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Abstract
Multilayer dielectric gratings typically remove multiple-grating pillars after picosecond laser irradiation; however, the
dynamic formation process of the removal is still unclear. In this study, the damage morphologies of multilayer dielectric
gratings induced by an 8.6-ps laser pulse were closely examined. The damage included the removal of a single grating
pillar and consecutive adjacent grating pillars and did not involve the destruction of the internal high-reflection mirror
structure. Comparative analysis of the two damage morphological characteristics indicated the removal of adjacent pillars
was related to an impact process caused by the eruption of localized materials from the left-hand pillar, exerting impact
pressure on its adjacent pillars and eventually resulting in multiple pillar removal. A finite-element strain model was used
to calculate the stress distribution of the grating after impact. According to the electric field distribution, the eruptive
pressure of the dielectric materials after ionization was also simulated. The results suggest that the eruptive pressure
resulted in a stress concentration at the root of the adjacent pillar that was sufficient to cause damage, corresponding
to the experimental removal of the adjacent pillar from the root. This study provides further understanding of the laser-
induced damage behavior of grating pillars and some insights into reducing the undesirable damage process for practical
applications.
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1. Introduction

The advancement in ultra-high-intensity petawatt laser sys-
tems[1–4] has promoted the development of extreme physics
experiments, laser acceleration devices and biomedical engi-
neering[5–8]. The chirped pulse amplification (CPA) technol-
ogy proposed by Gérard Mourou and Donna Strickland[9]

in 1985 was a breakthrough in ultra-intense pulse laser

Correspondence to: Y. Zhao, Laboratory of Thin Film Optics, Shang-
hai Institute of Optics and Fine Mechanics, Shanghai 201800, China.
Email: yazhao@siom.ac.cn. Zhilin Xia, School of Materials Science and
Engineering, Wuhan University of Technology, Wuhan 430070, China.
Email: xiazhilin@whut.edu.cn

†These authors contributed equally to this work.

systems. In the CPA system, it is necessary to utilize the
dispersion characteristics of diffraction gratings to stretch
and compress the laser pulses in the time domain before
and after amplification to avoid the nonlinear effect caused
by directly amplifying ultrashort laser pulses[9–11]. The final
grating must endure the irradiation of the strongest laser
pulse. Therefore, research on the laser damage of pulse
compression gratings in short pulses has always been a focus
in CPA-based laser systems.

Svakhin et al.[12] first prepared a multilayer dielectric
grating (MLDG) by etching relief structures on multilayer
dielectric films (MLDFs) composed of alternating high-
and low-refractive-index dielectric materials, which theoret-
ically have nearly 100% diffraction efficiency and a higher
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laser-induced damage threshold (LIDT) because of the neg-
ligible intrinsic absorption of dielectric materials. The one-
on-one LIDTs of MLDGs exhibited a linear dependence on
the maximum electric field intensity (EFI) enhancement in
short pulses[13]. Therefore, near-field theoretical optimiza-
tion of the LIDT improvement is widely used in MLDG
fabrication. For pulses with a duration of femtoseconds
(fs), the deterministic initial damage occurred on the ridge
of the pillars where the maximum EFI enhancement was
located[13–15]. This damage was caused by high-energy elec-
trons excited by a strong laser electric field. For picosecond
(ps) pulses, in most cases, damage involves the removal of
multiple adjacent grating pillar sections[16,17]. It was reported
that the optical performance of MLDGs decreases as the
damage size increases[18]. However, the dynamic formation
process of the final multiple-grating pillar removal remains
unclear.

The removal of the grating pillars involves a mechanical
damage mechanism that is considered to be caused by
the stress waves generated by the confined plasma inside
the pillars[19,20]. Gracewski et al.[21] simulated the internal
stress waves of the central pillar in the damaged region by
loading pressure pulses with Gaussian time dependence. The
pressure pulse normal to the mid-point of the side wall of
the pillar with a temporal pulse width of 100 ps caused high
tensile stress at the bottom of the pillar, whereas a potential
damage region was predicted only at the height of the
applied pressure for 10 ps, which did not correspond to the
phenomenon of pillar separation from its bottom. Hoffman
et al.[16] reported the damage characteristic of large-area
removal of three adjacent grating pillars, presumably driven
by defects in the middle pillar of the three-pillar damage
site. Kong et al.[18] proved that the local removal of the
grating pillar enhanced the maximum EFI of its adjacent
pillars, causing further growth of the damage site under
subsequent laser pulse irradiation. However, no studies have
revealed the dynamic interaction process between damaged
pillars from experiments under a single laser pulse, resulting
in an insufficient understanding of the damage to adjacent
pillars.

In this study, the damage morphologies of MLDGs pro-
duced by an 8.6-ps laser pulse are examined to reveal their
dynamic formation process. The damage resulted in the
removal of adjacent grating pillars at 8.6 ps, which did not
involve the destruction of the internal high-reflection (HR)
mirror structure when compared with the nano-absorbing
defect-induced damage[22] located at the layer interface of
the MLDG under nanosecond (ns) laser irradiation. Mor-
phological analysis indicated that the removal of adjacent
grating pillars was related to the eruptive pressure of the
initially damaged pillar. An interaction process of the adja-
cent damaged pillars is proposed, in which the high-energy
superheated materials at the peak EFI site of the initially
damaged pillar erupt first and impinge on its adjacent pillar,

forming a fracture from the root of the adjacent pillar. A
two-dimensional finite-element strain model is developed to
simulate the stress distribution in an impacted pillar. Mean-
while, the ionization rate equations and two-temperature
model (TTM) are coupled to calculate the eruptive pressure.
The results indicate that the impact pressure of the erupted
materials can cause a stress concentration at the root of the
adjacent pillar that exceeds its tensile strength, correspond-
ing to its removal morphology.

2. Sample and experimental methods

MLDFs were first obtained by depositing high (HfO2) and
low (SiO2) refractivity film materials on fused silica sub-
strates with dimensions of 50 mm × 50 mm × 1.5 mm
using electron beam evaporation[22]. Subsequently, the pho-
toresist material was spun on the MLDF, and a photoresist
grating relief structure was prepared using the holographic
method[23]. The trapezoidal grating structures were trans-
ferred to the SiO2 top layer by reactive ion-beam etch-
ing[23,24]. A mixture of strong acids and oxidants was used
to remove organic residues on the surface of the grating.
The MLDGs prepared based on the above methods consist
of a bottom-fused silica substrate, internal HR mirrors, top
SiO2 matching layer and trapezoidal reliefs, as shown in
Figure 1(a). Figure 1(b) shows that the –1st-order diffraction
efficiency of the MLDG is greater than 96% at an incident
angle of 67◦ for transverse electric (TE) polarized laser light
with a wavelength of 1053 nm. The inset image in Figure 1(b)
shows the pristine cross-sectional morphology of the MLDG
using scanning electron microscopy (SEM).

Picosecond-pulsed laser damage experiments[25] were per-
formed using the laser damage test system described by Hao
et al.[25]. An incident laser[26] with a central wavelength of
1053 nm, a pulse width of 8.6 ps and a repetition rate of
1 Hz was irradiated on the surface of the grating. The focused
near-Gaussian spatial profile beam had a waist diameter of
97.8 µm at normal incidence and the MLDG sample was
set on the focal plane. Testing was performed in an air envi-
ronment at an incident angle of 70◦ in S-polarization. The
one-on-one mode was used for the damage test: each test site
was irradiated by a single laser shot and 10 sampling points
were exposed to the same fluence pulses during the test.
The damage was monitored using a charge-coupled device
with a white light source. After the experiments, the damage
morphologies were characterized by optical microscopy and
SEM (model: Zeiss Auriga). The LIDT of the MLDGs was
obtained by damage probability linear extrapolation[27], as
shown in Figure 2. The measured LIDT of the MLDG was
2.2 ± 0.1 J/cm2. Note that the laser fluence mentioned in this
study is given in the beam normal.

In a short-pulse laser damage system, the self-focusing
effect in the air caused by the high-peak-power-focused beam
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Figure 1. (a) Schematic representation of the MLDG and (b) the –1st-order diffraction efficiency of the MLDG; the inset shows an SEM image of the
pristine cross-sectional morphology of the MLDG. The measured grating period T = 580 nm, mid-waist duty cycle f = 0.38, groove depth D = 415 nm and
base angle of the grating pillar θ = 87◦.

Figure 2. Damage probability fitting curve of MLDGs under one-on-one
test mode. The LIDT of the MLDGs was 2.2 J/cm2 irradiated by an 8.6 ps-
pulsed laser with the wavelength of 1053 nm.

should be estimated. The self-focusing effect was defined
by evaluating the B-integral[13] at the focus, which can be
expressed as follows:

B = 4π

λ2 n2
ξ

τ
, (1)

where λ is the laser wavelength, the nonlinear refractive
index n2 is 3 × 10−19 cm2/W[28], τ is the laser duration
and ξ is the laser energy. In our experiments, the maximum
fluence of a single-shot pulse incident on the grating surface
was 5.5 J/cm2, and the maximum incident energy was less
than 0.5 mJ. According to Equation (1), the value of the B-
integral was approximately 0.02, which is far from the air
self-focusing critical value of approximately 1. Therefore,
the self-focusing effect was absent in our experiments.

3. Damage morphology analysis

Figure 3(a) shows the typical damage morphology of the
MLDGs. An incident laser with a fluence of 3.3 J/cm2

irradiated the grating surface from the left-hand side. The
overall characteristic of the damage region was the grating
pillar removal, which did not involve the destruction of the
HR mirror structure because the damage of the internal
layers would cause bulging of the grating surface or the
formation of ejected pits[17,29,30]. Specifically, the damaged
features can be classified as local damage to a single grating
pillar and damage to multiple adjacent grating pillars in the
horizontal direction.

Figure 3(b) shows the magnified local damage characteris-
tics of a single grating pillar. The three damaged pillars with
tiny missing backlight surface ridges in the yellow circles
marked 1© indicate the initial state of the damage process.
This seems to grow into a larger removal that includes the
entire top of the pillar, as shown by the yellow circle marked
2©. The bottom of the missing region located inside the pillar

has a smooth surface, which may be caused by the local
melting of the pillar. The pillar material was observed to be
overturned upward at the top of the removed area, indicating
that the destruction involved a concentrated eruptive process
in which the impact of superheated eruptive materials caused
the top of the pillar to yield.

The consecutive damage morphology of two or more
adjacent grating pillars has been widely reported in previ-
ous studies[16,17]. However, subtle phenomena between these
pillars, revealing the damage process more intuitively, were
observed in this study. The typical features are the damage
to two adjacent grating pillars, as shown in the damaged
area marked 3© in Figures 3(c) and 3(d). Table 1 lists the
characteristics of the adjacent damaged pillars. The centers
of the damaged pillars were arranged along the horizontal
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Figure 3. SEM images of typical damage morphology characteristics of the MLDGs. (a) Top-view image of the damage area irradiation by the ps-pulsed
laser, and (b)–(d) are the local magnified views of the three black rectangular areas in (a). The test laser irradiated the surface from left to right with a fluence
of 3.3 J/cm2.

Table 1. Morphological characteristics of the adjacent damaged
pillars.

Location Damage characteristics
Overall arrangement Damaged pillars arranged in the horizontal

direction
Groove ‘Foggy’ region that spreads to the right
Left-hand pillar Incomplete collapse toward the left
Right-hand pillar Fracture from the root

direction. A bright ‘foggy’ region was formed in the grooves
of the gratings, starting from the right-hand (backlight) side
of the left-hand pillar and extending continuously toward
the right. In the left-hand damaged pillar, a 200-nm long
fracture was formed on the surface, which was similar to
the damaged pillar 2©. This indicates that the removal of
adjacent grating pillars should be the result of the growth
of a single damaged pillar. In particular, the residual pillar
materials collapsed toward the left, and cracks were observed
on the pillar surface. Moreover, the right-hand damaged
pillar fractured from its root, resulting in the removal of the
entire pillar and the formation of a long fracture, along the
longitudinal direction, of approximately 1 µm.

According to the analysis of the morphological features
of the adjacent damaged pillars, the formation of the adja-
cent pillar damage should be related to an eruptive impact
process, as shown in Figure 3(c), where the high-energy
superheated materials that erupted in the left-hand pillar
propagated diffusely and produced an impact pressure on the

adjacent pillar, causing the right-hand pillar to break from
the root. Heat released during the eruption may have modi-
fied the groove and formed the ‘foggy’ region. The collapse
of the residual left-hand pillar toward the left direction and
the diffusion direction of the ‘foggy’ region further verify
this dynamic eruptive process. The left-hand pillar was
affected by the eruptive recoil force toward the left, which
created a 200-nm long fracture on the surface and caused the
pillar materials to collapse to the left. However, this limited
recoil force could only achieve incomplete separation of the
left-hand pillar. A fracture of approximately 1 µm along the
longitudinal direction formed in the right-hand pillar due to
the impact of the eruptive materials.

In the following section, this dynamic damage behavior
is discussed through the stress field distribution of the
right-hand pillar loading by the localized material eruptive
pressure from the left-hand pillar.

4. Theoretical calculation and discussion

4.1. Stress field distribution in MLDGs

Figures 3(c) and 3(d) show the impact pressure of the erupted
materials acting on the adjacent right-hand grating pillar.
A two-dimensional plane strain finite-element model[21] can
be used to approximate the stress distribution. The impact
pressure causes a uniform boundary load (P0) on the right-
hand pillar, as shown in Figure 4(a). The Young’s moduli
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Figure 4. Two-dimensional finite-element strain simulation model and calculation results. (a) Schematic representation of the eruptive impact process;
the localized eruption of the left-hand pillar induced a rightward impact pressure on the right-hand pillar. (b), (c) Normal stress distributions along the
y- and x-axis directions, σyy and σxx, of the right-hand pillar in (a), respectively. Positive values are tensile stresses and negative values are compressive
stresses.

of the SiO2, HfO2 and substrate used in the calculation are
72, 127 and 73 GPa, respectively. The Poisson’s ratios of
the SiO2, HfO2 and substrate are 0.17, 0.18 and 0.17, respec-
tively[31]. For oxide dielectric materials, the tensile strengths
are significantly lower than their compressive strengths (e.g.,
the compressive strength of fused silica is 690–1380 MPa,
whereas its tensile strength is 110 MPa[21,32–34]). Therefore,
the locations of maximum tensile stress were considered as
indicators of the potential mechanical damage.

In the simulation, we calculated the internal peak stress of
the right-hand pillar after applying different initial boundary
loads P0. The calculation showed that the pillar would be
damaged when the impact pressure applied to the right-
hand pillar exceeded 20 MPa. The normal stress distributions
inside the right-hand pillar when P0 = 20 MPa are shown
in Figures 4(b) and 4(c). The normal stresses in the y- and
x-directions are expressed as σyy and σxx, respectively. Fig-
ure 4(b) shows that tensile and compressive stress concen-
trations are formed on the left- and right-hand sides of
the pillar root in the y-direction, respectively. On the left-
hand side of the pillar root, the peak σyy of more than
300 MPa exceeds the tensile strength of the material, and
fractures will primarily occur. In the x-direction, high-stress
concentrations of more than 300 MPa on both sides of
the pillar root, as shown in Figure 4(c), will induce pillar
separation. Therefore, the high tensile stress in both the
x- and y-directions from the left-hand side of the pillar root
will inevitably cause the fractured pillar to flip. It will cause
the fracture to propagate along the direction of the pressure,
eventually leading to the removal of the entire pillar.

The peak normal stress in the y-direction of more than
300 MPa started to exceed the tensile strength of the material
when P0 = 20 MPa. Therefore, 20 MPa was chosen as
the critical fracture pressure (CFP). By taking 20 MPa as
the CFP, the critical eruptive pressure (CEP) from the left-
hand pillar required to remove the right-hand pillar was

estimated according to the ratio of the damaged cross-
sectional areas of the two adjacent pillars. Meanwhile, the
impact pressure on the right-hand pillar was uniformly dis-
tributed; otherwise, it would cause a larger localized stress
concentration and lower CFP of the pillar. The ratio of the
fracture lengths of the left- and right-hand damaged pillars
along the longitudinal direction were approximately 1/5 and
1/6, respectively, as shown in Figure 3(c). In a homogeneous
medium, the diffusion ratios of the localized eruption in
different directions should be consistent. Therefore, the ratio
of the damaged cross-sectional areas of adjacent pillars was
regarded as the square of the ratio of their longitudinal
fracture lengths and the diffusion ratio was approximately
1/36 to 1/25; the CEP of the left-hand pillar can be consid-
ered to be approximately 500–720 MPa since the CFP was
20 MPa.

4.2. Dynamic model of grating materials eruption

The physical process of grating materials eruption can be
expressed as follows. Extensive free electrons, excited by
the ionization of the grating materials, rapidly absorb laser
energy under a strong laser field. Subsequently, the energy
is transferred from electrons to lattices owing to electron–
phonon scattering, and part of the materials can be heated to
melt or even boil. These ionized superheated materials can
be considered to be plasma, which causes a rapid increase in
the internal pressure. The eruption occurs when the internal
pressure exceeds the tensile strength of the material. The
eruptive pressure of the plasma can be solved by coupling
the following three modules with the time-domain finite-
element method: (i) the electric field propagation module
for solving Maxwell’s equations; (ii) the dynamic evolution
module of the electronic density based on ionization rate
equations; and (iii) the plasma eruptive pressure evaluation
module.
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Figure 5. (a) Schematic representation of the electric field simulation model and (b) laser electric field distribution in MLDGs. The incident laser pulse is
centered at 1053 nm, and its pulse width is 8.6 ps.

4.2.1. Electric field distribution in gratings
The electric field distribution was calculated according to
Maxwell’s equations:

∇2E + k2μrεrE = 0, (2)

where E is the EFI, μr is the relative permeability, k is the
wave number in free space (k = ω/c0, where ω is the laser
frequency and c0 is the speed of light in vacuum), εr is the
relative permittivity and εr = n2, where n is the refractivity.
For dielectric materials, the relative permeability was calcu-
lated based on the Drude model:

εr = εc − [
e2ne/(meεv)

]
/
(
ω2 +ωk

−2), (3)

where εc is the materials dielectric constant in the normal
state (2.02 for SiO2 and 3.4 for HfO2), e is the electron
charge, ne is the free electron number density in the con-
duction band, me is the free electron mass, εv is the dielectric
constant of vacuum and ωk is the electron–phonon scattering
frequency.

Figure 5(a) shows the simulation model of the electric
field. The incident light was irradiated from the left-hand
side to the grating surface at an incident angle of 70◦ in S-
polarization. Periodic boundaries were used on the left- and
right-hand sides of the model to reduce the computation.
Figure 5(b) illustrates the EFI distribution in the MLDG.
The peaks of the EFI inside the grating are located on
the backlight side of the ridge, and a row of strong-field
regions is also distributed at the interfaces between SiO2

and HfO2. The uneven distribution of EFI in the grating
leads to different ionization rates. In the region with the
highest ionization rate, dense plasma forms first and induces
damage. The initial damage position cannot be identified
based on the EFI distribution only, considering that HfO2 has

a lower material band gap than SiO2. Therefore, we analyzed
the ionization process of the materials.

4.2.2. Ionization process of grating materials
The electron number density ne of the grating material
can be calculated from the ionization rate. The ionization
mechanism in the picosecond regime combines field and
avalanche ionization. At the early stage of the laser pulse,
valence band electrons transition to the conduction band
by absorbing photon energy and become initial free elec-
trons (i.e., field ionization dominates the ionization pro-
cess). Multiphoton absorption can significantly promote the
breakdown process when the photon energy band gap of the
incident laser is approximately one-third that of the dielectric
material[35].

The field ionization rate was calculated using the Keldysh
model[36]. Adopting the following parameter

γ = ω

√(
meEg

)
/(eE) (4)

to define multiphoton absorption and tunneling ionization,
where Eg is the band gap of the material. For the case of low
electric field and high laser frequency, γ � 1, multiphoton
ionization (MPI) dominates the ionization process. The ion-
ization rate can be expressed as follows:

ωM = Af (γ )Φ
[
2l− (

2Eg/�ω
)]0.5

, (5)

where A = 2ω(meω/�)1.5/(9π), Φ(z) is the Daw-
son integral and Φ (z) = ∫ z

0 exp
(
y2 − z2

)
dy, f (γ ) =

e
[
2l

(
1−0.25γ −2

)]
(4γ )−2l, where l is the order of MPI, and

it is the largest integer below Eg/�ω + 1, where � is the
Planck constant. The tunneling phenomenon occurs when
γ � 1 and can be neglected in our experiments.
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Figure 6. Evolution of the electronic density ne in the conduction band.
The rectangular, circular and triangular shapes represent the sampling point
curves on the upper inset image. The calculation time is three times that of
the laser pulse width.

Inelastic collisions between energetic electrons and ions
lead to avalanche ionization, exponentially increasing the
electronic density. The electronic density can be calculated
using the following empirical formula[37]:

ne = ne0 exp
(
ωAtp

)
, (6)

where ne0 is the initial electronic density[31], tp is the pulse
width and ωA is the avalanche ionization rate, ωA = (ln2)e2 ·
E2τk/

[
meEg

(
1+ω2τk

2
)]

(see Ref. [31]), where τk is the
electron–ion relaxation time.

Figure 6 shows the evolution of the electronic density
for the grating ridge with the peak EFI and two internal
HfO2 layers with a strong EFI. The electronic density greatly
increased during the laser irradiation, and the backlight side
of the top SiO2 pillar ridge had the maximum electronic den-
sity, exceeding 1.6 × 1027 m–3, irradiated by the laser pulse
with a fluence of 3.3 J/cm2. Electron recombination and
electron–phonon scattering reduced the electronic density
after the laser pulse. For the internal strong-field HfO2 layers,
although the material band gap of HfO2 is narrower than that
of SiO2, its maximum electronic density only reached 6.8 ×
1025 m–3 because of the limited EFI. This proves that the
initial damage occurred in the pillar rather than in the HfO2

layers, as shown by 1© in Figure 3(b).

4.2.3. Eruptive pressure of the plasma
Free electrons excited by ionization can absorb the energy of
the laser field, which is partially used in the eruption process.
The eruptive pressure P0 can be expressed as follows[31]:

P0 = Ek/V, (7)

where Ek is the total eruptive kinetic energy in volume V .
The ionization process forms a plasma inside the material,
which is regarded as an ideal gas, and its eruptive kinetic
energy[38] can be written as follows:

Ek = α −1
2α −1

ET, (8)

where α is the adiabatic index of the plasma and ET is
the total energy absorbed by the plasma. Therefore, the
following can be concluded:

P0 = α −1
2α −1

PT, (9)

where PT is the total pressure of the plasma and PT =
PH + Pi

[39], where PH is the hydrodynamic pressure of the
electronic system and PH = nekBTe. For plasma with a high
ionic density, the ionic pressure Pi cannot be ignored and
Pi = nikBTi. Here, Te and Ti are the electronic and ionic
temperatures, respectively, ni is the ionic density and kB is
the Boltzmann constant.

TTM[40] was employed to estimate the temperature evolu-
tion of the electron and lattice:

Ce
∂Te

∂t
= ∇ · (Ke∇Te)−G(Te −Ti)+Q, (10)

Ci
∂Ti

∂t
= ∇ · (Ki∇Ti)+G(Te −Ti), (11)

where G is the electron–lattice coupling factor (G = Ce/τeq)
(see Ref. [37]), τeq is the electron–phonon relaxation time,
Ce is the electronic heat capacity (Ce = 0.5π2kB

2Te/Ef) (see
Ref. [37]), Ef is the Fermi energy, Ke is the electronic thermal
conductivity (Ke = π2nekB

2Teτk/(3me)) (see Ref. [37]) and
Q is the laser source term. The free electrons absorb laser
energy through the inverse bremsstrahlung process at a
rate[41] of dJ/dt = e2E2τk/

[
me

(
1+ω2τk

2
)]

, where J is the
electronic energy. Table 2 lists the material parameters used
in the calculations. Here, Ci and Ki are the heat capacity and
thermal conductivity of the lattice, respectively.

Table 2. Material parameters used in the calculation[31].

Variables
Materials

SiO2 HfO2

ne0
(
m−3) 1 × 1010

e (C) 1.6 × 10–19

me (kg) 9.1 × 10–31

τk (fs) 4
n 1.42 1.86
Eg (eV) 8.5 5.5
Ki (W/(m ·K)) 1.4 1.1
Ci (J/(kg ·K)) 670 120
Density (kg/m3) 2200 9680
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Figure 7. Calculation of the eruptive pressure in the MLDGs. The time step adopted was 10% that the pulse width. (a) Evolution of the eruptive pressure
distribution on the right-hand side ridge and (b) distribution of the eruptive pressure in the grating when t = 21.5 ps. The red line in the inset image indicates
the sampling boundary for eruptive pressure in (a).

The evolution of eruptive pressure is shown in Figure 7(a).
The laser fluence used in the calculation was 3.3 J/cm2,
which is the experimental peak fluence used to obtain the
damage morphology in Figure 3. The maximum eruptive
pressure during laser irradiation exceeds 7 GPa. Therefore,
the adjacent pillar will be fractured under a strong impact
pressure. The calculated maximum eruptive pressure is much
larger than the CEP calculated in Section 3.1, which may be
because of the Gaussian distribution of the beam, resulting
in the laser fluence used in the calculation being greater than
the practical fluence-induced damage. Figure 7(b) shows that
the maximum eruptive pressure in the grating is located at
the backlight side ridge of the pillar, which is consistent
with the peak EFI site, and damage occurs first in this
region.

In previous studies[29], the nano-absorbing defect located
at the first SiO2/HfO2 interface was considered as the damage
precursor in the ns-pulsed laser damage of the MLDGs.
However, under the ps-pulsed laser, the damage initiation
source of the MLDGs was changed due to the peak EFI
located in the grating relief. Figure 3(a) shows a random dis-
tribution of the damage sites on the grating surface, which is
different from the morphology of periodical damaged pillars
due to the plasma induced by the periodic distribution of EFI
observed by Hocquet et al.[15]. Therefore, besides maximal
EFI, shallow defects related with pillars, which are men-
tioned as type-III damage precursors[42], also contributed to
the formation of the adjacent damaged pillars. The presence
of maximal EFI and defects may trigger the initially damaged
pillars. For the shorter fs-pulsed laser[43,44], the dominance
of the EFI was further enhanced, and the influence of the
shallow defects disappeared gradually. Particularly for pulses

with several tens of fs, the damage was highly deterministic
and the initial damage typically located on the back edges
of the grating ridges was in correspondence with the maxi-
mum EFI.

5. Conclusion

The damage morphology of the MLDG induced by a laser
pulse of 8.6 ps included the removal of a single grating
pillar and consecutive adjacent grating pillars and did not
involve the destruction of the HR structure. A comparative
analysis of the two damage morphological characteristics
indicated the removal of adjacent pillars was related to an
impact process caused by the eruption of localized materials
from the left-hand pillar. The collapse of the residual left-
hand pillar toward the left-hand direction and the diffusion
direction of the ‘foggy’ region further verified this dynamic
eruptive process. The backlight side of the pillar ridge with
peak EFI had a high ionization rate, which sharply increased
the electronic density under laser irradiation. The pressure
formed by the expansion of the dense plasma promoted the
eruption of the materials in the pillar and caused fractures
along the root of the adjacent pillar. However, the limited EFI
in the HfO2 layers cannot induce internal damage to the grat-
ing, despite the narrower band gap of HfO2 compared with
SiO2. This study reveals the interaction process of dynamic
eruption-induced damage between grating pillars through an
experimental investigation. For future work, improvements
in the impact strength of grating pillars, such as more reliable
aspect ratios, can be emphasized to limit the occurrence of
large-area removal of multiple-grating pillars.
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