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Photonic jet in terahertz (THz) frequency range (tera-
jet) plays important role in modern THz scanning sys-
tems to achieve a superresolution beyond the diffraction
limit. Based on analytical simulations, we introduce
synergetic effect of a mesoscale dielectric sphere and
graphene to improve focusing properties of the parti-
cle. We show that a graphene-covered dielectric sphere
is able to enhance the field behind it, if refractive in-
dex is high. This conflicts with a generally accepted
statement that a jet is generated only for low-index di-
electrics with n < 2. We demonstrate tunability of the
terajet characteristics with respect to the graphene Fermi
energy and discover a Fano resonance causing the field
increase. This design leverages the tuning properties of
the graphene allowing dynamic control over the power
and size of the generated terajet in real-time. With high-
index materials we get the opportunity for integration
of the terajet-assisted imaging with semiconductor tech-
nology.

http://dx.doi.org/10.1364/a0. XX XXXXXX

In 2004, Chen et al. [1] numerically demonstrated that loss-
less spherical or elliptical microparticles are able to generate
extremely narrow-focused, high-intensity electromagnetic beam
with sub-wavelength lateral dimensions, known as photonic
nanojet (PN]J). This work showed that it is possible to signif-
icantly exceed the classical diffraction limit, opening new av-
enues for improving the resolution of existing technologies [2-5].
Today, the concept of PN]J has found a wide range of applica-
tions in modern optics, including high-resolution imaging [6, 7],
Raman and two-photon fluorescence enhancement spectroscopy
[8], nanoparticle detection and manipulation [9, 10], low-loss
coupled resonator optical waveguiding and nanolithography
[11, 12].

Recently, a terajet as a terahertz (THz) analog of the photonic
jet [3], has been proposed as a simple and effective method to
overcome the diffraction limit in the THz frequency range (0.1-10
THz), where the wavelength is much longer compared to that of
visible light [13, 14]. In particular, sub-wavelength spatial res-
olution below the Rayleigh limit (~ 0.331) was experimentally
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demonstrated using a Teflon sphere in Refs. [15]. The poten-
tial of such a sphere-coupled THz system for in situ analysis
of thin and almost transparent dielectric films or nonconduc-
tive biomaterials has been analyzed in our previous work [16].
Geometry of the terajet generator can be diverse. In Ref. [17],
the mesoscale dielectric cube was first proposed as a focusing
particle to enhance the resolution of the THz imaging system.

Several approaches have been proposed to control and ma-
nipulate the intensity, shape, and dimensions of the terajet. How-
ever, in most published works, the key parameters of the gen-
erated terajet, such as the maximum electric field enhancement,
effective length, and focusing position, are predominantly deter-
mined by the invariable dielectric material properties, making
it challenging to adjust these parameters in real-time within a
single design of focusing particle [18, 19]. These limitations sig-
nificantly restrict the potential of the terajet-assisted approach.

Graphene, known for its extraordinary properties, is con-
sidered as one of the most promising materials for THz appli-
cations [20-22]. Its sheet conductivity can be efficiently tuned
across a broad frequency range by applying an external elec-
tromagnetic field or incident optical excitation [23, 24]. This
tunability makes graphene attractive for practical designing in-
tegrated devices operating in the microwave to THz frequency
range. Despite its negligible thickness, graphene is efficiently
used for electromagnetic wave shielding and absorption [25-27].
Due to graphene’s flexibility, it can be configured into complex
structures with fascinating properties, whose spectral response
can be successfully governed [28]. For example, the spectral
tunability of the resonance peak of graphene-coated cylinders
was demonstrated in Refs. [19, 29].

In this work, we numerically demonstrate the advantages of
using a graphene-coated dielectric sphere to dynamically control
and manipulate parameters of terajets. Our simulation results
reveal that graphene facilitates formation of the terajet with high
reflective index dielectrics prohibited for nanojet generation so
far [3]. This expands the possibilities for widespread use of the
near-field THz imaging.

We calculate the scattered field by adopting the operator
scattering approach developed for anisotropic multilayer rota-
tionally symmetric spheres (see, [30-32]). Consider a spherical
particle with a diameter d and refractive index 7, coated with a
graphene layer. The whole structure is assumed to be centered
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Fig. 1. Distribution of the electric field amplitude |E| behind the dielectric core/graphene shell structure as a function of the

graphene chemical potential Er and the sphere refractive index: (a) n =

1.47 and (b) n = 3.42. Incident Gaussian beam of fre-

quency of 0.7 THz is x- polarized. Panel (c) shows the electric field distribution at intermediate values of the Fermi energy in the
case n = 3.42. All data were normalized by the maximum terajet field amplitude at n = 1.47 and Er = 0 eV.

at the origin of the Cartesian coordinate system. Linearly polar-
ized incident light propagates along the z—axis. We calculate the
scattering of the electromagnetic THz Gaussian beam in paraxial
approximation, which electric field reads

2
w()' exp (ikoz — 297) .

A—s——— 1
w2 + 2iz /ko wo? + 2iz/ ko w

Here, p is the polar coordinate in the cross-section of the THz
beam, z is the longitudinal coordinate, A represents the field at
the point (0 = 0,z = 0), e is the wave polarization, ky = 27tf /cis
the wave number in vacuum, f is the frequency of incident beam
and c is the speed of light in vacuum. Parameter w; denotes the
waist radius of the Gaussian beam.

According to the operator scattering theory, the electromag-
netic field is series expanded with respect to the matrix spherical
harmonics Fy,, (6, ¢), where (r,6, ¢) are spherical coordinates
and ! =0,1,... and —I < m < [ are integer numbers. Using
the orthogonality condition for spherical harmonics F,,, (6, ¢),

we can find the expansion coefficients El(:f) (r) appearing in the
series expansion of the incident wave

mc) ( ) )

lVlC r)

E Z F lm 6 (P
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Writing the series for scattered and inner fields in the form
similar to Eq. (2), one can express the scattered magnetic field at
the interface between the particle and surrounding as [30]

-1
H) = |1/ - DO

Im

[(r1 —I)Qw(”“)] ®)

I

Here I is the two-dimensional unit matrix, l"l1 is the surface wave
impedance matrix at the first inner interface of multilayer par-
ticle (characterizes the core), I’ is the surface wave impedance
matrix at the outer interface (characterizes the ambient medium),
Q) is the evolution operator of the multilayer particle (character-
izes the cladding layers). Expansion coefficients for the incident
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field at the outer interface of the spherical particle are given by

Wl(::C) They include the expansion coefficients for electric Eglln )

(inc)

and magnetic H;} ’ tangential fields as

(inc)
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t,Im

Evolution operator ) in Eq. (3) representing a four-
dimensional matrix is a product of evolution operators of in-
dividual cladding layers. A graphene cover can be incorporated
into this scheme, being considered as an infinitely thin layer char-
acterized by surface conductivity 5. The graphene evolution
operator reads

(5)

In the absence of disorder, the surface conductivity of
graphene o in the THz frequency range is predominantly deter-
mined by intraband transitions and can be accurately described
by the Drude model as follows [33]

90
% T T¥iwr ©
where 0y = e?Ept/7th? is the static conductivity of graphene;
T = phy/nsmt/evr and ng = E%/ nfizv% are the carrier relaxation
time and mobility, respectively; Er is the Fermi energy or the
chemical potential (|Ep| > kgT in THz frequency range), which
can be controlled by either an applied electrostatic bias, or chem-
ical doping, or strain engineering; vr = 10® m/s is the Fermi
velocity; kg and £ are the Boltzmann’s and reduced Planck’s
constant, respectively. Carrier relaxation time of graphene T
equals 7 x 10713
Since we have only a graphene sheet as a cover of the dielec-
tric core, the evolution operator is O = Q. With the known

scattering amplitudes H( ) provided by Eq.( 3), one can calcu-
late the scattered and total fields both inside and outside the
particle.
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Fig. 2. (a, d) Electric field amplitude profiles along the z-axis and (b, ) transverse profile of terajet intensity |E|? at the focal point
calculated for different Er of the dielectric core/graphene shell structure. The insets in the upper right corner of panels (a, d) illus-
trate the correlation between focus position z;.x and terajet length L. (c, f) FWHM and intensity at the terajet focal point I, as

a function of Er. The upper row (a - ¢) corresponds to n = 1.47 and the lower row (d - f) corresponds to n = 3.42. All data were
normalized by the maximum terajet field amplitude at n = 1.47 and Er = 0 eV.

Figure 1 shows the field distribution |E| near the surface
of the dielectric sphere illuminated by THz radiation at the
frequency 0.7 THz. We performed the numerical calculations
for a sphere with a diameter of 2.3 mm and refractive indices
1.47 (Teflon) and 3.42 (silicon). The waist radius of the focused
Gaussian beam is set to wg = 1.15 mm and the refractive index
of the surrounding environment is assumed to be 1. It should
be noted that the beam and particle parameters were chosen
in accordance with the experimental configuration in [16]. For
clarity, we consider only the case of the x-polarized incident
beam, although similar results are observed also for y-polarized
Gaussian beams.

According to Eq. 6, when the graphene Fermi energy Er = 0
(left column in Fig. 1), the graphene conductivity equals zero, im-
plying scattering of the electromagnetic wave by the uncovered
dielectric sphere. Notable, for the refractive index n = 1.47, a
narrow high-intensity beam (terajet) is observed on the shadow
side of the dielectric sphere. On the other hand, for refractive
indices n > 2 as in Fig. 1)b, the incident light is focused inside
the spherical particle, which can be clearly explained using the
spherical lens formula (see, for example, [3]).

It should be noted that almost all polymers have a refractive
indexin therange of 1 < n < 2 at THz frequencies, making them
suitable for imaging applications. It is not the case for the silicon
possessing refractive index around n = 3.4 (undoped silicon has
the dielectric permittivity 11 to 13 and loss tangent ~ 10~% —
107> [34]), in spite of it is a widespread material in modern
device fabrication technology, including CMOS (complementary
metal-oxide-semiconductor) fabrication platform.

As illustrated in Fig. 1, incorporation of the graphene cover
layer (Ep # 0) significantly changes electromagnetic field distri-
bution near the surface of the dielectric sphere. The calculated
electric field amplitude profiles along the z-axis for such a core-
shell structure with refractive indices n = 1.47 and n = 3.42 are
presented in Figs. 2a and 2d, respectively. The insets in Figs. 2a

and 2b show the correlation between the focus position and
jet length L defined as the distance along the z-axis at which
the field amplitude drops to 1/e of its maximum value, where
e=2718....

For n = 1.47, it is observed in Figs. 1a and 2a that the jet
focus position shifts toward the sphere as the graphene doping
level Er increases. At Er = 0.3 eV the length L increases up
to two times compared to the length without graphene layer.
Figure 2b shows the transverse profile of the terajet intensity
I ~ |E|? calculated at the terajet focal point as a function of Ef.
The corresponding values of the full width at half maximum
(FWHM) and the maximum intensity at the terajet focal points
(Imax) are presented in Fig. 2c. According to these plots, it can be
concluded that for n = 1.47 the FWHM increases as Ef increases
(from 0.79A for EF = 0 eV to 0.84A for Ep = 0.3eV), while I,y
decreases with increasing Er.

To qualitatively understand the terajet formation, detailed
simulations of the field distribution both inside and outside
the structure are carried out (see Fig. 3). Suppression of the
terajet intensity for the structure with core refractive index n < 2
observed in Fig. 3c can be qualitatively explained by increasing
absorption in the graphene shell as Er rises. Thus, by varying
the graphene Fermi level, it is possible to control the power
characteristics and spatial dimensions of the generated terajet.
Our results well align with theoretical predictions published in
[35], where graphene-based gradient reflective index structures
were considered as tunable Luneberg lenses.

The contrasting behavior is observed for the core-shell struc-
ture with high core refractive index n = 3.42. As shown in
Fig. 1b, formation of a terajet behind the dielectric sphere occurs
when 0.36 eV < Ep < 0.46 eV. The essential thing is that as
EFr increases within this range, the FWHM of the formed tera-
jet decreases, while I ;5 simultaneously increases (see Fig. 2f),
reaching values up to 5 times larger at Er = 0.46 eV compared
to the bare dielectric sphere with n = 1.47 (see Fig. 2e).
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Fig. 3. Distribution of the electric field amplitude |E| both
outside and inside the dielectric core/graphene shell structure
illuminated by the focused Gaussian beam: (a, c) n = 1.47
and (b, d) n = 3.42. (e) The electromagnetic field intensity
|E|? profiles along the z-axis at x = 0. (f) Efficiency of forward
scattering calculated for the dielectric core/graphene shell
spherical structure with n = 3.42 as a function of Ef.

As mentioned earlier and illustrated in Fig. 3b, the incident
light is predominantly focused inside the dielectric particle for
Er = 0and n > 2. With an increase of the doping level, a
significant enhancement of the electromagnetic field inside the
dielectric sphere is observed (see the blue line in Fig. 3e). To
clarify the physical mechanism behind this field enhancement
and the resulting terajet formation on the shadow side of the
dielectric particle with high refractive index, the forward scat-
tering efficiency Qf, has been numerically calculated (see the
supplementary materials for details). The scattering efficiency as
a function of Er demonstrated in Fig. 3f exhibits a high-quality
asymmetric resonance (Fano resonance) at Er = 0.454 eV. Based
on the multipole decomposition analysis within the Mie the-
ory, we reveal that the interference between a narrow magnetic
mode with Mie coefficient bg and broad modes with Mie coeffi-
cients by » causes this resonance. Thus, the terajet generated by
a graphene-coated spherical particle with n > 2 is attributed to
the Fano resonance excited in such a structure.

In conclusion, using the operator scattering theory we have
calculated electromagnetic near-fields for a dielectric sphere
with an infinitesimally thin conductive graphene cover. We have
discovered a terajet generated by the graphene-covered dielec-
tric sphere illuminated by a Gaussian beam and analyzed its
key characteristics as focal point position, peak intensity, and
FWHM. We have drawn an important conclusion that manip-
ulating graphene Fermi energy Er is an indispensable tool for
terajet generation across a wide range of materials, including
those with a refractive index n > 2 providing a precise control
over the power characteristics and spatial distributions of the
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terajet. Using the example of silicon spherical bead coated with
graphene, we have clearly shown that the asymmetric Fano reso-
nance causes a significant field enhancement behind the particle.
It is important to highlight that, to the best of our knowledge,
this research explores the use of graphene as a tunable shell for
jet generation for the first time. Our results may dramatically
affect the development of tunable THz imaging systems and
other related applications.
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