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ABSTRACT

The effect of low-temperature annealing on the electrical and optical properties of near-infrared photosensors based
on colloidal PbSe nanocrystals capped with mercaptoacetic acid was investigated. The PbSe nanocrystals were
synthesized via the hot-injection method, and their optical bandgap was determined to be approximately 0.78 eV
from the optical absorbance spectrum. The electrical performance of the fabricated photosensors was evaluated by
measuring their current—voltage (I-V) characteristics before and after annealing under nitrogen and air atmospheres.
Additionally, the optical response of the devices was examined by measuring their spectral responsivity before and
after air annealing. The PbSe nanocrystal device perfectly detected the near-infrared spectrum, and its performance
was significantly improved after low-temperature air annealing. 60 °C air annealing enhanced the detectivity of the
device by approximately 35% compared to its room-temperature detectivity.

Keywords: colloidal PbSe nanocrystals, low-temperature annealing, near-infrared photosensors, PbSe nanocrystals.
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attracted considerable attention for optoelectronic
applications, including photosensing, due to their
enhanced optical and electronic characteristics [7]-[9].
Among these, colloidal nanocrystals such as PbSe,
PbS, and HgTe offer significant advantages, as they
can be synthesized through solution-based methods
with relatively simple processing requirements. These
nanocrystals can be dispersed in solvents to form inks,
enabling large-area film deposition using low-cost,
low-temperature techniques such as spin coating.
Furthermore, their compatibility with a wide range of

1. Introduction
Near-infrared (NIR) photosensors play a crucial role in

a variety of technologies, including biomedical
diagnostics, optical communication systems, night-
time imaging, and light energy harvesting applications
[1]-[4]. The continued expansion and increasing
breadth of these fields have created growing pressure
to improve device performance, particularly by
addressing limitations associated with current material
platforms and device architectures [5], [6]. In this
context, emerging semiconductor nanomaterials have
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substrates—including silicon, glass, and flexible
platforms—makes them particularly attractive for
scalable and versatile device integration [10]-[12].
Over the past decades, a variety of photosensor devices
based on colloidal nanocrystals have been developed,
including  photodiodes, photoconductors, and
phototransistors [6]. The performance of these devices
strongly depends on charge transport within the
semiconductor films, which plays a critical role in their
operation. Colloidal nanocrystals, also referred to as
quantum dots (QDs), such as PbSe and PbS, have been
widely investigated due to their distinctive optical
behavior. One of their key advantages is the ability to
tailor their bandgap by adjusting particle size, enabling
sensitivity across a broad range of infrared
wavelengths [6], [13]-[15]. Despite these benefits, the
synthesis process typically involves surface ligands
composed of long-chain organic molecules, which act
as insulating barriers between adjacent nanocrystals
and hinder charge transport. To address this limitation,
various post-synthesis treatments have been explored
to facilitate carrier movement within nanocrystal films
[16], [17]. Among these approaches, thermal annealing
has been identified as a straightforward and effective
strategy for improving film conductivity [18]. In a
related study, [19] demonstrated that annealing PbSe
quantum dots capped with an oleic acid shell can
significantly enhance transistor performance. Their
results showed that the measured current increased
from nearly negligible levels to a few picoamperes
after treatment. In parallel, ligand exchange has
emerged as an effective strategy for improving film
conductivity by replacing long insulating ligands with
shorter alternatives. Various substituting ligands have
been explored for this purpose, including thiols,
amines, and a range of inorganic species [16].

In this work, we present an improvement in the
electrical and optical performance of near-infrared
photosensors  based on  PbSe  nanocrystals
functionalized with mercaptoacetic acid (MAA)
through a low-temperature annealing process. The
PbSe colloidal nanocrystals were synthesized using a
hot-injection technique, followed by a ligand exchange
step to substitute the original oleic acid (OA) ligands
with MAA.

The optical properties of the nanocrystals were
evaluated using absorbance measurements, from
which the bandgap was determined. Photosensor
devices were then fabricated employing interdigital
electrode structures. Their electrical behavior was
characterized  through  current-voltage  (I-V)
measurements, while the photoresponse was analyzed

by examining the spectral responsivity.

2. Experimental methods
Lead selenide (PbSe) quantum dots were synthesized

following a previously reported hot-injection
procedure [20], with slight modifications to the
reaction conditions to achieve the desired properties.
In the first step, a selenium precursor was prepared by
dissolving selenium powder (8 mmol) in a mixture of
n-trioctylphosphine (8 mL) and diphenylphosphine (60
pL). The solution was stirred under nitrogen at 60 °C
overnight to ensure complete dissolution. Separately,
the lead precursor was obtained by combining lead
oxide (2 mmol), oleic acid (2.1 mL), and 1-octadecene
(10.6 mL) in a three-neck flask, followed by heating at
140 °C for 1 hour under nitrogen flow. Once the
solution became clear and colorless, indicating
precursor formation, the selenium solution was rapidly
injected to initiate quantum dot growth. After a
reaction time of 40 s, the mixture was quickly cooled
to room temperature using a water bath to quench
further growth. The resulting quantum dots were
purified by adding acetone, followed by centrifugation
at 6000 rpm for 6 minutes, repeated three times to
remove unreacted species and excess ligands.
Subsequently, a ligand exchange process was
performed to replace long-chain oleic acid ligands with
shorter mercaptoacetic acid (MAA) molecules to
enhance charge transport within the quantum dot film.
For this purpose, the as-synthesized PbSe quantum
dots were dispersed in excess MAA and stirred
continuously at 70 °C for 48 hours under an inert
atmosphere inside a glovebox. After ligand exchange,
the quantum dots were further purified twice with
acetone and dried under vacuum. Finally, the optical
properties of the synthesized quantum dots were
characterized by recording their absorbance spectra at
room temperature using a Cary 500 UV-Vis-NIR
spectrophotometer.

Photosensor devices were fabricated using gold
interdigital electrodes deposited on a glass substrate. A
schematic of the device structure is illustrated in
Figure 1, where w denotes the width of each
interdigital metal finger, while d represents the spacing
between adjacent fingers. Standard optical
photolithography was employed to define the electrode
pattern on the substrate.

A 20 nm titanium (Ti) adhesion layer was first
deposited using an electron-beam evaporator, followed
by a 30 nm gold (Au) layer. Subsequently, PbSe
quantum dots dispersed in chloroform were drop-cast
onto the patterned electrodes to form the active sensing
layer.
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Figure 1. Schematic diagram of the fabricated
photosensor structure.

The electrical response of the devices was evaluated by
recording |-V characteristics using a Keithley 4200
semiconductor parameter analyzer. In addition, the
optical response was investigated by recording the
spectral responsivity using a Bruker IFS 125HR
Fourier-transform spectrometer.

3. Results and Discussion
The absorbance spectra for the as-synthesized PbSe

quantum dots dispersed in chloroform and placed in
a cuvette are shown in Figure 2(a). The curves
correspond to three PbSe quantum dot samples
synthesized at reaction times between 20 and 40 s.
The plotted absorbance spectra showed that the
bandgap of the nanocrystals decreased with
increasing reaction time due to the size-dependent
bandgap of the colloidal nanocrystals. Four excitonic
peaks were observed, arising from interband
transitions between the energy bands of the quantum
dots. The strong quantum confinement observed in
PbSe nanocrystals is attributed to their large exciton
Bohr radius of approximately 45nm [21]. The
absorbance spectrum in Figure 2(b) is for the
nanocrystals used to fabricate photosensors in this
work. The excitonic peaks are illustrated as k1, k2,
k3, and k4. The most prominent peak (ki)
corresponds to the first interband transition following
optical excitation. ~ The small Half-Width at
Half-Maximum (HWHM) of k1, calculated to be
approximately 50 nm, indicates that the synthesized
nanocrystals exhibit a narrow size distribution. The
bandgap of these quantum dots was determined to be
0.78 eV, making them well-suited for absorption in
the near-infrared region.

The absorbance spectra of the PbSe nanocrystals
before and after the ligand exchange process are
presented in Figure 3. The first excitonic peak (ki) of
the MAA-capped nanocrystals was red-shifted,
indicating an increase in the nanocrystals’ sizes
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Figure 2. (a) Absorbance spectra of PbSe quantum
dots synthesized at different reaction times. (b)
The absorbance spectrum of PbSe quantum dots
synthesized at 40 sec and used in the fabricated
device.
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Figure 3. Absorbance spectra of PbSe quantum
dots before and after ligand exchange.

during the ligand exchange process.
Colloidal PbSe quantum dots dispersed in
chloroform  were drop-cast onto fabricated
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Figure 4. |-V characteristics of the fabricated
PbSe quantum dot photosensor measured in the
dark and under light illumination at room
temperature, before and after annealing.: (a)
annealed in nitrogen, (b) annealed in air.

interdigital devices with an electrode spacing of 50

um. The 1-V characteristics were then recorded over
a bias range of —5 to 5 V at room temperature (RT).
First, two different annealing conditions in nitrogen
and in air were examined at 60 °C for 20 min, and the
I-V curves were drawn in Figure 4(a) and 4(b),
respectively. There was no notable change in both the
photo and dark current of the device after nitrogen
annealing, as shown in Figure 4(a). In contrast, air
annealing increased both the dark and photocurrent

compared with the RT measurements, as illustrated

in Figure 4(b). The enhanced conductivity of the
PbSe nanocrystal film after low-temperature air
annealing is primarily due to two factors. First, the
removal of residual ligands and solvents reduces
interparticle spacing and improves nanocrystal
ordering, facilitating better charge transport.
Furthermore, this mild annealing treatment 60°C for
20 minutes, is insufficient to alter the rock-salt cubic
crystal structure, known to be formed during hot-
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Figure 5. (a) Responsivity and (b) detectivity of
the PbSe quantum dots photosensor plotted as a
function of the applied bias voltage.
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Figure 6. Percentage enhancement in conductivity
of PbSe nanocrystal photodetectors

injection synthesis, or induce phase changes in
solution-processed PbSe nanocrystals [15, 18].
Second, mild oxidation passivates surface trap states
by forming oxide species, which suppress carrier
recombination [15].

The responsivity (R) and the specific detectivity (D)

of the photosensor annealed in air were determined
using the following equations:
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Figure 7. Spectral response of the device
measured under a 5 V bias.

consistent with the absorbance characteristics
presented in Figure 3. Following annealing, the
enhanced optical response of the device aligns with the
increased conductivity and responsivity observed in
the I-V characteristics, indicating overall performance
improvement.

The overall performance of our optimized photosensor
was evaluated by comparing key parameters, including
responsivity, specific detectivity, and processing
temperature, with those reported for planar colloidal
lead chalcogenide (PbSe and PbS) quantum dot
photodetectors, as summarized in Table 1.

Table 1. Comparison of device performance parameters for lead-chalcogenide CQD photodetectors.

Active Material ~ Ligand / post-treatment ~ Responsivity (R)  Specific Detectivity (D*)  Reference
pbScQDs  MAA/ Alro‘é‘)‘“ealed ©0 515 maw 9.5 x 107 Jones This Work
PbSe QDs Oleic Acid / As-cast ~ 1.2 uA/'W 1.0 x 10° Jones [19]
PbS QDs EDT/ Thermal 0.10 mA/W 1.2 x 108 Jones [6]

Treatment
Ion :
R = P 1) 4. Conclusion
i

Where I, is the illumination current, P, is the input

optical power.
1

AZR

D* =

; 0
(2eiq)2
A is the photosensor effective area, e is the electron
charge, and i, is the measured dark current.
Figure 5(a) and 5(b) illustrate the wvariation of
responsivity and specific detectivity, determined based
on the IV results in Figure 4(b), of the PbSe
photosensor annealed in air as a function of the applied
bias voltage. The responsivity and detectivity of the
device had notable improvement after low-temperature
annealing.
Figure 6 shows the percentage enhancement in
conductivity as a function of annealing temperature for
three photosensor devices annealed in air at 60 °C,
70 °C, and 80 °C for 20 min. A reduction in detectivity
at higher annealing temperatures may indicate
nanocrystal aggregation or over-oxidation
[15, 19], though further morphological imaging such
as TEM or SEM would be required to confirm
this mechanism directly.
The spectral response was measured under a 5V bias
for the device annealed in air at 60 °C, both before and
after the annealing process Figure 7. The result
demonstrates that the PbSe quantum dot-based
photosensor effectively detects the near-infrared light,

The electrical and optical properties of near-infrared
photosensors based on colloidal PbSe quantum dots
were systematically investigated. The quantum dots
were synthesized via a hot-injection method, and long-
chain oleic acid ligands were successfully exchanged
with mercaptoacetic acid (MAA) to enhance
interparticle  charge transport.  Current-voltage
characteristics and spectral response measurements
confirmed that the fabricated devices effectively cover
the near-infrared spectrum. Low-temperature air
annealing at 60°C significantly increased device
performance, enhancing specific detectivity by
approximately 35% compared to room-temperature
values. However, higher annealing temperatures led to
performance degradation, highlighting the need for
careful thermal budget optimization to reduce
interparticle spacing without causing over-oxidation or
film damage. These results demonstrate that low-
temperature air annealing provides a low-cost,
effective strategy for optimizing colloidal quantum dot
photosensors.
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