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ABSTRACT: Due to the excellent electrical and optical
properties and their integration capability without lattice
matching requirements, low-dimensional materials have re-
ceived increasing attention in silicon photonic circuits. Bi,0,Se
with high carrier mobility, narrow bandgap, and good air
stability is very promising for high-performance near-infrared
photodetectors. Here, the chemical vapor deposition method is
applied to grow Bi,0,Se onto mica, and our developed
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polycarbonate/polydimethylsiloxane-assisted transfer method enables the clean and intact transfer of Bi,O,Se on top of a
silicon waveguide. We demonstrated the Bi,0,Se/Si waveguide integrated photodetector with a small dark current of 72.9 nA,
high responsivity of 3.5 A"W™', fast rise/decay times of 22/78 ns, and low noise-equivalent power of 15.1 pW-Hz *° at an
applied voltage of 2 V in the O-band for transverse electric modes. Additionally, a microring resonator is designed for
enhancing light—matter interaction, resulting in a wavelength-sensitive photodetector with reduced dark current (15.3 nA at 2
V) and more than a 3-fold enhancement in responsivity at the resonance wavelength, which is suitable for spectrally resolved
applications. These results promote the integration of Bi,0,Se with a silicon photonic platform and are expected to accelerate
the future use of integrated photodetectors in spectroscopy, sensing, and communication applications.
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ear-infrared (NIR) photodetectors are a significant
| \ | component for various applications such as optical
communication, sensing, spectroscopy, and so on.'”?
Over the past decade, atomically thin low-dimensional
materials have drawn considerable attention for NIR photo-
detectors because of their excellent characteristics such as high
carrier mobility, intriguing optical absorption, tunable opto-
electronic parameters, and dangling-bond-free surface.””"’
Recently, an air-stable material named Bi,O,Se, which can be
obtained with high quality and large size by chemical vapor
deposition (CVD) and vapor solid deposition, has been
increasingly used in electronic and optoelectronic devices."' ™'
With an indirect bandgap of 0.8 eV and a high Hall mobility of
~29000 cm>V~1s7! at 1.9 K,'” Bi,0,Se has emerged as a
promising material for NIR photodetectors.'*™*'

Up to now, free-space NIR photodetectors based on
Bi,0,Se have already been reported. For instance, the
Bi,0,Se-based phototransistor shows a broadband photo-
response ranging from 360 to 1800 nm.”” Although this
photodetector’s responsivity is up to 22.12 AW ™" at 1550 nm
under the excitation of ultralow optical power (nW), its rise/
decay times are 44/181 ms, limiting its application in high-
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speed detection. Heterostructures of Bi,O,Se with other low-
dimensional materials have been constructed to optimize the
performance. For example, a photodetector based on PbSe
quantum dots/Bi,O,Se demonstrates a high responsivity at the
wavelength of 2 yim.”” PbSe quantum dots work as photoactive
materials at 2 pm, while Bi,O,Se serves as the conductive
channel. The photogating effect in such a device leads to a high
responsivity but slow rise/decay times that are usually more
than several seconds. Additionally, a photodetector based on
WSe,/Bi,0,Se heterostructure demonstrates a self-powered
photovoltaic response with fast rise/decay times of 2.4/2.6 us
at 532 nm, but its responsivity is ultralow in the telewavelength
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range.
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Figure 1. (A) Optical micrograph of Bi,0,Se flakes transferred onto PDMS. (B) Raman spectra of Bi,0,Se (about 100 nm thick) on mica
and a SiO, substrate. (C) Scanning electron microscope (SEM) image of Bi,0,Se on SiO, substrate and its corresponding elemental maps
analysis. Scale bar: 1 gm. (D) High-resolution transmission electron microscope (TEM) image of as-grown Bi,0,Se. The inset is the selected

area electron diffraction (SAED) pattern of a Bi,0,Se flake.

The trade-off between the responsivity and rise/decay times
in photodetectors can be overcome by a waveguide-integrated
architecture, benefiting from the orthogonal directions in the
path of photogenerated carriers and light propagation. Indeed,
waveguide-integrated photodetectors not only possess the
potential to achieve high-speed detection but also provide
superior planar integration capability for on-chip applications.
Moreover, a high signal-to-noise ratio could be achieved due to
reduced detection volume compared with their free-space
counterparts.”” Among a wide variety of low-dimensional
materials, graphene is the most commonly used material for
waveguide-integrated photodetectors.”*™** However, the char-
acteristic of zero bandgap in graphene brings about a large dark
current, low photocurrent-to-dark current ratio, and high noise
in photodetectors. Therefore, low-dimensional semiconductors
with a narrow bandgap such as black phosphorus (BP) and
MoTe, are alternative candidates for Si waveguide-integrated
photodetectors,”*** but the low stability of BP prevents it
from constructing high-performance photodetectors in air.
MoTe, is air-stable, but a bandgap of 1.04 eV leads to limited
absorption when the operational wavelength is larger than 1.26
pm.”* =" Given its air stability, high carrier mobility, and
narrow bandgap, Bi,O,Se is attractive to be integrated with a Si
waveguide to realize a high-performance NIR photodetector.
However, there are currently no reports on the waveguide-
integrated photodetector based on Bi,O,Se. Transferring
Bi,0,Se from f-mica to a Si waveguide is one key point for
obtaining a high-performance waveguide-integrated photo-
detector. At present, wet transfer with the assistance of a

polymer film such as poly(methyl methacrylate) (PMMA) is
the most common strategy to peel off Bi,O,Se from f-mica.'>*’
But this approach is cumbersome and not suitable for
preparing a waveguide-integrated photodetector. On the
contrary, the dry transfer process facilitates the alignment of
low-dimensional materials with the underlying nanostructured
waveguides.42

In this paper, we demonstrate both the waveguide-integrated
and microring resonator (MRR)-integrated photodetectors
based on Bi,O,Se. First, we synthesize Bi,O,Se on an f-mica
substrate by the CVD method, and the dry transfer method
assisted by polydimethylsiloxane (PDMS) or polycarbonate
(PC)/PDMS is used to transfer Bi,0,Se from f-mica to the Si
waveguide and MRR. Clean Bi,0,Se flakes are transferred on
top of the Si waveguide, where light propagating in the
waveguide can be evanescently coupled to Bi,O,Se. The
waveguide-integrated photodetector shows a small dark
current of 72.9 nA, high responsivity of 3.5 A-W™, fast rise/
decay times of 22/78 ns, and low noise-equivalent power
(NEP) of 15.1 pW-Hz ™ at an applied voltage of 2 V in the O-
band. The MRR-integrated photodetector shows a wavelength-
sensitive photoresponse. The photocurrent increases about 3-
fold at the resonance wavelength, which is induced by the
enhanced light—matter interaction within the MRR structure.
Owing to the thinner thickness and shorter length of Bi,O,Se
that has been applied on the MRR, the MRR-integrated
photodetector exhibits a reduced dark current (15.3 nA at 2 V)
and comparable responsivity (1.83 A-W™).
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Figure 2. (A) Diagram of the waveguide-integrated Bi,0,Se photodetector. (B) Optical image of a typical integrated Bi,O,Se photodetector
on an unbalanced MZI. (C) Transmission spectra of the unbalanced MZI with and without Bi,0,Se (73.6 nm thick).

RESULTS AND DISCUSSION

Bi,0,Se, possessing a layered structure, consists of covalently
bonded [Bi,0,],*"" and [Se],?" layers that stack alternately in
a tetragonal unit cell with weak electrostatic force, which is
similar to f-mica. We use f-mica as a substrate for growing
Bi,0,Se in this work (see details in Methods). The size of the
obtained Bi,O,Se flakes, with square or rectangular shapes,
ranges from several microns to more than 20 ym. We transfer
Bi,0,Se onto the SiO, substrate with the assistance of PDMS,
and the optical micrograph of Bi,O,Se on PDMS is shown in
Figure 1A, in which no cracks have been observed in Bi,O,Se.
Raman spectra of Bi,O,Se on mica and a SiO, substrate are
illustrated in Figure 1B, in which a characteristic A}, peak at
about 159 cm™ is observed before and after transfer. The
characteristic peak of f-mica is not shown due to the limited
penetration depth of Raman light sources into a thick Bi,O,Se
flake. The energy-dispersive X-ray spectroscopy (EDS)
mappings of Bi,O,Se on a silicon-on-insulator (SOI) substrate
(Figure 1C) reveal the uniform distribution of Bi, Se, and O
elements. As for the image of O element distribution in Figure
1C, the SiO, substrate possesses a high percentage of O atoms
compared with Bi,O,Se, leading to a bright color. A shallow
dark line in the SiO, substrate is the bottom Si waveguide
(Figure 1C). We transfer Bi,O,Se onto a Cu grid for TEM
characterization. The high-magnification TEM image and the
SAED pattern shown in Figure 1D demonstrate the single-
crystal nature of our Bi,O,Se flakes. These measurements in
Figure 1 indicate that the CVD-grown Bi,O,Se exhibits high
quality, and the applied transfer methods do not damage the
quality of Bi,O,Se.

The diagram of the waveguide-integrated Bi,O,Se photo-
detector is conceptually illustrated in Figure 2A, which consists
of a couple of grating couplers, a single-mode waveguide,
multimode interference (MMI), a pair of Au pads, and a
Bi,O,Se flake. The grating couplers in our experiment only
support TE (transverse electric) modes, and all results of
optoelectronic response in this article correspond to TE modes
as well. The passive optical devices are fabricated on 220 nm
SOI wafers with multiproject wafer (MPW) processes
involved, and the rib Si waveguide with a width of 397 nm
and an etching depth of 151 nm (Figure S1) is planarized by
backfilling with SiO, to protect Bi,O,Se from cracking at the
edge of the Si waveguide. A pair of Au pads is located around
one arm of an unbalanced Mach—Zehnder interferometer
(MZI) with a suitable distance, avoiding optical loss and
ensuring an effective collection of the photogenerated carriers.
Bi,0,Se is well aligned to the gap between two Au pads on top
of the waveguide by the PDMS-assisted transfer method. A
detailed flowchart of the fabrication processes is illustrated in
Figure S2. The optical image shown in Figure 2B represents a

typical integrated photodetector where Bi,O,Se can absorb
photons in the waveguide via evanescent coupling.

Optical absorption is a significant factor of photodetectors,
which is affected by the thickness of photoactive materials and
the degree of overlap between photoactive materials and the
optical field. To determine the absorption coefficient of the
Bi,0,Se/Si hybrid waveguide, we transfer Bi,O,Se onto one
arm of the unbalanced MZI. As for devices based on the
straight waveguide, the power difference between the output
signal with and without photoactive materials is an approach to
obtain the absorption coefficient. However, the practical
coupling efficiency of the same grating coupler may be
different in two operations, leading to a measurement error.
This can be avoided by assessing the optical absorption
information from analyzing the extinction ratio (ER) of the
unbalanced MZI in the transmission spectra.”” In an
unbalanced MZI, a pair of MMIs works as a 3 dB beam
splitter and combiner, respectively. Six serially cascaded MMIs
(Figure S3A) are designed to better investigate and quantify
the MMTI’s performance. The measured result shown in Figure
S3B demonstrates that the beam splitter could equally allocate
half of the input power to each output port of the 1 X 2 MMIL
As shown in the inset of Figure S3B, the blue and red points
are the measured power of two output ports of the sixth MML
The two sets of data points overlap well, indicating the
outstanding power equilibrium of the designed 1 X 2 MML
The interference occurs when light passes through the beam
combiner. Since the extinction ratio is more than 30 dB
(before transferring Bi,O,Se), the propagation loss difference
between the two arms could be neglected. Thereby the output
power of an unbalanced MZI can be expressed as

P
P.= (j“][e_ml1 +e 4 2e_a(ll+12)/Zcos(ZnneffAL//l)]

where P is the input power, a is the absorption coeflicient of
the Bi,0,Se/Si hybrid waveguide, and I; and I, are the lengths
of the Bi,0,Se/Si hybrid waveguide on two arms, respectively.
In our experiment, Bi,O,Se integrates with only one arm;
thereby, I, is zero. AL is their length difference, 4 is the
wavelength of the incident light, and n. is the effective
refractive index. Figure 2C shows the interferometric trans-
mission spectra from which the peak position and ER of
interference fringes of the unbalanced MZI are acquired
accordingly. And there are apparent changes in both the ER
and peak position upon the applying of Bi,O,Se on the MZI
owing to its influence on optical absorption and the effective
refractive index. In fact, the ER can be expressed as"’
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Figure 3. (A) Current—voltage (IV) curves of a Bi,0,Se photodetector in the dark and under illumination under different optical power at
1260 nm. (B) Energy band diagram of a Bi,0,Se photodetector at equilibrium, under illumination, and under an externally applied voltage.
(C) Measured photocurrent (left-hand axis) and calculated responsivity (right-hand axis) of a Bi,0,Se photodetector under different optical
power at 1260 nm at 2 V. (D) Calculated responsivity (left-hand axis) and external quantum efficiency (right-hand axis) of a Bi,0,Se
photodetector under different applied voltages and an input power of 2.04 yW at 1260 nm. (E) Normalized photocurrent-to-dark-current
ratio (NPDR) under different applied voltages and an input power of 2.04 yW at 1260 nm. (F) Spectral photoresponse of a Bi,0,Se
photodetector at a wavelength ranging from 1260 to 1310 nm. The thickness of Bi,O,Se in the photodetector characterized is about 142.5
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Thus the a of the Bi,0,Se/Si hybrid waveguide is calculated to
be 0.07 dB/um with the Bi,O,Se thickness of 73.6 nm. When
the thickness of Bi,O,Se is 38.9 nm, the calculated a is about
0.03 dB/um (Figure S4), indicating that designing a light-
trapping structure to enhance optical absorption is necessary
for a photodetector based on Bi,O,Se flakes. Furthermore, the
SiO, layer being about 79.4 nm between Bi,O,Se and the Si
waveguide degrades the a in our device, which is consistent
with the results of the graphene/Si waveguide structure.”
The static photoresponse of the straight waveguide-
integrated photodetectors based on Bi,O,Se with a thickness
of 142.5 nm (Figure SSA) is characterized by a continuous
wave laser, and the optical and SEM images of this
photodetector are shown in Figure S6. Figure 3A illustrates
the measured IV curves of an integrated photodetector under
the applied voltage from —2 to 2 V in the dark and under
illumination at the wavelength of 1260 nm. The dark current of
this photodetector is about 72.9 nA at an applied voltage of 2
V. The current increases to 3.1 A under illumination with an
optical power of 2.04 yW, and the current rises gradually with
the increasing optical power, indicating that Bi,O,Se is suitable
for a photodetector in the O-band. The nonlinear behavior
shown in the IV curves can be attributed to Schottky contact
between Bi,O,Se and a metal. In our devices, Au pads are
deposited on the flat substrate before the transfer of Bi,O,Se,
which can reduce Fermi-level pinning and chemical disorder at
the interface of Au and Bi,0,Se.** In this case, the Schottky
barrier depends mainly on the work function of Au. The
energy band diagram of the Au/Bi,0,Se/Au photodetector is
shown in Figure 3B. The work function of Au is larger than the
electron affinity of n-Bi,O,Se; thereby electrons in Bi,O,Se
drift to Au and result in an upward energy band bending at the

interface. This bending energy band suppresses the carrier
transport and brings about a small dark current.

We then characterized the photoresponse under different
optical power ranging from 0.14 to 1809.07 yW, and the
measured photocurrent and calculated responsivity (R = I,/
P,,) are shown in Figure 3C. L, and P, are the photocurrent
and input optical power launched into the photodetector,
respectively. Responsivity decreases from 3.5 A-W™' to 40 mA-
W~ when the optical power increases from 0.14 uW to
1809.07 uW. This nonlinear relationship between photo-
current and optical power probably results from trap states in
Bi,0,Se, which leads to photocurrent gain under weak optical
power. On the contrary, trap states are filled under high optical
power, resulting in lower responsivity. We calculated the
responsivity under the applied voltage ranging from —2 to 2V,
as shown in Figure 3D. The responsivity increases with the
rising applied voltage, and it reaches up to 1.47 A-W™' at an
applied voltage of 2 V when the input power is 2.04 yW. The
corresponding external quantum efficiency (EQE) can be
calculated by EQE = R X hc/(gA), where h, ¢, q, and A are
Planck’s constant, the speed of light in a vacuum, elementary
electron charge, and operational wavelength, respectively. EQE
possesses the same tendency with responsivity, and it increases
to 144.33% at an applied voltage of 2 V. This tendency may be
attributed to the higher tunneling current induced by the lower
barrier height of the Au/Bi,0,Se junction. And more efficient
separation—collection of photoinduced carriers can be
obtained at a larger applied voltage. The NPDR ((NPDR =
(I/13)/Py, = (I,/P,)/1q = R/I,) is estimated to be 3 X 10*
mW™" at the applied voltage of —2 V when the input power is
2.04 uW in Figure 3E, which is several orders of magnitude
higher than that of graphene, BP, and even a Ge waveguide-
integrated photodetector.”*>*® This high NPDR is attributed
to both a small dark current and large responsivity, and it can
be optimized through tuning the carrier concentration to a
minimum by electrostatic doping. Some graphene photo-
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Figure 4. (A) Dynamic photoresponse of a Bi,0,Se photodetector under the excitation of the modulated laser at 1310 nm. (B) 1/f noise
spectra of a Bi,0,Se photodetector under different applied voltages. (C) Spectral noise-equivalent power (NEP) at a wavelength ranging
from 1260 to 1310 nm under an applied voltage of 2 V; left-hand axis corresponds to the calculated NEP limited by 1/f noise, and the right-
hand axis corresponds to the calculated NEP limited by shot and thermal noise. (D) Summary of the device performance for some
waveguide-integrated photodetectors based on low-dimensional materials. The blue arrow represents the better performance. The thickness

of Bi,0,Se in the photodetector is about 142.5 nm.

detectors possess zero dark current in the self-driven mode, but
responsivity is weak in this situation. Therefore, the Bi,O,Se
photodetector shows obvious advantages in terms of both
responsivity and dark current.

We measured the spectral photoresponse as well, and the
corresponding results are illustrated in Figure 3F. The
responsivity fluctuates slightly when the wavelength increases
from 1260 nm to 1310 nm, which can be attributed to the
smaller gain at larger optical power and more efficient photon-
to-electron transition at shorter wavelengths in the O-band
considering Bi,O,Se’s indirect bandgap of 0.8 eV, At a
wavelength of 1330 nm, the responsivity of the proposed
photodetector is 1.75 A‘W~'. In our design, the adopted
grating couplers have limited operation optical bandwidth.
Taking advantage of the edge coupling method, we can replace
the grating couplers with end-face coupling waveguides to
ensure the functionality of the Bi,O,Se-based photodetector
with a broader optical bandwidth.

The dynamic response (Figure 4A) is measured under the
excitation of the modulated laser, and a magnified plot of one
response cycle is shown in (Figure S7). The rise and decay
times are 22 and 78 ns, respectively, benefiting from the fast
carrier mobility of Bi,O,Se and the short channel length
between two Au pads. Furthermore, the noise-equivalent
power (NEP) characterizing the detection limit is another
significant parameter for a photodetector. The total current
noise of a photodetector mainly includes the 1/f noise, shot
noise, and thermal noise. Hooge’s empirical relationship is
usually used for analyzing 1/f noise, which can be expressed
as™® S; = Ai?/ jﬁ, where i, f, and A are the channel current, the
frequency, and noise amplitude, respectively. Figure 4B is the

measured 1/f noise spectral density, demonstrating that our
photodetectors possess typical characteristics of 1/f noise. The
measured 1/f noise decreases from 2.9 X 1072 A>Hz ! at a
frequency of 1 Hz to 5.6 X 107**A>Hz™" at 100 kHz at an
applied voltage of 2.0 V. A higher external applied voltage
brings about an optimal responsivity but leads to a higher 1/f
noise. The shot noise can be expressed as S; = 2qigAf,"” where
ig and Af are the dark current and bandwidth, respectively. The
dark current of the proposed Bi,O,Se-based waveguide-
integrated photodetector is 72.9 nA at an applied voltage of
2V, and the calculated shot noise is 2.3 X 10726 A2Hz"!. The
thermal noise is calculated to be 6.0 X 1072 A>Hz ' by S, =
4kTAf/ R,* where k, t, and R, are the Boltzmann constant, the
temperature (about 300 K in our experiment), and the device’s
resistance. Therefore, 1/f noise is the main noise at low
frequency, and the NEP is estimated to be 15.1 pW-Hz %° at a
frequency and wavelength of 1000 Hz and 1260 nm,
respectively. On the contrary, the shot noise is dominant at
a higher frequency, and NEP is estimated to be 0.1 pW-Hz ™.
The spectral NEP at the wavelength ranging from 1260 to
1310 nm is shown in Figure 4C, indicating a small detectable
power within this wavelength range.

As shown in Figure 4D, we list several reported waveguide-
integrated photodetectors based on low-dimensional materi-
als. 37394030753 The proposed photodetector based on
Bi,0,Se not only possesses a low dark current but also has
high responsivity at the O band, exhibiting potential
applications in the fields of spectroscopy, sensing, and
communication as high-performance photodetectors integrated
onto silicon photonic platforms.
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Figure 5. (A) Schematic of the MRR-enhanced photodetector showing Bi,O,Se integrated with a planarized microring. (B) Transmission
spectra of the MRR with and without Bi,0,Se. Inset: Zoom-in of the spectra. (C) Photocurrent at resonance and off-resonance wavelength.
The inset is the photocurrent ratio at resonance and off-resonance wavelength. (D) Spectral response of the Bi,0,Se-based MRR-enhanced
photodetector. (E) IV curves of the Bi,0,Se-based MRR-enhanced photodetector in the dark and under illumination with different optical
power at resonance wavelength. (F) Calculated responsivity (left-hand axis) and external quantum efficiency (right-hand axis) of a Bi,0,Se
photodetector under different applied voltages and an optical power of 0.86 yW. The thickness of Bi,O,Se in the photodetector is about 63

nm.

Furthermore, Bi,O,Se is applied onto a silicon MRR to
achieve a high-performance integrated photodetector. On the
one hand, the enhanced light—matter interaction by a MRR
makes it possible to realize quantum efficiency comparable to a
thicker and lonsger Bi,0,Se photodetector on the straight
waveguide.””***> On the other hand, such a cavity-enhanced
photodetector is wavelength sensitive, which plays an
important role in spectrally resolved applications such as
wavelength division multiplexing systems.’>” Figure SA is a
schematic of the MRR-enhanced photodetector, indicating a
pair of Au pads close to the MRR and Bi,O,Se on top of the
Au pads and the MRR. Furthermore, FIB-SEM of this
photodetector is shown in Figure S1B,C. Typical transmission
spectra of an MRR are shown inFigure SB. The transmission
spectra of an MRR with different gaps (from 200 to 400 nm)
are measured (Figure S8A), from which the gap under the
critical coupling condition is confirmed to be less than 300 nm.
The cavity loss increases after introducing Bi,O,Se, so it is
difficult to observe the resonance peak in the spectra of the
Bi,0,Se photodetector integrated with an undercoupled MRR
(Figure S8B). Thereby, overcoupled MRRs are used to ensure
resonance peaks with high extinctions upon applying Bi,O,Se
onto a silicon MRR. We choose the MRR with a gap of 200
nm for the photodetector, and the corresponding transmission
spectra without and with Bi,O,Se are shown in Figure SB. The
quality factor of the MRR decreases from 3.5 X 10* to 2.4 X
10*, which can be attributed to the additional optical loss that
Bi,O,Se brings to the cavity. And for the MRR with Bi,O,Se,
the number of times that a resonance photon passes through
the cavity is calculated to be 754 (the detailed process is shown
in Supporting Information 9), and the photon circulation
brings about an enhanced photocurrent at resonance wave-
length. The thickness of the Bi,O,Se flake in this photo-
detector is about 63.0 nm (Figure SSB), and the optical and
SEM images of this photodetector are shown in Figure S6.
Moreover, the n value of Bi,O,Se is estimated to be 4.079 from
the resonance peak shift after transferring Bi,O,Se, and the
simulated modal intensity for fundamental TE modes in the

Bi,0,Se/Si waveguide is shown in Figure S9. Shown in Figure
SC are the IV curves of the photodetector at resonance and oft-
resonance wavelength. The inset is the ratio between current at
resonance and off-resonance wavelengths, indicating a
maximum enhancement of 3.4 (at an applied voltage of —2
V) in photocurrent at resonance wavelength. This photo-
detector shows a 5-fold decrease in the dark current (15.3
nA@2 V) compared with the straight waveguide-integrated
photodetector, which is partially attributed to the thinner
thickness. The spectral response of the MRR-enhanced
photodetector at a wavelength ranging from 1260 to 1265
nm is shown in Figure 5D, where the wavelength-variation
photoresponse is observed, and the maximum photocurrent is
achieved at the resonance wavelength at an applied voltage of 2
V. The photocurrent exhibits more than a 3-fold enhancement
at resonance wavelength, comparing with that at off-resonance
wavelength. IV curves of an MRR-enhanced photodetector
under different power at the resonance wavelength are shown
in Figure SE. The current increases gradually with the
increasing optical power. The calculated responsivity and
EQE at different applied voltage are shown in Figure SF. And a
responsivity of 1.83 A'W™' and EQE of 179.6% at the
resonance wavelength (at an applied voltage of 2 V) are
obtained. All in all, this MRR-enhanced photodetector shows
an advantage for optimizing a photodetector, and the
wavelength-sensitive characteristics have the potential in a
wavelength division multiplexing system for on-chip spectros-
copy, sensing, and communication applications.

CONCLUSIONS

In conclusion, we demonstrated the silicon waveguide and
MRR-integrated Bi,O,Se photodetectors operating in the O-
band. Bi,0,Se interacts with the light propagating along the
waveguide through evanescent field coupling in this type of
photodetector. The optical absorption of the Bi,O,Se/Si
hybrid waveguide is measured by an unbalanced Mach—
Zehnder interferometer. As a result, we showed its broadband
operation capability in the O-band with a responsivity of 3.5 A-
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W~ at 1260 nm and an applied voltage of 2 V, a dark current
of 72.9 nA, and rise/decay times of 22/78 ns, respectively.
Moreover, we also analyzed noise characteristics and found
that 1/f noise is the dominant noise when the frequency is
below 10° Hz, and the corresponding NEP is about 15.1 pW
Hz %%, The photodetection is further enhanced by integrating
Bi,0,Se with MRR cavities to increase the optical absorption.
The MRR-enhanced photodetector shows a 3-fold improve-
ment in photocurrent at the resonance wavelength comparing
with that at the off-resonance wavelength, suitable for devices
with a small volume of photoactive materials. These results
promote the integration of Bi,O,Se photodetectors on a silicon
photonic platform and hold great promise for extensive
applications in spectroscopy, sensing, and communication.

METHODS

Synthesis of Bi,0,Se. Bi,O,Se nanoflakes were grown by low-
pressure CVD (LPCVD) processes in the one-inch diameter quartz
tube (length of 120 cm) located inside a horizontal furnace. A specific
mass ratio of Bi,O; (purchased from Macklin, 99.99%) and Bi,Se;
(purchased from Aladdin, 99.99%) as reaction precursors was put into
two quartz boats, respectively. Bi,O; powder was sited at the hot
center of the furnace, while Bi,Se; powder was placed upstream at a
distance of 10 cm, and the freshly cleaved mica substrates (1 cm X 1
cm) were placed at 10—12 cm downstream. The quartz tube was
evacuated using a mechanical pump in all growth processes to avoid
the ambient environment. High-purity argon (Ar) was used as the
carrier gas to transport precursors’ vapor from upstream to
downstream. The furnace was heated to the goal temperature of
700 °C with a heating rate of 30—35 °C-min™" and kept for 1—10
min. Meanwhile, the flow rate of Ar was 200 standard cubic
centimeters per minute (sccm), and the growth pressure in the quartz
tube was about 2 Torr. Finally, the furnace cooled naturally to
ambient temperature.

Materials Characterization and Transfer. Raman spectra
(WITec, Alpha300R), AFM (Oxford Instruments, Cypher ES),
TEM (Thermo Fisher Scientific, Talos F200X G2), and SEM
(Hitachi, Regulus 8230) were used to evaluate the quality and
characteristics of the obtained Bi,O,Se. The flexible PDMS was
attached and pressed to make a strong adhesion between Bi,O,Se
flakes and PDMS. Next, PDMS along with Bi,O,Se was peeled off
from the f-mica with the help of the water droplet (5—10 uL). After
that, Bi,O,Se was aligned with the Au electrode and waveguide under
a microscope, and PDMS was removed after pressing Bi,O,Se onto
the Au electrode and being heated for 10 min (60 °C). Finally,
Bi,0,Se was transferred onto the Au electrode upon the removal of
PDMS. However, there were still lots of Bi,O,Se flakes on the f-mica
after repeating these steps several times, but PMDS-assisted transfer
was not efficient enough at this stage. We proposed a PC-assisted
approach to peel off Bi,O,Se from the f-mica more efficiently. PC
(dissolved in chloroform) was dissolved in chloroform (PC/
chloroform = 6/94) to obtain a transparent solution. This transparent
solution was spin-coated onto the surface of the mica that was fixed
on a glass slide, which was heated for 60 s (90 °C). With the
assistance of a water droplet (5—10 uL), PC along with Bi,0,Se could
be peeled off from f-mica, and this exploited PC film was fixed on a
blue tape. Afterward, PDMS was attached and pressed onto PC,
transferring Bi,O,Se from PC to PDMS. The next step was the same
as the PDMS-assisted transfer.

Device Fabrication. The passive Si photonic devices were
fabricated with standard 220-nm-SOI MPW processes in IMECAS.
On top of the device is the buried SiO, layer with a 2 um thickness,
which was chemically and mechanically polished to a flat surface.
Metal pads in the devices were patterned by electron-beam
lithography (Raith, Voyager) followed by deposition of metal pads
(Ti/Au, 5/50 nm) by electron-beam evaporation (ULvac Vacuum
Technology (Suzhou) Co., Ltd., Ei-SZ) and a standard lift-off process.

After depositing the metal pads, Bi,O,Se was transferred with the help
of a PC/PDMS film.

Device Measurement. Electrical measurements were collected by
a semiconductor analyzer (PDA, FS-Pro). Static photoresponse
measurements (Figure S10) were done under the excitation of a
tunable semiconductor laser (Santec Corporation, TSL-550) with
tunable wavelength ranging from 1260 to 1620 nm. A variable optical
attenuator (Thorlab, V1SS0A) was used to tune the power of the
incident light. A polarization controller was applied to tune the
polarization of the incident light and improve the coupling efficiency
of the grating coupler. Dynamic photoresponse measurements (Figure
S11) were under the excitation of a modulated laser (1310 nm) driven
by a signal generator (SDG6032X-E), and the output signal was
obtained by an oscilloscope (SDS5104X).
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