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Heterogeneously integrated micro-ring with SnS; for dual-functional
optical modulation and photodetection
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Xiaoping Lou?, Zheng You?* and Lianging Zhu'*

Abstract: Achieving simultaneous optical modulation and photodetection in a single device represents a key objec-
tive for advancing integrated photonics. However, fabricating such dual-functional devices remains challenging due
to process complexity, material instability, and weak light—-matter interaction. This work demonstrates a dual-func-
tional device through the heterogeneous integration of few-layer SnS, onto a silicon-on-insulator (SOI) microring
resonator. Using an electrode-engineered design that eliminates the need for external gate control or heterojunc-
tions, the device achieves simultaneous light modulation and detection. This design not only simplifies fabrication
but also maintains independent control ports, enabling real-time monitoring of the optical modulation state and
paving the way for integrated feedback in on-chip photonic computing systems. The modulator achieves a modula-
tion depth of 23 dB, while the photodetector shows a responsivity of 0.38 A/W at -2 V through a hot-carrier-assisted
mechanism. This work provides a compact and versatile platform for multifunctional photonic integration, support-

ing the development of more efficient and reliable on-chip photonic computing.
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1 Introduction

In optical neural network systems, photodetectors and opti-
cal modulators serve as two fundamental building blocks!>.
Photodetectors are responsible for converting optical signals
into electrical currents, enabling monitoring of optical
power and subsequent electronic processing. Optical modu-
lators, conversely, imprint electrical signals onto optical
carriers, allowing dynamic control of light transmission.
Together, they are essential building blocks in most opto-
electronic computing and communication systems.
However, in conventional architectures, these two functions
are implemented by discrete, physically separated
devices —optical power is tapped through bypass waveg-
uides, fed into a dedicated photodetector, and the resulting
photocurrent is amplified and converted into a driving volt-

age before being applied to a separate modulator. This
discrete-component link inevitably introduces substantial
power consumption, increased latency, and fabrication
complexity, posing fundamental bottlenecks for high-
density optical computing systems*°.

To enable dual-functional optoelectronic units, the inte-
gration of photodetection and optical modulation within a
single device offers a promising approach to address these
technical challenges. This integration allows for more
compact optical circuit layouts, simplified photonic network
architectures, and improved flexibility in high-density opti-
cal routing. Consequently, the development of dual-func-
tional devices represents both an incremental advancement
in device integration and a critical step toward highly
integrated optical computing platforms. The atomic-scale
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thickness and exceptional optoelectronic properties of 2D
materials—including gate-tunable Fermi levels, strong light-
matter interaction, and broadband response —make them
particularly suitable for co-integrating detection and modu-
lation functionalities within a single waveguide platform’. A
variety of two-dimensional materials, including black phos-
phorus®'°, MoS,"'""2, and PtSe,'*, have been heteroge-
neously integrated with waveguides to achieve photodetec-
tion and optical modulation in the near-infrared band!*-'c.
Across all these material systems, however, a common trade-
off persists: achieving high-performance detection and
modulation within a single device inevitably necessitates
compromises among speed, modulation depth, responsivity,
or fabrication complexity. To this end, researchers have
extensively explored dual-functional devices based on
heterogeneous integration of two-dimensional materials
with silicon photonic waveguides'’~"*. Graphene, as the most
extensively studied two-dimensional material***, enabled
the first demonstration of a monolayer-graphene-based
dual-functional device on a silicon waveguide platform.
Nevertheless, its responsivity remains only 57 mA/W, and
the scheme imposes stringent requirements on the integrity
of monolayer graphene®. Moreover, its zero-bandgap nature
leads to difficulty in suppressing dark current, and the
modulation relies on continuous gate voltage. Subsequently,
a graphene/silicon heterojunction integrated on a p-n-doped
silicon microring was demonstrated to achieve responsivity
(>200 mA/W) and low modulation power, yet it still
requires p-n junction doping and gate voltage control®. The
graphene/MoTe; heterojunction dual-functional device, for
the first time, introduces band engineering into dual-func-
tional device design. Leveraging the wide bandgap of MoTe;,
it achieves low insertion loss in the C-band and enables
dynamic reconfiguration between modulation and detec-
tion functionalities through a single heterojunction with
single bias polarity switching, simplifying the fabrication
process. However, this approach still faces challenges in the

fabrication process of two-dimensional heterostructures; its
responsivity of 0.64 mA/W remains an order of magnitude
lower than that of dedicated germanium photodetectors,
and the switching between modulation and detection func-
tions relies on bias polarity reversal’. Alternatively, the
WS,/HfS, heterojunction has been integrated on a silicon
waveguide to enable mid-infrared dual-functionality via
interlayer exciton absorption, yet its responsivity remains at
the uA/W level and operation relies on all-optical
pumping®. The ITO/Ge hybrid photonic-plasmonic dual-
functional device achieves an innovative breakthrough at the
architectural level. Yet, this scheme currently remains at the
simulation validation stage, and critical issues such as inter-
face state control and CMOS process compatibility in practi-
cal fabrication have not been experimentally verified®. In
parallel, a PN-junction silicon microring integrated with
phase-change material has been demonstrated to achieve
both modulation and detection at 100 Gbps, but it requires
high-temperature ion implantation and exhibits low respon-
sivity (~0.007 A/W)*. Table 1 summarizes the performance
metrics and key features of representative dual-functional
devices.

In this work, to avoid reliance on gate-voltage control,
strict monolayer requirements, and capacitive structures, we
heterogeneously integrate SnS; onto a microring resonator,
achieving both optical modulation and photodetection in a
single device. In this compact device architecture, SnS,
serves as the primary photoactive material, enabling photon-
to-electron conversion for photodetection while reducing
optical loss caused by the gold heating electrodes. Further-
more, the engineered Au electrode design facilitates effi-
cient hot-carrier generation''. On one hand, the microring
resonator's strong optical confinement enhances light-
matter interactions with the 2D material, enabling infrared
photodetection through hot carriers. On the other hand,
localized refractive index modulation through the heating
electrode enables optical modulation functionality. The

Table 1 | Comparison of dual-functional integrated photonic devices.

Detection

Structure Modulation performance Speed / Bandwidth Function switching methods Ref.
performance

Dual-layer graphene FET on Modulation depth: 64% 57 mA/W @ Modulator: 1 GHz; .

. . o Gate voltage tuning ref.>
Si waveguide (MZI) transmission at gate voltage 40 V 1.55 um Detector: 1 GHz
WS,/HfS; heterojunction on All-optical modulation ~50 pA/W @ Detector fall time: 1.07 us / A T -
-optica ref.
waveguide (visible pump control) 3.8-5.5 um 22.1 us ; modulator: 400 Hz

Graphene/Si heterojunction ) 200 mA/W @ 1.5V Forward bias for modulation; Reverse bias A
. Modulation depth: 12 dB ) N/A ) ref’

on p-n-doped Si MRR bias, 1550 nm for detection

Graphene/MoTe; 0.47-0.64 mA/W @ Positive bias for modulation; Negative bias

Modulation depth:26.7 dB Modulator: 7.0 GHz ref.t

heterojunction on Si MRR C-band for detection

PN-junction Si MRR with Modulator: 100 Gbps; Bias switching (modulator/detector);

4x100 Gbps 0.007 A/W o ref.

Sb,Ses Detector: 100 Gbps Sb,Ses trimming

. ) Responsivity: ) o .
SnS;-on-Si MRR with three- ) Modulator: 3.4 us / 6.9 us; Three-electrode bias switching; This
Modulation depth: 23 dB @ 0.8 V 0.38 A/W @ i o
electrode B Detector.: 8.4 ms/11.8 ms simultaneous dual-function in single MRR work
nm
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dual-functional device achieves 23 dB modulation depth in
the C-band and responsivity of 0.38 A/W at -2 V. This
heterogeneously integrated platform eliminates dependence
on monolayer graphene and requires no gate electrodes. Its
design flexibility allows it to be used as reconfigurable opti-
cal elements in on-chip photonic computing systems.
Concurrent optical modulation and real-time electrical read-
out through dual ports allows in-situ monitoring of modula-
tion states, enabling ultra-compact integrated photonic
circuits.

2 Experimental section
2.1 Waveguide fabrication

The bottom layer includes a microring resonator with grat-
ing couplers on a silicon-on-insulator (SOI) platform with
220 nm device layer, the height of the ridge waveguide
70 nm, and the slab of 150 nm. Both the straight and ring
waveguide have a width of 450 nm and the gap between
them is 100 nm. A pair of tapered gratings was designed at
both ends of the straight waveguide for efficient coupling for
TE mode. All these structures were fabricated by electron
beam lithography (EBL) and inductively coupled plasma
(ICP) etching processes. Then, the 10 nm thick aluminum
oxide (Al,O3) dielectric layer between the SOI platform and
the SnS, is deposited by atomic layer deposition (ALD)
which acts as an electrical isolation layer. After this, another
step of e-beam lithography is done to define the metal elec-
trodes. The electrodes are made by evaporating 80 nm of Au
using an evaporator and lift-off process.

2.2 TMDC fabrication and characterization

Bulk flakes of SnS; (Shenzhen Six Carbon Technology Co.,
Ltd.) are exfoliated via the Scotch tape method onto poly-
dimethylsiloxane (PDMS). Next, the target flakes are found
using an optical microscope and transferred to the intended
waveguide by dry transfer technique.

Atomic force microscopy (AFM) and optical microscopy
were conducted with a Park NX10 AFM and a Nikon
LV100ND optical microscope, respectively.

2.3 Device measurements

Device characterization was performed on an edge-coupling
platform with polarization-maintaining fibers. Tunable laser
light (1520-1620 nm) was coupled into the waveguide via a
high-precision alignment stage. Thermo-optic modulation
was driven by a programmable DC source (Keysight
B2912A) providing bias voltages to Electrodes A/B. Tempo-
ral response of the modulation function was captured using
a waveform generator and a real-time oscilloscope (Lecroy,
740Zi-A). Photodetection metrics including I-V characteris-
tics and response time were quantified using a semiconduc-

tor parameter analyzer (Keysight BI500A) under tunable
laser (TUNICS T100S-HP).

3 Results and discussion
3.1 Device fabrication and characterization

Conventional approaches for dual-function devices rely on
graphene-based capacitors, FETSs, or heterojunctions, where
an out-of-plane electric field shifts the band edge to enable
functionality. These architectures exhibit critical depen-
dence on graphene thickness and require precise
capacitor/heterojunction fabrication'>. In contrast, our
design eliminates thickness constraints for SnS; and oper-
ates without external gate bias, reducing process complexity.
Figure 1(a) illustrates the dual functional device of SnS, inte-
grated on a microring resonator. We use the two-dimen-
sional (2D) material as an interlayer between the waveguide
and the thermally active gold film. This configuration simul-
taneously reduces the detrimental influence of the gold
heater on the optical transmission characteristics of the
microring resonator. Achieving infrared photoresponse in
wide-bandgap SnS; (Eg=2.07 eV) by direct bandgap absorp-
tion presents a challenge’*?’. Here, we overcome this limita-
tion through hot-carrier-assisted detection enabled by
micro-ring-enhanced light-matter interactions. At the same
time, the wide-bandgap 2D material SnS; exhibits minimal
absorption within the infrared spectrum, implying negligi-
ble perturbation to resonant cavity transmission. Crucially,
the incorporation of this photoactive material is essential for
photodetection.

All the waveguide structures were fabricated using EBL
and ICP etching processes. The SnS, was then mechanically
exfoliated onto the silicon waveguide. Au electrodes (80 nm-
thick) were fabricated through lift-off process. A schematic
of the dual-function device architecture is shown in Fig.
1(a). Electrodes A and B were patterned on top of the
waveguide and SnS; layer for optical modulation, while elec-
trode C was positioned in contact with SnS, but far away
from the waveguide and modulation electrodes for photode-
tection. Figure 1(b) shows the microscopy image of the
fabricated device. Figure 1(c) shows the Raman spectrum of
SnS; within the integrated device, which exhibits character-
istic vibrational modes at 315 cm™'%%, and the height profile
in Fig. 1(d) indicates a thickness of 18.8 nm.

3.2 Thermo-optic modulation operation

To characterize the effect of Al,Os, SnS; and Au electrode
deposition on the ring resonator, the transmission spectrum
of the microring resonator was measured at each fabrication
step, as shown in Fig. 2(a). During device characterization,
we monitored the current between modulation electrodes A
and B as a function of DC voltage (Fig. 2(c)). At 6 V applied
bias, the modulation electrodes are at risk of thermal
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Fig. 1 | (a) Dual-function device architecture for optical modulation and photodetection based on SnS, integrating with a microring resonator (MRR). Light
is coupled in/out by two opposite grating couplers. (b) Microscope image of the device. (c) Raman spectrum of SnS, film. (d) AFM height profile (inset)

showing a thickness of 18.8 nm for the SnS; flake.

breakdown. To ensure low-power operation and prevent
electrode failure, we maintained the loop current below 0.05
A. The transmission spectra under DC voltages of 0.5-1 V
applied between electrodes A and B are shown in Fig. 2(b).
We observe a redshift of the resonance dip while the extinc-
tion ratio remains unchanged. At the resonant wavelength of
1549.76 nm, the device exhibits an extinction ratio of 24 dB
and a 3-dB bandwidth of 0.52 nm, corresponding to a qual-
ity factor (Q) of 2980. Under the bias of 0.8 V, a modulation
depth of 23 dB is achieved. Increasing the bias from 0 to
0.8 V induces a 1.8 nm shift, with a power consumption of
38 mW. The thermo-optic tuning efficiency is calculated as
0.047 nm/mW.

The thermo-optic effect is the physical basis for achieving
light modulation in this device: when a bias voltage is
applied between electrodes A and B, the temperature of the
gold electrode increases and is transferred to SnS,, thereby
increasing the lattice temperature. Consequently, the bottom
waveguide is heated and the refractive index changes, induc-
ing a redshift in the transmission spectrum of the microring
resonator. The resonant wavelength shift (A1) is related to
the effective refractive index change (ANef) through Eq. (1).
The relationship between temperature and AN is given by

Eq. (2).

AA’ _ A’OANEE ,

ng

(1)

ANy =~ (dn/dT)AT , (2)
where ng and A, are real part of the group index and reso-
nant wavelength, respectively. AN exhibits a linear depen-
dence on temperature. The corresponding resonant wave-
length shift as a function of power is shown in Fig. 2(d).
Furthermore, since temperature is linearly proportional to
applied power, the resonant wavelength shift is also linearly
proportional to the applied power. This conclusion is consis-
tent with the experimental results. Then, we measured the
dynamic response of the modulator (shown as in Fig. 2(e)).
The square wave modulation signal generated by the func-
tion generator had a peak-to-peak voltage of 1 V, applied
across the modulation electrodes A and B, with a square
wave frequency of 10 kHz. The rise time (from 10% to 90%)
was 3.4 ps and the decay time (from 90% to 10%) was 6.9 s.

3.3 Hot-carrier-assisted photodetection operation

Under non-modulated conditions (Up=0 V), the current
(I.) between electrode B and electrode C was measured as a
function of bias voltage (Upc). By coupling light at a wave-
length of 1549.76 nm into the waveguide, photocurrent is
observed. The I-V curves obtained at different optical
powers are shown in Fig. 3(a). The asymmetric behavior
observed in the I-V characteristics confirms the formation of
back-to-back Schottky barriers. The energy band diagram of
the Au/SnS,/Au interface is shown in Fig. 3(b), where (i)
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Fig. 2 | (a) Measured transmission spectra of the MRR after each step of transfer. (b) Transmission spectra of an MRR integrating with Au/SnS; under
different bias voltages. (c) Current variation between electrode A and electrode B as a function of DC voltage. (d) Resonance wavelength shift as a function

of electric power. (e) Response time of thermal tuning.

represents the alignment of the Fermi level of Au with that
of n-type SnS; at equilibrium. (ii, iii) are the energy band
diagrams of the device under Uy < 0 V and Upc > 0 V,
respectively. When Uy, < 0V, the left metal is grounded and
a positive voltage is applied to the right metal. Consequently,
the Fermi level of the left metal is higher than that of the
right metal. In addition, for the left Au/SnS, heterojunction,
this is a reverse bias, and for the right Au/SnS; heterojunc-
tion, it is a forward bias, so the barrier heights of the two
junctions are different. When Uy > 0 V, the right metal is
grounded and a positive voltage is applied to the left metal,
the Fermi level of the left metal is lower than the right metal.
For the left Au/SnS; heterojunction, this is a forward bias;
for the right heterojunction, it is a reverse bias. Thus, the
two barrier heights are different. When light is coupled to a

microring resonant cavity, the Au/SnS, interface is in an
evanescent field. Because light penetrates multiple times and
interacts with SnS,, energy is ultimately converted into
lattice heat through the bolometric (BOL) effect, resulting in
a local temperature increase. Hot carriers generated by
lattice heating in SnS; contribute to the current under bias
voltage. In addition, the evanescent field overlapping the
electrode B also excites the generation of hot carriers. At
zero bias, the built-in electric field of the Au/SnS; Schottky
junction injects hot carriers into SnS,, which then diffuse to
electrode C. When Up<0 V, a reverse electric field is estab-
lished, driving hot carriers to drift from electrode B to
electrode C through the SnS; channel. On the contrary,
when Upc>0 V, the external electric field prevents hot carri-
ers in the metal from injecting into SnS, from electrode B.
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Fig. 3 | (@) Ibc-Upc curves at different 1549.76 nm optical powers. (b) Energy band diagram of the photodetection mechanism at equilibrium, under Up< 0 V
and under Uy > 0 V. (c) The responsivity of the Au/SnS,/Au detector versus incident optical power at -1V and -2 V. (d) Photocurrent rise and fall times.

Experimental results show that the SnS, device exhibits a
dark current of 41.7 nA at —2 V bias. As shown in Fig. 3(c),
when a 1549.76 nm light source with 0.1 uW optical power
is coupled into the waveguide through the grating, the
device exhibits a responsivity of 0.38 A/W under —2 V bias.
The responsivity increases with the applied bias voltage. In
Fig. 3(d), the measured 10%-90% rise time and 90%-10%
fall time are 8.4 ms and 11.8 ms, respectively. The measure-
ment was performed using a semiconductor parameter
analyzer, with a bias voltage of 2 V applied across electrodes
B and C. The input optical power was 1 mW at a wave-
length of 1549.76 nm, and the laser was switched on and off
to obtain the temporal response.

3.4 Mechanism of synergistic current dynamics in
dual-mode operation

Additionally, with a DC bias applied between electrodes A
and B for modulation, the output current between electrode
B and electrode C was measured while 1549.76 nm laser was
coupled into the waveguide. Figure 4(a) shows the equiva-
lent circuit for synchronous optical modulation and detec-
tion. The corresponding results are shown in Fig. 4(b).
These results indicate that applying different voltages
between electrodes A and B affects the output current
between electrodes B and C. Figure 4(c) shows that increas-

ing U, enhances output current I when U, < 0 V.
Conversely, increasing U,, reduces output current I when
Upe > 0V (Fig. 4(d)).

This phenomenon originates from the synergistic
coupling between thermal and electric fields in the
Au/SnSy/Au (MSM structure). With the modulation voltage
U,p increasing, the resonant wavelength undergoes a red
shift, resulting in reduced light intensity in the microring
resonant cavity, and a corresponding decrease in I,.. When
U, is applied across electrodes A and B, the temperature at
electrode B increases, leading to two key physical effects.
First, due to the Seebeck effect, the temperature gradient VT
between electrode B and electrode C generates a thermoelec-
tric potential in SnS,, driving electrons to diffuse from the
high-temperature region (electrode B) to the low-tempera-
ture region (electrode C), forming a thermally induced
diffusion current Iyi directed from C to B. Second, in the
MSM structure, the two Au/SnS, Schottky junctions are
connected back-to-back in series. When Up. < 0 V, the
reverse-biased junction is located at electrode B, while the
Schottky junction at electrode C is forward-biased. The local
temperature rise increases the concentration of thermally
excited carriers near electrode B. Consequently, the ther-
mally excited carriers near electrode B contribute an addi-
tional current component Iephanced Under the applied elec-
tric field. In this case, I is in the same direction as the drift
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Fig. 4 | (a) Equivalent circuit diagram for synchronous optical modulation and detection. (b) /-Uyc characteristics at different modulation voltages Ugp. (c) /-
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current I (both from C to B). Therefore, the total current
I = Iy + Laifrt Ienhanced- Among the three components, only
Ipc decreases with the increase of Uyp. As the experimental
results show that the total current I increases with Uy, it can
be inferred that the decrease in I is smaller than the
increase in Igifr and Iephanced> @5 shown in Fig. 5(a). When
Ubc > 0V, the reverse-biased junction is located at electrode
C, while the Schottky junction at electrode B is forward-
biased. The thermally excited carriers near electrode B also
contribute an additional current component Ienhanced Under
the applied electric field. However, in this case, I is oppo-
site in direction to Iyc. Therefore, the total current I = Iy —
Igiff + Ienhanced- Experimental results show that I decreases
with increasing U,p, indicating that the increase in Igif is
larger than that in Iephanced, as illustrated in Fig. 5(b).

3.5 Performance optimization and integration
prospects

This dual-functional device integrates optical modulation
and real-time photocurrent readout through its dual-port
electrode design. Crucially, the output current at the detec-
tion port (Electrodes B/C) provides in situ monitoring of the
modulation state. By establishing the correlation between
modulation voltage (Electrodes A/B) and output current I,

we demonstrate a voltage-to-current feedback mechanism.
Figure 6 shows a schematic diagram of this real-time feed-
back monitoring using the dual-functional unit device.
When this device is applied in on-chip optical computing
systems, its dual-port electrode design enables real-time
crosstalk monitoring between devices, thereby improving
computational accuracy through dynamic feedback control.
However, further research and optimization are still
required in terms of thermo-optic modulation efficiency,
dark current suppression, and speed. Regarding thermo-
optic tuning efficiency, the current device achieves a value of
0.047 nm/mW. While this is sufficient for a proof-of-
concept demonstration, the efficiency can be improved by
employing suspended structures?, air trench isolation®®?,
and high-resistivity heater materials such as TiN or IHO2%,
For dark current suppression, the measured dark current of
41.7 nA at -2 V bias originates primarily from hot-carrier
injection and trap-assisted tunneling. Suppression strategies
include inserting a thin high-x dielectric layer (AL,O3 or
HfO,) between the metal and SnS,, reducing the electrode
contact area, or constructing van der Waals heterostruc-
tures®*~>’. Besides, the photodetection response time is on the
millisecond scale, and the modulator response time is on the
microsecond scale. The current speeds are suitable for appli-
cations such as optical power monitoring, neuromorphic
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Fig. 6 | Schematic diagram of real-time feedback monitoring.

computing, and artificial synapses®®. If the device is to be
used in on-chip high-speed optical computing systems, the
electrode geometry should be optimized to reduce carrier
diffusion time, and the SnS, thickness should be decreased
to lower the RC time constant. Alternatively, plasmonic
resonance effects could be introduced to enable operation in
the GHz frequency range’.

In addition to the device-level comparison presented in
Table 1, material selection is a key factor influencing overall
device performance and scalability. Table 2 compares our
device with five representative platforms (graphene, MoTe,,
black phosphorus, plasma-doped Si, Ge-on-Si) on optical
loss, integration complexity, advantages, and limitations.
The comparison shows that conventional approaches, while
capable of high speed or high responsivity, are accompanied
by high optical loss, complex epitaxial growth, and thermal
management issues. In contrast, our device combines low

optical loss with simplified integration. More importantly,
the heterogeneous integration of SnS, with a silicon micror-
ing resonator enables both detection and modulation in a
single device, improving the integration density and stabil-
ity of on-chip optical computing systems. Although the
current device uses mechanically exfoliated SnS,, with the
continued maturation of two-dimensional material growth
and transfer technologies’®?, the proposed scheme is
expected to achieve large-scale, high-density integration.

4 Conclusions

In summary, we demonstrate a compact SnS,-based dual-
functional device integrated with a microring resonator that
simultaneously achieves optical modulation and photodetec-
tion through electrode design, eliminating the need
for conventional gate-voltage control or heterojunction

Table 2 | Material platform comparison.

. Optical loss . . L
Material Integration complexity Key advantage Key limitation Ref.
(C-band)
Graphene High Medium High speed Monolayer dependence ref.>®
MoTe; Moderate Medium Moderate speed Strain-engineered detection; heterojunction required for modulation ref.##!
BP High Medium High responsivity Oxidation-prone ref.4243
Plasma-doped Si Low High (CMOS) High speed High thermal budget ref.2>44
Ge-on-Si Low High (epitaxy) High responsivity Lattice mismatch ref.*
) Simultaneous dual-function; - . .
SnS; Low Medium Millisecond-scale response time This work

High responsivity
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structures and thereby simplifying fabrication and enhanc-
ing system integration density. The device achieves a modu-
lation depth of 23 dB and a responsivity of 0.38 A/W for
infrared photodetection at —2 V bias. This design paradigm,
applicable to diverse 2D materials, extends their applicabil-
ity in silicon photonics and, with further optimization, could
address the requirements of next-generation computing.
Furthermore, it enables real-time monitoring of the modula-
tion state through photocurrent readout (using electrodes B
and C) and enhances system stability by feedback-driven
crosstalk suppression, thereby establishing a scalable path-
way toward reliable multifunctional photonic integrated
circuits.
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