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ABSTRACT: Nanocrystal-based solar cell technologies currently
have two materials competing for the highest performances: PbS and
perovskites. The latter benefit from a defect-tolerant electronic
structure, while PbS benefits from mature diode fabrication
techniques and from its near-infrared absorption. Here we choose
to revisit the potential of PbS photodiodes for near-infrared
detection and more precisely for active imaging. This mode of
detection combines an eye-invisible source with a detector. Such a
detection mode is used for surveillance, industrial sorting, LIDAR,
etc. Here we use a state-of-the-art photodiode geometry, and we
reveal its potential for near-IR active detection at 940 nm. The diode
achieves a high photoresponse of 0.5 A.W−1, corresponding to an
external quantum efficiency of 66% and a detectivity above 1012 Jones at room temperature. The time response, which is often
neglected for solar cells, is found to be 10 ns for rise time and 1 μs for decay time. We demonstrate that long-distance (over 150
m) and time-gated active imaging can be conducted using this device.
KEYWORDS: PbS nanocrystals, near-infrared, photodetection, active imaging, long-distance imaging, time-gated detection

Spectral tunability of nanocrystals allows to cover a large
range of the electromagnetic spectrum from UV to THz.1,2

Their ability to emit light has led to their integration into
displays, but their absorption feature appears to be even more
robust (less sensitive to surface chemistry and oxidation).
However, to really take advantage of the absorption of a
nanocrystal film, the film also needs to be conductive, which
has required the development of ligand exchange methods.
Native long capping ligands are typically replaced by shorter
molecules, which reduces the internanoparticle tunnel barrier
and raises the effective carrier mobility. Once such processes
have been developed, photoconduction especially in the near-
infrared (NIR) has been investigated to design a solar cell that
harvests the near-IR part of the solar spectrum.3 Early device
geometry relied on a planar transport between interdigitated
electrodes. Such a photoconductive device has led to a high
responsivity4 (up to 100 A/W) value due to photoconductive
gain.5 Later the device signal-to-noise ratio was improved by
switching to a photovoltaic configuration.6−9 They were
initially based on Schottky contacts.6 Later, the stack of layers
has been improved to realize a p−n junction. To date, best
devices are inspired by the structure proposed by Chuang et
al., relying on a p−n junction obtained by stacking nanocrystal

layers with two types of ligands:10 a halide11 and a short thiol.
Even though this technology is currently challenged by
perovskite quantum dots,12 achieving an impressive power
conversion13,14 (up to 13%) thanks to their defect-tolerant
electronic structure, the external quantum efficiency of PbS
solar cells can reach 50% and even more at the band edge.15,16

This advantage of perovskite materials is nevertheless currently
limited to visible wavelengths because of the “wide” band gap
nature of these materials. Consequently, PbS technology
remains, by far, the most mature in the NIR.17−20

The PbS technology limitation for solar cells results from the
large amount of trap states within the band gap, which
dramatically affects the open-circuit voltage.21,22 On the other
hand, the short-circuit current in the PbS photodiode can be
fairly large (several tens of mA·cm−2) and thus similar to the
best solar cells.23 Hence, the optimized solar cell geometry has
a strong potential for near-IR sensing. Infrared sensing was one
of the first targeted applications for PbS quantum dot
devices.4,24 However at that time, the maturity of PbS
photodiodes was far lower. Here we want to test the potential
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of this PbS nanocrystal-based solar cell structure for NIR-active
imaging. In this application, an infrared source is used to
illuminate a scene, and the scattered light is collected. Active
imaging finds applications in surveillance or industrial imaging
for material sorting. Even though these types of applications
are not the most demanding in terms of external quantum
efficiency (EQE) and dark current requirements, the range of
photon flux can be several orders of magnitude weaker than
the one considered for solar cell applications. Indeed, when for
solar cells the only relevant figure of merit is the power
conversion, new parameters are important for active imaging
such as the signal-to-noise ratio and the time response.
The NIR range is an eye-blind region, where nonvisible

light-emitting diodes (LEDs) and laser diodes can be used to
illuminate a scene and be coupled with an InGaAs detector to
build an active imaging setup. At 940 nm, the response of a
silicon-based detector already starts to drop, and using an
InGaAs sensor leads to a dramatic increase of the cost
compared to complementary metal oxide semiconductor
technologies (CMOS). Development of low-cost alternatives
to InGaAs is thus desirable, especially for applications where
the high performance of InGaAs (EQE around 80% and dark
current density down to a few nA·cm−2) is not required. It thus
appears more realistic to use nanocrystal-based technology for
applications where the level of dark current is not critical (i.e.,
scene with a reasonable amount of photons). Active imaging
and its derivative for industrial vision and LIDAR fall into this
kind of applications.
Here, we explore the use of a PbS quantum dot solar cell as a

low-cost alternative to InGaAs for infrared active imaging.25,26

We choose to target detection at 940 nm, because of the
availability of high-power (several watts) LEDs. We demon-
strate the possibility to achieve long-distance (>150 m)
detection, as well as time-gated detection. This opens new

perspectives relative to the use of PbS for low-cost near- and
short-wave infrared detection27,28 and imaging setup.24,29,30

■ DISCUSSION

We start by synthesizing PbS nanocrystals with a peak band
edge at 920 nm;31 see Figure 1a. This wavelength is just below
the targeted wavelength at 940 nm in order to take into
account the red-shift occurring during the ligand exchange
procedure needed to build a conductive film. The diode
structure follows the one proposed by Chuang et al.10 A thick
tin-doped indium oxide (ITO) layer coupled with a TiO2 layer
is used as electron extractor. The absorbing layer is made of
two layers of PbS. A thick (200 nm) n-type layer is built from a
PbS ink32 with a high concentration (250 mg/mL) and I− as
capping ligands. A top p-type layer (∼20 nm) is deposited
using a solid-state ligand exchange with ethanedithiol (EDT)
as capping agent. The n- and p-type nature of each layer has
been confirmed using ion-gel field effect transistor measure-
ments; see Figure S1. Finally, a thin MoO3 layer (10 nm) and
gold contacts (80 nm) are used as hole extractors; see Figure
1b and c.
The I−V curve of the diode presents a strong rectifying

behavior; see Figure 1d. The dark current at 0 V can be below
7 nA·cm−2, which is quite similar to the one reported for
InGaAs sensors. Under illumination of a 940 nm LED (at
power density close to solar cell applications), the open-circuit
voltage reaches 0.52 V. This is slightly smaller than the 0.6 V
value usually reported for solar cells, but the illumination here
is quasi-monochromatic, while solar light contains much higher
energy photons. The short-circuit current is 12 mA·cm−2,
corresponding to a responsivity of 0.2 A.W−1 (EQE = 26%).
The 0 V signal-to-noise ratio is higher than 106. See Table S1
for a comparison of the performances of the obtained diode
with existing devices based on PbS nanocrystals.

Figure 1. (a) Absorption spectrum (black) of as-synthesized PbS CQDs (ligands: oleic acid (OA), solvent: toluene) and emission spectrum (red)
of a 940 nm LED. Backfront: TEM image of PbS CQDs. (b) Scheme of the built diode. (c) Cross-section SEM image of the diode. (d) Dark
current (black) and current under 940 nm excitation provided by a 940 nm LED (red) of the device. Some characteristics of the device are shown
inset. (e) Diode responsivity at 0 V vs excitation provided by a 940 nm laser. (f) Time response of the device when excited by a 355 nm pulsed laser
(1 ns pulse). Time constants τon and τoff are obtained through a single-exponential fit.
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The detectivity of the device has been estimated under low
incident flux; see Figure S3a. Surprisingly, the noise is limited
by white noise, and no 1/f contribution33−35 has been
identified in the measured frequency range (1 Hz to 1 kHz);
see Figure S3b. Two factors tend to reduce the 1/f
contributions, which is generally the limiting contribution for
the noise in a nanocrystal array. First, the internanoparticle
coupling is quite strong due to short ligands, and this was
identified as the main parameter driving the 1/f noise
magnitude.34 Second, due to its relatively wide band gap
nature (compared to mid-infrared materials), the device is
quite resistive. The detectivity of the device at room
temperature is 2 × 1012 Jones; see Figure S3c.
As the device aims at being operated under low incident

photon flux, we have quantized the power dependence of the
responsivity; see Figure 1e and S4. As often observed for
nanocrystal-based photodetectors, the quantum efficiency is
better under low photon flux and typically improves by a factor
10 as the photon flux is reduced by 3 orders of magnitude. A
second figure of merit that is not accounted in the case of solar
cells is the time response of the diode. Under 1 ns pulsed
illumination, the rise time is 10 ns and the decay time is close

to 1 μs; see Figure 1f. This decay time is compatible with the
RC time constant measured at high frequency (1−10 μs; see
Figure S5). Impedance measurement reveals that the
capacitance is almost independent of the frequency. As a
result, under illumination the resistance of the sample drops
and so does the RC time constant. This makes the turn on
time significantly shorter than the decay time. Such time
response is much faster than the one reported for PbS in
photoconductive geometry.4 This is the combination of many
factors: (i) short ligands lead to higher carrier mobility, which
combine with shorter electrode spacing and tend to reduce the
transit time, (ii) the switch to diode geometry suppresses gain
and makes dynamics no longer limited by the trap’s lifetime (at
the cost of reduced gain); it also changes the device
capacitance and the RC relaxation time constant.
Fast and intense responses under low excitation flux are of

utmost interest to target pulsed active imaging applications.
We then measure the photocurrent spectrum of the device

and find it slightly blue-shifted compared to the PbS film’s
absorption spectrum; see Figure 2a. To understand this shift,
we conduct electromagnetic simulations of the photodiode
structure using a frequency-domain modal method known as

Figure 2. (a) Photocurrent of the full device (red) and absorption measured in transmission mode of the glass/ITO/TiO2/PbS stack (black)
spectra of the device. (b) Simulated absorption spectra of a PbS layer on glass (black), a PbS layer on ITO/TiO2/glass (blue), and the device (red).
(c) Absorption ratio of the device (red) and PbS on ITO/TiO2 (black) over PbS film absorption. (d, e, f) Modelized layers (left figure) and
absorption distribution over the layers (right figure) under top illumination.
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the rigorous coupled wave analysis (RCWA);36 see Part 4 of
the Supporting Information for details about the simulations.

In parts d, e, and f of Figure 2 we respectively simulate the
absorption map of the PbS layer, the ITO/TiO2/PbS stack and

Figure 3. (a) Photocurrent of different materials from retrodiffused 940 nm laser light normalized by the photocurrent detected with a metallic
plate. (b) Photocurrent modulation measured at 100 Hz as a function of time in a long-range detection configuration. (c) Scheme of the long-range
active imaging. A light source (10 W/940 nm lamp) lights up a building at a 85 m distance. The device detects retrodiffused light from the building.

Figure 4. (a) Scheme of the setup used for time-gating experiment. (b) Device time response at 0 V for different source-detector distances. The
bottom black curve corresponds to the silicon photodiode (PD) response used for triggering. (c) Comparison between measured distances with a
meter (x axis and red line) and deduced from Δt determination. The red line is defined by the y = x equation.
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the full diode structure. Simulation reveals that (i) losses in the
contacts (in both ITO and gold) are a significant part of the
total absorption (∼28%); see Figure 2c, e and f. These losses
are the result of the metal37 and ITO38 absorption in the
visible and near-infrared. This problem remains mostly
unaddressed for the design of solar cells, while it may offer
an interesting perspective of improvement. (ii) The diode
structure introduces a Fabry−Perot resonance at around 920
nm (see Figure 2c), which is responsible for the blue-shift of
the photocurrent with respect to the absorption. Interestingly,
this resonance spatially locates the maximum of absorption in
the PbS film, not in the vicinity of the ITO contact, but rather
close to the p−n juction formed by the PbS(I)/PbS(EDT)
interface. As a result, the electromagnetic field is maximized
where the electric field is also maximized. This explains the
good efficiency of the tested device in the near-infrared. On the
other hand, this will not be the case for shorter wavelengths
(with a higher absorption coefficient), and this device appears
not optimal from a solar cell perspective.
Due to the Fabry−Perot resonance, the absorption

magnitude is enhanced by a factor of 5 when thin films (200
nm) of PbS are used. Increasing the film thickness (300 nm)
does not really improve the device absorption since the
increase of the PbS absorption layer is balanced by the
reduction of the enhancement factor; see Figure S8.
In NIR-active imaging, the contrast observed on images

results from differences in absorption and diffusion coefficients.
This is typically useful for material sorting in order to
discriminate the nature of illuminated objects. To mimic this
application, we use a 940 nm laser source and shine its light
onto plates made of different materials. We then measure the
photocurrent resulting from the scattered light at 0 V bias; see
Figure S6 for a scheme of the setup. The magnitude of the
scattered light changes by almost 3 orders of magnitude
depending on the material scattering the light; see Figure 3a.
This demonstrates the PbS photodiode’s ability to obtain
pronounced contrast from a complex scene.
Outdoor active imaging requires collecting photons

scattered over a long distance. As a proof of concept, we
have tested the potential of our sensor to detect light scattered
by a building located 85 m away from the source. A 10 W LED
flashlight emitting at 940 nm is used as a source and is shone
on the building in front of our laboratory (the estimated
distance is 85 m; see Figure 3c). The collected signal is
presented in Figure 3b. Even with a propagation distance
around 170 m, a reasonable signal-to-noise ratio (∼3) is
obtained.
A second approach of active imaging is time-gated active

imaging. The concept is to collect light after a delay to build an
image corresponding to a given distance between the source
and the scattering center. LIDAR detection is typically based
on this concept. This obviously requires a fast detector where
the rise time needs to be shorter than the light propagation
time. In addition, the decay time of the photodetector also
needs to be shorter than the inverse of the repetition rate of
the illumination source. The fast time response of the diode at
0 V bias, shown in Figure 1d, is quite promising for such an
application.
We use a 1 ns pulsed laser and tune the propagation distance

from ∼2 m up to ∼18 m; see Figure 4a. The PbS photodiode
signal is collected on a GHz oscilloscope, while a fast (50 ps)
time response silicon diode is used as a trigger. It is worth
mentioning that we do not even use any amplification stage for

this experiment. As the optical path is extended, we measure a
clear increase of the delay between the reference signal from
the fast photodiode and the one from the device; see Figure
4b. This delay is fully correlated with the light propagation
distance; see Figure 4c. This validates the potential of the PbS
photodiode for time-gated imaging and its use to reconstruct a
3D scene.
We have revealed the potential of PbS solar cells used as

near-infrared sensors for low-cost active imaging at 940 nm.
This conventional solar cell diode actually achieves a large
photoresponse (up to 0.5 A·W−1 under low photon flux) and
fast time response (10 ns). Using electromagnetic simulations,
we have proved that the diode structure introduces a Fabry−
Perot resonance which leads to a small blue-shift of the
response. We also unveil that the absorption losses in the
contacts represent 28% of the incident flux, and this problem
will have to be addressed in the future. We have demonstrated
the ability of the PbS photodiode to obtain contrast in a
complex scene, the ability to achieve long distance detection at
least up to 170 m, and finally its use for time-gated active
imaging. Future work will have to expand these results to
longer infrared wavelengths.39,40

■ METHODS

Chemicals. Octadecene (ODE, Acros Organics, 90%), lead
oxide (PbO, Strem Chemicals, 99.999+%−), oleic acid (OA,
Alfa Aesar 90%), hexamethyldisilathiane (TMS2S, Sigma-
Aldrich, synthesis grade), ethanol (VWR, >99.9%), n-octane
(SDS, 99%), n-heptane (Merck, >99%), n-hexane (VWR,
99%), toluene (Carlo Erba, >99.8%), N,N-dimethylformamide
(DMF, Sigma-Aldrich), hydrochloric acid (HCl, Mieuxa,
25%), ammonium iodine (NH4I, Alfa Aesar, ≥99%), and
1,2-ethanedithiol (EDT, Fluka, 98%) were used.

PbS Nanocrystal Synthesis. The procedure is inspired
from that of Hines et al.31 A 0.9 g amount of PbO is
introduced in a 100 mL three-neck flask with 3 g of OA and 47
g of ODE. The flask is degassed under vacuum at 120 °C for 2
h. Meanwhile, in an air-free glovebox, a mixture of 420 μL of
TMS2S and 10 mL of ODE is prepared in a 20 mL vial, then
introduced into a 20 mL syringe. The atmosphere of the flask
is switched to Ar, and the temperature is set equal to 90 °C.
The TMS2S solution is quickly injected, and the solution turns
dark while the temperature drops to 80 °C. After 8 min at 80
°C, the reaction is stopped by removing the heating mantle
and prompt cooling of the flask by the addition of a mixture of
heptane and OA. The nanoparticles are then precipitated by
addition of ethanol. The formed pellet is redispersed in
toluene. A second step of cleaning is repeated. Finally, the
pellet is redispersed in toluene with a 50 mg·mL−1

concentration. The solution is centrifuged to remove
colloidally unstable material. Finally, the solution is filtered
by a 0.22 μm PTFE filter.

PbS Ink Preparation. A solution of NH4I at 60 mg·mL−1

in DMF is prepared by sonication. A 2.5 mL amount of this
solution is introduced in a test tube. On top of this polar phase,
2.5 mL of PbS nanocrystal solution at 50 mg·mL−1 is
deposited. The two phases are then mixed, and a phase
transfer can be observed. The clear nonpolar phase is
discarded, and the DMF solution is cleaned three more
times using hexane. Finally, the particles are precipitated by
introducing ethanol in the tube. After centrifugation the
formed pellet is redispersed in fresh DMF with a concentration
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of 250 mg·mL−1. The solution is finally centrifuged to discard
any unstable material.
Solid-State Ligand Exchange. A solution at 1% in mass

of EDT in ethanol is prepared. A drop of PbS nanocrystal
solution in hexane/octane (9:1 volume ratio) is drop-casted
onto the electrodes and left to dry. The resulting thin film is
dipped in the ligand solution and rinsed with acetone. Once
the film is dried, a second layer of PbS nanocrystals is
deposited and the ligand exchange step is repeated. The
deposition process is performed twice in total.
ITO Patterning. We start from commercial glass/ITO

substrates of 30 × 30 mm2 with a low sheet resistance (7 Ω/
□). Substrates are cut into 15 × 15 mm2 pieces and cleaned by
sonication in an acetone bath for 5 min. The cleaning
procedure is followed by rinsing the substrates with acetone
and isopropanol, and then dring them with a N2 flow. AZ
5214E photoresist is spin-coated for 30 s, then baked at 110 °C
for 90 s. A standard photolithography process is performed
using a mask aligner for exposing the substrates to UV light for
20 s through a lithography mask (1 mm width). Photoresist is
developed using AZ 726 developer for 20 s and immediately
rinsed with deionized water. After that, the exposed ITO
surface is completely etched out with 25% HCl (in water) for
15 min at 40 °C, and substrates are immediately dipped into
deionized water. Then, we conduct a lift-off process in an
acetone bath, and patterned ITO substrates are cleaned with
acetone and isopropanol. Finally, the substrates are dried with
a N2 flow.
TiO2 Film Preparation. TiO2 films are prepared from a

commercial solution (SOLARONIX Ti-Nanoxide HT-L/SC).
The solution is dropped on heated patterned ITO (110 °C)
and spin-coated at 5000 rpm during 30 s. The preheating
process is required to improve the solution wetting. The
resulting ITO/TiO2 sample is then heated at 450 °C for 15
min, and its thickness is measured to be 120 nm with a
DEKTAK profilometer.
n-Doped PbS Ink Deposition. A 250 mg·mL−1 solution

of n-doped PbS ink is used for the active material layer. A 60
μL sample of this solution is deposited on the ITO/TiO2
substrate and spin-coated at 1000 rpm during 60 s followed by
2000 rpm for 240 s. The procedure is repeated twice.
Depositions are performed in an air-free environment.
p-Doped PbS. A 60 μL portion of 30 mg·mL−1 OA-capped

PbS in toluene is deposited on the ITO/TiO2/n-doped PbS
substrate and spin-coated at 2000 rpm for 30 s. A solid-state
ligand exchange (see above) is then performed. This procedure
is repeated twice. Depositions are performed in an air-free
environment.
MoO3/Au Deposition. After the deposition of PbS layers,

the device is transferred from a glovebox to an evaporator
while keeping an air-free environment. After the glovebox-to-
evaporator transfer and once a vacuum around 5 × 10−6 mbar
is reached, 10 nm of MoO3 followed by 80 nm of gold are
evaporated. The sample is then stored in an air-free
environment.
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