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\
In this work, we demonstrate the ability of high-index die %\ticles

immersed in air to generate photonic nanojets with extre e‘s)u.t'oQ(~0.06}uo).

Both 2D (cylindrical) and 3D (spherical) particles are na-l;zed anditheir profile is

truncated using the Weierstrass formulation for solidimmersion l)nses to produce a

photonic nanojet at the output surface u ei@ne@e illumination. Their

focusing capability is evaluated in ter%p‘gfal resolution achieving
A

subwavelength values of ~0.14% an runcated cylinder and sphere

respectively. The capability of the truncated sphere to enhance the backscattering

produced by two small metallic rical scatterers placed near the photonic

nanojet is evaluated by, usinN ing-probe microscopy configuration. The

imaging capabilities of th}cﬂﬂque are also analyzed by moving the metallic

spheres in the pfansvegsal plane where the photonic nanojet is produced. The
i

results herepresen mprove greatly the typical resolution of photonic nanojets

generatgd wi diele?ﬁc particles with small index contrast. In addition, the high-

index mwows using mesoscale particles, leading to a more compact setup.

sults may find applications in areas such as microscopy, imaging and

ices where a subwavelength resolution below the diffraction limit is
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As it is known, the spatial resolution of an imaging system is naturally limited by the diffraction of
electromagnetic waves because the scattered field produced by small features is mainly evanescent, hindering
their detection!. The necessity to improve the performance of imaging systems for microscopy applications
resolving the subwavelength features of an object has pushed forward the scientificscommunity in order to

overcome this diffraction limit. Different methods and techniques have been p po% such assolid immersion

lenses®™, diffractive optics’, microspherical dielectrics®?, superoscillatory devi d metamaterials'>'. In

this realm, photonic nanojets (PNJs) were first proposed and demonstrated se

~

frequencies by using micrometer scaled dielectric elements with cylindrieal (2D) and also spherical (3D)

al years ago at optical

geometries!®2!, 5
PNJs are high intensity, non-evanescent and narrow beaﬁ&enem)ed just at the output surface of dielectric

particles, usually cylinders or spheres, when they ar illuminated with a planewave. The typical approach to

generate PNJs is to fix a relatively small index c tw en the dielectric particle and the background
medium, usually less than two (n/ng < 2)'%22 bul Uso With-an index contrast close to unity?®* when working in
reflection mode. With this strategy a sub g\s atial resolution of A¢/3 (where A is the operational
wavelength) has been obtained with P by dielectric microspheres, beating the diffraction limit?>*2°,

One limitation of this approach is t rtlcles must have a large size (around five wavelengths) in order to

achieve subwavelength resolution. In additien to spheres and cylinders, alternative geometries to produce PNJs

ch*as core-shell dielectrics®®?’, hemispherical and elliptical particles®®?’, dielectric

ind’ex s71

and gr
as waveguidin ‘Fwo I emission®’, surface plasmons®*, optical trapping*®*! backscattering!®!4243,

Raman sig e@wemem 445 and also working in reflection mode***®, demonstrating to be good candidates to

have been suggested

30-32

cuboids ctures®. They have been proposed and demonstrated in different areas such

overcome th? diffraction limit in different fields and spectral ranges.
To.pus orvérd the limits and implement PNJs with extreme subwavelength spatial resolution, in this
.I.I:a script}re propose a provoking concept that consists basically in using a large index contrast between the
dieledsic particle and the background medium, n/ny >> 2, breaking the typical condition of mild index contrast,
S n/ny< 2. This way, we can boost the resolution and, at the same time, reduce the particle to a mesoscale size
(c\omparable to the operation wavelength). Both cylinders and spheres are evaluated and to achieve PNJs with

subwavelength resolution their profile is shaped using the Weierstrass formulation for immersion lenses?. The

spectral response of the generated PNJs is studied in detail and the backscattering enhancement and imaging
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Publishin g capabilities of the proposed PNJs are comprehensively analyzed, demonstrating their ability to enhance the
backscattering of metallic spheres and detect subwavelength features of an image, with a record resolution of
~0.06)0.

Il. MESOSCALE HIGH-INDEX CYLINDER (2D)

05 0.5

y. Z (ko)

.1 (a) Schematic representation of a high-index cylinder with radius » = 0.55k immersed in air under planewave
inationjith vertical polarization, Ey. Numerical results of the power distribution on the x-z plane at (b) f=fo and (c) f=

= The right panels in (b,c) correspond to a zoom-in picture of the area delimited in the left panels with a blue square. In

the same Is, the vertical white dashed lines represent the displacement of the PNJ when the operation frequency is changed

from @lto f1. As observed, one of these lines is tilted showing how the PNJ is moved inside of the high-index cylinder. To

ide the eye, the cylinder is represented with white dotted lines in (b,c). (d) Power distribution along the z-axis at three

different harmonics fo (blue), 17 = 2fo (blue) and /> = 3/p (red).

T

All the numerical simulations in this manuscript are carried out using the transient solver of the commercial

software CST Microwave Studio®. In the following discussion the spectral response of the PNJs is evaluated at

the fundamental design frequency (fp = 50 GHz) and integer harmonics of it, f,, = (m+1)fy with m = 0, 1, 2.
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Publishin g Titanium Dioxide (TiO») is used for the dielectric particles since it has a high permittivity, & ~ 92 + i4.6 (Re{n}

~ 9.59) and relatively low loss at microwave frequencies (tan & ~ 0.05)*’ and the particles are in all cases
embedded in air (np=1).
In the first study, we consider a high-index cylinder with radius of 0.55), where Ao = 6 mm is the wavelength

at the design frequency, see scheme in Fig. la. It is illuminated with a Vertically({olarized planewave (E))

propagating along the z axis (as shown in the same figure). In the simulation,

results of the power distribution on the x-z plane at fy shown in Fig. 1b ar€

ngnd tom electric plane
boundary conditions are used to emulate an infinite cylinder along the y axis. With' this setup, the numerical
%4\/& clear high intensity spot

is noticed inside the cylinder, unlike classical PNJs that appear on the ‘S-l:.:' of the'dielectric particles. To better
appreciate it, a zoom-in image is shown on the right-side panel of the samig figure. This is an expected result
because of the high refractive index contrast between TiO» a\'@(n/no~ :59)'® that deviates from the condition
n/ng < 2 to have a PNJ on the surface'®?2. As shown in Ic, a@ 2fo the PNJ is further shifted to the left
inside the cylinder. For completeness, the numericaﬂ of thelpower distribution along the z-axis at fo, f; and
f2 are shown in Fig. 1d, where it is clear that th oaw\ays inside the cylinder in all cases.

Based on the results shown in Fig. 1, t shj%he ition of the PNJ towards the surface one may think of
B

different options: (i) to immerse the cylinder inside a higher-index medium reducing the refractive index contrast
n/ny '8, or (ii) to change the geom .gfth\y er. Since our aim here is to work with a high refractive index
contrast, the shape of the cylinder will béengineered to generate a PNJ just at the border. A way to do this would

be by parametrically optimiizing thé\geometry of the high-index cylinder via numerical simulations?®. However,

an analytical approach to g}t the'epfimal shape is preferable for design purposes. Therefore, here the geometry

is obtained by e iting t Wérstrass formulation for solid immersion lenses?. The schematic representations
of the initia rmjunca cylinder are shown in Fig. 2a. The parameter a (which is the distance between the

center of the cylinder to the edge where the profile is truncated to a flat surface) can be calculated as?:
£
/ a= [1+1/n]r—r (1

-ﬁ
w%fﬁc refractive index of the cylinder. With this setup, and considering a cylinder with » = 0.55A, the

ﬁ
truncstlon 1s applied at a distance a = 0.057A from the center.

wx
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%g&eﬁ and truncated cylinder with » = 0.55\ immersed in air under
planewave illumination with vertical polafization, By,. Numerical results of the power distribution on the x-z plane for the
truncated cylinder at (b) /= fo and (c) f=f; ht panels in (b,c) correspond to a zoom-in picture of the area shown
in the left panels delimited with a blug/square. To g the eye, the truncated cylinder is represented as the white dotted lines
in (b,c). Intensity enhancement of the t Mder at fo (black) and fi = 2y (red) along the (d) propagation z-axis and (e)
transversal x-axis at z = 0.

The truncated cylinder résponse 18 numerically evaluated following the same setup as in Fig. 1 and the results

of the power d‘i?u ion oft the - plane at fj and f; are shown in Fig. 2b,c, respectively (a zoom-in image of
the power distribution is als

hown on the right-hand side of each panel for completeness). A clear PNJ is

hn\

obtained at4he @Ju‘c surface only at fj (Fig. 2b), whereas the high intensity spot is shifted inside the cylinder at
f1 (Figd2c). ;0 better compare the performance, the numerical results of the intensity enhancement (calculated
as/thewatio th/power distribution with and without the truncated cylinder) along the z-axis (atx =y = 0) is
shown in Fig. 2d. An intensity enhancement of 2.5 is obtained near z = 0 at the fundamental frequency fo.
Addi?nally, the intensity enhancement along the transversal x-axis (at y = z = 0) is plotted in Fig. 2e. A clear
focus”is obtained at fy with a Full-Width at Half-Maximum (defined as the distance at which the intensity
Qlancement has decayed half its maximum along the transversal axis) FWHM, = 0.14)\, demonstrating the
ability to produce a PNJ with a high spatial resolution. In contrast, no PNJ is produced at the output surface at f;

due to the fact that the focus is inside (Fig. 2c¢).
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IIl. MESOSCALE HIGH-INDEX SPHERE (3D)
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illumination with vertical polarization, E,. Nu
(d) Intensity enhancement along the transversal blue) and y- (green) axis at y =z = 0 and x =z = 0, respectively. The
power distribution on the x-y plane at z = 0 j§ shownasdnsetin panel (d) for completeness.

In the previous section, the abilit OQQNJ s with a high-index truncated cylinder was evaluated. From
the experimental point of view, it is also lmportant to evaluate the performance of 3D particles. To do this, we

e shown in Fig. 3a. As in the previous section, TiO, and air are chosen as

the high dielectric material an ckground medium, respectively. The profile of the truncated sphere is

calculated uﬁn%{ﬂ% éng rotational symmetry to the truncated dielectric cylinder shown in Fig. 2b.

'Eyvalua , open expanded boundary conditions are used in all directions (x,y,z) to embed the

With th& setup, the numerical results of the power distribution at f along the H-plane (x-z) and E-plane (y-
—

z) are shown in Fig. 3a,b, respectively. As observed, a clear PNJ is obtained at the output surface of the truncated
eré. To better compare these results, the numerical results of the intensity enhancement along the x-axis (at
y\= z = 0) and y-axis (at x = z = 0) are shown in Fig. 3d. A high spatial resolution is achieved with values of

FWHM, = 0.08%9 and FWHM, = 0.06), along the x and y axes, respectively, and an intensity enhancement at the

focal point of ~18.
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IV. BACKSCATTERING ENHANCEMENT

To evaluate the backscattering enhancement and imaging capabilities of the truncated sphere, small metallic
spherical scatterers are introduced within the PNJ produced at the output. The backscattering enhancement is
then calculated as in * as the ratio between Radar Cross Section (RCS) at the backward direction produced with
and without scatterers at the output of the truncated sphere. Note that this conﬁgure?{n can be considered as a
variation of scanning-probe microscopy technique'®*® where the probe correspo ;Sthe J produced by the
high-index dielectric instead of a needle-like structure®. The calculations are petformed following the setup
shown in Fig. 4a,f. The scatterers are two subwavelength metallic sp revma f gold (Au) with nominal
conductivity ca, = 4.561 x 107 S/m and a diameter of 0.067A, separatfs d distanee Ax and Ay when they are
aligned along the x or y axis, respectively (see Fig. 4a and Fig. 4f'for each Gfse, respectively). They are placed
at the output surface of the truncated sphere and are shifted 10‘ﬁg the x axis (depending on the axis where
the spheres are lying) from -0.267Ayto 0.267Ay with a step of o.qobgo. It is important to note that the same
results would be obtained if the metallic scatterers were Spatially fixed and the high-index dielectric sphere were

<

moved along the x or y transversal directions. [ tha&wript however, the scatterers are moved keeping the
high-index sphere in a fixed position, for 'm;%ty the calculation (to avoid changing the air-box used as
background medium. In this way, all th€ si ‘lb%\ns ;?e? calculated using the same configuration). For a complete
evaluation of the performance, a ea@the distance between them (either Ax or Ay ) is varied from

0.013Apto 0.13Ap with a step of 0.013A,.

With this setup, the

sults of the backscattering enhancement maps obtained when Ax or Ay is
varied are shown i
backscattering e

axis are cl ly*)bserv (white regions in Fig. 4b,g, respectively). To better compare these results, the

backscatfering emhancement using different values of Ax and Ay (0.13X, 0.06A¢ and 0.0132) are extracted from

Fig. 4b,
ﬂ

From tls results shown in Fig. 4c-e, it is inferred that for Ax = 0.013X (Fig. 4¢) the spatial resolution of the

£
d are }epicted in Fig. 4c-e and Fig. 4h-j, respectively.

PNJis ufficient to detect this small distance between the metallic spheres. However, the truncated sphere is

le t0 detect subwavelength features as small as 0.06A, (and larger), as observed in Fig. 4c-d. Similar

S performance is achieved when the metallic spheres are placed along the y axis and Ay is modified (see Fig. 4h-

j) demonstrating the backscattering enhancement capabilities of the proposed PNJ produced by the truncated

high-index sphere.
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ate the backscattering enhancement capabilities of the high-
index truncated sphere. Numerical results of the b: aticring enhancement distribution when two small gold spheres with

diameter of 0.067Ao are placed at the outpul Whe high-index truncated sphere and moved along the (b) x- and (g) y-
eri
ceaent

axis, respectively. The distance between the is changed with the parameter Ax and Ay in each case respectively.

nsidering a distance between the gold spheres of (¢) Ax = 0.13%¢; (d),
Ax = 0.06)0; (e) Ax = 0.013X0; (h) Ay = %y =0.06A0; (j) Ay = 0.013%0; when the Au spheres are lying and moved
along the x and y axis, (c-¢) and (h-j) respectively. Panels (c-¢) and (h-j) are extracted from the white dashed lines shown in
panels (b) and (f), respectively!

In the previous study, the'distange between the two scatterers was changed along the x or y axis and they

were shifted in a sihg is. H}Wever, it is also interesting to evaluate the imaging capabilities of the PNJ on
the whole x-y lanNIua e it, the x-y plane is scanned with the scatterers from —0.267Ato 0.267Ay with a

Dboth x and y directions (see insets of Fig. 5 for a schematic representation), with the metallic

When'Ax = 0.013) (Fig. 5a) the resulting image is slightly blurred and the subwavelength gap between the two
S g&heres is not fully detectable, in agreement with the results discussed in Fig. 4. However, when Ax = 0.06A, a
clearer image is achieved and the gap between the metallic spheres is correctly resolved, demonstrating the

imaging capabilities of the PNJ produced by truncated high-index sphere.
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FIG.5 Numerical results of the backscattering enhancement produced when two Au spheres with diameter 0.067\ are placed
at the output surface of the truncated high-index§phere separated by a distance (a) Ax =0.013% or (b) Ax =0.06As and moved
on the x-y plane from —0.267k0 to 0.267A with a step 0f0.006740 in both x and y directions. A schematic representation of the
setup used to obtain the image of the Au spheres is shewn in the right-hand side of each panel. The grey circle and white square
represent the truncated sphere (front view) and the region where the metallic spheres were shifted (are shown in the left panels),
respectively.

V. CONCLUSIONS

To sum up, truncated high-index dielectric cylinders (2D) and spheres (3D) have been proposed as a devices
to produce PNJs. The devised structures, immersed in air, have been numerically evaluated demonstrating
that a focal spot i§ produeed just at output surface with an extremely high spatial resolution of ~0.14 Ay and
~0.06L, for the.gylindénand the sphere, respectively, improving largely the typical resolution achieved using
conventjonal diglectrics. Furthermore, thanks to the use of a high-index material, mesoscale particles can be
employed, in contrast to the large size of classical particles used to generate PNJs. The imaging capabilities
of the trungated'sphere have been evaluated by using the generated PNJ as a variation of the scanning-probe
microseopy technique. This study has been analyzed in terms of the backscattering enhancement produced
when_two metallic spheres are placed near the PNJ region and moved along the transversal x and y axes
demonstrating that the image of subwavelength features as small as 0.06), can be successfully detected. The
present mechanism could also be applied to other geometrical structures such as cubes and ellipses, which

are now under study.
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