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Black phosphorus, a recently intensely investigated two-
dimensional material, is promising for electronic and optoelectronic
applications due to its higher mobility and thickness-dependent direct
band gap. With its low direct band gap and anisotropic properties in
nature, black phosphorus is also suitable for near-infrared polarization-
sensitive photodetection. To enhance photoresponsivity of a black
phosphorus based photodetector, we demonstrate two designs of
plasmonic structures. In the first design, plasmonic bowtie antennas are
used to increase the photocurrent, particularly in the armchair
direction, where the optical absorption is higher than that in the

Bowtie aperture

Bowtie antenna

zigzag direction. The simulated electric field distribution with bowtie

structures shows enhanced optical absorption by localized surface plasmons. In the second design, bowtie apertures are
used to enhance the inherent polarization selectivity of black phosphorus. A high photocurrent ratio (armchair to zigzag)
of 8.7 is obtained. We choose a near-infrared wavelength of 1550 nm to demonstrate the photosensitivity enhancement and
polarization selectivity, as it is useful for applications including telecommunication, remote sensing, biological imaging, and

infrared polarimetry imaging.
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wo-dimensional materials are of immense interest due

to their extraordinary properties compared to their

bulk counterparts. In addition to graphene” and
transition metal dichalcogenides™* such as MoS,,>° few-layer
black phosphorus (BP) is intensively studied recently due to its
unique properties including high mobility” and a thickness-
dependent direct band gap, ~0.3 eV in bulk and around 1.5 eV
in monolayer,”'> whereas MoS, has a direct band gap only as a
monolayer."”"* Well-behaved field effect transistors in BP have
been demonstrated.'>'® With these extraordinary properties,
BP is a promising candidate for electronic and optoelectronic
applications including scaled high-performance transistors,'”
solar cells,"® and photodetectors.'”*’

The unique thickness-dependent direct band gap makes BP
especially promising for photodetection. In this work we
investigate methods to enhance photoresponse in black
phosphorus photodetectors at near-IR wavelength, which can
find use in various applications including telecommunication,
remote sensing, and biological imaging.21 Conventional IR
detectors require either an expensive fabrication process such as
molecular beam epitaxy, low-temperature operation, or both.
Moreover, integration of these conventional narrow band gap

v ACS Publications  © Xxxx American Chemical Society

semiconductors with traditional electronic materials such as
silicon is difficult due to lattice mismatch.”* In contrast, the
layered structure of black phosphorus is suitable for monolithic
integration with silicon and even with flexible substrates.”” BP
photodetectors have been reported.'®'”****>° However, the
performance of most of these photodetectors is limited because
of low light absorption in thin films. On the other hand,
plasmonic structure enhanced photoresponsivity at visible
wavelengths has been demonstrated in graphene”””” and
MoS,”” Here, we demonstrate enhanced photosensitivity and
polarization selectivity in BP using plasmonic structures at the
near-IR wavelength of 1550 nm. The same methods can be
used for longer wavelengths up to the band gap of BP, ~4
pum.'" We report two designs of plasmonic structures to
enhance photosensitivity and polarization-sensitive photo-
detection. In the first design, we use bowtie antennas to
enhance absorption and hence the photocurrent. Computa-
tional design shows that the enhanced absorption is due to field
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enhancement by bowtie plasmonic structures. In the second
design, we use bowtie apertures (or bowtie aperture antennas)
to enhance the inherent polarization selectivity of BP. BP has a
puckered layer structure, resulting in anisotropic in-plane
properties’*>” along its two principal armchair and zigzag
directions including anisotropic optical properties, where the
armchair direction has greater absorption compared to that
along the zigzag direction.””**** Inversion symmetry and
mirror reflection symmetry of a crystal structure in the zigzag
direction forbid transitions of photons polarized in the zigzag
direction with band gap energy and signiﬁcantly reduce
absorption of photons with higher energies.”® The transmission
of light through bowtie apertures is also polarization depend-
ent” and hence can further enhance the polarization selectivity
of BP. Here we experimentally demonstrate a bowtie aperture
enhanced BP detector with a photocurrent ratio (armchair to
zigzag) of 8.7, which is useful in IR polarimetry imaging.*®

RESULTS AND DISCUSSION

BP flakes are prepared by tape exfoliation from bulk onto a
Si0,/Si substrate (see Methods). In the first design, we use
bowtie antenna plasmonic structures to enhance the photo-
response. Figure la shows an optical image of two devices on
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Figure 1. Bowtie antenna BP photodetector. (a) Optical image of
two BP devices on one flake, (i) without plasmonic nanostructures
and (ii) with an array of bowtie antennas. (b) SEM image of an
array of bowtie antenna structures. Scale bar is 2 ym. (c) AFM
height profile across the boundary of the BP flake (green line in the
inset). Inset shows the AFM topography image of the BP flake. (d)
Polarized Raman spectra for identifying the armchair direction in
BP (the x-direction in Figure 1a).

the same flake: (i) without plasmonic structures and (ii) with
bowtie antenna plasmonic structures. The plasmonic structures
and contacts are fabricated using standard e-beam lithography,
metallization, and lift-off processes. Thin-film metal of Ti/Au
(5 nm/75 nm) is deposited for both the plasmonic structures
and contacts. A scanning electron microscopy (SEM) image of
the bowtie structures of device (ii) in Figure la is shown in
Figure 1b. The flake is 135 nm thick, as characterized by atomic
force microscopy (AFM), and is shown in Figure lc. Polarized
Raman spectroscopy is used to determine the lattice orientation
of BP.>" Figure 1d shows the Raman spectrum when the

polarization is along the x-direction (Figure 1a), indicating that
the x-direction is the armchair direction.”’ The device channel
lengths (as seen in Figure 1a) are designed along the armchair
direction for better photocarrier collection. This is because of
shorter carrier transit time due to higher mobility along the
armchair direction than that along the zigzag direction.”” The
absorption of BP is also stronger a10n§ the armchair direction
as compared to the zigzag direction.””*' Hence, the bowtie
structures are aligned by fabricating along the armchair
direction as shown in Figure 1b to enhance armchair absorption
by the localized surface plasmons.

To study the photoresponse of the devices, scanning
photocurrent measurements are first conducted on the devices
with zero bias. The photocurrent map at zero bias and 470 yW
incident power at 1550 nm wavelength of the device with
plasmonic structures is shown in Figure 2a. The laser spot size
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Figure 2. Response of the BP photodetector at 1550 nm
wavelength. (a) Photocurrent map of the device with plasmonic
structures at zero bias, with 470 gW incident laser power. Scale bar
is 20 gm. (b) Mlumination current minus dark current (Ligne — Lgar)
vs bias voltage at 1.05 mW of laser power for both devices, with and
without bowtie antennas, and both polarizations along armchair
and zigzag directions. (c) Photocurrent vs laser power at 150 mV
bias. (d) Photoresponsivity vs laser power at 150 mV bias.

is about 4.7 pm. We see two current lobes of different sign at
the two contacts. This is due to the photothermoelectric
effect’” and band bending at the contacts, which were observed
in MoS,”® and other BP devices.'” Recent studies on
graphene,39 carbon nanotubes,*”*' and MoS,*® show that the
photothermoelectric effect may play an important role in the
photoresponse. To study the effect of the plasmonic structures
alone, all the subsequent photocurrent measurements are
performed at the zero current point of zero bias, which is
located near the center of the devices, and results are shown in
Figure 2(b—d). The dark current (without incident light) I-V/
curves of both devices are shown in Supplementary Figure SI.
We observe that devices are nonrectifying, and small non-
linearity could be due to the Schottky barrier. Under laser
illumination, the photocurrent (current under illumination
minus dark current) vs bias at a laser power of 1.05 mW is
shown in Figure 2b for both devices and for polarizations along
armchair and zigzag directions. We can see clearly that the
photocurrent in the device with bowtie structures is much
larger than that in the device without structures because of
enhanced absorption by plasmonic structures. Also, the
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Figure 3. Simulated response of a BP device with a bowtie antenna array. (a) Schematic of a unit cell of the simulation model. (b) Calculated
absorption in BP, with and without bowtie structures, when illuminated along the armchair direction. (c) Electric field distributions: (i) top
view of the XY plane at the exit of the bowtie antenna, (ii) cross-sectional view of the XZ plane, and (iii) cross-sectional view of the YZ plane,
for illuminations along the armchair and zigzag directions at 1550 nm wavelength.

photocurrent when illuminated along the armchair direction is
larger than that along the zigzag direction due to higher
absorption in BP and higher transmission through bowtie
antennas. The photocurrent increases with bias because of
extraction of more electron—hole pairs before they are
recombined. The photocurrent vs laser power at 150 mV bias
is shown in Figure 2c for both devices and illumination
polarizations. The photocurrent increases with laser power
because of generation of more electron hole pairs. The
photoresponsivity, defined as photocurrent divided by laser
power, at 150 mV bias is shown in Figure 2d. The
photoresponsivity decreases with increasing laser power,
which is a common behavior of photodetectors due to
saturation of the electron—hole pair generation at high laser
power and the increased surface recombination.*”

Plasmonic structures were optimized using the finite element
electromagnetic solver ANSYSEM at the wavelength of 1550
nm for absorption along the armchair direction, along which
inherent absorption of BP is higher (see Methods). A schematic
of the model is shown in Figure 3a. Light is illuminated from
the air side (from the top in Figure 3a), the bowtie structures
are aligned along the armchair direction (the x direction in
Figure 3a) of BP, and the enhanced absorption of BP by bowtie
structures along the armchair direction is shown in Figure 3b.
The decreasing absorption in BP vs wavelength for the case
without bowties is because of thin-film interference. The
simulated electric field distributions with the fabricated bowtie
structure dimensions (length = 524 nm, width = 563 nm, gap =
107 nm, period x = 758 nm, and y = 790 nm) are shown in
Figure 3c. From the field distributions in the XY plane at the
exit of bowtie antenna and in the cross-section of the XZ plane,
we see the enhancement of the electric field in BP at the tip of
the bowtie antennas for illumination along the armchair
direction. This field enhancement in BP caused by bowtie
structures leads to the increase in absorption.

The experimental results on photocurrent are generally in
agreement with simulation results of light absorption in BP.
The absorption in both the polarizations is increased because of
field enhancement by plasmonic structures. From the

simulations, absorption in the armchair direction is increased
from 19% in the device without structures to 25% in the device
with structures (a 32% increase), while the absorption in the
zigzag direction is increased from 2% in the device without
structures to 4% in a device with structures (a 100% increase).
We see from Figure 2b that the measured photocurrent
increases with plasmonic structures for both polarizations, and
the photocurrent when illuminated along the armchair
direction is higher than that along the zigzag polarization.
With a laser power of 1.05 mW and 150 mV bias, the
photocurrent enhancement is about 31% along the armchair
direction and 50% along the zigzag direction. At a lower laser
power of 130 uW (and the same 150 mV bias), the
photocurrent enhancement is about 70% along the armchair
direction and 37% along the zigzag direction. We cannot draw a
quantitative comparison between the simulated electric field
distributions and the experimental photocurrent measurements.
The photocurrent depends on extraction of electron hole pairs
and is affected by electron hole recombination, while the
simulations only show the absorbed electric field.

The maximum photocurrent occurs near the electrodes. The
maximum photocurrent with plasmonic structures is also larger
than that in the device without plasmonic structures, as shown
in Supplementary Figure S2. The maximum photoresponsivity
for the armchair polarization with plasmonic structures is 14.2
mA/W at a laser power of 470 yW and 100 mV bias and has an
increase of 43% and 61% for armchair and zigzag polarizations,
respectively, compared with those without plasmonic struc-
tures. As a comparison, the responsivities at a wavelength of
1550 nm by previous studies are 0.3 mA/W (at the same bias of
100 mV)*® and 3 mA/W (at our incident power for
measurements performed up to 200 mV bias)."” Therefore,
the responsivity of our plasmonic-enhanced BP photodetector
is more than 4 times greater than the previously reported
values. In addition to enhanced absorption in BP by plasmonic
structures, there is a built-in field at the interface of BP and Ti/
Au structures caused by the work function difference, which
separates the photoinduced carriers generated in BP. The
electrons will be swept from the surface of BP into the metal,
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Figure 4. Bowtie aperture BP photodetector. (a) Optical image of the BP photodetector with the array of bowtie apertures. (b) (i) SEM image
of an array of bowtie apertures and contacts on the BP flake. Scale bar is 1 ym. (ii) Zoomed-in image of the array of bowtie apertures. Scale

bar is 1 pm.

while there is a small barrier for holes as seen from the band
diagram.'® This can lead to longer recombination time and can
cause more photocurrent, as was observed in graphene.“’44
Also, very limited photocurrent was reported by hot electrons
from gold plasmonic structures injected into silicon over the
Schottky barrier.*” In our experiments, we are unable to
distinguish the contribution between the hot electrons from
metal and photoinduced carriers in BP, as our incident energy
is greater than the band gap of BP. However, we expect the hot
electron contribution to be weak, as there is no barrier for
electrons to return to the gold by the built-in field at the
interface.

We performed the transient current measurements by
mechanically modulating the incident light. However, we are
limited by the frequency of the mechanical chopper to obtain
the actual response time of devices as shown in the
Supplementary Figure S3. From our measurements, the
response time of the devices, with and without bowtie
structures, is less than 90 us, for light polarization along
armchair and zigzag directions. The reported intrinsic response
time of the black phosphorus photodetector can be as fast as
~75 ps along both armchair and zigzag directions.* Since we
expect the hot electron contribution to be weak, the response
time of devices with and without plasmonic structures would be
similar to those observed in graphene.*

In the second design, we use an array of bowtie apertures to
enhance the polarization selectivity of BP photodetection. Just
to compare, the first design of bowtie antennas is intended to
enhance the photocurrent; however, the polarization ratio
(defined as the ratio of photocurrent in the armchair direction
to that in the zigzag direction) is not increased much, as shown
in the Supplementary Figure S4. The inherent absorption of BP
is higher along the armchair polarization than the zigzag
direction.”®*" The transmission of light through bowtie
apertures also depends on the incident polarization, and the
transmission along the direction of the gap of the bowtie
aperture is higher.”> Hence, the second design of bowtie
apertures enhances the absorption ratio by suppressing
transmission for polarization along the zigzag direction, as
there is no BP exposed to light other than that through the
apertures. In our design, the bowtie aperture gaps are aligned
along the armchair direction to take advantage of the higher
absorption along the armchair direction. Figure 4a shows an
optical image of the device with the array of bowtie apertures,
and Figure 4b shows an SEM image of bowtie apertures. The
armchair direction in this device is along the y direction of
Figure 4a, as determined by the polarized Raman spectrosco-

py.”" The flake is 95 nm thick as characterized by AFM and is
shown in Supplementary Figure SS. The device channel length
is again designed along the armchair direction because of higher
mobility along the armchair direction, as was done for the
previous design.

All photocurrent measurements are conducted at the zero
current point at 0 V bias, and the results are shown in Figure S.
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Figure 5. Response of the bowtie apertures. (a) Dark current and
illumination current at 580 uW vs voltage for different polarizations
at 1550 nm. (b) Photocurrent vs power at 150 mV bias for different
polarizations at 1550 nm. (c) Responsivity vs power at 150 mV bias
for different polarizations at 1550 nm. (d) Comparing polarization
ratio vs laser power at 150 mV bias, with and without bowtie
apertures (BA) and at wavelengths of 1550 and 633 nm.

I-V curves of dark current (without incident light) and with a
laser power of 580 4W (1550 nm wavelength) along armchair
and zigzag polarizations are shown in Figure Sa. Photocurrent
and photoresponsivity vs laser power at 150 mV bias are shown
in Figure 5b and ¢, respectively, for both polarizations. Same as
the previous device, the photocurrent increases with laser
power, and photoresponsivity decreases with laser power due to
the reasons discussed previously. The polarization ratio is
shown in Figure 5d, as a function of laser power at 150 mV bias
for devices with and without bowtie apertures. We see that the
polarization ratio in the device with bowtie apertures increased
from 4 to 5.8 (at a laser power of 1.05 mW) compared to that
without bowtie apertures. The polarization ratio decreases with
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Figure 6. Simulated response of a BP device with an array of bowtie apertures. (a) Schematic of a unit cell of the simulation model. (b)
Calculated absorption in BP with the fabricated dimensions for two different polarizations, armchair (along the y direction of Figure 6a) and
zigzag (along the x direction of Figure 6a). (c) Electric field distributions: (i) top view of the XY plane at the exit of the bowtie aperture, (ii)
cross-sectional view of the YZ plane, and (iii) cross-sectional view of the XZ plane for illuminations along the armchair and zigzag directions.

laser power both with and without bowtie apertures. The
possible reason for the decrease in polarization ratio with
increase in laser power is the saturation of increased
photocurrent extraction in the armchair direction as the
photoabsorption increases. At a lower laser power of 470
UW, a higher polarization ratio of 8.7 is obtained in the bowtie
aperture BP photodetector. I-V curves obtained at the laser
power of 470 uW for both polarization directions are shown in
Supplementary Figure S6. Also shown in Figure 5d is the
measurement using a 633 nm wavelength. It is seen that the
polarization ratio at 633 nm does not change much, as the
response of the bowtie aperture strongly depends on the
wavelength due to its plasmonic resonance. It was reported that
patterned Au nanostructures can locally influence the graphene
Fermi energy. 7% We do not expect Au patterns to strongly
influence the transport properties in our devices of bulk BP. In
our first device, although 20% of BP is covered by metal, the
dark currents of both devices (with and without bowties) are
similar, as shown in Supplementary Figure 1. For the second
design, resistivity of the device with bowtie apertures is
estimated to be 4.71 © cm, while the resistivity of the device
without plasmonic structures shown in Figure 1 is 5.28 € cm.
The 10% variation in resistivity could be because of device-to-
device variation as well as a minor surface effect by gold.

BP photodetectors with bowtie apertures shown in Figure 4
were also designed using numerical simulation. A schematic of
the simulation model is shown in Figure 6a. The plasmonic
structures were designed such that the absorption ratio of
armchair to zigzag is higher at a wavelength of 1550 nm. The
fabricated device geometry is used in the results shown in
Figure 6, with length = 247 nm, width = 122 nm, gap = 35 nm,
period x = 349 nm, and period y = 259 nm. The gaps of bowtie
aperture structures are aligned along the armchair direction
(the y direction in Figures 4a and 6a) of BP. Light is
illuminated from the air side, and absorption vs wavelength is
shown in Figure 6b for polarizations along armchair and zigzag
directions. At the resonance wavelengths (including 1550 nm),
large absorption along the armchair direction results in higher
polarization selectivity. From Figure 6b, we see that the

absorption ratio of armchair to zigzag is expected to be high at
the designed wavelength of 1550 nm. The electric field
distributions across different planes, the XY plane at the exit of
bowtie aperture and the cross-sectional YZ and XZ planes, for
illuminations along the armchair and zigzag directions at
wavelength of 1550 nm are shown in Figure 6¢. From the field
distributions, we clearly see the enhancement of electric field
only for the armchair polarization by bowtie apertures. High
transmission only in the armchair direction leads to the high
polarization ratio of absorption. The resonant wavelength of
the bowtie aperture plasmonic structures can be controlled by
their dimensions, particularly the length of the bowtie
aperture,” as shown in the Supplementary figure S7. The
resonant wavelength increases with the length of the bowtie
aperture, providing polarization selectivity at different wave-
lengths.

Bowtie apertures do not increase absorption for the armchair
direction as compared to the device without bowtie apertures.
Computations show absorption in the armchair direction is
19% with bowtie apertures as compared to 21% without bowtie
apertures. On other hand, the absorption in the zigzag direction
has decreased from 10% to less than 1% with bowtie apertures.
The enhancement of the absorption ratio at the designed
wavelength of 1550 nm from simulation is larger than the
obtained experimental enhancement of the polarization ratio.
The deviation can be due to factors including high sensitivity of
resonance with dielectric constants (as shown in Supplemen-
tary Notes 8 and 9) and imperfections of the fabricated
geometry of plasmonic structures (e.g., variations in the sizes of
fabricated bowtie apertures). In addition, we cannot draw a
direct quantitative comparison between the simulated field
distributions and the experimental photocurrent measurements
due to the reasons discussed previously. As is seen in
Supplementary Figure S6, at a lower laser power of 470 uW,
the measured photocurrent along the zigzag direction is only
slightly larger than the dark current. This indicates that bowtie
apertures do suppress transmission effectively at low laser
powers. Hence, it is anticipated that higher polarization
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selectivity can be realized when the incident power is lower,
such as in imaging.

CONCLUSIONS

In conclusion, we demonstrated enhanced photosensitivity and
polarization selectivity of black phosphorus photodetectors
using resonant plasmonic structures. In the first design using
bowtie antennas, we obtained an enhancement of 70% in the
photoresponse in comparison to a device without plasmonic
structures. The responsivity of the bowtie antenna BP
photodetector, even at lower bias, is more than 4 times greater
than previously reported values. Simulation shows that
absorption is increased due to the field enhancement by the
plasmonic structures. In the second design using bowtie
apertures, photocurrent can be effectively suppressed for zigzag
polarization, particularly when the incident power is low such as
in imaging. An armchair to zigzag photocurrent ratio of 8.7 has
been demonstrated. Enhanced photosensitivity and polarization
selectivity at near-infrared wavelengths will be useful in various
applications including telecommunication, remote sensing,
biological imaging, and infrared polarimetry imaging.

METHODS

Sample Preparation. BP flakes are exfoliated from bulk using
Scotch tape on a SiO,/Si substrate. The thickness of the oxide layer is
50 nm. BP flakes that are large and uniform are chosen from
inspection under an optical microscope. The thickness of the flakes is
characterized using AFM, and the crystal direction of BP is determined
by polarized Raman spectroscopy using a HORIBA LabRAM HR800
Raman spectrometer.

Optical Property Measurements. Optical properties of the BP
flakes at 1550 nm are determined by exfoliating flakes onto the glass
substrate and by measuring the reflectance (R) and transmittance (T)
of the flakes (shown in Supplementary Figure S9). The reflectance of
each sample is measured using a reference of silver-coated mirror with
known reflectivity. The optical constants are then obtained from
Fresnel equations using the measured reflectance, transmittance, and
thickness of the films for both armchair and zigzag directions.

Numerical Computation. Plasmonic structures are modeled
using the finite element electromagnetic solver ANSYS EM 17.1
with periodic boundary conditions. The frequency-dependent optical
constants for gold are taken from Johnson and Christy. For BP,
experimentally obtained in-plane optical constants at 1550 nm of
similar thickness were used for the armchair and zigzag directions for
all wavelengths. Out-of-plane dielectric constants are considered the
average of armchair and zigzag directions.

Fabrication. The optimized plasmonic structures and metal
contacts are fabricated onto the flakes on a SiO,/Si substrate using
standard electron beam lithography, metallization, and lift-off
processes. Ti/Au (S/75 nm) metal films are prepared using e-beam
evaporation.

Photocurrent Measurements. The photoresponse of the devices
is measured using a Keithley 2612 system. Scanning photocurrent
measurements are performed using a piezostage. All optical and
electrical measurements are performed in ambient atmosphere. The
samples are stored in a vacuum in between measurements to avoid BP
degradation.
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