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trabroad band photodetectors
with large open circuit voltage using colloidal
PbSe QDs†

Yuquan Chen,‡ab Chandrasekar Perumalveeramalai, ‡b Chuanbo Li, a

S. V. N. Pammi, c Jagadeesh Babu Bellam,b Xiaoming Zhang *a and Peipei Ma*d

Broad band photodetectors are found to be the inevitable component both in scientific and industrial fields.

Here, PbSe colloidal QDs prepared by a simple, inexpensive hot injectionmethod were used to fabricate ultra-

broadband photodetectors with visible to near-infrared sensing capabilities. The as-fabricated photodetector

has a wide spectral response and a stable photoelectric response to lasers with wavelengths ranging from

405 nm to 1550 nm. The responsivity of the photovoltaic detector is 1.43 mA W−1 at 405 nm, 4.67 mA W−1

at 980 nm and 0.2 mA W−1 at 1550 nm. The device with the optimized structure provides the maximum

Voc of 250 mV under 780 nm light illumination and 100 mV even under 1550 nm illumination. Specifically,

the detectivity value reaches up to 4.54 × 109 Jones under 1550 nm laser illumination with an intensity of

0.41 mW cm−2. As a result, the current study's findings serve as the foundation for the creation of a broad

band photodetector that can detect light in the visible to near infrared range.
1. Introduction

In the realm of photoelectric detection, the branch of broad
band photodetection holds signicant importance in the elds
of memory storage, broad band communication and optoelec-
tronic systems.1 Although broad band photodetectors show
a wide range of application prospects in many elds, their
research and development still faces a series of challenges,
including improving detection efficiency, reducing energy
consumption, and optimizing the cost–benet ratio.2,3 Until
now, separate PDs have been used to cover the sensing of
individual sub-bands from the UV to IR range. For example,
InGaAs-based PDs are used to sense the NIR region and PbS-
based PDs are used for covering mid-IR light.4,5 Nevertheless,
aside from their fabrication challenges, the superior perfor-
mance of the PDs mentioned above was only obtained at low
temperatures. Therefore, necessity of room temperature oper-
atable broad band PDs is always in demand. Moreover, an
individual layer comprising lead chalcogenide-based PDs
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exhibits mostly a narrow wavelength range response.6,7 There-
fore, it is of great signicance to study the working principle,
material properties and device design of broad band photode-
tectors for promoting their technological progress and
expanding their application range. Furthermore, photodetec-
tors operating under an external bias voltage are directly linked
to signicant gains in performance and efficiency, while the
commercialization of devices is indirectly related to size and
packaging challenges. Researchers are currently very interested
in studying photodetectors that operate without an external
power source, so called self-powered devices, for use in wireless
communication and remote sensing applications, particularly
in agriculture, civil engineering and Internet of Things (IoTs).8

Among the chalcogenide-based semiconducting materials,
the PbSe's large exciton Bohr radius of ∼46 nm makes it
possible to tune the band gap from 0.26 eV to 2 eV by adjusting
the size of the nanoparticles and the synthesis parameters.9,10

Through the utilization of superior absorption properties of
PbSe QDs dictated by size, their heterojunction with inorganic
materials may improve PD performance metrics and give them
a self-powered nature. For instance, S. Peng et al. reported the
realization of the p–n heterojunction with the La-doped PbSe
thin lm and 2D-WSe2 and achieved a stable and continuous
response from 405 nm to 1550 nm under 0 V bias.11 R.
Schwanninger et al. demonstrated amid-infrared photodetector
(2710–4250 nm) with a high responsivity of 375 A/W using the
sintered PbSe/PbS heterojunction structure with the metallic
meta-surface absorber.12 Moreover, a photomultiplication effect
was introduced by double layer PbSe CQD lms and the detec-
tion range was extended from the ultra violet (350 nm) to mid-
Nanoscale Adv.
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infrared region (2500 nm).13 However, it's always intriguing to
see self-powered PDs with a wide spectral range especially those
that extend into the NIR region. In order to demonstrate such
broad band self-powered PDs, chalcogenides were integrated
with other materials to improve the absorption characteristics
(related to key performance) and manipulate the band align-
ment to induce the intrinsic electric eld (related to self-
powered operation).11 In a different strategy, broad band self-
powered PDs would be realized through the careful selection
of the electron transport layer (ETL), hole transport layer (HTL),
and electrodes with suitable work function to create an intrinsic
built-in electric eld for charge carrier separation and trans-
portation. A large band offset between neighboring layers would
signicantly lower the dark current, and the built-in electric
eld between the layers would make it easier for charge carriers
to move to the electrodes.14,15 For interface engineering
research, the next step would be to analyze charge carrier
recombination and band offset behavior at the interface.
Recently, solution processed CuSCN was used as the hole
transport layer to fabricate a PbS-based photodiode aimed to
reduce the dark current and enhance the photoresponsivity by
providing the energy barrier between PbS and the anode.16

In this work, we have demonstrated a photovoltaic mode
(self-powered)-operated photodetector (PVPD) using colloidal
PbSe QDs as the photoactive layer in a vertically stacked struc-
ture with ZnO as the electron transport layer (ETL) and CuSCN
as the hole transport layer (HTL). Broad photoresponse
behavior from 405 nm to 1550 nm and response in milliseconds
were demonstrated by the vertically stacked PVPD with device
structure ITO/ZnO/PbSe QDs/CuSCN/Ag. The vertically stacked
PD shows excellent photoresponsivity and specic detectivity
under 0 V bias (i.e. self-powered) by exploiting the unique
interfacial properties of ZnO/PbSe and PbSe/CuSCN hetero-
junctions. Overall, the PVPD device shows a photoresponsivity
of 1.43mAW−1 at 405 nm and 0.2 mAW−1 at 1550 nm under 0 V
bias conditions. The enhanced and broad spectral responses of
the PDs were discussed briey.
2. Experimental section
2.1. Materials

Selenium powder (Se, 99.9%), tri-n-octylphosphine (Top, 90%),
oleic acid (OA, AR), 1-octadecene (ODE,>90.0%), n-hexane
($99%), isopropyl alcohol ($99.9%), n-octane (>99%) and
diethyl sulde ($98%) were purchased from Macklin Chemical
Reagent Factory in China. Yellow lead oxide (PbO, 99.999%),
tetrabutylammonium iodide (99%), methanol (99.5%), zinc
acetate dihydrate ($98%), potassium hydroxide (99.999%), tri-
chloromethane (>99%) and cuprous thiocyanate (99%) were
purchased from Aladdin Chemical Reagent Factory in China.
Acetone (99.5%) was purchased from Tianjin Jindong Tianz-
heng Fine Chemical Reagent Factory in China.
2.2. Synthesis of PbSe quantum dots

First, a Se-TOP precursor solution was prepared by dissolving
2.56 g of selenium powder (Se) in 25.6 mL of tri-n-
Nanoscale Adv.
octylphosphine (TOP). The mixture was then stirred for ten
minutes, and then it was subjected to ten minutes of ultrasonic
treatment. This process was repeated three times until the
selenium powder was completely dissolved into a transparent,
colorless solution. Subsequently, the lead oleate precursor was
synthesized by adding 3.57 g of lead oxide (PbO) powder in
a three-neck ask, and 65.12 mL of 1-octaecene (ODE) and
10.8 mL of oleic acid (OA) were added to the three-neck ask,
and the ask was then heated to 180 °C in an anhydrous and
anaerobic environment. Se-TOP solution was swily injected
and the temperature was quickly raised to roughly 160 °C aer
15 minutes. Following a growth period, the heating apparatus
was turned off, and 20 mL of n-hexane were injected to quench
the solution before it was naturally allowed to cool to room
temperature. To boost the stability of the QDs, 8 mL of a 15 mg
mL−1 ammonium chloride-methanol solution is injected into
the solution when the temperature drops to 60 °C. Ultimately,
the QDs undergo separation, purication, and cleaning using
an acetone and isopropyl alcohol mixture.

2.3. Device fabrication

2.3.1. Self-powered photovoltaic detectors. The vertically
stacked PD with device structure ITO/ZnO/PbSe/CuSCN/Ag was
fabricated by solution processing. First, ZnO QDs were spin
coated on patterned ITO glass substrates with a speed of
3000 rpm for 30 s (three layers) and dried at 70 °C for 30
minutes. Subsequently, PbSe QD layers (size of the QD is ∼5.62
nm) were deposited by spin coating with a speed of 2500 rpm,
30 s. The spin coating procedure was repeated (ve times) to
obtain the desired thickness. Following the completion of each
layer, the ligand exchange procedure was conducted using
a TBAI-methanol solution, and the sample was then dried for 60
minutes at 40 °C. The CuSCN precursor was prepared by dis-
solving 70 mg of cuprous thiocyanate (CuSCN) powder in 2 mL
of diethyl sulde. Aer 20 minutes of ultrasonic treatment, the
CuSCN was fully dissolved, yielding a 35 mg mL−1 transparent,
pale yellow solution. The CuSCN layer was deposited by spin
coating for 30 seconds at 2000 rpm. Lastly, the top Ag electrode,
which has a thickness of 80 nm, was deposited by vacuum
evaporation, and the device size was determined by using
a shadow mask.

2.4. Characterization

The structural, morphological, and optical properties of the as-
synthesized QDs were analyzed through characterization. The
powder X-ray diffraction (XRD) pattern was acquired with a XD-3
diffractometer using monochromatic Cu Ka radiation (l =

1.54056 Å), 36 kV and 20 mA. The surface morphology of the as-
synthesized QDs was obtained by scanning electron microscopy
(SEM) with an S-4800 (FESEM). Transmission electron micros-
copy (TEM) studies were performed using a Tecnai G2 F20 high
resolution transmission electron microscope. X-ray photoelec-
tron spectroscopy (XPS) was performed using a Thermo escalab
250Xi. The optical absorption characteristics of QDs were
analyzed by using a UV-3600 plus UV-vis-NIR spectrophotom-
eter. The photoelectric properties of the device were measured
© 2025 The Author(s). Published by the Royal Society of Chemistry
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by using a keithly 4200 SCS system. Laser diode light sources
with different wavelengths (405 nm, 650 nm, 780 nm, 850 nm,
980 nm and 1550 nm) were used for the illumination of the
device to measure the photocurrent with adjustable power. A
Thorlab power meter was used to measure the illumination
intensity.
3. Results and discussion

Fig. 1a shows the XRD pattern of the as-synthesized PbSe QD
thin lms with a growth time of 200 s and Fig. S1 (ESI†) shows
QDs with varying growth times. The PbSe QDs have obvious
diffraction peaks at 2q values of 25.13°, 29.11°, 41.68°, 49.24°,
51.65°, 60.41°, 66.40°, and 68.41° corresponding to the (111),
(200), (220), (311), (222), (400), (331), (420) and (422) crystal
planes of bulk PbSe, respectively (PDF# 77-0245), of the face
centered cubic rock salt structured PbSe crystal. It is noteworthy
that the broadening of diffraction peaks indicates that an
increase in growth time was associated with an increase in QD
size. Overall, the XRD pattern shows that the sample's peak
position agrees well with the standard card and that there is no
noticeable miscellaneous peak, suggesting a high level of purity.

Furthermore, the structural properties of the as-synthesized
PbSe QDs were analyzed by characterizing with HRTEM. The
HRTEM image of PbSe QDs synthesized for a growth time of
200 s is shown in Fig. 1b, and the corresponding size distribu-
tion plot is shown in the inset, indicating that monodispersed
QDs were observed with high crystallinity and a spherical shape.
Fig. 1 (a) X-ray diffraction pattern of PbSe QDs; (b) HRTEM image of Pb
distribution plot); (c) UV-vis-IR spectra of PbSe QDs; (d) XPS survey spe
resolution XPS spectrum of Se3d.

© 2025 The Author(s). Published by the Royal Society of Chemistry
It can be observed that with the increase of reaction time, the
size of the quantum dots increases, but the shape is basically
similar without a signicant change as shown from the HRTEM
image in Fig. S2 (ESI).† Additionally, the size increase of QDs, as
shown by HRTEM and size distribution analysis from Fig. S2
and S3,† supported the broadening of the XRD peaks. The
measured average particle size of QDs with growth times of 60,
120, 200, and 300 seconds is 4.82 nm, 5.14 nm, 5.62 nm, and
6.21 nm, respectively, based on HRTEM and size distribution
analysis.

The ability of CQDs to absorb light can be directly reected
by their absorption spectrum, which makes it a valuable tool for
researching their photoelectric characteristics. According to
Fig. 1c and S4,† 1417 nm, 1465 nm, 1588 nm, and 1704 nm are
the rst exciton absorption peaks, which correspond to PbSe
QDs with growth times of 60 s, 120 s, 200 s, and 300 s, respec-
tively. The absorption peak is redshied and the QD size
increases with increasing reaction time. This is because the
absorption peak shis to a longer wavelength as a result of the
weakening of the particle's quantum limiting effect and the
reduction of the energy level difference caused by an increase in
particle size.17 Therefore, the band gap of PbSe QDs was tuned
from 0.87 eV to 0.72 eV.

The stoichiometric composition and elemental states of as
synthesized PbSe QDs were analyzed by X-ray photoelectron
spectroscopy. Fig. 1d presents the survey spectrum of PbSe QDs
synthesized for 200 s (∼5.62 nm), where peaks related to Pb, Se,
oxygen and carbon elements were observed. The high-
Se QDs synthesized with a growth time of 200 s (inset shows the size
ctrum of PbSe QDs; (e) high resolution XPS spectrum of Pb4f; (f) high

Nanoscale Adv.
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Fig. 2 (a) Schematic illustration of the photovoltaic PD (left side) and cross-sectional FESEM image of the PDwith device structure ITO/ZnO (163
nm)/PbSe QDs (385 nm)/CuSCN (135 nm)/Ag (right side); I–V plot of the PD at various optical power densities under (b) 405 nm, (c) 650 nm, (d)
780 nm, (e) 850 nm, (f) 980 nm and (g) 1550 nm illumination.

Nanoscale Adv. © 2025 The Author(s). Published by the Royal Society of Chemistry
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resolution XPS spectra of Pb and Se elements are shown in
Fig. 1e and f, respectively. The Pb4f peak's doublet feature was
clearly visible at a binding energy of 138.4 eV, which corre-
sponds to the Pb4f7/2 core level, and 143.0 eV, which corre-
sponds to the Pb4f5/2 core level of Pb2+ cations. The 5 eV BE
difference indicates that the Pb atoms have strong binding.18

Fig. 1f shows that the strong core level of the peak of Se atom
corresponds to the Se5d core level of Se2− ions. From the XPS
spectra, the stoichiometric composition of PbSe QDs was
determined. The Pb : Se atomic ratio of 1 : 0.8 indicates the
deciency of Se content in PbSe QDs.

In order to exploit the advantage of as-synthesized PbSe QDs,
we have fabricated the photovoltaic PD (PVPD) with device
structure ITO/ZnO/PbSe QDs/CuSCN/Ag. Fig. 2a shows the
schematic gure of the device structure and high resolution
FESEM image cross-section of the device with a clear interface
structure. The thickness of the ZnO electron transport layer
(ETL), photoactive layer, and CuSCN hole transport layer (HTL)
was optimized to 163 nm, 385 nm, and 135 nm, respectively.
The optoelectronic performance of PVPD was investigated
systematically by illuminating with different wavelength light
sources from visible to near infrared (NIR) and under various
illumination intensities. The scanning voltage is set to −1 V to
+1 V, and the I–V characteristic curve of the device under dark
conditions and under illumination with a 405 nm laser source is
shown in Fig. 2b. Under dark conditions, apparently the device
has shown strong rectifying behavior with a rectication ratio of
35 at ±1 V. With an open circuit voltage of 250 mV and a short
circuit current of 1.8 × 10−7 A, the device exhibits a clear
photovoltaic effect when illuminated using a 405 nm laser
source with an optical power density 6.08 mW cm−2. The esti-
mated on/off ratio of ∼103 indicates the high sensitivity of the
PVPD for visible light detection. The offset voltage enables the
PD to be operated without a power source (i.e. self-powered). In
addition, the broad band response of the PVPD was demon-
strated by illuminating the detector with lasers of different
wavelengths and different optical power densities. The
measured I–V characteristic curve is shown in Fig. 2c–g. The I–V
plots under lighting conditions clearly show the photovoltaic
features, with the photocurrent increasing gradually as the
intensity of the illumination increases, and with an obvious
shiing of the curve from 0 V.

It is well known that the open circuit voltage (Voc), in
conjunction with the short circuit current and ll factor, is one
of the parameters used to assess the efficiency of solar cells.19

Voc is reportedly mostly dependent on the electronic states at
the heterojunction interface.20 In other words, the magnitude of
Voc will thus be determined by the Fermi energy level, valence
band maximum, and charge recombination mechanism at the
interface.21 It is noteworthy that even the best depleted hetero-
junction solar cells have shown an open circuit voltage of less
than 500 mV, where the metal oxide interface plays a unique
role to decide the Voc.22 Therefore, the determination of Voc
explains the existence of the built-in potential at the interface of
the heterojunction device, which in turn explains the self-
powered mode operation of PDs. For any device structure, the
Voc is mainly controlled by the defect state density of the device.
© 2025 The Author(s). Published by the Royal Society of Chemistry
As illustrated in Fig. 3a, both the power density and the wave-
length of the light radiation have a signicant impact on the Voc.
It is observed that the Voc increases invariably with wavelength
and logarithmically with light power density. The dependence
of Voc on light power density is expressed using the following
equation:

Voc/q = Eg + nID kT log(I/I0)

where Eg is the bandgap, q is the elementary charge, k is the
Boltzmann constant, T is the absolute temperature, and nID is
the ideality factor. The ideality factor is directly related to the
recombination mechanism that occurred at the interface.23 The
ideality factor at different wavelengths is tabulated in Table S1.†
The nID shows the value of 1.81 and 1.89 for 980 nm and
1550 nm, which suggested that the Shockley–Read–Hall (SRH)
recombination mechanism dominates due to intragap defects
at Voc.24,25

It is important to carefully extract the energy levels of each
functional layer, in this case ZnO, PbSe, and CuSCN, in order to
provide a clear picture of the charge transport mechanism. The
band gaps of ZnO, PbSe and CuSCN layers were estimated from
the absorption spectra and their corresponding Tauc plot as
shown in Fig. S5 (ESI).† The Tauc plot was obtained by plotting
(ahn)2 V s hn and the band gaps of ZnO, PbSe and CuSCN were
calculated to be 3.49 eV, 0.75 eV and 3.89 eV, respectively. As
illustrated in Fig. S6(a–i)†, the parameters such as work func-
tion, valence band maximum (VB), and conduction band
minimum (CB) of the layers to establish the energy levels of
ZnO, PbSe and CuSCN were extracted from the corresponding
UPS spectrum. For ZnO, PbSe, and CuSCN, respectively, the
effective work function of the layers was found to be 4.72, 4.98,
and 4.97 eV, which closely agreed with the reported literature.26

The schematic energy level diagrams of PVPD layers before
contact and aer contact under light illumination are depicted
in Fig. 3b–d. From the gure, the charge transport mechanism
of our device has been picturized as follows: prior to contact,
ZnO, PbSe, and CuSCN have distinct Fermi energies under dark
conditions. The UPS measurement yielded the EF values of ZnO,
PbSe, and CuSCN, which are 4.72 eV, 4.97 eV, and 4.98 eV,
respectively. When they come into contact, the EF levels tend to
align in the same level by the transfer of electrons from PbSe to
ZnO and transfer of holes from ZnO to PbSe, which constitute
the internal built-in electric eld. The built-in electric eld is
having the direction from ZnO to PbSe. Similarly, the EF levels of
CuSCN (4.98 eV) and PbSe (EF∼ 4.97 eV) align each other, which
creates the built-in electric eld. Under light illumination,
excitons (electron–hole pairs) are generated, which are sepa-
rated by the built-in electric eld and move to the respective
electrodes.27,28 Therefore, our device with an optimized struc-
ture provides the maximum Voc of 250 mV under 780 nm light
illumination. It is noteworthy that our device was able to
produce a voltage of 100 mV even under 1550 nm illumination,
demonstrating its superiority. Overall, operational capability at
0 V bias from 405 nm to 1550 nm (visible to infrared region)
makes our device feasible for broad band application.
Nanoscale Adv.
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Fig. 3 (a) Dependence of open circuit voltage (Voc) on incident power density at different wavelengths of irradiation. The energy level band
diagram of the PVPD with structure ITO/ZnO/PbSe/CuSCN/Ag, (b) before contact, (c) after contact, (d) after contact under illumination at 0 V
bias; (e) dependence of photocurrent on incident power density under 405 nm, 980 nm and 1550 nm light illumination; dependence of
photoresponsivity (R) and specific detectivity (D*) on illumination intensity under (f) 405 nm, (g) 980 nm, and (h) 1550 nm light illumination.

Nanoscale Adv. © 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 The dynamic photoresponse characteristic curve of the PVPD at different wavelengths and light power densities (a) 405 nm, (b) 980 nm,
and (c) 1550 nm; enlarged portion of the I–t curve edge on rise (RT) and decay time (DT) of PVPD under (d and e) 405 nm and (f and g) 1550 nm
illumination; (h) graphical chart for the response time at different wavelengths.

Paper Nanoscale Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 6

/2
/2

02
5 

7:
02

:2
7 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Fig. 3e displays a logarithmic plot of the PVPD photocurrent
as a function of incident power. The power law function IphaP

m

was used to t the curves. Remarkably, for the wavelength of
405 nm, 980 nm and 1550 nm, the exponent m yields the values
0.80, 0.36 and 0.67. The m value actually gets close to the
optimal value of 1 for a wavelength of 405 nm, whereas other
wavelength yields a lowerm value. Because recombination takes
place deep within the band gap and the quasi-Fermi level does
not cross the recombination centers, this phenomenon is seen
in perovskite-inspired materials operating in photovoltaic
mode.29

Quantitative parameters to take into account when charac-
terizing the PDs include photoresponsivity (R), specic detec-
tivity (D*), response time (sR and sD), external quantum
efficiency (EQE), and photoconductive gain. The relationship
between the incident light power density and the detector's
Table 1 The key parameter comparison table for chalcogenide-based p

Device structure
Detection
wavelength (nm)

Bias
condition (V)

Au/PbS superlattice/Au 1550 1
FTO/TiO2/PbS/CuSCN/Ag 1
Cr/PbSe/Cr 1550 0
Au/PbSe/Au 1000–4000 10
Cr/Au/PbSe/Cr/Au 2700 0
Au/CdS/PbSe/Au 4700 0
FTO/ZnO/EDT-PbSe/
TBAI-PbSe/MoO3/Ag

1500–2500 −1

Pt/PbSe QDs/Pt 1520
CdSe/PbSe/ZnS/Au 3500 0
Au/PbSe CQDs/CdS/CdSe: In/Si 4200
ITO/ZnO/PbSe/CuSCN/Ag 405 0

1550 0

© 2025 The Author(s). Published by the Royal Society of Chemistry
specic detectivity and responsivity is reected in Fig. 3f–h,
respectively. Under 405 nm illumination, our results indicate
the formation of an excellent interface between the ETL, HTL
and photoactive layer, which is reected in the sensitivity and
photoresponsivity. The typical absorption characteristics of
PbSe, which exhibit high absorption in the lower wavelength
region, are further demonstrated by a high R of 1.43 mA W−1

under 405 nm illumination, which is greater than 0.2 mA W−1

under 1550 nm illumination and less than 4.67 mA W−1 under
980 nm illumination. The specic detectivity values calculated
for the PVPD under 405, 980 and 1550 nm illumination are
1.18 × 1010 Jones, 3.69 × 1010 Jones, and 4.54 × 1010 Jones,
respectively. Both the R and D* values show a trend of
decreasing with increasing illumination intensity. This
phenomenon in our PDs indicates that at low illumination
intensity, the photogenerated carriers are mostly captured by
hotodetectors

Photoresponsivity
(mA W−1)

Detectivity
(Jones)

Response
time Ref.

1.44 × 103 5.8 × 1010 100 ms/123 ms 31
5 × 1010 50 ms/110 ms 16
1.13 × 109 32

10 — 140 ms/120 ms 33
6.6 × 10−3 6.6 × 107 34
55 5.48 × 108 35
100 ∼1011 140/410 ms 13

960 8.13 × 109 36
40 000 7.5 × 10 9 —
360 8.5 × 108 — 37
1.43 1.18 × 1010 252 ms/82 ms This work
0.20 4.54 × 109 235 ms/157 ms
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the trap states and consequently the electron–hole recombina-
tion is reduced.30 On the other hand, a relatively small propor-
tion of the photogenerated carriers are captured by the trap
states at high illumination intensity. Therefore, the device
reacted more sensitively to the low intensity of incident light.
The number of photons on the detector per unit of time
decreases with decreasing optical power density, and each
photon has the capacity to excite an electron–hole pair. Because
of this, there are fewer electron–hole pairs formed by photons,
and as a result, there are fewer excited electron–hole pairs,
which lowers the photogenerated current owing through the
detector and lowers the switching ratio.

The optical response characteristics of the detector were
investigated by testing the PVPD's I–t curve under different
optical power densities with different wavelength light sources
at 0 V bias. As portrayed in Fig. 4a–c, regardless of the illumi-
nation wavelength (405 nm, 980 nm, and 1550 nm), the
maximum photocurrent was found to be unaltered, indicating
the highly reproducible over long operation period and stable
characteristics of the device. Furthermore, the PD's response
and recovery times are essential parameters for validation
before practical application. The magnied edge of the ON and
OFF cycle of the I–t curve measured under 405 nm illumination
is shown in Fig. 4d and e. The PVPD shows 252 and 82 ms for
the rising and decaying times, respectively. These times are
dened as the amount of time needed for the photocurrent to
increase from minimum to 90% of the maximum photocurrent
and to decrease from maximum to 10% of the maximum
photocurrent. The response time of the PVPD under 1550 nm
illumination is also measured as shown in Fig. 4f and g, which
yields 235 ms and 157 ms. Actually, our device's measured
response time ought to be lower because it has been con-
strained by metrics like the laser source switching speed. The
summary of the response time in the broad spectral range is
graphically displayed in Fig. 4h. The response time is signi-
cantly shorter than with the PCPD, which is associated with the
short charge carrier path that the PD design offers.34 The
comparison of key parameters with PbSe-based photodetectors
is given in Table 1. It is evident that our device responds rapidly
to light in the visible to infrared range, making it appropriate
for wide-band optoelectronic applications.

4. Conclusion

In brief, PbSe colloidal QDs with superior monodispersity,
consistent size, and superior structural quality were synthesized
using a hot injection technique. The as-synthesized QDs exhibit
a redshi phenomenon, the absorption peak of the rst exciton
varies from 1417 nm to 1704 nm, and the absorption spectra
demonstrate that the particle size increases gradually with the
increase in reaction time. As the light absorption layer, PbSe
QDs with an absorption peak of 1588 nm were selected in order
to fabricate the photodetector. The photovoltaic mode detector
with device structure ZnO/PbSe/CuSCN exhibits photo-
responsivity of 1.43 mA W−1 at 405 nm, 4.67 mA W−1 at 980 nm
and 0.2 mA W−1 at 1550 nm, respectively. Furthermore, the
photovoltaic detectors' specic detectivity and response time,
Nanoscale Adv.
which are important gures of merit parameters, were on par
with or superior to the PDs that were published, particularly in
broad band spectral mode. Hence, the research results have led
to signicant progress in the application of PbSe QDs in high-
performance photodetectors with a broad spectral range.
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