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We designed a sector bowtie nanoantenna integrated with a rectifier (Au-TiO,—T1i diode) for collect-
ing infrared energy. The optical performance of the metallic bowtie nanoantenna was numerically
investigated at infrared frequencies (5-30 wm) using three-dimensional frequency-domain electro-
magnetic field calculation software based on the finite element method. The simulation results indi-
cate that the resonance wavelength and local field enhancement are greatly affected by the shape and
size of the bowtie nanoantenna, as well as the relative permittivity and conductivity of the dielectric
layer. The output current of the rectified nano-rectenna is substantially at nanoampere magnitude
with an electric field intensity of 1 V/m. Moreover, the power conversion efficiency for devices with
three different substrates illustrates that a substrate with a larger refractive index yields a higher
efficiency and longer infrared response wavelength. Consequently, the optimized structure can pro-
vide theoretical support for the design of novel optical rectennas and fabrication of optoelectronic
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1 Introduction

The nano-rectenna consisting of a receiving optical
nanoantenna and metal-insulator-metal (MIM) rectifier
has attracted great attention over past decades because
of its broad applications in high-efficiency solar cells [1],
infrared detectors [2], biochemical sensors [3], quantum
single-photon sources [4], and electronic device cooling
[5]. The metallic nanoantenna based on surface plasmon
resonance [6-10] and restricted to the subwavelength
scale [11, 12] can effectively collect optical energy in the
visible and infrared frequency ranges. The resulting MIM
rectifier can convert AC oscillation to DC power. Many
efforts have been made recently to obtain maximum field
enhancement and higher rectifier conversion efficiency by
designing the nanoantenna and MIM diode both experi-
mentally and theoretically. Popular rectenna designs [13]
have a thin-film Ni-NiO-Ni diode with an integrated
infrared antenna and exhibit the smallest contact area
(110 nm x 110 nm) ever reported for thin-film MIM

diodes so as to obtain a fast optical response. The DC
signal generated in the diode is measured by detection of
COg laser radiation with a wavelength of 10.6 wm. Vari-
ous antenna structures (such as dipole [14], bowtie [15],
and spiral [16] rectennas) have been fabricated to inves-
tigate the coupling of the incident light. Various types of
MIM diodes, for example, Ni-NiO-Cr (1 um?) [17], Ni—
NiO-Ni (0.018 wm?) [18], AI-A10,—Pt (0.0056 um?) [14],
Ni-NiO-Cu (0.008 um?) [19], and Cu-CuO-Au (0.0045
um?) [20], have been reported. Some improvements have
been achieved by increasing the work function difference
between the two metal electrodes to obtain highly non-
linear I(V') behavior and /or by reducing the contact area
of the tunneling junction to obtain impedance matching
between the antenna and diode. However, most of the
experimental investigations to date have characterized
the electrical performance of the rectenna, and the op-
tical response of the devices has seldom been studied,
possibly because there is no mature theory or numerical
analysis of the nano-rectenna. Theoretical studies of the
antenna alone and the MIM diode alone have been rel-
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atively thorough, but very few theoretical studies have
been reported for the entire rectenna consisting of both
the antenna and the tunneling diode. Local field enhance-
ment in the feed gap of the antenna is due to surface
plasmon resonance coupled by two metallic strips [21].
A near-field intensity enhancement |E|* exceeding 103
has been obtained at the center of the antenna gap [22,
23]. If the feed gap of a dipole or bowtie antenna can be
filled with metals to attain perfect load matching, the
induced current could be on the order of 10715 A [24]. In
addition, the optical properties of the antenna are very
sensitive to changes in the shape and size of the bowtie
nanoantenna [25-27], such as its length, flare angle, feed
gap, and thickness. The nonlinear I(V') characteristics of
a traveling-wave MIM diode are greatly influenced by the
features of the insulating layer, such as its components
and geometric parameters [28, 29]. Theoretical simula-
tions have revealed that when a MIM diode is connected
to the antenna, the electric field is concentrated in the
overlap area of the MIM diode [30, 31], and the electrical
signal [32, 33] of the device is at the diode. However, the
above calculations consider only the optical and electri-
cal response but give little attention to the optoelectronic
properties. Moreover, the obtained optical and electri-
cal signals are not very strong, as the rectenna model
needs to be improved. The microscopic mechanism un-
derlying the optoelectronic properties of the rectenna is
still unclear because the properties vary with all of the
parameters, specifically, the response wavelength, local
field enhancement, and output current, which contribute
greatly to the design and analysis of the nanoantenna.
Therefore, it is extremely important to redesign and op-
timize the nano-rectenna to obtain better optoelectronic
performance as well as better understanding of the mi-
croscopic mechanism.

In this work, we proposed and designed an infrared
(IR) nano-rectenna composed of a receiving nanoantenna
and a MIM diode. The wavelength under study ranges
from 5 to 30 um, as the Earth absorbs solar radiation
and reemits it mainly in this wave band, with a peak
wavelength of 10.6 um [32, 34, 35]. The nanoantenna
model used in this work is a bowtie nanoantenna be-
cause the lightning rod effect can be maximized in this
case [18]. The shape of the bowtie is a sector instead of
the traditional triangle because a sector antenna can ef-
fectively avoid the issue of sharp corners that exists in
the traditional triangular antenna, which requires high-
precision fabrication. The undesirable singularity issue
can thus be eliminated at the extremities in the antenna
design by theoretical calculations using HFSS [36]. The
MIM diode is a Au-TiO,-Ti diode because of the large
difference in the work function between gold and tita-
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nium, which can give rise to a strong rectifying effect.
The model construction and calculations are performed
entirely by Ansoft HFSS because it can not only calculate
the local field enhancement at the center of the antenna
gap, but also define many functions such as the output
current, induced voltage, and output power owing to the
powerful computing capability of the field calculation.

2 Simulations of the nano-rectenna

When IR radiation is incident on a nano-rectenna, the IR
AC voltage Vi cos(wt) can be induced at the diode, re-
sulting in a large local field at the tunneling barrier [Fig.
1(a)]. The nonlinear tunneling behavior, which arises
from the asymmetry of the diode, leads to a net cur-
rent flow in one direction and allows the MIM diode to
act as a rectifier [14]. To efficiently collect IR radiation,
the MIM diode must have a fast response time, which
is determined by the speed of electron tunneling. In the
equivalent circuit of the nano-rectenna [Fig. 1(b)], the
diode consists of a junction capacitor C'p and a nonlinear
voltage-dependent resistor Rp(V'), which is connected to
a resistor R4 in the bowtie nanoantenna. The cutoff fre-
quency is defined as

B 1 ~ Ra+Rp(V)
o 27TRCD o QWRARD(V)CD.

fe (1)

To minimize the response time of the diode and obtain
a high cutoff frequency, the diode capacitance must be
small, according to Eq. (1). The diode capacitance Cp is

op= T, 2)
where ¢, is the relative permittivity of the oxide in the
MIM diode, g¢ is the permittivity of free space, A is
the junction area, and d is the oxide thickness. In addi-
tion, the dispersion behavior of a metal can be described
by the well-known free-electron Drude model [37-39] in
order to precisely simulate the variation of the metal
permittivity versus the frequency at IR frequencies. The
metal’s complex relative permittivity function e(w) can
be expressed as

w2

g(w) =e1(w) +ieg(w) =1— m, (3)
where €1 (w) and e3(w) are the real and imaginary parts,
respectively; w is the angular frequency; 1/vp is the col-
lision frequency; and wy, is the plasma frequency.

In addition, the dimensions of a nano-rectenna are
properly designed to be tens to hundreds of nanometers
in the light of successfully fabricated samples [13, 40—
42]. The IR rectenna consists of a receiving nanoantenna

Kai Wang, et al., Front. Phys. 10(5), 104101 (2015)
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Fig. 1 Design of the sector bowtie nano-rectenna. (a) Energy levels of the MIM diode under IR illumination. (b) Equiv-
alent circuit of the nano-rectenna. (¢) The model of the nano-rectenna.

and a THz rectifying diode. The initial length, flare an-
gle, effective gap, and thickness of the antenna are L =
3.9 um, 0 = 60°, Geyy = 200 nm, and ~ = 100 nm, re-
spectively [Fig. 1(c)]. One arm is made of gold, and the
other is made of titanium. The TiO, dielectric layer has
a thickness of 5 nm because the MIM resistance increases
with increasing oxide thickness [40]. The nano-rectenna
is excited by an incident plane wave propagating along
the z axis with an electric field intensity of 1 V/m and
linear polarization along the antenna axis (y axis). The
environment for the simulation is a vacuum.

The electromagnetic wave incident on the bowtie
nano-rectenna stimulates surface plasmon oscillations
due to the interaction between the incident light and
free electrons in the metal, resulting in a huge local field
in the dielectric layer of the rectenna. The local field
enhancement factor K is defined as K = |E(w)|/|Eol,
where E(w) is the frequency-dependent electric field of
the nanoantenna coupled with the incident light. The

Kai Wang, et al., Front. Phys. 10(5), 104101 (2015)

observation point of the local field enhancement factor
K is at the symmetry plane of the nano-rectenna, i.e.,
the center of the TiO, dielectric layer. As the frequency
changes, the enhancement factor will reach a maximum
value K4 once surface plasmon resonance occurs, and
the resonance wavelength is \.s. Similarly, on the basis
of Maxwell’s equations in three-dimensional electromag-
netic theory, the output current of a nano-rectenna is
described as V x H = —iwe(w)E + o E, and the induced
voltage between the two metal electrodes is expressed as
Vx E=iwuH.

The antenna structure was calculated by the HFSS
method and was simulated under radiation boundary
condition. In addition, the meshes were further refined
until convergence occurred, and the simulations were run
long enough to reduce the solution error; i.e., the maxi-
mum number of passes was 20, and the maximum delta
energy per pass was 0.01. Further, the solution frequency
was 28.3 THz, and the sweep frequency ranged from 10
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to 60 THz (5-30 pm).

3 Results and discussion

3.1 Antenna length

The calculated resonance spectra of the local field and
the output current for different antenna lengths are
shown in Fig. 2. Each resonance spectrum has one main
resonance peak at wavelengths \,.; of 7.0, 10.0, 12.5, 15.0,
and 17.6 um for antenna lengths L of 2, 3, 4, 5, and 6 um,
respectively. Obviously, a redshift occurs with increas-
ing L. In addition, the intensity of the resonance peak
increases monotonically with increasing L. This can be
explained using the dipole model [43]. Because a bowtie
nanoantenna with symmetrical nanorods is considered
a dipole-like antenna, the distance between the positive
and negative charges at the ends of both antenna arms
increases with increasing L, which weakens the dipole
oscillation restoring force. This effect can reduce the
oscillation frequency, implying that the resonance wave-
length is redshifted. On the other hand, the charges Q

(@)
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accumulated at the ends of both antennas are assumed
to remain constant if oscillation occurs according to the
equation P = Q x L, where P is the dipole moment. The
dipole moment P becomes larger with increasing arm
length L; consequently, the resonance intensity increases.
As shown in Fig. 2(b), A5 is almost proportional to L,
ie, A\ps = 2.63x L+1.89, which is similar to the standing
wave model of a dipole antenna, Acsy x j/2 = L. Lin-
ear relationships are found between the peak intensity
and nanoantenna length for both triangular and sector
bowtie nanoantennas [Fig. 2(c¢)], which are expressed as
Koz =83.8x L —114.1 and K = 96.7 x L — 108.5,
respectively. Thus, the electric field intensity for the
triangular antenna is stronger than that for the sector
antenna at the same length L. The reason is that the
area IR radiation received by the triangular bowtie an-
tenna is slightly larger than that for the sector bowtie
antenna; i.e., the number of photons involved in the
resonance increases for the former. Moreover, the four
sharper corners of the triangle antenna result in a greater
free electron density near the corners, so the peak in-
tensity of the triangular antenna is larger than that of
the sector antenna. Figure 2(d) shows the output current

(b) 20
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Fig. 2 (a) Theoretical calculations of the local field enhancement factor K vs. wavelength at different antenna lengths.
(b) Resonance wavelength Ays vs. different antenna lengths. (¢) Maximum local field enhancement factor Kpqq vs. antenna
length of triangle and sector bowtie. (d) Output current vs. wavelength at different antenna lengths.
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of the antenna with various lengths from the HFSS cal-
culations, where the peak current I,,, is 2.70, 3.64, 4.58.
5.91, and 6.82 nA for lengths L of 2, 3, 4, 5, and 6 um,
respectively. Thus, the peak current gradually increases
with increasing antenna length. This is because of the in-
creasing local field, which results in more photons being
absorbed by the dielectric layer, i.e., a higher electro-
magnetic energy. Therefore, the excited surface plasmon
oscillations drive a higher probability for electron tun-
neling, eventually leading to a higher output current.

3.2 Flare angle

The flare angles of the bowtie nanoantenna reported here
are acute because of the geometric requirements when
the MIM diode is properly connected to the nanoan-
tenna. The theoretical calculated resonance spectra of
the local field, output current, and induced voltage for
various flare angles are presented in Fig. 3. The reso-
nance wavelength is 10.3, 11.1, 11.5, 11.8, and 12.0 wm
for flare angles 6 of 15, 30, 45, 60, and 75°, respectively
[Fig. 3(a)]. Thus, the resonance wavelength also exhibits
a redshift with increasing flare angle, although its am-
plitude is not as large as that induced by changes in
the antenna length. Moreover, the peak amplitude of the
electric field increases with increasing flare angle. The
redshift can be explained as [44, 45]

L/2
Aps R 2/ Nesr(x)dr+E, (4)
—L/2

where £ represents the offset introduced by the interac-
tion of positive and negative charges between the two
extremities at the antenna gaps. The variation of £ with
the angle is smaller than the integration term in Eq. (4).
Further, \,¢ is the resonance wavelength, L is the an-
tenna length, and n.¢s is the effective index of the local
surface plasmon polariton (SPP).

As the flare angle of the bowtie nanoantenna increases,
the lateral dimension (i.e., the cross section of the an-
tenna) becomes larger. Consequently, the effective index
of the local SPP increases according to the intersection
of the dispersion curves of the local SPP [46]. The max-
imum field enhancement factor K, ., increases with in-
creasing flare angle, which can be explained by the free
electron density at the end of the antenna gap. Increasing
the flare angle increases the area of the metal thin film.
Thus, the number of free electrons on the antenna surface
increases, leading to a larger resonant photon number
and free electron density at the feedback of the gap when
the other parameters of the antenna are constant. Ac-
cordingly, the local electric field is enhanced. Figure 3(b)
shows that the peak current and induced voltage increase

Kai Wang, et al., Front. Phys. 10(5), 104101 (2015)

with increasing flare angle of the antenna. The peak cur-
rent I,q. is 3.03, 3.77, 4.24, 4.44, and 4.66 nA for an in-
duced voltage U,,q, of 45.0, 67.3, 104, 106, and 117 nV,
respectively. Therefore, the characteristic impedance Z¢
of a traveling-wave nano-rectenna is 14.85, 17.85, 22.41,
23.87, and 25.11 €2, respectively, and exhibits an increas-
ing trend. The surface impedance of the antenna assumed
to be the characteristic impedance at high frequencies
can be expressed as

1 Wi
Jo=——==4]/—.
“ " 255 |3 (5)

When the resonance frequency and conductivity are sub-
stituted into Eq. (5), the impedance is close to the cal-
culation results shown in Fig. 3(b). As the flare angle
increases, in addition, the increasing intensity of the res-
onance peak gives rise to more oscillating charges on
the antenna surface, which exhibits a thermal effect [47].
Hence, the absorption of IR radiation can potentially in-
crease the temperature of the nano-rectenna, decreasing
the metallic conductivity and increasing the characteris-
tic impedance.

3.3 Effective gap

Because an optical antenna is usually composed of two
sharpened antenna arms facing each other, strong local
field enhancement arises in the gap [18]. The coupling
strength of the IR radiation to a diode connected to the
gap of a nanoantenna is much greater than that to a sin-
gle diode [13]. Therefore, it is assumed that there is an
effective gap Gss between the antenna arms so that the
antenna structure can be designed more accurately by
theoretical calculation and fabricated more precisely by
controlling the experimental conditions. As the effective
gap increases from 100 to 400 nm, the resonance wave-
length of the antenna shifts very little in the wavelength
range of 10-14 um and is centered at 12 wm [Fig. 4(a)].
The resonance wavelength is centered at 12.5 um when
the effective gap is 500 nm. The results shown in Fig. 4a
illustrate that the change in the effective gap between
the two arms does not affect the response wavelength in a
relatively large range (such as 100-400 nm). In addition,
the maximum local field is slightly enhanced with in-
creasing effective gap [Figs. 4(a) and (b)], which may be
due to the redistribution of the electric field between the
two arms when the diode is connected to the antenna.
As the effective gap increases, the positive and negative
charges in the two extremities move to the center of
the diode, resulting in the enhanced peak electric field.
Figure 4(b) shows that the peak current decreases with
increasing effective gap. This is because a larger effective
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Fig. 3 (a) Local field enhancement factor K vs. wavelength at different flare angles. (b) Peak current and voltage vs.

different flare angles at the resonance wavelengths.
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Fig. 4 (a) Local field enhancement factor K vs. wavelength at different effective gap. (b) Peak field intensity and current

vs. different effective gap at the resonance wavelengths.

gap requires longer leads connecting the diode to the
antenna, increasing the impedance of the nano-rectenna
and possibly causing significant propagation loss of the
traveling wave. Thus, the size of the effective gap should
be limited to reduce the impedance of the nano-rectenna
and the potential propagation loss.

3.4 Antenna thickness

Figure 5 shows the calculated resonance spectra of the
local field and the output current for various antenna
thicknesses. The resonance wavelength of the antenna,
which is centered at 12 um, shifts very little as the an-
tenna thickness increases from 100 to 200 nm [Fig. 5(a)].
The resonance wavelength is centered at 11.5 pm when
the antenna thickness is equal to 50 nm. However, the
peak enhancement of the electric field for both the tri-
angular and sector antennas decreases with increasing
antenna thickness [Fig. 5(b)], which can be expressed as
Koz = —1.21xh+412.3 and K4 = —0.94 x h+316.3,
respectively. This is probably because the air—-antenna
interface is close to the observation point at small thick-

104101-6

nesses. The intensity of the peak field for the triangu-
lar bowtie is found to be larger than that for the sector
bowtie at the same antenna thickness; the reason may
be similar to that for the changes in the antenna length.

Moreover, the output peak current I,,,, is 2.14, 4.14,
5.93, and 7.07 nA for thicknesses h of 50, 100, 150, and
200 nm, respectively [Fig. 5(c)]. Thus, the peak current
is enhanced when the antenna thickness increases. This
is because a small thickness can increase the antenna
impedance. Given that the peak current in Fig. 5c is
the total current, the conduction current I, is the real
part of the total current, which has the same phase as
the electric field. The displacement current Ig;s is the
imaginary part, which is 90° out of phase with the elec-
tric field. I.,, and Igs are 1.37, 2.85, 4.08, and 5.05
nA, and 1.64, 3.00, 4.30, and 4.94 nA [Fig. 5(d)] for
thicknesses h of 50, 100, 150, and 200 nm, respectively.
Thus, both of them increase with increasing thickness.
Because the final rectified DC signal is about half of
the output current from the lead after a period, the DC
intensity, which can be regarded as the detected DC in-
tensity of the proposed nano-rectenna, is substantially at

Kai Wang, et al., Front. Phys. 10(5), 104101 (2015)
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Fig. 5 (a) Theoretical calculations of the local field enhancement factor K vs. wavelength at different antenna thicknesses.
(b) Maximum local field enhancement factor Kaq vs. antenna thickness for triangle and sector bowtie. (¢) Output current
vs. wavelength at different antenna thicknesses. (d) Total current and the conduction current vs. antenna thickness at the

resonance wavelengths.

nanoampere magnitude.

3.5 Relative permittivity of TiO,

For the MIM diode antenna (Au-TiO,—Ti), the relative
permittivity of TiO, increases when its oxidation degree
(2) gradually increases to the stoichiometric TiOq, (i.e.,
x changes from 0 to 2), leading to an increasing insu-
lation effect. Because the average dielectric constant of
TiOs is about 100, the relative permittivity e, for TiO,
can be assumed to range from 2 to 100. The calculated
resonance spectra of the local field for various relative
permittivities of TiO, are shown in Fig. 6(a). The res-
onant wavelength (\.;) is between 11.1 and 12.5 for &,
values between 2 and 100, indicating that the resonance
wavelength is slightly redshifted with increasing relative
permittivity of TiO,. Thus, the response wavelength is
not sensitive to the change in the relative permittivity
of TiO,. The minute redshift can be explained by the
resonant cavity perturbation theory [26]. For the MIM
diode, the electromagnetic field distribution within the
cavity is a minor disturbance when the TiO, dielectric
layer is embedded in a metallic cavity composed of gold

Kai Wang, et al., Front. Phys. 10(5), 104101 (2015)

and titanium. The cavity perturbation can be expressed
as

~[[Jl(Au-H)-H* + (Ac - E) - EX)JdV
oo J

w [l -H* +<E - E-]AV ’
14
(6)

where wy and w are the pre-perturbation and post-

perturbation angular frequencies, respectively. The in-
crease in the permeability (Au) in the cavity approaches
zero. The dielectric constant of TiO, becomes larger
with increasing oxidation degree (i.e., Ae > 0), leading
to a slight redshift in the resonance frequency. Further,
the peak intensity of the electric field decays exponen-
tially with increasing relative permittivity of TiO, [Figs.
6(a) and (c)]. This is because the IR radiation coupled
by the antenna can excite surface plasmon oscillations
in the MIM diode. The evanescent wave generated along
the direction of the electric field (i.e., perpendicular to
the direction of the antenna surface) decays exponen-

tially with a decay factor of e™"*. The decay length is

-1 _ A (si,ﬂrsd

K = 5- i
27 €

) , where )\ is the wavelength of incident
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Fig. 6 (a) Theoretical calculations of the local field enhancement factor K vs. wavelength at different relative permittivity
of TiOz. (b) Output current vs. wavelength at different relative permittivity of TiO. (c) Peak intensity of electric field
and output current vs. relative permittivity of TiO, at the resonance wavelengths.

light, e/ is the real part of the permittivity of the metal,
and g4 is the permittivity of the dielectric material [48].
The peak current falls off rapidly as the relative per-
mittivity of TiO, increases [Figs. 6(b) and (c)], which is
similar to the change in the maximum field intensity. The
reason is that the increase in the relative permittivity of
TiO, can increase the height of the barrier formed by
the dielectric layer and greatly decrease the probability
of electron tunneling, eventually resulting in decreased
output current and local field enhancement. In addition,
the output current from such a nano-rectenna is propor-
tional to the local electric field and is given by [49, 50]

I(w) = Cw) j{s |E|*dS. (7)

The proportionality coefficient C(w) depends on the
properties of the Schottky barrier formed at the inter-
face of the metal and the semiconductor. Eq. (7) shows
that the exponential decrease in the local electric field of
the diode inevitably causes a substantial decline in the
output current, which is consistent with the conclusion
above regarding the electron tunneling mechanism.

3.6 Conductivity of TiO,

In addition to the relative permittivity of TiO,, the con-
ductivity of the dielectric layer can also affect the rec-
tifying characteristics of the MIM diode nanoantenna.
The conductivity of TiO, gradually increases with de-
creasing x; namely, TiO, changes from a semiconductor
to a metal. The conductivities of TiO4, Ti2Os, and TiO
are about 1078, 1800, and 3600 S/m, respectively, and
that of Ti2O is assumed to be 10 000 S/m. To sim-
plify the calculation, the conductivity of Ti,O is set to
100 000 S/m when the value of z is extremely low, i.e.,
when the characteristics approach those of a metal. The
calculated resonance spectra of the local field for TiO,
with various conductivities are shown in Fig. 7(a). The
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major resonance wavelength \,s is 13.0, 12.5, 12.5, 12.0,
and 11.5 pm for TiOg, TisOz, TiO, TixO, and Ti,O,
respectively. The second resonance wavelength exhibits
a similar small blueshift with increasing TiO, conductiv-
ity. The fact that the conductivity (¢ = neu) increases
in the thin dielectric layer suggests that the carrier con-
centration n is significantly increased, giving rise to a
tremendous increase in the surface charge concentration
[51]. This is the main contribution to the formation of
high-frequency photons. The high frequency vibration of
TiO, in the dielectric layer results in the blueshift men-
tioned above [52]. In addition, the intensity of the major
peak drops with increasing conductivity, whereas that of
the second peak is slightly enhanced. When the conduc-
tivity increases to 100 000 S/m, i.e., close to that of the
metallic material, the intensity of both peaks becomes
very weak, which reveals that the near-field confinement
in the dielectric layer weakens, as the reduced insulation
reduces the barrier for electron tunneling, and free elec-
trons can thus move directly between the two metals.
A high-conductivity dielectric layer such as Ti,O can
cancel the surface plasmon oscillations and electron tun-
neling mechanism, dramatically decreasing the intensity
of the major peak. This can also be explained by the
changes in the output current and induced voltage [Fig.
7(b)]. The induced voltage decreases when the dielectric
layer changes from TiOs to Ti,O. Further, the ampli-
tude of this reduction increases. The peak current I,,q.
is 7.77, 7.26, 6.61, 6.00, and 6.54 nA when the induced
voltage Upq, is 106, 102, 98, 74.1, and 19.1 nV, respec-
tively. However, the output current decreases from TiO,
to TixO; thus, the increase for Ti, O is anomalous. This
increase results from the decrease in the local field in
the dielectric layer with increasing conductivity, which
decreases the induced voltage and output current. For
the highly conductive Ti,, O, however, the center of the
nanoantenna can be regarded as three metal blocks.
Thus, there is almost no difference in the transfer of
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Fig. 7 (a) Theoretical calculations of the local field enhancement factor K vs. wavelength at different conductivity of
TiOg. (b) Peak current and voltage vs. different ratio of titanium to oxygen at the resonance wavelengths.

electrons under a reverse bias; i.e., an inflection point
may exist at some value of n. In this case, the MIM
diode structure is possibly destroyed and becomes con-
ductive. Consequently, the rectification mechanism is no
longer valid. The significant decrease in the characteris-
tic impedance gives rise to an anomalous increase in the
output current.

3.7 Substrate effect and power conversion efficiency

For practical applications, the bowtie nanoantenna is
usually fabricated on a dielectric substrate such as glass.
In this section, the effect of the substrate on the opti-
cal properties of the nano-rectenna is investigated. The
preferred antenna structure is designed according to the
previous optimization results; the selected length L, flare
angle 0, effective gap G.fs, thickness h, and relative
permittivity e, for TiO, are 4 pm, 60°, 200 nm, 100
nm, and 6, respectively. The effective area of the sub-
strate is designed to be 10 wmx 10 um, and the thick-
ness is 1 um. The substrate materials are air (no sub-
strate), silicon dioxide, or silicon, the relative permit-
tivities of which are 1.0006, 4, and 11.9, respectively.
The calculated resonance spectra of the local field for
these substrates are shown in Fig. 8(a). The resonance
wavelengths (A\;) are 13.0, 17.6, and 25.0 um when the
substrate is air, SiOs, and Si, respectively. Thus, the
resonant wavelength exhibits an obvious redshift as the
substrate changes from air to silica to silicon. This red-
shift can be explained in terms of the wave number,
k = 27TTLO/)\0 ~ 27T7’Ll/)\1 ~ 27TTL2/)\2, where no, N1,
and ng are the refractive indices of air, SiO5, and Si,
respectively, and \g, A1, and Ay are the corresponding
resonance wavelengths. When the IR radiation coupled
by the bowtie nanoantenna propagates at the interface
of the antenna and the substrate, the wave number ad-
jacent to the substrate is approximately the same owing
to the boundary conditions of the electromagnetic field.

Kai Wang, et al., Front. Phys. 10(5), 104101 (2015)

In other words, the redshift occurs because the refrac-
tive index of the substrate increases as ng < ni; < ns.
In addition, the maximum local field enhancement factor
Koz is found to be 237.4, 342.3, and 763.7 V/m for the
air, SiO9, and Si substrates, respectively. Thus, Kq,
increases with increasing relative permittivity of the sub-
strate. As shown in Fig. 8(b), the field distribution of the
substrates in the z = 0 plane is concentrated in a very
thin insulating layer, where the electric field decreases
gradually toward the outermost edge of the insulating
layer and has an approximately symmetrical distribution
on both sides. When the substrate changes from the air
to silica and then to pure silicon, the local field inten-
sity increases, which is consistent with the results shown
in Fig. 8(a). This can be explained by the decay length

of surface plasmons, i.e., k=1 = % (si’;#) The decay
length decreases when the relative perinittivity of the
substrate increases, resulting in more localization in the
z direction and therefore a stronger local field.

For the bowtie nanoantenna, the power conversion ef-
ficiency can be defined as f = P,y:/Pin, where Py, is the
input power of the nano-rectenna, and P,,; is its output
power (i.e., the received power in the tunnel junction).
The input power P;, = Iy - A, where A is the area that
receives the radiation in a bowtie nanoantenna, and I is
the incident light intensity. I = %\/% -E-B* = 3+ E},
where 7 is the wave impedance in a medium. When the
environment is under vacuum, 7 equals 377 €. The out-
put power Py, = %Re(fs SdS), where S is the Poynt-
ing vector (S = E x H). The maximum output power
Priaz is 1.89 x 10716, 2,78 x 107!°, and 6.16 x 10716
W for the air, SiO2, and Si substrates, respectively [Fig.
8(c)]. Thus, Ppee shows an increasing trend when the
substrate changes from air to silica and then to pure
silicon. The incident light intensity is 1.33 x 1073 W /m?
when the electric field intensity is 1 V/m. The area A
(2 0.250L%) is 4.19 x 10712 m? when the antenna length
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Fig. 8 (a) Theoretical calculations of the local field enhancement factor K vs. wavelength at different substrates.
(b) Electric field distribution in the z = 0 plane for different substrates. (¢) Output power of the antenna diode vs.

wavelength for different substrate.

L is 4 pm. The input power (P;,) is 5.57x 1075 W. Thus,
the power conversion efficiency for the three substrates
at the resonant wavelength is determined to be 3.4%
[f(air)], 5.0% [f(SiO2)], and 11.1% [f(Si)]. For practical
applications, accordingly, various conversion efficiencies
can be achieved by choosing different substrates to fab-
ricate the device according to the response wavelength.

4 Conclusions

In summary, we systematically studied a sector bowtie
nano-rectenna coupling mid- and far-IR radiation using
the Ansoft HFSS method. The theoretical results indi-
cate that many factors can significantly affect the optical
and electrical properties of the nano-rectenna. The reso-
nance wavelength is redshifted when the antenna length,
flare angle, and relative permittivity of TiO, increase,
whereas it is slightly blueshifted when the conductivity
of TiO, increases. The maximum intensity of the local
field increases when the antenna length, flare angle, and
effective gap increase, whereas it decreases with increas-
ing antenna thickness, relative permittivity, and conduc-
tivity of TiO,. The output current rectified by the MIM
diode is substantially at nanoampere magnitude when
the incident electric field intensity is 1 V/m, and the in-
duced voltage of the rectenna is about 100 nV. When
the optimized nano-rectenna is fabricated using differ-
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ent substrates (air, SiO2, and Si), the resonance wave-
length is redshifted and the maximum field intensity in-
creases with increasing refractive index of the substrate;
the power conversion efficiency also increases from 3.4%
to 5.0% and then to 11.1%. These results may provide
good theoretical support for the design and fabrication of
nano-rectenna devices that can efficiently use IR energy
by modulating various parameters, especially by consid-
ering the following three points.

(i) The antenna length and refractive index of the sub-
strate are the major parameters affecting the response
frequency, as the other parameters do not significantly
affect the peak shift. For instance, the length of the an-
tenna with a low-refractive-index substrate should be
controlled at around 3-4 wum to obtain a response near
10.6 um, whereas the length of the antenna should be
shortened appropriately when a substrate with a high
refractive index is used.

(ii) For the local field intensity, the antenna length, an-
tenna thickness, and relative permittivity of the dielec-
tric layer strongly affect the IR radiation coupled by the
nanoantenna. To obtain strong local field enhancement,
therefore, the antenna length and the refractive index of
the substrate should be increased appropriately, whereas
the antenna thickness and the relative permittivity of the
dielectric layer should be reduced accordingly.

(iii) Regarding the electrical properties of the nano-
rectenna, the output current is greatly affected by all

Kai Wang, et al., Front. Phys. 10(5), 104101 (2015)
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of the parameters except for the flare angle. To increase
the final output signal, the length of the antenna should
be suitably increased. In addition, the effective gap and
the relative permittivity and conductivity of the dielec-
tric layer should be decreased. A dielectric layer with
a certain level of insulation favors impedance matching
between the antenna and the diode, resulting in an in-
creased rectifying effect.
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