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ABSTRACT To improve the anti-laser damage performance of one-dimensional (1D) subwavelength
gratings (SWGs), this paper proposes to reasonably reduce the peak electric field at the grating ridges to
further reduce the laser damage caused by the electric field contribution. Based on Maxwell’s equations,
the equations for solving the field intensity of the near-field distribution of the dielectricmaterials are derived.
The numerical simulation theoretical model is described. A 1064 nm laser in the –y direction irradiates
the geometric surfaces under two perpendicular polarization directions: perpendicular to the grating ridges
(transverse magnetic wave (TM) or x-polarization) and parallel to the grating ridges (transverse electric
wave (TE) or z-polarization). We discuss the effects of the profile shape, structural parameters and refractive
index of the material on the near-field distribution at the 1D SWG ridges by using a finite element method
(FEM). The near-field distribution is sensitive to the x- and z-polarization of incident light. The near-field
distribution of the 1D SWGs for TMwaves is modulated by the surface, whereas that for TE waves is similar
to the distribution of the bare substrate. The results show that the near-field distribution of 1D SWGs greatly
depends on the laser polarization direction.

INDEX TERMS Dielectric materials, finite element method (FEM), near-field distribution, one-dimensional
(1D) subwavelength gratings (SWGs), polarization direction.

I. INTRODUCTION
Subwavelength gratings (SWGs) are an effective substitute
for laser thin films of optical elements used for high-power
laser technology [1]. In recent years, SWGs have attracted
great interest from scholars because of their good optical
properties [1]–[3] and high laser-induced damage threshold
(LIDT) [4], in which the LIDT is lower than that of the
bare substrate but slightly higher than that of the multilayer
film [5]. However, the resistance to laser damage of optical
elements has been a limiting factor in the development of
high-power laser systems. How to further improve the LIDT
of optical elements is a constant pursuit of researchers in
the development of high-energy laser systems. Many studies
are being conducted to further improve the LIDT of optical
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elements. The field intensity distribution in and on the sur-
face of optical elements has aroused great interest as one
of the many factors that affect the anti-laser-induced dam-
age performance of optical elements. The LIDT of optical
elements can be further improved by optimizing the field
intensity design [6]–[8]. Various subwavelength antireflec-
tive surfaces [9] inspired by the structure of biological eyes
have been studied [10]. Du et al. [4], [5] studied the effect
of the local electric field (E-field) on 1064 nm laser damage
of rectangular gratings and 2D cylindrical SWGs on fused
silica, and the temperature distribution resulting from the
internal electric field may be the main reason behind the
damage. Kong et al. [3] found that the near-field distribu-
tion of the SWG structure obtained by a finite-difference
time-domain (FDTD) method exhibits a strong dependence
on the surface period. Jin et al. [11] studied the near-field
distribution characteristics of two typical defects in dielectric
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FIGURE 1. Schematic diagrams of the 1D SWG geometric models. (a) for
the rectangular periodic grating. (b) for the isosceles triangular periodic
grating. (c) for the right triangular periodic grating. The nomenclature for
the geometric model dimensions is as follows: d is the grating bar width,
3 is the grating period, h is the grating height, and k is the propagation
direction of the incident beam. The 1D SWGs have periodicity 3 < λ.

multilayer gratings (MDGs) using the Fourier model method.
The study showed that the defects had little influence on the
optical properties, but they may produce large changes in
the internal electric field distribution on the grating surface
and even in multilayer structures, thus decreasing the damage
threshold of MDGs [11]. Gallais et al. [12] demonstrated
that the laser damage characteristics of grating waveguides
are well correlated with field enhancement. Jing et al.’s [13]
study on the characteristics of femtosecond pulse breakdown
in a sinusoidal SWG showed that the near-field distribution
associated with the laser damage resistance ability strongly
depends on the polarization state of incident light.

In this paper, the near-field distribution of geometric mod-
els irradiated by a 1064 nm nanosecond pulse laser is simu-
lated by using finite element simulation software. The effects
of different polarization states and structural parameters on
the field intensity distribution are investigated in detail. This
provides inspiration for further improving the anti-laser dam-
age ability of SWGs.

II. THEORY
A. THEORETICAL MODEL
We propose a geometric model in which one half of the
surface is an SWG and the other half is a bare substrate.
The geometric model is used to intuitively analyze the field
intensity distribution of the one-dimensional (1D) SWG
surface relative to that of the bare substrate. Schematic
diagrams of the geometric models with different shapes are
shown in Fig. 1, where h, d, and 3 represent the height, bar
width, and SWG period, respectively. The cross-section of

the geometric models lies in the x-y plane and has a grating
period 3 along the x direction.
The incident and outgoing materials for the Gaussian beam

are air and the substrate, respectively. The wave vector of the
Gaussian beam is k. The Gaussian beam is perpendicularly
incident on the surface of the model, and the propagation
direction is the –y direction. The focal plane is spanned by
the x and z coordinates, and the waist of the Gaussian beam
is located on the upper surface of the optical substrate, with
the center at the origin of the coordinates. The size of the
substrate is much larger than the diameter of the Gaussian
spot, ensuring that the spot is on the substrate. The TE wave
has the electric field component in the z direction, out of the
modeling x-y plane, which is parallel to the grating ridges,
that is, z-polarization. When the beam is polarized in the x
direction, the electric field component is perpendicular to the
grating ridges, that is, the TM wave or x-polarization.

In this paper, n0 and ns represent the refractive indices of
the surrounding medium and the material, respectively, and
the absorption coefficient and extinction coefficient of the
dielectric material are ignored.

B. SOLUTION EQUATION OF THE NEAR-FIELD
DISTRIBUTION
A laser beam consists of electromagnetic waves that satisfy
Maxwell’s equations. Therefore, the solution equations can
be obtained in the frequency domain from Maxwell’s equa-
tions, and the governing equation can be written in the form

∇ × µ−1r (∇ × E)− k20εrE = 0 (1)

for the time-harmonic problem. Here, εr is the relative
permittivity andµr is the relative permeability of thematerial.
The wavenumber of free space k0 is defined as

k0 = ω
√
ε0µ0 =

ω

c0
(2)

Using the relation εr = n2, where n is the refractive index,
the assumption is that the relative permittivity is µr = 1 and
the electrical conductivity is σ = 0 for linear materials, and
the equation can alternatively be written as

∇ × (∇ × E)− k20n
2E0 (3)

Various forms of laser polarization can be character-
ized by corresponding linear polarization states. This paper
mainly analyzes the laser beam vertically incident with lin-
early polarized light. The incident plane is the xoy coor-
dinate plane, the polarization in the x-axis direction is
x-polarization, and the polarization perpendicular to the
incident plane is z-polarization. When the geometric model
exists, the incident field is the background field and the
scattering field is the relative field in Maxwell’s equations.
In other words, when the geometric model exists, the field
generated by the incident Gaussian beam is a scattering
field. However, the electric or magnetic fields in Maxwell’s
equations are total fields. When the background electromag-
netic field Ebackground is given, which interacts with various
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materials and structures, the objective is to obtain the total
field Etotal and the scattering field Escattered by solving the
following equations.

∇ × (∇ × Etotal )− k20n
2Etotal = 0

Etotal = Ebackground + Escattered (4)

C. PLANE WAVE EXPRESSION OF A GAUSSIAN BEAM
The plane wave expansion formula is a more general and
more accurate Gaussian beam formula. The plane wave
expansion method is used to approximate the Gaussian beam
in the focal plane to ensure the accuracy of the calculation.
The wavelength of the Gaussian beam is 1064 nm, and the
waist radius w0 is 10.64 µm.

Eb,Gauss(r) = E0 exp(−
x2 + z2

w2
0

)e

=

L∑
l=−L

M∑
m=−M

1∑
j=0

almjuj(klm) exp(−iklm.r) (5)

where the beam is propagating in the negative y direction,
the focal plane is spanned by the x and z coordinates, e is
the unit magnitude transverse polarization in the focal plane,
l and m denote the indices for the wave vectors, index j
accounts for the two polarizations per wave vector klm, αlmj is
the amplitude, uj(klm) is the unit magnitude polarization, and
r is the position vector. This method is based on the angular
spectrum of plane waves [14].

Multiplying the above with the conjugate of the exponen-
tial factor and the polarization factor uj(klm) and applying a
surface integral over the entire focal plane, the amplitudes are
extracted as

almj =
E0w2

0(e · uj(klm))
4π

exp(−
k2t,lmw

2
0

4
) (6)

where kt,lm is the magnitude of the transverse wave vector
component and E0 is the normalized incident electric field.

III. POLARIZATION EFFECT ON THE NEAR-FIELD
DISTRIBUTION AND DISCUSION
The influence of the SWG surface on the near-field dis-
tribution is analyzed by finite element simulation software.
The normalized field intensity of the three different shapes
of the SWG surface is simulated with the same structural
parameters. One of the main reasons for the laser-induced
damage to an SWG is the strong surface electric field dis-
tribution [4], [7], [11], [12], and the damage mainly occurs at
the interface between the substrate and air [4]. For nanosec-
ond laser-induced damage of optical dielectric materials, the
material damage mechanisms, including avalanche ioniza-
tion (AI) and photoionization (PI), are commonly accepted to
contribute to material ablation, in which the heat conduction
effect caused by nanosecond pulses can be negligible due
to the significantly shorter time scale for electron energy
transfer to the lattice [15], [16].

A critical electron density (CED) is used to identify the
onset of material damage with nanosecond laser irradiation.
An evolution equation for the electron density describes
the PI and AI processes in a dielectric medium exposed to
intense laser radiation [13]. The quantitative electric field
ratio |E/E0|, which is defined as the ratio of the internal field E
in the microstructure to the incident field E0, is shown in the
near-field distribution images. The factor |E/E0| introduced
into the evolution equation for the electron density represents
the maximum electric field enhancement inside the inves-
tigated SWGs [13]. Therefore, we focus on the maximum
peak electric field intensity of the near-field distribution at
the grating layer.

In this paper, the effects of defects and material absorption
and extinction coefficients are not considered. The refractive
indices n0 = 1 and ns = 1.52 are used as the refractive
indices of the surrounding medium and substrate, respec-
tively, except for when discussing the effect of the refractive
index on the near-field distribution of 1D SWGs.

A. EFFECT OF THE GRATING SHAPE ON THE NEAR-FIELD
DISTRIBUTION
The distribution of the electric field varies with the surface
shape when the laser irradiates the surface of an SWG, and
the LIDT of the grating is related to the distribution of the
electric field intensity [1], [3]. To objectively evaluate the
electric field distribution of different gratings, the same grat-
ing parameters are used, and the normalized field intensity
distribution is obtained.

The amplitude of the incident Gaussian beam is normal-
ized, and the waist radius of the Gaussian beam is 10 times the
wavelength of 1064 nm. The electric field distributions of the
three different geometric models are simulated by finite ele-
ment analysis (FEA). Higher-order diffraction orders, which
exist as evanescent waves in the near-field region, make an
important contribution to the electric field distribution [17].
The grating height and the period are 100 nm, and the ridge
width d of the three gratings is 50 nm at z = 0. As men-
tioned above, laser-induced damage tends to occur at the
interface between air and the medium, so the field inten-
sity distributions on the surfaces of the three nanostructures
are compared. Since various forms of laser polarization can
be characterized by corresponding linear polarization states,
two special cases of perpendicular laser incidence, namely,
x-polarization and z-polarization, are discussed.

Fig. 2 shows the normalized near-field distributions of
the 1D SWGs. As seen from the plots, half of the Gaus-
sian beam is vertically incident on the SWG structure and
the other on the flat substrate. In the configurations in the
left column of Fig. 2, the Gaussian beam is polarized in
the x direction (x-polarization), that is, in the direction of
the grating vector. For this polarization, the electric field
distribution of the Gaussian beam is modulated by the sub-
wavelength surface. According to the local near-field mag-
nification (Fig. 2. (a), (c), (e)), the stronger field intensity is
distributed in the valleys on the surface of the nanostructure,
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FIGURE 2. Normalized near-field distribution with an incident
wavelength of 1064 nm for a period of 100 nm and a height of 100 nm at
normal incidence. (a), (c), and (e) for x-polarization. (b), (d), and (f) for
z-polarization. The W/3 ratio of the rectangular SWGs is 0.5.

which are areas surrounded by air. This is consistent with the
results of Jin et al. [11].

When the beam is polarized along the grating ridge direc-
tion, that is, in the z direction (z-polarization), the electric
field distribution of the Gaussian beam passing through the
SWG structure is similar to that for the flat substrate, and no
concentrated electric field enhancement occurs in the valleys
on the surface of the nanostructure (Fig. 2. (b), (d), (f)). The
results show that the near-field distribution of 1D SWGs is
polarization dependent.

Fig. 3 shows two-dimensional (2D) cut lines of the nor-
malized electric field amplitude of the 1D gratings at y = 0.
The red curve represents the x component (Ebx) or z compo-
nent (Ebz) of the Gaussian beam background field, and the
blue line represents the electric field norm of the scattering
field (normE).

For x-polarization, the periodic surface has a modulation
effect on the field distribution. The field intensities of the
three grating surfaces have the same frequency because
they have the same grating period, but the peak intensities
of the field intensity are different. The maximum electric
field peak occurs at the interface between the grating sur-

FIGURE 3. Line plots of the x or z component of the Gaussian beam
background field (red line) and the electric field norm (blue line) at y = 0.
(a) and (b) for the rectangular SWGs. (c) and (d) for the isosceles
triangular SWGs. (e) and (f) for the right triangular SWGs. (a), (c), and
(e) for x-polarization. (b), (d), and (f) for z-polarization.

face and air. The peak intensity of the electric field on the
surface of the right triangular grating is the lowest, while
that of the isosceles triangular grating is the strongest. For
z-polarization, the 2D cut line at y = 0 shows that the electric
field norms of the three periodic surfaces are not significantly
different, but the 1D SWG peaks are higher than those on the
surface of the flat substrate. The frequency of the electric
field oscillation is not modulated by the periodic surface
nanostructures, which is different from x-polarization.

Figs. 2 and 3 show that the electric field distribution caused
by the periodic shape of the surface of 1D SWGs is sensitive
to the polarization direction. The rules are similar but the peak
electric fields differ on the surfaces of the different-shaped
SWGs, which may be the main reason why the 1D SWGs
have different abilities to resist laser damage. Studying the
parameters of 1D SWGs and the refractive indices is an
effective way to analyze the law of the peak electric field
near the grating ridges and thereby improve the LIDT of 1D
SWGs.

B. EFFECT OF THE GRATING PERIOD ON THE NEAR-FIELD
DISTRIBUTION
Figs. 4-6 show the 2D cut lines (y = 0) of the normal-
ized electric field amplitude of the three geometric models:
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FIGURE 4. 2D cut line of the field intensity distribution on the surface of
the 1D rectangular SWG at different periods. The beam is polarized in the
x direction (x-polarization). The h/λ ratio is 0.1.

FIGURE 5. 2D cut line of the field intensity distribution on the surface of
the 1D isosceles triangular SWG at different periods. The beam is
polarized in the x direction (x-polarization). The h/λ ratio is 0.1.

rectangular grating, isosceles triangular grating, and right
triangular grating, respectively. The beam is polarized in the
x direction (x-polarization). Figs. 7-9 show the 2D cut lines
(y = 0) of the three geometric models for polarization in
the z direction (z-polarization). The red curve represents the
x component (Ebx) or z component (Ebz) of the Gaussian
beam background field, and the blue line represents the elec-
tric field norm of the scattering field (normE). In Figs. 4-9,
the right half (x>0) of each graph shows the electric field
distribution caused by the surface of the periodic structure,
while the left half (x<0) shows that caused by the bare
substrate. The 3/λ ratios of the 1D SWGs are 0.2, 0.3, 0.4,
and 0.5. The h/λ ratio is 0.1.

For x-polarization, compared to the bare substrate, the
electric field distribution caused by the surface of the peri-
odic structure shows a fluctuation related to the period. The
oscillation frequency of the peak field intensity is also related
to the period. The shorter the period is, the higher the fre-
quency of the electric field oscillation and the higher the peak

FIGURE 6. 2D cut line of the field intensity distribution on the surface of
the 1D right triangular SWG at different periods. The beam is polarized in
the x direction (x-polarization). The h/λ ratio is 0.1.

FIGURE 7. 2D cut line of the field intensity distribution on the surface of
the 1D rectangular SWG at different periods. The beam is polarized in the
z direction (z-polarization). The h/λ ratio is 0.1.

density (the number of peaks per unit length) (Figs. 4-6). The
maximum peak electric field induced by the three gratings
is obviously higher than that induced by the bare substrate.
However, for z-polarization, no periodic characteristic of the
electric field distribution is induced by the periodic structure.
This is different from the case of x-polarization (Figs. 7-9).
The results show that the 3/λ ratios of 1D SWGs affect
the peak density of the field distribution along with the
polarization direction of the incident light.

C. EFFECT OF THE GRATING HEIGHT ON THE NEAR-FIELD
DISTRIBUTION
To study the influence of the height of the SWG on the near-
field distribution, several key grating heights h, h = 0.1λ,
h= 0.5λ, and h= λ, should be considered at the same grating
period. However, in practice, the grating height cannot be
increased indefinitely due to the influence of the fabrication
process [11]. When the height changes, the field distributions
caused by the surface structure of the three geometric models
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FIGURE 8. 2D cut line of the field intensity distribution on the surface of
the 1D isosceles triangular SWG at different periods. The beam is
polarized in the z direction (z-polarization). The h/λ ratio is 0.1.

FIGURE 9. 2D cut line of the field intensity distribution on the surface of
the 1D right triangular SWG at different periods. The beam is polarized in
the z direction (z-polarization). The h/λ ratio is 0.1.

all present similar laws, so two of them are omitted here.
We take themodel with a low peak electric field as an example
to analyze the effect of the grating height on the near-field
distribution.

Fig. 10 shows the plots of the field intensity distribution of
the geometric model (x>0) of the 1D right triangular SWG.
For x-polarization, a superimposed peak electric field exists
in the air gaps between the nanostructures. For z-polarization,
the field superposition is not discretized by the periodic
structures of the 1D SWG in the x direction. The maximum
peak electric field appears at the grating ridges. These posi-
tions are often the source of laser damage caused by electric
fields.

Fig. 11 shows the field strength distribution of the 1D
right triangular geometric model. The h/λ ratios are 0.1,
0.5, and 1, and the 3/λ ratio is 0.1. The right half of each
graph (x>0) shows the electric field norm caused by the
surface (y = 0) of the periodic structure. The left half shows
that caused by the bare substrate. The left column is for

FIGURE 10. Plots of the field intensity distribution of the 1D right
triangular SWG. The h/λ ratios are 0.1, 0.5 and 1, and the 3/λ ratio is 0.1.
(a), (c), and (e) for x-polarization. (b), (d), and (f) for z-polarization.

x-polarization, and the right column is for z-polarization. For
x-polarization, the electric field distribution is modulated by
the nanostructure, and the size of the sharp peaks is related
to the height of the grating. As h/λ increases, the peak-valley
value decreases. In contrast, the 1D SWG does not modulate
the electric field for z-polarization. The larger h/λ is, the more
the highest peak electric field moves toward the center of
the beam.

D. EFFECT OF THE GRATING SUBSTRATE REFRACTIVE
INDEX ON THE NEAR-FIELD DISTRIBUTION
To study the influence of the substrate refractive index on
the near-field distribution of the 1D SWGs, different material
refractive indices are investigated for the same structural
parameters. Here, the h/λ ratio is 0.1, and the 3/λ ratio
is 0.2.

Fig. 12 shows the 2D cut lines of the field intensity dis-
tribution on the surface (y = 0) of the 1D right triangular
SWG. The left column of Fig. 12 shows the 2D cut lines
at y = 0 for x-polarization. The right column shows the 2D
cut lines at y = 0 for z-polarization. In Fig. 12 a and b, the
refractive index is 1.45. In Fig. 12 c and d, the refractive index
is 1.52. In Fig. 12 e and f, the refractive index is 2.3. For
x- and z-polarization, the larger the refractive index is, the
larger the maximum peak electric field compared to the bare
substrate.
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FIGURE 11. 2D cut line of the field intensity distribution of the 1D right
triangular SWG at y = 0. The 3/λ ratio is 0.1.

FIGURE 12. 2D cut line of the field intensity distribution on the surface
(y = 0) of the 1D right triangular SWG for different refractive indices. The
h/λ ratio is 0.1, and the 3/λ ratio is 0.2. (a), (c), and (e) for x-polarization.
(b), (d), and (f) for z-polarization.

IV. CONCLUSION
The anti-laser damage performance of a grating is related to
the peak electric field at the ridges of the grating. By ana-
lyzing the near-field distribution of 1D SWGs, the variation

law of the peak electric field is obtained, which provides
inspiration for obtaining high LIDT SWGs.

We derive the governing equations in the frequency domain
from Maxwell’s equations and the constitutive relation. The
background field is expressed by the plane wave expansion
of the Gaussian beam to solve for the scattering field.

The near-field distribution of the geometric models irra-
diated by a 1064 nm laser is calculated by finite element
simulation software. The normalized field distribution of the
1D SWGs for different grating periods, grating heights, and
material refractive indices are simulated.

The results show that the peak field intensities of the
electric field distribution caused by different periodic surface
topographies are different. The normalized distribution of the
electric field on the surface of the 1D SWGs is related to
the polarization direction of incident light. When the beam
is polarized in the x direction (x-polarization), a stronger
field intensity is distributed in the valleys on the surface of
the nanostructure, and the periodic surface has a modulation
effect on the field distribution. The maximum electric field
peak occurs at the interface between the grating surface and
air, which is the origin of laser damage. In addition, the
period of the peak electric field is the same as that of the
grating, and as the h/λ ratio increases, the peak-valley value
decreases. Without considering the absorption and extinction
coefficients, the larger the refractive index of the material is,
the greater the peak electric field induced by the nanoarray
surface.

When the beam is polarized in the z direction (z-
polarization), the near-field distribution induced by the 1D
SWGs is similar to that induced by the bare substrate. The
periodicity of the 1D SWGs does not affect the oscillation fre-
quency or the peak number of the electric field. The refractive
index still has a significant effect on the near-field distribution
of the 1D SWGs. The higher the material refractive index is,
the higher the peak intensity for the same other parameters.

Studies show that the peak electric field strength at the
ridges induced by 1D SWGs can be further reduced by
optimizing the grating shape, parameters or material accord-
ing to the application. The results provide some refer-
ences for further study of the laser damage properties of
micro/nanostructured optical elements.
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