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Seeking effective terahertz functional devices has always aroused extensive attention. Of particular

interest is the terahertz beam splitter. Here, we have proposed, designed, manufactured, and tested

a broadband non-polarizing terahertz beam splitter with a variable split ratio based on an all-

dielectric metasurface. The metasurface was created by patterning a dielectric surface of the N-step

phase gradient and etching to a few hundred micrometers. The conversion efficiency as high as

81% under the normal incidence at 0.7 THz was achieved. Meanwhile, such a splitter works well

over a broad frequency range. The split ratio of the proposed design can be continuously tuned by

simply shifting the metasurface, and the angle of emergences can also be easily adjusted by choos-

ing the step of phase gradients. The proposed design is non-polarizing, and its performance is kept

under different polarizations. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4986538]

Beam splitters are key components and widely used at

various optical systems. In the optical realm, as a standard

device, the beam splitter is well established, and it could be

achieved by many methods, such as plasmonic waveguides,1

multimode interference structures,2 grating structures,3,4 direc-

tional couplers,5 multilayer films,6 and metamaterials.7,8 With

the rapid development of terahertz technology, the terahertz

frequency regime is still in great demand for highly efficient,

flexible, and low-cost beam splitters. Specifically, in some

complex terahertz systems, for instance, in the coherent tera-

hertz measurements system,9 a split-ratio-variable splitter is

desired to control the two-beam interference. However, due to

the lack of natural materials with desired properties, e.g., the

proper birefringence coefficient and low intrinsic material

loss, it is challenging to build terahertz beam splitters with

good performance. Among various polarizing terahertz beam

splitter schemes, metallic wire-grating polarizing beam split-

ters are most commonly used.10–12 On the other hand, for the

non-polarizing beam splitters, the pellicle and silicon are gen-

erally adopted in the terahertz system,13 which usually require

oblique illumination, and the fabrication process of the pelli-

cle splitter is also complicated because multiple layers of dif-

ferent materials are usually needed. In addition, the split ratio

(SR) and the angle of emergence are often fixed for these non-

polarizing beam splitters. Generally, we define the SR here as

SR ¼ Ileft

Iright
; (1)

where Ileft and Iright represent the electric field intensities of

the outgoing left and right beams, respectively.

A promising solution is the use of the metasurfaces, a pla-

nar metamaterial consisting of subwavelength plasmonic or

dielectric structure, which is capable of tailoring the wavefront

of outgoing electromagnetic waves in an extraordinary manner

and is demonstrated well in the terahertz regime and other fre-

quencies.14–16 Many exotic metasurface-based terahertz devices,

such as terahertz lens,17,18 polarizers,19,20 and modulators,21,22

have been demonstrated previously. Inspired by this, in this let-

ter, we established a broadband non-polarizing terahertz beam

splitter with a variable SR based on an all-dielectric metasurface.

Compared to metallic metasurfaces, the all-dielectric metasurfa-

ces have significant improvement in conversion efficiency.23–25

Here, we use low-loss silicon structures and get the conversion

efficiency as high as 81.22% at 0.7 THz, and the measured SR

can be varied from 1.07 (48.31:51.69) to 301.6 (99.67:0.33).

Meanwhile, such a splitter performs well over a broadband cov-

ering from 0.65 THz to 0.95 THz. The proposed design is also

independent of the polarization state of the incident beam, which

can meet different application requirements. The metasurface-

based beam splitter with a variable SR can be assembled into

the optical systems and thus assists in the realization of the con-

venient optical path design.

As illustrated in Fig. 1, the essence of the chosen splitter

is an all-dielectric metasurface. The beam incidents normally

on the metasurface and then is divided into two beams from

the center point O. The angle of emergence of each beam h1

or h2 is determined by the formula14,26

nt sin h1 ¼ ni sin hi �
k

2p
d/1

dx
; (2)

nt sin h2 ¼ ni sin hi þ
k

2p
d/2

dx
; (3)

where hi is the incident angle; h1 and h2 are the angle of emer-

gence of the left and right beams, respectively; ni and nt are
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the refractive indices of the incident and refractive media,

respectively; d/1 and d/2 are the phase changes along the

left and right sides with respect to the point O. Suppose an N-

step (Nleft or Nright) phase gradient is adopted on the left or

right side, Eqs. (2) and (3) thus can be simplified as

nt sin h1 ¼ ni sin hi �
c

Nleftfp
; (4)

nt sin h2 ¼ ni sin hi þ
c

Nrightfp
; (5)

where f is the working frequency, c is the speed of light, and

p is the horizontal period of the unit cells. If f and p are fixed,

we can see that the angle of emergence h1 (h2) is dependent

on the phase step Nleft (Nright). If we shift the metasurface

along the left or right side, a variable SR thus could be

obtained.

Let us consider a metasurface made of silicon cylinder

on an isotropic silicon substrate. Figure 2(a) shows the sche-

matic of a single silicon cylinder with a period of p¼ 150 lm

along both the x and the y axes. The thickness t is 1.8 mm,

the height h is fixed to 200 lm, and the radius r is varied to

get the desired phase. If N¼ 6, the phase gradient has a 60�

phase interval, and the calculated angle of emergence is

28.43� at 0.7 THz; while if N¼ 8, the eight-step phase gradi-

ent has a 45� phase interval with the angle of emergence of

20.92� at 0.7 THz.

The computer simulation of the spectral response of the

chosen unit cells was performed using the commercial soft-

ware CST Microwave Studio. Figures 2(b) and 2(c) present

the simulated transmission amplitude and phase of the six-

step and eight-step phase gradients of the selected unit cells

with various r. Figures 2(d)–2(f) show the simulated electric

field distributions at 0.7 THz for three different designs: (1)

Nleft ¼Nright¼ 6; (2) Nleft¼Nright¼ 8; and (3) Nleft¼ 6, Nright

¼ 8. The beam splitting is obviously observed from the simu-

lated results for all three samples. Since the polarization of

the observed electric field coincides with the incident polari-

zation, the splitter is polarization independent.

To experimentally demonstrate our proposed designs,

we fabricated the samples by convention photolithography

combined with the deep reactive ion etching. A fiber-based

angular resolved terahertz time-domain spectroscopy (THz-

TDS) is employed to characterize the transmission properties

of the sample, as illustrated in Fig. 1. The basic setups of

measurement are as follows: (1) The terahertz beam is

FIG. 1. Schematic of the all-dielectric metasurface-based beam splitter.

FIG. 2. (a) Schematic of the silicon cylinder: p¼ 150 lm, t¼ 1.8 mm, and h¼ 200 lm. (b) and (c) Simulated transmission amplitude and phase of the unit cells

for N¼ 6 (r¼ 33, 42, 47.75, 54.25, 63.5, and 73.75 lm) and N¼ 8 (r¼ 33, 40.25, 44.75, 49.5, 54.25, 61.5, 68.5, and 74.5 lm) at 0.7 THz, respectively. (d) and

(e) Simulated electric field distributions of the symmetric metasurface with Nleft ¼Nright¼ 6 and Nleft ¼Nright¼ 8, respectively. (f) Simulated electric field dis-

tributions of the asymmetric metasurface with Nleft ¼ 6 and Nright¼ 8.
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collimated by a lens; (2) The detector is placed 17.7 cm

away from the sample; (3) A 6 mm aperture is applied before

the detector to improve the resolution. The angular scanning

is employed from – 45� toþ 45�, which is large enough to

collect nearly all the terahertz signals.27 Besides, the sample

is mechanically translated along the þx or –x direction.

Figure 3(a) shows the SEM image of the sample with

Nleft¼Nright¼ 6. The experimental results are shown with the

increment of 6 mm in Figs. 3(b)–3(f), where the transmission

spectra over the frequency range of 0.6–1 THz are shown in a

broad angular range from – 45� toþ 45�. The measured output

angle at 0.7 THz is 29.29�, agreeing well with the simulated

result in Fig. 2. Although the metasurface is designed at

0.7 THz, it can work over a quite broad frequency band from

0.6 to 1 THz. What is interesting is that when we shift the

sample from d¼�12 to 12 mm, the electric field intensity

becomes weaker on the left side and becomes stronger on the

right side. At d¼ –12 mm, the strong outgoing is observed at

the left side as shown in Fig. 3(b); at d¼ 0 mm, the symmetric

outgoing is shown in Fig. 3(d); finally for d¼ 12 mm, the left

beam disappears, and the right one is the strongest as illus-

trated in Fig. 3(f). The center beam is due to the direct trans-

mission through the metasurface. Meanwhile, the deflection

angle shifts from 33.75� to 19.47� at from 0.6 to 1 THz

according to Eq. (4), which is caused by the dispersion nature

of the metasurfaces.28 The corresponding angular dispersion

can be calculated as follows:29 dh
dk ¼ tan h

k , and such a dispersion

can be eliminated or suppressed by using achromatic metasur-

face designs that reported recently. It is worth noting here that

such a beam splitter is independent of the polarization state of

the incident beam because the silicon cylinder is polarization

independent, which can be seen clearly from the experimental

measurements of our following another beam splitter.

Figure 4(a) shows the measured SR for various d at

0.65, 0.7, and 0.95 THz. At the center point with d¼ 0 mm,

the measured SR is 1.07(48.31:51.69) at 0.7 THz, where the

terahertz beam is divided into almost two equal beams.

Shifting the beam splitter along the left side with d changing

from 0 to 6 mm, as shown in Fig. 4(a), we see that the SR

changes slowly. When d¼ 6 mm, SR changes to 9.43

(9.59:90.41) at 0.7 THz. Further shifting the beam splitter

along the left side, the SR changes dramatically. The SR is

301.6 (0.33:99.67) at d¼ 12 mm at 0.7 THz.

Additionally, we can define the conversion efficiency of

our chosen beam splitters as

g ¼ Ileft þ Iright

Iref
; (6)

where Iref represents the electric field intensity of the refer-

ence (in our experiment, we choose a bare silicon substrate

as the reference). Figure 4(b) shows that the measured effi-

ciency for various d at 0.65, 0.7, and 0.95 THz, respectively.

At 0.7 THz and d¼ 2 mm, the maximal conversion efficiency

is 81.22%. If we defined the effective bandwidth as the con-

version efficiency above 50%, Fig. 4(b) shows that our pro-

posed beam splitter has the bandwidth over 0.3 THz ranging

from 0.65 to 0.95 THz. Actually, we can further improve the

conversion efficiency by several methods, such as using the

geometric phase in reflective-type metasurfaces or high con-

trast meta-atoms.30,31

Figure 5 represented the measured results of another sam-

ple with the asymmetric design of Nleft ¼ 6 and Nright ¼ 8,

where both x- and y-polarized incidences are measured. For

various d, we found that the transmission response is almost

identical for either x-polarized incidence or y-polarized inci-

dence, indicating the non-polarizing characteristic of our pro-

posed design. The measured angle of emergence is 30� on the

left side and is 20.82� on the right side at 0.7 THz, which

matches well with the simulated results in Fig. 2. As we shift

the sample, the electric field distribution exhibits similar

changing behaviors as those shown in Figs. 3(d)–3(f).

In practice, as there is little absorption of the silicon at

terahertz, the thick silicon beam splitter uses the reflected

and transmitted beams to split the incident beam, which thus

has a high efficiency. In our proposed design, the reflected

beam is not used, and the splitter efficiency of our device is

lower than that of the thick silicon. In this case, it is better to

choose the low refractive index substrate or coating anti-

refection layer at the bottom surface of the silicon.32 In addi-

tion, a thick silicon beam splitter normally would induce the

FIG. 3. (a) SEM (scanning electron microscopy) image of the sample.

(b)–(f) Measured results of the beam splitter with Nleft ¼Nright ¼ 6 under x
polarization with different d.

FIG. 4. (a) Measured SR of the beam splitter with Nleft ¼Nright ¼ 6 under x
polarization for various d at different frequencies: 0.65 THz (triangles),

0.7 THz (circles), and 0.95 THz (squares). (b) Measured efficiency of the

beam splitter with Nleft ¼Nright ¼ 6 under x polarization for various d at dif-

ferent frequencies: 0.65 THz (triangle), 0.7 THz (circles), and 0.95 THz

(squares).
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time delay between the reflected and transmitted beams,

which is not desired in some real applications. Moreover, the

SR tunability of the silicon splitter is limited. By varying the

incident angle, the split ratio of the silicon splitter can be

tuned within some extent, but the corresponding refraction

and reflection angles will be changed a lot accordingly,

which is inconvenient for a lot of practical applications. For

our proposed device, the emergent angles of two splitting

beams can be flexibly manipulated by selecting different

phase gradients.

In summary, an all-dielectric-metasurface-based terahertz

beam splitter with a variable SR is proposed. The SR can be

varied simply from 1.07 (48.31:51.69) to 301.6 (0.33:99.67)

by mechanically moving the splitter toward one side. A broad-

band characteristic is also demonstrated over a range from

0.65 to 0.95 THz. Compared with the other methods, the pro-

posed all-dielectric metasurface-based beam splitter is com-

pact, non-polarizing, and easy-to-fabricate. The outgoing

angles of the two split beams can be nearly arbitrarily

designed, and its performance can be well kept under different

polarization incidences. Although the work is demonstrated at

terahertz frequencies, the proposed methodology is also appli-

cable to the other frequency ranges.
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National Science Foundation of China (Grant Nos.
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