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ABSTRACT: Ecofriendly silver telluride (Ag>Te) colloidal quantum dots (QDs) are promising for shortwave infrared (SWIR) photodetectors.
However, the performances of the devices—especially beyond 1.5 um-remain constrained photoelectric conversion efficiency due to
inefficient charge extraction. Here, we develop a ternary Ag-Te-S QDs via sulfur (S) pre-injection strategy. The incorporation of S atoms in
Ag,Te crystal lattice suppresses the particle fusion, improves structural uniformity, and prolongs the exciton dynamics. By integrating the
ternary Ag-Te-S QDs into SWIR photodiodes, the devices achieve a state-of-the-art external quantum efficiency (EQE) of 26% beyond 1.5
pm under 0 V bias at room temperature. We finally demonstrate SWIR fluorescence imaging by using the Ag-Te-S QD photodiodes. This
work establishes a practical polynary alloy design to overcome charge-extraction bottlenecks in colloidal QD photoactive layers for eco-

friendly high-performance SWIR photodetection.

KEYWORDS: Short-wave infrared, ternary quantum dots, photodiodes, exciton dynamics

1 Introduction

Colloidal quantum dots (QDs)-based shortwave infrared (SWIR)
photodetectors have attracted increasing attention due to their
solution-processability, size-tunable bandgap, and compatibility
with low-cost fabrication techniques!. Recently, Ag,Te QDs are
considered promising candidates for SWIR photodetection
owing to their intrinsic infrared absorption and favorable
optoelectronic properties’®. Considerable efforts have been
devoted to improving the device performances of Ag:Te QD
photodetectors. Key advances include the development of
suitable tellurium precursor systems, which enable simple
manipulation of the precursor ratio to control the size of the
Ag>Te QDs and improve photon absorption efficiency in the
desired wavelength range, thereby enhancing the detector's
response to target infrared signals’. Additionally, efforts to
passivate QD surface defects and improve charge transport at
the interfaces, while suppressing recombination at the interfaces,
have laid a solid foundation for the continued development of
Ag,Te QD photodetectors® 1.

However, the performances of SWIR Ag>Te QD photodetectors,
especially external quantum efficiency (EQE) at detected peak
wavelength, is still unsatisfactory. For QD photodetectors,
efficient transport of photogenerated carriers within the active
layer not only depends on light absorption and interfacial charge

transfer, but also critically affected by charge separation within
individual QDs and charge transport between neighboring QDs.
Thus, the exciton dynamics of QDs also plays a central role in
determining photodetector performances by influencing the
carrier separation, transport, and extraction'>'*. For instance,
QDs with a short excited-state lifetime generally means that the
photogenerated carriers tend to undergo rapid recombination
before interfacial migration and extraction, which is unfavorable
for efficient charge separation and collection in devices"> '8
Therefore, regulating the intrinsic excited-state lifetime of QDs
are important directions for further improving SWIR
photodetection performance!®. To address these issues, previous
studies have attempted to tailor the Ag,Te QDs by surface
engineering such as ligand chemistry and halide ions
passivation!!-?-22, Nevertheless, the intrinsic issues of inorganic
core of Ag,Te QDs have not yet been resolved.

Here, we report a sulfur pre-injection strategy to construct a
ternary Ag-Te-S QDs. The sulfur incorporation modifies the
local chemical environment within the ternary QDs, which
prolongs the effective excited-state lifetime, thereby facilitating
carrier separation inside the QDs and carrier transfer toward the
surface. Based on the optimized Ag-Te-S QDs, the resulting p-i-
n photodiodes deliver an external quantum efficiency (EQE) of
26% at A > 1.5 um, corresponding to a room-temperature
specific detectivity (D*) of 1.3x10'" Jones. Finally, we
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successfully demonstrated the SWIR imaging by using the
detectors.

2. Experimental

2.1. Chemicals

Silver acetate anhydrous (AgAc, 99%) were purchased from
Alfa  Aesar. 1-Dodecanethiol (DT, >98%) and 3-
mercaptopropionic acid (MPA; 99%) from Thermo fisher.
Triphenyl phosphate (TPP, >98%), Sulfur powder (S, >299.99%),
Dodecane (=99%, GC), ethyl acetate (EA, AR grade), and
tellurium oxide (TeO2, 99.999%) were purchased from Aladdin.
Methanol (99.5%), anhydrous ethanol (99.7%), and chloroform
were purchased from Sinopharm Chemical Reagent Company.
All these reagents were of analytical grade and used without
further purification.

2.2 Synthesis of Ag,Te QDs

The tellurium precursor was prepared by dissolving 1.25 mmol
TeO; in 5 mL DT under heating at 100 °C within a nitrogen
environment (0.25 M TeO»-DT). In a separate 100 mL three-
necked flask, 1 mmol AgAc was combined with 5 mL dodecane
and 10 mL DT. This mixture underwent continuous stirring
while being heated to 110 °C under a continuous flow of high-
purity nitrogen gas, followed by gradual temperature elevation
to 160 °C. During this thermal process, the mixture transitioned
to a yellow transparent solution. Then, 1.6 mL 0.25 M TeO,-DT
precursor solution was rapidly introduced into the reaction
vessel, triggering an instantaneous color transformation to dark
black. Following 5 minutes of reaction maintenance, the system
underwent natural cooling after heat termination. Subsequent
purification involved sequential washing with chloroform and
methanol through centrifugal separation.

2.3 Synthesis of Ag-Te-S QDs

In a separate 100 mL three-necked flask, 1 mmol AgAc was
combined with 5 mL dodecane and 10 mL DT. This mixture
underwent continuous stirring while being heated to 110 °C
under a continuous flow of high-purity nitrogen gas, followed by
gradual temperature elevation to 160 °C. During this thermal

process, the mixture transitioned to a yellow transparent solution.

Then, 0.3 mL S-TPP precursor (0.5 M, S powder was dissolved
in TPP) was rapidly introduced into the reaction vessel, and
subsequently 1.1 mL TeO,-DT was added in 30 s. Following 5
minutes of reaction maintenance, the system underwent natural
cooling after heat termination. Subsequent purification involved
sequential washing with chloroform and methanol through
centrifugal separation.

2.4 Material characterization

The morphologies of QDs were examined through a Tecnai G2
F20 S-Twin transmission electron microscopy (TEM) at an
acceleration of 200 kV. Powder X-ray diffraction (PXRD)
patterns were recorded on a Bruker D8 Advance powder X-ray
diffractometer, using Cu-Ka radiation (A = 1.54056 A). The

absorption spectra were recorded with UV-3600 Plus
ultraviolet—visible—near infrared ray (UV-vis-NIR)
spectrophotometer (SHIMADZU, JAPAN). The emission

spectra were measured using a near-infrared spectrometer

(NIR17S, Ideaoptics) with an 808 nm laser as the excitation
source. XPS data were collected under ultrahigh vacuum (10~
§-10° Torr) by an ESCALAB 250 XI system with a
monochromatic X-ray source (Al Ko source, UPS data were
obtained on an electron spectrometer using monochromatic Hel
radiation at 21.22 eV). High-resolution XPS data were collected
from the regions around Ag 3d, Te 3d and S 2p. The surface
morphology of the QD films was characterized by field-
emission scanning electron microscopy (SEM, Regulus8230,
Hitachi). The samples were spin-coated onto 1x1 cm? ITO
substrates for testing. PLQY and time-resolved PL spectra were
tested with FLS1000.

2.5 Transient absorption spectroscopy measurement
Transient absorption (TA) measurements were performed on a
Yb:KGW regenerative amplified femtosecond laser system
(Light Conversion, 800 nm, 200 fs, 42 pJ/cm? and 100 kHz
repetition rate) and a Femto-TA100 spectrometer (Time-Tech
Spectra LLC.). The lasre fundamental output was split in two
parts with a 90:10 beam splitter. The 90% parts was used to
pump an Orpheus-HP optical parametric amplifier (Light
Conversion) to generate a wavelength-tunable pulse as the pump
beam. The remaining 10% portion was further attenuated and
focus onto a 3-mm-thick YAG crystal to generate a probe beam
covering the wavelength range of 1000-1650 nm. The pump
beam was chopped by a mechanical chopper at 4165 Hz, and the
change in absorbance with and without the absence of pump
beam was calculated with the intensity of the adjacent 12 probe
pulses. The diameter on the sample for pump and probe spots
was about 440 pum and 125 pm, respectively. The typical
instrument response is well fitted by a Gaussian function with
~200 fs FWHM.

The QD-TCA-Rub solution was sealed in a 2 mm cuvette with
N2 environment and was under continuous stirring during
measurements. All experiments were performed under room
temperature. The data was analyzed through commercial
software (Surface Xplorer, Ultrafast Systems).

2.6 Device fabrication

The glass substrates with a patterned ITO anodes were cleaned
sequentially in ultrasonic baths of ethanol, acetone, and
isopropanol for 15 min each; and then, the cleaned ITO was
subjected to a UV-ozone treatment for 30 min. Subsequently,
SnO; NPs were spin-coated on the ITO glass at 3000 rpm for 45
s, and finally, annealing at 150 °C for 30 min in ambient air.
Three layers of QDs were further deposited on top of SnO> films.
For each QD layer, 40 mg mL™! QD solution was spin coated at
3000 rpm for 30 s and ligand-exchanged with MPA/EA (0.5
vol%) for 30 s, followed by rinsing twice with EA. P3HT layers
were spin-coated at 3000 rpm for 45 s using an 8§ mg/mL
chlorobenzene solution. Under vacuum (<1x107° torr), the top
electrode layers, consisting of 10 nm of MoO3 and 100 nm of
Ag, were successively deposited onto the ITO/SnO./QD/P3HT
structure by a thermal evaporator at a rate of 0.1 and 1 A s7!,
respectively.

2.7 Device characterization

The J-V characteristics of photodetector was measured on a
semiconductor analyzer (Keithley 4200A-SCS). The noise
spectral density was measured using a low frequency noise test
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system (LFN-2000) in RMS average mode. The system
comprises a low-noise current amplifier (DHPCA-300, Femto)
and a DAQ (NI 6341), with an extremely low noise background
of 10-'¢ A/Hz%3. Broadband EQE measurements were performed
on the QE-R measurement system (Enlitech), with the Xenon
intensity calibrated using standard Si detector and InGaAs
detector. The time response of the device was measured using an
oscilloscope (Keysight DSOX1204A) and a transimpedance
amplifier (Stanford SR570). A 532 nm lase modulating 1 kHz
by a waveform generator (Keysight 33500B) was used as a light
source. The TPC decay was measured under 0 V with a 532 nm
laser and the pulse width was set to 8 ps and frequency to 20
kHz. Mott-Schottky analysis was conducted based on the
measurement of the capacitance-voltage curve. The equipment
used was a multichannel potentiometer (VMP300, Biologic),
with the test frequency set at 50 kHz, a voltage range of —0.5 to
0.8 V, a step size of 40 mV, and an amplitude of 20 mV. All the
device characterizations were performed in air under ambient
conditions.

3. Result and Discussions

3.1 Synthesis and Characterization of Ternary Ag-Te-S QDs

The preparation of ternary Ag-Te-S QDs was developed by a
modified conventional hot-injection method. In their typical
synthesis (Figure S1), sulfur precursor was first injected in Ag-
precursor solution, followed by addition of tellurium precursor
to form Ag-Te-S QDs. Owing to the high reactivity between S
and Ag, the S pre-injection rapidly generates small Ag.S
intermediates. Their formation alters the local Ag/S reaction
environment prior to Te addition and thereby influences the
subsequent formation of the Ag-Te-S QDs. As shown in Figure
la, the transmission electron microscopy (TEM) image
manifests Ag-Te-S QDs consist predominantly of spherical or
quasi-spherical particles with particle size of 4 nm (Figure S2),
while in Figure S3, the Ag>Te QDs exhibit a substantial fraction
of rod-like or ellipsoidal particles, together with pronounced
particle fusion?. This behavior is associated with the large ion
radii of Te* leading to polarization. The rod-like structure or
orientated growth tendency have also observed in other metal
telluride nanocrystals, such as CdTe?” and HgTe?®. This S pre-
injection nuclei and Te post-introduction method to form Ag-Te-
S QDs suppress the QDs fusion and anisotropy morphology. The
high-resolution TEM (HRTEM) images display the Ilattice
fringes of facet (122) for Ag,Te with a lattice spacing of 2.46 A,
while in Ag-Te-S, the lattice fringes with a smaller spacing of
2.41 A. Energy-dispersive X-ray spectroscopy (EDS) mappings
of the Ag-Te-S QDs (Figure 1b) present the homogeneous
distribution of Ag, Te, and S elements in the whole nanoparticle,
and the powder X-ray diffraction (XRD) patterns reveal no
another impurity peaks (Figure 1c). Moreover, the main
diffraction peak at ~42° for Ag-Te-S QDs shifts to higher angles
relative to that of Ag,Te. This observation is consistent with
lattice contraction induced by smaller- radius S ions, which
reduces the interplanar spacing d. According to Bragg’s law,
such lattice contraction leads to the higher- angle shift of
X- ray diffraction peaks. This result agrees with the HRTEM of
decreased lattice spacing and suggests the S incorporation in

Ag>Te QDs. Then, the X-ray photoelectron spectroscopy (XPS)
was further employed to examine the overall evolution of the
chemical states after sulfur incorporation. Figure 1d shows the
high-resolution Ag 3d region. Compared with Ag,Te QDs, the
Ag 3ds» and Ag 3ds;, peaks of the Ag-Te-S QDs give a positive
shift of ~0.1 eV, and the similar shift are also observed in Te
3ds» and Te 3ds, peaks (Figure S4). These indicate that the
local chemical environments of both Ag and Te were altered
after S incorporation, making the outer-shell electrons of the
corresponding lattice atoms more difficult to ionize. Considering
that sulfur has a higher electronegativity (2.6) than both Ag (1.9)
and Te (2.1), the introduction of S can reduce the electron
density around Ag and Te atoms, thereby increasing their
binding energies. Figure le shows the high-resolution S 2p
spectra. According to the peak deconvolution results, the Ag-Te-
S QDs exhibited an additional sulfur signal attributable to lattice
S atoms within the QDs?°, whereas the sulfur signal in the
Ag>Te QDs originated only from the thiol ligands. At the same
time, the binding energies of ligand-bound S in the Ag-Te-S
QDs were slightly higher than those of ligand S on the surface of
the AgTe QDs (approximately 162.76 and 161.60 eV,
respectively), agreeing with the Ag 3d and Te 3d regions. These
results demonstrate that S element was successfully introduced
into the AgyTe system to form ternary Ag-Te-S QDs.
Furthermore, to determine the S content in Ag-Te-S QDs, we
employed inductively coupled plasma mass spectrometry (ICP-
MS) and thermogravimetric analysis (TGA), as shown in Figure
S5 and Table S1. Figure 1f depicts the element ratios from ICP-
MS and TGA data, in which the Ag/Te ratio raised from 2.08 to
2.75 and the total S/Te ratio increased from 0.56 (for Ag,Te) to
0.97 (for S-containing Ag,Te-based QDs with lattice Te/S ratio
of 0.73/0.27). The trends in both S/Te and Ag/Te ratios
consistently indicate an increased sulfur fraction in the Ag-Te-S
QDs, providing further evidence for the successful incorporation
of S atoms.

Subsequently, we investigated the optical properties of the QDs.
As shown in Figure 1g, the Ag-Te-S QDs exhibit a pronounced
excitonic absorption feature centred at ~1300 nm with a peak-to-
valley ratio of approximately 1.2, accompanied by a 50-nm blue
shift to shorter wavelengths (vs. Ag.Te QDs) owing to the S
incorporation leading bandgap increase. The PL spectra (Figure
1h) show Ag-Te-S QDs with lower intensity with PL quantum
yield (PLQY) of 0.12% (0.79% for Ag:Te, Figure S6). Time-
resolved PL spectra in Figure 1i present the Ag-Te-S QDs have
short average PL lifetime ( zavg, Table S2), consistent with these
PL data. To further probe the S effect in Ag-Te-S QDs, a control
sample was prepared by injecting only the sulfur precursor
(forming Ag>S QDs) with the same amount used in Ag-Te-S
QDs. As depicted in Figure S7, the AgS QDs exhibits a
photoluminescence (PL) emission peak at ~1000 nm, while no
AgsS-related emission in the Ag-Te-S QDs was observed in
900-1200 nm range. Instead, the Ag-Te-S QDs displayed a
single emission band over the range of 1400 nm. The
absorption®® and PL behavior markedly differs from the dual-
emission characteristics of a simple physical mixture of
independent Ag,S and Ag>Te QDs (Figure S7d). These results
indicate that, in our synthetic system, the S and Te precursors
did not independently nucleate into two isolated QD populations
to produce physical mixture, but form S containing Ag>Te-based
QDs.
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Figure 1. (a) TEM and HRTEM images of Ag-Te-S QDs. (b) EDS elemental maps of Ag-Te-S QDs. (c) Powder XRD patterns of
Ag>Te and Ag-Te-S QDs. High-resolution XPS spectra of Ag 3d (d) and S 2p (e) of Ag,Te and Ag-Te-S QDs. (f) The ratio of S/Te
and Ag/Te in two groups of Ag>Te and Ag-Te-S QDs. (g) Absorption spectra of Ag>Te and Ag-Te-S QDs and their second derivatives.
(h) Room temperature steady-state PL (h) and time-resolved PL (i) spectra of Ag>Te and Ag-Te-S QDs.

3.2 Exciton Dynamics of Ag-Te-S QDs

Then, we evaluated the potential of Ag-Te-S QDs in
optoelectronic devices by investigating the exciton dynamics of
the Ag:Te and Ag-Te-S QDs via transient absorption (TA)
spectroscopy. The absorption spectra in tetrachloroethylene
(TCE) are shown in Figure S8. TA spectra were collected from
1100 to 1700 nm; strong negative signals at 1468 nm for Ag,Te
and 1401 nm for Ag-Te-S arise from ground-state bleaching
(GSB, Figure 2a, b and Figure S9). To more clearly compare
the exciton decay behaviors of the two materials, kinetic traces
were extracted at their respective bleach maxima and fitted
accordingly. As shown in Figure 2¢, the decay dynamics of both
samples could be well fitted to a tri-exponential decay with the
following function: 44 = Ar-exp(—t/r1) + Axexp(—t/na) +
As-exp(—1/13) + B, where 4; and 7; (1 = 1, 2, 3) are the amplitudes
and corresponding decay times, respectively. The fitted
parameters are presented in Table S3, in which the fast-decay
components are mainly associated with nonradiative
recombination or trap-assisted carrier capture processes
occurring on the timescale of tens of picoseconds, and long-
decay components belong to exciton recombination (>2 ns)®®.

According to the fitted parameters, after sulfur incorporation, the
contributions of the fast components to the total TA signal
decrease from 0.39 to 0.28 (for absolute 4;), and 0.23 to 0.10
(for absolute A2), respectively. Correspondingly, the
contribution of the long decay component (43) increases from
0.30 for AgoTe to 0.53 for Ag-Te-S QDs, indicating an
increased proportion of long-lived excitonic processes.
Compared with AgTe QDs, which exhibited an average exciton
lifetime of 2.12 ns, the Ag-Te-S QDs showed a longer average
exciton lifetime of 3.30 ns, which is expected to facilitate carrier
extraction and collection in devices and thus leads to enhanced
performance’' 4. The  suppressed  fast  nonradiative
recombination likely originates from sulfur incorporation into
the anionic sublattice to form ternary QDs, which modulates
their local electronic and energy-level structures, and prolongs
the excited- state lifetime, thereby conducive to facilitating
charge extraction and suppressing recombination- related
current.

UPS measurements further showed that the energy-level
structures of the two QD films with Fermi levels of 4.42 eV for
Ag>Te and 449 eV for Ag-Te-S (Figure S10). This small
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difference suggests that the improved device performance is
unlikely to mainly arise from a substantial shift in the energy-
level structure. These combined improvements are expected to
promote more efficient transport and collection of
photogenerated carriers in the QD active layer, thereby
providing a favorable material basis for constructing high-
performance SWIR photodetectors. We next evaluated the
morphology and charge-transport properties of the QD films. As

shown by the SEM images in Figure S11, the Ag.Te QD film
contained a considerable number of pinholes, whereas the Ag-
Te-S film exhibited a more uniform and smoother morphology.
Such an improved film morphology is beneficial for reducing
local leakage pathways and defect trapping sites, thereby
suppressing nonradiative carrier loss within the film and
enhancing interdot charge transport.
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Figure 2. Two-dimensional pseudocolour map of TA spectra of (a) Ag:Te and (b) Ag-Te-S QDs with a pump wavelength of 800 nm.
(c) Kinetic trace at a probe of Ag>Te (1468 nm) and Ag-Te-S QDs (1401 nm). (d) Schematic illustration of the electron-only and hole-
only devices. J-V curves of the (e) electron-only devices and (f) hole-only devices using the SCLC technique.

To quantitatively evaluate the defect states and carrier mobilities
of the films, single-carrier devices were further fabricated and
analyzed using the space-charge-limited current (SCLC)
technique (Figure 2d-f). Typically, an SCLC curve can be
divided into three regions according to the change in slope: the
Ohmic region, the trap-filled limit (TFL) region, and the trap-
free SCLC (Child) region. At relatively low voltages, the TFL
region is more strongly influenced by trap states in the film. The
corresponding transition voltage, VrrL, represents the voltage
required for carriers to fill the traps and can be used to estimate
the trap-state density, N; *°. For electron-only devices (Figure
2d), the Ag-Te-S film exhibited a smaller Vrr value (0.44 V)
than that of Ag,Te film (0.90 V). The hole-only devices also
reveal the similar variation tendency of Vre (Figure 2f),
indicating a significantly reduced trap-state density for both
electron and hole in Ag-Te-S QD films (Table S4)3. As the
applied voltage increased further, the slope of the J-V curve
changed again and entered the Child region. The carrier mobility
(1) of the film can then be calculated from the voltage and
current density at the transition between the TFL and Child
regions®’. The SCLC data revealed that, both the electron
mobility (1.17x1073 e¢m?V~!s7!) and hole mobility (7.35x107
cm?-V'1-s7!) of the Ag-Te-S film were higher than those of the
Ag>Te film, with the improvement in electron mobility being
more pronounced. These results indicate that sulfur
incorporation not only improves the film morphology, but also
optimizes the charge-transport pathways within the film,

enabling more efficient electron transport between neighboring
QDs.

3.3 Ag-Te-S QDs SWIR Photodetectors

We then integrate the ternary Ag-Te-S QDs into photodiodes.
The device structure follows a typical p-i-n architecture of
ITO/Sn0O>/QDs/P3HT/M003/Al® (Figure 3a). The QD active
layers underwent solid-state ligand exchange with MPA to
improve charge transport. In Figure 3b, cross-sectional SEM
image clearly resolves each functional layer and the Ag-Te-S
QD active layer with ~113.3 nm thick (~132.2 nm for Ag,Te
QD device, Figure S12) and good interfacial contact with
adjacent layers. Current density-voltage (J-V) characteristics are
shown in Figure 3c. The Ag-Te-S QD devices give a dark
current density of ~6x10° A/cm? under -0.1 V bias, lower than
that of the Ag,Te QD device (~7x10¢ A/cm? under -0.1 V bias).
Under same illumination, the Ag-Te-S QD devices exhibit a
higher current density. This result indicates that sulfur
incorporation in ternary Ag-Te-S QDs enables the device to
achieve an effectively suppressed dark current. To further
evaluate the charge-separation capability within the device,
Mott-Schottky analysis was performed?®. Figure 3d exhibits the
Ag-Te-S device exhibited a higher built-in potential than the
control device (0.41 V vs. 0.23 V). This is consistent with the
foregoing material and film characterizations and also helps
explain the pronounced increase in dark current under reverse
bias in the control Ag,Te device, where the rapid carrier
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nonradiative recombination leads to a weaker built-in field and
insufficient suppression of reverse current. The external
quantum efficiency (EQE) and responsivity are shown in Figure
3e and Figure S13. The Ag-Te-S devices exhibit significantly
improved photoelectric conversion efficiency over a broad
spectral range. At the peak near 1520 nm under zero bias, the
EQE reached ~26% for Ag-Te-S devices, compared with ~10%
for Ag:Te QD devices, with corresponding peak responsivities
of ~0.34 and 0.12 A/W, respectively. This enhancement was
further validated by statistical analysis of the net photocurrent at
0 V and the peak EQE collected from over 25 photodiodes,
confirming the robustness and reproducibility of the
performance enhancement (Figure S14). Figure S15 and S16

present active-layer-thickness-dependent absorption and EQE
for both Ag,Te and Ag-Te-S devices, which demonstrating an
optimum QD thickness at approximately three deposited layers.
The absorptance measurements on the completed photodiode
device with three-layer Ag-Te-S QDs yield a peak absorptance
of 60% (Figure S17), exceeding their peak EQE of ~26%. This
discrepancy aligns with the photophysical behavior and
validates the device architecture. The bias-dependent EQE
measurements have been performed for both devices (Figure
S18). Upon applying reverse bias, the carrier- collection

efficiency is moderately improved, leading to a slight
enhancement of EQE.
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Figure 3. (a) Schematic illustration of the Ag-Te-S QD photodiodes device structure. (b) Cross-sectional SEM image of the Ag-Te-S
QD photodiode. (c) Dark and illuminated current density—voltage characteristics of Ag>Te and Ag-Te-S QD photodiodes measured
under 1532 nm illumination with a power density of 0.5 mW c¢m™2. (d) Capacitance-voltage characteristics of Ag,Te and Ag-Te-S QDs
photodiodes. (¢) Broadband external quantum efficiency (EQE) spectra of Ag,Te and Ag-Te-S QD photodiodes. (f) Broadband

Specific detectivity spectra of Ag,Te and Ag-Te-S QD photodiodes.

The specific detectivity (D*) was calculated using the following
formula®’: D* = Rx (4 xAf)"?/i,, where R is responsivity, i, is
noise current (at 1 Hz), 4 is device area (0.06 cm?), and Af is
electrical bandwidth (1 Hz). As shown in Figure S19, the noise
current of the Ag-Te-S device exhibited a noise current of
5.8x10713 A/Hz%3 at 1 Hz and 0 V. For comparison, the shot-
noise and thermal-noise limits were calculated as i = (2qld)"?
and imermar = (4kT/R)'?, respectively. At 0 V, the corresponding
values are 8.02x107'* and 1.8x107"* A Hz 2. The measured
noise remains higher than both calculated fundamental limits,
while the instrumental background is substantially lower. Then,
corresponding D* is calculated of 1.3x10'" Jones (Figure 3f).
We have also included a quantitative comparison of some key
metrics, including detection wavelength (), external quantum
efficiency (EQE), responsivity (R), specific detectivity (D*)
among our Ag-Te-S QD photodetector and representative QD
and commercial InGaAs photodiodes, as summarized in Table

S5, S6. Commercial InGaAs photodiodes, as mature and
systematically ~ optimized  devices, exhibit  prominent
performance advantages. We primarily demonstrate the potential
of eco- friendly Ag-Te-S QDs for SWIR photodetector
application. Compared to recently developed counterparts, the
Ag-Te-S QDs reveal notable performance advancement. The
linear dynamic range (LDR) exceeded 90 dB (Figure S20),
demonstrating excellent performance across a broad illumination
range. Meanwhile, the Ag-Te-S devices still maintained
response times in the microsecond regime, with Trse = 24.2 s
and trn = 48.1 ps (Figure S21). The frequency-dependent
response was measured at 0 V bias, and the Ag-Te-S devices
exhibits a bandwidth of 29.1 kHz (Figure S22). In addition, the
optimized devices were subjected to continuous photoresponse
testing under ambient air conditions without encapsulation. As
shown in Figure S23, the devices still maintained good
photoresponse capability after more than 60 h, indicating that
the Ag-Te-S QD devices possess good stability.
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Figure 4. (a) Schematic of the SWIR imaging system utilizing Ag-Te-S QD photodetectors. (b) Data processing of the SWIR imaging
system. (c) Visible and SWIR images of the QDs solutions in tube, scale bar: 2 mm. The visible-light photograph acquired under
white-light illumination using camera, while the SWIR image acquired using SWIR camera under 808 nm laser.

We finally demonstrate the SWIR imaging characteristics of the
Ag-Te-S QD photodiodes by testing the fluorescence signal of
SWIR fluorophores. As depicted in Figure 4a, the imaging
system consists of four main components, Ag-Te-S QD detector,
lens, dichroic mirror, and light source. The 808 nm laser served
as the light source and the infrared images were built on a data
point array (Figure 4b). And we used the imaging system to
detect the fluorescence signal of self-synthesized nanoprobes
(AgAuSe QDs with emission center at 1100 nm and Ag>Se QDs
emitted at 1300 nm). As shown in Figure 4c, the fluorescence
signal of QDs was clearly captured by the imaging system.

4. Conclusion

In summary, we developed a sulfur pre-injection strategy to
synthesize Ag-Te-S ternary QDs through a modified hot-
injection process. This approach effectively regulates the local
chemical environment and nucleation/growth kinetics of the Ag-
Te system, yielding QDs with improved structural uniformity,
reduced defect density, and prolonged exciton lifetime. These
materials also exhibit improved film morphology and charge-
transport properties, which together promote more efficient
photogenerated carrier extraction and collection. As a result, the
corresponding photodiodes exhibit a substantially enhanced
photoresponse, achieving an EQE of 26% at 1520 nm under zero
bias, together with a peak specific detectivity of 1.3x10'" Jones.
We finally demonstrated the SWIR fluorescence imaging by
using the Ag-Te-S QD photodiodes. This work establishes a
practical composition design to overcome charge-extraction
bottlenecks in colloidal SWIR QD photodetection and
demonstrate the application potential of the ecofriendly QDs
photodetectors for of SWIR imaging.

Electronic Supplementary Material: Supplementary material
(Figures S1-S23 and Tables S1-S6) is available in the online
version of this article at
https://doi.org/10.26599/NR.2026.94909299.
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presented in the manuscript and/or the Electronic Supplementary
Material. Additional data related to this paper may be requested
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Figure S1. Schematic illustration of the synthetic method of Ag-Te-S QDs.
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Figure S3. TEM image (a) and particle size distribution (b) of Ag>Te QDs.
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Figure S4. High-resolution XPS spectra of Te 3d of Ag>Te and Ag-Te-S QDs.
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Figure S9. Time-resolved TA absorption of (a) Ag>Te and (b) Ag-Te-S QDs.
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Figure S11. Scanning electron microscopy (SEM) images of Ag>Te (a) and Ag-Te-S QD (b) films.
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Figure S12. Cross-sectional SEM image of the Ag>Te QD photodiodes.
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Figure S13. Responsivity of Ag>Te and Ag-Te-S QD photodiodes.
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Figure S14. Performance statistics of the net photocurrent at 0 V of Ag>Te and Ag-Te-S QD devices.
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Figure S15. Active-layer-thickness-dependent EQE for Ag>Te (a) and Ag-Te-S (b) devices.
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Figure R16. Layer-number-dependent absorption for Ag.Te (a) and Ag-Te-S (b) devices.
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Figure S17. Transmittance (a) and Reflectivity (b) spectra of the completed devices with three-layer Ag-Te-S
QD sample. (c) Calculated absorptance spectra of Ag-Te-S devices. According to the Transmittance (7) and
Reflectivity (R) data, the absorptance (4) of the devices can be calculated with the following equation: 4 = 1-7-
R.
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Figure R18. Bias-dependent EQE for Ag>Te (a) and Ag-Te-S (b) devices.
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Figure S20. LDR of Ag-Te-S QD photodiode under 1532 nm illumination with power densities from ~1.3
uW cm2 to ~32 mW cm™.
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Figure S21. Respond time characterization of Ag-Te-S device at 0 V.
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Table S1. ICP-MS analysis for Ag>Te and Ag-Te-S QDs

Materials Ag/ppb Te/ppb Ag/Te ratio
AgoTe 45.47 25.25 2.08
Ag-Te-S 44.49 18.86 2.75

Table S2. Fitted parameters of the time-resolved PL spectra of Ag>Te and Ag-Te-S QDs

Materials 71 (ns) A 7 (ns) A, Tavg (DS)
Ag:Te 3.99 0.48 17.96 0.52 15.57
Ag-Te-S 3.12 0.67 11.88 0.37 9.05

The TRPL was fitted with a bi-exponential function: / = A1-exp(—/71) + A2-exp(—7/t2) + B; The average
PL lifetimes were calculated by 7ave=> Aiti¥/Y Aiti (i=1, 2).

Table S3. Tri-exponential fitting parameters of the TA dynamics

Materials 7 (ps) A 7 (ps) A> 7 (ns) As Tavg (1S)
Ag:Te 7.37 -0.39 94.63 -0.23 2.20 -0.30 2.12
Ag-Te-S 18.38 -0.28 172.55 -0.10 3.34 -0.53 3.30

The average carrier lifetimes were calculated by zave=) Aiti*/Y Aiti (i=1, 2, 3).

Table S4. Comparison of VrrL and trap densities extracted using the V- and V>-based SCLC analyses for Ag,Te

and Ag-Te-S QD films

Electron-only Vi Nivap V2 Nurap
AgTe 0.12V 5.31X10% 0.90 V 3.98x10'°
Ag-Te-S 0.06 V 2.66x1013 044V 1.95%x10'°

Hole-only Vi Nuap V2 Nuap
Ag,Te 024V 1.06x101'6 0.72V 3.19x10'¢
Ag-Te-S 024V 1.06x101'6 047V 2.08x10'°




Table S5. Performance statistics of the previously reported QDs SWIR photodetectors

QD Materials | Device area Dark current Peak EQE Retsi;::: :se D* (Jones) Ref.
InSb NA 14@*/1_’?/ i,mz 33% @1380 nm, 1 V 2.3 s 110" @2 kHz [1]
InSb NA 45@5_‘}/ i,mz 28% @1450 nm, 1 V 2.5 s 1.2x10"° @10 kHz 2]

Ag Te 3.1 mm? 2@;{13/;11\1; 20% @1400 nm, 0 V 1.3 us 10" @1 Hz [3]
AgTe 1 mm? Oé_ﬁféc\‘}ll 20% @1450 nm, 0 V ~600 ns 1.1x10" @1 Hz [4]
Ag:Te NA 4%%3/%112 16% @1700 nm, 0.3 V 10.6 ps 9.0x10" @10 kHz [5]
Ag:Te 10 mm? : I(C)@L_L?/\c;mz 0.21% @1550 nm, 0 V 0.2 us 6.1x106 @10 kHz 6]
AgTe 1 mm? 68@5‘(%‘:32 2.5% @1550 nm, 0 V ~97 ps 1.4x10° @10 Hz [7]
Ag:Te 2.6 mm? NA NA 230 ns 12122% kHz 8]
Ag-Te-S 6 mm? 9@*5‘8./ 3“{‘; 26% @1520 nm, 0 V ~24 pis 1.3x10" @1 Hz Z‘i

Table S6. Comparison between Ag-Te-S QD photodetector and commercial InGaAs photodiodes

Photodiodes A (nm) EQE (%) R (A/W) D* (Jones)
Ag-Te-S in this work 1520 26% 0.34 1.3x10"!
Hamamaton GI2181 020K 1550 88°% L1 L0
%’;ﬁg;;:ié%%‘;? 1550 88% 1.1 4.2x1012
Sommesdsnars | aso | we | a0 | sew
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