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e broadband photodetectors
based on all-inorganic perovskite CsPb(Br/I)3
nanocrystal/CdS-microwire heterostructures†

Haixia Li, * Weiwei Lin, Liang Ma, Yang Liu, Yu Wang, Ao Li, Xiaorui Jin
and Lun Xiong*

High-performance broadband photodetectors that can operate at UV, visible, and near-infrared

wavelengths have been fabricated based on CsPb(Br/I)3 nanocrystal (NC)/CdS-microwire (MW)

heterostructures. Under an incident light illumination of 365, 530, and 660 nm, the CsPb(Br/I)3-NC/CdS-

MW-heterostructure-based photodetector exhibited a superior photosensitivity and broader spectral

response than those of a bare-CdS-MW-based photodetector, which can be attributed to the light-

trapping ability of the CsPb(Br/I)3 NCs and charge-transfer efficiency at the CsPb(Br/I)3-NC/CdS-MW-

heterojunction interface. The photodetector based on the CsPb(Br/I)3 NC/CdS-MW heterostructure also

exhibited a good response to near-infrared light (760 and 810 nm) because the produced heterojunction

facilitates the spatial separation of the photogenerated carriers, and the carriers are transferred from the

CsPb(Br/I)3 NC part to the CdS MW part through diffusion due to the relatively long diffusion length in

the CsPb(Br/I)3 layer. Therefore, the proposed photodetectors are promising for constructing high-

performance broadband optoelectronic devices.
1. Introduction

Semiconductors of groups II–VI, especially CdS, have attracted
great research interest due to their direct wide band gap (2.4
eV), good optical properties, and environmental stability. These
properties render them suitable for developing high-
performance photodetectors, eld-effect transistors, light-
emitting diodes, and batteries.1–6 Photodetectors are of great
importance because of their excellent performance and wide
application in photoswitching, photoelectric conversion, and
optical communication.7–11 Several groups have proposed
photodetectors fabricated using different CdS nano-
structures.12–14 Although this is considered a breakthrough in
the eld, these photodetectors exhibit relatively restricted
performance due to the limited optoelectronic-transfer effi-
ciency and light-absorption ability of the CdS nanomaterials. In
addition, owing to the intrinsic electronic band structure of the
material itself, the spectral selectivity of the current photode-
tectors is limited to a wavelength range of 300–520 nm. For
example, a photodetector based on a CdS:Ga nanoribbon/Au
Schottky junction exhibited rise/fall times of 95/290 ms,
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the Royal Society of Chemistry
respectively. However, due to the large band gap of CdS nano-
ribbons, this device could only detect illumination at a wave-
length shorter than 510 nm.15

A broadband response photodetector enables light detection
in multiple wavelength ranges, which allows a single device to
perform several tasks previously achieved by multiple devices.
Thus, in recent years, broadband response photodetectors have
received signicant research interest. However, the research on
broadband photodetectors that can respond to light at different
wavelengths is still lacking.

To overcome these problems, several strategies, such as
integration with strong light-absorbing materials to form het-
erojunctions16 and novel architecture design,17 have been
proposed. The all-inorganic cesium-lead halide (CsPbX3, X¼ Cl,
Br, I, or mixed Cl/Br and Br/I) perovskite nanocrystals (NCs)
have been proposed as a strong light-absorbing material for
several applications, such as solar cells,18 light-emitting
diodes,19,20 and photodetectors.21–23 These materials offer
several advantages, such as strong light-absorbing property,
long diffusion length of the charge carriers, and low-cost solu-
tion processing.24–26 In addition, it is possible to tailor the band
gap of the CsPbX3 materials by changing the halide or through
anion-exchange reactions.27 CsPbX3 NCs can be excited by high-
energy photons (wavelength < 400 nm), but they are more
sensitive to the whole-visible-light window (wavelength: 408–
694 nm), which renders them ideal sensitizers for combining
with other light-sensitive materials to form heterojunction and
improve the photoresponse.28 For optical materials, depending
RSC Adv., 2021, 11, 11663–11671 | 11663
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on the nature of the heterocombinations, these could help in
either conning or efficiently transporting the photogenerated
carriers from one counterpart to another. Thus, depending on
the coupled materials, heterostructures composed of two
materials exhibit better optical stability than single
materials.29–31

Excellent results have been obtained using these hetero-
structures. You et al. reported a photodetector based on
a CsPbBr3/ZnO heterostructure using solution processing.32

Owing to the interfacial charge transfer from perovskite to ZnO,
the light photocurrent of the devices was enhanced by more
than one order of magnitude. In addition, the photodetector
exhibited a broader photoresponse range up to 450 nm owing to
the high-absorption coefficient and large spectral coverage of
the CsPbBr3/ZnO heterostructure. However, the spectral
response range of the detector cannot cover the whole ultravi-
olet and visible region; thus, the broadband photodetectors still
require wider investigation. The band-gap energies of CsPb(Br/
I)3 NCs and CdS nanomaterials are approximately 1.9 and
2.4 eV, respectively, which makes them ideal for band align-
ment.17,19 Thus, the authors believe that CsPb(Br/I)3 NCs/CdS
microwires (MWs) heterostructures are promising candidates
for the fabrication of high-performance broadband
photodetectors.

In this study, a high-performance broadband photodetector
based on CsPb(Br/I)3 NC/CdS-MW heterostructures was fabri-
cated using a convenient method. The photodetector perfor-
mance was systematically investigated in terms of current
responsivity (R), external quantum efficiency (EQE), detectivity
(D*) at 365, 530, 660, 760, and 810 nm. The device exhibited
broadband photodetection that covers the UV-visible-near-
infrared (UV-VIS-NIR) range (up to 810 nm) and a superior
photosensitivity, which is attributed to the charge transfer at
the interface and the absorption capability of CsPb(Br/I)3 NCs.
2. Experimental section
2.1 Growth of CdS MWs

The CdS MWs were synthesized following a method described
in a previous study.17 The CdS MWs were grown on an Si
substrate using chemical vapor deposition (CVD) in a horizontal
tube furnace. First, a mixture (1 g) of CdS (99.99%) and bismuth
(99.999%) powders were placed at the center of a quartz boat.
Next, the boat was transferred into the center of the quartz tube,
and the Si substrate was placed at a 16 cm distance from the
source to collect the deposited products. Ar (100 sccm) was used
as the carrier gas during the MW growth. The furnace was
heated to 950 �C over 45 min and maintained at this tempera-
ture for another 45 min. The furnace was then naturally cooled
to room temperature (RT), and the wool-like light-yellow prod-
ucts were collected.
2.2 Synthesis of CsPb(Br/I)3 NCs

CsPb(Br/I)3 NCs were synthesized by rst mixing cesium
carbonate (Cs2CO3, 0.4 g), oleic acid (OA, 2 ml), and 1-octade-
cene (ODE, 20 ml) in a 50 ml three-necked ask and dried at
11664 | RSC Adv., 2021, 11, 11663–11671
120 �C for 1 h. Next, the mixture was heated to 120 �C under N2

atmosphere to completely dissolve the Cs2CO3 powder. The
produced Cs-oleate solution was then stored at RT and pre-
heated to 100 �C immediately before using it in the synthesis of
CsPb(Br/I)3 NCs.

Following a typical synthesis of CsPb(Br/I)3 NCs, PbBr2 (0.047
mmol), PbI2 (0.141 mmol), and ODE (5 ml) were loaded into
a 50ml three-necked ask and dried under vacuum at 120 �C for
1 h. Dried OA (0.5 ml) and oxalic acid monothioester (OAm, 0.5
ml) were injected under N2 ow at 120 �C. The temperature was
then increased to 160 �C, at which the Cs-oleate (0.4 ml) was
rapidly injected. Aer 5 s, the reaction mixture was cooled down
to RT by immersion in a cold-water bath. The NCs were
precipitated out of crude solutions at RT and separated by
centrifugation at 12 000 rpm for 10 min. The precipitates were
dissolved in hexane, and ethyl acetate was added to the hexane
dispersion and centrifuged at 10 000 rpm for 5 min. Aer
decanting the supernatant, the nal precipitates were redis-
persed in hexane for further use.

2.3 Photodetector fabrication

Aer the CdS MWs growth, an ultralong (�0.1 cm) CdS MWwas
deposited on the polyethylene terephthalate (PET) substrate.
Then aer, the silver paste was applied at the both ends of the
single CdS MW. The sample was then dried in a furnace at
150 �C for 1 h under an air atmosphere, and the resulting silver
paste was used to fabricate the electrodes. Photodetectors with
two-terminal structures were fabricated using single CdS MWs
to form the working element. Next, the CsPb(Br/I)3-NC/CdS-
MW-heterostructure photodetector was built through a crystal-
lization process on individual CdS-MW devices. In this process,
a small amount of CsPb(Br/I)3 NC precursor solution was spin-
coated (3000 rpm) on the as-fabricated CdS MWs photodetec-
tors, and the sample was then heated under an air atmosphere
at 80 �C (on a hot plate) for 0.5 h, which resulted in a CdS MW
with its entire surface uniformly covered with colloidal CsPb(Br/
I)3 NCs.

2.4 Measurements

The morphology and crystalline structure of the as-deposited
CdS MWs and CsPb(Br/I)3 NCs were characterized using eld-
emission scanning electron microscopy (FSEM: FEI Nova
Nano-SEM 450) and high-resolution transmission electron
microscopy (HRTEM: FEI Titan G2 60-300), X-ray diffraction
(X'pert Pro, PANalytical B.V., Netherlands). The photo-
luminescence (PL) tests of the single CdS MW and CsPb(Br/I)3
NCs were performed at RT using an He–Cd laser (l ¼ 325 and
532 nm). The extinction spectra were analyzed using UV-VIS-
NIR spectrophotometry (TU1810, Beijing Pgeneral). All
measurements were carried out at RT under ambient condi-
tions. An ultraviolet photoelectron spectroscopy (UPS, AXIS-
ULTRA DLD-600W) was employed for the work function
measurement. The UV-NIR photoresponse was measured
between two electrodes at a xed bias voltage of 5 V by changing
the wavelength of a portable lamp light (l ¼ 365, 530, 660, 760,
and 810 nm).
© 2021 The Author(s). Published by the Royal Society of Chemistry
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3. Results and discussion

Fig. 1(a) shows the structural representation of the photode-
tector based on CsPb(Br/I)3 NC/CdS-MW heterostructures. The
silver paste bonded to the two materials used as electrodes.
Fig. 1(b) represents the as-fabricated photodetectors based on
CsPb(Br/I)3-NC/CdS-MW-heterostructure, and the entire surface
of the CdS MW was uniformly covered with CsPb(Br/I)3 NCs.
The energy-band-structure diagram of the CsPb(Br/I)3 NC/CdS-
MW heterostructures (Fig. 1(c)) indicates the energy difference
in the conduction bandminimum between CsPb(Br/I)3 NCs and
CdS MW, resulting in the formation of a depletion region,
which facilitates the separation of the photogenerated electron–
hole pairs in the perovskite layer and electron transfer across
the interface of the heterojunction. Under constant external
operating conditions, the response performance of the photo-
detectors was largely determined by the absorption capability of
the CsPb(Br/I)3 NC layer and the charge-transfer efficiency at the
interface between CsPb(Br/I)3 NCs and CdS-MW hetero-
structures. As mentioned above, the combination of CsPb(Br/I)3
NCs and CdS MWs may offer new possibilities for fabricating
photodetectors with high performances due to the strong
absorption capability and matching band structure of the two
materials.

Fig. 2(a) shows a typical SEM image of CdS MWs, which
indicates that the diameters of MWs ranged from several
hundred nanometers to several micrometers. Fig. 2(b) shows
a TEM image of CsPb(Br/I)3 NC/CdS-MW heterostructures,
which shows that CsPb(Br/I)3 NCs were uniformly distributed
on the surface of the CdS-MW wire. Fig. 2(c) shows the HRTEM
image of high-quality CdSMWs decorated with CsPb(Br/I)3 NCs.
The lattice spacing within the bulk of the CsPb(Br/I)3 NC/CdS-
MW-hybrid structures was measured to be approximately
0.334 nm, indicating that the as-prepared CdS was a single
crystal with a preferred growth direction parallel to the [001]
direction.12 The HRTEM image recorded within the decoration
layer shows that the CsPb(Br/I)3 NCs exhibited a cubic structure
with the range of 10–20 nm. The HRTEM image also indicates
that CsPb(Br/I)3 NCs had a well-dened crystalline structure
with a cubic lattice parameter of 0.296 nm along the [210]
direction.19 The energy-dispersive X-ray (EDX) spectroscopy
mapping (Fig. 2(d)) revealed a homogeneous spatial
Fig. 1 Schematics illustrating the workingmechanism of CsPb(Br/I)3-NC
on CsPb(Br/I)3 NC/CdS-MW heterostructures, which consists of a PET
CsPb(Br/I)3 NC/CdS-MW heterostructures under illumination, and (c) a
charge transfer at the interface of CsPb(Br/I)3 NC/CdS-MW heterostruct

© 2021 The Author(s). Published by the Royal Society of Chemistry
distribution of Cd and S within the CdS-MW part, while the
signals from element Cs, Pb, Br, and I were obtained from the
entire coated area of the CsPb(Br/I)3 NC/CdS-MW hybrid-
structure. As shown in Fig. S1,† energy-dispersive spectros-
copy (EDS) analysis was used to assess the chemical composi-
tion of the fabricated CsPb(Br/I)3 NC/CdS-MW heterostructure.
It indicated that the hybrid structures contained elemental Cd,
S, Cs, Pb, I, and Br. As mentioned above, these results indicate
that the CsPb(Br/I)3 NCs were wrapped around MWs.

Fig. 3(a and b) show the XRD patterns of as-fabricated CdS
MWs and CsPb(Br/I)3 NCs, respectively. These tests were per-
formed to explore the phase structure of CdSMWs and CsPb(Br/
I)3 NCs. For the Fig. 3(a), all the diffraction peaks can be
assigned to CdS MWs with a hexagonal wurtzite structure,
which indicates the good crystallinity of CdS MWs and agrees
with the standard date le (JCPDS no. 41-1049).17 Fig. 3(b) shows
the XRD result of the CsPb(Br/I)3 NCs (JCPDS no. 54-0752);19 two
additional diffraction peaks appeared at 15.2� and 30.6� that
can be assigned to (100) and (200), respectively, which corre-
spond to the cube morphology indicated by Fig. 1(c). Compared
to the CsPbBr3 NC peaks, those of CsPb(Br/I)3 NCs were shied
to a lower angle (the lower part of Fig. 3(b)). This deviation could
be attributed to the atomic radius of I, which is larger than that
of Br, leading to an extended lattice.32

X-ray photoelectron spectroscopy (XPS) studies were conducted
to further investigate the elemental composition of CsPb(Br/I)3
NCs. The results (Fig. 3(c)) indicated the presence of Cs, Pb, Br, and
I in CsPb(Br/I)3 NCs. Fig. S2 (ESI†) shows that the high-resolution
XPS spectra of Cs-3d, Pb-4f, Br-3d, and I-3d in CsPb(Br/I)3 NCs were
observed at 725.55, 136.15, 69.90, and 619.95 eV, respectively,
which are similar to results of previous reports.19

Fig. 3(d) shows the UPS results of CsPb(Br/I)3 NCs. The
energy at the top of the valence band was calculated based on
the lowest binding energy. In addition, the work function of
CsPb(Br/I)3 NCs was calculated to be 3.24 eV by subtracting the
secondary electron cut-off energy of CsPb(Br/I)3 NCs (17.98 eV)
from the incident ultraviolet photon energy (21.22 eV).33 More-
over, the energy difference between the Fermi level (EF) and the
top of the CsPb(Br/I)3 NC valence band was determined to be
2.74 eV. Based on the bandgaps in CsPb(Br/I)3 NCs (1.93 eV), the
valence band maximum (VBM) and the conduction band
minimum (CBM) values of CsPb(Br/I)3 were determined to be
/CdS-MW-heterostructure photodetector: (a) the photodetector based
substrate and a silver paste contacts, (b) a photodetector based on
simplified energy-band alignment of the photodetectors showing the
ures under a laser light.

RSC Adv., 2021, 11, 11663–11671 | 11665
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Fig. 2 Characterization of CdS MWs and CsPbBr3 NCs: (a) a typical enlarged SEM image of CdS MWs, (b) a typical TEM image of CdS MWs, (c)
a typical HRTEM image of CsPb(Br/I)3 NC/CdS-MW heterostructures, and (d) elemental mappings of CsPb(Br/I)3 NC/CdS-MW heterostructures
of the selected area.
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�5.98 and �4.05 eV, respectively. According to the literature,
the VBM and CBM of CdS are approximately �6.8 and �4.4 eV,
respectively.34 Fig. 3(e) shows the energy-level alignment of the
CsPb(Br/I)3 NCs/CdS MWs. Fig. 3(f) illustrates the energy-level
diagrams of CsPb(Br/I)3 NC/CdS-MW-hybrid structures under
equilibrium in the dark. The electrical junction was formed
when the CsPb(Br/I)3 NCs were brought into contact with CdS
Fig. 3 (a) The XRD profile of the as-fabricated CdSMWswith a PDF card n
54-0752, (c) XPS spectra of the CsPb(Br/I)3 NCs, (d) the left panel shows
shows the UPS spectra illustrating the magnified view of the low bindin
CsPb(Br/I)3 NCs and CdS MWs before contact, and (f) a band diagram of
dark.

11666 | RSC Adv., 2021, 11, 11663–11671
MWs, and that electrons diffused from CsPb(Br/I)3 NCs to CdS
MWs to align the Fermi levels of the materials and reach a new
equilibrium. This charge transfer caused the energy band to
bend, resulting in the formation of a depletion region and
a built-in eld. As a result of the incident laser excitation, the
electron–hole pairs were mainly generated in the highly light-
absorbing CsPb(Br/I)3 NC layer and then separated by the
o. 41-1049, (b) the XRD profile of the CsPb(Br/I)3 NCs with PDF card no.
the UPS spectra of CsPb(Br/I)3 NCs from 19 to 13.5 eV. The right panel
g-energy region of CsPb(Br/I)3 NCs, (e) the energy-level diagrams of
the CsPb(Br/I)3 NC/CdS-MW heterostructures under equilibrium in the

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/D1RA00890K


Fig. 4 (a) UV-vis absorption spectra of CsPb(Br/I)3 NCs, CdS MWs, and the CsPb(Br/I)3 NC/CdS MW heterostructures; inset is the optical images
of the colloidal solutions of CsPb(Br/I)3 NCs under UV illumination. (b) PL spectra of CsPb(Br/I)3 NCs, CdS MWs, and the CsPb(Br/I)3 NC/CdS MW
heterostructures under an excitation wavelength of 325 nm. (c) Magnified view of the PL spectra of CdS MWs and the CsPb(Br/I)3 NC/CdS MW
heterostructures.
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built-in eld. This was followed by the diffusion of the electrons
and holes to the CdS-MW and CsPb(Br/I)3 NC sides, respec-
tively. This optimal energy-level alignment is the reason for the
transfer of a great part of the photogenerated carriers from the
Fig. 5 The I–V characteristics measured in darkness and under a const
cm�2), and (g) 660 nm (2.61 mW cm�2). The time-response behaviors re
times in the photocurrent extracted from (c) panel (b), (f) panel (e), and

© 2021 The Author(s). Published by the Royal Society of Chemistry
CsPb(Br/I)3 NC part to the CdS part through diffusion, due to
the relatively long diffusion length in the CsPb(Br/I)3 NC layer.
Thus, a good charge-carrier transport can be obtained, which
improves the photoresponsivity.
ant illumination of (a) 365 nm (2.22 mW cm�2), (d) 530 nm (1.66 mW
corded under (b) 365 nm, (e) 530 nm, and (h) 660 nm. The rise and fall
(i) panel (h).

RSC Adv., 2021, 11, 11663–11671 | 11667
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Fig. 6 The I–V characteristics measured in darkness and under a constant illumination of (a) 760 nm (3.45 mW cm�2) and (d) 810 nm (5.45 mW
cm�2). The time-response behaviors recorded under (b) 760 nm and (e) 810 nm. The rise and fall times of the photocurrent extracted from (c)
panel (b) and (f) panel (e).
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The optical properties of CdS MWs, CsPb(Br/I)3 NCs, and the
CsPb(Br/I)3 NC/CdS-MW-hybrid structures were examined using
UV-vis spectroscopy (Fig. 4(a), the inset is the optical images of
the colloidal solutions of CsPb(Br/I)3 NCs under UV illumina-
tion). CdS MWs and CsPb(Br/I)3 NCs show absorption edges at
approximately 542 and 640 nm, respectively, which were close to
the near-band-edge emission of 2.40 and 1.93 eV in the PL
spectra (Fig. 4(b)). On the other hand, the CsPb(Br/I)3 NC/CdS-
MW heterostructures showed enhanced absorption below
a wavelength of 640 nm, which can be attributed to the syner-
getic absorption effect of CsPb(Br/I)3 NCs and CdS MWs. This
improvement in the light absorption in the heterostructures can
enhance the photodetector performance, including photosen-
sitivity and detectivity.

Fig. 4(b) illustrates the PL spectra of CdS MWs, CsPb(Br/I)3
NCs, and the CsPb(Br/I)3 NC/CdS-MW heterostructures upon
excitation at 325 nm. Fig. S3† shows the individual spectra of
Fig. 7 PL spectra of (a) CdS MWs and (b) CsPb(Br/I)3 NCs at an excitatio

11668 | RSC Adv., 2021, 11, 11663–11671
CdS MWs, CsPb(Br/I)3 NCs, and CsPb(Br/I)3 NC/CdS MW het-
erostructures. The black line in Fig. 4(b) shows that only
a strong green emission at approximately 517 nm (2.4 eV) was
detected, which indicates good crystallinity and low-defect
concentration of the fabricated CdS MWs. Consequently, the
fabricated CdS MWs were investigated for their photodetection
performance. In case of CsPb(Br/I)3 NCs (green line), the PL
emission spectrum shows a peak position at 640 nm, revealing
that the band-gap energy between the conduction-band and
valence-band edges of CsPb(Br/I)3 NCs was �1.93 eV, which is
consistent with the results of UV-vis and with those of the
CsPb(Br/I)3 quantum-dots previously reported.35 In case of the
CsPb(Br/I)3 NC/CdS-MW heterostructures (red line), two PL
peaks were observed at 517 and 636 nm. In comparison to the
CsPb(Br/I)3 NCs-only PL spectrum, a signicant decrease in the
band-to-band transition peak was clearly detected in the
CsPb(Br/I)3 NC/CdS-MW heterostructures. The PL intensity is
n wavelength of 532 nm.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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mainly determined by dipole–dipole couplings or charge
transfer. The dipole–dipole interaction arising from dipole
moments between acceptors and donors typically occurs among
molecules.36,37 In the charge-transfer mechanism, the non-
radiative rate of two adjacent photosensitive materials can be
simultaneously increased because of the light-emission
quenching from all transitions.38 This proves that a large part
of the photogenerated carriers may be transferred from the
CsPb(Br/I)3 NC part to the CdS part through diffusion due to the
relatively long diffusion length in CsPb(Br/I)3 layer. Thus, this
good charge-carrier transport would enhance the photo-
responsivity,16 which indicates that the fabricated CsPb(Br/I)3
NC/CdS MW-hybrid materials are suitable for photodetection
investigation.

Fig. 5(a, d, g) show the current–voltage (I–V) characteristics
measured in darkness and under a constant illumination of 365
(2.22 mW cm�2), 530 (1.66 mW cm�2), and 660 nm (2.61 mW
cm�2), respectively. The gures show that the photocurrent
increased with the light-irradiation intensity. Fig. 5(b, e, h) show
the on–off current response of the photodetector under the
three light-illumination intensities at a bias voltage of 5 V. The
photocurrent increased with the intensity of the light illumi-
nation and exhibited no saturation. In case of the CsPb(Br/I)3-
NC/CdS-MW-heterostructure-based photodetector, which
decreased the rise and decay times (rise time < 0.1 s, decay time
< 0.1 s) compared to bare-CdS-MW-based photodetectors (rise
time z 0.2 s, decay time z 0.2 s) (Fig. 5(c, f, i)). The on–off
current ratio of the CsPb(Br/I)3-NC/CdS-MW-heterostructures-

based photodetector, which is dened as
Ion � Ioff

Ioff
, was calcu-

lated to be 3.93 � 103, 1.9 � 103, and 1.1 � 103 under the 365,
530, and 660 nm illuminations, respectively, which is much
higher than the photodetectors based on bare-CdS-MWs.

To further evaluate the performance of the photodetectors,
critical parameters such as detector current responsivity (R),
external quantum efficiency (EQE), and detectivity (D*) were
calculated using the following formulas:

R ¼ DI

PS
; DI ¼ Ion � Ioff

EQE ¼ R
hc

el

D* ¼ R

ð2eIdark=SÞ1=2

where Ioff is the current measured in darkness, Ion is the
photocurrent, S is the activity zone under incident light, h is
Plank's constant, and e is the electron charge.39,40 Tables S1–S3
(ESI†) summarize these parameters (R, EQE, D*) for the
CsPb(Br/I)3-NC/CdS-MW- and CdS-MW-based photodetectors
under illumination of 365, 530, and 660 nm (the applied bias ¼
5 V). The photodetectors based on CsPb(Br/I)3 NC/CdS-MW
heterostructures were found to have high photosensitivity
compared to the bare-CdS-MW-based photodetectors.
© 2021 The Author(s). Published by the Royal Society of Chemistry
This remarkable enhancement can be attributed to the
photodetector structure and band alignment at the interface of
CdS MW and CsPb(Br/I)3 NC heterostructures (Fig. 3(f)). When
CsPb(Br/I)3 NCs are placed on the surface of CdS MWs, a type-II
heterojunction is produced and the energy difference in the
conduction band minimum between CsPb(Br/I)3 NCs and CdS
MW resulting in the formation of a depletion region, which
facilitates the spatial separation of the photogenerated carriers
and reduces the recombination rate of the electron–hole pairs.
Therefore, the response time of the photodetectors was short-
ened by the charge-transfer efficiency at the interface between
CsPb(Br/I)3 NCs and CdS-MW heterostructures. A similar
improvement has been reported in preciously developed het-
erojunction.26 Moreover, as mentioned earlier in Fig. 4(b), the
PL peaks of CsPb(Br/I)3 NC/CdS-MW heterostructures (red line)
revealed a signicant decrease in the band-to-band transition
peak compared to that in the CsPb(Br/I)3-only PL spectrum,
which indicates that a great proportion of the photogenerated
carriers may be transferred from the CsPb(Br/I)3 NC part to the
CdS MWs part through diffusion due to the relatively long
diffusion length and the superior absorption capability of the
CsPb(Br/I)3 layer. This good charge-carrier transport enhances the
photoresponsivity of the CsPb(Br/I)3-NC/CdS-MW-heterostructures-
based photodetectors. In addition, oxygen adsorption and desorp-
tion at the surface defect sites is believed to play a critical role in the
response time of CdS MWs. In this case, as the CdS MWs were
decorated with the CsPb(Br/I)3 NCs, whichmay prevent or reduce the
carrier recombination at the surface of CdSMWsas a result of oxygen
adsorption and desorption, the inuence of oxygenmolecules on the
photoresponse was weakened.17 Therefore, the CsPb(Br/I)3-NC/CdS-
MW-heterostructures-based photodetectors exhibit fast dynamic
changes and shorter rise/fall times compared to bare-CdS MWs.

In addition to the excellent photodetection in UV light, green
light, and red light, the CsPb(Br/I)3 NC/CdS-MW hetero-
structures photodetector exhibited a good response to near-
infrared light at constant light intensity (760 nm, 3.45 mW
cm�2; 810 nm, 5.45 mW cm�2). Tables S4 and S5 (ESI†)
summarize these parameters (R, EQE, D*) for the CsPb(Br/I)3-
NC/CdS-MW- and CdS-MW-based photodetectors under the
illuminations of 760 and 810 nm (applied bias ¼ 5 V). Fig. 6
illustrates the I–V characteristics and photocurrent plot over
time. The results shows a similar behavior of the hetero-
structures to that observed under UV and visible-light irradia-
tions. However, the photocurrent under near-infrared
illumination was much smaller than that under UV and visible
lights, which is mainly due to the near absence of direct band-
to-band absorption that causes a low absorption efficiency in
CdS and CsPb(Br/I)3 NCs at longer wavelengths.

The photon energies at the near-infrared wavelengths were
compared to the band gaps of CsPb(Br/I)3 NCs and CdS MWs.
The results showed that the energy of the near-infrared photons
was not sufficient to cause direct electron transition in CsPb(Br/
I)3 NCs or CdS MWs. Therefore, the near-infrared light response
is different from that of the ultraviolet and visible-light
responses, which was previously reported by the authors.17 To
further conrm the results, the PL spectra of CsPb(Br/I)3 NCs
and CdS MWs were measured at 532 nm (Fig. 7). In case of
RSC Adv., 2021, 11, 11663–11671 | 11669
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CsPb(Br/I)3 NCs exposed to a 532 nm laser illumination, the
maximum emission was observed around 746 nm. In case of
CdS MWs, a broad emission was observed around 746 nm,
which can be attributed to the crystal defects in CdS. The carrier
lifetime generated by the defect absorption photon is very short.
When there is no heterojunction, the carriers will recombine
before being transmitted to the corresponding electrode, which
hinders the photocurrent generation. By placing CsPb(Br/I)3 NCs
on the surface of CdS MWs, a type-II heterojunction is produced,
which facilitates the spatial separation of the photogenerated
carriers, reduces the recombination rate of the electron–hole pairs,
and increases the photogenerated carriers transferred from the
CsPb(Br/I)3 NC part to the CdS part through diffusion. Conse-
quently, the photoresponsivity and spectral selection range of the
CsPb(Br/I)3 NC/CdS-MW heterostructures improved. Thus, the
CsPb(Br/I)3 NC/CdS-MW heterostructures exhibit a great potential
for broadband photodetectors, which are important functional
components of optoelectronics.
4. Conclusions

Highly efficient and sensitive broadband UV/visible/near-
infrared photodetectors were fabricated based on CsPb(Br/I)3
NC/CdS-MW heterostructures. The results showed that intro-
duced CsPb(Br/I)3 NCs effectively improved the light-absorption
property of the CsPb(Br/I)3 NC/CdS-MW heterostructures and
decreased the charge recombination in the prepared photodetec-
tors due to the formation of a type-II heterojunction. Furthermore,
the photogenerated carriers transferred from the CsPb(Br/I)3 NC
part to the CdS-MWpart through diffusion. Thus, the light-sensing
performance in terms of R, EQE, D* was then systematically
investigated under 365, 530, 660, 760, and 810 nm. The photode-
tector based on CsPb(Br/I)3 NC/CdS-MW heterostructures exhibi-
ted a distinguished photoelectric performance. Thus, the CsPb(Br/
I)3 NC/CdS-MW heterostructures exhibit a great potential for
broadband photodetectors, which are important functional
components of optoelectronics.
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