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In present paper, a tunable left-handed plasmonic nanoantenna is designed to attain ultraviolet emis-
sion through a second harmonic generation with a phase harmonic condition. For the devised struc-
ture, the dispersion properties and negative values of the magnetic permeability and the electric
permittivity show that the designed structure is left-handed for the primary wave (red light) and right
-handed for the second harmonic wave (ultraviolet light). The 3D finite-difference time-domain
method is employed to reveal its nonpareil skills (i.e. immense left-handed transmission efficiency
and far-field spectrum exhibiting directionality). Attained results by numerical calculation for the
second harmonic generation are accomplished with finite-difference time-domain analysis. The im-
pact of physical parameters on transmission and dispersion characteristics is also scrutinized. Fur-
thermore, flat lens application for a red light region with a centered wavelength at λ = 650 nm from
the guileless design of LHM with no aberration is triumphed. Ultimately, a multifunction left-hand-
ed material is designed revealing tremendous potential to amass and abridge future applications
in one architecture.

Keywords: left-handed materials, negative refraction, plasmonic optical nanoantenna, second harmonic
generation, flat lens.

1. Introduction

In latest foregone time, negative refraction (NR) and negative index material (NIM)
or left-handed material (LHM) in a low wavelength region gained mammoth attention
in having a vision of their application in the design and development of photonic de-
vices at nanoscale [1–17]. However, in the infra-red region nanoscale, split ring reso-
nator (SRR) structures showed astonishing results. Even so, SRR endured with the
saturation limit of a resonant magnetic response with negative effective permeability
at high frequencies [14]. Subsequently, substitute strategies to design and develop con-
temporary materials baring NR have been of great interest of researchers [1–14]. Ad-
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ditionally, striking advancement has been recently made toward shrinking the size of
optical devices. This vogue toward compactness is propelled by the increase in system
functionality and reduction in power dissipation. One more major inducement is a fore-
sight of a design in which photonic circuits integrate flawlessly into bulky electronic
systems. This necessitates waveguides that overpass the cavity between traditional mi-
cron-scale integrated photonics and nanoscale electronics. Furthermore, novel active
devices can be developed utilizing robust nonlinear optical effects of nanostructured
materials. Accordingly, numerous issues of wave propagation including nonlinear ef-
fects and surface modes in negative index materials (NIMs) are discussed [18–32].
Thus, in this paper, new frontiers are explored to demolish the inherent limitations of
scaling for LHM designs to ultraviolet and optical wavelength region exhibiting nonlin-
ear or tunable properties with nanophotonic device application, e.g. nanoantenna and
imaging. However, to achieve tunability in LHMs, its nonlinear properties such as second
harmonic generation (SHG) should be explored. The SHG in bulk LHM is discussed
by LAPINE et al. [18]. The issue of SHG in LHM is further analyzed by researchers and
attracted much more attention [18–25, 32]. 

In the current work, second harmonic generated ultraviolet light emanation is
triumphed in afresh designed left-handed plasmonic nanoantenna (LHPNA). The biggest
advantage of this work is that it presents the simplest design structure to achieve ultra-
violet emission through SHG, which not only satisfies all the conditions for SHG pro-
posed earlier but also keenly strengthened by the finite-difference time-domain (FDTD)
analysis. Another feature of the structure is that we can tune the SHG for different
wavelength of whole visible spectrum by judiciously engineering the structural param-
eters. Furthermore, designed LHM structure offers several functionalities, e.g. imag-
ing, plasmonic optical nanoantenna, optical mirror and light ruling, etc.

Lorentz model is employed to characterize the semiconductor host (gallium arse-
nide) and Drude model for embedded metal (silver). 

The harmonic generation is anticipated when for any wave, either primary or har-
monic, structure becomes left-handed [10, 19, 23, 24]. When a nonlinear primary wave

Fig. 1. Schematic of blue light generation and negative refraction for red light designed in LHMs.
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propagates in the structure, its nonlinear polarizability generates a wave with dual mul-
tiple frequency in a conflicting track as shown in Fig. 1. 

Evaluation of dispersion properties and negative values of the magnetic permeability
and the electric permittivity revealed that the designed structure is left-handed for the
primary wave (PW) (red light) and right-handed for the second harmonic wave (SHW)
(ultraviolet light). Contrary refractive indices for both waves give reverse energy prop-
agation for produced harmonic. Negative real values of both permeability and permit-
tivity with low imaginary values are obtained for the primary wavelength centered at
650 nm. The field intensity pattern is also evaluated for PW and SHW for the structure
using coupled Maxwell equations. The FDTD method is exerted to evaluate its trans-
mission properties, where SHG is again validated, as depicted by the dispersion prop-
erties and mathematical analysis. Further FDTD simulation is performed and shows
the application potential of the designed structure as flat lens. The 3D FDTD method
is used to compute the near-field and far-field spectrums to predict important nanoan-
tenna characteristics, i.e. directionality and efficiency.

2. LHPNA: devise and scrutiny

LHPNA structure is designed by a pair of silver nanorods embedded in a semiconductor
(GaAs) host material with a dielectric constant εh = 13.25. 

The schematic of the LHM structure is shown in Fig. 2a, where r having value of
0.31 µm, is the radius, and a having the value 0.15 µm, is the separation between the
nanorods. Permittivity values of host and embedded metal have been taken in account
to evaluate the dispersion properties of the proposed structure and is shown in Fig. 2b.

Fig. 2. Schematic of the designed LHPNA (a) and spectral outcome of electric permittivity of silver (b).
Left vertical axis represents the real part of the electric permittivity, however the right vertical axis corre-
sponds to the imaginary part of the permittivity. 

a

b
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Dispersion analysis of designed LHPNA shows SHG with exact phase index matching
between the primary and second harmonic wave. Further, values of effective permit-
tivity and permeability of the proposed structure using the discrete dipole approxima-
tion for primary and second harmonic frequencies are calculated. The FDTD method
is employed for a complete analysis of its propagation characteristics.

2.1. Dispersion characteristics: negative index and SHG 

The plane wave expansion method is employed to evaluate the band diagram and equi
-frequency surface (EFS) curves, shown in Figs. 3a and 3b, respectively. 

The following points can be noticed:
– In Fig. 3a, Juncture of a light-line with the first descending band curve of TM

polarization at the normalized frequency f  (ωa/2πc = a/λ) = 0.23, displays a negative
unit phase index np, signifying a possible frequency range to achieve a negative index
for the designed structure with negligible losses. The firm black line in Fig. 3a artic-
ulated as light-line.

– The light-line juncture with the first eigenvalue curve specifies the utmost fre-
quency of EFS of the designed LHPNA containing free space EFS.

– Juncture of light-line with the second ascending band at the normalized frequency
f  = 0.46 parallels to the positive index at the respective second-harmonic frequency. 

– From Fig. 3a it is also observed that k2ω – 2kω = 0, hence a phase matching con-
dition is achieved for SHG in the designed structure. 

– The EFS of the first curve (Fig. 3b) stirring inwards with going up frequency and
corresponds to LHM with vg ꞏ kf < 0.

Hence from Fig. 3, the absolute condition is fulfilled to accomplish all angle negative
refractions. So, for all incident angles, the refracted wave vector k and the Poynting vec-
tor S are reverse in directions, which implies a negative effective index.

Fig. 3. Band diagram (a) and EFS corresponding descending band curve (b). Red-lines correspond to
eigen values resultant in frequency curves (a).

a b
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2.2. Effective parameters calculation

The calculated values of the effective permittivity and permeability are formulated in
the Table for wavelengths of 650 and 325 nm. 

It can be noticed that the electric permittivity and the magnetic permeability exhibit
the opposite signs for both wavelengths. These values confirm that the primary wave
lies in the left-handed (ε, µ < 0) region, while for the second harmonic wave the right
-handed (ε, µ > 0) behavior appears. From the Table, it is also observed that the imag-
inary parts of electric permittivity ε and magnetic permeability μ are ultra-low, e.g.
0.0938i, 0.012i and 0.0069i; and signify the minutest losses. Ignoring the imaginary
part, the value of the following expression

(1)

is almost zero. Hence, the phase matching condition between the primary and SH wave
is satisfied for a rearward generated SH wave. It is further observed that the real values
of both parameters are equivalent and lead to defunct superior moments. It implies an
immensely directional emission with negative refraction and supports the highly di-
rectional characteristics of the designed LHPNA.

2.3. Mathematical analysis: second harmonic generation in LHM

In this section, the mathematical analysis is carried out to manifest the generation of
SH wave in the proposed LHM structure and verifying the results obtained by disper-
sion engineering. 

Consider an optical beam (λ = 650 nm) propagating along the z-axis in a medium
with second order nonlinearity. The incident wave of frequency ω can be described as 

(2)

where, φω and h(ω, z) are the phase and the field amplitude, respectively. 
From the dispersion analysis (Section 2.1) and effective parameters calculation

(Section 2.2), it is observed that the primary frequency is in the LHM domain and the
second harmonic wave is in the RHM domain. The incoming primary wave at ω refracts
negatively into the nonlinear LHM and the SH wave reflects as mimicked in Fig. 4. 

As an incident wave propagates in the designed structure, a nonlinear polarization
P2N = χ 2E(ω) ∙ E(ω) induced is the source for SHM.

T a b l e. Permittivity and permeability values for PW (650 nm) and SHW wavelength (325 nm).

Wavelength [nm] Permittivity ε Permeability µ 

650 nm –1.05349 + 0.0938i –0.9487 + 0.78i

325 nm 1.7641 – 0.012i 0.566 + 0.0069i

2π 2f n2ω 2f nω– k2ω 2kω– 1.45 10
4–

H ω z  1
2

------- h ω z  iφω exp=



684 M. RAJPUT et al.
Fundamental coupled Maxwell equations explaining the gradually erratic propa-
gation of two harmonics in LHM are given as,

(3)

(4)

As the minimal signal condition, when the amplitudes of the harmonic wave alter
gradually in both space and time, the basic coupled mode equation will be,

(5)

(6)

Satisfying the phase matching condition k2ω – 2kω = 0, putting the negative values
of permittivity ε (ω) and permeability μ (ω), then the Manley–Rowe relation for LHM
becomes,

(7)

Employing the boundary conditions, hω(0) = hω0 and h2ω(L) = 0, after arduous cal-
culations, the solution of the equation can be described as,

(8)

This expression represents the field distribution of the second harmonic wave in LHM.
Here 

Fig. 4. Schematic of SHG in LHM. Arrows show the direction of energy flow. Indexes “i” and “tr” denote
the incident and transmitted waves, respectively.

dH
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(9)

with 

(10)

(11)

The field distribution of the primary wave in LHM is as follows,

(12)

The values of effective parameters put in Eqs. (7) and (8) provide the field intensity
distribution plot in LHM as shown in Figs. 5a and 5b. The effective value of the second
order nonlinearity  for designed LHPNA is chosen to be 170 pm/V. From Fig. 5a
it can be noted that intensity goes down for both waves along the z-axis and tends to-
wards the minimum value when z = L. Disparity is also observed among the normalized

ζ h2 ω z  h2 2ω z –=

Fig. 5. Dependence of the field intensity plot of the primary and second harmonic wave. Inside the slab
width of designed LHPNA gL = 1 (a); primary wave at z = L and SH at z = 0 (b); conversion efficiency
with respect to normalized thickness of designed LHPNA (c).

a b

c

h2 2ω z  0=
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8π ε 2ω ω2
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2 
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field intensity distributions of the primary and the SH wave, and varies with static
LHPNA width (gL = 1) and persists the same inside the entire LHPNA. It is observed
that disparity between the primary wave and the second harmonic wave decreases with
increasing gL. This confirms that conservation efficiency also increases as shown in
Fig. 5c. Figure 5b reveals the dependence of the primary wave and the second harmonic
wave with variation of slab width. Here the intensity of SH wave (UV light) goes up
with the increasing slab thickness and vice versa for the PW (red light). It is observed
that conversion efficiency goes up with increasing primary wave intensity. Further-
more, Fig. 5c indicates conversion efficiency with variation of normalized slab width.
Here, conversion efficiency increases with increasing slab width. It is revealed that
conversion efficiency tends to the maximum value as slab width L goes to infinite.

3. Characterization

In order to further characterize the designed LHPNA, the transmission spectrum of the
device is calculated using the 3D FDTD method. The transmission spectrum is depicted
in Fig. 6, whereas the corresponding field map is illustrated in the inset of Fig. 6.
Through the field map, we can visualize the negative refraction and the generation of
the SH wave in the designed structure, which is confirmed by the respective transmitted
primary wave (solid red curve) and reflected SH wave (dashed blue curve) with trans-
mitted SH wave (solid blue curve) spectrums in the adjoined Fig. 6a. The incident red
light (λ = 650 nm) exhibits >60% transmission in a left-handed regime, whereas the
generated SH wave corresponding to the ultraviolet light (λ = 325 nm) shows >70%
of reflection and up to 255 transmissions from the structure. Note that, the generated

Fig. 6. Transmission and reflection response with wavelength, for the designed LHPNA, where left-handed
transmission for red light and reflection as well as transmission for emitted UV light are shown with the
field atlas in inset (a). Field distribution for the incident primary wave (PW) or red light and reflected
second harmonic wave (SHW) or UV light inside the designed LHPNA (b).

a

b
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and transmitted waves possess TM polarization and the structural parameters are given
as the thickness of the LHPNA slab L = 65 nm, r = 31 nm, a = 150 nm. Results obtained
in transmission spectra are in virtuous harmony with the result obtained in the numer-
ical analysis. Figure 6b exhibits the field model inside the designed LHPNA for a static
slab width (L = 65 nm). It is perceived that the field intensity for red light (PW) is de-
creasing width of designed LHPNA (along z-axis). However, reflected field intensity
of generated UV light (SHW) is increasing along the axis. This reconfirms the results
obtained by the numerical analysis and transmission spectra.

3.1. Flat lens application

Further, Fig. 7 demonstrated the flat lens application of the designed structure. This issue
in LHM has been earlier discussed by the researchers, for the microwave and the infrared
region. In present paper, the imaging effect for the red light region with a centered
wavelength at λ = 650 nm from the simplest design of LHM with no aberration is at-

Fig. 7. Field atlas of imaging from the designed structure (L = 65 nm) (a), increasing host GaAs thickness
(L = 75 nm) (b), and increasing layer of nanorods (c). Normalized intensity distribution of the image plane
along the transverse coordinate for designed lens with a solid curve for L = 65 nm, dashed curve for the
increased layer of a nanorod system and dotted curve for increasing host material thickness (d).

a b c

d
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tained. In this section, the analysis of the focusing property of the designed LHM with
an effective index neff ≈ –1 (from Sections 2.1 and 2.2) is carried out for structure mod-
ification. Figure 7 demonstrated the imaging effect for the designed structure with
structural modification. To attain the imaging, we consider a TM polarized point
source, centered at one side (z = –u) of the lens, while the two surfaces of the slab are
placed at z = 0 and z = L (here L = 65 nm). An image is formed on the other side of
the lens as shown in Fig. 7a. In Fig. 7b, thickness of host material GaAs increases,
which results in reduced intensity of the image spot. In Fig. 7c, the imaging effect with
an increased layer of nanorods is observed. It is revealed that intensity of the image
increases with an increased width.

The image inside the designed structure is not visible due to the small thickness of
a slab. Normalized intensity distribution of the image plane along the transverse co-
ordinate for designed lens is also shown by Fig. 7d. A focal point containing a crosswise
spot size less than one is generated by the designed flat lens. This indorsed the negligible
spherical aberrations. Furthermore, the dependence of the focusing properties of the
designed LHPNA on the increased slab thickness (L = 75 nm) and layer of nanorod in-
clusion is also shown in Figs. 7b and 7d. By comparing the simulation results of the de-
signed structure with different slab thickness, from Figs. 7a, 7b and 7c, 7d, it is observed
that the formed image dwindles with increasing thickness of the designed LHPNA. 

3.2. Optical plasmonic nanoantenna

Finally, further characterization of the designed LHPNA to strengthen its authentica-
tion is performed. In Section 2.2, it is also observed that the real values of both the
electric permittivity and the magnetic permeability are equivalent and lead to defunct
superior moments, which implies an immensely directional emission with negative re-
fraction. In the present section, we have evaluated the far-field spectrum and LHTE
of the designed structure to reinforce the above mentioned conclusion. 

3.2.1. Far-field spectrum and left-handed transmission efficiency 

Figures 8a and 8b are the far-field spectrums obtained by employing the 3D FDTD
method. Angular distribution of intensity at the output of the designed LHM is shown
in Figs. 8a and 8b. It is observed that the transmission peak (pink loop) is obtained in
the deep negative side (same side to the normal of second interface), which confirms
highly directional left-handed transmission from the designed LHPNA. A green loop
in Fig. 8a, shows the transmission peak in right-handed direction, also known as right
-handed transmission. 3D far field intensity profile again reconfirmed highly directional
left-handed transmission.

In LHM, even though transmission is dominated by a negative refraction (NR), a com-
ponent of positive refraction (PR) is always associated with it, confirming the presence
of some radiation towards the positive side of the left-handed structure. Incident angle
dependence of left-handed transmission (NR) and right-handed transmission (PR) is
shown in Fig. 8c, where NR is achieved for a broad range of incident angles with ultra
-low right-handed transmission. In order to confirm the validity of the proposed struc-
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ture as a LHM, the left-handed transmission efficiency (LHTE) is calculated according
to the following equation:

(13)

where TNR denotes transmission in negative direction, and TPR – transmission in pos-
itive direction. LHTE in excess of 98% is calculated. Immense LHTE authenticates
the highly directional nanoantenna characteristics of the designed structure.

4. Conclusion

A tailored index matched LHM is designed for demonstration of ultraviolet emission
through SHG. By investigation of the dispersion properties and effective parameters
(negative values of permeability and permittivity), it is demonstrated that the designed
structure is left-handed for the primary wave and right-handed for the second harmonic
wave. The outcomes of a dispersion analysis are mightily supported by the effective
parameters investigation. Further, the obtained results by numerical calculation for

Fig. 8.  Far-field intensity pattern vs. horizontal position (deg) of TM mode at λ = 650 nm, which shows
negative refraction for the designed LHM (a, b). Angular response of left-handed and right-handed trans-
mission in the designed LHM (c).

a
b

c

LHTE
TNR TPR–

TNR TPR+
------------------------------ 100%=
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SHG are in good agreement with the FDTD analysis. Moreover, flat lens application
with no aberration is also displayed for a red light region. Its nanoantenna application
is firmly supported by the far field analysis and left-handed transmission efficiency,
which is over and above 98%. The study of the angular response of left-handed and
right-handed transmission for the designed LHM validates its authentication for a large
range of incident angles. Eventually, a multifunction LHM is designed unveiling tre-
mendous potential to amass and abridge future structures in one architecture.
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