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The dual-function of a wavelength beam splitter and a power beam splitter is desired in both classical optics and
quantum optics. We propose a triple-band large-spatial-separation beam splitter at visible wavelengths using a
phase-gradient metasurface in both the x- and y-directions. Under x-polarized normal incidence, the blue light is

splitin the y-direction into two equal-intensity beams owing to the resonance inside a single meta-atom, the green
light is split in the x-direction into another two equal-intensity beams owing to the size variation between adjacent
meta-atoms, while the red light passes directly without splitting. The size of the meta-atoms was optimized based
on their phase response and transmittance. The simulated working efficiencies under normal incidence are 68.1%,
85.0%, and 81.9% at the wavelengths of 420 nm, 530 nm, and 730 nm, respectively. The sensitivities of the oblique
incidence and polarization angle are also discussed.  © 2023 Optica Publishing Group
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1. INTRODUCTION

A high-efficiency wavelength beam splitter, which is used to
separate light beams with different wavelengths, is an impor-
tant component in optical communications. For the separated
wavelength, equal-intensity beams are required in both classi-
cal optics, such as in interferometry [1], and quantum optics,
such as the generation of entangled photo light sources [2]. As
a result, the cascaded device of a wavelength beam splitter and
a power beam splitter is desired. Although one can realize the
beam splitters by using many methods, including multiple-layer
thin-films [3], coupled waveguides [4], optical gratings [5],
and photonic crystals [6], the metasurface-based beam splitter
has drawn remarkable attention because of its flexible optical
wavefront manipulation and wavelength-scale size [7-38].

For a normal metasurface device, the different wavelength
lights are redirected to different angles and form a rainbow
beam. The wavelength dispersion can be estimated by the partial
differential of the emergent angle with respect to the wavelength
according to the generalized Snell’s law [39]. In this way, the
spatial separation of different wavelengths is limited, and thus
the crosstalk between different wavelength channels would be
high. A large spatial separation of dual-band wavelengths can
be achieved by using a bilayer structure, in which each layer
contains a metasurface to independently control the optical
wavefront for a wavelength band [7-12]. A compact scheme
is to integrate multiple patterns within a single layer, in which
each pattern independently controls the optical wavefront for
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a wavelength band [13-24]. However, in these two schemes,
the interval between the two wavelength bands should be large
enough so that the second wavelength light can pass through
the first metasurface with ignorable loss. Moreover, it is a great
challenge for current nanofabrication technologies to prepare
the meta-molecules with high accuracy in geometric dimensions
and to align multiple patterns at a visible wavelength range. As
a result, a metasurface having a simple structure for multiple-
band wavelengths is attractive [25-28]. A dual-band beam
splitter based on metal nano-bricks supporting gap-surface
plasmon modes [25,26] or metal frustums supporting both
grating modes and plasmonic modes [27] were proposed. The
mechanism is that the orthogonal polarized lights at two dis-
crete wavelengths are respectively controlled by the lengths of
the meta-atom at two orthogonal directions [25,27] or that
two discrete wavelengths are respectively controlled by two
different order of plasmonic modes [26]. These metasurfaces
with metal structure are reflective. A transmissive metasurface
containing two identical silicon trapezoids with opposite direc-
tions was also proposed for a dual-band beam splitter [28]. The
mechanism is also polarization-selective, which is the same as
[25,27]. However, the spatial separation of the two wavelengths
issmall [28].

As for the power beam splitter, the design principle is to build
the phase gradient along desired directions [29-38]. To achieve
fine control, the multiple phase steps, in which the phase differ-
ence between adjacent meta-atoms is a fraction of 7, should be
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employed [29-35]. However, for the sake of compactness, the
binary phase, in which the phase difference between adjacent
meta-atoms is 77, can be adopted [32-38]. The phase differ-
ence mainly comes from the different size [29,31,32,35-37],
shape [33], or orientation [30,34] of the different meta-atoms.
Within a single elongated rectangular meta-atom, the phase
difference comes from the resonance along the x-direction for
the x-polarized incident light [38].

To fulfill the requirement of compact minimization in a
photonic device, a dual function of a wavelength beam splitter
and a power beam splitter with large spatial separation and good
working efficiency is desirable. In this paper, a transmissive
metasurface having a simple pattern of a TiO, nano-brick array
is proposed for a triple-band beam splitter, which is both a
wavelength beam splitter and an equal-intensity power beam
splitter, with large spatial separation at visible wavelengths. The
blue light of 420 nm wavelength has equal-intensity splitting
in the y-direction owing to the resonance inside a single meta-
atom, the green light of 530 nm wavelength has equal-intensity
splitting in the x-direction owing to the size variation between
adjacent meta-atoms, while the red light of 730 nm wavelength
passes directly without splitting, when the metasurface is illumi-
nated by the three normal incident lights with x-polarization.
The beam splitting angles in both the x- and y-directions obey
the generalized Snell’s law. The working efficiencies under
normal incidence are 68.1%, 85.0%, and 81.9% at the wave-
lengths of 420 nm, 530 nm, and 730 nm, respectively. We
believe our proposed method is useful for multiple channel
communications.

2. DESIGN

The schematic diagram of our proposed triple-band large-
spatial-separation beam splicter is shown in Fig. 1(a). The
metasurface is composed of TiO; nano-bricks on a glass (SiO,)
substrate. An x-polarized triple-band plane wave is normally
launched from a SiO; substrate and passes through the meta-
surface. The top view of the metasurface, which contains eight
meta-atoms in the x-direction and seven meta-atoms in the
y-direction, is illustrated in Fig. 1(b). Figure 1(c) shows the
three-dimensional (3D) structure diagram of a single meta-
atom. In the x-direction, a meta-molecule has an arrangement
of meta-atoms in A-B-B-A style, in which A and B are two
meta-atoms with different sizes. The phase of a green light in
the meta-atom A is @9 and that in the meta-atom B is ¢, £ 7.
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Fig. 1. (a) Schematic diagram of our proposed triple-band large-
spatial separation beam splitter. The blue, green, and red arrows
represent the blue, green, and red lights, respectively. (b) Top view
of the metasurface, in which the meta-molecule has an arrangement
of meta-atoms in A-B-B-A style. (c) Three-dimensional structure
diagram of a single meta-atom.
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Therefore, the normalized phase variation within the meta-
molecule is 0 ~ (£7) ~ 0. The mechanism of the 7w phase shift
along the x-direction comes from the size variation between
meta-atoms A and B. On the other hand, in the y-direction, the
meta-molecule has only one meta-atom. The phase of a blue
light in a single meta-atom (either A or B) varies from ¢, on
the upper boundary to ¢,0 £ 7 in the center, and then back to
@y0 on the lower boundary. Therefore, the normalized phase
variation within the meta-molecule is 0~ (&) ~ 0. The
mechanism of the 7 phase shift along the y-direction comes
from the resonance inside a single meta-atom. Besides, make
sure that the phase-gradient is ignorable at red wavelengths so
that the red light can pass directly through either A or B in both
the x- and y-directions. In this way, the light at different bands
of visible wavelengths can be steered to drastically different spa-
tial positions. The blue light is split in the y-direction into two
equal-intensity beams, the green light is split in the x-direction
into another two equal-intensity beams, while the red light
passes directly without splitting. The beam splitting angles in
both the x- and y-directions obey the generalized Snell’s law,
and thus can be adjusted by the period of the meta-molecules.

The model was investigated by a three-dimensional
finite-difference time-domain (3D FDTD) method using a
commercial software (Lumerical 2019b FDTD Solver). In
the simulation, the period of the meta-atoms along the x-
and y-directions were P, =250nm and P, =500nm. In
all-dielectric TiO, metasurfaces, achieving 27 phase coverage
for a visible light requires a large meta-atom height, which was
usually set to be 600 nm [31,37,40,41]. Such high TiO; nano-
bricks can be fabricated by atomic layer deposition (ALD) and
lift-off process [40,41]. Here, we discussed different heights (4)
of the TiO, nano-bricks in the range from 450 to 550 nm, as
well as different lengths (/) and widths (w) in the range from 50
to 200 nm, at different working wavelengths (A) in the range
from 400 to 780 nm. The optical constant of the TiO, material
was taken from [42], while the refractive index of the SiO,
material was 1.46. The TiO; nano-bricks were discretized using
a grid mesh with dx =dy =5 nm and dz = 10 nm, while the
SiO; substrate and the air area were discretized automatically
by the software. The periodic boundary condition was used in
both the x- and y-direction s and the perfectly matched layer
was applied in the z-direction.

3. RESULTS
A. Size Optimization of Meta-Atoms

The key of our proposed beam splitter is to find the meta-atoms
A and B. The phase diagram depends on both the size of the
meta-atom and working wavelength.

Taking a small meta-atom with the size of (4, /, w)=
(450, 50, 50) nm and a large meta-atom with the size of
(h, I, w)= (550, 200, 200) nm as examples, the phase dia-
gram of the blue (420 nm), green (530 nm), and red (730 nm)
lights are illustrated in Fig. 2. At the 420 nm wavelength light,
the phase along a straight line in the y-direction within a single
meta-atom decreases from the upper boundary to the center
and then increases from the center to the lower boundary, while
the phase along a straight line in the x-direction within a sin-
gle meta-atom is almost a constant. At the 530 nm or 730 nm
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Fig. 2. Phase diagram of the 420 nm, 530 nm, and 730 nm wave-
length lights after passing through (a) a small meta-atom with the size
of (b, [, w) = (450, 50, 50) nm and (b) a large meta-atom with the
sizeof (b, [, w) = (550, 200, 200) nm.

wavelength light, the phase within a single meta-atom is almost
aconstant.

As a consequence, for a given meta-atom at a fixed wave-
length, we define ¢, as the constant phase along the center line
in the x-direction, ¢ as the value of ¢, in the center, ¢, as the
variable phase along the center line in the y-direction, and 8¢,
as the difference of ¢, between the center and the boundary. The
optimized size of the meta-atoms can be determined based on
their phase response of ¢, and 8¢, given in Figs. 3-5, as well
as their transmittance given in Fig. 6, if the triple-band central
wavelengths are pre-designed as 420 nm, 530 nm, and 730 nm.
According to the design principle described in Section 2, we
should select two points in Figs. 3—5 to simultaneously satisfy
Egs. (1-3), where one point, Py, with the size of (b1, /1, wy) is
for the meta-atom A and another point, P,, with the size of (45,
lp, wy) is for the meta-atom B. For the sake of easy fabrication,
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b1 equals /,. In Fig. 3, for the 420 nm wavelength light, ¢, and
8¢, satisty Eq. (1),

00 (P1) — @x0 (P2) =0
8¢, (P1)==n . (1)
8(/)7 (P) = +r

In Fig. 4, for the 530 nm wavelength light, ¢, and S, satisfy
Eq' (2))

Px0 (Pl) — ®x0 (PZ) ==
8¢y (P1) =0 . 2
8(py (PZ) =0

In Fig. 5, for the 730 nm wavelength light, ¢ and 8¢, satisfy
Eq. 3),

©x0 (Pl) — ¥x0 (Pz) =0
3o, (P1)=0 ) 3)
8§0)/ (PZ) =0

In addition, both the two points should have a large transmit-
tance in Fig. 6.

After careful selection, point Py (b1, /1, wy) = (500, 120,
60) nm and point P (b2, b, wy) = (500, 160, 160) nm can
be selected for the meta-atoms A and B, respectively. The phase
diagrams are similar to Fig. 2(b). At the 420 nm wavelength
light, the normalized phase variation in the y-direction within
the meta-molecule is nearly 0~ (—m)~ 0, while there is
nearly no phase change in the x-direction within the meta-
molecule. At the 530 nm wavelength light, the normalized
phase variation in the x-direction within the meta-molecule
is nearly 0 ~ (—m) ~ 0, while there is nearly no phase change
in the y-direction within the meta-molecule. At the 730 nm
wavelength light, there are nearly no phase change in both the
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Fig.3. (a) ¢.9and (b) 8¢, of the 420 nm wavelength light after passing through the meta-atom with various size.
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Fig.4. (a) ¢, and (b) 8¢, of the 530 nm wavelength light after passing through the meta-atom with various size.
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Fig.5. (a) ¢.9and (b) 8¢, of the 730 nm wavelength light after passing through the meta-atom with various size.
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Fig.6. Transmittance of the (a) 420 nm, (b) 530 nm, and (c) 730 nm wavelength lights after passing through the meta-atom with various size.

x- and y-directions within the meta-molecule. The transmit-
tance of the meta-atoms A and B at the three pre-designed
central wavelengths are higher than 0.8.

Finally, the whole metasurface composed of the optimized
meta-atoms, shown in Fig. 1, was simulated. The far-field angle
distribution of the electric field intensity and the cross-section
of the electric field distribution of the transmitted lights are
presented in Fig. 7. The 420 nm wavelength light is split in
the y-direction into two equal-intensity beams, the 530 nm
wavelength light is split in the x-direction into another two
equal-intensity beams, and the 730 nm wavelength light passes
directly without splitting, which are the same as the design. The
beam splitting angles in the x- and y-directions are estimated
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Fig. 7.  Far-field angle distribution of the electric field intensity of
the transmitted lights at the wavelengths of (a) 420 nm, (b) 530 nm,
and (c) 730 nm. @ is the zenith angle and ¢ is the azimuth angle. The
cross-section of the electric field distribution of the transmitted lights

at the wavelengths of (d) 420 nm, (e) 530 nm, and (f) 730 nm.

at about 32° and 57°, respectively, which coincide well with
the theoretical values of 32.005° and 57.1401°, respectively,
according to the generalized Snell’s law.

B. Working Efficiency

The working efficiency was defined as the ratio of the optical
power in the desired spatial position to the optical power of the
incident beam at a specific wavelength [23]. Therefore, the total
working efficiency, 91, can be defined as Eq. (4),

0, + Ny, forbluelights
n; + 1n,, forgreenlights | (4)
Ne, for red lights

Ntotal =

where 77, and 1, are the working efficiencies of the top and bot-
tom beam for blue lights, 7; and 7, are the working efficiencies
of the left and right beam for green lights, and 7, is the working
efficiency of the center beam for red lights.

Figure 8 shows the normalized far-field intensity distribu-
tions along the center line in the dominant splitting direction.
The three pre-designed wavelengths perform best in their
respective band regions with regard to the far-field intensity. If
the working wavelength deviates from the pre-designed cen-
tral wavelength, then the deviation in the blue or green band
would lead to the increment of the power allocation on the 0-th
diffraction order and/or the decrement of the power allocation
on the desired high diffraction order, while the deviation in the
red band would lead to the opposite tendency. As a result, the
420 nm and 530 nm wavelength locate the peak of the total
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Fig.8. Normalized far-field intensity distributions along the center
line in (a) the y-direction for the blue band, (b) the x-direction for
the green band, and (c) the x-direction for the red band. (d) The
total working efficiencies of the triple-band beam splitter at visible
wavelengths.

working efficiency curve in the blue and green bands, respec-
tively, and the 730 nm wavelength also has good efficiency
in the red band. Under normal incidence, the blue and green
lights are split with equal intensity. The 420 nm wavelength
light is split at the angle of about 57° in the y-direction with
the total working efficiency of 68.1%, the 530 nm wavelength
light is split at the angle of about 32° in the x-direction with the
total working efficiency of 85.0%, and the 730 nm wavelength
light passes directly at the angle of 0° with the total working
efficiency of 81.9%. Compared to the recent published papers
[23,24], the total working efficiencies of our proposed triple-
band large-spatial-separation beam splitter are significantly
improved.

Considering the fabrication tolerance, the working efficiency
of the three wavelengths was discussed on condition that the size
deviation, &, from the target value of w or / in the meta-atoms
was from —20 to 20 nm. As shown in Fig. 9(a), the working effi-
ciency of the 420 nm wavelength light decreases as |§| increases,
where |8] is the absolute value of the size deviation. If |3] is
10 nm (or 20 nm), then the working efficiency still remains
above 60.5% (or 43.8%), which is 88.8% (or 64.4%) of the
case without size deviation. Figures 9(b) and 9(c) indicate that
the fluctuation of the working efficiencies for the 530 nm and
730 nm wavelength lights is much less than that for the 420 nm
wavelength light, as |8| increases. For the worst case with |§] of
20 nm, the working efficiencies for the 530 nm and 730 nm
wavelength lights remains higher than 71.3% and 72.2%,
respectively, which reaches 83.9% and 88.2%, respectively, in
the case without size deviation.
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Fig. 9. Working efficiencies for (a) 420 nm, (b) 530 nm, and

(c) 730 nm wavelength lights with different &, where § is the deviation
from the target value of w or/ in the meta-atoms.
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Fig. 10.  Far-field angle distributions of the electric field intensity

for (a) 420 nm, (b) 530 nm, and (c) 730 nm wavelength lights under
the incident angle of 10° in the x-direction. The working efficiencies
for (d) 420 nm, (e) 530 nm, and (f) 730 nm wavelength lights under
different incident angles in the x-direction. The inset in (f) shows the
inclined incident angle, &, in the x-direction.

C. Oblique Incidence

The performance of the triple-band beam splitters under
oblique incidence with the inclined angle in the range from 5° to
20° were investigated.

If the incident light is inclined in the x-direction, as shown
in Fig. 10, then the splitting beams would shift to the right side
along the x-direction with lower working efficiencies compared
to the normal incidence cases. For the 420 nm wavelength
light, both 7, and 1, decrease with the same variation rate as
the inclined angle increases, indicating that the splitting keeps
equal intensity in the y-direction, although new diffraction
orders appear in the center. For the 530 nm wavelength light, the
energy is transferred from the right beam (the direction of move-
ment) to the left beam, thereby the 7, decreases very quickly
as the inclined angle increases, and the 7, has little variation,
indicating an unequal intensity splitting in the x-direction.
Moreover, the right beam disappears at the inclined angle of
20°, and then the beam splitter degenerates into a deflector. For
the 730 nm wavelength light, the beam splitter represents as a
deflector with a decreased 1, as the inclined angle increases.

If the incident light is inclined in the y-direction, as shown in
Fig. 11, then the splitting beams would shift to the top side along
the y-direction with lower working efficiencies compared to the
normal incidence cases. For the 420 nm wavelength light, the
energy is transferred from the top beam (the direction of move-
ment) to the bottom beam, thereby the splitting has an unequal
intensity in the y-direction. Moreover, the top beam disappears
at the inclined angle of 10°, and then the beam splitter degen-
erates into a deflector. For the 530 nm wavelength light, the
splitting keeps equal intensity in the x-direction, although new
diffraction orders appear. For the 730 nm wavelength light, the
beam splitter represents as a deflector with a decreased 7, as the
inclined angle increases.

D. Polarization Sensitivity

The polarization sensitivity of the triple-band beam splitter
under normal incidence was also explored and presented in
Fig. 12. When the polarization angle of the normal incident
light is swept from 0°, which is the x-polarization, to 90°, which
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Fig. 12.  Working efficiencies for (a) 420 nm, (b) 530 nm, and
(c) 730 nm wavelength lights under normal incidence with different
polarization angles. The normalized far-field intensity distributions
along the center line in (d) the y-direction for 420 nm, (e) the x-
direction for 530 nm, and (f) the x-direction for 730 nm under normal
incidence with different polarization angles.

is the y-polarization, the working efficiencies severely decrease
from 68.1% to 13.4% for the 420 nm wavelength lightand from
85.0% to 34.6% for the 530 nm wavelength light. It is shown
that the increment of the power allocation on the 0-th diffrac-
tion order induces the decrement of the power allocation on the
desired high diffraction order. Because the 730 nm wavelength
light is less affected by the meta-atoms, its working efficiency
slightly decreases from 81.9% to 74.6% as the polarization angle
increases.

4. CONCLUSION

A riple-band  large-spatial-separation beam splitter was
designed using a phase-gradient metasurface composed of
TiO; nano-bricks. The three different wavelengths in the visible
light bands have the same x-polarization and can be steered to
drastically different spatial positions. Under normal incidence,
the blue light is split in the y-direction into two equal-intensity
beams, the green light is split in the x-direction into another
two equal-intensity beams, while the red light passes directly
without splitting. The mechanism of the 7 phase shift along
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the x-direction for the green light comes from the size variation
between adjacent meta-atoms, while the 7 phase shift along the
y-direction for the blue light comes from the resonance inside
a single meta-atom. The optimized size of the meta-atoms was
determined based on their phase response and transmittance.
The beam splitting angles in both the x- and y-directions obey
the generalized Snell’s law. The working efficiencies under
normal incidence are 68.1%, 85.0%, and 81.9% at the wave-
lengths of 420 nm, 530 nm, and 730 nm, respectively. If the
incident light is inclined, then the beams would shift with lower
working efficiencies compared to the normal incidence cases.
The splitting beams in the inclined direction has an unequal
intensity, and the beam splitter degenerates into a deflector at a
large, inclined angle, while the splitting beams in the orthogonal
direction keeps equal-intensity and the non-splitting beam in
the central direction represents as deflection. If the normal inci-
dent light is swept from x-polarization to y-polarization, then
the working efficiencies severely decrease for 420 and 530 nm
wavelength lights, while the 730 nm wavelength light has slight
decrements.
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