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ABSTRACT: Waveguide-integrated photodetectors are essential
components in integrated photonic circuits since they facilitate
light conversion into electrical signals. Nonetheless, optical
absorption and carrier collection can significantly affect the device
performance. As a solution to this issue, plasmonic slot waveguides
confine optical energy within a subwavelength scale in a
photoconductive detector, enhancing optical absorption and
providing extremely short channels to collect carriers. Two-
dimensional van der Waals layered palladium selenide (PdSe,)
exhibits the merits of a narrow bandgap and high carrier mobility,
thus positioning it as a favorable candidate material for
photodetectors operating at the telecommunication band. In this
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study, we propose and experimentally verify a high-speed PdSe,-plasmonic waveguide-integrated photodetector with a dark current
of 4.5 yA and an intrinsic responsivity of 560.1 mA-W~" at 3 V. Additionally, it has an internal quantum efficiency of 32.3%, and the
measured 3 dB bandwidth is 17.5 GHz. This integrated photodetector fulfills the requirements of various critical applications in

optical communication, microwave photonics, sensing, and imaging.
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Bl INTRODUCTION

Modern communication systems require the hybrid integration
of electronic and photonic systems to meet the demands of
ever-increasing data rates (Tb-s™' data rates) in data centers,
wireless communications, and computing infrastructures.'
Integrated photonic devices based on plasmonic structures
offer numerous benefits for the next generation of
communication, nonlinear photonics and sensitive sensing
systems.*”° Plasmonic structures provide deep-subwavelength
confinement of the light field, which enhances optical
confinement and light—matter interactions, significantly
influencing the device performance efficiency and speed.
Ultrafast, efficient, and compact electro-optic plasmonic
modulators have already achieved bandwidths exceeding 500
GHz.””® However, there is still a need to further explore
plasmonic-structure-based photodetectors with both high
speed and responsivity.

Plasmonic-based integrated photonic circuits require photo-
detectors that integrate photoactive materials with plasmonic
waveguides.m_12 However, integrating materials such as
germanium films with waveguide-integrated photodetectors
presents challenges due to threading dislocations and surface
roughness at the interface, resulting from lattice mismatch.”
Germanium also faces limitations in the mid-infrared band due
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to its inappropriate optical bandgap.'® Colloidal quantum dots,
while able to operate in the mid-infrared band, have limited
response speeds because of their carrier mobility.'"* A
promising alternative is van der Waals materials (VDWMs),
which are bound by weak van der Waals forces and allow for
their transfer on various substrates, making them a compelling
option to mitigate the challenges of integrating different
material platforms caused by variations in thermal expansion
coefficients and lattice parameters. VDWMSs are an emerging
photoactive material with significant potential for use in
plasmonic-based integrated photonic circuits."*~'® Graphene is
ideally suited for use as a waveguide-integrated photodetector
in the telecommunication and mid-infrared regions (MIR)
because of its high mobility and wide optical absorption
range.'’~*" However, graphene photodetectors suffer from
large dark currents and shot noise due to their zero band gap.”!
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Black phosphorus photodetectors have high responsivity
but require protection from degradation caused by exposure to
water or oxygen.”* PdSe, is air-stable and exhibits a high carrier
mobility. Several advanced material fabrication methodologies
have been developed to grow high-quality PdSe, thin films for
the scalable production of PdSe,-based devices.””*® The band
gap of PdSe, spans from 1.2 eV in monolayer to 0.03 eV in
bulk material, which brings about effective optical absorption
at the MIR region.”” >’

In relevant reports, waveguide photodetectors based on
PdSe, are limited in bandwidth due to excessively long
channels, and the weak optical absorption leads to low
responsivity.””>' To address this problem, plasmonic slot
waveguides are used to provide short drift paths for
photogenerated carriers and fast photoresponses. Besides, a
plasmonic slot waveguide usually provides subwavelength
mode confinement, thus enhancing light—matter interac-
tion.'”'®** The plasmonic-PdSe, waveguide-integrated photo-
detectors have a high responsivity and internal quantum
efficiency (IQE) with a high-speed photoresponse due to the
plasmonic design concept. Moreover, the proposed device
operates over a broad spectral range, making it suitable for
efficient photodetection at high speed.'* As a result, the
present plasmonic-PdSe, waveguide-integrated photodetectors
possess an intrinsic (extrinsic) responsivity as high as 560.1
(236.9) mA-W ™" and an IQE of 32.3% at a wavelength of 1550
nm. The 10 pgm-long device possesses a low noise equivalent
power (NEP) of 17.9 pW-Hz > and a fast photoresponse rate
of 17.5 GHz.

B RESULTS

The proposed photodetector is shown in Figure 1a, comprising
three primary components: a pair of grating couplers and
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Figure 1. Conceptual illustration of the photodetector design. (a) 3D
schematic representation of the plasmonic-PdSe, waveguide photo-
detector. Light is introduced into the plasmonic-PdSe, photodetector
through a silicon waveguide via evanescent coupling. The inset (I)
shows the optical field distribution for the PdSe,-plasmonic slot
waveguide photodetector (slot width: 100 nm, waveguide height: 100
nm, PdSe, layer thickness: 142 nm). (b) Cross-sectional view of the
proposed photodetector. (c) Energy band diagram of the proposed
photodetector junction under illumination at a bias voltage.

silicon-to-SPP mode converters and a plasmonic slot wave-
guide featuring a PdSe, thin film atop it. The plasmonic slot
waveguide comprises two metallic films whose interfaces
support a surface plasmon polaritons (SPPs) mode. The
plasmonic slot waveguide improves the optical confinement in
the nanoscale active core compared with a Si-wire waveguide.
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At the same time, the SPP’s transverse electric (TE) mode in
the plasmonic slot waveguide is parallel to the interface of
PdSe,, which promotes PdSe,-light interaction. The optical
energy is absorbed while propagating in the area covered by
142 nm-thick PdSe, (inset I of Figure 1a). We have explained
the reasons for choosing a thicker PdSe, in the Supporting
Information, S1. We simulated the optical field distribution of
a device with two different thicknesses of PdSe, (Supporting
Information, Figure S1). Figure 1b presents a cross-sectional
view of the proposed plasmonic-PdSe, waveguide-integrated
photodetector with a slot waveguide width of 100 nm,
designed to offer exceedingly narrow drift paths for the
carriers of PdSe,. Meanwhile, Figure 1c visually demonstrates
the device’s band diagram under bias voltage conditions. The
Au has a higher work function than PdSe,, resulting in an
upward energy band bending, which hinders carrier transport
and results in minimal dark current.

The scanning electron microscopy (SEM) image shows the
two different parts of the devices in Figure 2a. The slot
waveguide has a length of 10 pm. These structures transform
the photonic mode of the photonic waveguide, with the
dimension of typically wg; X hg; (450 nm X 220 nm), into the
plasmonic slot waveguide with the size of approximately wy,, X
hgo (100 nm X 100 nm). The influence of gold film roughness
inhomogeneity and fabrication alignment on propagation loss
is within the acceptable tolerance, as demonstrated in Figure
2a, inset I. The optical microscope image of the fabricated
sample is illustrated in inset II of Figure 2a. The thickness of
PdSe, was measured to be 142 nm by Atom Force Microscopy
(AFM), as indicated in Figure 2b. To confirm the quality of
the PdSe, film, we conducted Raman spectroscopy of the
multilayer PdSe, after the fabrication process. The obtained
findings are in line with prior research, where A, peaks were
situated at 143, 206, and 264 cm™! and the Bjg mode was
detected at 229 cm™!, as shown in Figure 2c. Notably, no
additional discernible Raman peaks were observed, affirming
the absence of defects introduced during the fabrication
process. Figure 2d shows an output optical power change of a
10 um-long plasmonic slot waveguide after transferring a PdSe,
flake (length: 9.46 ym; thickness: 142 nm) upon it. The PdSe,
flake’s absorption coefficient (ar,,) at 1550 nm is determined to
be 0.81 dB/um, calculated from the discrepancy in optical
power measured before and after transferring the device.

Figure 3 illustrates the optoelectronic characteristics of a
plasmonic-PdSe, waveguide photodetector (S1, with a 9.46
um-long and 142 nm-thick PdSe, patch). An evaluation of
these characteristics was conducted with the aid of a probe
station that featured fiber-coupling capabilities. Figure 3a
demonstrates the IV curves of sample S1, both in the absence
of illumination (dark) and under 1550 nm illumination. The
linear nature of the IV curve in the dark verified that the
contact between PdSe, and the electrode is ohmic. Addition-
ally, there is no observed photocurrent at 0 V, which excludes
the photovoltaic and photothermoelectric effects. The
possibility of the bolometric effect is eliminated as the
photocurrent exhibits a nonlinear increase with the applied
bias voltage.33 Therefore, the dominant mechanism for
photocurrent generation in this type of photodetectors is the
photoconductive effect. The applied external electric field leads
to the separation and accumulation of electron—hole pairs,
inducing a photocurrent with a positive correlation to the
optical signal intensity, as the photogenerated carriers migrate
toward the metal electrode. The dark current increasing with
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Figure 2. Diagram of photodetector preparation and characterization. (a) SEM image of the 10 um-long plasmonic slot waveguide. The
photograph is taken before transferring the PdSe, layer. The top inset (I) shows the alignment details of the waveguide taper to the plasmonic
mode converter. (II) Optical image of a plasmonic-PdSe, slot waveguide integrated photodetector. (b) PdSe, film thickness measured by AFM.
The optical image of the proposed sample is depicted in the inset. (c) Raman spectra of a multilayer PdSe, measured at a wavelength of 532 nm for
two different polarization states. (d) Optical loss of the plasmonic slot waveguides after transferring a PdSe, flake (length: 9.46 yum, thickness: 142

nm).

the thicker thickness is 4.5 uA at 3 V. The dark current (blue
line) is significantly less than that of metal—graphene—metal
photoconductors.”** Several samples have been prepared and
characterized for comparison with the summarized results
presented in Table S1.

Figure 3b shows the measured increasing photocurrent with
increasing optical power levels at 3 V. The photodetector’s
responsivity (R) is characterized as R = I,/ P;,, where L, and
P,, denote the photocurrent and input optical power
(Supporting Information, part S2). The R decreases from
236.9 mA W' to 10.6 mA W™ as the input power escalates
from 1 to 100 yW (Figure 3b, red line) at 3 V. Such an
external responsivity surpasses that of counterparts utilizing
graphene,'” MoSe,,”® and PtSe,.*®

Figure 3c shows the bias voltage-dependent responsiveness
of the proposed devices, which suggests that a higher bias
voltage will result in a higher photoinduced carrier generation-
separation efliciency. Plasmonic slot waveguides can enhance
the light—PdSe, interaction, but they also generate an internal
optical loss that restricts light absorption and photocarrier
generation, resulting in limitations in the detector’s overall
responsivity and quantum efficiency. Therefore, it is crucial to
consider the optical loss of a plasmonic waveguide for
calculating the detector’s intrinsic responsivity (R,), defined
as Ry = Ln/Ppnoto in- Here, Ppo i is the optical energy
absorbed by a PdSe, flake, which is defined as the Py ine =
NuiPin>>>"7% In this scenario, the effective light absorption
ratio (77,,) is calculated to be ~42.4% (Supporting Information,
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part S2), and R, is estimated to be 463.9 mA-W™" at the input
power of 1.2 uW. With the increasing input optical powers
from 1 to 100 yW, the value of R;,, diminishes from 560.1 mA-
W' to 25.2 mA-W . The elevated intrinsic responsivity aligns
with a high IQE, which is determined from IQE = R, X fiw/q.
Here, 71, @, and q are the reduced Planck constant, the light
angular frequency, and the elementary charge.”” Figure 3c
depicts the variation of IQE at different voltages, which can
reach as high as 32.3% (represented by the red dots on the
right y-axis).

As shown in Figure 3d, the photodetector exhibits a broad
spectral photoresponse characteristic, with a responsivity
exceeding 143.5 mA-W™" within this range at an input optical
power of 12 yW and a voltage of 3 V. The observed
fluctuating responsivity can be attributed to variations in
incident power at different wavelengths due to variations in the
coupling efficiencies of the grating couplers. Despite this, a flat
response was observed across almost the entire optical
communications C-band (1530—1565 nm). Moreover, pre-
vious works have reported that plasmonic-PdSe, photo-
detectors can operate at wavelengths in the MIR range.’!

When assessing the noise characteristics of a photodetector,
it is typically necessary to consider 1/f noise in the low-
frequency region, Johnson noise, and dark current shot noise.
The plasmonic-PdSe, photodetectors exhibit typical 1/f noise
characteristics, as illustrated in Figure 4a. The measured 1/f
noise diminishes from 1.7 X 1072 A*Hz ™' at 1 Hz to 4.3 X
107> A>Hz ' at 100 kHz at 3.0 V. These characteristics can be

https://doi.org/10.1021/acsphotonics.3c00453
ACS Photonics 2023, 10, 3494—3501


https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00453/suppl_file/ph3c00453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00453/suppl_file/ph3c00453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00453/suppl_file/ph3c00453_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.3c00453/suppl_file/ph3c00453_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00453?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.3c00453?fig=fig2&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.3c00453?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Photonics

pubs.acs.org/journal/apchd5

o
——

8
--366 pwW
‘:t:. 61 —92uWwW
= - Dark
S 4f
=
=]
O 2}
0 1 1 I 1 1
00 05 10 15 20 25 3.0
(c) Voltage (V)
— 240 60
% 00| —Responsivity
£ —IQE
< 160} {40
g 1201
2 sof ~ 120
o
@ o 1.2 yW
X o : : : : : 0
00 05 10 15 20 25 3.0
Voltage (V)

3000 250§
< -=- Photocurrent b
£ 2500 ’ah -=- Responsivity /' 200 £
- =
c L
5 2000 '\_E 11502
>
5 1500 <
9 1100 £
o
5 1000 o o
L
Q
& 00 _.e-------"""}xl\'~-—-—-_.—-0 o
1 10 100
(d) Power (W)
—500 30
5 » Responsivity o0
_ Fanls . ° Traysmissionq%%
P = WP ? M o
> %ﬁ%ﬂ;" Lane =
w3 300t ° % 1-50.2
g 3 =
c
8.200 A WWM -60 %
° S
0 foenp 12pW {
o 100 . - -70
1530 1540 1550 1560

Wavelength (nm)

Figure 3. Optoelectronic characteristics of plasmonic-PdSe, photodetector (S1, with 9.46 ym-long, 142 nm-thick PdSe, thin film). (a) Current—
voltage (IV) characteristics of a plasmonic-PdSe, waveguide-integrated photodetector under both dark and illuminated conditions at varying optical
power levels at 1550 nm. (b) Photocurrent (black line) and responsivity (red line) versus incident optical power at 3 V. (c) Responsivity (left axis)
and IQE (right axis) under applied voltages ranging from 0 to 3 V at the input optical power of 1.2 yW. (d) Spectral response of plasmonic-PdSe,

photodetectors at an input optical power of 1.2 gW.
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Figure 4. Noise characteristics of plasmonic-PdSe, photodetector (S1, with 9.46 ym-long, 142 nm-thick PdSe, thin film). (a) Spectral analysis of 1/
f noise in the proposed photodetector (S1) at varying applied voltages. (b) NEP and shot noise arising from the noise current at varying bias

voltages.

quantified using Hooge’s empirical relationship,””*’ while a

higher external bias voltage enhances responsivity but also
triggers an increase in 1/f noise. The shot noise can be
represented as S; = 2qI;Af, where Iy and Af denote the dark
current and bandwidth. The calculated shot noise of sample S1
is 1.5 X 107>* A>Hz ™', which corresponds to a dark current of
4.5 uA at 3.0 V. The thermal noise (associated with Johnson
noise) is estimated to be 2.5 X 107* A%Hz™' at 3.0 V
according to S, = 4kTAf/R, where k, T, and R, are the
Boltzmann constant, the temperature (300 K, sample S1), and
the resistance of the device, respectively."' The NEP serves as
the most suitable figure of merit for waveguide-integrated
photodetectors, quantifying the detector’s signal-to-noise ratio
performance. Constrained primarily by dark-current shot noise,

3497

our analysis shows that the photodetector achieves a room-
temperature NEP of 17.9 pW-Hz *°. Moreover, the current
noise for a plasmonic-PdSe, photodetector increase as the
applied voltage increases, whereas the NEP demonstrates an
inverse dependence on voltage in Figure 4b. Attributed to the
application of a higher bias voltage, this phenomenon is
marked by an increased efficiency in the separation and
collection of photogenerated carriers, coupled with a higher
responsivity.

The photodetector’s frequency response was estimated
through impulse response testing, with the setup depicted in
Figure Sa. The optical pulse generated by a mode-locked laser
with a 150 fs duration and a central wavelength of 1560 nm is
coupled into the photodetector. Subsequently, a sampling
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Figure S. Frequency response of the proposed photodetector (S1).
(a) Setup for experimental measurement of the impulse response. (b)
Impulse response of the proposed photodetector (sample S1). (c)
Fourier Transform representation of the time-domain pulse signal
generated by device S1. The inset illustrates the equivalent high-
frequency circuit of the device.

oscilloscope with a detection bandwidth of 60 GHz was
employed to capture the output electrical pulse signals of the
proposed photodetector. As the light traveled through several
meters of fiber, an attenuator, and a sampling oscilloscope, the
optical pulse width increased to approximately 6.15 ps before
reaching the photodetector due to a dispersion effect
(Supporting Information, S3). The full width at half maximum
of the electrical pulse is denoted as At for sample S1 and is
about 25.2 ps, as illustrated in Figure 5b. The 3 dB bandwidth
(Af), calculated using the time-bandwidth product formula
(Af-At = 0.441), was determined to be 17.5 GHz.">* The
frequency response of the device, derived from the Fourier
transform of the time-domain data, is presented in Figure Sc.
Typically, the bandwidth of a photodetector can be influenced
by two factors: the carrier transit time (z,,) and the resistance-
capacitance (RC) time (7zc) constant.”* The bandwidth
constrained by carrier transit time can be calculated using the
formula f, = 1/(27z,), where 7, represents the carrier transit
time within the detector channel. The 7, can be computed by
7, = L*/(2uV};,,), where L denotes the detector channel (the
slot width), p represents the mobility of PdSe, flake, and the
Viias Was set at 3 V. The mobility of PdSe, flake (~24.0 nm, 40
layers)* was taken as 28.1 cm*V~'s™! based on the ref 45.
The calculated 7, is about 0.59 ps at 3 V. Subsequently, the
calculated bandwidth determined by the carrier transit time
amounts to ~267 GHz. In our experiment, the observed
frequency responses remained nearly consistent across various
thicknesses and bias voltages. This suggests that carrier
mobility is not the primary limiting factor affecting the
response speed of the photodetectors in this study.

We utilized the high-frequency equivalent circuit, as shown
in Figure S4a to calculate the RC time constant, subsequently
determining the bandwidth constrained by the RC coefficients.
Initially, the high-frequency impedance Z;, can be computed
based on the formula Z,, = Z *((1 + S;;)/(1 = S;;)), where Z,
represents the system impedance (50 Q).***® The reflection
coeflicient S;; of the photodetector was then measured by
using a vector network analyzer (VNA). The total resistance R,
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of sample S1 was calculated to be 34.5 Q for the 10 um length
of the PdSe, thin film (Supporting Information, Figure S4b).
We derived the total capacitance (Cpp) by considering two
components: the capacitance of the metal contacts (C,,) in the
RC equivalent model and the capacitance of the 2D material
(Cpgsez)- According to measurement, the Cpp, of the device was
calculated to be 83.6 fF, as shown in Figure S4b of the
Supporting Information. The RC-time limited bandwidth is 1/
(27 Regat Cpp) = 22.5 GHz. According to the formula fpc = 1/
(27°Rioa Cop) (Riotal = Re + Ry, Ry = 50 Q), the bandwidth
constrained by the RC constant is calculated to be 22.5 GHz.
The value of fyc closely approximates the measured
bandwidth, in contrast to the carrier-limited bandwidth. This
suggests that the primary limiting factor for the bandwidth of
our presented photodetector is attributed to RC parameters of
the device.

The speed response of the device is improved by adding
gates to the upper layers of the device so that the upper carriers
can be separated and transmitted faster.'®*” To further
enhance the plasmonic field localization characteristics,
preparing a slot waveguide on top of PdSe, should be
considered as an optimization method for device fabrication."”
Furthermore, the considerable optical losses of the grating
coupler and photonic to plasmonic mode conversion led to an
optical power budget issue, ultimately limiting the amplitude of
the converted electrical signal. Ideally, an optimal solution
would entail the utilization of a trans-impedance amplifier to
effectively amplify the RF signal, thus enhancing overall
performance."”

B CONCLUSION

Waveguide-photodetectors have demonstrated promise in the
realization of active silicon photonic circuits operating at
infrared wavelengths. However, current technologies are
limited by the trade-off between responsivity and fundamental
bandwidth constraints. Here, we design and experimentally
fabricate a plasmonic-PdSe, waveguide-integrated photo-
detector with a measured bandwidth beyond 17 GHz, covering
C-band (1530—1565 nm) telecom wavelength. Simultane-
ously, an intrinsic (extrinsic) responsivity up to 560.1 (236.9)
mA-W™' is obtained with static measurements revealing an
IQE of up to 32.3%. Additionally, this photodetector shows an
NEP of 17.9 pW-Hz %°. The PdSe,-plasmonic-based wave-
guide photodetector provides a route for high-performance
integrated photodetector utilizing various critical applications
in optical communication, microwave photonics, sensing, and
imaging.

B EXPERIMENTAL METHODS

Device Fabrication. Optical devices were manufactured
on a commercially available silicon-on-insulator substrate,
featuring a top silicon layer measuring 220 nm in thickness and
a 3 pm-thick buried oxide layer. Grating couplers and
waveguides were patterned using electron beam lithography
(EBL) with a Raith Voyager system, followed by dry etching
using Samco RIE-101iPH equipment. The dimensions of the
Si waveguide are defined as width X height = 450 nm X 220
nm. Subsequently, the plasmonic slot waveguide was fabricated
through EBL patterning, followed by e-beam evaporation of
Au, and subsequently, it was achieved via a lift-off process. In
the end, the multilayer PdSe, flakes were exfoliated from bulk
PdSe, crystal (Taizhou SUNANO New Energy CO., Ltd.) by
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Scotch tape. These flakes were meticulously positioned and
transferred onto the prefabricated devices with the help of
polydimethylsiloxane, all done under a microscope.

Measurement. The light source used for static optoelec-
tronic testing of the device is a tunable semiconductor laser
with a wavelength range adjustable between 1260 and 1620 nm
(Santec Corporation, TSL-550), while electrical testing is
accomplished through a semiconductor analyzer (PDA, FS-
Pro). An optical pulse outputted from the erbium fiber laser
(NPI Rainbow 1550 OEM) was coupled to the photodetector.
The sampling oscilloscope (60 GHz bandwidth, Agilent
DS09404A) collected the output electrical pulse signal of
the device. The photodetector was powered by a source meter
(Keithley 2450). The resulting AC photocurrent was
subsequently isolated using a bias-tee (Anritsu, G3N46,
Bandwidth: 8 kHz-60 GHz). The photocurrent signal was
retrieved via a microwave probe and then reintroduced into the
input port of the parameter network analyzer. The S,
parameter could be obtained from the VNA (Anritsu
MS4647B) measurement for the total impedance.

B ASSOCIATED CONTENT

@ Supporting Information
The Supporting Information is available free of charge at
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