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According to optical diffraction limit, the photoresponsity of nanowire (NW)-based photodetector exponentially de-
creases when its NW diameter reduces to the range of deep subwavelength. In this paper, we demonstrate a photore-
sponse-enhanced method of the deep-subwavelength GaAs NW photodetector by using a plasmon-driven dipole an-
tenna. Considering that the enhancement is extremely influenced by the shape and size of antenna, the structure of an-
tenna is optimized by finite difference time domain (FDTD) solutions. The optimal structure of antenna optimizes the
responsivity-enhanced factors to 1123.3 and 224.7 in NW photodetectors with NW diameters of 20 nm and 60 nm, re-
spectively. This photoresponse-enhanced method is promising for easy-integration high-performance nanoscale pho-

Vol.17 No.7, 15 July 2021

todetectors.
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Semiconducting nanowires (NWs) excite great research
interest due to the possibility of their application in many
nanoelectronics and photonics devices'' . Compared with
thin film materials used in optoelectronics'®, the NWs
present unique properties , such as high NW
length-to-diameter ratios, high surface-to-volume ratios,
high crystal quality, and nanometric foot-prints, allowing
them to show quantum effects!"!, surface optical phonons
ultra-high photo-gains', as well as, higher signal-to-noise
ratios”), higher sensing surface!®, and higher mechanical
properties'”. In the case of photodetectors, most researches
focus on the metal-semiconductor-metal (MSM) architec-
ture with either ohmic or Schottky contacts™®'"). Such de-
vices present high gain but they are strongly sublinear and

their time response is generally in the range of millisecond.

When the target is a quantitative measurement of the inci-
dent radiation, PN photodiodes are generally preferred
over metal-semiconductor-metal architectures because of
their lower dark current and the linearity of their re-
sponse! ',

GaAs NWs show particular promise in high-speed

(2]

photodetectors owing to their high absorption coefficient
and direct bandgap'™®'®". The growth of GaAs with axial
PN junction has been widely reported!'*'*. However, the
investigation of photodetector with deep-subwavelength
GaAs NWs still remains a difficult task, which is mainly
caused by the optical diffraction limit in the medium.
The optical diffraction limit directly results in intrinsi-
cally poor optical confinement within the NW!'*!*, In
research of photodetector, optical confinement is an es-
sential factor which is closely related to the photore-
sponse!'®. One solution of this problem is to confine and
trap light into a deep-subwavelength NW by nonstruc-
tural metallic particles!'’**!. In this way, photoresponse is
enhanced by light-matter coupling owing to the excita-
tion of collective electron oscillations, known as local-
ized surface plasmon resonance (LSPR)*!. In addition to
metallic particles, nanostructural metallic antennas are
also devoted to enhance the process of light-matter cou-
pling into NW?*% However, in the investigation of
reported plasmon-driven photodetectors, the structure of
antennas is not consistent. To our best knowledge, the
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plasmon-driven light enhancement effect of the antenna
structure hasn’t been systematically investigated in the
deep-subwavelength NW-based photodetector. Thus,
realizing the high-performance photodetector with a
deep-subwavelength structure is of great significance in
future optical communication.

In this paper, we investigate the plasmon-driven light
enhancement effect of plasmatic antennas in a
deep-subwavelength GaAs NW photodiode. In particular,
we use Au dipole antenna to concentrate light from a
large optical area into the PN junction of GaAs NW.
Compared with bare NW photodetector, the photodetec-
tor with dipole antenna exhibits a higher responsivity due
to LSPR. Moreover, considering that the optical proper-
ties of plasmonic antenna are largely depended on its size
and shape, the maximum of photoresponsivity can be
achieved by modifying the antenna structure. The light
confinement of plasmonic antenna is calculated by the
finite difference time domain (FDTD) method in which
Maxwell’s time dependent curl equations are solved by a
three-dimensional grid, while the optical generation and
responsivity of photodetectors are evaluated through
another software of Lumerical-DEVICE.

A schematic of the proposed structure is illustrated in
Fig.1. In the FDTD calculations, our device is consisted
of a contacted axial PN junction GaAs NW and an Au
dipole antenna. The plane wave is excited along the z
axis and the light polarization is parallel to the dipole
antenna (y polarized). The Au open-sleeve dipole anten-
na has a dipole oriented along the y direction on both
sides of the junction area of axial PN NW, which can be
located by cathodoluminescence measurements in the
DEVICE simulation!'”. Perfectly matched layer (PML)
boundary conditions are used to absorb outgoing waves
from the computational domain, ensuring a perfect ab-
sorption of electromagnetic radiation at the simulation
boundaries. Besides, a low index, non-absorbing sub-
strate is necessary to maximize mode confinement to the
NW (for larger modal gain) and minimize optical losses,
both of which contribute to maximizing the detection
sensitivity of the NW detector.
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Fig.1 The schematic of the device: (a) lllustration of a
contacted axial PN junction GaAs NW with a dipole an-
tenna on its both sides; (b) Top view of the open-sleeve
dipole antenna consisting of a dipole antenna

In modeling of photodetector, the length of the regular
hexagon GaAs NW is 2 um, the thickness of the dipole
antenna is 50 nm. The substrate is SiO, (with a refractive
index, n=1.45). The wavelength of incident light is
850 nm, which is the first low loss window of optical
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communication. The length of antenna is calculated as
116.5 nm by the equation L=1/(2n), where n is the refrac-
tive index of GaAs, and A1 is the resonance wave-
length®?". Moreover, the distance between the cathode
and anode electrode is set as the barrier width of PN
junction (190 nm), which is calculated by

Waw = \/Vb(ﬁ NNy @

q NN,
where ¢, is relative permittivity for GaAs, ¢, is the per-
mittivity of free space, NV, is acceptor concentration, Np
is the donor concentration, Vp is the built-in potential
difference of PN junction, which is calculated as

v, =KL Nl )

q m
where #; is the intrinsic carrier concentration.

Simulated by DEVICE, the 3D optical generation pro-
files are incorporated into the finite-element mesh of the
NWs in the electrical tool to fabricate the electrical mod-
eling partial. The simulated photoresponse of device are
calculated in reverse bias. The doping-dependent mobil-
ity (GaAs only), bandgap narrowing, radiative, Auger
and Shockley-Reed-Hall (SRH) recombination are all
taken into consideration. The material parameters critical
for device simulations are obtained from the Povinelli
model®®,

The spectral dependence of optical absorption in NW
can be strongly influenced by its diameter'®*". In the
FDTD simulation, the light absorption is mainly affected
by the effective index of leaky modes. As the optical
power amplitude shown in Fig.2(a), when the diameter
of the GaAs NW is less than 100 nm, the optical modes
are not confined in the NW and the optical absorption of
the NW exponentially decreases with its diameter, which
is consistent with the resonant optical phenomenal®!),
Consequently, the deep subwavelength NW-based pho-
todetectors exhibit an unsatisfying performance as shown
in Fig.2(a). The photoresponse decreases from
0.132 A/W to 0.006 A/W when the NW diameter varies
from 90 nm to 20 nm. As mentioned above, the device
performance is sensitive to its scale and the weak optical
absorption of NW becomes a stumbling block in reduc-
ing the device scale. In the pursuit of high-performance
photodetector, the method of confining light into NW
should be proposed to improve the photoresponse.

The confinement of strong optical near fields in a
subwavelength volume by the resonant antenna has been
discussed in previous reports®***. By coupling plasmon
excitation of Au antenna into NW, the hybrid system
formed by a GaAs NW with a PN junction and an Au
dipole antenna causes an additional possibility of optical
absorption, especially in the local enhancement of ab-
sorption with deep subwavelength diameter NWs. Ac-
cording to the collective electron current oscillations via
Ampere’s law, the high electromagnetic fields at a met-
al/air interface decays rapidly into the metal and dielec-
trict'”. The power distribution in the NW is affected by the
interaction between the NW modes and antenna plasmonic




Lletal

modes. As depicted in Fig.3(a), the comparison of power
amplitude and optical generation between the NW with
(right) and without (left) the dipole antenna perspicu-
ously exhibits the enhancement of optical absorption in
the antenna-decorated NW. The incident light is ob-
served to be coupled from the Au dipole antenna into
GaAs NW, leading to a remarkable portion of optical
absorption in the NW of varies diameters, such as 30 nm,
60 nm, and 90 nm shown in Fig.3(b). Consequently, the
photoresponse is enhanced due to the photogenerated
electron-hole pairs excited by the trapped light. In order
to investigate the photoelectric conversion characteristic,
the structure and optical absorption data are imported
into DEVICE for further calculation. As illustrated in
Fig.3(c), a significant enhancement of photoresponsivity
is observed while the NWs are decorated by dipole an-
tennas. The calculated photoresponsivities of anten-
na-enhanced NW-based photodetector ranges from
4.14 A/W to 17.4 A/W with antenna-driven enhancement
factors of 13 to 576. As mentioned above, the photore-
sponsivities of bare NW-based photodetector are posi-
tively correlated with their NW diameters. However, the
trend of enhanced photoresponsivities is not a monotone
transformation, which can be attributed to the dipole an-
tenna size of the device with varied NW diameters. The
enhancement effect of same antenna structure shows
distinct differences on diverse photodetector structures,
for the reason that LSPR of antenna is sensitive to the
size of device. Therefore, the detection performance
could be improved by optimizing the antenna structure.
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Fig.2 (a) FDTD-simulations of absorption efficiency
(AE), which plotted as a function of diameter of NW;

(b) The DEVICE-calculated photoresponsivity of the

Optoelectron. Lett. Vol.17 No.7 = 0387

GaAs NW photodetector with A=850 nm changed with
NW diameter

To our knowledge, the structure of antenna in plas-
mon-driven photodetector has not been systematically
studied yet. The performance of plasmon-driven photo-
detector could be improved by adjusting the size and
shape of its antenna due to its stricture sensitivity®®),
However, in the investigation of plasmon-driven photo-
detectors, the shapes of antennas are not consistent>**),
In the pursuit of high photoresponsivity, FDTD simula-
tions are carried out to obtain the optimum shape and
size of antenna as depicted in Figs.4 and 5, respectively.
The shape of antenna is designed to be two tip- to-tip
triangles with varied tip angles changed from 0° to 180°.
It should be point out that the antenna becomes “linear”
when the angle is 0° and becomes “circular” when the
angle is 180°. As the power distribution shown in
Fig.4(a), the optical power in the NW increases with the
declined tip angle of antennas. That is, the field intensity
in NW is observed to be higher with a sharper antenna
tip, which can be attributed to that the charges on the
antenna surface are confined to a smaller area due to the
decreasing current distribution!*”),
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Fig.3 (a) FDTD-simulated distribution of optical power
intensity and optical generation of GaAs NW deco-
rated with or without antenna; (b) FDTD-simulated
distribution of optical power intensity in GaAs NW
with diameters of 30 nm, 60 nm and 90 nm, respec-
tively; (c) A plot of the responsivity of the detector for
the competition between NW decorated with a dipole
antenna and without antenna

Considering that the optical field confined into NW
reflects the surface charge density, the photo-generated
current in NW is supposed to be increased due to the
enhanced surface charge density. Therefore, the pho-
toresponsivities calculated by DEVICE also increase
with the enhanced surface charge density as shown in
Fig.4(b). The trend of responsivities changed with tip
angles is consistent with the power distribution ampli-
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tude of NW, as shown in Fig.4(a). The highest enhance-
ment of the photoresponsivity is obtained when the tip
angle is 0°, suggesting that the “linear” shape is the op-
timum shape of antenna for the photodetector.
Furthermore, as the “linear” shape antenna can be
considered as a rectangle, the optimum size of antenna is
entirely decided by the length and width of the rectangle.
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Fig.4 (a) FDTD-simulated power intensity of the de-
vice versus tip-angle of triangular antenna, where the
tip-angle of the antenna changes from 0° (linear an-
tenna) to —180° (circular antenna); (b) The responsiv-
ity of the device changed with the tip-angle of the
triangular antenna

As mentioned above, the length of antenna is related
to the wavelength of incident light (a length of 116.5 nm
related to the wavelength of 850 nm), while the diameter
of antenna (the width of the rectangle) for maximized
local field enhancement has not been addressed. Obvi-
ously, when the antenna width approaches zero, the
nearly “nonexistent” antenna can hardly restrict electro-
magnetic fields. On the contrary, if the antenna is too
wide, the optical field also can’t be concentrated into
NW for the reason that the antenna tip is no longer
“sharp”. In FDTD simulations, we focus on the optimum
width of antenna based on the NW diameter of 20 nm
and 60 nm. As shown in Fig.5(a), the responsivities do
not monotonically change with the width of antenna and
two peaks are observed in the photoresponsivities of both
photodetectors, which is consistent with the distribution
density of optical generation show in Fig.5(b). When
NW diameter is 20 nm, the peaks are 6.74 A/W and
4.92 A/W at the antenna diameter of 30 nm and 65 nm
respectively, while the photoresponsivity peaks of the
60 nm NW-diameter photodetectors are 4.48 A/W and
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7.64 A/W at the antenna diameter of 25 nm and 50 nm,
respectively. Compared with the photoresponsivity with
a bare NW, the highest enhancement factor of the 20 nm
NW-diameter photodetector is 1 123.3 with an antenna
width of 30 nm, while the highest enhancement factor of
the 60 nm NW-diameter photodetector is 224.7 with an
antenna width of 50 nm. The optimum widths of antenna
are inconformity between the two NW-diameters which
can be attributed to the size sensitivity of plasmon-driven
antenna. It should be point out that the width of the an-
tenna in experiment should be limited by the lithography
accuracy of electron beam lithography. Therefore, the
theoretical maximum of photoresponse is hard to be
achieved due to the experimental accuracy deviation.
However, the average enhancement factor of photore-
sponsivity is still observed to be more than 100 near the
width peak, suggesting that the fabrication of nanoan-
tenna has experimental feasibility and the dipole antenna
resonance plays an important role in the deep subwave-
length GaAs photodetectors.
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Fig.5 (a) A plot of the responsivity enhancement as a
function of the width of the antenna; (b) The sectional
optical generation distribution in the NW with the
width of dipole antenna of 0 nm, 20 nm, 50 nm and
80 nm, respectively

In conclusion, we proposed a PN photodetector based
on single GaAs NW decorated by a dipole antenna. A 3D
employed FDTD method in optical simulation and opto-
electronic simulation are used to evaluate the perfor-
mance of the photodetector with/without dipole antenna
on both sides of NW. Decorated by a dipole antenna, the



Lletal

photodetector exhibits an enhanced responsivity, which
is further improved by optimizing the size and shape of
antenna. The optimum sizes of the “linear” shape are
proved to be a length of 116.5 nm and a width of 30 nm
and 50 nm for the photodetector with a NW-diameter of
20 and 60, respectively. The relative photoresponsivities
enhancement factor are calculated to be 1123.3 and
224.7 correspondingly. The method of enhancing light-
matter coupling by a dipole antenna provides an efficient
way to dramatically improve the responsivity of deep
subwavelength GaAs photodetectors.
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