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ABSTRACT: Hybrid integration of van der Waals materials on a
photonic platform enables diverse exploration of novel active
functions and significant improvement in device performance for
next-generation integrated photonic circuits, but developing
waveguide-integrated photodetectors based on conventionally
investigated transition metal dichalcogenide materials at the full
optical telecommunication bands and mid-infrared range is still a
challenge. Here, we integrate PdSe, with silicon waveguide for on-
chip photodetection with a high responsivity from 1260 to 1565
nm, a low noise-equivalent power of 4.0 pW-Hz *°, a 3-dB
bandwidth of 1.5 GHz, and a measured data rate of 2.5 Gbit-s™".
The achieved PdSe, photodetectors provide new insights to
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explore the integration of novel van der Waals materials with integrated photonic platforms and exhibit great potential for diverse
applications over a broad infrared range of wavelengths, such as on-chip sensing and spectroscopy.
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Integrated photonics has been a promising technology
widely used in data communications and has gradually
established a range of emerging applications in the area of
sensing,l spectrometer,2 light detection and ranging (LiDAR) g
biological research,’ and artificial skins.® To meet the
functional requirements of various applications, integrated
photonic systems consisting of multiple materials, including
silicon, III-V semiconductors,” lithium niobate,® silicon
nitride,” polymers,’” and amorphous glass,'" have been
proposed and developed. As one of the essential components
in an integrated photonic circuit, the waveguide-integrated
photodetector, converting the signal from photons to
electrons, is usually constructed by integrating extrinsic
materials on an integrated photonic platform. Currently,
monolithic integration of germanium films on silicon is the
most common strategy for waveguide-integrated photo-
detectors, but the threading dislocations and surface roughness
at the interface are inevitable as the result of the 4.2% lattice
mismatch between silicon and germanium, which need to be
optimized by complex procedures. Furthermore, the demand-
ing requirements for epitaxial growth make it difficult to
integrate germanium with other photonic platforms based on
silicon nitride, polymer, and amorphous glass. In contrast, van
der Waals materials (VDWMs) are compatible with arbitrary
substrates, overcoming the integration limitation induced by
the variation of lattice constants and thermal expansion
coeflicients of each material platform.
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Over the past decades, VDWMs have demonstrated
intriguing optoelectronic properties, including ultrafast mobi-
lity, broadband absorption, and a dangling-bond-free surface,
exhibiting great potential for optoelectronic devices.'”™"*
Currently, integrating VDWMs with various integrated
photonic platforms has already been realized, and a plethora
of prototypical waveguide-integrated photodetectors have been
developed.'”™** Among all VDWMs, graphene has been
extensively studied for waveguide-integrated photodetectors,
but graphene photodetectors suffer from a large dark current
because of a zero bandgap. Although graphene photodetectors
based on photothermoelectric effect (PTE) can work without
bias voltage, they usually need a complex device structure such
as local doping to obtain the different Seebeck coefficients."”
VDW semiconductors such as black phosphorus (BP), MoTe,
and Bi,0,Se are alternative candidates.”>>* However, the air-
unstability of BP limits the applications, and a large optical
bandgap for MoTe, (1.04 eV) and Bi,0,Se (0.9 €V) prevents
them from optical detection at the C-band and mid-infrared
(MIR) region.
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Figure 1. Multilayer PdSe, flake characterization. (A) Raman spectra of a multilayer PdSe, excited by incident light at 532 nm under two different
polarization states. (B) Polar plots of the measured and fitted peak intensities of the Aé mode. (C) The energy-dispersive X-ray spectroscopy (EDS)
mappings of a multilayer PdSe, flake on an SOI ridge waveguide. Scale bar: $ um. (D) High-resolution transmission electron microscope (TEM)
image of a multilayer PdSe, film. The illustration is the corresponding selected area electron diffraction (SAED) pattern. Scale bar: 2 nm. (E)

Reflection spectra of a multilayer PdSe, flake with a white light source under different polarization states.
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Figure 2. PdSe, photodetector integrated with a silicon photonic circuit. (A) Measured ultrafast transient reflectance of a multilayer PdSe, flake (12
nm thick). (B) Three-dimensional illustration of the waveguide-integrated PdSe, photodetector. (C) Optical image of a PdSe, waveguide-
integrated photodetector. Scale bar: 100 ym. (D) Cross-section scanning electron microscope (SEM) image of a PdSe, photodetector. Bule region
is Si waveguide, brown region is PdSe,, yellow region is Au electrode. Scale bar: S00 nm. (E) Calculated electric field profiles of the TE, mode in
the hybrid silicon/PdSe, waveguide; the thickness of the PdSe, flake is 50 nm. (F) Transmission spectra of the unbalanced MZI with and without a
PdSe, flake (155 nm thick).

Recently, PdSe, with great air-stability and a large bandgap example, a PdSe, phototransistor showed photoresponse

tunability, ranging from 0.03 eV (bulk) to ~1.3 eV
(monolayer) has been a new candidate for optoelectronic
applications at NIR and MIR.**7** Moreover, a wafer-scale
PdSe, can be obtained by a simple selenization process of the
predeposited Pd film,**** and a centimeter-scale PdSe, can be
prepared by chemical vapor deposition method,” which
ensures the fabrication of a device array. To date, free-space
PdSe, photodetectors have already been investigated. For

ranging from the visible to MIR with a slow response time.*®
The VDW heterostructure, such as InSe/PdSe, and PdSe,/
MoS, showed photoresponse at NIR and MIR, but the rise/fall
times were tens of milliseconds.””** Up to now, realizing a
PdSe, photodetector with high responsivity and large
bandwidth is still a challenge and highly desired. Indeed, a
waveguide architecture is attractive for designing photo-
detectors with both high responsivity and large bandwidth. It
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Figure 3. Electronic characteristics of PdSe, photodetector. (A) Kelvin probe force microscopy (KPFM) image of the Au-PdSe, contact on a Si/
SiO, substrate, where the green dot line is the edge of the PdSe, flake and Au electrode. Scale bar: 1 ym. (B) KPFM profile along with the red
dashed line in part A. (C) Energy band diagram of Au-PdSe,—Au junction at equilibrium, under illumination, at a bias voltage, and corresponding
equivalent circuits. (D) Current—voltage (IV) curves a waveguide-integrated PdSe, photodetector (Sample 1, S1) in the dark and under
illumination with different optical power at 1550 nm. (E) Photocurrent and responsivity versus incident optical power at S V.

can simultaneously ensure adequate absorption via evanescent
field coupling over a long propagation distance and decrease
the transit time of photoinduced carriers with a short channel.

In this work, we proposed and demonstrated waveguide-
integrated PdSe, photodetectors operating in the telecom
optical bands ranging from the O-band to the C-band. The
significant optoelectronic properties of multilayer PdSe,,
including anisotropy and ultrafast carrier dynamics, were
characterized. We integrated silicon-on-insulator (SOI) ridge
waveguides with the multilayer PdSe, which were exfoliated
from bulk materials and transferred by an imprint-transfer
process. Such devices ensure sufficient optical absorption for
the fundamental mode of TE polarization (TE,). The present
PdSe, waveguide-integrated photodetectors possess a broad-
band spectral operation, a high responsivity of 1758.7 mA-W~/,
and a low noise-equivalent power (NEP) of 4.0 pW-Hz % at
1550 nm (S V). Additionally, a 3-dB bandwidth reaches up to
1.5 GHz, and the eye diagram indicates PdSe, photodetector
could realize a data transmission rate being more than 2.5
Gbit-s™".

Raman spectra of a multilayer PdSe, flake on SiO, substrate
are shown in Figure 1A, where four distinct Raman peaks at
about 143, 206, 222, and 256 cm™! are observed, which are
corresponding to A;, A;, B%g, and A; modes, respectively.
Furthermore, the measured Raman spectra under different
polarization states show the strong in-plane anisotropic
phonon vibration (Figure S1A). The polarization-dependent
Raman intensity of Ai,—B}g (Figure 1B) shows clear periodical
variations of 7. The chemical composition of multilayer PdSe,
was characterized by X-ray photoelectron spectroscopy (XPS)
measurement (Figure S1) in which four typical peaks at 54.6,
55.4, 336.7, and 342.1 eV are ascribed to Se 3ds,, 3d;,,, Pd
3ds,,, and 3d;,, orbitals, respectively. The EDS mappings of a
multilayer PdSe, flake on an SOI ridge waveguide are shown in

Figure 1C, where Pd and Se elements show a uniform
distribution. Moreover, the high-magnification TEM image
and SAED pattern in Figure 1D demonstrate the single-crystal
characteristic of the exfoliated multilayer PdSe, flake. Addi-
tionally, anisotropic optical properties were confirmed by the
variation of the reflection spectra under different polarization
states (Figure 1E), and the reflectivity decreases gradually
when the polarization angle increases from 0° to 90°, which
indicates that the crystal orientation has an impact on photon-
to-electron transition.

The lifetime of photoinduced carriers was inferred by the
ultrafast transient reflectance (TR) spectroscopy. We excited a
multilayer PdSe, flake with a 2.07 eV pump pulse (50 fs pulse
duration) and measured the reflectance change using a white-
light continuum probe. The TR kinetics (Figure 2A) indicates
that the lifetime of photoinduced carriers of this PdSe, flake
(12 nm thick in Figure SI1D) is about 68 ps. With the thickness
increase, a narrowing bandgap induces a shorter lifetime of
photoinduced carriers, and the measured lifetime under 1550
nm wavelength illumination is 22 ps for a multilayer PdSe,
flake (20 nm thick) in the previous report.”” The lifetime is
longer than that counterpart of graphene,”’ indicating PdSe,
photodetectors can not only realize a high photoconductive
gain (G = Ty,/Typam Tyran 1S the drift transit time), but also a large
3-dB bandwidth.

Figure 2B shows the schematic configuration, where SOI
ridge waveguide (220 nm thick) with an etching height of 150
nm is applied. The silicon waveguide was lightly doped, and
the heavily doped area (2 X 10*° cm™) was close to the
waveguide at a suitable distance. The AL,O; film (15 nm thick)
was deposited to avoid photoinduced carriers transferring
between a PdSe, flake and the Si waveguide. Two Ti/Au pads
(5/100 nm) were deposited and placed around the straight
waveguide, and a PdSe, flake was transferred to the top of a
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Figure 4. Static performance of PdSe, photodetectors. (A) Responsivity and EQE for S1, S2, and S3 at different bias voltage under the illumination
of 1550 nm. (B) Gate-tunable transport and photoresponse of a PdSe, photodetector (S1), the optical power is 42 yW). (C) Spectral response of
PdSe, photodetectors (the measured results at O-band are obtained by S4, and others are obtained by S1). (D) 1/f noise spectra of a waveguide-
integrated PdSe, photodetector (S1) under different applied voltages. The black lines show the best fitting of the test results.

waveguide. Incident light was coupled into/out waveguide by
two grating couplers whose SEM images are illustrated in
Figure S2. The detailed process of device fabrication is shown
in Supporting Information. A typical optical image of the
waveguide-integrated PdSe, photodetector is shown in Figure
2C, where a PdSe, flake is on one arm of an unbalanced
Mach—Zehnder interferometer (MZI). The cross-section SEM
image of a waveguide-integrated PdSe, photodetector (Figure
2D) indicates that an altitude difference remains at the top of
the waveguide core, slab and Au pads, and a part of the PdSe,
flake is suspended. The adhesion between a PdSe, flake and
the waveguide substrate was strong enough, which has been
verified in subsequent experiments.

The simulated electric field profile of the TE, mode
indicates that PdSe, can not only realize optical absorption
at 1550 nm but also avoid a high mode-mismatching loss
(Figure 2E). The experimental optical absorption was
characterized by comparing the transmission spectra of an
unbalanced MZI (Figure 2F) with/without a PdSe, flake. In
this unbalanced MZI, beam splitter and combiner are realized
by two 1 X 2 MMIs. The detailed performance of a 1 X 2 MMI
(Figure S3) indicates that it splits incident light power equally.
According to the change of extinction ratio (ER), the
absorption coefficient of the PdSe, (155 nm thick)/Si hybrid
waveguide is calculated to be 0.14 dB/pm at 1550 nm. We also
demonstrated the transmission spectra variation of a straight
waveguide with/without a PdSe, flake (Figure S9A). Actually,
the slight difference in grating couplers during different
operations leads to an experimental error in the absorption
coefficient of the PdSe,/Si hybrid waveguide, which could be
avoided by measuring from an MZI.

Next, we measured the contact potential difference (Vipp)
between an Au electrode and a PdSe, flake by KPFM. The
KPFM image of a PdSe,—Au junction (Figure 3A) indicates
the different work functions for an Au electrode and a PdSe,
flake, and the detailed surface potential profile along the red
dot line (Figure 3B) shows that the work function difference is

about 90 meV. The smaller work function results in electron
transferring from PdSe, flake to Au electrode, with an upward
sloping of the energy band, and a built-in electric field at the
contact interface. Therefore, the equivalent circuit can be
regarded as a back-to-back Schottky junction (Figure 3C). The
photovoltaic effect (PVE) is usually dominant for free-space
photodetectors based on Au—semiconductor—Au structure.
However, the optical absorption of a PdSe, flake is mainly
located on top of a waveguide surface (Figure 2E), and the
distance between the Au electrode and optical absorption area
is larger than the width of the depletion area. Thereby,
photocurrent at 0 V is extremely weak in this photodetector,
similar to waveguide-integrated photodetector based on BP.”
Moreover, the weak photocurrent at 0 V excludes PTE effect as
well. Additionally, photobolometric effect is also eliminated
because the photocurrent increases nonlinearly with the bias
voltage."!

The static characteristics of a PdSe, photodetector
(samplel) were measured, and IV curves in the dark and
under illumination at 1550 nm were demonstrated (Figure
3D). The nonlinear property of IV curves is attributed to a
Schottky barrier at the contact interface between Au and
PdSe,, which is primarily attributed to two aspects. On the one
hand, a low background doping level of the multilayer PdSe,
flake*” brings about a large depletion layer width. On the other
hand, a multilayer PdSe, flake was transferred onto the Au
electrode, avoiding unnecessary chemical disorder and Fermi-
level pinning, leading to a better Schottky junction.”> The dark
current is —38 A at —5 V, with the PdSe, thickness of 139 nm
(Figure SS), which decreases with the thinner thickness.*
Furthermore, aligning the crystal orientation has an impact on
dark current,™ approved by the anisotropic electronic
transport (Figure S6), which provides flexibility to the device
design. The photocurrent-incident optical power curve (Figure
3E) at S V shows the nonlinear property at the small optical
power, which is primarily attributed to the low-lying, long-lived
traps in PdSe,. In the future, a larger linear dynamic range can
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waveguide-integrated photodetectors (S1, S2, and S3). The green arrow indicates the direction of device with improved performance.

be obtained by growing the high-quality PdSe, without trap
states.

Responsivity varies as a function of bias voltage (Figure 4A)
because the higher efficiency of the generation-separation-
collection process of photoinduced carriers can be realized at a
larger bias voltage. The external responsivity (R = Ip/Pin) is
1190.2, 285.7, and 191.2 mA-W! at 5 V and 1550 nm for SI,
S2, and S3, respectively, and the external quantum efliciency
(EQE = 1.24 X R/A) is 95.2%, 22.9%, and 15.3%, where 1 is
the incident light wavelength. Such an external responsivity
and EQE are higher than the counterparts based on
graphene,”*” BP,”” and MoTe,.** The variation of responsiv-
ities for these three samples (S1, S2, and S3) is mainly
attributed to the thickness, length, and optical anisotropy of
the multilayer PdSe, flakes. The exact sizes of PdSe, are listed
in Table S1. Moreover, the reflectivity varies under different
polarization states (Figure 1E), illustrating that optical
anisotropy has a severe impact on the optical absorption and
the photo-to-electron transition, which is consistent with
previous reports.*”*® Additionally, responsivity is affected by
different PdSe, thicknesses (Figure S7). When the PdSe,
thickness is less than 5.3 nm, the photon-to-electron transition
limited by a large optical bandgap is extremely weak, and the
PdSe, thickness is expected to be thicker than 11.8 nm for
efficient optical absorption at 1550 nm.

14—V, curve (Figure 4B) in the dark shows a small on—off
ratio for a PdSe, photodetector (S1), indicating the PdSe, flake
is p-doped, which is consistent with previous reports.*” The
thickness of the PdSe, flake (139 nm thick) is significantly
greater than the Debye screening length, resulting in the device

not being thoroughly turned off and a moderate gate-
dependent transport. Another two PdSe, field-effect transistors
on a SiO,/Si substrate also verify the gate-dependent transport
(Figure S8). The transport indicates that multilayer PdSe, flake
possesses a low background doping because the onset of
different doping locates about V, = 0 V. Moreover, the gate-
dependent photocurrent is primarily attributed to the variation
of optical absorption of PdSe, flakes (Figure 4B), rather than
the larger thermionic and tunneling currents,”’ being similar to
graphene photodetectors.”” As shown in Figure 2D, carrier
variation induced by a back-gate voltage mainly concentrates
on the area at the top surface of a waveguide; thereby, a back-
gate voltage has little impact on the PdSe,—Au Schottky
barriers, as well as thermionic and tunneling currents. Similar
results, including the unipolar dark current and maximal
photocurrent at V, = 0 V were observed in another waveguide-
integrated photodetector as well (Figure S9).

The spectral photoresponse (Figure 4C) demonstrates the
broadband operation of PdSe, photodetectors, and the
responsivity is more than 500 mA-W~™' with input optical
power being larger than 200 W at 5 V. Limited by a finite
optical bandwidth of grating couplers, we fabricated two
photodetectors (S1 and S4) to show this broadband spectral
photoresponse. One photodetector (S4) works at O-band,
corresponding to the responsivity at wavelengths from 1260 to
1325 nm, and the detailed characteristics of S4 are illustrated
(Figure S10). Another photodetector (S1) works at wave-
lengths from 1470 to 1565 nm. The fluctuating responsivity is
attributed to the incident power variation at different
wavelengths. During this measurement, since the output
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power of the laser at different wavelengths was fixed, the
practical incident power passing through the waveguide at
different wavelengths was different due to various coupling
efficiencies of the grating couplers. A smaller incident power
usually brings about a large photocurrent gain and
responsivity; thereby, the responsivity at the wavelengths
with a weak coupling efficiency is higher, which is consistent
with the measured result in Figure 3E. Furthermore, the
operational wavelengths of PdSe, photodetectors can be
extended to MIR as well. The photocurrent of free-space
PdSe, photodetectors with illumination at 2 pm can be
observed in Figure S4.

Moreover, we analyzed the noise-equivalent power (NEP =
i./R) of the PdSe, photodetectors, where i, is the noise
current. The measured 1/f noise spectral density in Figure 4D
indicates that PdSe, photodetectors possess typical character-
istics of 1/f noise, which can be determined by the Hooge’s
empirical relationship (S; = A-i*/f’),>>** where i, f, and A are
the channel current, the frequency, and the noise amplitude,
respectively. /3 is fitted to be 1.0, 1.03, 1.02, 1.02, 1.04, and 1.04
for bias voltages at 0.5, 1.0, 2.0, 3.0, 4.0, and 5.0 V. Moreover,
the current noise induced by the shot noise and the thermal
noise are evaluated to be 2.24 X 107> and 2.32 X 1075
A¥Hz™" at 5.0 V. Usually, the 1/f noise dominates at a small
frequency,”* but the measured 1/f noise is much larger than
the shot noise at 10° Hz. The origin of such a high 1/f noise in
the PdSe, photodetector probably results from the fluctuating
occupancy of trap states which enlarges the fluctuation of
carrier density, leading to the 1/f-spectra extending over a
higher frequency.”® The remaining trap states in PdSe, are
confirmed by the obvious photocurrent gain at low optical
power. Assuming that § is an invariant constant when the 1/f
noise is larger than the shot noise, the turning point of white
noise is about 700 MHz, and NEP is estimated to be 4.0 pW-
Hz™*° at § V. Furthermore, the current noise for a PdSe,
photodetector increases with the applied voltage, but a smaller
NEP is obtained at the larger bias voltage (Figure SA). This
phenomenon is attributed to the fact that a larger bias voltage
brings about a higher efficiency of the separation-collection
process of photogenerated carriers and a larger responsivity.

The measured 3-dB bandwidths for S1, S2, and S3 are about
02, 0.9, and 1.5 GHz, respectively (Figure SB), whose
measurement setup is shown in Figure S11. The total response
time is determined by the carrier with a transit time (z,,) and

the charge/discharge time of the junction capacitance (7pc).
2

. 1
The 7, can be written as 7,, = v where I, u, Vpg are the

length of a PdSe, photodetector, the mobility of a PdSe, flake,
and the bias voltage, respectively. Mobility of PdSe, was
measured to be 216 cm>V~'s7,% the calculated 7, is about
29 ps (5.3 GHz) at S V. However, the measured 3-dB
bandwidths remained almost at the same value for S3 (Figure
S12), indicating that total response time (7) is determined by
Trc. Impedance matching in measurement is necessary for a
PdSe, photodetector with larger bandwidth in the future.
Additionally, we performed an eye-diagram measurement to
illustrate the feasibility of PdSe, photodetectors for receiving
high bit-rate data. The experimental results (Figure SC)
demonstrate a completely open eye at 3 V with a data rate of
2.5 Gbit-s™". Overall, the proposed PdSe, photodetectors show
apparent advantages compared with photodetectors based on
VDW semiconductors (Figure SD),273485776% and  the
detailed comparison is listed in Supporting Information.

In summary, we have realized integrated photodetectors
based on SOI ridge waveguides and multilayer PdSe, covering
the datacom and telecom wavelength range (1260—1565 nm).
The obtained photodetectors possessed a high responsivity of
1758.7 mA-W™" at 1550 nm, a 3-dB bandwidth of 1.5 GHz, a
data rate being more than 2.5 Gbit's™!, and a NEP of about 4.0
pW-Hz ™%, In the future, the 3-dB bandwidth can be optimized
by both reducing the contact resistance between PdSe, flakes
and metal electrodes and shortening the channel length.
Overall, these results pave the way for integrating PdSe, flake
onto an integrated photonic platform and provide a new route
to integrated photodetectors for applications in diverse areas,
including optical communications, on-chip spectroscopy, and
sensing.
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