally, and only a small amount of computation is required
to improve the calculation accuracy and discontinuous resolution. Therefore, based on a
finite element method (FEM), the level-set method was coupled with fluid heat transfer to
numerically simulate the process of damage to ACGs by nanosecond pulse laser irradiation,
and to reveal the damage features and mechanism.

2.2.1. Theoretical Method

To simplify the calculation, we made following assumptions before building the model:
(i) the molten liquid and the surrounding air exhibit incompressible laminar flows, (ii)
the evaporated vapor is an ideal gas and does not absorb the incident laser, and (iii) the
Knudsen layer can be ignored.

When the nanosecond pulse laser interacts with ACGs, the computational domains
can be expressed by the conservation of energy, momentum, and the level-set method. The
calculation formulas are shown in Equations (1)-(3):

aT
PCps, +0Cpul - VT =V - (kVT) + 6[aS — Lyvep; + kp(Ts — T4)] 1)
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Equation (3) represents the conservation of energy, where p, C,, u, and k are the density,
specific heat, velocity, and coefficient of thermal conductivity, respectively. Their properties
depend on the temperature. ¢ is the delta function, defined as:
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The second term on the right-hand side of the equals sign represents the heat source.
This includes the absorption of the laser heat shown as S, the latent heat dissipated
by evaporation, 6L,v.p;, and the spontaneous radiation of heat from the surface of the
material, 6¢kp (To* — T*). Since we calculated the microstructure of the grating and only
calculated two grids, we ignored the influence of thermal convection, and we applied
periodic boundary conditions on the two sides of the geometric model.

At the vapor-liquid interface, we considered the hydrodynamic boundary, as shown
in Equation (2). It takes into account the normal gravity, pg; the surface tension, o« V ¢i; the
recoil pressure, dp,.qii; and the driving force, §do/dT-9T /9x j caused by the gradient of the
surface tension. Based on the level-set method to describe the solid-liquid and gas-liquid
interfacial motion, as shown in Equation (3), it considers the effect of evaporation on the
interfacial motion, where Vg, and Vy; are the gas and liquid volume fractions, respectively;
it employs v to calculate the initialized interface velocity, and ¢ is the reciprocal distance of
the horizontal set interface.

2.2.2. Parameter Settings

In this subsection, we show some of the important formulas and key parameters. The
saturation vapor pressure of metal vapor Py, was determined by the Clausius—Clapeyron
equation, and this is shown in Equations (6) and (7):

LoMy , T
Paat(T) = Pamy exp(=p 2 (7= = 1)) (6)
Precoil(T) = 0‘54P5af(T) (7)

where P,,,,;, is the atmospheric pressure, My; is the molar mass of aluminum, and P, is
the recoil pressure of the evaporating vapor.
Some important parameters of the simulation are listed in Table 1.

Table 1. Key parameter list of the simulation.

Parameter Symbol Expression or Value
Pulse of width Tp, NS 6.5
Radius of spot Ry, pm 300
Single pulse energy E, m] 1.78-5.85
Boiling point Th, K 2793
Melting point Tm, K 933
Gas phase density 0o, kg/m3 30
Liquid phase density o1, kg/m?3 2385
Solid phase density ps, kg/m? 2700

Thermal conductivity of the solid phase ks, W/ (m-K) 238
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Table 1. Cont.

Parameter Symbol Expression or Value
Thermal conductivity of the liquid phase k;, W/(m-K) 100
Specific heat of the solid phase Cps, ]/ (kg-K) 917
Specific heat of the liquid phase Cp1, 1/ (kgK) 1080
Dynamic viscosity of the liquid phase u, kg/(m-s) 0.05
Dynamic viscosity of the solid phase Us, kg/(m-s) 1 x 10°
Latent heat of fusion Ly ]/kg 3.896 x 10°
Latent heat of evaporation Ly, J/kg 9.462 x 100
Radiation emissivity ¢ 0.2
Surface tension coefficient 0, N/m 095> (1 + 0'(1)_3;;( (-
T/Tm)) )
.. 354.67 x ((—1+1.25 x107=T
Absorptivity o (i 10-8)1/2 )
Dynamic viscosity of the gas phase U 0
Gas evaporation coefficient B 0.82

2.3. Experimental Method

To further reveal the characteristics of the damage to ACGs, and to verify the effec-
tiveness of the simulation model, we carried out experimental research. Figure 2 shows a
schematic diagram of the experimental setup for the laser damage test. The laser damage
experiments were performed with a Nd:YAG laser (1064 nm, 6.5 ns) at an incidence angle
of 0° with TE polarization, which produced a near-Gaussian spatial profile. The energy
stability (RMS) was less than or equal to 1%. The emitted laser energy was adjusted using
an attenuator consisting of a half-wave plate and a polarizer. The reflected beam passed
through a beam splitter to a calibrated energy meter (Ophir, PE50-DIF-C, calibration un-
certainty + 3%), which was used for real-time monitoring of energy, and onto the target
vertically, with the transmitted beam focused on the center of the target surface through
a plane convex lens (f = 100 mm). The radius of the focused beam was 300 pm, based on
a knife-edge test method where the step size of the knife-edge method was 1 um. The
ACGs were placed on a two-dimensional displacement platform (1 pm accuracy), and the
position of the laser action was precisely controlled by a computer. Dust was removed from
the surface of the sample before the experiment began. The experiment was performed in
air under class 10,000 laboratory conditions. Based on the one-on-one damage threshold
test method, the damage threshold was tested at 100 points with each laser fluence. The
laser fluence was gradually increased and the damage morphology was observed using
a Nomarski microscope (EB-4, Taiwan Yiye International Co., Ltd., Taiwan, China), and
using SEM (5-4800, HITACHI, Tokyo, Japan). For determining the LIDT, damage was
defined as a visible change in surface morphology under an off-line microscope, according
to 15021254 [28].
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Figure 2. Diagram of the experimental setup of nanosecond laser damage to the ACGs.

3. Results and Discussion
3.1. Damage Morphologies
3.1.1. Damage Morphology by Different Laser Fluences

The ACG damage morphology at different laser fluences is shown in Figure 3. The
diameter of the maximum ablation area was 1208.2 um at 333.87 J/cm?2, and the size of the
minimum ablation was 373.5 um at 0.72 J/cm?. When the laser fluence was decreased to
0.63]/cm?, no visible damage occurred. The pattern of variation in the damaged area of the
aluminum grating against laser fluence was similar to the results of Zheng et al. [29], who
studied picosecond laser action on aluminum alloys. As shown in Figure 4, the ablation
feature size increased with increasing laser fluence, and when the laser fluence reached
a certain level, the growth rate of the ablation area size decreased and gradually tended
to saturation.

Figure 3. The damage morphology under different laser fluence.
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Figure 4. Curve of the damage area vs. laser fluence.

When irradiated at a higher laser fluence, the surface-relief grating structure and
epoxy resin layer were ablated, forming black substances bound to the K9 glass substrate
and black ablation pits, with pale yellow areas around the black ablation profile. During
laser irradiation, the aluminum film absorbed the laser energy, then reached its melting
point and the molten material was ejected from around the ablation pit. In contrast to
the morphology of ultrafast laser damage to a grating, the ablation pit formed with the
nanosecond pulse laser was irregular, and there were molten splashes attached around
the ablation pit. This indicated that when ACGs were irradiated with a 6.5 ns single pulse
laser, the aluminum film that absorbed the laser energy had enough time to release heat to
the environment, and therefore at high flux the damage area may be larger than the laser
irradiation area. Around the large ablation pits, there were small ablation pits, which were
probably due to the presence of isolated surface defects (damage precursors) [30]. There
will be grease and dust [27] from the grating manufacturing process, bubbles from the
coating process, and residual debris from the grating etching process present. In the process
of laser irradiation, because the absorption coefficient of the impurities is greater than
that of the film itself, it will absorb more laser energy and be easier to damage. Moreover,
the existence of impurities leads to uneven heating, temperature gradients, and thermal
expansion. When the stress exceeds the adhesion strength of the film, peeling damage will
occur, resulting in damaged areas that are generally larger than the spot diameter.

3.1.2. Typical Damage Morphologies

Figure 5 shows the typical morphology of ACGs induced by thermal damage. Figure 5a
shows the complete damage morphology, comprising four types of areas: from the center to
the edge, the central ablation area, the melt sputtering area, the grid melting area, and the
grid incomplete damage area; corresponding to areas I, I, Il and IV of Figure 5 respectively.
Figure 5b displays the four types of topography in local magnification at 2000 times, and
Figure 5c¢,d show the damage morphology of the grids at 5000 times and 20,000 times
magnification, respectively. In the central area, the ACGs were completely ablated and
formed ablation pits. This destroyed the aluminum film in the central area and, due to the
resulting poor conductivity, it became bright under the scanning electron microscope. The
molten ablations were sprayed around the pits. The main ACG damage mechanism from
nanosecond pulsed laser irradiation was thermal damage. Around the damage profile,
where the irradiated laser energy was minimal, the grids were slightly damaged.
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Figure 5. Thermal ablation melting damage morphology of aluminum grating at 325 J/cm? (a) 500x;
(b) 2000x; (c) 5000 ; (d) 20,000 ..

Figure 6 shows the ACG damage morphology from a 0.72 ] /cm? laser fluence: the total
damage is shown in Figure 6a, and Figure 6b—d show the magnified views of the blue frame,
red frame, and yellow frame, respectively. It can be seen that there was a big difference in
the damage morphology between Figures 5 and 6. The possible reason is that at low laser
fluence, the grating modulated the laser light field distribution, which made the surface
damage morphology of the ACGs appear as stripes. According to Figure 6a, the damage
mechanism behind this was thermodynamic damage caused by impurities. When the laser
irradiated the ACGs, the impurities at the interface of the film preferentially absorbed the
laser energy and generated thermal expansion. When the thermal stress generated by the
thermal expansion reached the fracture strength of the film, the film peeled off. As shown
in Figure 6b, bulges were formed in the low laser fluence distribution region, and the film
fell off in the high laser fluence region. Figure 6c shows that as the laser fluence decreased,
the grids were slightly damaged. Only on the right side of Figure 6c can we see the pristine
grid line, which shows that the damage to the grids was caused by thermal effects before
any melting damage to the ACGs; which had a negative effect on the function of the ACG.
Next, we simulated grid damage of the ACGs at the lower laser fluence.
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Figure 6. Thermodynamic damage morphology of ACGs at 0.72 J/cm?.

3.1.3. Damage Morphology of Preferential Damage of Grid Ridge

In addition to the above-mentioned damage morphology characteristics, we found
that most of the damage morphologies displayed the phenomenon of grid ridge priority
damage when the laser was at a vertical incidence. Taking the damage morphology at
0.95]/cm? as an example, as shown in Figure 7, it was found that it was easy to cause
ablation and film peeling at the grid ridge. The analysis suggested that when the laser
irradiated the ACGs vertically, it was modulated by the grating, and the laser light field
was redistributed, so there was an enhancement effect on the electric field at the grating
ridge, and more energy was deposited at the grating ridge, which made damage more
likely to occur.

e

5.0kV 6.7mm x10.0k

Figure 7. Damage morphology showing preferential damage of grid ridge at 0.95J/cm?

We simulated the damage morphology of the grating at 0.95 J/cm?, and to save
computational resources, we only simulated the grating ridge to illustrate the preferential
ridge ablation phenomenon. According to the parameters set in Table 1, the spot radius
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was 300 pm. We obtained the temperature field distribution and damage evolution of the
grating at 0.95 J/cm?. The distribution is shown in Figure 8. It indicates that the melting
point of the material will be first reached at the ridge of the grating; the top corner of
the gate ridge is susceptible to damage. Moreover, in the remaining layer region, due
to the direct irradiation of the grating and the thermal conduction of the gate ridge, the
temperature maximum will occur in the middle region of the grid pitch, and so the bottom
corner of the gate ridge will also be prone to damage. Figure 8a and b clearly illustrate the
higher temperatures in the top corners, bottom corners, and pitch regions of the ridges.
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Figure 8. The damaged ridges of ACGs with single-pulsed nanosecond laser irradiation at 0.95J/cm?:
(a) Temperature field distribution, (b) Isotherm map, (c) Volume fraction, (d) Velocity field.

Figure 8c is a solid-liquid volume fraction cloud diagram, which shows the ablative
deformation of the ridge. The red region represents the liquid and gaseous states, and the
blue region represents the solid state. Due to the laser action, the solid region gradually
becomes irregular and deviates from the original regular grating structure. The top and
bottom corners of the ridge will change from the original right angles to round corners,
and finally melt. Figure 8d is the cloud diagram of the ablation rate during the laser action
period. It can be seen that the ablation rate at the top and bottom corners of the ridge is
faster than in other areas.

3.2. Comparison of LIDT

The LIDTs were compared and analyzed, and the comparison results are shown in
Figure 9. The criterion for damage was that the corresponding laser fluence was at the
LIDT when the maximum temperature of the grating exceeded its melting point (933 K).

Figure 9a shows the time evolution process for the maximum temperature of the
material at different laser energy densities. Since the grating temperature hardly changed
under the continuous heating of the 2 ns single pulse laser, we only show the temperature
evolution process of the grating over 3 ns. From this, it can be seen that melting damage
occurred when the laser energy density was 0.95 J/cm?. The temperature did not exceed
the melting point when the laser energy density was 0.67 J/cm?, so the LIDT of the ACGs
was determined by simulation over a range from 0.67 J/cm? to 0.95 ] /cm?. To verify the
results of the simulation, we performed an LIDT test on the ACGs based on Section 2.3.
The nanosecond pulsed laser damage probability curve for ACGs under different laser
fluences is shown in Figure 9b. It can be seen that the probability of damage to the grating
at 0.63J/cm? was 0, and at 0.67 J/cm? it was 100%, We took the maximum laser fluence
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with zero probability of damage as the criterion for evaluating the LIDT. Therefore, the
laser damage threshold of ACGs was determined to be 0.63 J/cm?. The LIDT found in
the experiment was 0.67 ] /cm?. In general, the LIDT calculated by the simulation agreed
well with the experimental one. The reason for the difference between the simulation and
the experiment could be that the simulation did not take into account the influence of
impurities, which made the simulation LIDT larger than that found in the experiment.

2500 g o
: 32 :;“’“2 ‘— — Damage probability of nanosecond pulsed laser
. 0:95.I/cm1 100 - p—
£ - 1.23 J/em? |
2000 - 1.51 J/em?
1.79 J/em?
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Time/ns Laser energy density/(J/cm?)

(a) (b)

Figure 9. Comparison of LIDT between experimental and simulated data: (a) Evolution of tempera-
ture with time for different laser energy densities, (b) The damage probability curve for ACGs under
different laser fluence.

4. Conclusions

In this study, we explored the characteristics of ACG damage from a nanosecond
single pulse laser, through the combination of simulation and experimentation. Based on
an FEM, the temperature and ablation velocity fields of the ACGs were simulated using
a method coupling fluid heat transfer and the level-set method. It was found that the
top and bottom corners of the ridge will be hotter and accordingly, material removal will
occur here first. Using a parametric scanning method, the LIDT of the ACGs damaged by
nanosecond pulsed laser was projected to be 0.67-0.95 ] /cm?, and we found that the top
and bottom corners of the ridge will be hotter and accordingly, material removal will occur
here first. Further to this, we performed an experimental study based on a one-on-one
damage threshold test method to investigate the characteristics of ACG damage by a pulsed
nanosecond laser. The LIDT of the ACGs was 0.63 ] /cm? (1064 nm, 6.5 ns) and the damage
morphology suggested that the main physical mechanisms were thermodynamic damage
caused by the film falling off, and ablation. We found that the pillars of the ACGs were
damaged first during the process of nanosecond single pulse irradiation, which was similar
to the simulation results. Overall, the experiment LIDT results were in accordance with
the simulation results. Comparing the results, the LIDT determined in the simulation was
slightly larger than that found in the experiment since the defects in the material were
not considered in the simulation. The results here shown are of great significance for the
design of grating ridges and laser applications. This method could be extended to three
dimensions in the future, to take into account more influencing factors for multi-physics
coupling, such as shock wave transmission within the grating, phase explosion, and plasma
shielding at high laser energy density.
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