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The capability of generating terajets using three-dimensional (3D) dielectric cuboids working

at terahertz (THZ) frequencies (as analogues of nanojets in the infrared band) is introduced and

studied numerically. The focusing performance of the terajets is evaluated in terms of the trans-

versal full width at half maximum (FWHM) along x- and y-directions using different refractive

indices for a 3D dielectric cuboid with a fixed geometry, obtaining a quasi-symmetric terajet

with a subwavelength resolution of �0.46k0 when the refractive index is n¼ 1.41. Moreover,

the backscattering enhancement produced when metal particles are introduced in the terajet

region is demonstrated for a 3D dielectric cuboid and compared with its two-dimensional (2D)

counterpart. The results of the jet generated for the 3D case are experimentally validated at

sub-THZ waves, demonstrating the ability to produce terajets using 3D cuboids. VC 2014

AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4894243]

It is known that in order to generate subwavelength reso-

lution in microscopy applications, it is required to deal with

the limit imposed by the diffraction of electromagnetic

waves.1 To overcome this problem, different solutions have

been reported in the past involving metamaterials,2–4 solid

immersion lenses,5 diffractive optics,6,7 and microspherical

particles.8–10

Several years ago, subwavelength photonic nanojets were

introduced and identified using micro scaled cylindrical (2D)

and spherical (3D) dielectrics at optical frequencies.11,12

Photonic nanojets are high intensity, narrow, and non-

evanescent beams located at the output surface of a lossless

dielectric cylinder/sphere when it is illuminated with a plane

wave, demonstrating the ability to obtain a resolution of k0/3

using microspheres, below the diffraction limit.13,14 Based on

this, photonic nanojets have been studied using different prop-

erties of the dielectric structure such as non-spherical nanopar-

ticles15 and also graded index concepts have been applied.16,17

Besides, experimental demonstration of the backscattering

enhancement generated by photonic jets at microwave fre-

quencies has been reported.18

In this paper, a mechanism to produce jets is numerically

demonstrated using 3D dielectric cuboids (hexahedrons)

working at sub-THZ and THZ frequencies. By using a 3D

dielectric cuboid with a refractive index n¼ 1.41 immersed in

vacuum (n0¼ 1), it is shown that “3D terajets” can be

obtained just at the surface of the output face of the dielectric

structure. Moreover, the performance of the 3D terajets is

evaluated when the refractive index of the cuboid is changed

from 1.2 up to 2, demonstrating that the position of the focus

can be obtained inside or outside the 3D cuboid. Also, the sub-

wavelength focusing properties of 3D dielectric cuboids are

numerically studied in terms of the full width at half maxi-

mum (FWHM) along both (x and y) transversal axes,

demonstrating a quasi-spherical terajet when n¼ 1.41.

Furthermore, the performance of the 3D terajet is evaluated

along with its 2D counterpart in terms of the backscattering

enhancement perturbation produced when metal microspheres

are inserted within the 3D/2D terajets; showing the ability of

both structures to enhance the backscattering of metal spheres.

Finally, experimental and numerical results of the normalized

power distribution along the transversal x-axis at z¼ 0.1k0 are

performed at sub-THZ frequencies using a 3D cuboid of

Teflon, demonstrating the ability to produce “microjets” using

the structure here proposed.

To begin with, the 3D dielectric cuboid is schematically

presented in Fig. 1. The cuboid has lateral dimensions L¼ k0,

along x and y axes while the dimension H is selected to be

1.2k0. In order to evaluate the focusing performance of the

structure, the transient solver of the commercial software CST

Microwave StudioTM is used along with an extra fine hexahe-

dral mesh with a minimum mesh size of k0/45. In the simula-

tion, the 3D cuboid is illuminated with a vertically (Ey)

polarized plane wave (see Fig. 1) at 0.1 THZ (k0¼ 3mm).

Moreover, vacuum (n0¼ 1) is used as the background medium

and expanded open boundary conditions are used in order to

insert the 3D cuboid within an infinite medium.

Based on this, the performance of the terajets is evaluated

using homogeneous 3D cuboids with different values of re-

fractive index (n). Numerical results of the power distribution

on the yz-plane/E-plane (left column) and xz-plane/H-plane

(right column) are shown in Figs. 1(b)–1(d) for values of

n¼ 2, 1.75, 1.41, and 1.2, respectively. Similar to photonic

nanojets produced by cylindrical and spherical dielectrics,11,14

it can be observed that the terajet is located inside the dielec-

tric structure for higher values of refractive index. By decreas-

ing n, the terajet is moved away from the surface of the 3D

cuboid along the optical axis (z) with less power at its focal

position. As the refractive index of the cuboid approaches that

of the surrounding medium the focusing properties of the 3D

cuboid diminish accordingly, as expected.

Moreover, the FWHM along both (x and y) transversal

directions for positions from 0 up to 1k0 along the optical
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axis (z) with a step of 0.2k0 are presented in Figs. 2(a) and

2(b) for different values of the 3D cuboid refractive index.

Also, the intensity enhancement along the z-axis (calculated

as the power distribution with and without the presence of

the dielectric cuboids) are shown in Fig. 2(c) for the dielec-

tric cuboids here studied. The best resolution is obtained for

n¼ 1.75 with FWHMx,y< 0.4k0 and an intensity enhance-

ment of �15 times the incident plane wave at the output

surface of the 3D cuboid. However, for n¼ 1.41 a quasi-

symmetric terajet is obtained with relatively similar values

of FWHMx and FWHMy and an intensity of �10 times the

power of the incident plane wave. For example, just at the

surface of the 3D cuboid, the terajet has a resolution of

FWHMx¼ 0.47k0 and FWHMy¼ 0.45k0. From Fig. 2(c), it

can be observed that, even though the intensity enhancement

for n¼ 1.41 near the cuboid is lower than the value obtained

for n¼ 1.75, the intensity enhancement decays smoothly for

n¼ 1.41, which could be an advantage for applications such

as backscattering enhancement18 in order to detect metal

particles away from the surface of the 3D cuboid (see next

section). Regarding this last aspect, we can define the param-

eter terajet exploration range, denoted as Dz, as the distance

from the surface at which the intensity enhancement has

decayed to half its maximum value (note that we are implic-

itly assuming here that the maximum appears at the surface,

since this is the preferred scenario for microscopy

applications). From the figure (dotted lines), it is obvious

that the exploration range for n¼ 1.41 is Dz¼ 0.72k0 notably

larger than for n¼ 1.75, Dz¼ 0.16k0. Thus, the case n¼ 1.41

is a good tradeoff between intensity enhancement and length

of the terajet exploration range. It is important to highlight

that for n¼ 2, FWHM values are not represented for all the

distances along the optical axis because the terajet is located

inside the 3D cuboid and focusing is only observed on the

xz-plane for distances up to 0.6k0. The lower intensity

enhancement at the focal position is obtained for the case

when n¼ 1.2 (�4) with an exploration range of about 1.96k0
because the focus is away from the surface of the dielectric

cuboid. Thus, in order to generate jets at the surface of the

dielectric cuboid a refractive index contrast relative to the

background medium less than 2:1 is required, in agreement

with the results of photonic nanojets using circular 2D/3D

dielectrics reported recently11,12

As it has been described previously, several applications

have been reported using photonic nanojets.13 Similarly to

the nanojets produced by cylindrical and spherical dielec-

trics,11,12,18 here we evaluate the backscattering enhance-

ment when a metal particle is introduced within the terajet

with respect to the backscattering without the metal particle.

The evaluation of the backscattering enhancement is

numerically studied using the same simulation properties

described previously using the 3D cuboid of Fig. 1(d) with a

refractive index n¼ 1.41. First, a gold sphere (rAu¼ 4.561

� 107S/m) is placed in the vicinity of the output surface of

the 3D cuboid and moved along the optical axis (z-axis)

from z¼ 0.2k0 up to z¼ 2k0 with a step of 0.0833k0 [see

Fig. 3(a)]. Note that a finite conductivity model is used for

FIG. 1. (a) Schematic representation of the proposed 3D dielectric cuboid

with dimensions L¼ k0 and H¼ 1.2k0: perspective view (left) and lateral

view (right). Numerical simulations of the terajet performance for different

values of the refractive index: (b) n¼ 2, (c) n¼ 1.75, (d) n¼ 1.41, and (e)

n¼ 1.2 on the yz-plane/E-plane (left column) and xz-plane/H-plane (right

column).

FIG. 2. FWHM along: (a) x-axis and (b) y-axis for positions from 0 to 1k0
along z-axis with a step of 0.2k0 for 3D cuboids with refractive index n¼ 2

(brown circles), n¼ 1.75 (red circles), n¼ 1.41 (blue triangles), and n¼ 1.2

(green squares). (c) Intensity enhancement along z-axis calculated as the

relation between the power distribution with and without the presence of the

3D cuboids of different refractive index. The dotted lines correspond to the

exploration range for each jet generated with different refractive indices.
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the gold sphere, which is a good approximation for frequen-

cies below 10 THZ. For higher frequencies, a Drude model

could fit better the dispersive behavior of metals at infrared

frequencies.19–21 Based on this, the Radar Cross Section

(RCS) at the backward direction is obtained with and with-

out the presence of the gold sphere. The backscattering

enhancement is calculated as W3Dþmp/W3D, where W3Dþmp

is the calculated RCS at the backward direction for the

whole system 3D cuboidþmetal particle and W3D is the

RCS at the backward direction calculated with the 3D

cuboid alone.

Simulation results of the backscattering enhancement

are presented in Fig. 3(b) when several metal particles with

different diameters (d1¼ 0.08k0, d2¼ 0.14k0, and d3¼ 0.2k0)

are placed along the optical z-axis. It can be observed that

the backscattering enhancement changes periodically and the

maximum and minimum peaks are located at the same posi-

tion (0.5k0) along z for the three gold spheres with a periodic

oscillation of 0.6k0. Moreover, the maximum values of

enhancement are 0.67 dB, 2.82 dB, and 6.44 dB for the

sphere diameters d1, d2, and d3, respectively. Note that these

values are found within the terajet exploration range (which

extends up to 0.72k0 along z-axis) as expected due to the

high power confinement inside this region. For distances far

from the terajet, the backscattering is reduced monotonically.

Also, in order to evaluate the transversal backscattering

enhancement, simulation results are shown in Fig. 3(c) when

the gold spheres are placed at z¼ 0.5k0 (where the first maxi-

mum was obtained) and moved from �0.67k0 to 0.67k0 with

a step of 0.16k0 along the x-axis. These results demonstrate

the ability of the 3D cuboid to produce terajets and enhance

the backscattering for different metal spheres along the opti-

cal and transversal axes.

For the sake of completeness, the backscattering

enhancement of 2D and 3D dielectric cuboids are compared.

For the 2D case, the dimension of the cuboid along y-axis is

changed to 6L (6k0) in order to evaluate its performance as a

quasi-infinite structure. Note that by using one dimension

larger than the rest of the 2D cuboid, the focusing perform-

ance along the yz-plane/E-plane is changed and a cylindrical

Terajet (“teraknife”) is obtained [see Figs. 3(d) and 3(e)].

For both 2D and 3D cases, several gold spheres with differ-

ent diameters (di) are placed at the distance zi¼ di/2, where

i¼ 1, 2, 3… represents the sphere number, in order to evalu-

ate the backscattering produced by the system when the

spheres are touching the output face of the 2D/3D cuboids.

Simulation results of the backscattering enhancement are

presented in Fig. 3(f) as a function of the diameter of the

gold spheres. It is shown that higher values are obtained for

the 3D case, in good agreement with previous results.11,12

This is as expected due to the ability to generate terajets on

both E- and H-planes using 3D cuboids. However, even

though lower values of backscattering enhancement are

achieved using 2D cuboids, these structures are able to detect

particles placed at different positions along the cylindrical

teraknife by recording its backscattering intensity.

Finally, the existence of terajets is experimentally dem-

onstrated at sub-THZ frequencies. As it has been explained

previously, the 3D cuboid here proposed can be scaled from

microwaves up to optical frequencies. The ability of a 3D

cuboid to generate terajets is evaluated in the sub-THZ range

at fexp¼ 35GHz (kexp¼ 8.57mm). The dimensions of the 3D

cuboid are the same as described in previous sections for the

terajet case considering k0¼ kexp. The measurements of the

power distribution are carried out using the method of mova-

ble probe.7 Experimental and simulation results of the nor-

malized power distribution along the transversal x-axis at

z¼ 0.1k0, i.e., close to the output face of the 3D cuboid of

Teflon (n¼ 1.46) are presented in Fig. 4. It is shown that

both simulation and experimental results are in good agree-

ment, with a maximum error between them of 7% and a fo-

cusing enhancement of �10 times the incident plane wave.

Note that this value is also in good agreement with Fig. 2(c)

where an enhancement of �9.5 times the incident plane

FIG. 3. (a) Schematic representation of

the configuration used to evaluate the

backscattering enhancement generated

by the 3D cuboid. Simulation results of

the backscattering enhancement of the

system 3D cuboidþmetal particle rel-

ative to the 3D cuboid alone when

metal particles with diameters

d1¼ 0.08k0 (blue lines), d2¼ 0.14k0
(green lines), and d3¼ 0.2k0 (red lines)

are moved along z-axis (b) and along

x-axis at z¼ 0.5k0 (c). Simulation

results of the cylindrical Terajet gener-

ated for a 2D dielectric cuboid with re-

fractive index n¼ 1.41 with the same

dimensions as Figure 1 along x- and z-

axes and 6L¼ 6k0 along y-axis: (d)

power distribution on the xz-plane/H-

plane and (e) on the yz-plane/E-plane.

(f) Backscattering enhancement of the

system 2D/3D cuboidþmetal particle

relative to the metal particle alone for

different diameters of gold spheres

placed at the distance zi¼ di/2 from the

output face of the cuboids.
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wave is obtained at the same distance as experiment using a

3D cuboid with n¼ 1.41.

In conclusion, 3D dielectric cuboids working at terahertz

frequencies with the ability to generate terajets at its output

surface under plane wave illumination have been studied

numerically. By changing the refractive index of the 3D

cuboids, it has been demonstrated that the focus is moved

from inside to outside the structure with a quasi-symmetric

terajet and a high intensity of about 10 times the illuminating

power when n¼ 1.41. Moreover, it has been demonstrated

the ability of such 3D dielectric cuboids to enhance the back-

scattering perturbation when gold spheres of different sizes

are introduced within the terajet region and moved along z

and x axes. Finally, the performance of 3D and 2D dielectric

cuboids has been studied demonstrating the ability of both

structures to enhance the backscattering of gold spheres rela-

tive to the backscattering produced by the isolated spheres.

The structure here proposed can be used at microwaves and

also as a scaled model at optical frequencies, simplifying the

fabrication process compared with spherical dielectrics and

could find applications in microscopy devices.

This work was supported in part by the Spanish Government

under Contract Consolider Engineering Metamaterials

CSD2008-00066 and Contract TEC2011-28664-C02-01.

V.P.-P. is sponsored by Spanish Ministerio de Educaci�on,

Cultura y Deporte under Grant FPU AP-2012-3796. M.B. is

sponsored by the Spanish Government via RYC-2011-08221.

In memoriam of our beloved friend Prof. Mario Sorolla.

1M. Born and E. Wolf, Principles Of Optics, 7th ed. (Cambridge University

Press, New York, 1999).
2J. B. Pendry, Phys. Rev. Lett. 85, 3966 (2000).
3N. Fang, H. Lee, C. Sun, and X. Zhang, Science 308, 534 (2005).
4Z. Liu, H. Lee, Y. Xiong, C. Sun, and X. Zhang, Science 315, 1686

(2007).
5S. M. Mansfield and G. S. Kino, Appl. Phys. Lett. 57, 2615 (1990).
6I. V. Minin, O. V. Minin, N. Gagnon, and A. Petosa, in Proceedings of

Joint 31st International Conference on Infrared Millimeter Waves and

14th International Conference Terahertz Electronics (IEEE, Shanghai,

China, 2006), p. 170.
7I. V. Minin and O. V. Minin, Chin. Opt. Lett. 12, 060014 (2014).
8Y. F. Lu, L. Zhang, W. D. Song, Y. W. Zheng, and B. S. Luk’yanchuk,

J. Exp. Theor. Phys. Lett. 72, 457 (2000).
9X. Hao, C. Kuang, X. Liu, H. Zhang, and Y. Li, Appl. Phys. Lett. 99,

203102 (2011).
10Z. Wang, W. Guo, L. Li, B. Luk’yanchuk, A. Khan, Z. Liu, Z. Chen, and

M. Hong, Nat. Commun. 2, 218 (2011).
11Z. Chen, A. Taflove, and V. Backman, Opt. Express 12, 1214 (2004).
12X. Li, Z. Chen, A. Taflove, and V. Backman, Opt. Express 13, 526 (2005).
13A. Heifetz, S.-C. Kong, A. V. Sahakian, A. Taflove, and V. Backman,

J. Comput. Theor. Nanosci. 6, 1979 (2009).
14S. Lecler, Y. Takakura, and P. Meyrueis, Opt. Lett. 30, 2641 (2005).
15C. Liu, L. Chang, and L. Yang, in Proceeding of the 9th IEEE

International Conference Nano/Micro Engineered and Molecular Systems

(2014), p. 536.
16C. Liu, Prog. Electromagnet. Res. Lett. 37, 153 (2013).
17Y. E. Geints, A. A. Zemlyanov, and E. K. Panina, J. Opt. Soc. Am. B 28,

1825 (2011).
18A. Heifetz, K. Huang, A. V. Sahakian, X. Li, A. Taflove, and V. Backman,

Appl. Phys. Lett. 89, 221118 (2006).
19M. A. Ordal, R. J. Bell, R. W. Alexander, L. L. Long, and M. R. Querry,

Appl. Opt. 24, 4493 (1985).
20M. Staffaroni, J. Conway, S. Vedantam, J. Tang, and E. Yablonovitch,

Photonics Nanostruct. Fundam. Appl. 10, 166 (2012).
21J. Lloyd-Hughes and T.-I. Jeon, J. Infrared, Millimeter, Terahertz Waves

33, 871 (2012).

FIG. 4. Experimental (filled circles) and simulation (continuous line) results

of the normalized power distribution along the x-axis at z¼ 0.1k0.

084102-4 Pacheco-Pe~na et al. Appl. Phys. Lett. 105, 084102 (2014)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:

130.206.158.233 On: Wed, 27 Aug 2014 21:40:08

http://dx.doi.org/10.1103/PhysRevLett.85.3966
http://dx.doi.org/10.1126/science.1108759
http://dx.doi.org/10.1126/science.1137368
http://dx.doi.org/10.1063/1.103828
http://dx.doi.org/10.3788/COL201412.060014
http://dx.doi.org/10.1134/1.1339899
http://dx.doi.org/10.1063/1.3662010
http://dx.doi.org/10.1038/ncomms1211
http://dx.doi.org/10.1364/OPEX.12.001214
http://dx.doi.org/10.1364/OPEX.13.000526
http://dx.doi.org/10.1166/jctn.2009.1254
http://dx.doi.org/10.1364/OL.30.002641
http://dx.doi.org/10.2528/PIERL12121902
http://dx.doi.org/10.1364/JOSAB.28.001825
http://dx.doi.org/10.1063/1.2398907
http://dx.doi.org/10.1364/AO.24.004493
http://dx.doi.org/10.1016/j.photonics.2011.12.002
http://dx.doi.org/10.1007/s10762-012-9905-y

