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Dammann gratings (DGs) can generate a spot array in a particular arrangement. In recent years, DGs have been
used in many fields such as laser beam splitting and optical coupling. Nanograting encoding technology can achieve
ahigh signal-to-noise ratio and high-efficiency diffraction distribution; it also provides new design ideas for realiz-
ing the miniaturization and deviceization of DGs. In this work, we have comprehensively studied the DG based on
an all-dielectric metasurface, which can producea 5 x 5 diffraction spot array with a diffraction angle 0of20° x 20°.
In an operation waveband from 650 to 690 nm, the DG has superior performance with high efficiency >60%;

< 0.33

meanwhile, it achieves a relative low contrast ratio <0.33. Owing to high efficiency, wide waveband perform-
ance, and polarization insensitive property, the all-dielectric metasurface DG can provide possibilities for various

application; includinglasertechnology and optical information processing, © 2022 Optica Publishing Group

https://doi.org/10.1364/A0.448192

1. INTRODUCTION

A Dammann grating (DG) is a diffractive optical element
(DOE) composed of a series of position-encoded binary phase
structures, which can generate an array of spots with required
intensity distribution in the far field. Due to the convenience
and simplicity of DG, it greatly decreases the complexity of
the optical system and allows beam splitting by DG at a lower
cost. DGs have been applied to subsecond laser technology,
laser detection, laser direct writing, 3D measurement, par-
ticle manipulation, optical fiber communication, and other
fields due to its fascinating properties such as high diffraction
efficiency, small size, and light weight [1-7]. Dammann first
proposed DG in 1971. Its earliest design was a symmetrical
phase structure with many transition coordinates capable of
generating a spot array but in low efficiency [1]. With the rapid
development of computer technology, a lot of optimization
algorithms such as simulated annealing (SA) and genetic algo-
rithms (GA) have been used to obtain the phase transition
values of DG with high diffraction efficiency and good intensity
uniformity [2]. Among them, Zhou used numerical optimiza-
tion method to obtain the numerical solutions of 2 to 31 and
64 x 64 high-beam-splitting-ratio DGs [4]. In recent years, a
series of new grating devices such as circular DGs, 3D DGs, and
distorted DGs has been further developed [8—10].

There have been some ways to realize the DGs, such as
nanoscale 3D printing [11], ferroelectric liquid crystal [12],
metasurface [13—18], and so on, whose design forms are closely
combined with practical applications [11-19]. The previous
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DG phase control methods generally depend on different
etching depth in a transparent dielectric substrate. Varied etch
depths allow flexible phase shifts but lack modulation accu-
racy. There is often a dilemma between the complexity of the
manufacturing process and the excellent performance [20].
In recent years, metasurfaces have been used in the design of
DGs [13-18], because of their compactness, high efficiency,
and reduced fabrication complexity. A metasurface is composed
of a single nanostructure layer, which can retain efficient con-
trol of the phase, polarization, and amplitude of light [21,22].
Compared with the inevitable losses in the plasmonic meta-
surface DOE, the all-dielectric metasurface exhibits higher
efficiency and more closely integrates with the semiconductor
technology in the visible and infrared (IR) bands [23,24]. The
all-dielectric metasurface DGs have been proposed mainly
in the near-infrared band [13,14,17]. Li et 4l demonstrated
an all-silicon nanorod-based DG for IR beam shaping, with
circular polarization incident light [13]. Yang ez al. realized a
polarization-insensitive DG of a cuboid silicon nanorod array
[14]. Ni et al. designed a metasurface for structured light pro-
jection over a field of view over 120° using the principle of DG
[17]. The metasurfaces to realize laser beam splitting in the
visible light band have also been proposed successively [25-28].
However, the main method for realizing the array of laser beam
splitting is still DG, as a binary structure is relatively simple and
flexible. The DGs of a metasurface in the visible light band are
required; however, few are reported [15,16], and their efficiency
needs to be improved.
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In this paper, we demonstrate a 2D all-dielectric DG that
utilized a single layer of nanopillars to maximize the local inter-
action between incident light and nanostructure. These TiO,
nanopillars allow better control of phases of incident light
and further modify the output wavefront [29]. Based on this
scheme, the proposed DG can achieve 5 x 5 beam splitting with
high efficiency and high uniformity in the far field, operating in
the visible range from 650 to 690 nm. The conversion efficiency
of the DG reaches >60% with a contrast ratio <0.33. The
DG is not only polarization-insensitive but can also work in
a wide operation bandwidth, which is significant for practical
applications. Meanwhile, the DG is composed of only two
different sizes of cylindrical antennas, which makes the design
and manufacturing easier and flexible.

2. STRUCTURE AND PRINCIPLE

(06 A Dammann grating (DG) is a typical binary optical element

DG

-

capable of generating a spot array. The segmented amplitude
transmission coefficient of DG is 1 or —1, and its correspond-
ing phase is 0 or 7, respectively. For a 1D DG with a grating
constant 4, the binary phase arg[ 7(x)] as a function of spatial
position x is as shown in Fig. 1(a), where 7'(x) is the transmis-
sion function of the DG. We can observe that arg[ 7(x)] at
transition points jumps between two independent numbers,
ie.,0and .

To obtain light field distribution, the Fourier transform is
employed on the transmission function 7'(x) of the DG. Such
light field on the Fourier plane is equivalent to the diffraction
field and can be described as Fourier series expansion. Thus, the
light field distribution A, at the nth diffraction order can be

written as [30]

N
23 (=D, n=0
A, = kz]{/ P (1)
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Fig.1. (a) Transmittance phase function of the 1S DG changes with
the spatial position within a grating constant 4. (b) 1D Dammann
phase (0 — 1) in x direction. (¢) 1D Dammann phase (0 — ) in y
direction. (d) 2D Dammann phase, which is a superposition of the 1D
DGs in (b) and (c).
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where N is the total number of transition points
[x1, x2 ... x4 ... xy] within a grating constant 4.

The intensity of the light field at diffraction order 7 is
P, =|A,]>. As shown in Eq. (1), the diffraction field of DG
is independent of grating constant 4 and only relates to the
total number of transition points /V and spatial coordinates xy.
Grating constant & determines the distance between adjacent
diffraction orders on the Fourier plane, which affects the beam-
expansion angle. One-dimensional DG is a typical diffraction
optical element for generating a linear array, and 2D DG is a
kind of grating for obtaining a 2D beam array in the far-field.

The superposition of two 1D DGs in orthogonal directions pe

(x and y), as shown in Fig. 1(b) and Fig. 1(c), forms the 2D
DG in Fig. 1(d). If we consider the orthogonal DGs as o and
B, the 2D DG [as shown in Fig. 1(d)] can be formed by logical
operation and can be expressed as

T, a=p

aGﬂ:{O,a;é,B'

In Eq. (2), a and B are binary phase with two independent
numbers, i.e., 0 and 7. We can note that, when « is equal or
unequal to B, the operation result @ © B is 7 or 0, respectively
[31]. Then, we assume that the transmittance functions in the
x and y directions are 7(x) and 7(y); following Eq. (2), the
transmission function 7'(x, y) of 2D DG can be further written
as [32]

@,

arg[ 7 (x, y)] = arg[ T (x)] O arg[T ()] - 3)

Here, in order to evaluate the performance of the grating, we
define the conversion efficiency as the ratio between the opti-
cal power of the light projected to all target diffraction orders
>, jen Pjjand the power of the incident light 7, which can be
expressed as [4]

(4)

n= Z Py /Pin~

i,jeN

Another important parameter is the intensity contrast ratio,
which is also defined as
max(/,) — min(Z,)

= : : )
max(/,) + min(Z,)

where 7 refers to the diffraction order, and max(Z,) and min(Z,)
are the maximum and minimum light intensities of all the
orders. The intensity contrast ratio characterizes the intensity
uniformity of all target diffraction orders on the focal plane. The

DG

1(b)
1(c)

(CIBY)
1D DG

1(d

2D DG

smaller contrast ratio C is, the more uniform the light intensity ¢

distribution at all diffraction orders becomes. We also use the
diffraction angle to evaluate the beam’s expansion angle. The
Laguerre—Gaussian beam at 660 nm is chosen as the source to
simulate the far-field distribution by using angular spectrum
methods [33]. The numerical solution of the coordinates of the
transition points can be directly used for calculation and simu-
lation compile [4]. Based on the above principle, we can obtain
a desired 5 X 5 light spot array in the far field by employing a
well-designed and optimized 2D DG.

According to the grating constant & for the DG design, one
period of the all-dielectric metasurface DG is shown in Fig. 2(a).
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Fig. 2. (a) 2D all-dielectric metasurface DG with two sizes of ! H

TiO; cylinders Ry =82 nm and R, = 121 nm on the silica substrate.
(b) Structure diagram of the unit cell with periodicity P = 450 nm and
height A = 1300 nm. (c) Top view of a unit cell.

The unit cell is a titanium dioxide (TiO,) cylindrical dielec-
tric antenna sitting on a silica substrate, as shown in Fig. 2(b).
The top view of the unit cell is shown in Fig. 2(c). TiO; has a
strong coupling effect with light waves due to its large real part
and small imaginary part of refractive index in the visible light
band. Therefore, the TiO, metasurface can easily realize a phase
delay of a whole 27 and achieve complete control of the light
wavefront maintaining high efficiency in the visible light band
[21]. Dielectric antennas have the same height A but different
radii R. Each cylindrical antenna can be regarded as a waveguide
with both sides cut off. More specifically, it can be regarded as
a low-quality-factor Fabry—Perot (FP) resonator. When light
is normally incident on the structure, it is mainly confined in
cylindrical antennas with a high refractive index. Each antenna
brings different phase shift due to different radius and conse-
quently changes the phase distribution of the transmitted light
wavefront.

Our isotropic cylindrical dielectric antenna has a unique
fourfold rotational symmetry. Compared with the metasurface
elements of PB phase that rely on circular polarization incident
light, ours can achieve effective phase control for incident light
of an arbitrary polarization state [22,34,35] and the range of
optical properties of a nanopillar can be tailored by its size to
expand the phase control of incident light [29]. The relation-
ship between the radius of the antenna and the phase shift is
shown by the blue line in Fig. 3(a) using finite difference time
domain (FDTD) simulation software (Lumerical Inc.). In
the simulation, the background refractive index of the envi-
ronment is 1, and the refractive indices of the TiO; and silica
in the visible light band come from the Palik Optics Manual.
The x-polarization (x-pol) linear light at 660 nm is normally
incident on the DG. The polarization state of the transmitted
light will not change, but an additional phase shift will be added.
When the radius of the cylindrical antenna changes from 50 to
150 nm, more than 27 phase change can be achieved. The unit
cell periodicity P is 450 nm, and the height /A is 1300 nm. The
transmission coefficient of the DG maintains higher than 96%
in the entire radius interval as shown by the red line in Fig. 3(a),
except for the radius of 134 nm, which should be avoided. In
order to obtain the phase difference of 7, two typical cylinders
with radii as R; =82nm and R, =121 nm are chosen, as
shown by the black dotted line in Fig. 3(a). It is observed that
the two cylinders achieve a constant phase difference of 77, and
the transmission coefficient of the two cylinders is as high as
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Fig. 3. (a) Curve of the additional phase shift and the transmission

coefficient of a cylindrical dielectric antenna, when the radius R of
a cylinder varies from 50 to 150 nm. (b) and (c) Normalized electric
fields E, in the xz-plane of the two cylinders with R} =82 nm and
R, =121 nm, respectively.

0.987 and 0.982, respectively. Figures 3(b) and 3(c) show the
normalized electric field distribution of two cylinders with
radius of R; and R; in the xz-plane with x-pol light incident.
Light is incident from the substrate direction and propagates
along the z axis. There is a phase difference of w between the two
electric fields when the light leaves these cylindrical antennas.
We should also note that there is a sudden transmission coef-
ficient drop occurring around R = 134 nm at 660 nm. It can
mainly result from Fano resonance [36], which relates to both
the radii R of the nanopillar and the refractive index of mate-
rial. Due to applying a relatively high aspect ratio (the ratio of
height to width) nanopillar, it operates as a low- Q FP cavity and
accompanies a wavelength-dependent (with a specific particle
size) transmittance dip. For a TiO;-based nanostructure, the
same effect has already been observed in several cases [37,38].
Simulation of a cylindrical antenna in the visible light band
from 650 to 690 nm is carried out. For the DG shown in
Fig. 2(a), when the x-pol light is incident normally, the sim-
ulation results show that the transmission phase difference of
the two cylinders with different radii is always constant to
[as shown in Fig. 4(a)], while maintaining a high transmission
coefhicient as high as 92% in the waveband from 650 to 690 nm
[as shown in Fig. 4(b)]. It shows that our all-dielectric antenna
is suitable for wide waveband application. The transmission
spectrum slightly drops at some wavelengths, due to trans-
mission loss, which is mainly caused by the reflection at the
interface between the substrate and the cylindrical antenna
[39]. We reduce the reflection loss and improve the transmission

R1 = 82 nm
R2 = 121

=)
3

3(a)

0.987
0.982
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Fig. 4. (a) Transmission phase difference and (b) transmission

coefficient of the cylindrical dielectric antenna with two radii of
Ry =82nm and R, =121nm form 550 to 800 nm with x-pol
light incident. The red line indicates a dielectric antenna with radius
R, = 82 nm; the blue line indicates a dielectric antenna with radius
R, =121 nm.
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Fig. 5. (a) Schematic diagram of the light splitting of the 2D
DG, which splits the incident beam into a 5 x 5 uniform spot array.
(b) Electric field phase distribution of E, of the transmitted field in xy
plane when zis 1.6 pm.

coefficient from 650 to 690 nm by allocating different materials
for the cylindrical antenna and the substrate.

This DG as shown in Fig. 5(a) is capable of dividing the
incident beam into a uniform 5,5 spot array with a diffraction
angle of 20° x 20°. The two TiO, cylinders with different
radii R; and R; are arranged on a silica substrate to provide a
phase difference of 7, and a period of the DG is 10.8 um. In
the actual simulation process, three periods of DGs in the x
and y directions are arranged, respectively, with a total size of
32.4um x 32.4 um, and the perfect matching layer (PML)
in the z direction. Figure 5(b) shows the phase distribution of
the transmitted electric field £, of the DG. One can clearly
distinguish the different divisions of the DG, and the electric
field phase differences are approximately 0 or 77, as we proposed.
We obtaina 5 x 5 diffraction spot array. The DG has 25 diffrac-
tion orders in total, which is a superposition of five diffraction
orders from —2 to 2 in the x and y directions, respectively. Since
the 2D DG is a logical superposition of two identical 1D DGs,
the distance between adjacent diffraction orders in the x and
y directions of the diffraction spot array is all equal forming a
5 X 5 square spotarray with uniform intensity.

3. RESULTS AND DISCUSSION

Based on the proposed DG, we conduct numerical simulation
to analyze and evaluate the diffraction field generated by our DG
from 650 to 690 nm. First, with an x-pol Laguerre—Gaussian
beam at 660 nm incident on the DG, a 5 x 5 nearly uniform
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diffraction spot array is obtained, and the normalized light
intensity distribution of it is shown in Fig. 6(a). In order to
clearly characterize the uniformity of the spotarray, the 3D light
intensity distribution between the diffraction orders is shown
in Fig. 6(e). Numerical calculation of the conversion efficiency
can be given by Eq. (4), which is as high as 61.31%, and the con-
trast ratio can be calculated by Eq. (5), which reaches 0.3194.
The diffraction angle is 20° x 20°, which can be adjusted by
designing the grating constant. From Figs. 6(a) and 6(e), the
intensity field is generally uniform with slight fluctuation, and
the light spots located at the corner have relative lower intensity
compared with central orders, mainly because of energy losses.
The uniform intensity results from the high-order diffraction
contribution, which are usually neglected in theoretical cal-
culations based on the Dammann theory. Moreover, owing to
the subwavelength structure with unit radius size along each
direction less than half of the wavelength, high diffraction orders
propagate in the evanescent mode and cannot reach the far field,
which improves the signal-to-noise ratio of the output spot
array to a certain high extent. Also, transmission loss caused by
reflection is another reason for the nonuniform intensity of the
spot array, which happens when the light transmits from the
substrate to the cylindrical antenna array. The initial factors
that reduce the contrast ratio is the intensity at (0,0) diffraction
order, which is relatively weak compared with other central
orders. However, this is a common effect, i.e., the so-called zero-
order dark spot phenomenon, and can be further optimized
and eliminated by symmetric coding. Excluding the zero-order
intensity, the contrast ratio is as small as 0.254.

The structure of the cylinder is C4 symmetric and
polarization-insensitive; thus, the DG is capable for light
incident with different states of polarization (SoP). Figure 6(b)
is the normalized light intensity distribution of the diffraction
spot array with the y-pol Laguerre—Gaussian beam at 660 nm
incident. Figure 6(f) is the 3D light intensity distribution at
this moment. It can be seen that the distribution of the 5 x 5
square spot array is still uniform. The conversion efficiency
reaches 61.06%, and the contrast ratio is 0.314, which proves
the polarization-insensitive of our DG. Besides different LP
incidences, we also choose SoP as left circularly polarized light
(LCP) and right circularly polarized light (RCP) for simula-
tion. The corresponding spot arrays are shown in Figs. 6(c)
and 6(d), and the 3D light intensity distributions are shown
in Figs. 6(g) and 6(h), respectively. The conversion efficiency
is 61.22% and 60.79%, and the contrast ratio is 0.3247 and
0.3223, for LCP and RCP incident, respectively. The efficiency
is still high ,and the intensity of spot array is uniform as well,
which further proves that the proposed DG is polarization-
insensitive. The conversion efficiency for each case is more
than 60%, a little lower than that at the design stage, which is
83.5%, and the contrast ratio is higher than 0.053 in design.
The designed conversion efficiency and contrast ratio are cal-
culated on a standard phase-modulated DG. Our DG uses
high-density cylindrical antennas to simulate the standard
phase-modulated DG. Although the dielectric antenna has
much lower ohmic loss compared with the metallic structure, it
has slight energy decrease due to material absorption, reflection,
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light, LCP, and RCP.

and so on. Meanwhile, the near-field coupling between cylin-
drical dielectric antennas may also introduce unnecessary phase
response and reduce the conversion efficiency of the DG.

Since the transmission phase difference of the two cylindri-
cal antennas from 650 to 690 nm is almost always 7, we use
simulation to verify that the DG could work well in a certain

wide waveband. From 650 and 690 nm, four typical wave-
lengths of x-pol light are chosen to be incident on the DG to
obtain far-field distribution. We show the normalized light
intensity distribution of the diffraction spots at 650, 670,
680, and 690 nm in Figs. 7(a)-7(d), and the corresponding
3D light intensity distributions are shown in Figs. 7(e)-7(h).
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650nm

(a)—(d) Normalized light intensity distribution of the diffraction spot array. (e)—(h) 3D normalized light intensity distribution in the

The calculated conversion efficiencies are as high as 62.38%,
62.85%, 62.78%, and 64.35%; the contrast ratios are as small
as 0.2836, 0.2853, 0.2268, and 0.2514 at 650, 670, 680, and
690 nm. It can be seen that our DG can obtain excellent beam-
splitting effects at these wavelengths. The variation curve of the
conversion efficiency and contrast ratio of the DG from 650 to
690 nm is shown in Fig. 8. For this waveband, it can be observed
that the conversion efficiency does not change significantly, all

above 62%, and the uniformity of the diffraction spot array is
in good performance, all below 0.32 in the contrast ratio. The
DG is not only polarization-insensitive but also works in a wide
waveband, which expands its application range.

Manufacturing of normal cylindrical dielectric antennas can
be realized by standard electron beam lithography [40,41]. For
high-aspect-ratio nanopillar-based metasurfaces (approaching
20:1 in [42]), which applied a similar design as we proposed,
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Table 1. Comparison with Previous Works

Conversion Contrast Diffraction

Paper Bandwidth  Efficiency = Ratio Angle
Thiswork ~ 650-690 nm >60% <33% 20° x 20°
[13] 1530-1565nm 50%-52%  4.67% 59° x 59°
[14] 1550 nm 40.1% 49% 18° x 18°
[15] 780 nm 57.2% NA NA
[106] 633 nm NA 24.3% 32° x 32°
[17] 1550 nm 59.1% 38.68%  120° x 120°

its fabrication can employ the atomic layer deposition (ALD)
method [43]. The metasurface structure consisting of an array
of TiO; cylinders on a silica substrate is relatively simple, using
only two different radii of cylinders to obtain different phase
modulation in DG. In addition, the DGs based on cylindrical
dielectric antennas shown here have higher robustness and are
more tolerant against fabrication uncertainties due to their
polarization-insensitive and wide waveband characteristics.

Table 1 lists a detailed comparison of this work with previous
similar works on 2D all-dielectric DGs in terms of some pivotal
factors. Although the all-dielectric DG is not the first time to be
investigated, most of them work in the near-infrared, especially
in the telecom waveband. Our DG is applied in a visible light
wide waveband from 650 to 690 nm. In addition, ours has
higher efficiency and better uniformity compared with previous
work. Finally, compared with the circular polarization incident
light required to be incident on the DG in some work, our DG is
polarization-insensitive.

4. CONCLUSION

In summary, we propose a new DG based on the metasurface of
an all-dielectric cylindrical antenna array. Using a TiO; nanopil-
lar as the unit structure, the metasurface is able to control phase
flexibly and efficiently shape the wavefront. Different phase
shifts could be obtained by adjusting the radius of the cylin-
drical dielectric antenna while keeping the high transmission
coefhicient. Based on this principle, we design and compre-
hensively study a 2D DG with two sizes of TiO; cylinders on a

Research Article

silica substrate. The DG produces a 5 x 5 uniform diffraction
spotarray in the far field. In the wide operation waveband from
650 to 690 nm, the conversion efficiency can reach >60% and
the contrast ratio is <0.33. All of its dielectric antennas are
cylinders with C4 symmetry, which makes the DG polarization-
insensitive. Our DG is only composed of two cylinders with
different radii, which makes the actual manufacturing proc-
ess easier. The design of our 2D DG is derived from the 1D
DG, which is easy to design and optimize and can be further
expanded according to actual work needs. The DG can be used
in new laser technology and optical information transmission
and processing.
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