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The design of bowtie antennas for carbon nanotube (CNT) photodetectors has been investigated. CNT photodetectors have shown
outstanding performance by using CNT as sensing element. However, detection wavelength is much larger than the diameter
of the CNT, resulting in small fill factor. Bowtie antenna can confine light into a subwavelength volume based on plasmonic
resonance, thus integrating a bowtie antenna to CNT photodetectors can highly improve photoresponse of the detectors. The
electric field enhancement of bowtie antennas was calculated using the device geometry by considering fabrication difficulties and
photodetector structure. It is shown that the electric field intensity enhancement increased exponentially with distance reduction
between the CNT photodetector to the antenna. A redshift of the peak resonance wavelength is predicted due to the increase
of tip angles of the bowtie antennas. Experimental results showed that photocurrent enhancement agreed well with theoretical

calculations. Bowtie antennas may find wide applications in nanoscale photonic sensors.

1. Introduction

With the development of nanotechnologies, one-dimension-
al (1D) materials, including nanowires and nanotubes,
emerged as important components in photonics and opto-
electronics [1]. Compared to bulk materials, 1D materials
possess a number of unique properties arose from their
geometries, making them potential candidates to outperform
traditional optical devices. In particular, carbon nanotubes
(CNTs) are of great interest for exploring as functional
elements for 1D photodetectors due to their perfect nanohol-
low cylinder structure [2, 3]. However, a critical chal-
lenge for obtaining high-performance 1D photodetectors is
the dimension incompatibility between photodetectors and
optical wavelengths. The radial sizes of CNTs are much
smaller than detection wavelengths, resulting in low fill factor
and responsivity. Motivated by this challenge, optical anten-
nas were designed to integrate with CNT photodetectors so
as to bridge the gap between nanosize sensing elements and
microsize wavelengths. Due to plasmonic resonance, optical
antennas can confine strong optical near fields in a volume

far below a cubic wavelength of excitation light. This can
greatly enhance photon absorption owing to the increase
of coupling between CNT and vibrating electrical fields of
photons. By integrating CNT photodetectors with optical
antennas, the nanoscale photodetectors can be made with
outstanding performance and photon absorption efficiency.

There are two main categories of photodetectors: thermal
detectors and photonic detectors. Both thermal detectors and
photonic detectors have their limitations: thermal detectors
have slow response and low detectivity, while traditional
photon detectors can only detect a narrow spectrum, which
is limited by their bandgap energies. Some of the photon
detectors need to operate with cryogenic cooling system,
particularly middle-wave infrared (IR) or longer wavelength
detectors. Photodetectors using nanomaterials as core mate-
rials were proposed to overcome these problems, since nano-
materials, especially CNTs, have a number of exceptional
optoelectronic properties [4]. CNT-based photodetectors
were extensively investigated. Multiexiton was observed in
a CNT photodetector, showing the potential of making
photodetectors with higher responsivity [5]. A photovoltaic



CNT detector was reported to detect middle-wave IR at
room temperature [6]. A spectral tunable CNT photode-
tector could modulate its detection spectrum by electrically
tailoring the diameters of CNTs [7], because the bandgap
energies of the 1D materials are inversely proportional to
their diameters [8]. All these promising properties stem
from the 1D quantum confined geometry of CNTs, which,
nevertheless, cause low fill factor and absorption. In order
to fully employ the exceptional advantages of the CNTs in
photosensors, the problem of low absorption needs to be
addressed, and optical antennas are promising in solving this
issue.

In our design, the optical antenna performs as a plas-
monic lens that funnels light into the CNT photodetector.
This is analogous to the microlenses on top of conventional
charge coupled device (CCD) array to increase detector fill
factor [9, 10]. If the CNT photodetector occupied the same
area as the antenna/CNT photodetector, they have same fill
factor. However, technical difficulties prevent the assembling
of a large array of uniform CNTs. Assembling a CNT thin
film has been demonstrated, but the interaction between
CNTs in thin film resulted in the loss of their unique optical
properties. Therefore, one single CNT is more favorable and
easier to manipulate in order to fabricate high-performance
photodetectors. But the challenge of one individual CNT as
the core material for photodetectors is the small diameter of
CNT. The optical antenna can strongly concentrate light into
subwavelength volume that couples to the CNT in order to
improve fill factor.

Optical antennas have invoked considerable interests,
because of their ability to generate large and localized elec-
tromagnetic fields. The basic principle of optical antennas is
based on the resonant behavior between excitation light and
metal structure. When light interacts with optical antennas
that have proper dimensions, surface plasmons are generated
due to resonant coupling between the electromagnetic
surface waves and oscillations of free electrons in the metal.
Light irradiating on the optical antenna at frequencies below
the resonant frequency is reflected, since it induces motion
in the charge carriers that act to screen out the incident field;
when the frequency of light is above the resonant frequency,
light is transmitted because the charges are unable to respond
quickly enough to screen out the incident field [11]; only
at the resonant frequency, light is resonant coupling to free
charges of metals, and the incident waves will be absorbed
and reradiated. By properly orienting the reradiated waves,
intensely localized near-fields can be generated. Confining
or localizing light into a small volume has found plenty of
applications in many research fields, including spectroscopy,
microscopy, lithography, biosensing, chemical studies, and so
on [12, 13]. In recent years, optical antennas used to improve
the performance of planar photovoltaic devices became a
hot field [14]. However, very little research was conducted
to improve the performance of 1D photodetectors using
optical antenna, although 1D materials become an emerging
platform in photovoltaic devices [15].

There are a variety of novel shaped optical antennas,
such as nanosphere, nanorod and nanotriangle monomers,
nanosphere dimmers, dipole antennas, bowtie antennas,
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Yagi-Uda antennas, cross-antennas, and so on [13]. Among
all these optical antennas, dipole and bowtie antennas are
particularly suitable for integrating with 1D photodetectors
because of their geometries. Dipole antennas are nanorod
dimmers, while bowtie antennas are nanotriangle dimmers,
therefore, both dipole and bowtie antennas can be consid-
ered as two opposing tip-to-tip nanotriangles (nonzero apex
width) with tip angles ranging from 0° (dipole antennas)
to wider angles. The coupling between two pieces of metals
in these antennas concentrates the incident light into a
nanoscale gap, which locates above a CNT photodetector in
order to enhance the interaction between the localized near-
fields and CNTs.

There were a number of approaches to improve a pho-
todetector’s performance using plasmonic resonance: pho-
tocurrent enhancement was demonstrated in an Si photo-
diode via the excitation of plasmon resonances in spherical
Au nanoparticles deposited on the Si surface [16]; a middle-
wave IR photodetector, comprised of a metallic grating
filled with HgCdTe, was proposed to improve the signal-
to-noise ratio by plasmonic resonance [17]; an optical
antenna was utilized as a metal electrode for a Si Schottky
diode to boost photo-detection [18]. Optical antennas were
embedded in these photodetectors, acting as part of the
photodetectors. In our design, the bowtie antenna performs
as a plasmonic lens, which can be easily integrated into all
types of high performance 1D photodetectors [3, 19-22].
In particular, the bowtie antenna perfectly matches with the
CNT photodetector due to the compatibility of the diameter
of CNT and gap distance of the bowtie antenna, because the
electric field (E-field) enhancement exponentially increases
with decreasing gap distance [23].

The properties of free-standing optical bowtie antennas
have been studied extensively [23, 24], and our group has
demonstrated that dipole antenna can boost photoresponse
of 1D IR detectors [25]. However, the design of bowtie
antennas for 1D photodetectors was not systematically
studied. In this paper, we will present the design of bowtie
antennas that can be integrated with CNT photodetectors to
highly improve the detection of IR signal with wavelength
of 830 nm. E-field enhancement with bowtie antennas was
calculated to seek the optimized tip angle and insulator thick-
ness. Experimental results showed that the photocurrent
enhancement was 12.67 times by adding a bowtie antenna
with precise alignment and dimension control in fab-
rication. Calculation of relative energy difference on the CNT
photodetector at absence and presence of the bowtie antenna
quantitatively explained the photocurrent enhancement.

2. Design of Optical Antennas

Before the discussion of antenna design, an introduction of
CNT photodetectors will be provided. The basic structure of
a CNT photodetector is sketched in Figure 1(a), comprised
of a single CNT connecting to two electrodes with high/low
workfunctions (Ti and Au); the band diagram of the device
is shown in Figure 1(b). On the left contact between Ti and
CNT, Ti has a workfunction that is smaller than that of the
CNT and forms a Schottky barrier; on the right contact,
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FiGure 1: (a) The basic structure of a CNT photodetector, consisting of a CNT connecting to Ti and Au electrodes on top of a quartz

substrate. (b) The band diagram of the CNT photodetector.

Au has a workfunction that is higher than (or similar with)
that of the CNT and forms an ohmic contact (or quasi-
ohmic contact) [22]. When the photons with energy higher
than the CNT bandgap strike the CNT, electron and hole
pairs will be generated, and be separated by the built-in
potential of the Schottky barrier. We have demonstrated that
CNT photodetectors exhibited outstanding performance to
detect IR signals, and the sensitivity of photodetectors with
asymmetric metal structure was much better than the ones
with symmetric metal structures [22]. One thing should be
noted is that the depletion region of the CNT photodetector
may extend into the whole tube of the CNT, since the charge
distribution of the 1D systems has a long-range tail [26],
extending over the entire CNT [27]. In other words, the
entire CNT can be considered as depletion region. Therefore,
the optical antennas cannot only be located on the contacts,
but they also can be placed on top of the CNT body.

The bowtie antenna consists of two tip-to-tip nanotri-
angles that can confine strong electromagnetic field between
two triangles at resonance frequency. Light illuminating on
the bowtie antennas will generate instantaneous current,
which oscillates at the frequency along the polarization of
the incident light. The instantaneous current is maximum
near the center of the nanotriangle, and decreases toward the
edges of the antenna. This leads to a high density of surface
charge at the tip of the nanotriangles. Displacement current
flows into the small air gap of the bowtie antennas,
reradiating the absorbed energy. The strong coupling of
these two opposing tip-to-tip triangles brings the center of
the reradiating source to the center of the gap [28]. The
maximum intensity enhancement can be obtained at res-
onance frequency, which is mainly determined by the
dimension and materials of antennas.

The relative position of the CNT photodetector and
bowtie antenna is shown in Figure2. A thin insulator
(SizsNy) is sandwiched between the bowtie antenna and the
photodetector (Figure 2(c)), with the gap of bowtie antenna
aligning to the center of CNT channel. The geometrical
parameters are also denoted in Figure 2: where d is the gap
distance, w is the apex width, L is the length of the bowtie

antenna, 6 is the tip angle, and ¢ is the thickness of the
insulator between antenna and CNT.

This CNT photodetector is designed for detecting IR
signal at 830 nm, thus the bowtie antenna should resonate
at or close to this wavelength. Resonance wavelength is
very sensitive to the dimensions of bowtie antennas, but
several parameters are fixed in simulation considering the
fabrication constraints, and some parameters have been
extensively studied [28, 29]: the gap distance d is set to be
30nm for easier alignment of the bowtie antenna to the
photodetector; apex width is 30 nm to leave some tolerance
for electron beam lithography (EBL); antenna length L is
400 nm because it is close to half-wavelength of the IR signal;
the bowtie antenna is made of 3nm Ti and 20 nm Au. The
width of both Au and Ti electrodes is 400 nm, and the gap
between two electrodes is 1000 nm. The following simulation
was based on the geometry including both electrodes and
bowtie antennas, as shown in Figure 2.

The E-field enhancement spectra of bowtie antennas will
be simulated with varying insulator thickness t and tip angle
0, not only since these two parameters can be easily tuned in
real device fabrication, but they also have significant impacts
to the E-field intensity enhancement.

Figure 2(a) also shows the direction of incident light
polarization and the coordinate system for all numerical
simulations using ANSYS HFSS: a plane wave is normally
incident on the structure from the top with the electric field
being polarized along the x axis, which is parallel to the
axis between two triangles, with electric field component
amplitudes of E, = 1V/m,E, = E; = 0.

2.1. Insulator-Thickness-Dependent E-Field Enhancement.
The plasmonic resonance of the bowtie antennas was first
investigated by varying the insulator thickness t between
the antenna to the CNT photodetector. This is a critical
parameter, since the photodetector needs to be placed in
close proximity to the optical antennas in order to fully
take advantage of near fields [30]. The insulator-thickness-
dependent E-field distribution at the substrate plane (the
plane between SizNy and quartz substrate), where CNT
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FIGURE 2: (a) A 3D geometry shows the relative position between the CNT photodetector and the bowtie antenna. The incident light with
electric field polarized in the x direction propagates in the z direction. (b) Top view of the device, and parameters of the bowtie antenna:
L = 400 nm is the length of the antenna, ¢ = 30 nm is the gap of two pieces of the antenna, w = 30 nm is the apex width, and 6 is the tip
angle. (c) Side view of the device, showing the CNT photodetector and bowtie antenna sandwiching the Si;Ny layer that has a thickness of t.

located, was calculated based on equilateral Au triangles (6 =
60°) with d = 30nm, w = 30nm, L = 400nm. The CNT
photodetector and optical antenna are on the top of a quartz
substrate, with a plane-wave light polarized in the x direction
normally illuminating the device from the top.

The resonance wavelength for this antenna is at 845 nm
with + = 10 nm. Figure 3(a) shows the E-field distribution
between two electrodes at the substrate plane for the device
with + = 10nm at its resonance wavelength. The E-field
is confined into the gap of the bowtie antenna with the
maximum amplitude located at the center of the gap due
to the strong coupling between two nanotriangles. The E-
field distribution is in the shape of a horizontal bowtie, and
the amplitude of the E-field decreases as the distance to the
center of the gap increases in the horizontal direction. The
illuminating light had E = 1 V/m, while the peak amplitude
at substrate plane became E = 14.608 V/m at resonance after
adding the bowtie antenna, with an enhancement of 14.608
fold.

The peak E-field intensity enhancement max (|E|2) asa
function of insulator thickness at resonance wavelength was
shown in Figure 3(b). The E-field distributions with thick-
ness of SizN, ranging from 10 nm to 50 nm were investigated.
The blue curve shows the peak intensity enhancement at the
substrate plane: the enhancement decreased from 213.1 to
26.7 when the thickness of the Siz;Ny increased from 10 nm
to 50 nm. The red curve in Figure 3(b) is the exponential
fit of the data, which matches very well with the blue
curve. The resonance wavelength of the antenna redshifted
from 845nm to 1034 nm with the thickness increasing of
SisNy layer from t+ = 10nm to t+ = 50nm [31]. The
inset of Figure 3(b) shows that the E-field enhancement at
wavelength of 830 nm, which corresponds to the wavelength
of our laser source, decreases dramatically by increasing
the insulator thickness. The simulation results indicate that

the field intensity enhancement decreases significantly with
the increasing thickness of the insulator, because evanescent
waves decay exponentially from the antenna. Therefore, in
order to fully use the power of the antenna, the photodetector
needs to be fabricated close to the bowtie antenna.

2.2. Tip-Angle-Dependent E-Field Enhancement Spectra. Not
only is the tip angle of the bowtie antennas easily modified in
real device fabrication, but it also has critical impact on both
resonance wavelength and E-field intensity enhancement.
The E-field spectra as a function of the tip angle were
calculated with d = 30nm, w = 30nm, L = 400nm,
and t = 10 nm. Figure 4 shows the E-field spectra of bowtie
antenna with tip angles of 0 degrees (dipole antenna), 30
degrees, 60 degrees, 90 degrees, and 120 degrees.

The spectra vary significantly with different tip angles.
It is shown that bowtie antennas cover wider spectrum with
larger tip angles. Bowtie antennas can be considered as a
two-dimensional analogue of biconical antenna, therefore,
wider tip angles are expected to possess broader bandwidth.
The bowtie antenna with tip angle of 120 degrees shows
field intensity enhancement in a broadest spectrum. What
is more, two resonance wavelengths was found with a
fundamental resonance wavelength at 1.13 yum and a high-
order resonance at 0.77 ym. High-order resonance is easier
to be excited for large angle Bowtie antennas, since larger
angle bowtie antennas are prone to overcome the symmetry
limitation of octupolar resonance, while octupolar resonance
is forbidden in the 0 degree bowtie antenna under normal
incidence [32].

The peak E-field intensity enhancement increases with
wider tip angles when the tip angle is smaller than 60
degrees, while it reduces when the tip angle is larger than
90 degrees. In addition, the resonance wavelengths, where
the peak intensity enhancements are obtained, redshift with
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FIGURE 3: (a) The E-field distribution of the resonance frequency (845 nm) of the bowtie antenna with 8 = 60°, and ¢t = 10 nm. The x — y
axis show the coordinate for simulation. (b) The ¢ dependent peak field intensity max (|E \2), blue curve is the simulation values, and red
curve is the exponential fit. The inset shows field intensity enhancement |E|* at wavelength of 830 nm.

increasing tip angles. Resonance wavelength is proportional
to the length of the triangle edges of bowtie antennas, and
thus resonance wavelength redshifts as tip angle increases
[33]. This can be explained as follows: the two opposite
Au/air interfaces in one cross-section vertical to the antenna
axis are far away from each other in the y direction, thus
the local surface plasmon polariton is confined at one Au/air
interface and not affected by the opposite one, especially
when the cross-section is close to the extremity edges. As a
result, the bowtie antennas are dominated by isolated surface
plasmon polaritons that propagate along the triangle edges;
consequently, a standing wave along the triangle edges is
generated, with resonance wavelength scales with the length
of the triangle edges, therefore, redshifts as the tip angle
increases [32]. The length of triangle edges of the bowties

increases from 185nm to 272nm when the tip angle is
widened from 0 degrees to 90 degrees, with an increment
of only 87nm. As a result, the cross-section along y axis
from the tip to extremity edges changes gradually, and thus
resonance wavelength differs slightly. The length of triangle
edge increases to 383 nm when the tip angle becomes 120
degrees. This major length change causes a rapid change of
local cross-section, resulting in a big shift of the resonance
wavelength.

The simulation results show that larger angle bowtie
antennas can cover broader spectrum together with multiple
resonances, which are suitable for photodetectors with wide-
spectrum detection. In our experiment, we were detecting IR
signals with single wavelength of 830 nm. Bowtie antennas
with a 60-degree tip angle were fabricated to verify the field
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FIGURE 4: E-field intensity enhancement |E|? spectra of bowtie
antennas with tip angles ranging from 0 degrees to 120 degrees.
The inset shows a scanning electron microscopy (SEM) image of
a bowtie antenna, denoting the tip angle.

intensity enhancement of the antennas, since the highest
peak field intensity enhancement is obtained at this tip angle,
and whose resonance wavelength is close to 830 nm.

3. Fabrication and Experimental Results

In order to investigate the performance of bowtie antennas,
Au bowties were fabricated on top of a CNT photodetector as
depicted in Figure 2(a). Photocurrent of CNT photodetector
with absence and presence of bowtie antennas was compared
so as to examine the field intensity enhancement of the
antennas.

3.1. Fabrication Process. The fabrication process starts with
EBL an Au electrode on top of a quartz substrate. Prior
to EBL, the quartz substrate was cleaned in acetone and
bombarded with oxygen plasma for 5 minutes to remove
residues. A 360 nm thick layer of polymethyl-methacrylate
copolymer resist (PMMA/MMA) (9% in Ethyl Lactate, from
MicroChem Corp.) was spun at 4000 rpm on the substrate,
and the sample was baked in a hot plate at 175°C for 5
minutes to harden the resist and remove solvent. It was
followed by spinning a layer of polymethyl-methacrylate
(PMMA) (2% in Chlorobenzene, from MicroChem Corp.)
at 4000 rpm with a thickness of 130 nm to form a bilayer
resist. After that, the sample was baked in a hot plate at
175°C for 30 minutes to remove solvent residue. A thin
layer of Au with thickness of 10 nm was deposited on top
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of the resist to avoid charging effect on the sample during
EBL writing. The resist was exposed with the patterned of
an Au electrode with width of 400 nm and some alignment
mark at an acceleration voltage of 30kV and an area dose
of 290 uC/cm?. After exposure, the thin Au layer on the
resist was stripped using gold etching for 10 seconds, and
then the resist was developed using a 1 : 3 methyl-iso-butyl-
ketone (MIBK) in isopropyl alcohol (IPA) solution for 29
seconds. Following development, the sample was rinsed with
DI water, and bombarded by oxygen plasma for 90 seconds
to remove residual resist. A 3nm thick Ti adhesion layer
and 40 nm thick Au layer were deposited using a thermal
evaporator. The Au electrode and alignment mark were
transferred to the substrate via a lift-off process using acetone
(Figure 5(a)). Following the same processes with precise
alignment, another electrode made by Ti was fabricated on
the quartz substrate, with a gap of 1 ym to the Au electrode
(Figure 5(b)). A droplet of CNT suspension in ethanol
alcohol was dispersed at the vicinity to the gap of electrodes,
and an AC voltage of 1Vp, and 10kHz frequency was
applied between the electrodes through the dielectrophoresis
(DEP) deposition system [34]. With the assistance of an
atomic force microscope (AFM) manipulation system [35],
an individual single wall CNT (SWCNT), with diameter of
1-2nm, was assembled between the electrodes, as shown
in the inset of Figure 5(c), which is the AFM image of
the CNT photodetector. A detailed deposition process was
introduced in [36]. After that, a layer of Si3sN4 with thickness
of 10 nm was deposited on top of the device using plasma-
enhanced chemical vapor deposition (PECVD). The PECVD
is a uniform deposition process, but Figure 5(d) shows the
Si3Ny only in the region between two electrodes for making
the schematic clearer. Eventually, a bowtie antenna with two
tip-to-tip equilateral Au triangles was fabricated on top of
the Si3zNy layer by aligning the gap of bowtie antenna to
the SWCNT between two electrodes. The fabrication of the
bowtie antenna started with spinning a 100 nm thick layer of
PMMA at 6000 rpm on the device, and the sample was baked
on a hot plate at 175°C for 30 minutes. After that, an Au
layer of 10 nm was deposited on top of the device to prevent
charging effect. In order to precisely align the antenna to the
detector, AFM was used to record the position of the SWCNT
for designing antenna layout. The bowtie antenna was layout
using single pass lines to reduce proximity effects in order
to increase resolution. During EBL, the resist was exposed
with a line dose of 0.75 4C/cm to form the pattern of bowtie
antenna. After EBL, the thin Au layer was stripped, and
the resist was developed using a 1:3 MIBK in IPA solution
for 29 seconds. Following development, a 2nm thick Ti
adhesion layer and 20 nm Au layer were then deposited using
a thermal evaporator. The antenna pattern was transferred to
the substrate via a lift-off process Figure 5(e).

Figure 5(f) shows a 3D AFM image of one of the
devices integrating bowtie antenna to a CNT photodetector.
The SWCNT was not located at the center of the axis of
two electrodes, thus the position of bowtie antenna was
adjusted according to the position of the CNT. AFM images
cannot show accurate dimensions in x — y plane due to the
image broadening, which is caused by the large radius of
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FIGURE 5: (a—e) Fabrication process of integrating a bowtie antenna to a CNT photodetector. The inset of (¢) is an AFM image of an SWCNT

bridging a Ti and an Au electrode. (f) A 3D AFM image of the device.

curvature of the apex of AFM tips, therefore, two triangles
of the bowties in the AFM image seems connecting. SEM
was utilized to measure the real dimensions of the bowtie
antennas. The gap of bowtie antennas (g) was 30 + 10 nm,
the apex width (w) of the triangles was 30 + 10 nm, length of
the bowtie antenna (L) was 400 + 30 nm.

3.2. Experimental Results. Photocurrent measurements were
carried out on CNT photodetectors with absence and pres-
ence of bowtie antennas so as to investigate the field en-
hancement of the antennas. An IR laser, which had 830 nm
wavelength and polarization in x direction (the axis of bowtie
antenna), illuminated on the CNT photodetector that was
housed in a testing chamber, and electrical signals were
measured using Agilent semiconductor analyzer 4156C.
Photoresponse of the CNT photodetector without bowtie
antenna was firstly recorded at room temperature by
switching the IR laser on and off at 0.2Hz for several
cycles (blue curve of Figure 6). Photoresponse of the CNT
photodetector was measured again after the fabrication of the
bowtie antenna (red curve of Figure 6). The photocurrent
is the current difference at presence and absence of IR
illumination. The comparison of photoresponses was based
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Ficure 6: Photoresponses of the CNT photodetector without and
with bowtie antenna by switching IR laser on and off at 0.2 Hz.
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FIGURE 7: I-V characteristics of the CNT photodetector without and
with the bowtie antenna.

on the amplitude change of photocurrent. Figure 6 shows
that the dark current was ~2 x 107'? Aat the absence of
IR illumination, and the current was increased significantly
upon light illumination because of the photons generated
electron and hole pairs within the CNT, which were sepa-
rated in the Schottky barrier to produce photocurrent. The
current dropped to the dark current when the IR laser was
turned off. The reproducibility of the photoresponse was
excellent. The photocurrent for CNT photodetector without
antenna was ~1.5 X 107! A, and it was increased to ~1.9
X 10719 A after the fabrication of the bowtie antenna, with a
photocurrent enhancement of 12.67 times.

The bowtie antenna functions as a plasmonic lens to
funnel light into the CNT, which has a size much smaller
than the gap of bowtie antenna. Hence, the area of detector
material (physical cross-section) and absorption probability
did not change with the absence or presence of the antenna.
With the presence of bowtie antenna, the photon energy
density on the detector material was enhanced due to sub-
wavelength near-field confinement. It has been defined that
the absorption cross-section of the detector is the total light
power absorbed by detector material normalized by the
incident photon flux [17]. Therefore, calculation of relative
energy intensity difference on the CNT body at absence and
presence of antenna will directly reflect the photocurrent
enhancement.

The field intensity increment on the CNT can be
calculated by integrating the E-field intensity along the CNT
byl = | \E(y)lzdy (Figure 3(a)), since the depletion region
of the asymmetric CNT photodetector extended to the whole
CNT. In other words, the photocurrent enhancement was
caused by the E-field intensity increment on the CNT.
Without the nanoantenna, the total field intensity on the
CNT is equal to 107°V because Ex(y) = 1V/m and y =
1 ym. The field intensity distribution with the antenna was
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calculated by using the parameters that were the same as
fabricated device and experimental setup (d = 30nm, w =
30nm, L = 400nm, t = 10nm, 6 = 60°, and radiation
wavelength = 830nm). By integrating the field intensity
along the y axis between two electrodes (where the CNT
located in Figure 3(a)), the field intensity was enhanced
to 14.87 x 107°V, with a field enhancement of 14.87
fold. Therefore, the photocurrent enhancement is in good
agreement with the simulation. Differences are attributed to
geometry differences between the actual antennas and the
simulation model, and some losses were occurred in the
antennas due to edge and surface roughness.

In order to validate that the photocurrent enhancement
was caused by the light confinement of the nanoantenna,
rather than the contact condition change during fabrication,
[-V characteristics of the photodetector without and with
antenna were measured and shown in Figure 7. The I-
V characteristics showed current rectifying at low voltage,
implying the existence of Schottky barriers. In addition,
the bias-dependent currents of the CNT photodetector with
absence and presence of nanoantenna were almost identical,
which indicated that the contact condition did not change
with the fabrication of the nanoantenna, since electrical
signal was extremely sensitive to contact condition. This
verifies that the photocurrent increment was caused by field
intensity enhancement from the bowtie antenna.

4. Conclusion

The design of bowtie antennas integrating to the CNT pho-
todetectors was studied. The E-field intensity enhancement
of bowtie antennas with a small gap located on top of the
asymmetric CNT photodetector was calculated. It was shown
that the peak field intensity of the antenna was exponentially
decreased with the distance between the antenna to the
CNT photodetector. The resonance wavelength of the bowtie
antenna redshifts with increasing tip angles. A fabrication
process was developed to integrate the bowtie antenna with
the CNT detector. It should be noted that the 1D CNT
detector is perfectly matched with the bowtie antenna, since
the diameter of CNTs is in the same scale as the gap of the
bowtie antenna. The experimental results agreed well with
the simulation by measuring photocurrent enhancement.
The nanoantenna may become an important component to
the nanoscale photonic devices.
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