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ABSTRACT: We report the integration of a black phosphorus (BP) photodetector on a silicon planar photonic crystal cavity for
improving the performance. Benefiting from the cavity-enhanced light—BP interaction, the device has a compact footprint, promising
high responsivity, low dark current, and high speed. With an on-resonance excitation, the photodetection is enhanced by 36 times
over that obtained with the off-resonance excitation. Under a bias of 0.5 V, the photodetector has a responsivity of ~125 mA W™
with a dark current lower than 20 nA thanks to the short BP channel. Relying on BP’s high carrier mobility and the compact device
structure, a high speed with a 3 dB bandwidth exceeding ~1.42 GHz is obtained, which is limited by our instrument response. Our
results indicate the BP photodetector integrated on a planar photonic crystal cavity has potential for constructing a compact on-chip

photodetector of photonic integrated circuits.
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n the past decade, two-dimensional (2D) materials have

been a focus of research to develop high-performance
photodetectors relying on their merits of strong optical
response, absence of dangling bonds, tunable electronic
properties, etc.'”” Among them, few-layer black phosphorus
(BP) is one of the most attractive 2D materials. Its direct
bandgap with a small value of ~0.3 eV 0promises the
photodetection in the infrared spectral range.'’”'* A variety
of BP photodetectors operatin_? at the wavelengths of 1.5,"
2,'* 3, and 3.68—4.03 um'®"” have been reported. Superior
to the infrared photodetectors based on semimetal 2D
materials, such as graphene and WTe,, BP phototransistors
could have a high on/off ratio for suppressing dark
current.”'*7*° In addition, few-layer BP has high carrier
mobilities and a strong anisotropic nature,”*' allowing a fast
photoresponse and high gain in the armchair direction. For
example, the photoresponsivity of tens to hundreds of mA W™
from the near- to mid-infrared wavelenﬁths and GHz operation
in the BP devices were demonstrated. >'*'®**7>*

Unfortunately, 2D BP flakes only have a few atomic layers,
hindering the effective light—matter coupling in BP photo-
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detectors. For normal incident light, it is absorbed by the BP
flake insufficiently since it only transmits across a few layers of
BP atoms. This limits the photoresponsivity of BP photo-
detectors. To improve optical absorption in BP flakes, a
promising strategy is integrating them with optical waveguides
to extend the light—BP interaction length.]3’14’16’17’25 However,
to ensure sufficiently high optical absorption, the channel
length of the BP photodetector on the waveguide should be
large enough, which inevitably induces a large device footprint,
large dark current, and low operation speed.

Here, we report a BP photodetector integrated on a silicon
planar photonic crystal (PPC) cavity. The PPC cavity could
circulate light for a long time to strengthen the light—matter
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Figure 1. Design and fabricated device of the BP photodetector integrated on a PPC cavity. (a, b) Schematic diagrams of the PPC cavity-integrated
BP photodetector, where D and S represent the drain and source electrodes. (c) Simulated energy distribution of the on-resonance mode in the
PPC cavity. (d) Optical microscope images of the fabricated device. Top: Whole device with the tapered waveguides and grating couplers; Bottom:
Zoomed-in region of the BP flake (indicated by the white dashed lines) coating on the PPC cavity. (e) Scanning electron microscopy (SEM) image
of the fabricated device with the BP flake indicated by the white dashed line. (f) Top: Atomic force microscopy (AFM) image of a BP layer
covering the PPC cavity. Bottom: AFM height profile marked by the black line in the top panel.

interaction in the integrated BP flake, which relieves the
requirement of a long BP channel. Consequently, compared
with the BP photodetectors integrated on optical waveguides,
the PPC cavity-integrated configuration has a more compact
footprint, which could simultaneously reduce the dark current
and improve the response speed. With an on-resonance
excitation, the responsivity is enhanced by 36 times with
respect to that obtained with off-resonance excitation, which is
the highest enhancement factor in the reported cavity-
enhanced 2D material photodetectors. Under a bias of 0.5V,
the high responsivity of ~125 mA W is obtained with a dark
current lower than 20 nA. Also, a bandwidth of ~1.42 GHz is
obtained in the impulse measurement, which is limited by our
measurement instruments. In addition, the planar structure of
the PPC cavity is compatible with the 2D geometry of the BP
flake, facilitating its integration and construction of the
photodetector. Our work might provide a new avenue to
develop a compact integrated photodetector with high
responsivity, low dark current, and fast dynamic response.

Bl RESULTS AND DISCUSSION

Design and Fabrication of the PPC Cavity-Integrated
BP Photodetector. Figure 1a,b schematically show the layout
of the BP photodetector integrated on a PPC cavity. The

employed PPC cavity is fabricated in a 220 nm thick silicon
slab on a standard silicon-on-insulator (SOI) substrate with the
techniques of electron beam lithography and inductively
coupled plasmon etching. The buried oxide layer of the SOI
has a thickness of 3 gm. The PPC cavity is formed by inserting
two air holes in the PPC waveguide, which function as two
mirrors to reflect the waveguiding mode. Before the integration
of the BP flake, a process of atomic layer deposition is carried
out to grow a 40 nm ALO; film over the silicon slab.
Considering the employed silicon slab is lightly p-doped, this
Al,O; dielectric layer could electrically isolate the electrodes of
the BP photodetector from the silicon slab. The BP flake is
mechanically exfoliated from a bulk crystal and dry-transferred
onto the PPC cavity with a polydimethylsiloxane (PDMS)-
assisted technique.”® To optimize the optical absorption
efficiency and the channel carrier mobility of the BP flake, it
is transferred with its armchair direction aligned with the
carrier flow direction of the BP channel. The orientation angle
of the BP flake is determined by measuring the polarization-
dependent Raman spectra (see the Supporting Information).
The result shows that the armchair direction of the transferred
BP flake is close to the direction of the carrier flow in the
channel based on the relative ratio of the B*, peak to the A2g
peak, as depicted in Figure S1. Two metal electrodes (drain
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Figure 2. Enhanced photodetection in the device. (a) Transmission spectra of the PPC cavity measured before and after the integration of 2D
materials. Spectra have been vertically translated for clarity. (b) Photocurrent spectra (left axis) of the BP photodetector measured within a
wavelength range from 1500 to 1560 nm at zero bias, where the transmission spectrum (right axis) of the finished device is also superimposed for

comparison.

and source) of the photodetectors are deposited on both sides
of the BP flake with a mechanical transfer process.””*® As
schematically shown in Figure 1b, the coated BP layer couples
with the evanescent field of the PPC cavity. With the two air
holes as the mirrors, the guiding mode would propagate in the
waveguide backward and forward several times to interact with
the BP flake, resulting in enhanced optical absorption. The
resonance mode of the PPC cavity is simulated and shown in
Figure 1lc. The optical field is well localized between the two
air holes, allowing the effective light—matter coupling in the
top-coated BP flake.

Figure 1d displays optical microscope images of a fabricated
device. Figure lef show the corresponding scanning electron
microscope (SEM) and atomic force microscope (AFM)
images, showing the thickness of the BP layer of 3.6 nm. The
PPC lattice is designed with an air-hole diameter of 240 nm
and a lattice constant of 420 nm to support the photonic
bandgap in the telecom-band spectral range. The PPC
waveguide is formed by missing one line of air holes. The
inserted two air holes in the waveguide have a distance about
15 um. To facilitate the light coupling from optical fibers to the
PPC waveguide and cavity, two grating couplers are designed
at the two ends of the waveguide. The transferred BP layer has
a length of ~7 um over the PPC cavity, as shown in the
bottom zoomed-in image of Figure 1d. After the deposition of
the drain and source electrodes, a hexagonal boron nitride (h-
BN) layer is finally transferred onto the device to encapsulate
the BP and protect it from the degradation in ambient
conditions. Note, the drain electrode has a separation of three
rows of air holes from the central waveguide, as indicated by
the SEM image of Figure le. According to the resonant mode
shown in Figure Ic, the boundary of this drain electrode would
interact with the resonant mode of the PPC cavity. At the same
time, the electrical contact at this boundary would form a
Schottky barrier, which provides an internal electric field over
the BP region close to the electrode boundary. Hence, even if
there is no external electrical bias, the photocarriers generated
in the BP region around this electrode would be separated to
yield a photocurrent, which enables a self-driven photo-
detection. Of course, an external bias could further facilitate

the photocarrier separation to assist the photocurrent
generation. To release the air bubbles between the 2D
materials and metal electrodes and ensure their atomic level
contact, the finished device is finally annealed in a vacuum
environment.

Enhanced Photodetection in a PPC Cavity-Integrated
BP Photodetector. The fabricated PPC cavity is optically
characterized by measuring its transmission spectra, which
could also present the optical absorption by the BP layer. By
coupling a wavelength-tunable narrowband laser (1500 to 1630
nm) into one of the grating couplers and monitoring the
output power at the other grating coupler using a power meter,
the transmission spectra are obtained by sweeping the laser
wavelengths. Before and after the integration of 2D materials,
the transmission spectra of the PPC cavity are measured, as
shown in Figure 2a. Multiple resonance peaks within a
wavelength range between 1500 and 1560 nm are observed.
The transfer of 2D materials and metal electrodes subsequently
red-shift all the resonance peaks due to the changes of the
dielectric environment around the cavity. As expected from the
material absorption, the resonant peaks are lowered and
broadened, manifesting the gradually reduced quality (Q)
factors of the resonance peaks. Specifically, the resonance peak
marked by the blue asterisk at the center wavelength of
1511.78 nm has a Q factor of 3860 (Ql), as estimated by
fitting it to a Lorentz line shape, as shown in the inset of Figure
2a. After the transfer of 2D materials and metal electrodes, the
resonance peak at 1511.78 nm is red-shifted to 1521.48 nm
(the red asterisk) and the Q factor drops to 1260 (Q2).

From the transmission spectra shown in Figure 2a, it is
possible to precisely extract the optical absorption by the BP
flake integrated on the PPC cavity, which is assisted by a
transfer matrix method.”” The schematic model of the coupled
BP-PPC cavity system is shown in Figure S3 of the Supporting
Information. We assume the excitation mode (mode 1) a; and
collection mode (mode 2) a, of the fiber—cavity coupling
system. Due to the symmetric confinements of the two air-
hole-enabled mirrors, the resonant mode of the PPC cavity
decays equally into the forward and backward propagation
modes. The steady-state solution to the transfer matrix
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Figure 3. Steady and dynamic photoresponses of the BP photodetector integrated on a PPC cavity. (a) Measured current—voltage (Ips—Vps)
characteristics of the BP photodetector without light illumination and with light incidence at three resonance wavelengths. (b) Photoresponsivity as
functions of the bias voltages with the incident light at resonance peaks. (c) Measured impulse response of the BP photodetector integrated on a

PPC cavity.

equations (see Supporting Information) then yields normal-
ized transmission T(4) and reflection R(1) coefficients of the
BP-integrated PPC cavity

2
2
t
T(4) =
( ) _rzaeiZﬂ//l(nlLl+nzL2) + a—le—iZH/A(n1L1+nzL2)
(1)
R(A) B raeiZﬂ//l(nlLl+nsz) _ ra—le—iZH/A(nlLl+nzL2)
_r2aei27r/l(n1L1+n2L2) + a—le—ilﬂ/ﬁ(n1L1+nzL2)
(2)

where r and t denote the amplitude reflection and transmission
coeflicients. BP induces additional cavity loss parameter a =
exp(—i2nkL,/A). L, and L, + L, are the length of the BP flake
and the distance of the two air holes, respectively. n, and n, are
effective refractive indices for the BP-integrated cavity and bare
cavity, respectively. 4 is the operation wavelength. Note that
for the experimental conditions with fiber coupled with the
cavity, the measured signal corresponds to what we designate
above as transmission. With Q1 and Q2 obtained from above,
we extract that r; = 0.9685 and k; = 0.0019 according to eqs 1
and 2 in the transfer matrix model’”*° for the resonance peak
marked by the asterisks in Figure 2a. With the obtained
parameters r; and k;, we also plot the normalized transmission,
reflection, and absorption spectra (see Figure S4 in the
Supporting Information). We employ the ratio of A(4) and
T(A) to eliminate the effect of the grating coupling efficiency
and then obtain the absorption power by the BP flake. The
absorption power P yupiion is determined by Pypimission X
A(R)/T(A) (see Figure SS in the Supporting Information).
Using the same approach, we extract the parameters r, k, and
A(4)/T(1) of the other resonance peaks in the measured
transmission spectra (shown in Figure 2a) and plot the
normalized transmission, absorption, and reflection spectra in
Figure S4 of the Supporting Information.

The photoresponse of the PPC cavity-integrated BP
photodetector is then characterized with the assistance of a
highly sensitive electrical source meter. As discussed above,
since the drain electrode could provide an internal electric field
over the BP channel to couple with the resonant mode, the
fabricated device could operate as a self-driven photodetector.
Hence, without the application of an electrical bias, by
coupling the laser into the device, photocurrents are obtained

between the drain and source electrodes. We measured the
photocurrent spectra by sweeping the incident wavelength
from 1510 to 1550 nm at a fixed laser power. As displayed in
Figure 2b, the zero-bias photocurrents show multiple peaks,
which overlap with the resonant peaks observed in the
transmission spectra of the BP-integrated PPC cavity. It
implies the improved photodetection enhanced by the cavity
modes. As discussed above, the localized resonance modes of
the PPC cavity could support effective light—matter interaction
in the integrated BP flake, which therefore generates
considerable photocarriers. With the built-in electric field by
the metal electrodes, photocurrents are generated across the
BP channel. Comparing the photocurrents obtained when the
incident light is on- and off-resonance, we obtain an
enhancement factor of 36-fold by the resonance mode at the
wavelength of 1547.42 nm. There are several works also
reported on cavity-enhanced 2D material photodetectors.
Here, the cavity-enhancement factor obtained from the
fabricated BP photodetector is superior to the previous
reports.”’ ~>* With an on-resonance optical excitation, the
photoresponsivity is calculated as 7.8 mA/W under the zero-
bias condition.

Steady and Dynamic Photoresponses of the PPC
Cavity-Integrated BP Photodetector. To further improve
the responsivity of the BP photodetector at the low dark
current level, we apply a small bias voltage Vi to strengthen
the separation of the photogenerated carriers in the channel.
Current—voltage (Ing—Vpg) curves are recorded without light
illumination and with light incidence at the three resonance
wavelengths, as shown in Figure 3a. Without optical excitation,
the device has a very tiny dark current. Even with a bias voltage
of 0.5 V, the dark current is still lower than 20 nA. On the
contrary, a pronounced photoresponse is observed when light
is coupled into the PPC cavity. Asymmetric currents under
positive and negative bias conditions are induced by the
asymmetric contacting scheme. The responsivity is extracted as
the ratio of the photocurrent and the BP optical absorption
power. It increases with the applied bias voltage that assists the
extraction of photocarriers. Increasing the applied bias to a
moderately high value of 0.5 V, as shown in Figure 3b, it yields
responsivities of 96, 84, and 125 mA W' at the resonance
wavelengths of 1521.65, 1542.83, and 1547.42 nm, respec-
tively. The internal quantum efficiency (IQE), #;qg, achieves
10% at the resonance wavelength of 1547.42 nm (17,qg = R X
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hw/q), where R, h, @, and q are the responsivity, reduced
Planck constant, light angular frequency, and the elementary
charge, respectively. The different responsivities at the three
resonance wavelengths are attributed to the different coupling
strengths between BP and resonance modes of the PPC cavity.
We intentionally keep the bias voltage low in the steady-state
photodetection measurements so as not to damage the devices.
In fact, the photocurrent and the IQE are expected to further
increase for larger applied bias voltages, limited only by break
down and saturation of absorption.

Under a small bias voltage condition, the idea utilized for
improving the responsivity of the device also includes
leveraging a thicker BP layer or applying a gate electric field.
We also make another device with the thicker BP flake and the
gate modulation, which achieves a responsivity of 639 mA W'
at the small bias of —0.2 V under the gate voltage of —2 V with
a BP thickness of 7.9 nm (see Figures S6, S7, S8, and S9 in the
Supporting Information).

To evaluate the dynamic response of the PPC cavity-
integrated BP photodetector, we implement an impulse
response measurement. A picosecond pulsed laser at the
wavelength of 1550 nm is employed as the incident light
source, which provides a train of S ps long (full width at half-
maximum) optical pulses. By coupling the optical pulses into
the device, the generated electrical pulses are monitored with
an oscilloscope (see Figure S10 in the Supporting
Information). Figure 3c displays the measured impulse
responses of the device, from which we extract a pulse
duration of the photocurrent at a full-width at half-maximum
(fwhm) of At ~ 309 ps. The electrical bandwidth can then be
derived using the time-bandwidth product. Assuming a
Gaussian impulse response, f; 45 & 0.44/At =~ 142 GHz is
obtained, which is the limit of our measurement setup. The RC
constant and transit time of our device are also discussed in the
Supporting Information, which are not the limiting factors of
the obtained 1.42 GHz response speed. We anticipate that the
device might work at even higher frequencies.

B CONCLUSIONS

In conclusion, we have demonstrated a high-performance BP
photodetector integrated on a PPC cavity. Improved by the
enhanced light—matter interaction in the PPC cavity, the
optical absorption in the integrated BP flake is strengthened
significantly. It therefore allows us to shrink the length of the
BP channel of the photodetector. A device with a 7 ym BP
length is fabricated. The photoresponsivity is enhanced by 36-
fold for the on-resonance light illumination, which is superior
to the previous reports about cavity-enhanced 2D material
photodetectors. A high responsivity of 125 mA W' under 0.5
V bias is obtained, which has a dark current lower than 20 nA
and a 3 dB cutoff frequency exceeding 1.42 GHz. While the
temperature stability measurements are not carried out on our
fabricated device, the previously reported work showed that
the BP photodetector is not sensitive to the environmental
temperature.'* Combined with the recent development of
large-scale growth of few-layer BP on silicon,***° the
demonstrated PPC cavity-integrated BP photodetector with
the feasibility of efficient and ultracompact photodetection is
expected to be commercialized in future photonic integrated
circuits.>
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