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Design of shallow-etched multilayer dielectric grating

with –1st order high diffraction efficiency
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A new design of shallow-etched multilayer dielectric grating (MDG) exhibiting a diffraction efficiency (DE)
of approximately 100% in the –1st order at 1064-nm wavelength in Littrow mounting is reported. Particle
swarm optimization algorithm and Fourier modal method are used to design MDG and calculate the DE
of MDG. The thickness of the grating layer is less than 80 nm which is much shallower than that in the
currently reported MDG design for a high DE, which is greatly helpful for the MDG etching process.
Meanwhile, the bandwidth of DE which is more than 97.5% of MDG is 60 nm, and it is a meaningful result
for MDG to be used in ultrashort pulse compression system.
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Chirped pulse amplification (CPA) plays an important
role in high-power laser systems[1]. As the critical el-
ements in the compressors of CPA, diffraction gratings
must meet the requirements of high diffraction efficiency
(DE) and high laser-induced damage threshold. Owing to
the inherent absorption loss of metals, the performance
of metal gratings remains to be limited[2]. Thus, the
Lawrence livermore national laboratory (LLNL) devel-
oped multilayer dielectric grating (MDG) in 1990s[3,4].
The MDG with the highest DE of more than 99.2% has
been fabricated by LLNL[5].

However, the grove depths of MDG in these designs are
very deep. For the corrugation etched in a high-index
material, the grove depth is always required to be more
than 300 nm. Further, the grove depth must be deeper
for the corrugation is etched in low-index material. The
deep grove brings more difficulties for MDG fabrication,
and the rectangle ridge of corrugation will be destroyed.
Destouches et al. have reported the leaky mode reso-
nance grating model[6−10]. The resonance grating can
obtain approximately 100% DE in the –1st order with a
shallow grove depth of MDG[6].

In this letter, based on the two-layer leaky mode reso-
nance grating model, an MDG with DE more than 97.5%
in the -1st order over a 60-nm bandwidth centered at
1064 nm is obtained. The grove depth is no more than
80 nm which will be very helpful for MDG fabrication.
The optimization design with particle swarm optimiza-
tion (PSO) is also reported. Further, the ratio of the
maximum electric field in the corrugation ridge and in-
cident light is less than 2 which means that the MDG
has excellent laser damage resistance capability. The DE
and the electric field are calculated by the Fourier modal
method (FMM)[11].

Figure 1 shows the general all-dielectric grating struc-
ture. There are two leaky mode propagating layers based
on a dielectric high-reflection (HR) mirror. The physical
mechanism of leaky mode resonant gratings with an ap-

proximately 100% DE in the –1st order reflected diffrac-
tion is explained as follows[8]. The amplitudes of two
parts of light, which are reflected at the top of the cor-
rugation directly and leaked from the wave-guided layers
(Fig. 1), are equal, and their phases are 180◦ out of
phase. There will be no light in the 0th order reflected
diffraction; thus, the –1st order reflected diffraction is the
only export for incident light, so that MDG obtains ap-
proximately l00% DE in the –1st order.

The layer for leaky mode propagation can be composed
of many layers. Considering the fabrication of grating
and the requirement of optimization, a two-layer model
is chosen. The second layer is called as match layer
(Fig. 1). The dispersion equation of a two-layer model
for a TE leaky mode is[8]

k2 [(tan k2t2 − φ0)/2] − k1 [(tan k1t1 − φm)/2] = 0, (1)

where t1 is the thickness of the layer with a low index nl,
which is next to the HR mirror, and t2 is the thickness
of the top layer (or the equivalent grating layer) with the

Fig. 1. Structure of grating with two leaky mode propagating
layers based on dielectric HR mirror. f is the fill factor of
corrugation.
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equivalent grating index (or high index nh) where the cor-
rugation will later be etched on. The phase items φ0 and
φm are the reflection phase shifts at the layer-cover inter-
face and the mirror boundary as incident wave irradiates
from the leaky mode propagating layer, respectively. In
Eq. (1),

k1 = k0

√

n2
l − n2

c sin2 θi, (2)

k2 = k0

√

n2
h − n2

c sin2 θi, (3)

where k0=2π/λ and λ is the vacuum wavelength. θi is
the incident angle in the cover layer with index nc. When
Eq. 1 is satisfied, MDG will obtain approximately 100%
DE in the –1st order.

For the design requirement in this letter, the wave-
length of incident light is 1064 nm, and the incident an-
gle is 70◦. The corresponding Littrow angle is 66.4◦,
which means that the period of corrugation is 574 nm.
The formula of the multilayer dielectric HR mirror is
(H2L)9H, where H and L denote the high-index layer
(HfO2, nh=2.12) and the low-index one (SiO2, nl=1.48),
respectively, and the optical thicknesses of the H and L
layers are quarter reference wavelength, respectively. A
match layer made of SiO2 is introduced to satisfy the
leaky mode resonances over a broad wavelength range.
A high-index layer is used to etch the corrugation, which
will obtain high efficiency with a shallow-etched grove.
This is very helpful for grating fabrication.

Based on the two-layer leaky mode resonance grating
model, the parameters including grove depth tg, thick-
ness of the residual layer of the top high index layer tr,
thickness of the match layer t1, fill factor f , and refer-
ence wavelength λr are chosen. Reference wavelength is
chosen to control the thickness of each layer of the HR
mirror in order to provide high reflectivity by using the
wavelength range.

PSO introduced by Eberhart et al.
[12], is a robust,

stochastic evolutionary strategy. It is inspired from the
social behavior of animal species such as birds, bees, and
others (particles) that are looking for their requirements
in the searching area. The algorithm finds the opti-
mal solution by moving the particles in solution space.
PSO lets every individual within the swarm move from
a given point to a new one with a velocity based on a
weighted combination of the individual’s current veloc-
ity, the best position ever found by that individual, and
the group’s best position. Owing to the convenience of
realization and the promising optimization capability in
various problems, PSO has becomes a hotspot in opti-
mization design. It has been successfully utilized in the
design of diffraction gratings with strictly specified spec-
tral properties by Mehrdad and Magnusson[13].

The PSO algorithm is employed for the optimization
design of shallow-etched MDG in this letter. The merit
function is taken to be a root mean square error (RMSE)
function

RMSE =

{

1

N

∑

λi

[100 − Ropt(λi)]
2

}1/2

, (4)

where the desired DE of each wavelength is set as 100%,
and Ropt(λi) is its optimized counterpart by PSO. N

is the number of wavelength points. FMM is used to
calculate the DE of grating.

All parameters included in this design are arrayed as
{tg, tr, t1, f , λr}. The minimum and maximum values of
each parameter are set as {10, 0, 10, 0.3, 800} and {80,
300, 300, 0.6, 900}, respectively. The unit of the first four
parameters is nanometer. The optimization wavelength
range is from 1030 to 1090 nm, and the interval is 5 nm,
which means N=13 in Eq. 4. The minimum value of the
RMSE that we obtained is 3.4387. The corresponding
values of each parameter are {168.67, 70.58, 2.01, 0.491,
823.91}, and after simplification, all parameters are {169,
71, 2, 0.49, 824}. The DE of MDG with such parameters
is shown in Fig. 2.

Figure 2 illustrates the top-hat spectra of all-dielectric
grating calculated by FMM. Over a 60-nm-wide wave-
length range (from 1030 to 1090 nm), the DE of MDG
is more than 97.5%. Although the highest DE does not
correspond to the center wavelength of 1064 nm, MDG
provides a high DE over a broad range. This is very
meaningful for MDG to be used in an ultrashort pulse
laser system.

For the MDG used in a nanosecond pulse layer system
that includes a less than 10-nm bandwidth spectrum, the
MDG with a DE of more than 99% and an etching grove
depth less than 80 nm can be the optimization design of
PSO. Figure 3 shows the spectra of all-dielectric grating
calculated by FMM. The parameters are {172, 70, 4,
0.45, 885}, where each parameter has some meanings as
given in the last section. It can be found that the DE of
MDG at the center wavelength of 1064 nm is more than
99.7%, and the bandwidth of DE more than 99% is more
than 14 nm.

With the parameters given in Fig. 2, when light with

Fig. 2. (a) Spectra of MDG in the –1st order reflected diffrac-
tion designed by optical parametric amplifier (OPA) optimiza-
tion; (b) partial enlarged detail of DE more than 97% part of
(a).

Fig. 3. Spectra of MDG in the –1st order reflected diffraction
designed by OPA optimization.
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Fig. 4. Electric field of MDG with incident light of 1046-nm
wavelength and 70◦ incident angle. The other parameters are
as given in Fig. 2.

a wavelength of 1064 nm irradiates at 70◦, the corre-
sponding DE is more than 99.5%, and the electric field
of MDG calculated by FMM is shown in Fig. 4. It can
be found that the maximum value of the electric field
in the ridge (HfO2 layer) of MDG is 1.8 times of the
value of the incident electric field. This indicates that
the MDG design result has good laser damage resistance
capability.

In conclusion, an MDG with DE more than 97.5%
over a 60-nm-wide wavelength range centered at 800 nm
and a grove depth less than 80 nm has been designed
by PSO algorithm and FMM. It is very useful for MDG
fabrication and can be used in ultrashort pulse laser
system. Another MDG with DE more than 99.7% at
wavelength of 1064 nm is also obtained, and it can be
used in nanosecond pulse laser system. The electric field
of MDG is calculated, and it is found that shallow-etched
MDG also has good laser damage resistance capability.

This work was supported by the National Natural Sci-
ence Foundation of China under Grant No. 10704079.
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