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Abstract: It has been successfully demonstrated can be widely used in nano-photonics applications owing to their 
flexible wavefront manipulation in a limited physical profile. However, how to improve the efficiency for the transmis-
sion light is still a challenge. We experimentally demonstrate that the sine-shaped metallic meanderline fabricated by 
focus ion beam technology converts circularly polarized (CP) light to its opposite handedness and sends them into 
different propagation directions depending on the polarization states in near-infrared and visible frequency regions. 
The beam splitting behavior is well characterized by a simple geometry relation, following the rule concluded from 
other works on the wavefront manipulation of metasurface with phase discontinuity. Importantly, the meanderline is 
demonstrated to be more efficient in realizing the same functions due to the suppressed high order diffractions re-
sulted from the absence of interruption in phase profile. The theoretical efficiency reaches 67%. Particularly, potential 
improvements are feasible by changing or optimizing shape of the meanderline, offering high flexibility in applications 
for optical imaging, communications and other phase-relative techniques. Additionally, since the continuous phase 
provided by the meanderline can improve the sampling efficiency of the phase function, it is helpful in realizing high 
quality hologram. 
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1  Introduction 
Beam splitter which divides an input beam into several 
output beams plays a fundamental role in optical applica-
tions, such as interference-optic, optic communication, 
and laser physics. Classical devices encompassing glued 
prisms, birefringent materials and coated mirrors, split 
beam suffered from transmittance or anisotropic feature 
of the material, leading to inherent drawbacks of profile 
dimension or/and narrowband response[1]. With the de-
velopment of diffraction optics[2], new types of the beam 
splitter are fostered including binary grating and holo-
graphic grating. Diffraction optical elements usually have 
narrow operation bandwidth due to the phase-dependent 
nature, albeit a revolution in micro-optics. Meanwhile, at 
least one half-wavelength is required to accumulate 
enough phase change for such devices. In a word, these 
devices are generally limited in miniaturized and inte-
grated modern nano-photonics applications. In the re-

cent, metasurfaces had been successfully demonstrated to 
break the thickness limitation owing to the deep- 
subwavelength-dimension elements both in horizontal 
and vertical directions[3]. 

In 2011, F. Capasso et al. demonstrated that arbitrarily 
abrupt phase can be obtained by spatially tailoring the 
geometry or orientation of the V-shaped nanoresonator[4]. 
Metasurfaces composed of such elements show capacities 
of anomalous light bend and optical vortices generation. 
Later, other elements including nanorods[5-7], nano-
slits[8-10], L-shaped[11] or other nanostructures[12-15], were 
put forward to tailor the phase[16-21]. Flexible phase profile 
reconstructions open opportunities for metasurfaces in 
applications of ultrathin flat metalens[22-24], beam shap-
er[25-26], quarter-wave plate[27], optical holography[28-31], 
etc[32-35]. Methods for designing metasurfaces and analyz-
ing the behaviors of electromagnetic wave in meta-
surfaces are well described in the literatures[36-37].  

Nevertheless, some unavoidable drawbacks still exist. 
On one hand, in order to efficiently tailor the light wave-
front, pixel of the metasurface should be as high as possi-
ble, which would bring more rigorous fabrication re-
quirements. The literature reported in 2013 demonstrated Received 2 October 2016; accepted 18 December, 2016 
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that as the phase level is up to a certain number, and the 
wavefront manipulation efficiency would approximate to 
1[38-39]. On the other hand, if the size of the nanoantenna 
is large, high order diffractions would become significant, 
leading to a deteriorated efficiency. Meanwhile, since the 
metasurface is low pixel, the wavefront manipulating effi-
ciency is further decreased. 

To overcome these drawbacks, the structure yielding 
continuous phase is considered to be the reasonable al-
ternative[13, 40]. In this paper, the sine-shaped meanderline 
is emphatically introduced and investigated which applies 
phase profile without any interruptions. Simulation and 
experimental results show that intensity and number of 
the split beams are dependent on the phase profile 
brought by the proposed meanderline. Owing to the 
phase-geometric-dependence feature, the meanderline 
beam splitter operates in a broad spectrum range span-
ning from near-infrared to visible frequency regions. 
Although the discrete metasurface of phase discontinuity 
had been demonstrated to perform the similar func-
tion[25], the proposed meanderline exhibits some special 
advantages. First, the efficiency is enhanced in compari-
son with the metasurface of phase-discontinuity. Second, 
beam splitting behaviors is possible of being dynamically 
controlled only if the electromagnetic characteristic of 
the material used to make up the meanderline is external 
bias responded. 

2  Results 
Sine-shaped meanderlines are designed, fabricated and 
measured. At the beginning, the sine curve (the red thin 
line in Fig. 1(a) is broadened along y axis to form a me-
tallic wire element with vertical width of , and then re-
spectively repeated along x and y directions with periods 
of P and Py, as Figs. 1(a) and 1(b) show. To prevent the 
diffraction in yoz plane, the value of Py should be close to 
or less than the incident wavelength λ. Although the 
width of metallic wire w along the meanderline is not 
equal, scattering amplitudes are nearly uniform for a 
given λ due to the tiny difference (< λ/70). Sine-shaped 
meanderlines are fabricated by focused ion beam (Helios 
Nanolab 650, FEI Company) on a gold layer of 120 nm 
thickness, deposited on the top of a 1-mm-thick glass 
substrate. Figs. 1(c) and 1(d) give the scanning electron 
microscope (SEM) images of the two fabricated samples 
with a detail map of Sample 2 appending in Fig. 1(d). 

Fig. 2 shows simulation and experimental results of the 
two samples which are displayed in left and right col-
umns, respectively. Three bright spots appear in the view 
field of the CCD camera when Sample 1 is under testing, 
corresponding to 0 and ±1 order diffraction light beams. 
For Sample 2, only ±1 order diffraction light spots are 
observed. In order to quantitatively describe the intensity, 
the spectra at the center of the spot are abstracted. Three 
peaks are obtained with one at normal direction and the 
other two symmetrically located at the two sides for 

Fig.1  Design and fabrication of the sine-shaped metallic mean-

derlines. (a) Curve function of the thin red line is f(x) = A sin(πx), 

where A is the amplitude coefficient. The single element is formed 

via broadening the curve along y axis. The width of the metallic 

wire along meanderline is w which achieves the maximal value δ 

at each inflexion of the curve. Periods along x and y directions are 

P = 2 μm and Py, respectively. (b) Repeating the element along x 

and y directions in items of the periods, we finally finish the design 

of the meanderline samples. SEM top images of fabricated Sam-

ple 1 (c) containing 15 × 17 periods and Sample 2 (d) composed of

15 × 25 along x and y directions. Physical parameters of the two 

samples are noted in the pictures. The inset in (d) shows the 

details of Sample 2 with the scale bar of 1 μm long. The maximal 

width difference along the meanderline is less than 9 nm, as the 

red marked arrows shows. 

Fig.2  Simulated and measured spectra of the converted CP light.

Simulations are processed with the commercial electromagnetic

simulation soft of CST 2013. (a), (c), (e) show the spectra of Sam-

ple 1 and (b), (d), (f) are the results of Sample 2 at incident wave-

lengths of 532 nm, 632.8 nm, and 785 nm. The tiny fluctuations

around the peaks in experimental data are ignored in the post

processing. Intensity data below tenth of the maximum are ignored

in consideration of the camera limitation, leading to the absence of

the center spectra for Sample 2. 
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Sample 1. Diffraction angles of the anomalous light 
beams are ±15.5°, ±18.4°, and ±23.1° respected to normal 
direction at wavelengths of 532 nm, 632.8 nm, and 785 
nm. Spectra of Sample 2 are similar, except the greatly 
suppressed 0-order diffraction light, as Figs. 2(b), 2(d), 
and 2(f) show. All experimental results are consistent 
with the simulation ones. 

3  Discussion 
In actual, an arbitrary spatially-variant or anisotropic 
transmission function produces a particular geometric 
phase profile corresponding to a special spectrum in 
wave-vector domain. Note that the geometric phase pro-
file is regarded as an integration of phase for each x. In 
this paper, function f(x) = A sin(πx) is adopted to yield 
the desired phase profile. The phase change is produced 
when a circularly polarized (CP) light converts to its op-
posite state, which is simply described as φ = ±2ζ, where 
ζ = arctan (f(x)/x)7. The sign is determined by the po-
larization state of the incident light, i.e. sign ‘+’ for LCP 
light and sign ‘−’ for RCP light. According to the phase 
profile, we can obtain spectrum of the converted CP light 
via the following equation: 

i ( ) 2( ) ( (e ))xI k FFT    

2( )
{ [exp(i2arctan( ))]}

f x
FFT

x




 .      (1) 

In comparison with the results of the two samples, it 
can be easily seen that amplitude coefficient A affects the 
beam splitting behavior dramatically. Theoretical analysis 

is further carried out to reveal the basic reason in detail. 
Figs. 3(a) and 3(b) depict the phase profiles and the con-
verted CP light spectra for various A values at the given 
wavelength of 632.8 nm. For A=0, the meanderline de-
generates to a straight line grating. A uniform phase pro-
file is yielded, resulting in the absence of beam splitting. 
As the value increases, the phase profile and the diffrac-
tion pattern vary. During the changing procedure, the 
spectrum at normal direction undergoes absence and 
re-presence. Actually, the intensity is enhanced to the 
same level of ±1 diffraction light beams when A=0.26 μm, 
and attenuated to zero for A=0.55 μm. In the case of 
A=1.06 μm, intensities of the three light beams are equal 
again but with stronger high order diffraction. A nearly 
steady tapered spectrum is obtained for arbitrary A larger 
than 1.5 μm because of the almost unchanged phase  
profile. 

Since the geometric phase is wavelength-independent, 
we believe that the meanderline is broadband-responded. 
The prediction is verified in simulation at given A values 
of 0.26 μm and 0.55 μm. The spectra are given in Figs. 4(c) 
and 4(d) as a function of wavelength. Clearly, the beam 
splitting behavior holds from 0.1 μm to 1.8 μm covering 
near infrared and visible regions. Diffraction angle and 
wavelength follow the grating equation sinθm = mλ/P, 
where θm is the diffraction angle of the mth-order. In 
other words, it means that high order diffraction light 
beams can be avoided by increasing the incident wave-
length. Relevant numerical validations are described in 
supporting information. 

Fig.3  Effect of amplitude coefficient A on phase profile and wavefront manipulation. Phase profile in a period of the proposed 

sine function (a) and the corresponding converted CP light spectra (b) for various A values. Spectra as a function of incident 

wavelength λ and relative wave vector kx/k0 are given for different A values of 0.26 μm (c) and 0.55 μm (d), respectively. The 

broken white line is marked at the wavelength of 632.8 nm. 
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Besides the proposed sine-shaped structure, other 
mean-derlines, such as the traditional triangle and saw-
tooth gratings, show similar capability of splitting the 
converted CP light beam due to analogous configurations. 
The difference is discussed in the following. Here, a sim-
ple function g(x) = B×׀x׀ is introduced to describe the 
basic shape of the triangle grating, where x varies from -1 
to 1 μm. Obviously, its derivative function is discontinu-
ous and breaks at x = 0 in Math. Since the phases of the 
electric fields around the turnings are subsistent, we 
properly modulate the derivative function in calculation. 
It is explained in details by taking three-beam splitting as 
an example. Via equation 1, we confirm that the spec-
trum of f(x) with A = 0.26 is equal to that of g(x) with B = 
0.54. Fig. 4(a) shows the phase profile of the derivative 
function which looks like a rectangular plus with rising 
(trailing) edge of 0.2 μm in half a period. Spectrum of the 
converted CP light at 632.8 nm is shown in Fig. 4(c). As a 
contrast, same items for the proposed meanderline are 
calculated and depicted in Figs. 4(b) and 4(d). It is clear 
that intensities of 0 and ±1 -orders are nearly same for the 
two cases. The difference is the power distribution of the 
high-order diffraction light beams. For the former, more 
energy is concentrated at ±3-orders, rather than 
±2-orders. Figs. 4(e) and 4(f) show the spectra at 1050 
nm. In this case, high-order diffraction light beams are 
suppressed and intensities are nearly equal. Thus it is 
concluded that the sine-shaped meanderline is nearly 
equal to the triangle grating in beam splitting. 

Although metasurfaces of phase discontinuity can 
represent the splitting behavior by constructing similar 
phase profiles, the efficiency is usually receded. Fig. 5(a) 
depicts the metasurface possessing discontinuous phase 
profile similar to that of the triangle grating. The inset at 
upper right gives the dimension of the unit cell. Polariza-
tion conversion ratio from LCP to RCP light is shown in 
the inset of lower right. The peak is around 285.7 THz, 
corresponding to the wavelength of 1050 nm. Normal-
ized spectra of the converted CP light are shown in Fig. 
5(b) for 632.8 nm and 1050 nm (close to and larger than 
the period Py), respectively. Fig. 5(c) shows the 
metasurface of which the function is ‘equal to’ the pro-
posed sine-shaped meanderline. Five slits with different 
rotation angles in a period are used to approximate the 
continuous phase profile shown in Fig. 4(b). The corre-
sponding normalized spectra are depicted in Fig. 5(d). 
Clearly, the diffraction angles of the anomalous light 
beams agree with the expectation. In contrast to the pro-
posed meanderline, intensities of the split beams are un-
equal and the efficiency is lower due to the absence of 
some phase information. 

Efficiency ratio of the three models are listed in Table 1, 
which is calculated by dividing the forward scattering 
electric field of converted CP light by the total scattering 
field. Clearly, the proposed meanderline is better than the 
discrete models in beam splitting. Simulation results val-

idate that efficiency of the sine-shaped meanderline is 1.5 
~ 2 times than that of the discrete metasurfaces at 632.8 
nm and 1050 nm. It means that the structure with con-
tinuous phase profile is more suitable than that of 
phase-discontinuity in some applications including beam 
splitting. Actually, the maximal efficiency of the proposed 
meanderline in theory reaches about 0.67, see supporting 
information. A point worth emphasizing is that the si-
ne-shaped structure is just one example of meanderlines 
with continuous phase profile. One can eliminate high 
order diffractions to further enhance the efficiency by 
optimizing the configuration.  

Moreover, it is inconvenient to apply a uniform bias 
voltage on metasurfaces composed of discontinuous 
nanoantenna-array. That means the wavefront manipula-
tions of such devices are fixed once it is fabricated.  

Fig.4  Wavefront manipulation of meanderlines with different

phase-continuity profiles. (a) A typical phase profile of the triangle

grating. We set a square-wave function with certain rising and

trailing edges to mimic the phase of electric field of the triangle

grating. (b) Phase profile introduced by the sine-function we pro-

posed. (c) and (d) show the 1D spectra of the converted CP light at

632.8 nm for the two kinds of phase profiles normalized by the

sine-function one. (e) and (f) are the 1D spectra at 1050 nm for the

two cases. 
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 Efficiency ratio 

@ 632.8 nm @ 1050 nm 

Meanderline 1.0 0.823 

Discrete model 1 0.477 0.444 

Discrete model 2 0.556 0.485 
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However, it is feasible to tune the performance using the 
proposed meanderline due to its continuous configura-
tion. Assuming that the opposite voltages are applied on 
the two symmetrical metallic meanderlines separated by 
a bias-responsible dielectric material (graphene as an 
example), the splitting behaviors may be dynamically 
controlled. 

4  Methods 
The experiment setup is shown in Fig. 6. The incident 
monochromatic beam from a He-Ne laser is converted 
into left-handed polarized light (LCP) by a cascaded lin-
ear polarizer (P1) and quarter-wave plate (QW1) before 
illuminating onto the sample. Co-polarized component 
of the transmitted light are eliminated by another cas-
caded quarter wave plate (QW2) and linear polarizer (P2) 
and the remaining right-handed polarized (RCP) com-
ponent are collected by a charge-coupled device (CCD, 
WinCamD-UCD15, DataRay Inc) camera at various  
directions. 

The Au patterns of 24-bit format BMP files were first 
compiled with Matlab, subsequently milled by focused 
ion beam (Helios Nanolab 650, FEI Company) at 3 kV 
acceleration voltage and 24 pA beam current. First, CP 
light is incident on a non-patterned Au layer at a thick-
ness of 120 nm.  

5  Conclusions 
We demonstrated that continuous metasurfaces contain-
ing sine- or triangle-shaped are more efficient in splitting 
the converted CP light beam than the discrete meta-
surface with phase-discontinuity due to the avoidance of 

the unwanted higher-order diffraction. The proposed 
sine-shaped meanderlines are capable of splitting the 
converted CP light into several beams with equal intensi-
ties at visible and infrared regions, similar to the tradi-
tional grating. Moreover, anticipated improvements  
including efficiency enhancement and agile tunability 
give them the opportunity in applying in optical commu-
nications, imaging and other phase-relative techniques. 
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Fig.5  Metasurfaces with phase-discontinuity to realize the similar function of splitting the converted CP light beam. The structure in (a) 

possesses six discrete unit cells in a period to mimic the profile in Fig. 5(a). The upper inset shows the dimension of the unit cell. The 

lower one is the polarization conversion ratio from LCP to RCP light. The peak is around 285.7 THz. Normalized spectra at 632.8 nm and 

1050 nm are depicted in (b) with diffraction angles of ±18.4º and ± 31.5º. The metasurface in (c) contains five slits with different rotation 

angles in a period to approximate the phase profile in Fig. 5(b). Normalized spectra of converted CP light beam are shown in (d). 
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Fig.6  Schematic of the optical set-up for beam splitting measure-

ment. An input beam from a laser source is adjusted to be left-handed

circularly polarized (LCP) after a horizontal direction polarizer (P1)

and a 45° rotated quarter-wave plate (QW1), and then impinges on

the sample. Light beams with opposite-handed component, i.e. RCP,

are picked out using a cascaded horizontal direction quarter-wave

(QW2) plate and polarizer (P2) fixed on a metallic arm connecting to a

semi-annular slide rail with radius of 30 cm, and finally received by a

CCD camera moving along the slide rail. 
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