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section with kissing crescent tips could achieve broad-
band harvesting of light in the visible spectrum [11, 12]. 
As subwavelength confinement of surface plasmons relies 
on the penetration of the EM field into the metal, its usage 
is inevitably limited to visible or near-infrared frequencies. 
To explore the wave harvesting property in lower frequen-
cies, we propose a surface-textured crescent-shaped cyl-
inder in this paper, which could efficiently red-shift the 
absorption spectrum comparing to the traditional crescent-
shaped cylinder with the help of the spoof surface plasmon 
excitation [13–15]. With the ferroelectric polyvinylidene 
fluoride (PVDF) [16, 17], the dimmer system of such cyl-
inders could achieve considerable electromagnetic field 
enhancement and confinement at terahertz (THz) frequen-
cies. This could be applied in big molecules detection and 
could break the detection binding that limits the molecules 
<100 nm [18].

2 � Theoretical analyses

The proposed dimmer system consists of two surface-tex-
tured crescent-shaped micron cylinders. The structure of the 
cylinder is a mathematical conformal transformation of a thin 
infinite slab with periodic surface textures shown in Fig.  1. 
The referred conformal transformation is z′ = g2

z∗
, where z 

and z′ are the usual complex number notations; the subscript  
* stands for complex conjugate; g is an arbitrary constant. The 
surface-textured slab supports spoof surface plasmons which 
can couple with a dipole source and transport the energy to 
infinity. The spectrum of the spoof surface plasmons is con-
tinuous and broadband [13–15, 18, 19] because there is no 
dimensional confinement in the propagation direction.

The three planes of x = xo, x = xm, and x = xi in Fig. 1a 
are transformed into three cylinders in Fig.  1b with the 
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made of ferroelectric polyvinylidene fluoride can realize 
the electromagnetic wave harvesting at terahertz frequen-
cies with a broadband and huge absorption cross section. 
Two such cylinders in close proximity could achieve con-
siderable electromagnetic field enhancement and field 
confinement in the gap, which could be applied in THz 
molecules detection, toxic chemical sensing, and safety 
screening and could break the detection binding that limits 
the molecules <100 nm.

1  Introduction

For a long time, plasmonics has attracted a great deal of 
attention due to the possibility of subwavelength confine-
ment and concomitant enhancement of the electromagnetic 
(EM) field at metal–dielectric interfaces [1–5]. One typical 
structure is the crescent-shaped metal nanostructure [6–10] 
which could realize nanoscale optical field localization and 
enhancement by the resonantly focused plasmons. Taking 
the advantage of transformation optics, Pendry et al. dem-
onstrated that a metal cylinder of crescent-shaped cross 
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diameters of Do =
g2

xo
, Dm =

g2

xm
, andDi =

g2

xi
, respectively. 

Hence, the resulted structure is a crescent-shaped cylinder 
with groove-like outer surface. According to the transfor-
mation optics, the relevant permittivity ɛ′ and permeability 
μ′ in the cylinder frame are the same as the original ɛ and 
μ in the slab frame. The dipole source in Fig. 1a is trans-
formed to the incident uniform electric field in Fig.  1b, 
which could excite surface plasmons at the textured surface 
of the cylinder [20, 21].

Just as the spoof surface plasmons could propagate 
along the surface of the thin slab to infinity, the spoof sur-
face plasmon modes in the cylinder in Fig. 1b accordingly 
propagate around the singularity point. Thus, the electro-
magnetic wave will be harvested around the tip by the bal-
ance of the energy accumulation and the lossy. Using the 
PVDF proposed to excite low-frequency plasmons [16, 17], 
this cylinder structure could achieve broadband harvesting 
of electromagnetic wave at THz frequencies.

The properties of the proposed structure can be analyzed 
by its normalized absorption spectrum. In the quasi-static 
approximation, the energy pumped into the spoof surface plas-
mons propagating along the textured surface of the crescent 
cylinder can be evaluated by the power absorbed from the uni-
form electric field incident on the crescent cylinder [11, 12]. 
The absorbed power P can be calculated by the Ohmic loss 
of the crescent cylinder. And the absorbed power P normal-
ized by the incoming flux Pin is the absorption cross section 
σa = P

/

Pin, where Pin = ε0cE
2
0/2, c is the light speed, and 

E0 the electric field amplitude of the incident wave.

3 � Numerical simulations

To verify the property of the proposed structure, we made 
full-wave simulations using the finite element method with 

the software COMSOL Multiphysics. The PVDF material 
used in the calculation is a ferroelectric semicrystalline 

polymer described by εPVDF(ω) = εopt +
(εdc−εopt)ω

2
TO

ω2
TO−ω2+iγω

 with 

εopt = 2.0, εdc = 50, ωTO = 0.3 THz, and γ = 0.1 THz 
[17]. The real part of the dielectric constant of PVDF is 
negative in the THz region. In Fig. 1a, the period and the 
open width of the groove are described as d and a. It is 
known that the asymptote frequency of the spoof surface 
plasmons is mainly determined by the optical depth of the 
groove, ωa = πc/(2hng) [13, 15]. ng is the refractive index 
of the media filled in the grooves. h represents the depth 
of the groove, which is xm − x0 in Fig.  1a. Thus, the fre-
quency of the spoof surface plasmons is independent of the 
filling ratio a/d. Without loss generality, we set a/d = 0.5 
and ng = 1 in the following calculation. Theoretically, the 
number of the grooves in the outside surface of the cres-
cent-shaped cylinder should be infinity, and the groove 
depth becomes smaller and smaller when approaching to 
the point of singularity. The simulations show that the num-
ber of grooves does not have to be infinity, the optimized 
number is N = 19, which could preserve the light harvest-
ing property very well. Since the PVDF supporting surface 
plasma at the wavelength ranging from 100 to 700  μm 
[16], the values of Do, Di, and Dm should be in the order of 
micron. Keeping Do = 10 μm and Di = 8.0 μm unchanged, 
we calculated the normalized absorption spectrums for 
Dm = 8.3, 8.6, 8.9 μm. The calculated results are presented 
in Fig. 2. The absorption spectrum for Dm = 10 μm, cor-
responding to the crescent-shaped cylinder without outer 
surface-textured, is presented (black dots) for comparison.

It can be seen from Fig.  2 that the absorption spectrum 
red-shifts gradually when the grooves get deeper. This 
means that the proposed surface-textured structure can move 
the spectrum to the lower frequencies efficiently. Based on 
these results, it can be expected that the red-shifted spec-
trum with wider band could be achieved by a cylinder with 

Fig. 1   a A slab textured by rectangular grooves with a dipole source 
near the textured surface. b The proposed crescent-shaped cylinder 
from the conformal transformation of the structure in (a)

Fig. 2   Normalized absorption cross section, σa/D0, as a function of 
wavelength for the cylinders with f = 0.5, Do = 10 μm, Di = 8.0 μm, 
and Dm = 8.3, 8.6, 8.9, 10 μm. The incident wave is a TM-polarized 
plane wave propagating along the y′ axis
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grooves of multiple different depths. Thus, we designed the 
cylinder structure with different groove depths as shown in 
Fig. 3a, where the values of Dm change from 8.9 to 8.3 μm 
with the step of −0.1 μm repeatedly. Still setting N = 19, 
Do =  10 μm, and Di =  8 μm, the calculated normalized 
absorption spectrum is shown in Fig. 3b. The inset of Fig. 3b 
shows the current absorption spectrum together with those 
presented in Fig. 2 for comparison. Just as predicted, the cur-
rent absorption spectrum is red-shifted with a wider band. 
Moreover, the value is quite large over the whole band.

If we put two such cylinders together, the interaction 
between them can be used to achieve the field enhancement 
(FE). The cylindrical dimmer consisted of the surface-tex-
tured cylinders is shown in Fig.  4a. Since the size of the 
proposed cylinders is in micron, the quantum mechanical 
effects such as electron tunnelling and screening do not 
have to be taken into account [22, 23].

The simulations show that such a dimmer system could 
realize FE at the central gap. In the calculation, the inci-
dent wave is a TM-polarized plane wave propagating 
along the y′ direction. The properties are shown in Fig. 4. 
The geometric parameters are Do =  10 μm, Di =  8 μm, 
Dm =  8.6 μm, and N =  19. Figure 4b is the distribution 
of electric field intensity normalized to the incident wave 
for s = 300 nm at the wavelength of 650 μm. The FE in 

the central gap of the cylinders can be seen clearly. And 
the maximum normalized field intensity is 18. Figure  4c 
shows the maximum normalized field intensity as a 
function of s and wavelength, where s varies from 20 to 
300 nm and the wavelength changes from 400 to 1000 μm. 
It is obvious that the proposed cylinder dimmer could act 
as an efficient energy collector with broadband harvest-
ing of electromagnetic wave at THz frequencies. The field 
enhancement in the central gap decreases when the cylin-
ders get farther. Nevertheless, the maximum normalized 
FE is still more than 15 at a rather broadband when the 
gap width increases to s = 150 nm. This proposed cylinder 
dimmer could be used to detect the nanomolecules in THz 
frequencies [16].

In practical applications, the fabrication of the proposed 
cylinder might be a challenge because its surface is tex-
tured with nanoscaled grooves. The depth and the width 
of the minimum groove are several tens of nanometers 
and several hundreds of nanometers, respectively. But it is 
reported that the resolution of the electron beam lithogra-
phy in the conventional polymethyl methacrylate (PMMA) 
could be pushed below 10 nm for isolated features, and the 
arrays of periodic structures can be fabricated at a pitch of 
30 nm [24]. Therefore, we believe it is possible to realize 
the proposed PVDF structure in the future.

Fig. 3   a Crescent-shaped cylin-
der with outer surface textured 
by grooves of seven different 
depths, the corresponding Dm 
changes from 8.9 to 8.3 μm 
with step of −0.1 μm repeat-
edly. b The solid pink line 
shows the normalized absorp-
tion cross section, σa/D0, as 
a function of wavelength for 
the structure in (a), while the 
inset shows this solid pink line 
together with those lines pre-
sented in Fig. 2 for comparison

Fig. 4   a Dimmer consisting of two surface-textured cylinders sepa-
rated by a gap width “s.” b The distribution of electric field intensity 
normalized to the incident wave for s = 300 nm at the wavelength of 

650 μm. c The maximum normalized field intensity as a function of 
the gap width and wavelength
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4 � Conclusion

Based on the transformation optics technique, a broadband 
electromagnetic field enhancement of THz electromagnetic 
wave is realized in the central gap of a dimmer consist-
ing of two surface-textured cylinders. This will open per-
spectives for applications in THz spectroscopy, biological 
detection, chemical sensors, and environmental sensing.
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