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Visible-Near-Infrared (350 - 1050 THz) Silver
Bowtie Nanoantenna for Optical Rectenna
Energy Harvesting : Dependent Full -Wave
Study
Saurav Mishra, Brijesh Kumar Pandey Singh*, Pradutt Kumar Bharti

ABSTRACT: Optical rectennas-nanoantennas coupled to ultrafast rectifiers-offer a bandgap-free route to converting solar
radiation into direct-current (DC) power, but their realisation requires antennas that combine broadband impedance matching
with strong field confinement at the rectifier location. In this work, a silver bowtie nanoantenna (arm length 150 nm, flare
angle 90°) on a 10 nm SiO2 layer is designed and analysed by full-wave finite-element simulation (COMSOL Multiphysics
6.2, RF Module) across the visible-near-infrared band (350-1050 THz; free-space wavelength 857-286 nm). Two feed-gap
widths (20 and 30 nm) are compared in terms of reflection coefficient, input impedance, near-field distribution, radiation
pattern and realised gain. Both designs resonate at ≈650 THz (≈461 nm) with a minimum S11 of −24.2 dB (20 nm) and −24.6
dB (30 nm). The −10 dB impedance bandwidth extends from ≈480 to ≈875 THz (≈390 THz, ≈57% fractional bandwidth).
The maximum realised gain rises from ≈0.2 dBi at 350 THz to 3.25-3.28 dBi at 750 THz, and a dipole-like radiation pattern
is maintained up to ≈850 THz, above which higher-order modes distort the pattern. Below 850 THz, changing the gap from
20 to 30 nm alters the minimum S11 by less than 0.5 dB and the gain by less than 0.05 dB, indicating tolerance to the
gap variations typical of electron-beam lithography, whereas the peak gap field increases by ≈50% for the narrower gap.
The strongest near fields occur at the feed gap, identifying it as the natural site for a metal-insulator-metal tunnelling diode.
The remaining obstacles to a complete rectenna-rectifier cut-off frequency, antenna-diode impedance matching, polarisation
and the partial coherence of sunlight-are discussed.
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1. INTRODUCTION

The growing global demand for clean electricity
has made photovoltaics (PV) the fastest-growing
renewable generation technology [1, 2]. The
efficiency of a single-junction PV cell is, however,
bounded by the detailed-balance limit of ≈33%,
because photons with energies below the bandgap
are not absorbed and the excess energy of above-gap
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photons is lost as heat [3]. Record crystalline-silicon
cells have reached ≈26.7% [4], and wafer-based
modules are rigid and comparatively bulky, which
complicates their integration into miniaturized,
autonomous micro systems and sensor nodes [5].
An alternative conversion route, first proposed

by Bailey [6], treats sunlight as an electromagnetic
wave rather than as a stream of photons. In such
a rectenna, an antenna converts the incident field
into an alternating current at the optical frequency,
which is then rectified by an ultrafast diode. Because
the conversion is not mediated by a semiconductor
bandgap, the spectral response is set by the antenna
geometry, and theoretical analyses have predicted
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Table 1. Comparison of crystalline-silicon photovoltaics and optical nanoantenna rectennas.

Feature Optical Nanoantenna Rectenna Crystalline-Si Photovoltaics

Conversion mechanism Antenna coupling of the optical field
followed by ultrafast rectification [6, 7]

Photovoltaic effect in a p–n
junction [3]

Spectral response Set by antenna geometry; broadband per
element

Photons above the 1.12 eV
bandgap

Fundamental loss channels Diode cut-off, antenna–diode mismatch,
partial coherence [8, 9]

Sub - band-gap transmission,
thermalization [3]

Demonstrated efficiency Far below 1% at visible frequencies [10] ≈ 26.7% record cell [4]
Form factor Nanoscale, lithographically defined;

compatible with flexible substrates [11]
Wafer-based, rigid modules

Technology maturity Laboratory research Commercial

high conversion efficiencies, particularly for
narrow-band or highly coherent radiation [7, 12]. For
broadband, partially coherent sunlight the achievable
efficiency is lower and depends strongly on the
antenna bandwidth, polarisation, and the rectifier
characteristics [8, 13]. Table 1 summarises the
main differences between the two conversion routes.
Scaling antenna concepts from radio to optical
frequencies requires accounting for the plasmonic,
dispersive response of metals, which shortens the
effective resonant length and introduces ohmic loss
[14–17]. Nanoantenna-based rectennas have been
demonstrated experimentally in the mid-infrared, for
example bowtie and related nanoantennas coupled
to metal–insulator–metal (MIM) diodes at 28.3
THz [18, 19] and nanoantenna-coupled metal–
oxide–semiconductor tunnel diodes [20], while
rectification of visible light has been shown with
carbon-nanotube antenna arrays [10]. Large-area
nanoantenna arrays have also been fabricated on
flexible substrates [11]. In all cases the measured
efficiencies remain low, mainly because of the
limited cut-off frequency of available diodes and
the large impedance mismatch between antenna
and diode [9, 21, 22]. Improving the antenna—its
bandwidth, matching and field confinement at
the diode site—is therefore one of the two key
levers, the other being the rectifier. A note on
terminology is warranted. The term “terahertz band”
conventionally refers to 0.1– 10 THz [23, 24]. In
this work, terahertz (THz) is used only as the unit
of frequency for the visible–near-infrared band of
350–1050 THz (857–286 nm), which contains a
large fraction of the solar irradiance. The antenna
studied here therefore targets solar radiation; it does
not address harvesting of terrestrial thermal emission,
which peaks in the mid-infrared near 30 THz and
requires antennas roughly 20 times larger [25]. The
bowtie geometry is a natural candidate for broadband
operation: its triangular arms approximate a biconical
antenna, whose input impedance varies slowly with
frequency [26, 27]. At optical frequencies, metallic
bowties additionally concentrate the field in the feed

gap, with a resonance and field enhancement that
depend on the gap width [28–31]. The concepts
of input impedance and impedance matching carry
over to optical nanoantennas when the gap is treated
as a nanocircuit load [32, 33]. These properties
make the bowtie attractive as the receiving
element of an optical rectenna for self-powered
microsystems and nanosensor networks [5, 34]. The
contributions of this work are as follows: (i) a silver
bowtie nanoantenna on SiO2 is designed for the
350–1050 THz band and characterised by full-wave
finite-element simulation; (ii) the effect of feed-gap
width (20 and 30 nm) on the reflection coefficient,
input impedance, near-field distribution, radiation
pattern and realised gain is quantified; (iii) the
tolerance of the design to gap variations is assessed;
and (iv) the steps required to turn the antenna into a
working rectenna are identified. Section 2 describes
the design and numerical method, Section 3 presents
and discusses the results, and Section 4 concludes
the paper.

2. ANTENNA DESIGN AND SIMULATION
METHODOLOGY

2.1 Antenna geometry

The antenna consists of two identical, coplanar
triangular silver arms placed tip-to-tip and separated
by a feed gap g (Fig. 2). Each arm has a height h0
= 150 nm and a flare angle of 90°. The arms rest
on a 10 nm SiO2 layer that extends 60 nm beyond
the antenna on each side. Two gap widths, g = 20
and 30 nm, were studied; all other dimensions were
kept constant. The geometrical parameters are listed
in Table 2.

2.2 Materials

Silver was chosen for the arms because it has the
lowest optical loss among the noble metals across
most of the visible range [35, 36].
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Fig. 1. Conceptual schematic of an optical rectenna: the nanoantenna couples incident solar radiation to an
AC current at the optical frequency, which is rectified and delivered to a load. The diode bridge is shown for
illustration only; at visible frequencies a single ultrafast MIM tunnelling diode placed in the feed gap is the
practical choice [9].

It was modelled as a dispersive metal with a
frequency dependent complex permittivity, so that
its plasmonic response and ohmic loss in the visible–
near-infrared range are included [36]. The SiO2 layer
was modelled as a non-dispersive dielectric with
refractive index ≈1.45 [37] and a loss tangent of 1
× 10−4, consistent with its negligible absorption in
the visible and near-infrared.

Fig. 2. Geometry of the bowtie nanoantenna on the
SiO2 layer: top view (left) and perspective view (right).
Dimensions in nm.

Table 2. Geometrical and simulation parameters of the
bowtie nanoantenna.

Parameter Symbol Value
Arm height (feed to base) h0 150 nm
Flare angle θ 90◦

Feed-gap width g 20, 30 nm
SiO2 layer thickness ts 10 nm
Substrate padding around antenna – 60 nm
Frequency range (step) f 350–1050 THz (50 THz)
Free-space wavelength λ0 = c/f 857–286 nm

2.3 Simulation setup

Full-wave simulations were performed with the

Electromagnetic Waves, Frequency Domain interface
of the RF Module in COMSOL Multiphysics 6.2,
which solves Maxwell’s equations in the frequency
domain with the finite-element method [38].

2.3.1 Computational domain and boundary
conditions

The antenna was placed at the centre of a spherical
air domain of radius ≈600 nm (Fig. 3), surrounded
by a perfectly matched layer (PML) [39] of thickness
0.15λ0.

Fig. 3. Spherical computational domain enclosing the
antenna and terminated by a perfectly matched layer.

A scattering boundary condition was applied on the
outer surface of the PML to suppress any residual
reflection. Farfield quantities were obtained from a
near-to-far-field transformation evaluated on the inner
boundary of the PML.
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Table 3. Summary of the simulated performance for the two gap widths.

Gap g Resonance S11,min −10 dB band FBW Gain at 650 THz Peak gain @ freq.
(nm) (THz) (dB) (THz) (%) (dBi) (dBi)

20 650 -24.2 ≈ 480-865 ≈ 57 2.31 3.25 @ 750 THz
30 650 -24.6 ≈ 485-875 ≈ 57 2.31 3.28 @ 750 THz

2.3.2 Excitation

The antenna was excited by a lumped port spanning
the feed gap, with reference impedance Zref. By
reciprocity, the transmitting-mode gain obtained in
this way equals the receiving-mode gain, and the
effective aperture of the antenna is Ae = λ02G/4π
[27]. Because the near-field maps in Section 3.1
are computed under port excitation, they show
the spatial distribution of the field rather than the
enhancement relative to an incident plane wave.

2.3.3 Mesh

A free tetrahedral mesh was used, with a maximum
element size of λmin/10 (≈29 nm at 1050 THz) in
the air domain and local refinement in the metal and
the feed gap to resolve the strongly localised fields;
the PML was meshed with swept elements (Fig. 4).

Fig. 4. Cross-section of the computational domain
(left) and the corresponding tetrahedral mesh with local
refinement around the antenna (right).

2.3.4 Solver and extracted quantities

The resulting linear systems were solved with the
MUMPS direct solver [40] on a highperformance
computing system for 15 frequencies between 350
and 1050 THz in 50 THz steps. The reflection
coefficient at the port is

Γ =
Zin − Zref

Zin + Zref
, S11(dB) = 20 log10 |Γ| (1)

where Zin = Rin + jXin is the input impedance of
the antenna, with Rin accounting for radiation and

ohmic loss and Xin for the stored reactive energy
[41]. An S11 of −10 dB corresponds to 10% of
the incident power being reflected; this threshold
defines the impedance bandwidth [fL, fH ] and the
fractional bandwidth FBW = 2(fH−fL)

fH+fL
. The realised

gain, which includes mismatch and ohmic losses, is

Gr(θ, φ) =
(
1− |Γ|2

)
eradD(θ, φ) (2)

where erad is the radiation efficiency and D the
directivity [27]. The near-field distribution, the
input-impedance locus on the Smith chart, and the
two- and three-dimensional far-field patterns were
also extracted.

3. RESULTS AND DISCUSSION

3.1 Near-field distribution

Figure 5 shows the electric-field norm in the plane
of the antenna for the 30 nm gap at all 15 simulated
frequencies; the corresponding maps for the 20 nm
gap are given in Supplementary Fig. S1. For both
gaps, the field is concentrated in the feed gap and
along the edges and outer vertices of the triangular
arms, as expected for a bowtie antenna [28, 30].
The gap field is strongest between ≈450 and ≈850
THz, i.e. around the impedance resonance discussed
in Section 3.2. Above ≈900 THz, a growing fraction
of the field shifts towards the outer corners of the
arms, consistent with the excitation of higher-order
modes; the same frequencies show distorted radiation
patterns (Section 3.4).
Figure 6 compares the field distributions at 650

THz, where the reflection coefficient is minimum,
for the two gaps. The maximum field occurs
inside the gap, with secondary maxima at the outer
vertices. Under the same port excitation, the peak
field increases from ≈5.3 × 107 V/m for the 30
nm gap to ≈8.0 × 107 V/m for the 20 nm gap,
i.e. by ≈50%, consistent with the gap-dependent
field enhancement reported for optical bowties
[28, 30]. The narrower gap therefore offers the
strongest drive for a rectifier, at no measurable cost
in impedance matching (Section 3.2). Localising the
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field within the 20–30 nm gap is advantageous for
rectification, because a tunnelling diode placed in
the gap experiences the largest voltage while its
small area keeps its capacitance low [9].

3.2 Reflection coefficient

Figure 7 shows S11 versus frequency for the two
gap widths, and the key metrics are summarised in
Table 3. Both designs show a single, well-defined
resonance at 650 THz (461 nm), with minimum S11
values of −24.6 dB (30 nm) and −24.2 dB (20 nm).
At −24.6 dB only ≈0.35% of the incident power is
reflected at the port.
The −10 dB band extends from ≈480 to ≈875

THz, corresponding to a fractional bandwidth of
≈57%, and the band edges differ by less than ≈10
THz between gaps, which is within the resolution
of the 50 THz frequency sweep. Below the band,
the match degrades steadily to ≈−4.5 dB at 350
THz, whereas above it S11 remains close to −9 to
−10 dB up to 1050 THz. A narrower gap increases
the capacitive coupling between the arms and is
generally expected to red-shift the bowtie resonance
[28, 30]. No shift is resolved here, which indicates
that for this geometry the resonance is governed
mainly by the arm length; a finer frequency sweep
(≤10 THz) would be required to quantify small shifts.
The weak dependence of both the resonance and the
matching on the gap width is a practical advantage,
because gap widths realised by electron-beam
lithography typically deviate from their nominal
values by several nanometres.

3.3 Input impedance

Figure 8 shows the S11 locus on the Smith chart,
normalised to Zref, with frequency indicated by
colour. For both gaps the locus forms a loop that
passes closest to the chart centre near 650 THz,
where Zin is close to Zref and the residual reactance
is small. Below the resonance the locus lies in
the upper half of the chart (inductive reactance),
and above it the locus moves into the lower half
(capacitive reactance) before turning back towards
the left side of the chart at the highest frequencies.
The two loci nearly coincide, confirming that the
gap width has only a minor effect on the input
impedance in this range. The residual reactance
away from resonance could be reduced by adjusting
the arm length or flare angle, or by adding a reactive
load in the gap [32, 33].
It should be emphasised that the matching reported

here is relative to the port reference impedance. In
a rectenna the relevant load is the diode, whose
resistance and capacitance at optical frequencies

differ substantially from typical port impedances
[11,21]. The present results therefore characterise the
antenna itself; co-design of the antenna and diode
impedance is addressed in Section 3.7.

3.4 Radiation patterns

3.4.1 Two-dimensional patterns

Figure 9 shows the normalised far-field patterns in
a principal plane of the antenna for all frequencies.
For each gap the pattern has two broad main lobes
separated by nulls at 90° and 270°, i.e. a dipole-like
figure-of-eight pattern. Between 350 and ≈900 THz
the patterns for different frequencies are similar,
with a shallow dip near 0° and 180° within each
lobe. At 950–1000 THz the lobes become distorted,
and at 1050 THz the pattern changes to single lobes
centred at 0° and 180°, consistent with the onset
of higher-order modes noted in Section 3.1. The
patterns for the two gaps are nearly identical. A
single bowtie is therefore bidirectional rather than
omnidirectional: it receives efficiently over a wide
range of angles around the lobe maxima but not
along the null directions. It is also linearly polarised
along the bowtie axis. Both points are relevant
for harvesting unpolarised, diffuse light and are
discussed in Section 3.7.

3.4.2 Three-dimensional patterns

Figure 10 shows the three-dimensional realised-gain
patterns for the 30 nm gap (patterns for the 20 nm
gap are given in Supplementary Fig. S2). Up to
≈850 THz the pattern is a slightly flattened torus
with a null along the bowtie axis, as expected for
a dipole-like antenna [27], and the colour-scale
maxima give the maximum realised gain at each
frequency (Fig. 12). From 900 to 1000 THz the
pattern becomes irregular, and at 1050 THz the null
rotates into a different plane, consistent with the 2D
patterns in Fig. 9. Figure 11 compares the patterns
of the two gaps at 650 THz.

3.5 Realised gain

The maximum realised gain at each frequency is
plotted in Fig. 12. For both gaps, the gain increases
from ≈0.2 dBi at 350 THz, where the antenna is
electrically small and poorly matched, to 2.1–2.4 dBi
between 500 and 650 THz. These values are close to
the 2.15 dBi directivity of a half-wave dipole [27],
consistent with the dipole-like patterns in Figs. 9
and 10. The gain then rises to 3.23–3.24 dBi at 700

© Ariston Publications 2026. All rights reserved. Science of Optics and Photonics, 2026, Vol. 1, No. 1, 06-18 | 10



S. Mishra et al. Visible–Near-Infrared (350–1050 THz) Silver Bowtie Nanoantenna for Optical Rectenna Energy Harvesting

Fig. 5. Electric-field norm (V/m) in the antenna plane for g = 30 nm at frequencies from (a) 350 THz to (o)
1050 THz.

THz and reaches its maximum of 3.25 dBi (20 nm)
and 3.28 dBi (30 nm) at 750 THz, before decreasing
slightly to 2.95–3.06 dBi at 850 THz. Above 850 THz
the gain becomes non-monotonic, with minima at 900
THz (as low as 2.39 dBi for the 20 nm gap) and
at 1000 THz (2.06 dBi) and a recovery to 3.11–3.18
dBi at 1050 THz. These variations coincide with
the pattern changes discussed in Section 3.4 and are
attributed to higher-order modes; with a 50 THz sweep
step, narrower features may not be fully resolved.
Below 850 THz, the gain differs by less than 0.05
dB between the two gaps, whereas above 850 THz
the difference reaches ≈0.3 dB at 950 THz. Within
the −10 dB band (≈480– 875 THz) the gain stays
between 2.1 and 3.3 dBi. At 650 THz, a gain of
2.31 dBi corresponds to an effective aperture of Ae
≈ 0.029 µm² (≈2.9 × 104 nm²), which sets the power
intercepted by a single element.

3.6 Comparison with previous work

Previous nanoantenna rectenna studies have mostly
targeted the infrared: nanoantenna arrays have been
fabricated on flexible substrates [11], bowtie and
related nanoantennas have been combined with MIM
diodes at 28.3 THz [18, 19], and nanoantenna-coupled
MOS tunnel diodes have rectified long-wave
infrared radiation [20]. At visible–near-infrared
frequencies, rectification has been demonstrated
with carbon-nanotube antenna–diode arrays [10], and
theoretical upper bounds on nanoantenna harvesting
efficiency have been derived for the solar spectrum
[8]. A direct comparison of gain and S11 values across
studies is of limited meaning, because the reported
quantities depend on the port reference impedance,
the substrate, the metal model and whether gain or
realised gain is reported. The main distinguishing
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Fig. 6. Electric-field norm (V/m) in the antenna plane at 650 THz for (a) g = 30 nm and (b) g = 20 nm.

features of the present design are its operation in the
visible–near-infrared band, where most experimental
rectennas have not yet operated efficiently, and its
broad −10 dB impedance bandwidth of ≈57%, which
is insensitive to the gap width between 20 and 30 nm.
Unlike the experimental studies cited above, however,
the present work is limited to the antenna and does
not include a rectifier.

3.7 Limitations and route towards a complete
rectenna

Several issues must be resolved before the antenna
can be used in a working rectenna. First, the rectifier
must respond at optical frequencies: for a diode
with resistance RD and capacitance CD, the cut-off
condition 1/(2πRDCD) > 650 THz requires RDCD <
0.25 fs, which is difficult to achieve with MIM diodes
because reducing the capacitance by shrinking the
junction area increases the resistance [9, 21]. Placing
a tunnelling junction with an area of a few hundred
nm² in the 20–30 nm gap is a promising configuration,
but its resistance is expected to far exceed the antenna
resistance. Second, the antenna and diode must
therefore be co-designed for conjugate matching, for
example using nanocircuit loading concepts [32, 33],
and the present port-based S11 should be re-evaluated
with the diode impedance as the load. Third, a single
bowtie is linearly polarised and captures at most
half of unpolarised sunlight; crossed or dual-polarised
bowties would remove this limitation. In addition, the
partial spatial coherence of sunlight limits the power
that a single small antenna can collect [8, 12]. From
the numerical side, the present analysis considers an

isolated element under port excitation. Future work
will include (i) plane-wave receiving-mode simulations
to quantify the field enhancement relative to incident
sunlight, (ii) periodic-array simulations including
mutual coupling and a possible back reflector, (iii) a
finer frequency sweep and a mesh-convergence study
above 850 THz, where higher-order modes appear, and
(iv) fabrication by electron-beam lithography followed
by optical characterisation and integration of an MIM
diode.

Fig. 7. Reflection coefficient (S11) as a function of
frequency for the silver bowtie nanoantenna with feed-gap
widths of (a) 30 nm and (b) 20 nm.
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Fig. 8. Smith-chart representation of the reflection coefficient (S11), normalized to the port reference impedance,
for the silver bowtie nanoantenna with feed-gap widths of (a) 30 nm and (b) 20 nm. The colour scale indicates
frequency in THz.

Fig. 9. Normalised two-dimensional far-field patterns (far-field norm) from 350 to 1050 THz for gap widths of
(a) 30 nm and (b) 20 nm.
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Fig. 10. Three-dimensional realised-gain patterns (dBi) for g = 30 nm from (a) 350 THz to (o) 1050 THz.
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Fig. 11. Three-dimensional realised-gain pattern (dBi) at 650 THz for (a) g = 30 nm and (b) g = 20 nm.

Fig. 12. Maximum realised gain versus frequency for the two gap widths. The shaded region marks the −10
dB impedance band of the 30 nm design; the top axis gives the free-space wavelength.
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4. CONCLUSION

A silver bowtie nanoantenna on a thin SiO2 layer
was designed for optical rectenna energy harvesting
in the 350–1050 THz band and analysed by full-wave
finite-element simulation for feed gaps of 20 and
30 nm. Both designs resonate at ≈650 THz with
a minimum S11 of −24.2 dB (20 nm) and −24.6
dB (30 nm) and provide a −10 dB impedance
bandwidth of ≈480–875 THz (≈57%). The maximum
realised gain rises from ≈0.2 dBi at 350 THz to
3.25–3.28 dBi at 750 THz and remains between
2.1 and 3.3 dBi across the −10 dB band, with
dipole-like radiation patterns up to ≈850 THz and
higher-order-mode effects above. The strongest near
fields occur in the feed gap, the natural location for
a tunnelling diode; narrowing the gap from 30 to 20
nm raises the peak gap field by ≈50% while leaving
the matching and gain essentially unchanged below
850 THz, which relaxes fabrication tolerances. These
results establish the bowtie geometry as a robust,
broadband receiving element for visible–near-infrared
rectennas. Turning it into an efficient energy
harvester will require codesign with an ultrafast
rectifier, dual-polarised and array configurations,
and experimental validation. With these steps,
optical rectennas could complement photovoltaics as
compact power sources for autonomous microsystems
and sensor networks.
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