Localized Photonic jets from flat 3D dielectric
cuboids in the reflection mode
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A photonic jet (terajet at THz frequencies) commonly denotes a specific spatially localized region in the near-field at the
front side of a dielectric particle with diameter comparable with wavelength illuminated with a plane wave from its backside
(i.e., the jet emerges from the shadow surface of a dielectric particle). In this paper the formation of photonic jet is
demonstrated using the recently proposed 3D dielectric cuboids working in “reflection”" mode when the specific spatially
localized region is localized towards the direction of incidence wavefront. The results of simulations based on Finite
Integration Technique are discussed. All dimensions are given in wavelength units so that all results can be scaled to any
frequency of interest including optical frequencies, simplifying the fabrication process compared with spherical dielectrics.
The results here presented may be of interest for novel applications including microscopy techniques and sensors. © 2014

Optical Society of America
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It i1s known that several applications, such as those in
microscopy, require the focusing of an incoming plane
wave into a spot (focus) with a spatial resolution smaller
than the incident wavelength. However, the limit imposed
by the diffraction of electromagnetic (EM) waves should
be addressed in order to generate a subwavelength focal
spot [1]. This limit in spatial resolution has been
extensively studied recently leading to different
techniques [2-7].

Several years ago, a way to overcome the diffraction
limit using microscaled cylindrical (2D), spherical (3D)
and spheroidal dielectrics under plane wave illumination
was reported [8-19], demonstrating the capability to
produce photonic nanojets (PNJ) with a resolution of A¢/3
(where 2o is the operation wavelength). Also, the
capability to produce jets at terahertz (THz) and sub-THz
frequencies (so called terajets) has been recently proposed
and demonstrated experimentally by using 2D and 3D
dielectric cuboids [20,21]. It has been demonstrated that
such structures have similar performance compared with
the  spherical  dielectrics,  demonstrating  that
subwavelength spatial resolution can be reached when a
contrast of refractive index between the 3D cuboid and the
background medium is less than 2:1. It has been reported
that terajets formation based on dielectric cuboids is
possible not only at the fundamental harmonic, but also at
other frequency harmonics for normal and oblique
incidence [21]. Such structure may be considered as a
planar jet lens emerging from the shadow surface of its
output face.

Various practical applications require the creation of
different types of photonic jets or streams with specific
characteristics and properties. To date, the formation of
photonic jets and their applications have been developed

using dielectric particles in the transmission regime. i.e.,
the dielectric particles are illuminated with a plane wave
from their back and the jet is formed just at their front
(along the propagation direction of the incident radiation).

In this paper, the capability to produce photonic jets is
evaluated using 3D dielectric cuboids in the reflection
regime. In this case, the whole structure is illuminated
with a planewave from its front side and a photonic jet
(focus) is produced close to the surface of the dielectric
cuboid but at the opposite direction of the incident
electromagnetic field, as it should be expected). First, the
capability to produce photonic jets is numerically studied
using dielectric cuboids with different dimensions along
the optical zaxis. The focusing properties are evaluated in
terms of focal length (FL), full-width at half-maximum
along both transversal x- and y- axis (FWHMx and
FWHMy, respectively) at each focal length and the
ellipticity (defined as the ratio between both transversal
resolutions FWHMyJFWHM,). Simulation results
demonstrate that the photonic jet is located inside the
dielectric cuboid when its dimension along z is greater
than 0.4%0 at the operation wavelength. Moreover, the
optimum thickness in terms of ellipticity is ~0.33A0 with
results in an ellipticity ~1.07; i.e., an almost spherical
focus is achieved at the focal position. The multifrequency
response is also evaluated at the first harmonic (.1'=0.50)
demonstrating that subwavelength focusing is also
reachable working in the reflection regime at frequency
harmonics. Finally, the photonic jet performance is
evaluated at the fundamental frequency under oblique
incidence by rotating the 3D dielectric cuboid from 0° to
15° demonstrating that the enhancement at the focal
position is not deteriorated with respect to the value
obtained under normal incidence.
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Fig. 1. Schematic representation of the proposed 3D
dielectric cuboid working in the reflection mode placed at
the front of a metallic plate of aluminum with dimensions
21x21x0.33L. The 3D dielectric cuboid of refractive index n
= 1.46 has transversal dimensions L = Ao along both x-and
y- axis and thickness A perspective view (a) and lateral
view (b). The whole structure is immersed in vacuum (10 =
1.

To begin with, it is known that the effects of photonic
jets cannot be predicted on the basis of geometrical optics
or scalar diffraction theory. Therefore it is essential to
study the propagation of electromagnetic waves through
such elements using Maxwell’s equations. To evaluate the
photonic jet performance, the numerical results in this
work are carried out using the transient solver of the
commercial software CST Microwave Studio™ with the
same boundary conditions and mesh as in [20,21].
Moreover, since the 3D dielectric cuboids can be scaled at
different frequency ranges, here both wavelength and
frequency will be normalized as An' = An/ Ao and f'= £, /15
where the unprimed and primed ones are the physical
and normalized values, respectively, n = 0, 1, 2 and
represents the fundamental (2 = 0) and higher order
harmonics (2 =1, 2) and L is the dimension of the cuboid
along both transversal x- and y- axes. Note that the
normalization of both, A' and f, are calculated with respect
to 2o and fo which correspond to the physical values of the
fundamental wavelength and frequency, respectively.

The 3D dielectric cuboid used in this letter in the
reflection regime is schematically shown in Fig.1 (a). The
cuboid, with a refractive index of n = 1.46, has lateral
dimensions L = Ao and thickness H and is placed at the
front side of a metallic plate of aluminum (with a
conductivity oal = 3.56 x 107 S/m) of dimensions 2L x 2L x
0.33L along x-, y- and z- axis, respectively. Note that, all
the dimensions have been normalized to the fundamental
wavelength (Lo). Also, a vertically polarized (%) plane
wave is used as a source illuminating the cuboid from its
front side; i.e., with a propagation along the negative z
axis [see Fig. 1(b)]. To evaluate the photonic jets produced
in reflection mode, the whole structure is considered to be
immersed in vacuum (no= 1).

First, the focusing performance of the photonic jets is
evaluated at the normalized fundamental frequency (fo' =
1, X' = 1) using several 3D dielectric cuboids with the
same transversal dimensions (along x- and y- axis) and
changing the dimension along the optical axis (z- axis).
Numerical results of the power distribution on the xz
plane/ H-plane for different values of the cuboid thickness
Hfrom 0.2\ to 0.8\ with a step of 0.240 are shown in the
left column of Fig. 2. It can be observed that focusing is
produced for all the geometries; however, for values of H=
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Fig. 2. Numerical simulations of the power distribution on
the xzplane/Hplane (left column) along with the
normalized power distribution along the optical z-axis
(right column) for different cuboids when the transversal
dimensions are fixed with a value of LxL = Ao'xko' along x-
and y- axis, while the optical dimension along z- axis is
changed with values of: (a) = 0.2L0", (b) H=0.4\o",(c) H=
0.610' and (d) H = 0.8%0'. For the plots at the right column,
the output surface of the 3D dielectric cuboid is plotted as
orange dotted line, the power distribution without the
presence of the dielectric cuboid is plotted as gray dotted
line and the power distribution on the xy-plane at each
focal length is shown as inset (the cuboid and the metal
square are plotted as white dashed lines.

0.6A0 and H = 0.8\ the focus is inside the 3D dielectric
cuboid. By decreasing the axial dimension below 0.4Xo, it
is shown that the photonic jet is moved toward the cuboid
and it is close to the output surface when A = 0.4A0 and
completely outside the cuboid for H = 0.2X0. In order to
better compare these results, the normalized power
distribution along the optical zaxis is shown on the right
column of Fig. 2 for each value of H (the output surface of
the 3D dielectric cuboid is plotted an orange dotted line in
all cases as a reference and the power distribution without
the presence of the cuboid is plotted as a gray line). From
these results, the optimum value of H should be H<0.4)o,
in order to produce the photonic jet just at the surface of
the cuboid for the fundamental frequency. Note that, this
dimension is optimal for the refractive index here used
and this should be changed for different values of n, for
example, if His selected to be 0.8\ a value of 7=1.2 (not
shown here) should be used for the cuboid in order to
obtain the photonic jets just at the surface of the dielectric.
Based on this, with the aim of studying the features of the
photonic jets produced at the output surface of the cuboid,
several structures were evaluated for values of H from
0.2X0 to 0.4%o with a step of ~0.07A0 at the fundamental



frequency (fo' = 1, o' = 1) and the first frequency harmonic
(fi' =2, M1' = 0.5). The focusing properties are summarized
in Table 1 and its performance is evaluated in terms of
the focal length (FL), power enhancement (defined as the
ratio of the power distribution at the FL with and without
the presence of the dielectric cuboids) and photonic jet
exploration range (Al,), defined as the distance from the
FL at which the intensity enhancement has decayed to
half its maximum value. Note that in this case the
maximum value is selected to be at the FL. and not at the
surface of the cuboid as in [20]. This is due to the fact that
the focus may be outside of the cuboid and not just at the
surface for different values of H, as it has been explained
before. It can be observed that the best performance at the
fundamental frequency is obtained for a value of H =
0.33ho, where the photonic jet is obtained closer to the
output surface of the dielectric cuboid and a maximum
enhancement of ~7.3 is achieved. On the other hand,
when the first frequency harmonic is used, the best
performance is achieved for a value of H = 0.4\o with an
enhancement of ~17. Note that, in general, the
enhancement achieved with the first frequency harmonic
is higher for all the values of H here evaluated with
respect to those obtained at the fundamental frequency,
which is in good agreement with the recently proposed
cuboid working in the transmission regime [21].
Therefore, this structure may be used for both frequency
harmonics where the photonic jet performance is not
deteriorated.

For the sake of completeness, numerical results of the
full-width at half-maximum along both transversal x and
y axis (FWHMx and FWHMjy respectively) at the
fundamental and first frequency harmonic are plotted in
Fig. 3 (a-b) for the same range of H. Also, the ellipticity for
both frequencies are plotted in Fig. 3 (¢). For the case of
the fundamental frequency, it is shown that again the
best performance is achieved when H = 0.33A0 with a
resolution of FWHMx = 0.44\' and FWHM, = 0.41\"
With this design, the best ellipticity is obtained with a
value of 1.073, 1.e., a quasi-spherical spot is achieved. On
the other hand, the best design for the first frequency
harmonic is also obtained when H = 0.4% with values of
FWHM; = 0.55M" and FWHMjy = 0.57\1' with an ellipticity
of 0.96 which is also an almost spherical focus.

Table 1. Numerical results of the photonic jet performance
in reflection mode at the fundamental (fo’=1, A¢o’=1) and
first frequency harmonic (fo'=2, 10’=0.5) using 3D
dielectric cuboids with the same transversal dimensions
and different values of optical dimension H.

Frequency H Flra Enhancement AP
fo' = o1 0.2450' ~7.25 0.710'
f1'=2 00,8740 ~17 1.08M1"
fo'=1 0.188\¢' ~7.3 0.789¢'
f1'=2 0330 ¢ 7400, 10.3 1.3211"
fo' = 0.269' ~6.6 0.796)0'
fi'=2 02720 gy ~13.6 1.7401"
fo' = 0.2 0.45M0' ~4.5 1.06)¢'
f1'=2 ~an0 2.1201" ~7.8 3.1

aFL is the focal length.
bA,is the photonic jet exploration range.
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Fig. 3. Numerical results for the fundamental (black

curves) and first frequency harmonic (red curves) of: (a)
full-width at half-maximum along the x-axis, (b) full-width
at half-maximum along the yaxis and (c) the ellipticity
defined as the ratio between both spatial resolutions
FWHM/FWHMy.

Fig. 4. Simulation results of the normalized power
distribution on the xZH)plane for the 3D dielectric cuboid
under oblique incidence at the fundamental frequency (Ao’
= 1) when the whole structure is rotated at (a) 5°, (b) 10°
and (c) 15°.

It is also interesting to evaluate the focusing
performance of the 3D dielectric cuboid in reflection
regime under oblique incidence. Numerical results of the
the normalized power distribution on the xzplane/H
plane are shown in Fig. 4 at the fundamental frequency
(fo' = 1, A0' = 1) when the whole structure is rotated from 5°
to 15° with a step of 5°. The dimensions of the cuboid are
Aoxhox0.33ko along x-, y- and z-axis, respectively; which
are the dimensions of the cuboid with the best focusing
performance at this frequency, as it has been explained
before. In Fig. 4, a spillover of energy around the edges of
the cuboids is observed in the direction of rotation. As a
result of the destructive interference, the shape of the
photonic jet is distorted. Regarding the focusing
enhancement the values are ~7.14, ~7.39 and ~7.4 for the
rotation angles 5° 10° and 15° respectively,
demonstrating that the photonic jet is preserved and its
performance is not fully deteriorated. Also, it can be
observed that the direction of the photonic jet is clearly
dependent on the rotation angle and therefore the
photonic jet may be rotated in the space.
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plane/ Hplane when the width of the cuboid is increased to
reach the metal plate and the whole structure is rotated
10°. Normalized power distribution along the transversal
xaxis (b) at the FL (z=0.2490) and along the optical z-axis
(c) at x=-0.21%0'.

Fig. 5.

Finally, Fig. 5 shows the normalized power distribution
when the width (dimension along the transversal xaxis)
of the cuboid is increased to reach the metal plate G.e., the
total width is 1.540) and the whole structure is rotated at
10° relative to the direction of the incident planewave.
Now the area of high field concentration corresponding to
the photonic jet is not perpendicular, but substantially
parallel to the flat surface of the cuboid and the photonic
jet is widened and narrowed along the x-axis and zaxis,
respectively. Numerical results of the normalized power
distribution along the transversal x- axis at the FL
(z=0.249\0) and along the optical axis at x="0.21A¢' are
shown in Fig. 5 (a) and (b), respectively. From these
results the values of FWHMx and photonic jet exploration
range are ~0.96A0 and 0.245)\0, respectively. Moreover,
the enhancement achieved with this configuration is ~
5.6; 1.e, the enhancement is reduced in 1.79 in comparison
with the geometry shown in Fig. 4 (b).

In conclusion, the capability to produce photonic jets
using a 3D dielectric cuboid of refractive index 1=1.46
immersed in vacuum (2= 1) working in reflection mode
has been studied. The focusing properties of the spot
produced by the cuboid have been evaluated at the
fundamental and first frequency harmonic under normal
incidence when the dimension along z-axis (/) is changed.
The photonic jet performance has been studied in terms of
spatial resolution (FWHM), FL, enhancement, photonic
jet exploration range and ellipticity. The results here
presented demonstrate that the best performance for the
fundamental and first frequency harmonic are obtained
when H=0.33M0 and /=0.4\0, respectively, with a quasi-
spherical and subwavelength spot at the FL in both cases.
Also, the photonic jets produced have been studied under
oblique incidence by rotating the reflecting structure for
angles from 5° to 15° demonstrating that a high
enhancement is achievable even when the structure is not
illuminated at 0°. Finally, it has been shown that it is
possible to control the position of the photonic jet under
oblique incidence by simply extending the width of the
cuboid. Demonstrating that the photonic jet can be
parallel to the flat surface of the cuboid. Due to our

limitations in  fabrication and  measurements,
experimental demonstrations have not been possible yet;
however we hope to solve it in the near future. The results
here presented may be scaled to other frequency bands
such as optical frequencies and may be applied to enhance
the radiation performance of antennas, novel microscopy
techniques and sensors.

This work was supported in part by the Spanish
Government under contract TEC2011-28664-C02-
01. V.P.-P.is sponsored by Spanish Ministerio de
Educacién, Cultura y Deporte under grant FPU
AP-2012-3796. M.B. is sponsored by the Spanish
Government via RYC-2011-08221.

References.

1. M. Born and E. Wolf, Principles Of Optics, 7th ed.
(Cambridge University Press, 1999).

2. (A. D)emetriadou and Y. Hao, Opt. Express 19, 19925
2011).

3. A. Demetriadou and Y. Hao, IEEE Antennas Wirel.
Propag. Lett. 10, 1590 (2011).

4. E. T. F. Rogers, J. Lindberg, T. Roy, S. Savo, J. E. Chad,
M. R. Dennis, and N. I. Zheludev,Nat. Mater. 11, 432
(2012).

5. 0. V. Minin and I. V. Minin, in Class. Opt. 2014 (Osa,
Washington, D.C., 2014)

6. Z. Wang, W. Guo, L. Li, B. Luk’'yanchuk, A. Khan, Z.
Liu, Z. Chen, and M. Hong, Nat. Commun. 2, 218
(2011).

7. T. Roy, E. T. F. Rogers, and N. I. Zheludev, Opt.
Express 21, 7577 (2013).

8. Z. Chen, A. Taflove, and V. Backman, Opt. Express 12,
1214 (2004).

9. X. Li, Z. Chen, A. Taflove, and V. Backman, Opt.
Express 13, 526 (2005).

10. A. Heifetz, S.-C. Kong, A. V Sahakian, A. Taflove, and
V. Backman, J. Comput. Theor. Nanosci. 6, 1979 (2009).

11. S. Lecler, Y. Takakura, and P. Meyrueis, Opt. Lett. 30,
2641 (2005).

12. M.-S. Kim, T. Scharf, S. Miihlig, C. Rockstuhl, and H.
P. Herzig, Opt. Express 19, 10206 (2011).

13. Y. L. Ku, C. F. Kuang, X. Hao, H. F. Li, and X. Liu,
Optoelectron. Lett. 9, 153 (2013).

14. A. Devilez, B. Stout, N. Bonod, and E. Popov, 14200
(2008).

15. A. Devilez, N. Bonod, J. Wenger, D. Gérard, B. Stout,
H. Rigneault, and E. Popov, Opt. Express 17, 2089
(2009).

16. L. Zhao and C. K. Ong, J. Appl. Phys. 105, (2009).

17. P. Ferrand, J. Wenger, A. Devilez, M. Pianta, B. Stout,
N. Bonod, E. Popov, and H. Rigneault, Opt. Express 16,
6930-6940 (2008).

18. A. Heifetz, K. Huang, A. V. Sahakian, X. Li, A.
Taflove, and V. Backman, Appl. Phys. Lett. 89, 221118
(2006).

19. M. J. Mendes, 1. Tobias, A. Marti, and A. Luque, J.
Opt. Soc. Am. B 27, 1221-1231 (2010).

20. V. Pacheco-Pena, M. Beruete, I. V. Minin, and O. V.
Minin, Appl. Phys. Lett. 105, 084102 (2014).

21. V. Pacheco-Penia, M. Beruete, I. V Minin, and O. V
Minin, Opt. Lett. 40, 245 (2015).



(Full References)

1. M. Born and E. Wolf, Principles Of Optics, Tth ed.
(Cambridge University Press, 1999).

2. A. Demetriadou and Y. Hao, "Slim Luneburg lens for
?nten)na applications,” Opt. Express 19, 19925-19934

2011).

3. A. Demetriadou and Y. Hao, "A Grounded Slim
Luneburg Lens Antenna Based on Transformation
Electromagnetics," IEEE Antennas Wirel. Propag. Lett.
10, 1590-1593 (2011).

4. E. T. F. Rogers, J. Lindberg, T. Roy, S. Savo, J. E. Chad,
M. R. Dennis, and N. I. Zheludev, "A super-oscillatory
lens optical microscope for subwavelength imaging.,"
Nat. Mater. 11, 4325 (2012).

5. 0. V. Minin and I. V. Minin, "Design of Subwavelength
Resolution 3D Diffractive Optics," in Classical Optics
2014, OSA, ed. (Osa, 2014).

6. Z. Wang, W. Guo, L. Li, B. Luk’yanchuk, A. Khan, Z.
Liu, Z. Chen, and M. Hong, "Optical virtual imaging at
50 nm lateral resolution with a white-light nanoscope.,"
Nat. Commun. 2, 218 (2011).

7. T. Roy, E. T. F. Rogers, and N. 1. Zheludev, "Sub-
wavelength focusing meta-lens.," Opt. Express 21,
7577-82 (2013).

8. Z. Chen, A. Taflove, and V. Backman, "Photonic nanojet
enhancement of backscattering of light by
nanoparticles: a  potential novel visible-light
ultramicroscopy technique.," Opt. Express 12, 1214—
1220 (2004).

9. X. Li, Z. Chen, A. Taflove, and V. Backman, "Optical
analysis of nanoparticles via enhanced backscattering
facilitated by 3-D photonic nanojets.," Opt. Express 13,
526-33 (2005).

10. A. Heifetz, S.-C. Kong, A. V Sahakian, A. Taflove, and
V. Backman, "Photonic Nanojets.," J. Comput. Theor.
Nanosci. 6, 1979-1992 (2009).

11. S. Lecler, Y. Takakura, and P. Meyrueis, "Properties of
a three-dimensional photonic jet.," Opt. Lett. 30, 2641-3
(2005).

12. M.-S. Kim, T. Scharf, S. Miihlig, C. Rockstuhl, and H.
P. Herzig, "Engineering photonic nanojets.," Opt.
Express 19, 10206-10220 (2011).

13. Y. L. Ku, C. F. Kuang, X. Hao, H. F. Li, and X. Liu,
"Parameter optimization for photonic nanojet of
Elielec;cric microsphere," Optoelectron. Lett. 9, 153-156

2013).

14. A. Devilez, B. Stout, N. Bonod, and E. Popov, "Spectral
analysis of three-dimensional photonic jets." Opt.
Express 16, 14200-14212 (2008).

15. A. Devilez, N. Bonod, J. Wenger, D. Gérard, B. Stout,
H. Rigneault, and E. Popov, "Three-dimensional
subwavelength confinement of light with dielectric
microspheres.," Opt. Express 17, 20892094 (2009).

16. L. Zhao and C. K. Ong, "Direct observation of photonic
jets and corresponding backscattering enhancement at
microwave frequencies," J. Appl. Phys. 105, (2009).

17. P. Ferrand, J. Wenger, A. Devilez, M. Pianta, B. Stout,
N. Bonod, E. Popov, and H. Rigneault, "Direct imaging
of photonic nanojets.," Opt. Express 16, 6930-6940
(2008).

18. A. Heifetz, K. Huang, A. V. Sahakian, X. Li, A.
Taflove, and V. Backman, "Experimental confirmation
of backscattering enhancement induced by a photonic
jet," Appl. Phys. Lett. 89, 221118 (2006).

19. M. J. Mendes, 1. Tobias, A. Marti, and A. Luque,
"Near-field scattering by dielectric spheroidal particles
with sizes on the order of the Illuminating Wavelength,"
J. Opt. Soc. Am. B 27, 1221-1231 (2010).

20. V. Pacheco-Penia, M. Beruete, I. V. Minin, and O. V.
Minin, "Terajets produced by dielectric cuboids," Appl.
Phys. Lett. 105, 084102 (2014).

21. V. Pacheco-Penia, M. Beruete, I. V Minin, and O. V
Minin, "Multifrequency focusing and wide angular
scanning of terajets," Opt. Lett. 40, 245-248 (2015).



