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Shortwave Infrared Light Detection and Ranging Using

Silver Telluride Quantum Dots
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and Gerasimos Konstantatos*

Shortwave infrared (SWIR) light, characterized as the “eye-safe” window, is
considered extremely promising in various technological fields and
particularly valuable for imaging and light detection and ranging (LiDAR)
applications. Silver telluride (Ag,Te) colloidal quantum dots (CQDs), featuring
RoHS-compliance, solution-processability, and CMOS compatibility, emerge
as a potential contender for SWIR optoelectronics. Yet, further improvements
in dark current, response speed, and linear dynamic range (LDR) are essential
for meeting the rigorous demands of sensing and LiDAR applications. Here, it
is shown that post-synthesis surface engineering and doping control
significantly improve the dark current, response speed, and LDR of Ag,Te
CQD photodiodes, achieving a low dark current of 450 nA cm~2 at —0.5 V, an
LDR exceeding 150 dB, and a rapid response speed of %25 ns. A
proof-of-concept LiDAR demonstration in the SWIR using a practical
nanosecond diode laser achieves decimetre-level resolution at a distance
exceeding 10 m. This work represents a key step in advancing SWIR CQDs

SWIR there exist spectral bands that are
free of ambient background solar light, en-
abling ubiquitous operation of sensing and
ranging during day and night. Last but
not least, SWIR light is mostly absorbed
by the cornea,>) minimizing the risk of
retinal damage even at high power levels,
rendering it “eye-safe.” All of the above
make SWIR a particularly valuable spectral
range for a vast range of applications includ-
ing LIDAR, 3D-imaging, space localization
and mapping (SLAM), and machine vision.

Currently, SWIR photodetectors pri-
marily rely on epitaxial bulk semicon-
ductors, which come with high cost and
low manufacturing throughput. Over
the past decades, colloidal quantum dots
(CQDs) have emerged as a promising
new class of materials for infrared de-

toward consumer electronics and automotive markets.

1. Introduction

Among the various wavelengths of light, the shortwave infrared
(SWIR) region holds particular importance due to its unique
properties. SWIR light experiences less scattering in the atmo-
sphere, compared to visible light,!] allowing greater penetration
depth, especially in adverse weather conditions. Moreover, in the
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tectors, thanks to their extraordinary

optoelectronic properties. Efforts have

been dedicated predominately to lead- or

mercury-based chalcogenide CQDs,[¢11]
though their heavy-metal toxicity poses significant challenges to
commercial adoption. Recently, the demand for Restriction of
Hazardous Substances (RoHS) compliant SWIR materials has
shifted attention toward heavy-metal-free CQDs, such as indium
arsenide (InAs),['>"%) indium antimonide (InSb),['*!8! silver tel-
luride (Ag,Te),2!] and silver selenide (Ag,Se)!>?*%] CQDs, of-
fering an environmentally friendly path for SWIR optoelectronics
and easy market adoption.

Although still in its infancy, Ag,Te CQDs have shown promis-
ing device performance at high frequencies, comparable to those
of their toxic counterparts.'*?!] However, for practical applica-
tions and integration with read-out electronics, it is the low-
frequency regime (~1 Hz) that determines mostly the final per-
formance of the photodetector, which is currently suffering pri-
marily from a high dark current. Furthermore, for demanding ap-
plications like LiDAR, wide linear dynamic range (LDR) and fast
response speed are prerequisites to operate with objects of vari-
ous reflectivities and distances.**] Hence, substantial improve-
ments in dark current, LDR, and response speed are urgently
needed to increase the technology readiness level for practical
applications.

Here, in this work, we report on the surface engineering of
Ag,Te CQDs with tight-binding thiols, enabling improved col-
loidal stability, longer carrier lifetime, and higher photolumines-
cence quantum yield (PLQY). Furthermore, we have engineered
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Figure 1. Surface Engineering with Tight-binding Thiols. a) Schematics of QD surface without (OLAm) and with (MPA-OLAm) tight-binding MPA ligands.
b) Absorption spectra of OLAm and MPA-OLAm capped Ag,Te QD solutions. c) Transient absorption contour plots of OLAm and MPA-OLAm QD
solutions. d) transient PL decays of OLAm and MPA-OLAm capped Ag,Te QD solutions. e) PLQYs of OLAm and MPA-OLAm capped Ag,Te QD solutions

at different concentrations.

doping on CQD films by introducing a new cationic ligand of
silver nitrate (AgNO;) in order to further optimize the quantum-
dot stack of the photodiode (PD). The resultant SWIR photodi-
ode devices exhibit a dark current of 450 nA cm=2 at —0.5 V, EQE
of over 30%, LDR exceeding 150 dB, and a fast response time
of 25 ns. Leveraging those photodiode characteristics, proof-
of-concept SWIR LiDAR was further demonstrated using fast-
response Ag,Te QD PDs with an “eye-safe” 1310 nm semiconduc-
tor diode nanosecond laser. The result here remarks, to the best of
our knowledge, the first SWIR LiDAR using solution-processed,
RoHS-compliant materials, paving the way for CQD SWIR PDs
toward the consumer and automotive electronics market.

1.1. Surface Engineering with Tight-Binding Thiols

Silver telluride quantum dots (Ag, Te QDs) were first synthesized
following our previously reported method,?!] as the oleylamine
(OLAm) capped samples. It was observed that OLAm capped
QDs in solution undergo peak-broadening at low concentrations
(Figure S1, Supporting Information), which is presumably due
to the weak and dynamic binding characteristics of OLAm with
metal halides on QD surfaces,|?’] leading to QD fusing and ag-
glomerating in solution with long-term storage. We posited that
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a tighter surface-ligand binding scheme is necessary for better
colloidal stability and surface passivation. 3-mercaptopropionic
acid (MPA), a bifunctional thiol ligand,[1?2°28] has been proven to
form bound ion pair MPA-OLAm as the hybrid ligands for PbS
and HgTe CQDs, improving the colloidal stability and solution
processability.”?] We thus introduced MPA-OLAm as the tighter
surface-ligand binding ligands than OLAm-only for Ag,Te CQDs.
As illustrated in Figure 1a, the thiol group is proposed to bind
with Ag cations on the QD surface, while the carboxyl group re-
acts with oleylamine, forming carboxylate ammonium ion pairs
as long-chain ligands to warrant colloidal stability (Figures S2
and S3, Supporting Information). Figure 1b shows the QDs’ ab-
sorption spectra of two different ligands, where the MPA-OLAm
capped QDs displayed a narrower peak, indicating the efficacy
of MPA post-synthesis treatment. Furthermore, transmission
electron microscopy (TEM) imaging confirms that OLAm QDs
comprise QD agglomerates, while MPA-OLAm capped samples
display unambiguously well separated and dispersed individual
QDs (Figure S4, Supporting Information).

To better understand the surface-ligand related passivation ef-
fects, charge carrier dynamics were further investigated via tran-
sient absorption spectroscopy. As shown in Figure 1lc, MPA-
OLAm capped QDs showed a ground state bleach (GSB) life-
time much longer than the OLAm QDs, indicating improved
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Figure 2. Doping control of Ag,Te QD films. a) UPS spectra of Ag,Te QD films treated with EDT-only, AgNOs-only and AgNO; + EDT ligands. b) Band
levels of Ag,Te QD films treated with EDT-only, AgNOj3-only and AgNO; + EDT ligands. c) Transient absorption contour plots of Ag, Te QD films treated

with EDT-only, AgNOj3-only and AgNO; + EDT ligands.

surface passivation and reduced trap-states after MPA-OLAm
treatment.[3%31) In addition, as shown in Figure 1d,e, MPA-OLAm
QDs presented a longer photoluminescence (PL) lifetime (44.8vs
2.2 ns), resonating with the improved GSB lifetime. In order to
evaluate the photoluminescence quantum yield (PLQY), smaller
size QDs were used for PL measurements (Figure S5, Sup-
porting Information) to avoid reaching the detector range limit
(~1600 nm). As shown in Figure le, higher PLQY by a factor of
two (9.5% vs 4.2%) was obtained upon MPA-OLAm treatment,
further confirming the improved surface passivation with tightly
binding thiol ligands.

1.2. Doping Control of Ag,Te QD films

With improved surface passivation, we sought to build QD films
from the MPA-OLAm capped QDs. 1,2-ethandithiol (EDT) was
employed first as an effective ligand-exchange agent. However,
QD films showed a heavy p-type doping property, consistent with
our previous report.2!l The lack of control over the doping lev-
els leads to severe interface recombination, posing restrictions
on device structure design and optimization.*?3%] We hypoth-
esized that doping of Ag,Te CQDs, which previously exhibited
very high p-type doping, could be tuned via the introduction of Ag
ions giving a more n-type character. Therefore, we introduced a
cationic ligand, silver nitrate (AgNO,), functioning not only as an
exchanging ligand for Ag,Te QDs (Figure S6, Supporting Infor-
mation), but also as an effective n-type dopant. After treating with
AgNO;, UV photoelectron spectra (UPS) revealed a n-type dop-
ing feature (Figure 2a,b), in contrast to EDT-treated-only films.
Moreover, films treated with AgNO; + EDT showed a weak p-
doping property, confirming the effectiveness of doping control
with AgNO, treatment. The doping densities were further esti-
mated to be (p) 3 X 10 cm™3, (n) 3 x 10! cm™3 and (p) 2 X
10 cm3 for EDT-only, AgNO;-only and AgNO, + EDT treated
films, respectively (Note S1, Supporting Information). X-ray pho-
toelectron spectroscopy (XPS) further corroborates the increased
Ag/Te ratio (Figure S7, Supporting Information) after AgNO,
treatment, in accordance with previous reports of n-type doped
silver selenide QDs.[33637] As a result, QD films with AgNO,
treatment showed a narrower absorption peak (Figure S8, Sup-
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porting Information) and a much longer GSB lifetime than EDT
only films, as shown in Figure 2c, indicating the reduction of
band-edge tail states and trap-assisted Auger recombination.[3839]

1.3. Shortwave Infrared Photodiodes

Leveraging the advances in the material properties we fabricated
photodiode devices with a configuration of ITO/SnO,/Ag,Te-
AgNO,/Ag,Te-AgNO, + EDT/Au (Figure 3a) to assess their an-
ticipated improvements in device performance. Figure 3b shows
the well-aligned band positions of the device structure. In order to
investigate the device structure and doping effects on diode qual-
ity and dark-currents, temperature-dependent current—density
voltage (J-V) measurements were further conducted. EDT-only
devices showed nearly unaffected J-V curves under different
temperatures (Figure S9, Supporting Information), likely due to
high doping density and trap-mediated transport channel.[*0-#2]
On the contrary, devices with AgNO, + EDT ligands showed
proper diode behaviors and a clear reduction of reverse dark cur-
rent with temperature decreasing (Figure 3c), indicating a ther-
mally activated process dominating dark current. Analysis of the
temperature-dependent J-V curves revealed that AgNO, + EDT
devices showed an activation energy ~0.3 eV, while EDT-only de-
vices showed near zero activation energy, consistent with the al-
most unaltered J-V curves with temperature changes. Further
analysis on the AgNO; + EDT devices uncovered that reverse
dark-current was dominated by a trap-related leakage current
(Figure S10 and Note S2, Supporting Information) along with
a thermionic emission barrier ~0.6 eV, presumably due to the
Schottky barrier at QDs/Au interface.!*3*]

Ag,Te CQDs SWIR photodiodes showed a dark current density
of #450 nA cm~2 at —0.5 V reverse bias (Figure 4a), which is more
than one order of magnitude lower than previous reports.[20-21:3¢]
As shown in Figure 4b, devices also presented broad-band re-
sponse from 350 nm to over 1600 nm, with a peak EQE over
20% under 0 V bias and 30% under —1 V bias at #1450 nm,
matching well with simulated EQE (Figure S11, Supporting In-
formation). Further statistical analysis of device performance re-
vealed the dark current density@-0.5 V as 0.63 + 0.17 pA cm™2
and peak EQE as 27 + 4% (Figure S12, Supporting Information).
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Figure 3. Shortwave Infrared Photodiodes. a) Schematic of the Ag,Te QD photodiodes. b) Band diagram of the photodiode device. c) Temperature
dependent dark current density—voltage (J-V-T) curves of photodiodes with AgNO; + EDT treatments. d) Activation energy of EDT-only and AgNO; +

EDT devices extracted from J-V-T measurements.

The device also showed high stability under —1 V reverse bias,
without apparent degradation for over 1h bias stress test (Figure
S13, Supporting Information). Noise power spectral density
was measured to properly assess the detection performance
(Figure S14, Supporting Information). Frequency-dependent cur-
rent noise spectrum of Ag,Te QD photodiode reached ~4.5 x
107 A/y/Hz at 1 Hz with a 1/f noise at lower frequencies
measured by the transient-current fast Fourier-Transform (FFT)
method. The room-temperature specific detectivity was further
calculated with:

pr = RvAY (1)

by

where A is the device area, R is the responsivity, Afis the electrical
bandwidth, and i, is the noise spectral density. Figure 4c shows
the spectral-specific detectivity at 1 Hz, where the D" reached
10 Jones at the SWIR region, which is an order of magni-
tude higher than previously.?!l Linear dynamic range (LDR) was
measured with the AgNO, + EDT treated devices. As shown in
Figure 4d, SWIR photodiode based on surface engineered Ag, Te
QDs showed a clear linearity between photocurrent and inci-
dent light across a wide range from =107/ to ~10 mW cm™
and reached an LDR over 150 dB, which outperforms prior re-
ports (Table S1, Supporting Information).[*1217-21:46-50] The di-
rectly measured noise equivalent power was found to be ~2.5 pW
at 1350 nm, in consistency with the measured specific detectivity.
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Transient photocurrent (TPC) measurements were conducted
to characterize the response time of Ag,Te QD SWIR photodi-
odes. By analyzing the current transients of different device areas
under 50 ns laser pulses (Figure S15, Supporting Information),
the response time was found to decrease with device area reduc-
tion, indicating a geometrical capacitance limited response speed
(Figure 4e).*>11 The devices with an area of 10* um? reached
~25 ns response time, which suggested an estimated mobility
as >1072 am? V-s7! (Note S3, Supporting Information). To fur-
ther corroborate the response speed of our devices we measured
frequency-dependent photo-response with 50% duty-cycle laser
pulses (Figure 4f), which revealed an increase of —3 dB band-
width with device area decreasing, reaching > 5 MHz at 10* um?,
consistent with the TPC measurements.

1.4. SWIR LiDAR Demo

Having achieved low dark current and fast response in our detec-
tors, we further sought to apply them in demonstrating for the
first time light detection and ranging (LiDAR) using CQD tech-
nology in the SWIR to optically measure an object’s distance.
Current standardized LiDAR techniques use methods such as
pulsed time-of-flight (direct TOF), amplitude-modulated contin-
uous wave (AMCW), and frequency-modulated continuous wave
(FMCW) detection for range measurements. Here, we followed
recent papers on LiDAR demonstration/?*%2] and implemented
the pulsed time-of-flight (direct TOF) method. LiDAR based on

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com www.advmat.de
a C o0
12
108 0.25
£ 10 =
2 0.2 %
S 10% > 8 <
2 2 Z
‘@ o) 015 2
3 = 6 2
o108 ‘a 04 2
€ C 5 @
2 4 e
S a2
610 2 0.05
@ 1Hz
10" 0 0 0
05 0.25 0 0.25 400 600 800 1000 1200 1400 1600 400 600 800 1000 1200 1400 1600
Voltage (V) Wavelength (nm) Wavelength (nm)
d v €, f s
10°t LDR > 150 dB ®  Decay Time
<« = = Fitting o
§ . / 2
E 10 _ 103 7/ g
= 3 0 g
b3 -4 e - PR — JR——
g 10 £ Vs < =8 100x 107 um?
a = . @ =@ 25x10* um?
E . & 10 .. s 16 x 10 um?
© 10
= n [ 4 g -6 9 x10% um?
o . ® - - ® z 4x10% um?
10° ” =@ 1 x10% um?
10" -9
107 10° 10° 107 10 108 10* 10° 108 107 10" 102 10° 10* 10° 10° 107

Light Intensity (mW/cm 2)

Device Area (u rr12)

Frequency (Hz)

Figure 4. Photodiode device performance. a) dark current density-voltage curve of the champion device. b) EQE spectra under zero and —1V bias of

*

champion device. c) Specific detectivity (D”) and Responsivity of champion device at THz. d) Linear dynamic range (LDR) of Ag,Te QD photodiode
under 1350 nm light. e) Response speed of Ag,Te QD photodiodes with varying device area. f) Response bandwidth of Ag,Te QD photodiode with

varying device area.

solution-processed materials has only been previously reported
using perovskites in the near-infrared at 850 nm using a fem-
tosecond amplifier.?*] Our Ag,Te CQD photodiodes exhibited a
fast response time of 2.5 ns under 1030 nm femtosecond laser
excitation (Figure S16, Supporting Information), similar to previ-
ous reports in other materials.*!*!l However, this fast response
time is in discrepancy with —3 dB bandwidth and response time
measurements using low-intensity nanosecond lasers, presum-
ably due to extreme non-equilibrium conditions under intense
femtosecond laser excitation.l>>**] Most importantly, the use of
femtosecond laser amplifiers is far from a practical implemen-
tation setting for LiDAR applications. Therefore, we opted for
a commercially available nanosecond diode laser at 1310 nm
with a peak power of ~10 mW, aiming to demonstrate LiDAR
in the most eye-safe regime of the SWIR and close to the solar-
blind band. Figure 5a shows the schematic of a homemade set-
up for LiDAR demonstration. The laser was modulated with a
wavefunction generator to generate laser pulses with ~30 ns
width. The laser pulses were beam-split and referenced with a
position-fixed InGaAs detector, while M1-M5 are movable mir-
rors to vary the light travel distance before being detected by
Ag,Te CQD PDs. Figure 5b shows the signal transients with dif-
ferent light travel distances by moving mirrors M1-M5. Figure 5¢
shows the contour graphs of signal transients with light travel
distances from Ag,Te QD PDs. The signals showed clear shifts
with light travel distance changing and the slope matched well
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with the light speed. The LiDAR distance resolution with 30 ns
laser pulses was further estimated to be at the decimetre level for
distances over 10 m, by measuring multiple times at different po-
sitions (Figure 5df).12*! We believe that higher laser power and
shorter laser pulses would further improve depth and distance
resolution.

2. Conclusion

In conclusion, we have disclosed an effective strategy to im-
prove surface passivation of Ag,Te CQDs with tight-binding lig-
ands. The doping levels of Ag,Te CQD films were further engi-
neered by introducing a novel cationic ligand AgNO;, enabling
us with well-controlled doping and improved band-alignment
in SWIR photodiodes. The SWIR PDs reached a low dark cur-
rent of 450 nA cm™2 at —0.5 V, EQE over 30%, wide LDR over
150 dB, and a fast response time ~25 ns. A proof-of-concept
SWIR LiDAR was further demonstrated with decimetre level res-
olution using RoHS-compliant, solution-processed Ag,Te CQD
photodetectors.

3. Experimental Section

Synthesis and Post-Treatment of Ag, Te Quantum Dots:  Ag,Te QDs were
synthesized following our previous report. Briefly, silver iodide-oleylamine

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 5. SWIR light detection and ranging (LiDAR) demo. a) Schematic of the homemade LiDAR set-up. b) Signal transients from Ag,Te QD photodi-
odes with varying light travel distances. c) Contour plot of the signal transient from Ag,Te QD photodiodes. d—f) Statistics of measured distances from

Ag,Te QD LiDAR.

(Agl-OLAm) and tellurium oxide-dodecanethiol (TeO,-DDT) were used as
Ag and Te precursors respectively. Agl-OLAm precursor was prepared by
dissolving 10 mmol Agl into 10 mL pre-dried OLAm at room temperature
under an inert atmosphere. The TeO,-DDT precursor was prepared by dis-
solving 2.5 mmol tellurium oxide (TeO,) into 10 mL dodecanethiol (DDT)
under 100 °C heating and an inert atmosphere. Typically, 30 mL oleylamine
(OLAm) and 15 mL ODE were loaded into a three-neck flask and pumped
at 100 °C to remove oxygen and moisture. The flask was then switched
into an argon atmosphere and heated up to 130 °C. Once the temperature
reached the set point, 3 mL Agl-OLAm precursor was added to the flask.
After ~5 min, 5 mL TeO,—DDT precursor was swiftly injected into the flask.
The precursor immediately changed into a dark-black color, indicating the
nucleation of Ag,Te QDs. After 5 min, the heating was stopped and left to
cool down naturally.

For OLAm samples, a crude solution was then transferred into an inert-
gas-filled glovebox for purification. Methanol was added into the crude
solution to precipitate the QDs, followed by centrifugation. The solid pel-
let was then fully dispersed into ~30 mL toluene. Then, 3 mL Agl-OLAm
precursor was added into the QD solution, followed by centrifugation to
remove any precipitates. Thereafter, ~15 mL of methanol was added into
the supernatant, followed by centrifugation again. The precipitate was dis-
carded and the supernatant, in which the QDs were present, was kept. Fur-
ther, 30 mL of methanol was added into the solution to fully precipitate
the QDs, followed by centrifugation. Finally, the solid pellet was collected,
and the supernatant was discarded. The QD solid was dissolved into an-
hydrous toluene at various concentrations for further characterization and
device fabrication.

For MPA-OLAm treated QDs, 9 mL MPA was added into the crude so-
lution with a syringe pump. The QD solution was left stirring overnight
and then transferred into a glovebox for purification. Methanol was added
as an anti-solvent and the QDs were precipitated by centrifugation. QD
pellets were further dissolved into a solution containing 30 mL toluene,
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4.5 mLOLAm, and 1.5 mL MPA. The QDs were then precipitated by adding
methanol and centrifuge once again. The final QD pellets were dissolved
into anhydrous toluene for further characterization and device fabrication.

Characterization of Ag,Te QDs: UV-vis absorption measurements
were performed with a Cary 5000 UV-vis-NIR spectroscope in solution.
For photoluminescence measurements, a four-channel Thorlabs laser was
used as the excitation light and a Kymera 328i spectrograph (Oxford In-
struments, Andor) was used as the detector. The PLQY was measured
following published methods.['7:35%6] Both excitation and emission spec-
tra were measured and integrated under three different conditions: 1)
the sample directly illuminated by the excitation beam in the integrating
sphere (Syi, o Sdir em); 2) the sample offset from the beam path (indi-
rect excitation) in integrating sphere (S, i ¢x» Sindir em); @and 3) excitation
laser in integrating sphere without sample (S, ,,). The PLQY was further
calculated as:

Sdir_ex
Sdir,em + (] - de_7) X Sindir,em
PLQY - Indir_ex (2)
Sdir_ex
(1 " Sindir_ex ) X So_ex

TEM was performed at the Scientific and Technological Centres of the
University of Barcelona. The TEM samples were prepared by dropping a di-
luted QD solution on ultrathin carbon grids. The X-ray photoelectron spec-
troscopy/UV photoelectron spectroscopy (XPS/UPS) was performed with
a SPECS PHOIBOS 150 hemispherical analyzer under ultrahigh-vacuum
conditions (1071° mbar) at the Institut Catala de Nanociéncia i Nanotec-
nologia. The transient absorption spectroscopy was conducted using a
mode-locked Ti: Sapphire femtosecond laser (45 fs) operating at 800 nm
and a repetition rate of 1 kHz. An optical parametric amplifier was used
to tune the pump wavelength, and the pump fluence was controlled by

© 2025 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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a neutral density filter. To control the delay time between the pump and
probe, a precise motorized stage was used.

Device Fabrication: ~All the device fabrication steps were carried out
in ambient air unless otherwise mentioned specifically. ITO-covered glass
substrates (Universitat Stuttgart, Institut fiir Grofflaichige Mikroelek-
tronik) were cleaned by sonication in soapy water, acetone, and iso-
propanol for 20 min each and dried with nitrogen, followed by 0.5 h
of UV/ozone treatment. A SnO, electron transport layer was then spin-
coated from nanoparticle dispersion to form a layer of ~30 nm, follow-
ing the reported method. Four layers (2140 nm) of Ag,Te QDs were
further deposited. For each Ag,Te QD layer, 50 mg mL™' QD solu-
tion was spin coated at 3000 r.p.m. and ligand-exchanged with 1,2
ethanedithiol/acetonitrile (0.1%) or AgNO; /acetonitrile (30 mg mL~") for
30 s, followed by rinsing twice with acetonitrile and once with toluene,
to obtain Ag,Te-EDT or Ag,Te-AgNO; QD films, respectively. For AgNO;
+ EDT films, QDs were treated with AgNO3;/ACN, and rinsed with
ACN/toluene, followed by additional steps of EDT/ACN treatment and
ACN/toluene rinses. Finally, a Kurt J. Lesker NANO 36 system was used
to deposit 100 nm Au as the top electrodes.

Device Characterization: All the device characterizations were per-
formed in air under ambient conditions. Current-voltage (/-V) measure-
ments were performed with a Keysight semiconductor parameter ana-
lyzer (B1500A) with the devices kept in a shield box. The EQE value was
measured using a Newport Cornerstone 260 monochromator, a Thorlabs
MC2000 chopper, a Stanford Research SR570 transimpedance amplifier,
and a Stanford Research SR830 lock-in amplifier. Calibrated Newport 818-
UV and 818-IR photodetectors were used as the reference. To measure
the 3 dB bandwidth, a nanosecond laser was used as incident light, which
was modulated by a waveform generator (Agilent 33220A) at various fre-
quencies with a 50% duty cycle. The output current was recorded with an
oscilloscope. For LDR measurements, a four-channel laser (Thorlabs) at
1310 nm was used as the light source. The light was directed by a beam-
splitter to a Newport 818-1G detector and the device. The current was then
measured by a semiconductor parameter analyzer.

LiDAR Demo: For the light detection and ranging (LiDAR) demo, a
1310 nm laser with a peak power of 10 mW was controlled with an Agi-
lent wave function generator at a frequency of 10 kHz and pulse width of
30 ns. The currents from devices were amplified with a variable gain high
bandwidth preamplifier and collected with an oscilloscope. The current
transients were further processed to remove ringing artifacts and multi-
plied by a power of 10 for better visualizing the peak positions.[?4]
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