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We report here the design and realization of a broadband, equal-intensity optical beam splitter

with a dispersion-free binary geometric phase on a metasurface with unit cell consisting of two

mirror-symmetric elements. We demonstrate experimentally that two identical beams can be

efficiently generated with incidence of any polarization. The efficiency of the device reaches 80%

at 1120 nm and keeps larger than 70% in the range of 1000–1400 nm. We suggest that this approach

for generating identical, coherent beams have wide applications in diffraction optics and in

entangled photon light source for quantum communication. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4955034]

A beam splitter changes an incident beam into two or

more beams, and is an important optical component for quan-

tum communication,1–5 quantum computation,6–9 optical

interferometry,9–12 etc. Traditionally, there are a number of

ways to construct a beam splitter. It can be made of a cube by

two glass prisms glued together with transparent resin. An

incident light beam can be partially reflected and partially

transmitted at the glass–resin interface. The thickness of the

resin layer is often used to adjust the power splitting ratio for

a certain wavelength range. Besides, by using dielectric coat-

ing with different thicknesses, a dielectric mirror can be

applied as a beam splitter with wide range of power splitting

ratio. In addition, a layer of thin metal film can also realize si-

multaneous transmission and reflection with different power

splitting ratio. In modern optics, beams with exactly identical

intensity and exactly the same polarization status are often

required in order to investigate some fundamental quantum

phenomena, such as quantum superposition and quantum ran-

domness.1–12 However, practically, equal-intensity beam

splitting is not easy to realize. In particular, with traditional

approach even though sometime equal-intensity beam split-

ting can be managed at a certain wavelength, a broadband

functionality remains challenging.

The emergence of metasurface offers a unique approach

to control the status of propagation of light beam.13–27

Electromagnetic metasurface consists of arrays of specially

designed sub-wavelength building blocks on a surface,

which interacts with light so strongly that the amplitude,

phase, polarization, and propagation direction of light can be

effectively tuned. On a metasurface, the phase gradient is

generated mainly based on geometrical symmetry of the

building block.18–27 Indeed by assembling rotating metallic

split-rings20,21 or single bars,18,19,22,26 a geometry-induced

phase gradient (sometime referred as Pancharatnam–Berry

phase) is established, and circularly polarized beams with

different handedness and different propagation directions are

generated.20,22

In this letter we report a broadband optical beam-splitter

based on the dispersion-free binary geometrical phase on a

metasurface structure. The incident light with any polariza-

tion state can be split into two beams with exactly identical

amplitude, phase, and polarization state yet with different

propagation directions. This broadband optical beam splitter

exhibits high energy utilization efficiency. The maximum

efficiency of this device reaches 80% at 1120 nm and keeps

larger than 70% in the range of 1000–1400 nm.

The building block of the equal-intensity optical beam

splitter is made of a pair of parallel silver bars. The double-

bars (DBS) pointing to 135� and 45� are denoted as DBS1 and

DBS2, respectively. The silver structures sit on the SiO2-

silver-bilayer-capped silicon substrate. Before investigating the

properties of combination of DBS1 and DBS2, the optical

feature of a metasurface made of DBS1 only is studied. Figure

1(a) illustrates the details of DBS1. The optical properties of

DBS1 are calculated based on finite difference time domain

(FDTD) method. The parameters related to silver are obtained

from the Drude model eðxÞ ¼ 1� x2
p=ðx2 þ ixsxÞ, where

xp is the plasma frequency and xs is the damping constant.

For silver, we take xp¼ 1.37� 1016 rad/s and xs¼ 2.73

� 1013s�1.28,29 The refractive index of the SiO2 layer is taken

as 1.45. The coordination is so set that the incident light propa-

gates in –z-direction and the polarization is in y-direction. Due

to the bottom silver reflection layer, the incident light cannot

penetrate the substrate. Ryy and Rxy are defined as the intensity

of y- and x-polarized reflected light with y–polarized normal

incidence. When a linearly polarized incidence is reflected on

an anisotropic structure, the polarization of the reflected light

can be partly changed from its original direction to the orthog-

onal direction, which is known as the polarization conversion

effect.23,27,30,31 In our system, the incident light is linearly

polarized in x- or y-direction, and the polarization can be

decomposed into two perpendicular components, along the

long and the short axis of the resonator, respectively. The silver

bars interact with the incident electric field, and the reflection

amplitudes in the two perpendicular components are identical

while the relative phase retardation is 180�. In this situation,

the linear polarization conversion occurs when the incidence
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polarization is along either x- or y-axis.23,27 We define the

polarization conversion ratio (PCR) as the ratio of intensities

of the cross-polarized reflected light and that of the incident

light. The PCR as a function of wavelength and the thickness

of SiO2 interlayer (h1) is plotted in Fig. 1(b). One may find

that by selecting the interlayer thickness as 140 nm, the PCR

can reach over 90% within a broad wavelength range

(1000–1400 nm) for normal incidence.

A metasurface made of DBS1 only has been fabricated

by electron beam lithography (EBL) on a SiO2-silver-

bilayer-capped silicon substrate, where the thickness of SiO2

layer is 140 nm and that of the silver layer is 120 nm. The

normal reflection spectrum is measured by a Fourier trans-

form infrared spectrometer (FTIR) (Bruker vertex v70) com-

bined with an infrared microscope (Hyperion 3000). A

Fourier transform infrared spectrometer (Bruker vertex v70)

combined with an infrared microscope (Hyperion 3000) is

applied to measure the normal reflection. The microscope is

equipped with a liquid-nitrogen-cooled MCT detector (D-

316/B) (1000 nm–16 000 nm). Figure 1(d) indicates that over

70% PCR is realized in the range of 1000–1400 nm, and the

maximum PCR of 80% is achieved at 1120 nm. This indi-

cates that with DBS1 most energy of y-polarized incidence

has been converted to x-polarized reflection. Comparing

with simulation, the measured PCR is smaller, which could

be due to the imperfection in sample fabrication.

Similarly, the feature of broadband optical polarization

conversion can be realized with DBS2 as well. Due to the

mirror symmetry of DBS1 and DBS2, there is a 180� phase

difference between x-polarization of light reflected by DBS1

and that by DBS2 for the same y-polarized incidence.

Therefore, once DBS1 and DBS2 are combined on the same

surface, due to the superposition of electric fields, x-polar-

ized normal reflection will theoretically vanish. In practical

application, no reflection along the axis of incidence beam is

a preferred scenario.

Based on this idea, we design a metasurface with both

DBS1 and DBS2, as shown in Fig. 2(a). The unit cell is

made of two subsets, A and B. Subset A consists of three

DBS1 while subset B consists of three DBS2. The lattice

parameter of each building block is 500 nm, so the unit cell

size in x-direction of the metasurface is 3000 nm. Suppose

the incident light propagates in �z and is y-polarized. We

can first calculate the superposition of the y-polarized reflec-

tion light. Since the width of building block is smaller than

the wavelength, the y-polarized light reflected by the build-

ing blocks can be treated as a plane wave propagating along

þz direction. Since both DBS1 and DBS2 have a large PCR,

for y-polarized normal incidence, y-polarized reflection light

is essentially zero.

Now we focus on the superposition of x-polarized

reflections. The 180� phase difference between the x-polar-

ized light reflected by DBS1 and DBS2 exists, and the phase

distribution along x-direction of the metasurface forms a

binary function as shown in Fig. 2(b). Due to the periodic

structures on the surface, the reflection follows:

sin hm ¼
m

D
k; (1)

where hm is the reflection angle, k is the wavelength, D is the

unit cell size in x-direction (3000 nm in our case), and m is

an integer. In Eq. (1), to fulfill the requirement jsin hmj � 1,

and since wavelength k is limited in the range of

1000–1400 nm, m should be taken as 0, 61, 62. Since the

geometry offset between A and B is D/2, the difference of

optical path between the light reflected by the two subsets in

hm direction is D
2

sin hm. The total optical path difference is
D
2

sin hm þ k
2
, where the k

2
term is introduced by the binary

phase distribution along x-direction. From Eq. (1) we get the

difference of the optical path between A and B within a unit

cell as
ðmþ1Þk

2
. When m is even, the diffraction from A and B

possesses a phase difference of p and hence vanishes. For

normal reflection (m¼ 0), as we indicated earlier, a phase

difference of p exists, so there will be no normal reflection.

It follows that the allowed value of m can only be 61.

Consequently, for y-polarized normal incidence, the reflec-

tion by the metasurface contains two identical beams

(m¼61), as shown in Fig. 2(c), where ~kþ1 and ~k�1 repre-

sent the wave vectors of the x-polarized diffraction with m
equals to þ1 and �1 in x-z plane, respectively. In this way

an equal-intensity beam splitter is realized for normal

incidence.

The propagation direction h is calculated from Eq. (1) as

a function of wavelength, as shown in Fig. 2(d). Figure 2(e)

shows the FDTD-simulated x-component of electric field

distribution at 1000 nm. The wave fronts for diffraction

m¼61 propagate in h¼627.82�, which is in good agree-

ment with Eq. (1).

Due to the symmetry of DBS1 and DBS2, when the inci-

dence is x-polarized, the phase difference of y-polarized

reflection from DBS1 and DBS2 also possesses a phase dif-

ference of p. The phase distribution along x-direction of the

metasurface also possesses a binary distribution. Meanwhile

FIG. 1. (a) The building block of the metasurface. The detail topography of

the designed building block is: the length a, width b, and height c of the

silver bar are 300 nm, 70 nm, 50 nm, respectively. The thickness of the SiO2

layer h1 and silver layer h2 are 140 nm and 120 nm, respectively. The lattice

parameter is 500 nm. (b) The polarization conversion ratio of the structure is

calculated as a function of interlayer thickness. The color represents the

polarization conversion ratio. As marked by the white dash line, the maxi-

mum bandwidth and the largest polarization conversion ratio are realized

when the thickness of the SiO2 layer is 140 nm. (c) The SEM micrograph of

DBS1. (d) The calculated and measured normal reflectance of the building

blocks.
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the output is two identical y-polarized diffraction beams with

m¼þ1 and m¼�1, respectively. The intensity of the two

beams is identical since PCR for y- and x-polarized inci-

dence is identical. In this way two identical beams can be

generated with an incidence of any polarization. We need to

point out that our beam-splitter is designed for normal inci-

dence. Unless the deviation from normal incidence is small,

otherwise PCR of our symmetric building block drops, and

broadband feature disappears gradually as the deviation

increases.

To verify the calculated results, we fabricate a metasur-

face made of subsets A and B with electron beam lithography

(Fig. 3(a)), where the total size of the sample reaches 1 mm

� 1 mm. A Fourier transform infrared spectrometer (Bruker

vertex v70) combined with an infrared microscope is applied

to measure the normal reflection. For the oblique diffraction

measurement, an angle-resolved vis-IR spectroscopy system

(Fig. 3(b)) is applied, where a super-continuum laser

combined with a monochromator generates the monochro-

matic light. A polarizer is applied in the incident beam to reg-

ulate its polarization, and a CaF2 lens (f¼ 80 mm) focuses the

incident light onto the sample. To characterize the spectrum

of the oblique diffraction light, another CaF2 lens

(f¼ 80 mm), a polarizer, and a germanium photodiode detec-

tor are placed on a motorized rotation stage. Spectrum is

measured by sweeping the rotation angle h from �40� to 40�.
As illustrated in Fig. 3(c), for a y-polarized incidence

propagating in �z-direction, both x- and y-polarized normal

reflection (along þz-direction) is smaller than 5% when the

wavelength is in the range of 1000–1400 nm.

For y-polarized normal incident light, the oblique reflec-

tion from the metasurface contains two identical beams with

x-polarization, indicating that with monochromatic inci-

dence, energy can only be detected in the direction hm with

m¼þ1 and m¼�1. With the angle-resolved vis-IR spectro-

scope described above (Fig. 3(b)) we measure the spectra, as

shown in Fig. 3(d). Two diffraction beams m¼þ1 and

m¼�1 are polarized within x-z plane, and their intensity are

identical. The total intensity of these beams reaches 80% of

the incidence at 1120 nm. The intensity of the diffracted

beams at the other frequencies (wavelength 1000–1400 nm)

is higher than 70% of the incident light in average. These

data show that the metasurface indeed functions as a beam

splitter with identical intensity and polarization state in a

broad frequency range with high efficiency.

Excited by incident electromagnetic waves, free elec-

trons on the metal surface oscillate and affect the surround-

ing electromagnetic field by radiation. At the resonant

frequency, this effect is so significant that a thin layer of

metallic structure can effectively tune the state of light.

However, the Lorentz resonance in metal is highly dispersive

in nature, which limits its application to a narrow wave band.

On the other hand, dielectric material interacts with light by

accumulating an optical path within a certain thickness. This

feature is effective over a broad bandwidth and has already

been applied in antireflection coating and other optical

FIG. 2. (a) The micrograph of the unit

cell of the metasurface, which consists

of symmetric subsets, A and B. The nor-

mal incidence is y-polarized. The polar-

ization of the reflected light is converted

to x-polarization because of the building

blocks. Due to the mirror symmetry of

subsets A and B, the polarization of the

reflected light has two directions, blue

and red (left and right), respectively. (b)

The phase difference of the x-polarized

reflection light along the x-direction of

the surface. (c)The schematic shows the

direction of the incident light and

reflected light. ~kinc represents the y-

polarized normal incidence and ~kþ1 and
~k�1 represent the wave vector of the x-

polarized diffraction light with m equal

to þ1 and �1, respectively. (d) The

propagation angle of the diffraction

beams calculated based on Eq. (1). (e)

The simulated electric field distribution

of x-component with a 1400 nm y-polar-

ized normal incident beam.

FIG. 3. (a) The SEM micrograph of the experimentally fabricated metasur-

face. (b) The schematic diagram of the angle-resolved setup to measure the

intensity of diffraction beam. (c) The measured normal reflectance of x- and

y-polarizations of the normal reflection beam. (d) The measured intensity of

x-and y-polarization of the diffraction beams þ1,�1.
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devices. By integrating a metallic metastructure with a

dielectric interlayer, the intrinsic dispersion of the metallic

structures can be cancelled out by the thickness-dependent

dispersion of the dielectric spacing layer.31 In this way, the

large polarization conversion effect of our metastructure can

be realized over a broad wavelength range. The double-bar

metasurface structures provide better broadband feature than

the single-bar metasurface.

To summarize, we demonstrate here the generation of

equal-intensity coherent optical beams by binary geometrical

phase on a metasurface. By introducing mirror-symmetric

building blocks, a binary phase metasurface is realized.

Since the binary phase does not rely on the optical property

of building blocks, such a beam splitter is dispersion-free.

The building block with large polarization conversion ratio

enables the high efficiency of the binary phase metasurface.

We have demonstrated that the efficiency of this device may

reach 80% at 1120 nm and keeps higher than 70% in average

in the range of 1000–1400 nm. Since equal-intensity beam

splitter can be widely used in generating entangled two pho-

ton light source for the quantum communication and in

exploring some fundamental quantum phenomena, it is

highly desired to develop equal-intensity coherent optical

beam splitters with dispersion-free feature. Our current study

provides a unique design to fulfill these requirements.
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