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Abstract. The relatively low energy of the terahertz light (THz, 1 THz=4.14 meV)
promises the non-invasive optical imaging of the biomedical objects. However, the THz
light inherently suffers the optical diffraction limit and the subwavelength microstructures
cannot be resolved. We propose the planar hybrid-lens comprising the multiple slits and
the two-dimensional rod array for the subwavelength focusing of the THz light beyond
the diffraction limit. The hybrid-lens is investigated by the finite difference time domain
simulation (FDTD). The spectra of the rod array obtained by FDTD are compared with
the spectra calculated by the analytical model. The subwavelength focal spot about 20 um
(A/7.5) at the frequency 2 THz is demonstrated by FDTD. The atray of the subwavelength
focal spots on the opposite side of the multiple slits are generated by the interferences of
the Floquet-Bloch waves which can be guided through the rod array. The hybrid-lens can
function as the subwavelength focusing and the substrate simultaneously which may serve
as the new tool in the high-speed imaging and sensing of the subwavelength biomedical
objects by using the THz light.
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1. Introduction

The optical imaging using the THz light is expected to be new medical imaging system because of its non-
destructive nature and its relatively low energy [1, 2, 3]. However, the optical diffraction limit severely
restricts the focusing spot of light and blur the optical image. The diffraction limit is the inherent
consequence of the circular dispersion relation of the isotropic medium which does not support the
propagation of the evanescent waves carrying the high spatial frequencies [4]. The strongly anisotropic
medium such as the hyperlens is the material exhibiting the hyperbolic dispersion relation with the
unbound spatial frequency thereby allowing the propagation of the evanescent waves with the high spatial
frequencies (high-k waves) [5, 6, 7, 8]. Unfortunately, the hyperlens is hardly found in nature, and it is
conventionally engineered using the idea of the photonic crystals (Phc) and metamaterials into many shapes,
e.g., cylindrical hyperlens, planar hyperlens, and fibre hyperlens [7, 9, 10]. Recently, A. Tuniz et al. have
experimentally demonstrated the THz tapered-fibre hyperlens working in the canalisation regime [10]. The
size of the focal spot of this lens depends on the diameters of the input and output sides of the taper. The
subwavelength focal spot with size about 143 um (1/28) at the low frequency f=0.075 THz is demonstrated.
However, the aberrations deteriorate the focusing at higher frequencies due to the intrinsic loss and the
large local dielectric constant along the propagation direction of the hypetlens [10, 11], and therefore the
smaller focal spot size can not be achieved by using this lens.

In this research, the planar hybrid-lens supporting the propagation of the THz waves with high-k
similar to the hyperlens is proposed by combining the multiple slits with the array of the metallic rods
embedded in the polymer host. The rod array is closely separated along the normal axis allowing the strong
coupling of the surface charges between the rods, and the period of the rod array along the tangential axis is
wider than that of the normal axis. The multiple slits generate the Floquet-Bloch waves which are then
guided through the rod array, interfere with each other, and become focused on the opposite side of the
multiple slits. The array of the subwavelength focal spots can be employed in the non-invasive and fast
THz imaging and sensing of the subwavelength objects. Moreover, the focal spot size may be further
reduced by optimizing the parameters of the multiple slits and the rod array. Therefore, our hybrid-lens also
gives the alternative approach for realising the deep-subwavelength focusing of the THz light. The
proposed hybrid-lens can be readily fabricated by using the available methods [12].

2. Method

The two-dimensional schematic view of the unit cell of the planar hybrid-lens and the rectangular unit cell
of the rod array are shown in Figs. 1(a)—(b), respectively. The metallic rods and the multiple slits are
modeled as the perfect electrical conductors (PEC) which are valid for noble metals such as gold, silver and
aluminium in terahertz and microwave spectral regions [13]. This approximation makes no loss in the
structure, reduces the memory usage in the FDTD simulation, and enhances the calculation time. The
polymer host is low loss Zeonex polymer [14].
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Fig. 1. The schematic view of the hybrid-lens: (a) The unit cell of the hybrid-lens comprising the multiple
slits and the two-dimensional rod array; (b) The rectangular unit cell of the rod array. The multiple
slits and the metallic rods are modeled as the PEC rods, and the dielectric host is defined as low
loss Zeonex.
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The parameters of the rod array are fixed and used throughout the paper as D=20 um, d=10 um, and
a=4.8 um. However, the length L, and L, in Fig. 1(a) may be varied in the simulation. The slit height (h)
and the slit width (w) are defined as h=1 um, and w=20 pm, respectively. The slit cavity is filled with air
and thus behaves as the waveguide. The slit height (h) is small comparing to the wavelength of light (A) so
that the Fabry-Perot resonances do not occur inside the slit cavity [15]. The slit width is several time larger
than the typical skin depth, the distance at which the electric field decays by 1/¢inside the slab, of the noble
metals and thus PEC approximation is applicable to the multiple slits (Au : 176.1 nm at 0.5 THz, 67.0 at 3.0
THz). The full Maxwell’s equations are solved numerically by using FDTD method. We employ the freely-
distributed parallel FDTD program called MEEP in our research [16].

It is difficult to detive the spectra of the hybrid-lens analytically because the coupling between the slit's
waveguide modes and the modes of the rod array must be taken into account [15]. Here, we only show the
spectra of the rod array (not including the multiple slits) obtained analytically by modeling each metallic rod
as the electric dipole moment, regarding the single layer of the metallic rods which is perpendicular to the y-

axis as the homogeneous medium possessing the unique reflection and transmission coefficients 7, and £,

respectively, and then applying the transfer matrix method for the whole IN layers of rod array, as described
by G. D’Aguanno et al. [17]. The analytical Oth-order reflectance and transmittance of the N layers of rod
array (e.g., N=12 in Fig. 1(a)) for the p-polarized light are expressed as

2 2
R=[8,/S,| . T=11s,[, )
where S is the matrix element of the scattering matrix [S ] which is defined as

[S]=[M V] M), @

where the matrices [/I//m] , [l/] , and [/I//out] are expressed in terms of 7, and £, as
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where k'y” is the normal component of the incident wavevector, £, and 7, are the Fresnel transmission

and reflection coefficients, respectively, from the medium (a) to the medium (b) [18]. The reflection and
transmission coefficient, 7, and £, of the single layer of the rod array generated by the re-radiation of the

electric dipole moments p=aFE, =p, X+ p,y of all metallic rods in that layer are obtained by the Green's

function analysis [17, 18] which then are written as
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where k)i(" ,o,and H, are the tangential component of the incident wavevector, the angular frequency, and
the amplitude of the incident magnetic field, respectively. The electric dipole moment p is periodic along
the x-axis with the period D . By following [19], the components of p can be expressed in terms of the
electric polarizability & of the metallic rod as

k" K"

Py = Py = : )
&, l o —(ijb +8iGb) Yoge,la —(ijb +6iGb)

where G, , 6iGb, and aij are given in [20], and K, is the wavenumber in the host medium of the rod

array. Lastly, the electric polarizability o can be obtained by matching the electromagnetic waves radiated
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by the electric dipole with the cylindrical waves scattered from the single cylindrical rod which is excited by
the external light [21], and then « is expressed in this unit as

1 { 5 1 5,J)(k,a)J, (ka) -, (k,a)J; (k)

a=8/gogbp W 0 - ,
> |\e 16,H," (ka)J,(ka)-H, (ka)J (ka)

(8)

where J, is the first order Bessel function, H1(1) is the first order Hankel function of the first kind, & and

k. are the dielectric constant and the wavenumber of the rod, and the apostrophe means the derivative

with respect to the argument. The dielectric constant of gold is used when we apply the analytical solutions.
3. Results

We show the spectra of the rod array in section 3.1 and discuss the result with the analytical theory. Then,
the field distribution at the frequency 2 THz is shown in section 3.2. Lastly, the subwavelength focusing at
the same frequency is demonstrated in section 3.3.

3.1 The Spectra of the Rod Array for E, and E, Polarizations

The reflection and transmission spectra of the rod array in the frequency range of interest for the E,
incident light obtained by FDTD simulation with the resolution 4 pixels/pum are shown in Fig. 2(a). The
length L is finite and defined as Ly = 4D = 80 um, while the periodic boundary condition is applied along
the y-axis. The period of the single layer of the rod array along the y-axis is equal to d=10 pm. The spectra
saturates by increasing the resolution and become converged at about 4 pixels/um. The resolution of 4
pixels/um means that the space discretization is Ax=0.25 um (the same in two directions of the
computational cell) and the time discretization is At= 0.5Ax/c = 416.955 ps, whete c is the speed of light.
The rod array is excited by the normal incidence of the Guassian pulse generated at the far-field plane, and
the perfectly matched layers (PMLs) are applied on two boundaries of the computational cell which are
perpendicular to the propagation direction in order to prevent the back-scattering. The reflectance and
transmittance are obtained by the ratio between the power of the scattering light from the rod array and the
power of the incident light which are measured in the far-field region in front of the rod array and behind
the rod array, respectively. According to Fig. 2(a), the spectra show the Bragg gap with the edge at the lower
energy side about 1.75 THz. The electromagnetic waves in this Bragg gap are tightly localized between the
rods along the y-axis due to the strong coupling of the electric dipoles induced on each rod. The
localization of the electromagnetic waves is required for the subwavelength focusing. In the frequency
range below 1.75 THz, the insulator-like interference peaks appear, and thus there is no strong coupling of
the electric dipoles of the metallic rods. We compare the reflection spectra obtained by FDTD from Fig.
2(a) with the analytical solution calculated by Eq. (1) in Fig. 2(b). The analytical reflection spectra are
qualitatively consistent with the FDTD reflection spectra. Indeed, the edge at the lower energy is shifted to
the higher frequency. The discrepancy may arise because of the inefficiency of FDTD which apply the grid
cells on the circular curves of the metallic rods. Therefore, this result teminds us that the results from
FDTD are only the approximation giving us the rough pictures of the spectra, and one should not entirely
rely on it. Another approach should be considered in order the check the results from FDTD.

The reflection and transmission spectra of the rod array for the Ey incident light obtained by FDTD
simulation are shown in Fig. 3(a). The length Ly is finite and defined as Ly = 12d = 120 wm, while the
periodic boundary condition is applied along the x-axis. The remaining parameters of the FDTD simulation
are the same as the previous case. The period of the single layer of the rod array along the x-axis in this case
becomes D=20 um which is therefore two times larger than the previous case. Figure 3(a) shows that the
rod array behaves like an insulator for the Ey polarization. This behavior results from the blue shift of the
edge at the lower energy side of the Bragg gap to the higher frequency by increasing the period of the single
layer of the rod array. Figure 3(b) shows the comparison of the transmission spectra obtained by FDTD
and from the analytical solution expressed in Eq. (1). The qualitative agreement between the FDTD and the
analytical solution for the Ex polarization can be seen in this figure.
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Fig. 2. The spectra for the E, polarization (a) the reflection and transmission spectra obtained by FDTD
with the convergent resolution 4 pixels/um, (b) The comparison of the reflection spectra obtained

by FDTD and the analytical solution expressed in Eq. (1). The length of the rod array along the y-
axis is Ly = 4D = 80 pm.

Therefore, the strongly anisotropic at the frequency 2 THz is expected according to Fig. 2(a) and 3(a).
Although we could not determine accurately the effective dielectric constant corresponding to each
polarization in order to decide the location of the multiple slits, we still can use the FDTD simulation to
investigate the light propagation inside the rod array. Then, we can choose the position of the multiple slits
based on the distribution of the electromagnetic fields inside the rod array. We'll describe the distribution of
the electromagnetic waves in the next section.
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Fig. 3. The spectra for the E polarization (a) the reflection and transmission spectra obtained by FDTD
with the convergent resolution 4 pixels/um, (b) The comparison of the reflection spectra obtained

by FDTD and the analytical solution expressed in Eq. (1). The length of the rod array along the y-
axis is Ly = 12d = 120 pm.

3.2 Field Distribution Inside the Rod Array

For the hyperlens with known dielectric constants &, >0,&, <0, the high-k waves propagate in definite

direction with respect to the y-axis with the critical angle o, =tan’1(,f|gy|/ £, ) Using the facts that

DLk and SLE , the critical angle of the Poynting vector S with respect to the y-axis can also be
expressed explicitly in terms of the dielectric constants : 6, = tanfl(,fgx / |8y|) [9]. However, we cannot

obtain the effective dielectric constants of the hybrid-lens at the present, so we'll check the directional
propagation of the high-k waves inside the rod array by exciting it with the point source instead.
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Fig. 4. The field distribution inside the rod array.

The high-k waves are generated by the magnetic current point source H, with the frequency 2 THz

and located at one interface of the rod array. Because the intensity is obtained by the amplitude of the
Poynting vector which is proportional to |HZ |2 , we plot |H Z| in Fig. 4 to show the directional property of

the intensity inside the rod array. The length of the rod array is Ly=14d, Ly=14D, and the PMLs are defined
on boundaries of the computational cell to avoid the back-scattering. According to Fig. 4,

tan(6;)=2D/12d =1/3 , and thus & is about 18.4 degree. Therefore, if two slits which act as the point

sources are kept at the separation distance 4D or 80 pm from each other, the high-k waves will be focused
between these two slits on the plane located at the distance 12d or 120 pm from the slits. This is our main
strategy to design the sub-wavelength focusing hybrid-lens using FDTD simulation. We cannot obtain the
effective dielectric constant of the rod array because the fitting effective dielectric constants for each
polarization depend on the thickness of the rod array. It is also noted here that the directional propagation
can be altered by combining the rod array with the multiple slits because of the coupling between the slit
waveguide modes and the electromagnetic waves in the rod array.

3.3. Subwavelength Focusing of the Hybrid-Lens

We demonstrate the sub-wavelength focusing using our proposed planar hybrid-lens schematically shown
in Fig. 1 at the frequency 2 THz in this section. The length Ly and Ly of the unit cell of the hybrid-lens are
fixed as Ly = 4D, and Ly = 12d, respectively, so that the focal spots between the slits are generated along
the interface of the rod array in the opposite side of the multiple slits. Figure 5(a) shows the intensity
distribution calculated by the amplitude of the Poynting vector over the xy-plane. The normalized intensity
profiles along the lines parallel to the x-axis behind the hybrid-lens are shown in Fig. 5(b). The focal spot
size is determined by the full-width-at-half-maximum (FWHM) of the main peak power in the intensity
profile. At the interface (0 um), the focal spot size is about 20 um or D, and the intensity of the peak
exceed unity. The focal spot becomes broad as the distance from the interface increase and the intensity
becomes almost flat at the distance about 20 um from the interface. The intensity of the focusing spot
decays exponentially as a function of normal distance (Ay) from the interface with the decay length, Ay, at
which the intensity decays by 1/¢, is about 16 um as shown in Fig. 6(a). Therefore, the hybrid-lens is
suitable for thin film sensing and imaging but has poor performance for bulk material. The intensity
distribution shown in Fig. 5(a) looks very much like the directional propagation inside the hyperlens where
the high-k waves are launched from the slits and becomes focused at the specific locations behind the
hyperlens [9].
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Fig. 5. Subwavelength focusing at 2 THz (a) The intensity distribution calculated by the amplitude of the
Poynting vector. The lengths Ly = 12d and Ly = 4D of the unit cell yield the constructive
interferences of the evanescent waves between each slit pair. (b) The normalized intensity profiles
along the lines parallel to the the x-axis at some distances behind the hybrid-lens. The FWHM of
the red line is about 20 um or D.
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Fig. 6. (a) The intensity as a function of normal distance from the interface of the hybrid-lens at x=L,/2.
(b) Discrete Fourier Transform (DFT) of Eyalong the lines parallel to the interface of the hybrid-
lens at three normal distances: () Ay=0 pm at the focal plane, (ii) Ay=16 pm at the decay length,
and (iii) Ay=75 um=A/2 at the far-field limit.

In order to understand the focusing mechanism, we perform the Discrete Fourier Transform (DFT) of
the tangential component of the electric field (E) along the lines parallel to the interface between the
hybrid-lens and the output region which is defined as the vacuum (red line in Fig. 5(b)). The corresponding
DFT of E,at this frequency are shown in Fig. 6(b) at three normal distances from the interface. Note that
2n/Ly is equivalent to 1.874ko, where ko is the wavenumber in the vacuum. It can be seen from Fig. 6(b)
that the high-k waves exist along the focal plane (Ay=0) and completely evanescent in the far-field limit
(Ay=75 pm=1/2). These high-k waves are actually the Floquet-Bloch waves (FB) which are generated by
the multiple slits. They are just the results of the periodicity with the period Ly of the multiple slits along the

x-axis which force them to satisfy the conditdon: H, (X+ nLX,y) =gl H, (X, y) , where 7 is an integer

[22]. The tangential components of the wavevectors of these waves can be as large as ky = 4(2n/Ly ). If
there was no rod atray behind the multiple slits, these waves would exponentially decay and didn't exist
along this plane. Interestingly, by adding the rod array, these high-k waves can propagate through the rod
array and become focused along this plane. Therefore, the hybrid-lens comprising the multiple slits and the
rod array serves as the metamaterial supporting the propagation of the B waves with high-k. The
subwavelength focal spots along the red line in Fig. 5(b) are generated by the interferences of these FB
waves with ke up to 4(2n/Ly ). The FB waves also make internal reflection along the focal plane because of
the mismatch of the wavevectors between the hybrid-lens and the output region. Therefore, the
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Fig. 7  Effect of the slit width on the subwavelength focusing at 2 THz: (a) w=20 um, (b) w=10 um, (c)
w=5 um, (d) w=1 um; all figures have the same color scale.

FB waves exponentially decay in the output region which is the reason why the intensity profiles in Fig.
5(b) become broader and flat as the distance from the interface increases.

Lastly, we want to mention about the effect of the slit width on the focusing. We use the same hybrid-
lens except now the slit width is varied from w=1 pm to w=20 pm. The intensity distributions of four cases
are shown in Figs. 7(a)—(d) with the same color scale.

According to Fig. 7, the slit width w=20 pm gives the strongest intensity while the slit width w=1 um
gives the poorest intensity as shown in Figs. 7(a) and 7(d), respectively. The focal spot sizes of all cases are
the same. This means that the objects whose separation distance is not less than 20 um can be resolved by
all hybrid-lens but with the highest sensitivity using the slit width w=20 pm and the worst sensitivity using
the slit width w=1.

The FDTD simulation is very time consuming and not accurate if the sizes of the hybrid-lens is very
small comparing to the wavelength of the incident light. Therefore, the analytical theory of the hybrid-lens
will give the answer to the smallest focal spot sizes that we can achieve by using the hybrid-lens. In order to
fully understand this hybrid-lens analytically, one needs to combine the couple-mode theory of the multiple
slits [15] with the analytical theory of the rod array as explained in the method section of this paper. Then,
one needs to take into account the coupling between the slit's waveguide modes and the FB waves inside
the rod array. The analytical theory is needed for the true understanding of the focusing mechanism and for
further reduction of the focal spot sizes by optimizing the parameters of the hybrid-lens such as the lattice
constants of the rod array, the rod's radius, the host medium, etc.

Moreover, the hybrid-lens can serve as the substrate and the subwavelength focusing lens
simultaneously, and then the image of the subwavelength objects may be obtained by scanning the multiple
slits. This approach is not invasive unlike the conventional near field scanning microscope which scan the
apertures or the metallic tips over the samples [23]. By using the hybrid-lens, we have achieved the focal
spot size about 7 times smaller than that from the fibre hyperlens because our hybrid-lens can function in
higher frequency tegion relying on the coupling of the electromagnetic modes of the multiple slits and
those of the rod array while the fibre hypetlens neglected this coupling effect and relied on the Faby-Perot
resonance along the finite fibre [10]. However, we neglect the loss of the host Zeonex polymer in the
FDTD simulation because the FDTD doesn't allow the definition of its single complex dielectric constant.
We expect that the transmittance and the intensity contrast between the focal spot and the background will
decrease and more investigation using another techniques in frequency domain such as the finite element
(FE) and the analytical solutions (ANS) using eigenmode expansion are needed. We suggest to use Si
instead of Zeonex polymer as the host medium because of its lower loss in the THz frequency range,
Im(e)=4x10* at 1 THz. [24]. However, the large refractive index of Si requires higher resolutions if ones
use FDTD or FE and therefore the search for the ANS, which is consistent with FDTD or FE, is
important to address the loss issue more efficiently.
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4. Conclusion

We have proposed the planar hybrid-lens consisting of the multiple slits and the rod array. The analytical
theory is developed to explain the strongly anisotropic property of the rod array whose rods are arranged in
the rectangular lattice. The subwavelength focal spot size about 20 um (A/7.5) is demonstrated at the
frequency 2 THz by FDTD simulation. The sensitivity of the hybrid-lens depends on the slit width. Our
proposed prototype may be used to enhance the resolution of the image in the fast terahertz medical
imaging.
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