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ABSTRACT: We demonstrate the integration of a black
phosphorus photodetector in a hybrid, three-dimensional
architecture of silicon photonics and metallic nanoplasmonics
structures. This integration approach combines the advantages
of the low propagation loss of silicon waveguides, high-field
confinement of a plasmonic nanogap, and the narrow bandgap
of black phosphorus to achieve high responsivity for detection
of telecom-band, near-infrared light. Benefiting from an
ultrashort channel (∼60 nm) and near-field enhancement
enabled by the nanogap structure, the photodetector shows an
intrinsic responsivity as high as 10 A/W afforded by internal gain mechanisms, and a 3 dB roll-off frequency of 150 MHz. This
device demonstrates a promising approach for on-chip integration of three distinctive photonic systems, which, as a generic
platform, may lead to future nanophotonic applications for biosensing, nonlinear optics, and optical signal processing.
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Two-dimensional (2D) materials including graphene,
transition metal dichalcogenides (TMDCs), black phos-

phorus (BP), and many others, offer novel optoelectronic
properties that are very promising for a wide variety of photonic
applications.1 Optoelectronic devices based on these materials
(e.g., photodetectors, optical modulators, light emitting diodes,
and lasers) have been demonstrated with performances
approaching, and sometimes rivaling, their commercial counter-
parts.2−4 For these materials, many of their novel electrical and
optical properties stem from their 2D nature, which provides
out-of-plane quantum confinement and modifies their proper-
ties from those observed in bulk. However, the inherent
thinness of mono- or few-layer materials also limits the optical
interaction length and cross-section and, consequently, the total
obtainable absorption, electro-optic effects, and nonlinearity.
For example, while graphene boasts a remarkable universal
absorption of 2.3% per layer over a very broad spectral band,
this is often too small for many practical applications. To
address this issue, various methods have been implemented to
enhance light-matter interaction in 2D materials. Integrating
2D materials with planar photonic waveguides can extend the
interaction length to the longitudinal dimension of the material,
but at the expense of a larger footprint.5−9 The increased
footprint often has deleterious impacts on the total energy
consumption and insertion loss of the final device. Alter-
natively, embedding 2D materials in optical cavities can
resonantly enhance the light-matter interaction but only within
the narrow band of the cavity resonance.10,11 Nanoplasmonic
structures can concentrate the optical field to subdiffraction-
limit dimensions and dramatically enhance light-matter

interaction over a bandwidth much broader than dielectric
optical resonators.12−19 However, metal-based plasmonic
devices have a high optical loss and thus are not suitable for
long-distance propagation of optical signals.
From these considerations, it becomes clear that the optimal

approach would be a hybrid of dielectric and plasmonic
structures that can combine the advantages while avoiding the
drawbacks of both platforms. There have been previous efforts
to achieve such dielectric-plasmonic hybrid systems, such as
hybrid waveguides to alleviate metal loss,20−24 integrating
plasmonic nanoantennas directly on silicon photonic wave-
guides,25,26 and low-loss couplers between silicon and
plasmonic waveguides.27,28 In this Letter, we present a new
hybrid architecture by integrating silicon photonics, plasmonic
nanostructures, and a 2D material to construct a monolithically
integrated photodetecting device. On this hybrid platform,
infrared (IR) light is delivered via the silicon waveguide over a
long distance, converted to surface plasmon polariton (SPP)
waves and concentrated within a plasmonic nanogap on which
the 2D material is integrated. For the 2D material, we use black
phosphorus (BP), which is very attractive in optoelectronics for
its direct and tunable bandgap ranging from ∼2 to 0.33 eV as
the thickness increases from a monolayer to tens of
nanometers.29,30 BP is known to have good sensitivity in the
near- and mid-IR regimes and various optoelectronic devices
have been demonstrated such as a multispectral imager,31
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polarization sensitive,32 waveguide integrated near-IR,9 and
mid-IR photodetectors.33 As we have discussed above, these
devices suffer from either low responsivity when excited with
normal incident light or a large device footprint when using a
waveguide-integrated configuration.
The structure of the proposed hybrid system with a 3D

architecture is illustrated conceptually in Figure 1a. It consists
of three layers built on a standard silicon-on-insulator (SOI)
platform: the bottom layer includes a silicon photonic
waveguide with low propagation loss; the middle is the
plasmonic layer comprising a metal grating and a nanogap; and
the top layer consists of an exfoliated BP flake that is in direct
contact with the metallic nanogap. A grating is patterned on the
waveguide underneath the plasmonic structure to launch light
out-of-plane through a spacing layer, thus coupling light from
the waveguide to the nanogap. The output light from the
waveguide grating (fundamental TE waveguide mode) is
polarized in the x-direction, which is perpendicular to the
nanogap direction. The metallic grating in the plasmonic
structure converts the emission from the waveguide grating to
an SPP wave and focuses it into the nanogap, where
significantly enhanced optical intensity is obtained. It is notable
that the metallic grating is fabricated by direct deposition of
gold on prepatterned hydrogen silsesquioxane (HSQ) resist,
which provides a very smooth metal−dielectric interface with
reduced scattering loss. Figure 1b shows a schematic cross-
sectional view of this structure, overlaid with the electric field
amplitude (normalized to the source amplitude |E|/|E0|) of the

optical mode simulated by the 2D finite-difference time-domain
(FDTD) method. As visible in the field map, the extraordinary
optical transmission (EOT) effect through the nanogap
generates a highly concentrated optical field in the BP
layer.34,35 Figure 1c highlights the enhanced electric field
amplitude inside the nanogap (left panel) and the profile of the
averaged optical intensity in the BP layer (right panel), which
exhibits an enhancement factor in the range of 20−45 relative
to output intensity of waveguide grating.
To show the enhancement in optical transmission, Figure 1d

plots the simulated transmission spectrum of the plasmonics
nanostructure with a gap width of 60 nm. The simulation result
indicates that when 100 nm (200 nm) thick gold layer is used
in plasmonic gratings, 15% (18%) of the waveguide grating
emission can be transmitted through the nanogap at the peak,
corresponding to an EOT factor of 3.75 (4.50). Figure 1e plots
the total optical absorption spectrum of the nanogap−BP
hybrid and the respective contribution by the gold and the BP
found in simulation. Although metal contributes more
absorption (13% at peak) than BP, the light absorbed by BP
is near 11% at peak (normalized to the power emitted from the
waveguide gratings), which is significant given that the width of
our aperture (60 nm) is much smaller as compared to other
reported results.9,33

Our design is unique in that the metallic nanogap also serves
as the source and drain contacts to the BP. Together with a
metallic top gate, the nanogap and BP form a field effect
transistor (FET) with an ultrashort channel of the width of the

Figure 1. The 3D hybrid structure of silicon photonics, nanoplasmonics, and black phosphorus. (a) Artistic schematic of the integrated hybrid device
with labels for different layers. (b) FDTD simulation of the optical mode coupling between the waveguide grating, metal grating, and the nanogap. |
E0| refers to the source amplitude in simulation. The BP layer is marked with the white box. (c) The simulation result highlights the significantly
enhanced field amplitude distribution (left panel) and average optical intensity in the BP layer (right panel) in the BP−nanogap region. (d)
Simulated transmission spectrum of the nanogap for 100 and 200 nm Au layer thickness, showing a resonance near the designed wavelength of 1.55
μm. (e) The total absorption of the waveguide grating emission by the BP−nanogap structure found in FDTD with contributions from the BP
(blue) and the metal (red).
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nanogap. Additionally, the metallic top gate reflects the
transmitted light back to the BP to further improve efficiency,
which is confirmed through simulation (compare to Figure
S2d). The combined benefits of low loss light delivery using a
silicon waveguide, the concentration of light using plasmonics,
and the ultrashort BP channel create an integrated BP
photodetector with both high detection efficiency and speed.

The device fabrication process is described in detail in the
Methods section. Figure 2a shows an optical microscope image
of the fabricated device. Thin BP flakes were exfoliated from
crystals and transferred to the prefabricated substrates using a
dry transfer method.36 Figure 2b shows the atomic force
microscope (AFM) image of the BP−nanogap region before
the integration of the top gate. It shows that the BP flake, 20

Figure 2. Microscope images of the device. (a) Optical microscope image of the completed device. The BP FET, using the metallic nanogap as the
source and drain contacts, is integrated on top of the silicon waveguides (marked with black dashed lines). The red arrows indicate the direction of
optical propagation. Inset: zoom-in microscope image of the BP−nanogap region (before patterning gate metal). (b) Atomic force microscope
(AFM) image of the BP−nanogap region. The topographic profile (lower panel) along the dashed line shows that the BP flake is 20 nm thick. (c,d)
Scanning electron microscope (SEM) images of the silicon waveguide grating (c) and the details of the nanogap (d), which shows a smooth and
uniform gap with a width of 60 nm.

Figure 3. Electrical characterization of the BP FET. (a) Source-drain current, IDS, plotted in log (main panel) and linear scales (inset), as the gate
voltage VG is swept while the bias voltage is fixed at various values. (b,c) I−V characteristics of the device when the BP is gated to be p-doped (b) and
n-doped (c), respectively.
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nm thick and 10 μm wide across the nanogap, has been
successfully transferred and integrated with the plasmonic
nanostructures. The scanning electron microscope (SEM)
image in Figure 2d shows that the nanogap has a very smooth
profile with a width of 60 nm which was limited by the
resolution of the focused ion beam (FIB) system we used. The
SEM image of the silicon waveguide grating with a period of
590 nm and duty cycle of 78% is shown in Figure 2c.
The electrical characteristics of the device are shown in

Figure 3. Figure 3a plots the source-drain current IDS versus the
gate voltage VG. Our short-channel FET shows outstanding
gate modulation of the channel current. Even at a moderately
high bias (VDS) of 0.7 V, the on−off ratio is up to 103, and the
modulation depth is comparable to reported BP FETs with
similar channel length.37 Also, the device shows excellent
ambipolar transport with channel conductance in the n-doped
region being only a factor of 2 lower than the p-doped region in
the measured range of VG. The BP channel is tuned to be near
intrinsic at a gate voltage of −4 V, indicating the material is n-
doped. In Figure 3b,c, the I−V characteristics in different
doping regimes are shown. In both p-type and n-type doping
regions, the FET has linear I−V characteristics, which implies
comparable Schottky barriers for both holes and electrons. The
slight asymmetry in I−V curves at positive and negative bias can
be attributed to bias modulating the barrier heights: in p-type

doped regime (negative gate bias), positive VDS can further
narrow the Schottky barrier and increase the conductance; on
the contrary, in the n-type doped regime negative VDS can
narrow contact barrier and increase the conductance.38

Before showing the photodetection performance of the
device, it is necessary to show how the light is routed to the BP
photodetector in the hybrid system. Laser light is coupled from
a fiber array into the waveguide through grating couplers with a
typical coupling efficiency of ∼20%. The optical signal
propagates to the waveguide grating and reemits upward. The
waveguide grating (Figure 2c) is designed to have an efficiency
of 48%, using adiabatically tapered duty cycles to mitigate back
reflection. However, the measured efficiency is only 14%, which
is attributed to fabrication imprecision and nonideality (see
Supporting Information). This efficiency can be further
improved by about a factor of 2 with the use of a back
reflector.39 With the assistance of the metal gratings on both
sides of the nanogap, the emitted light excites SPP waves on the
metallic nanostructure, which further propagates and funnels
through the nanogap, leading to the EOT effect and
significantly increased absorption in the BP layer (Figure 1d).
The device’s photoresponse was measured when it operates

in the photoconductive mode with an applied source-drain bias.
Figure 4a shows the source-drain current IDS at a fixed VG of −8
V at different optical power levels, marked in the legends as the

Figure 4. Photoresponse of the BP photodetector. (a) Source-drain current IDS of the BP FET at a fixed gate voltage VG (−8 V) versus source-drain
bias VDS under varying optical power levels. The optical power levels refer to the emission at the silicon waveguide grating, determined by the
calibration. (b) Photocurrent Iph and transconductance gm at optical power level of 560 μW when the gate voltage is swept. The maximums of Iph and
gm are coincident at the same gate voltage, suggesting the related gain mechanism. (c) Contour plot of photocurrent Iph versus VG and VDS. A
bolometric effect that generates negative photocurrent is weak in the device. (d) The intrinsic responsivity, referred to the absorbed optical power in
BP, is as high as 6.25 A/W, corresponding to a photoconductive gain of 500%. (e) In another device without an integrated top gate, the highest
responsivity is 10 A/W at 1.5 V source-drain bias and the corresponding photoconductive gain is 800%.
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power emitted by the waveguide grating. It is clearly seen that
photocurrent is generated in the BP channel with a magnitude
that increases with the optical power. The photocurrent of the
device is also highly dependent on the gate voltage, as shown in
Figure 4b. The maximum photocurrent occurs near a gate bias
of −8 V, coincident with the peak of the FET transconductance
gm, as shown in the lower panel of Figure 4b, indicating an
internal gain mechanism plays a role. Figure 4c shows a 2D
contour plot of the photocurrent dependent on the gate and
bias voltage. It is clear that the device shows very low negative
photocurrent in the highly doped regions. Unlike the long
channel devices,9,40 the bolometric effect has a rather negligible
contribution to the measured photocurrent. We attribute this to
the large metal area in our device, which provides an efficient
heat sink for the BP channel to dissipate heat quickly.
On the basis of the measurement results of photocurrent Iph,

the intrinsic responsivity RIn = Iph/Pabs, where Pabs is absorbed
optical power by the BP, and the photoconductive gain factor
defined as G = RIn/(ηe/hν), where hv is photon energy, e is
electron charge, and η is intrinsic quantum efficiency, are
calculated and plotted in Figure 4d for different optical powers.
Pabs is calculated based on the waveguide grating calibration and
the simulation results in Figure 1. For example, when the
estimated optical emission power from the BP covered gratings
(BP covers 18% of the total grating area) is at 12.6 μW, the
external responsivity of the photodetector is 214 mA/W.
Simulation (Figure 1b) suggests that the 20 nm BP layer
absorbs 11% of the optical power emitted from the waveguide
grating, and among this 31% is absorbed in the active BP area
within the 60 nm wide channel, which generates the collected
photocurrent. Therefore, the device achieves a remarkable
intrinsic responsivity RIn of 6.25 A/W and a gain G of 500% at
VDS = 0.7 V. Figure 4e shows the results of another device
fabricated without the top gate, allowing application of higher
bias without the concern of the large drain-gate field that may
breakdown the BP. Its RIn is as high as 10 A/W at a bias voltage
of 1.5 V. These values of responsivity are considerably higher
than many previously reported results.9,31 Also noticeable is
that the responsivity reduces slightly with increasing optical
power, which was previously observed in MoS2 photodetection
measurements.41 This slight decrease may be attributed to
increased photocarrier recombination with increasing incident
photons that generates a high concentration of excess carriers
in the material, especially when considering the very high
optical intensity in the nanogap.41 We note that this saturation
effect occurs at μW levels of optical power, significantly higher
than that used in the devices reported previously.33,42,43

The larger than unity gain factor G indicates there are
internal photocurrent gain mechanisms at play. Given the
symmetric design of the device, the contribution of the
photothermoelectric effect can be excluded.40 The field effect
mobility μFE can be extracted from the transport results by
using μFE = gmL/(WCoxVDS),

44 where gm is the trans-
conductance, L = 60 nm is the gate length, W = 4.5 μm (see
Figure 2b) is the channel width, and Cox is the gate oxide
capacitance per unit area. The hole mobility is estimated to be
0.96 cm2 V−1 s−1 in the linear regime (Figure 3a inset). The
extracted mobility is likely to be very underestimated due to the
high contact resistance in our device, and is consequently much
lower than previously reported results.29,45 We attribute the
high contact resistance to directly transferring the BP flake onto
the metal contacts. This process likely causes trapping of a high
level of contaminates at the interface, as compared to forming

the contacts by directly depositing metal onto the BP. Using
the extracted field mobility value, the carrier transit time in the
BP channel can be calculated with τtr = L2/(μhVDS) to be 53.6
ps, whereas the carriers in bulk and at the surface of BP can be
trapped with a longer lifetime. The coincidence of the
maximum of the photocurrent and the maximum of gm at the
same gate voltage (Figure 4b) indicates that photogating effect
related to charge trapping and the short transit time lead to a
high photoconductive gain (G) in our device.46 In the
photogating effect, one type of carrier is effectively trapped
(by trap states or band bending) while the other type travels
multiple times before they recombine. Moreover, the much
higher hole mobility than the electron mobility in BP also
facilitates the photoconductive gain.47 The photoconductive
gain (Figure 4d) of our device originates from the short BP
channel length of only 60 nm enabled by the integration with
the nanogap, and can be significantly increased if the carrier
mobility can be improved and the contact resistance lowered.
It has been reported that the photogating effect in 2D

materials due to photocarriers in midband traps states can
dramatically enhance the optical responsivity, however, only at
low frequency due to the very long trapping time.33,42,43 We
assessed the frequency response of the photodetector to an
amplitude-modulated optical signal in the frequency range from
2 kHz to 1.8 GHz, as shown in Figure 5. A lock-in amplifier was

used from 2 to 100 kHz range and an RF network analyzer was
used from 100 kHz to 1.8 GHz in the measurement. The
photoresponse of the device shows a 3 dB roll-off frequency of
150 MHz. Although this cutoff frequency response is lower
than that of previously demonstrated BP photodetectors,9 it is
considerably higher than that of devices dominated by the
photogating effect,33 and other reported results.31,33,48,49 The
current device’s frequency response is limited by the RC time
constant because, although the parasitic capacitance of the
device is measured to be ∼260 fF at 1 GHz, the contact and
channel resistance is very high.2 Compared to our previous
result,9 the current device achieves very high responsivity due
to a very short channel, but the frequency response is
compromised by the high resistance. In the future, improving
the contact to BP could be achieved by transferring the BP
flakes in an ultraclean and inert environment to avoid
contaminants and using a different adhesion metal layer
between the BP and Au to lower the Schottky barrier.50

Additionally, sandwiching BP between two layers of hexagonal
boron nitride (h-BN) can not only improve the carrier mobility

Figure 5. Frequency response of the BP photodetector to an
amplitude-modulated optical signal. The 3 dB cutoff frequency is at
150 MHz, limited by the RC bandwidth of the device. The contact
resistance of the device is the main factor that limits the high-speed
performance of the device.
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in BP51 but also allows for the fabrication of 1D edge contacts
to BP to further reduce contact resistance.52

In conclusion, we have shown a BP infrared photodetector
based on a 3D integration platform of silicon photonics and
plasmonics. The photodetector’s performance significantly
benefits from silicon photonics’ ability to deliver light over a
long distance with a low loss and plasmonics’ ability to
concentrate light below the diffraction limit. Direct integration
of BP on the plasmonic nanogap also naturally makes a short
channel photodetector, enabling built-in photoconductive gain
with a high detection bandwidth. Much higher photoconductive
gain can be obtained when the nanogap width is further
reduced to below 10 nm as has been achieved recently,53 and
the BP quality is improved to increase carrier mobility such that
the carrier transport in the device may approach the ballistic
regime. The optical loss at the waveguide grating and the
plasmonic grating can be reduced by improving the waveguide
grating design, adding a dielectric reflector under the waveguide
grating, and more systematic optimization between the
photonics and plasmonics layers. The results from the current
device successfully demonstrate the feasibility and promise of
such a hybrid approach of integrating 2D materials, plasmonics,
and silicon photonics. Overall, this approach combines the best
attributes of each technology while mitigating their respective
disadvantages. Our demonstration of a photodetector with high
responsivity and fast frequency response is only the first step.
The approach can be adopted to make efficient optical
modulators,54 nonlinear optical devices,55 and cointegration
of 2D electronics with optoelectronics56 with a broad range of
potential applications including optical signal processing.57

Methods. Device Fabrication. The device was fabricated on
a standard SOI wafer (220 nm silicon layer and 3 μm buried
oxide layer). The silicon photonic layer was fabricated with
standard e-beam lithography (Vistec EBPG 5000+) and plasma
dry etching processes and cladded with a 2 μm silicon dioxide
layer deposited by plasma-enhanced chemical vapor deposition.
The plasmonic nanostructure was also fabricated with e-beam
lithography by patterning the nanograting in a layer of
hydrogen silsesquioxane (HSQ) resist and conformally
depositing 3 nm of titanium and 120 nm of gold on top
(Figure 1b). The nanogap was subsequently milled in the metal
film with FIB. The BP flake was exfoliated and then transferred
onto the plasmonic structure using a dry transfer method.
Immediately after the transfer, 40 nm of aluminum oxide was
deposited by atomic layer deposition. This served as the gate
dielectric and also encapsulated the BP to prevent degradation.
Finally, the top metal gate (3 nm Ti/100 nm Au) was patterned
using e-beam lithography and metal deposition/lift-off.
Photonic Layer Design. The photonic layer was fabricated

on an SOI wafer. There are two grating couplers patterned
(Figure S3a): one is used to couple light into waveguide and
the other one is used to monitor coupling efficiency. After the
first Y-junction, half of the light is guided to the device area
while the rest goes to the monitoring grating coupler. Before
the light is guided to the waveguide grating, it is split into two
parts evenly (by the second Y-junction) and the waveguide
follows a race-track design. The symmetric design of the
waveguide grating facilitates the emission of a more uniform
output wavefront that can more efficiently excite the SPP wave
on the metal grating and concentrate light in the nanogap (see
Supporting Information).
Photocurrent Measurement. Photocurrent measurements

were performed by scanning both gate and S/D (source/drain)

biases at a fixed laser wavelength, and measuring S/D currents.
Two Keithley 2400 series source measure units (SMUs) were
used in electrical measurements. Both SMUs were operated in
source-voltage/measure-current mode. While one SMU applied
the gate bias, the other applied the S/D bias and recorded
current readings. By varying the optical power, the S/D current
was measured, including the dark current. After extracting the
dark current, the photocurrent was acquired for different optical
power inputs at various bias conditions.
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