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ABSTRACT

Physical artificial intelligence has emerged as a pivotal component in next-generation humanoid technologies, including advanced
optical sensors, as it enables autonomous acquisition of sensory information. This study reports a high-performance 0D/2D
hybrid photodetector using a high-gain Ag,Te/MoS, hybrid structure for visible to short-wave infrared (SWIR) photodetection,
achieved by the absorption of Ag,Te quantum dots in the infrared region (~1450 nm). The Ag,Te/MoS, photodetector exhibits
a high photoresponsivity of around 7.5 x 10> AW and a specific detectivity of over 9.9 x 10® Jones at 1 yW/cm? illumination

power with a 0.2 V drain bias voltage. Furthermore, depending on the gain of the photodetector, a fast response speed can also

be achieved, with rise and decay times as short as 13 and 23 ms. The 0D/2D hybrid devices were successfully implemented in

a 32 X 32 array format for infrared imaging, with the results demonstrating spatially resolved pattern reconstruction and real-

time photoresponse acquisition. By hybridizing quantum dots and 2D materials, the developed photodetector has broad potential

applications, including use in highly integrated SWIR image sensors.

1 | Introduction

Infrared colloidal quantum dots (IR CQDs) are semiconduc-
tor nanocrystals that possess the ability to absorb and emit
light in the IR region. Owing to their size-dependent optical
and electronic properties, IR CQDs offer tunable bandgaps
and thus allow precise control over their IR absorption and
emission characteristics by adjusting particle size, composi-

tion, and surface modifications [1-8]. IR CQDs such as those
based on Ag,Te, PbS, InSb, InAs, and HgTe have gained
significant attention for a wide range of applications, includ-
ing IR photodetectors, thermal imaging, telecommunications,
and biomedical imaging [1, 6, 7, 9-14]. These QDs are espe-
cially valuable for enhancing the sensitivity and efficiency of
devices operating in the IR range by providing the advan-
tages of flexibility in device design, cost-effectiveness, and
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potential integration into existing Si and InGaAs-based electronic
systems [5, 8, 14, 15].

In particular, colloidal silver telluride quantum dots (Ag,Te QDs)
are a class of semiconductor nanocrystals that present unique
optoelectronic properties and potential applications across wide
technological fields [4, 10, 16, 17]. The narrow bandgap of
Ag,Te QDs, which are a Cd-, Pb-, and Hg-free eco-friendly
material that complies with EU-RoHS regulations, provides
strong IR light harvesting characterized by a high absorption
coefficient, enhancing their potential for IR sensing and energy
harvesting technologies [17, 18]. Ongoing research is focused on
optimizing their synthesis, improving stability, and enhancing
performance for practical implementation in next-generation
optoelectronics [3, 10, 19].

One emerging class of optoelectronic devices is 0D/2D hybrid
IR photodetectors, which combine 0D nanomaterials, such as
quantum dots or nanoparticles, with 2D materials like graphene,
transition metal dichalcogenides, or black phosphorus [20-24].
This hybrid structure exploits the unique advantages of both
material types: 0D nanomaterials provide strong light absorption
and size-tunable electronic properties, while 2D materials offer
high carrier mobility, flexibility, and excellent surface-to-volume
ratios [25-28]. By integrating these properties, 0D/2D hybrid pho-
todetectors achieve enhanced IR detection capabilities, including
high sensitivity, fast response times, and tunable detection ranges
[19, 23, 24, 29-33]. Related devices have accordingly shown great
promise in various applications where efficient IR sensing is
critical, such as thermal imaging, night vision, environmental
monitoring, and medical diagnostics [25, 34, 35]. However, major
challenges remain for scaling up prototype image sensors, includ-
ing the achievement of homogeneous, wafer-scale integration of
2D materials, the mass production of environmentally benign
QDs, and the interfacial ligand engineering required for their
coupling.

Here, we report the first proof-of-concept demonstration of a
short-wave infrared (SWIR) image sensor employing a 0D/2D
hybrid structure. In this architecture, SWIR-sensitive Ag,Te QDs
are integrated with metal-organic chemical vapor deposition
(MOCVD)-grown MoS, to synergistically combine broadband
photon absorption and efficient carrier transport. The opti-
cal properties, band alignment, and photogenerated carriers
in the 0D/2D hybrid structure were first verified through
UV-Vis-IR spectroscopy and ultraviolet photoelectron spec-
troscopy (UPS). The characterization exhibits how the Ag,Te
QDs leverage the photodoping effect that occurs by trans-
porting photogenerated carriers into MoS,, providing in-depth
insights into exciton diffusion, 0D/2D hybrid gain, and optical
response behavior based on the channel length and exciton
lifetime. The developed Ag,Te/MoS, photodetector is shown
to achieve a high responsivity up to 7.5 x 10° AW and
high specific detectivity exceeding 9.9 x 10° Jones. Further-
more, we developed a scalable fabrication process for the
high-performance hybrid sensors, and successfully demonstrated
here the next phase of 0D/2D photodetector research in the
form of a 32 x 32 pixel image sensor. Integrating the image
sensor with signal-processing and readout integrated circuits
(ROICs) will offer the capability to perform high-performance IR
imaging.

2 | Results and Discussion

In 0D materials, quantum confinement dominates along all
three spatial axes (%, y, and z), allowing facile bandgap tuning
and yielding high quantum efficiency in exciton generation
under optical excitation. In contrast, 2D materials exhibit strong
covalent bonding within the xy plane, while the layers are
coupled only through van der Waals interactions along the z-
axis. This results in quantum confinement being limited to
the out-of-plane direction, thus enabling high in-plane charge
carrier mobility. Combining the advantages of both Dimension-
alities, we adopt a hybrid 0D/2D structure in this work to
overcome the limited charge transport of QDs while extending
the absorption range of the photodetector. Figure la shows
a schematic of the 0D/2D Ag,Te/MoS, hybrid photodetector.
We fabricated photodetectors capable of broadband IR detec-
tion by decorating MOCVD-grown MoS, field-effect transistors
with colloidal Ag,Te quantum dots, thereby forming a 0D/2D
hybrid structure. Figure 1b plots the absorption spectrum of
1-dodecanethiol (DDT)-capped Ag,Te QDs dispersed in tetra-
chloroethylene solution, showing clear excitonic absorption at
1457 nm with second and third excitonic peaks at 1258 and
950 nm, respectively. Fourier transform infrared spectroscopy
(FTIR) analysis in Figure S5 confirms that the Ag,Te QDs are
predominantly capped with DDT, while the absorption coeffi-
cient (o) spectrum of Ag,Te QD films in Figure S6 demonstrates
strong broadband SWIR absorption, validating their effectiveness
as an IR absorber for hybrid photodetector applications. As for
the employed 2D material, MOCVD-grown MoS, film shows
clear excitonic absorption at 657 nm and a cutoff wavelength
of 680 nm in the visible range. The 0D/2D hybrid structure
extends the absorption spectrum from 700 nm of MoS, to
1457 nm of Ag,Te and opens a high-mobility MoS, channel
from the Ag,Te perspective. The particle size and distribution
of the Ag,Te QDs were determined through ultrahigh-resolution
transmission electron microscopy (UHRTEM) analysis. The TEM
images in Figure Ic indicate that the synthesized Ag,Te QDs
are spherical in shape and that the MOCVD-grown MoS, has a
single-crystal lattice structure. The corresponding histogram in
Figure S4a presents the particle size distribution, showing an
average size of 4.4 + 0.02 nm. To maximize gain at the 0D/2D
hybrid interface, MoS, with ~3 pm grains was used for high
mobility [36].

To determine the work function and valence band maximum
of the colloidal Ag,Te QDs and MOCVD-grown MoS,, UPS
measurements were conducted. The secondary electron cutoff
and onset valence band regions of the UPS spectra acquired
from Ag,Te and MoS, are shown in Figures S4f and S7g,
respectively. From the UPS work function measurement, a band
diagram of the hybrid structure was obtained, as depicted in
Figure 1d. Before the junction, the Ag,Te and MoS, bands
exhibit p-type and n-type semiconductor properties. After equi-
librium, the built-in potential is 0.395 eV, and the difference
between the conduction and valence bands is 0.33 and 0.79 eV.
Under SWIR illumination, electrons generated in Ag,Te QDs
are transferred to the conduction band of MoS, in greater
numbers than in the equilibrium state, while the built-in poten-
tial of the valence band confines holes. This electron transfer
and confinement of holes have been analyzed in previous
reports [37-40].
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FIGURE 1 | Optical properties, band alignment, and photogenerated carrier characteristics. (a) Schematic illustration of the Ag,Te/MoS, hybrid
photodetector. (b) Absorption spectrum of colloidal Ag,Te quantum dots (QDs) dispersed in tetrachloroethylene solvent and large-scale MoS, film.
(c) UHRTEM images of colloidal Ag,Te QDs and metal-organic chemical vapor deposition (MOCVD)-grown MoS,. (d) Band alignment of the
Ag,Te/MoS, hybrid structure under illumination of short-wave infrared (SWIR) light. (e-g) Hybrid photodetector operation mechanism, showing
dark current (e), exciton separation of each 0D/2D channel (f), and the photodoping effect at the 0D/2D interface (g). (h) Mobility characteristics of
an MOCVD-grown MoS, transistor. (i) Ag,Te conductance and 980 nm exciton separation/diffusion characteristics as a function of exciton lifetime.
(j) Photodoping effect in the Ag,Te/MoS, hybrid photodetector as a function of optical power at 980 nm.

Importantly, in this work, we designed the detailed operating
mechanism of the current setup from the hybrid gain perspec-
tive. Figure le-g depicts the gain phenomenon through exciton
lifetime and charge transfer in the 0D/2D Ag,Te/MoS, hybrid
photodetector. The gain equation is as follows:

Tlifetime Tlifetime
G=——-= :qusv

2
Tiransit L

where Tjpp is the carrier lifetime, 7, is the carrier transit
time, L is the channel length, u is the carrier mobility, and V
is the drain-source voltage. First, to achieve high gain, high
charge mobility channels of MoS, are required. Figure 1h shows
a transfer curve of an MOCVD-grown MoS, transistor with an
Al,0; dielectric layer. As a function of 0.1, 0.5, and 1 Vg, the
linear mobilities correspond to 30.1, 28.9, and 28.7 cm?/V S.
As the Vy bias increases, the mobility decreases slightly but is
consistent within 10%. As shown in Figure 1i, the 0.85 eV narrow
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bandgap of Ag,Te has a high conductance (G) of 2.6 X 10° S at
0.2 V4. When Ag,Te QDs are decorated on the MoS, transistor
channel, the relatively low conductance of MoS, can drag the total
resistance of the hybrid structure down, in parallel with Ohm’s
law. Also, Ag,Te QDs have a short exciton lifetime of 2.2 ns and
limited carrier mobility of 0.01 cm?/V S, according to a previ-
ous reference [41], and Ag,Te film does not exhibit prominent
photocurrent under 980 nm, as shown in the inset of Figure 1i.
Assuming short exciton lifetimes of 2.2 to 22 ns, the diffusion
lengths can reach 7.5 to 24 nm. The diffusion length equation is

as follows:
Dif fusion length (Lp) = \/DTj;ferime >

kT
Dif fusion coef ficient (D)= ,u%,

where Tjpum, is the exciton lifetime, u is the carrier mobility,
kg is the Boltzmann coefficient, T is the temperature, and q
is the elementary charge. As mentioned above, the size of one
QD was measured here to be 4.4 nm, and thus in the film, no
more than six QDs can be transported. Because of this limitation,
photocurrent is rarely observed in QD films. While 980 and
1450 nm light generate sufficient excitons in the Ag,Te channel,
most excitons do not contribute to the photocurrent but rather
recombine and disappear, as shown in Figure 1f. Meanwhile,
the MoS, channel cannot generate excitons below 980 and
1450 nm, which are above the cutoff wavelength of 680 nm. In
each channel, excitons generated by 980-1450 nm illumination
cannot move to the electrode and recombine themselves in
the material. Therefore, photo-induced current is not observed
in either channel. In contrast, our previous studies revealed
that interfacial spacing at the 0D/2D junction was consistently
below 2-3 nm, which is markedly shorter than the minimum
diffusion length of Ag,Te, estimated to be 7.5 nm [42, 43]. Photo-
induced electrons of the QDs can transfer to MoS, via the short
interface gap. Under illumination of the 0D/2D hybrid interface
at 980 and 1450 nm, holes trapped in the Ag,Te QDs induce
an electric field that modulates the MoS, electron channel, as
shown in Figure 1g, a phenomenon referred to as the photodoping
effect. Figure 1j shows a prominent photodoping behavior (upper
first order) of the Ag,Te/MoS, hybrid as a function of 980 nm
power intensity. Figure S10 shows the drain current and pho-
tocurrent characteristics of hybrid devices under 1450 nm laser
illumination, corresponding to the SWIR region. Although the
individual channels of Ag,Te and MoS, cannot generate pho-
tocurrent, the 0D/2D interface is the key driver that can induce
strong photocurrent modulation by the photodoping effect. As a
result, the hybrid structure achieves remarkably high photode-
tection responsivity, as discussed below, exceeding the perfor-
mance limits typically observed in conventional low-dimensional
photodetectors [39].

In SWIR photodetectors, the requirement for narrow-bandgap
materials to enable long-wavelength absorption has inherently
led to thermally induced high dark currents, which in turn
limit the achievable detectivity. Detectivity is determined using
the flicker noise current (ipy) according to the equation D* =
R\/Z/ iry, Where R is the responsivity of the device (given by
R = Lot/ Pincigent)» A is the active area of the device, and ipy
represents the flicker noise. Figure S13b presents the measured

dark current of the 0D/2D Ag,Te/MoS, hybrid photodetector as
a function of channel length, recorded over a 2 s interval with a
temporal resolution of 0.0001 s. A clear linear decrease in dark
current is observed with increasing channel length, ranging from
0.25x 107 to 0.74 x 10~° A. The dark current signal recorded over
2 s was transformed into a noise-power-density spectrum via fast
Fourier transform analysis, revealing a flicker-noise-dominated
behavior (A? Hz™'), as shown in Figure S13a. Figure 2a further
presents the frequency-dependent noise current for Ag,Te/MoS,
hybrid photodetectors with channel lengths ranging from 2 to
5 um. The measured noise current decreases systematically with
increasing channel length across the entire frequency range,
directly reflecting the reduction in dark current observed in
Figure S13b. At higher frequencies, the noise spectrum exhibits
a gradual tendency toward flattening, indicating convergence
toward the calculated shot-noise floor. The characteristic 1/f
behavior is clearly observed in the low-frequency region, and the
calculated shot-noise current levels are included for comparison.
These results highlight the direct correlation between channel
scaling and suppression of low-frequency noise (107 A2 Hz level
at 1 Hz) in the hybrid device.

According to the gain equation, the photodetector gain decreases
sharply with increasing channel length, following a 1/L? depen-
dence. Based on the previously reported exciton lifetime of Ag,Te,
Figure 2b illustrates the relationship between exciton diffusion
length and hybrid gain as a function of channel length. To achieve
exciton diffusion lengths of 2, 3, 4, and 5 pm, progressively longer
exciton lifetimes are required. When both conditions above are
satisfied, the gain of our 0D/2D Ag,Te/MoS, hybrid photodetector
is calculated to be 7.8, as shown by the colored arrow in
Figure 2b. In practice, it is not feasible for the exciton lifetime to
increase proportionally to the required condition as the channel
length increases. To investigate both scenarios, namely where
the exciton diffusion length exceeds the channel length and
where this condition is not met, we analyzed the time-resolved
photocurrent dynamics, as shown in Figure 2c-f. Figure 2c,d
exhibit a ‘shark tail’ profile in which hole trapping increases
over time, leading to a gradual enhancement of the photodoping
effect. Due to the accumulation of hole traps, the shark tail effect
resulted in slow photoresponse times, measured as 452 ms at a
channel length of 2 pm and 303 ms at 3 pm. In contrast, Figure 2e,f
display a ‘peak tail’ profile where the longer channel length favors
a faster electron-hole recombination rate, counterbalancing the
accumulation of trapped holes. As evidence, an instantaneous
current peak is observed at the moment electrons transfer from
Ag,Te to MoS,, followed by a gradual convergence of the current,
which is attributed to the photodoping effect. The balance
between hole trapping and appropriate recombination yielded the
peak tail effect, resulting in relatively fast photoresponse times
of 34 ms at a channel length of 4 um and 13 ms at 5 pm. Figure
S12 demonstrates the reliability of the photodetector through five
repeated photoresponse cycles.

To evaluate the performance of the Ag,Te/MoS, hybrid photode-
tector, responsivity and detectivity were calculated, as shown
in Figure 2g,h. The responsivity R of the 0D/2D hybrid pho-
todetector was calculated using the following equation based
on measured changes in photocurrent and illumination powers:

I ing — Iy,
R = Uuminated = laor) - opere 1 and I, are the currents
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FIGURE 2 | Photodoping and photoresponse characteristics under 980 and 1450 nm illumination. (a) Frequency-dependent noise current of

Ag,Te/MoS, hybrid photodetectors with different channel lengths (2-5 um), exhibiting characteristic flicker (1/f) behavior. The calculated shot-noise
current levels are included for comparison. (b) 0D/2D hybrid gain and exciton diffusion length as a function of channel length (2-5 um) with a Ag,Te

exciton lifetime reference range from 2 to 300 ns. (c-f) Photoresponse time and response behavior of the Ag,Te/MoS, hybrid photodetector as a function

of channel length (2-5 um) under 980 nm laser illumination. The (c) and (d) panels show a ‘shark tail’ profile, while (e) and (f) show a ‘peak tail’ profile.
(g,h) Responsivity and detectivity of the Ag,Te/MoS, hybrid photodetector with a 5 um channel length under 980 nm (h) and 1450 nm (i) illumination.

measured under incident light and in a dark state, respectively,
and Pis the applied power to the photodetector. The responsivities
were calculated to be 6.6 x 10* AW™! for the 980 nm laser and
1.4 x 10* AW~! for the 1450 nm laser at an illumination power of
1uW/cm?. In particular, a responsivity value of 7.5 x 10* AW~! was
obtained for 1450 nm at 100 nW/cm? illumination power. As the
other key advantage of the developed photodetector, its specific
detectivity D* was calculated by considering both shot noise and
flicker noise limits, expressed by the following equations:

(with shot noise)

RVA

D* =
Isn

’

(with flicker noise)
D* = RVA/Ly

Here, the shot noise current is Igy = 4/2el,,Where e is the
electron charge, A is the active area, and iy is the flicker noise
current. The specific detectivities calculated from Igy and Ipy
were compared, as shown in Figure S10g,h. In this work, the
detectivity calculated using the experimentally measured flicker
noise is presented as the device’s specific detectivity, representing
the actual experimental performance. In contrast, the detectivity
estimated using the shot-noise expression is included only as
the shot-noise-limited theoretical upper bound. The difference
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between the approaches was two orders of magnitude, and this
was consistent for both 980 and 1450 nm lasers. When calculated
based on shot noise, photodetectivity values of up to 9.4 x 10!
Jones were confirmed at 100 nW/cm? with the 1450 nm laser
and up to 8.32 x 10" Jones at 1 uyW/cm? with the 980 nm
laser. Using flicker noise at the same power, the detectivity was
7.14 x 10® Jones with the 1450 nm laser and 9.98 x 10® Jones
with the 980 nm laser, respectively. The two methods differ in
their definition and handling of noise, and the choice of method
depends on the device’s usage environment and performance
requirements. The overall behavior profiles of responsivity, shot-
noise-limited detectivity, and flicker-noise-limited detectivity for
different channel lengths are shown in Figures S13 and S14. To
design the most efficient hybrid photodetector, considering the
key figures of merit of responsivity, detectivity, and response time,
we optimized the device structure to take advantage of trap- and
defect-mediated transport dynamics. Notably, this architecture
applies to CMOS integration and offers strong potential for
seamless coupling with ROICs, paving the way for scalable,
high-performance imaging systems.

Next, we designed a sensor array for IR imaging based on
the developed hybrid structure; the related fabrication steps
and structural configuration are illustrated in Figure 3. The
schematic representation of the device architecture shows Ag,Te
QDs integrated onto monolayer MoS, to form a SWIR sens-
ing unit. Interdigitated source and drain electrodes extend the
photodoping-active area while maintaining high spatial resolu-
tion across the sensing region. The detailed fabrication process is
presented in Figure 3a. In step 1, large-area monolayer MoS, films
are synthesized on SiO,/Si substrates via MOCVD, producing
a uniform and crystalline channel material across the wafer.
To facilitate film transfer, in step 2 a polymethyl methacrylate
(PMMA) support layer is spin-coated onto the as-grown MoS,
surface, followed by lamination of thermal release tape (TRT)
onto the PMMA/MoS,/SiO,/Si stack in step 3, enabling sub-
sequent detachment of the film without chemical etchants. In
step 4, deionized (DI) water-assisted delamination of the MoS,
layer is performed that results in an intact MoS,/PMMA/TRT
film, as shown in step 5, free from chemical contamination.
The sensor array is then formed by first patterning source and
drain electrodes in a crossbar layout and dry-transferring the
film to the fabricated array, as shown in step 6. After MoS,
transfer onto the patterned substrate, active channel definition is
achieved via standard photolithography and reactive ion etching
(RIE) to isolate individual device pixels, as illustrated in step
7. In step 8, Ag,Te QDs are spin-coated onto the patterned
MoS, channels, creating the 0D/2D heterojunctions that serve as
photoactive regions. This scalable fabrication approach enables
uniform integration of 0D and 2D materials across the entire
array. Finally, in step 9 the array chip is mounted onto a printed
circuit board (PCB), and electrical connections are established by
wire bonding.

The completed device, as shown in Figure 3b, consists of a
32 X 32 pixel array corresponding to 1024 individually addressable
hybrid photodetectors. The array is organized with 16 parallel
source lines and 16 orthogonal drain lines, an arrangement
that enables efficient multiplexed addressing while minimiz-
ing parasitic resistance and capacitance. Figure 3c presents an
optical micrograph of the array, clearly revealing the precise

patterning of MoS, channels within each pixel. The high-
magnification view in Figure 3d provides a detailed look at
the structural components of a single device unit, where the
active MoS, channel region is defined between the source and
drain electrodes. To electrically isolate adjacent lines and prevent
short-circuiting, a HfO, dielectric layer was introduced. Figure
S15 shows an optical microscope image and CAD layout of the
fabricated array, illustrating its dense grid pattern and uniform
pixel arrangement, and Figure S16 presents the array layout
and architecture design, detailing each component pattern. This
architecture allows for large-scale, high-uniformity integration
of nanoscale hybrid photodetectors, offering both scalability and
compatibility with standard PCB-based readout electronics. The
integration of Ag,Te QDs onto MoS, channels enables broadband
detection capability, particularly in the SWIR regime, while the
planar pixel arrangement supports future expansion to high-
resolution imaging arrays. Each pixel operates as an individual
photodetector, formed at the intersection of horizontally aligned
drain lines and vertically aligned source lines. Such a crossbar
architecture enables efficient pixel-level addressing and signal
readout. The precise integration of these elements is essential for
ensuring high sensitivity and uniformity across the entire sensor
array.

The baseline performance of the photodetector was first exam-
ined in a single-pixel scanning experiment with a USAF resolu-
tion target, as shown in Figure 4a. Line-by-line raster acquisition
successfully reconstructed the 2D image, although minor tempo-
ral artifacts, such as trailing were observed during mechanical
translation. These artifacts were progressively mitigated through
soft-min fusion, unsharp masking, and gamma correction, as
detailed in Figure S17, yielding improved interpretability without
introducing artificial features. This result demonstrates that even
a single detector possesses sufficient spatial selectivity for high-
resolution imaging and establishes a benchmark for subsequent
array development [44-46].

The hybrid 32 x 32 Ag,Te/MoS, array was then interfaced
through a multiplexer-enabled circuit configuration (Figure 4b),
which automated column-wise readout while maintaining stable
photocurrent sampling at each addressed pixel. A 3D schematic
of the IR imaging setup is shown in Figure 4c, where the
features of the transmission mask define the structured illu-
mination projected onto the array. Distinct spatial responses
were reproduced across the array, with particularly strong con-
trast observed in peripheral regions. Post-processing corrections,
including dark current suppression and row-level interpolation,
further enhanced uniformity and artifact suppression, as seen in
Figure S18.

To evaluate directional robustness, as shown in Figure 4d four
sets of response maps were recorded at 90° rotation intervals.
Each map reproduced the illumination pattern with consistent
edge definition, while minor orientation-dependent variations
enriched the overall spatial representation. A schematic overview
of the full correction and fusion pipeline is summarized in
Figure S19.

Finally, composite images were generated by comparing two
pixel-wise fusion strategies. Averaging across the four rotated
acquisitions produced smooth gradients but blurred fine details,
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FIGURE 3 | Fabrication details of the Ag,Te/MoS, hybrid sensor array. (a) Fabrication process of the Ag,Te/MoS, hybrid sensor array. (b) Optical
image of the fully fabricated sensor chip with wire bonding on a printed circuit board (PCB) for external connection. (c) Optical image showing a

simplified representation of the 32 X 32 sensor array layout with periodically arranged device units. (d) Magnified optical image highlighting the key

components of a single device unit, including source and drain electrodes, HfO, gate dielectric, and the MoS, active channel region.

whereas maximum-value fusion preserved edge contrast and
structural sharpness, as in Figure S20. Based on its superior
clarity, the maximum-value strategy was adopted to synthe-
size the final image shown in Figure 4e, which demonstrates
high-fidelity reproduction of complex illumination patterns and
confirms the scalability of the array platform for structured IR
imaging.

3 | Conclusion
In summary, we have mitigated the trade-off between gain

and photoresponse speed in SWIR photodetectors by systemati-
cally modulating the channel length. By adopting an optimized

5 um channel length in the developed 0D/2D Ag,Te/MoS,
hybrid architecture, this work provides a promising strategy
that may pave the way for next-generation, high-performance
SWIR photodetectors. The design delivers broadband absorp-
tion, high responsivity, and exceptional detectivity in a scalable
platform. Through the integration of long-wavelength-absorbing
Ag,Te quantum dots with high-mobility MoS, channels, our
structure induces a strong photodoping effect that is absent in
the individual components, enabling pronounced photocurrent
modulation at 980 and 1450 nm. The optimized hybrid design
achieved responsivity up to 7.5 x 10* AW~ and detectivity
exceeding 9.9 x 10® Jones, while channel-length engineer-
ing and controlled trap recombination dynamics reduced the
photoresponse time to tens of milliseconds. Furthermore, the
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FIGURE 4 | Hybrid infrared imaging system and results. (a) Single-pixel infrared imaging of the USAF resolution target using a scanning-based
approach. The object corresponds to elements 3, 4, and 5 in group —1, spanning approximately 1.4 x 1.5 cm?. The inset shows a magnified view of

the visualized region. (b) Circuit diagram of the proposed photodetector array system. (c) Schematic illustration of the imaging setup. (d) Normalized

response maps acquired at four angular configurations (0°, 90°, 180°, and 270°). (e) Final image synthesized from the four angular response maps.

fabrication of a wafer-scale 32 x 32 pixel array for IR imaging
was shown to ensure high spatial uniformity, low-noise readout,
and compatibility with CMOS back-end processes. This hybrid
material strategy not only achieves ~10° AW~ levels by uti-
lizing high-gain based photodoping but also provides a viable
pathway toward high-resolution, SWIR-capable imaging systems
that can be seamlessly integrated into next-generation ROIC
platforms.

4 | Experimental Section

4.1 | Synthesis of Ag,Te Quantum Dots

Ag,Te quantum dots (QDs) were synthesized using a previously
reported colloidal method. Silver and tellurium precursors were
prepared under an inert atmosphere and reacted in a mixture
of oleylamine and octadecene at elevated temperature. After
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completion of the reaction, the QDs were purified by repeated
precipitation and redispersion and stored in toluene under a
nitrogen atmosphere for further use. Detailed synthesis pro-
cedures and purification steps are provided in the Supporting
Information.

4.2 | Growth of Few-Layer MoS,

Few-layer MoS, was grown on substrates by metal-organic
chemical vapor deposition (MOCVD) in a hot-wall quartz tube
furnace. Metal-organic molybdenum and sulfur precursors were
introduced under reduced pressure, and NaCl was used as
a growth promoter to enhance grain size. The growth con-
ditions were optimized to obtain continuous few-layer MoS,
films.

4.3 | Fabrication of Ag,Te/MoS, Hybrid IR Sensor
Arrays

Ag,Te/MoS, hybrid IR sensor arrays were fabricated using a
similar process as above. Word and bit line electrodes were
patterned on Al,O;-coated Si substrates, and a HfO, insulating
layer was introduced to prevent electrical shorting. MoS, was
transferred and annealed, followed by spin-coating of Ag,Te QDs
to complete the hybrid sensor array. Further details regarding
array fabrication and insulation processes are available in the
Supporting Information.
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