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tocurrent enhancement of
photodetectors by using core/shell structured
CsPbBr3/TiO2 quantum dots and 2D materials†

Chathurika Maduwanthi,a Chao-An Jong,b Waleed S. Mohammedc

and Shu-Han Hsu *a

Ultra-stable CsPbBr3 perovskite quantum dots (QDs) were prepared, and the performance of the

photodetector fabricated from them was enhanced by 2D material incorporation. This multi-component

photodetector appears to have good stability in the ambient utilization environment. All inorganic

CsPbBr3 QDs are potential candidates for application in photodetection devices. However, QDs have

several issues such as defects on the QD surface, degradation under environmental conditions, and

unfavorable carrier mobility limiting the high performance of the photodetectors. This work addresses

these issues by fabricating a core/shell structure and introducing 2D materials (MXenes, Ti3C2Tx) into the

device. Here, three types of photodetectors with QDs only, QDs with a core/shell structure, and QDs

with a core/shell structure and MXenes are fabricated for systematic study. The CsPbBr3/TiO2

photodetector demonstrated a two times photocurrent enhancement compared to bare QDs and had

good device stability after TiO2 shell coating. After introducing Ti3C2Tx into CsPbBr3/TiO2, a significant

photocurrent enhancement from nanoampere (nA) to microampere (mA) was observed, revealing that

MXenes can improve the photoelectric response of perovskite materials significantly. Higher

photocurrent can avoid signal interference from environmental noise for better practical feasibility. This

study provides a systematic understanding of the photocurrent conversion of perovskite quantum dots

that is beneficial in advancing optoelectronic device integration, especially for flexible wearable device

applications.
1. Introduction

In recent years, hybrid organic–inorganic perovskite materials
have attracted tremendous attention, owing to their
outstanding photoelectronic properties such as large absorp-
tion cross-section, long photo carrier diffusion lengths and high
charge carrier mobilities.1,2 Inorganic perovskite materials are
emerging with all the above superiorities while exhibiting
enhanced stability compared to hybrid organic–inorganic
perovskites.3 There are many studies on fully inorganic cesium-
based perovskite (CsPbX3; X= Cl/Br/I) quantum dots (QD) due
to their excellent optical and electrical properties.

Quantum dots (QDs) are nano-sized semiconductor crystals
that have garnered signicant attention due to their distinctive
on, Sirindhorn International Institute of

um Thani, 12120, Thailand. E-mail:

National Applied Research Laboratories,

mmunication and Control Systems (BU-

ni 12120, Thailand

tion (ESI) available. See DOI:

8–2336
characteristics, particularly their optical properties, leading to
extensive applications in diverse elds such as solar cells, light-
emitting diodes, laser technology, as well as biological and
biomedical domains.4–6 The unique attributes of QDs include
their small size (ranging from 4 to 12 nm in diameter), size-
tunable photoluminescence (PL) emission, high extinction
coefficient, elevated uorescence quantum yield, resistance to
photobleaching, and the occurrence of uorescence intermit-
tency.7,8 However, perovskite QDs degrade faster when exposed
to moisture, oxygen, elevated temperatures, or UV light.
Besides, environmental concerns are particularly signicant
issues in most perovskite QDs due to the presence of lead (Pb),
a heavy metal.9 The research community made signicant
efforts to enhance the stability of perovskite by embedding QDs
within a polymer matrix or inorganic salts, surface modication
with waterproof capping ligands, introduction of long-chain
ligands to passivate QDs, and fabrication of a core/shell struc-
ture to enhance QD stability.10,11

Among the different methods to improve the perovskite QDs'
stability, metal oxide encapsulation is considered to be themost
benecial. It not only protects from environmental degradation
but can also serve as an efficient photocurrent transfer path. To
the best of our knowledge, only a few studies were carried out to
© 2024 The Author(s). Published by the Royal Society of Chemistry
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encapsulate CsPbBr3 nanocrystals (NCs) with a titanium
precursor to obtain a CsPbBr3/TiO2 core/shell structure. Z. J. Li
et al. demonstrated the photostability improvement of TiO2

shell coated CsPbBr3 core/shell NCs with excellent water
stability for over 12 weeks.10 H. Chen et al. demonstrated a long
lifetime of CsPbBr3/TiO2 nanocrystals of about 4.04 ns of pho-
toluminescence, and it remains stable aer a period of two
months in air.12 Among different phases of TiO2, the anatase
phase of TiO2 demonstrates higher electron extraction proper-
ties, providing an efficient pathway to transport excited elec-
trons from QDs. Furthermore, TiO2 can protect QDs from
degradation from external factors, which is crucial for devel-
oping optoelectronic devices.13

In recent years, perovskite layer-based photodetectors (PDs)
have received tremendous attention due to the perovskite's
exceptional optoelectronic properties. Flexible photodetectors
(FPDs), which form the core elements of exible optoelectronic
systems, play vital roles in various areas such as modern
industrial production, scientic research, medical diagnosis
andmilitary defense.14 MXenes are a relatively new branch of 2D
materials, which has the common formula of Mn+1XnTx (n= 1, 2
or 3). Ti3C2Tx is themost common and easily synthesized type of
MXene. Tx denotes the surface functional groups such as –O, –
OH, and –F which determine the exceptional properties of
hydrophilic surfaces, high surface reactivity, and excellent
optoelectronic properties. Ti3C2Tx is observed to be a p-type
semiconductor and displays exceptional electrical conduc-
tivity, due to the diverse surface groups and the underlying
metal layers.15 Recently, several researchers have reported the
development of FPDs featuring perovskites/MXene hetero-
junctions. Pan et al. developed a simple photodetector based on
the CsPbBr3/Ti3C2Tx nanocomposites, revealing that MXene can
effectively facilitate the transportation of photoexcited carriers
and is a promising candidate for contact materials. Further-
more, it was demonstrated that photoluminescence (PL)
quenching in CsPbBr3/Ti3C2Tx indicates the presence of effi-
cient nonradiative pathways for the integrated materials.16–18

In spite of the fact that several previous studies stated the
possibility of sufficiently enhancing the photocurrent by using
a TiO2 shell, there were no direct reports of photodetector
devices fabricated to provide systematic validation. Hence, this
work aims to develop a photodetector made of perovskite-based
core/shell structure quantum dots with MXenes. This combines
Fig. 1 Schematic 3D view of the fabricated photodetectors: (a) CsPbB
device.

© 2024 The Author(s). Published by the Royal Society of Chemistry
the advantage of TiO2 as a core/shell structure for stability
improvement with 2D conductive MXene nanomaterials for
efficient electron transfer to achieve higher photocurrent
generation. This could have the potential to advance the eld of
FPDs in future applications. In order to demonstrate the
improvement of the individual factors, three types of photode-
tectors (PDs) were fabricated: a photodetector with CsPbBr3 QDs
(CsPbBr3 QD PD), photodetector with a CsPbBr3/TiO2 core/shell
structure (CsPbBr3/TiO2 PD) and photodetector with a CsPbBr3/
TiO2 core/shell structure with MXenes (CsPbBr3/TiO2/MXene
PD). A schematic 3D view of the three PDs is shown in Fig. 1.
Full material characterization was performed such as PL
intensity, UV-vis absorption and photocurrent stability and
enhancement aer connement of QDs by using a TiO2 layer.
Furthermore, a CsPbBr3/TiO2/MXene PD was proposed and
fabricated to investigate the improvement of photocurrent
achieved due to efficient carrier transfer.
2. Experimental
2.1 Material preparation

Materials. Lead bromide (PbBr2, 99.99%, Aladdin), cesium
bromide (CsBr, 99.99%, Aladdin), oleylamine (OAm, >99%,
Aladdin), titanium(IV) butoxide (TBOT, 99.99%, Aladdin), and
dimethylformamide (DMF) (99.8% extra dry over) were
purchased from Thermo Fisher Scientic Inc, USA. Oleic acid
(OA) (extra pure) and toluene (99.5%) were received from
Quality Reagent Chemical Company, New Zealand.

Synthesis of CsPbBr3 QDs. 0.1428 g of PbBr2 (0.4 mmol) and
0.0425 g of CsBr (0.2 mmol) were dissolved in 5 ml of DMF to
prepare a precursor solution. 0.5 ml of OA and 0.25 ml of OAm
were added to the precursor solution for stabilization.19 Then
1 ml of the precursor solution was added to 10 ml of toluene
under vigorous stirring (800 rpm) for 30 seconds. The super-
natant from the obtained solution was separated by centrifu-
gation at 6000 rpm for 10 minutes. Then the supernatant was
kept for 2–3 days, to obtain the yellow color of CsPbBr3 QDs. The
whole experiment was conducted at room temperature.

Synthesis of the CsPbBr3/TiO2 core–shell structure. 10 ml of
CsPbBr3 QD solution (∼1 mg ml−1) was prepared by dissolving
QDs in toluene. 10 ml of TBOT was dissolved in 1 ml of toluene
and added to the QD solution dropwise. Then the solution was
stirred for 2 hours for hydrolysis under controlled humidity
r3 QD device, (b) CsPbBr3/TiO2 device and (c) CsPbBr3/TiO2/MXene

Nanoscale Adv., 2024, 6, 2328–2336 | 2329
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conditions at 60–70% relative humidity (RH) at room temper-
ature. The experiment was conducted inside a glove bag to
control the humidity. The precipitate was collected by centri-
fugation at 5000 rpm for 5 minutes. Then the precipitate was
calcined at 400 °C for 3 hours under an argon atmosphere.

Synthesis of Ti3C2Tx. Titanium-based MXene Ti3C2Tx was
synthesized through a minimally intensive layer delamination
(MILD) method, from Ti3AlC2 phases. The synthesis process
involved using a combination of lithium uoride (LiF) and
hydrochloric acid (HCl) as an in situ etchant. To enhance the
quality of the etched and delaminated Ti3C2Tx, the synthesis
was carried out with two etching cycles, each lasting 24 hours,
using the same ratios of the MAX phase and LiF ∼1 : 7.5. The
rst etching cycle took place at room temperature. In the second
etching cycle, the reaction temperature was adjusted to 45 °C for
the initial 6 hours, and then maintained at room temperature
for the remaining time. The product solution was washed with
DI water until pH reached around 5–6 and the resulting sedi-
ments were collected and dried at 70 °C for 24 hours to obtain
the as-synthesized Ti3C2Tx particles for further modication.
For intercalation, the as-synthesized Ti3C2Tx particles were
dispersed in DMSO solvent at room temperature for 24 hours,
with a ratio of 0.2 g Ti3C2Tx in 15 ml DMSO. Aer multiple
washing cycles with DI water, the delaminated Ti3C2Tx was
collected and dried at 60 °C for 24 hours.15,20

2.2 Device fabrication

The glass substrate was cleaned using acetone. Then 30 nm/
80 nm Cr/Au planar interdigitated electrodes were fabricated on
the substrate by sputter deposition. The nger pattern is
dened to be 200 mm in width and 200 mm in separation. Three
different devices were used for the experiment: one with
CsPbBr3 QDs (CsPbBr3 QDs PD), one with a CsPbBr3/TiO2 core/
shell structure (CsPbBr3/TiO2 PD) and a photodetector with
a CsPbBr3/TiO2 core/shell structure with MXenes (CsPbBr3/
TiO2/MXene PD). A blue laser was used as an excitation source
with a spot area of 12.57 mm2 that covers the whole sample.
DMM6500 and SMU2450 were used to measure the corre-
sponding current. CsPbBr3 QDs (∼10 mg) were drop cast onto
the device. For the device with a core/shell structure, the sample
synthesized from the same amount of QDs (∼10 mg) was drop
cast, and a further 2.5 mg of MXene was introduced with the
core/shell structure sample.

2.3 Characterization

Transmission electron microscopy (TEM) of the QDs and the
core/shell was performed using a JEM-2100 Plus with an accel-
erating voltage of 200 kV. Surface morphologies of photodetec-
tors were examined using a eld emission scanning electron
microscope (SEM, VEGA3, TESCAN, Czech) with an acceleration
voltage between 200 V and 30 kV, tted with an EDX mapping
tool (XMAX 80, OXFORD instruments). UV-vis spectra were
collected using a Thermo Scientic GENESYS 10S spectropho-
tometer in the range from 300 nm to 700 nm, at 1 nm intervals.
X-ray diffraction (XRD) (Bruker AXS model D8 Advance, Ger-
many) was used to identify the crystal structure of QDs and core/
2330 | Nanoscale Adv., 2024, 6, 2328–2336
shell structured QDs. Photoluminescence (PL) was measured by
using an optical spectrometer (Compact CCD spectrometer,
Thorlabs, Newton, NJ, USA) connected to a multimode glass
optical ber (Thorlabs SMA multimode ber, M35L01). Current
and time responses of the perovskite devices were recorded using
a digital multimeter (Keithley DMM6500). The device was biased
using a regulated DC power supply (TPR3003T-3C, 0–30 V). The
current–voltage characteristics of PDs were recorded by using
a source measure unit (Keithley SMU2450). A blue dot laser (l =
450 nm, 50 mW) was used as the light source for the photovoltaic
(I–V) and time response measurements.
3. Results and discussion
3.1 Material characterization

The precursor solution for the synthesis of QDs was prepared by
dissolving CsBr and PbBr2 in a molar ratio of 1 : 2. This was
done with the intention of obtaining pure QDs while avoiding
the formation of Cs4PbBr6.21–25 Fig. S1† shows the material
characterization of QDs prepared by using a molar ratio of 1 : 1
of CsBr : PbBr2 (ESI†). Fig. 2(a) illustrates the crystal structure of
the CsPbBr3 QDs with long ligands of OAm and OA. TBOT was
selected as the Ti precursor, for coating of QDs with a TiO2 layer.
The hydrolysis process facilitated the gradual deposition of
a titanium matrix (TiOx) onto the surface of the QDs. Subse-
quently, a calcination process performed to dehydrate and
remove the organic component at 400 °C, which was reported as
the most suitable temperature for the calcination step without
any decomposition of QDs.13

Fig. 2(b)–(d) illustrate CsPbBr3 QDs, and QDs aer the
hydrolysis process and calcination process in toluene, respec-
tively. CsPbBr3 QDs, CsPbBr3/TiOx, and CsPbBr3/TiO2 samples
are shown in Fig. 2(e)–(g) in the solid state. The samples of
CsPbBr3 QD aer capping with TBOT still appear to be yellow.
They however turn darker aer calcination. This could be due to
the fact that the originally obtained samples were in a powder
form. Since the calcination process was carried out in an argon
environment, the absence of oxygen during annealing resulted
in an incomplete burning of carbon and organic residues on the
surface of the CsPbBr3/TiO2 nanocrystals. This is evident from
the dark appearance of the CsPbBr3/TiO2 powder aer the
calcination process.10

Fig. 2(h) shows the transmission electron microscopy (TEM)
image of CsPbBr3 QDs with a size of 9 ± 2 nm while Fig. 2(i)
illustrates the TEM image of the core–shell structure of QDs.
EDS characterization of the core–shell was performed further to
validate the chemical composition of quantum dots and the
TiO2 structure (see ESI, Fig. S2†). Fig. 2(i) shows that CsPbBr3
QDs are wrapped with a core/shell TiO2 structure.26 Some QDs,
however, are surrounded interconnectedly by TiO2. This
phenomenon is attributed to the incomplete hydrolysis of high-
concentration TBOT on the surface of CsPbBr3 QDs. Fig. 2(j)
illustrates the lattice fringe pattern of CsPbBr3/TiO2. It depicts
the 0.4 nm lattice fringe of CsPbBr3 QDs and the 0.25 nm lattice
fringe of TiO2. This observation highlights the establishment of
a tight interface between CsPbBr3 and TiO2.27
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Schematic illustration of coating of CsPbBr3 QDs, optical images of (b) CsPbBr3 QDs (∼1 mg ml−1), (c) CsPbBr3/TiOx and (d) CsPbBr3/
TiO2 in toluene, optical images of solid state (e) CsPbBr3, (f) CsPbBr3/TiOx and (g) CsPbBr3/TiO2, TEM images of (h) CsPbBr3 QDs (i) and (j) the
CsPbBr3/TiO2 – core/shell structure, (k) PL intensity, (l) UV-visible absorption spectra of CsPbBr3 QDs, CsPbBr3/TiOx and CsPbBr3/TiO2 and (m)
XRD spectra of CsPbBr3 QDs and CsPbBr3/TiO2.
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PL intensity was varied for CsPbBr3 QDs, CsPbBr3/TiOx,

and CsPbBr3/TiO2 as shown in Fig. 2(k). The emission peak
for bare QDs was 510 nm with a full width at half maximum
(FWHM) of 19.7 nm. Aer hydrolysis, the emission intensity
was reduced, and the emission peak changed to 512 nm with
an FWHM of 16.4 nm. The red shi of CsPbBr3/TiOx is due to
the agglomeration of the QDs bridged by the TiO2 layer. PL
quenching occurred aer the coating of TiO2 because the
excited electrons from the conduction band of QDs under
the illumination of blue laser light transfer to the layer of
TiO2, which provides a new pathway for transferring
electrons.10,13
© 2024 The Author(s). Published by the Royal Society of Chemistry
UV visible absorption spectra of the CsPbBr3 QDs, CsPbBr3/
TiOx and CsPbBr3/TiO2 are shown in Fig. 2(l). One can observe
a sharp absorption peak at 502 nm for CsPbBr3 QDs while the
absorption edge was blue shied to 498 nm aer the hydro-
lysis process. It is further blue shied aer the calcination
process. Also, the absorption region < 400 nm was strong
because of amorphous TiO2 and carbon residues aer TiO2

coating.12

The X-ray diffraction (XRD) patterns of the CsPbBr3 QDs and
CsPbBr3/TiO2 are shown in Fig. 2(m). The XRD pattern conrms
that the crystal structure of CsPbBr3 exhibits an orthorhombic
phase with identical peaks. The diffraction peaks at ∼24.0° and
Nanoscale Adv., 2024, 6, 2328–2336 | 2331
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Fig. 3 (a) Photocurrent–time response measured in the dark and under the illumination of a blue laser with 5 V bias of three photodetectors, (b)
photocurrent–time response of the CsPbBr3/TiO2 photodetector measured in the dark and under illumination of a blue laser with a 16 min
alternative pulse, and (c) energy level diagram of the CsPbBr3/TiO2/MXene photodetector.
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∼46.9° correspond to the anatase phase of TiO2, which conrms
the formation of the TiO2 layer.

3.2 Device characterization

Fig. 3(a) shows the stepwise photocurrent improvement aer
each modication. The device with QDs alone shows a low value
of photocurrent of around 8 nA under the illumination of a blue
laser (l = 450 nm). The defects on the QD surface, long insu-
lated ligands of OA and OAm which are used to passivate the
QDs, act as barriers to the charge transport.28 This results in the
QD degradation due to light, heat, and also due to humidity
exposure which is a huge problem for further practical appli-
cations. Therefore, the core/shell structure is believed to
increase the stability of QDs while facilitating the carrier
transfer as well.10 The core/shell structure increased the
photocurrent by a factor of two compared to bare QD current,
which shows that yjr core–shell structure has reduced the
resistance to transportation of charges when compared to QDs.
Carrier recombination loss still occurred at the interface of the
QDs and TiO2. This loss hinders signicant current
2332 | Nanoscale Adv., 2024, 6, 2328–2336
improvement.11 A CsPbBr3/TiO2/MXene PD on the other hand,
shows signicant photocurrent enhancement by 40 000-fold
compared to photocurrent generated by QDs alone at 5 V
because of the new non-radiative path generated by the addition
of MXenes, and excited electrons could be transferred from the
conduction band (CB) of QDs–TiO2–MXene more efficiently.
Therefore, a signicant amount of charge carriers can be
collected through the conductive MXene layer from the same
amount of QDs. The spectral responsivity (R) is another vital
parameter for PDs and it refers to the optical response ability of
the device when excited by monochromatic light. This is related
to the ability of the material to absorb photons. The spectral
responsivity (R) can be dened as R = Jph/Llight, where Jph is the
photocurrent and Llight is the incident-light intensity. The
responsivity (R) of CsPbBr3 QDs PD, CsPbBr3/TiO2 PD and
CsPbBr3/TiO2/MXene PD are calculated to be 0.1, 0.2 and 3696 A
W−1 respectively, at 5 V bias. The external quantum efficiency
(EQE) of each PD was calculated to be 2.9× 10−1%, 6.1× 10−1%
and 1.0 × 104% for CsPbBr3 QDs PD, the CsPbBr3/TiO2 PD and
the CsPbBr3/TiO2/MXene PD, respectively. 3.9 × 1013, 6.8 × 1012
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) I–V curve of the CsPbBr3 QD PD and CsPbBr3/TiO2/MXene PD in the dark and under illumination of a blue laser, SEM images of the (b)
CsPbBr3/TiO2 PD and (c) CsPbBr3/TiO2/MXene PD, (d) optical image of the CsPbBr3/TiO2/MXene PD and (e) schematic 2D view of the
measurements of Au interdigitated electrodes with the sample.
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and 7.6× 1014 jones were the detectivity of the CsPbBr3 QDs PD,
CsPbBr3/TiO2 PD and CsPbBr3/TiO2/MXene PD, respectively.29–31

All measurements were carried out at 81 W m−2 power density
of the incident laser. This conrmed that utilizing the core/shell
structure and introducing MXenes enhanced the photovoltaic
performance of the PDs (see ESI, Table S1†). Note that a ratio
Ion/Ioff= 1.7 for the CsPbBr3/TiO2/MXene PD was observed at 5 V
bias. The positive photocurrent spikes are evidence for the
existence of accumulated photoexcited holes in interfaces
within electrodes under the illumination of a laser.32,33 It is also
found that stable photocurrent measured for the core–shell
structure of QDs, can be effectively switched on and offwith very
good repeatability for 1000 seconds as illustrated in Fig. 3(b).
Consistent switching behavior was also observed for the device
aer six weeks of storage in a nitrogen box (see ESI, Fig. S3†).
Fig. 3(c) shows the non-radiative electron ow of the excited
electrons from the CB of QDs, and the energy levels of each
material used in the CsPbBr3/TiO2/MXene PD.

Fig. 4(a) shows the I–V response of the CsPbBr3 QD PD and
CsPbBr3/TiO2/MXene PD in the dark and under illumination.
© 2024 The Author(s). Published by the Royal Society of Chemistry
There is no current observed as dark current for QDs while
conductive MXenes shows mA range dark current. Higher dark
current for the CsPbBr3/TiO2/MXene PD could be mainly due to
the presence of a conductive MXene in the device. SEM images
of the CsPbBr3/TiO2 PD and CsPbBr3/TiO2/MXene PD are shown
in Fig. 4(b) and (c) respectively. The EDX characterization of
CsPbBr3/TiO2 PD and CsPbBr3/TiO2/MXene PD can be found in
the ESI (Fig. S4 and S5†). Fig. 4(d) and (e) show the optical image
of the CsPbBr3/TiO2/MXene PD and the dimensions of the Au
electrode. Prior study also observed the increase in the current
density of the core/shell structure using CsPbBr3 and CsPbBr3/
TiO2 NCs as reference electrodes to the normal hydrogen elec-
trode (NHE).10 This is consistent with the nding when such
a core/shell structure was used to fabricate a FPD device and the
performance was further enhanced by introducing the 2D
materials, where the ake structure of MXenes provides
conformal contact with QD. In addition, many studies have
been reported on photoconductive devices based on varied
congurations and material morphologies, including nano-
particles and nanosheets of CsPbBr3 perovskites. Some of them
Nanoscale Adv., 2024, 6, 2328–2336 | 2333
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Table 1 Performance comparisons of perovskite PDs from previous reports based on CsPbBr3 perovskites

Conguration Material structure
Response
time

Responsivity
(R) (A W−1) Irradiation power density Detectivity (jones) Ref.

Au/CsPbBr3 (Au NCs)/Au Nanoparticles 1.2 ms 0.01 46.5 W m−2 4.5 × 108 34
Au/CsPbBr3 (mp-TiO2)/Au Nanoparticles 9 s 3.5 (4 V) NA (150 W lamp) NA 35
Au/CsPbBr3–MPA (mp-TiO2)/Au Nanoparticles 4.7 s 24.5 1 W m−2 (l = 405 nm) 8.9 × 1013 36
CsPbBr3/PbSe Nanoparticles NA 7.17 (5 V) 0.25 W m−2 (l = 365 nm) 9.0 × 1012 37
CsPbBr3 Thin lm NA 0.12 4.7 W m−2 NA 38
CsPbBr3 Nanosheet NA 0.09 (3 V) (l = 265 nm) 4.1 × 1011 39
CsPbBr3 QDs PD Nanoparticles 2.63 s 0.10 (5 V) 81 W m−2 (l = 450 nm) 3.9 × 1013 This work
CsPbBr3/TiO2 PD Nanoparticles 3.63 s 0.20 (5 V) 81 W m−2 (l = 450 nm) 6.8 × 1012 This work
CsPbBr3/TiO2/MXene PD Nanoparticles 2.59 s 3696 (5 V) 81 W m−2 (l = 450 nm) 7.6 × 1014 This work
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exhibit good performances regarding responsivity, rise time,
and detectivity, as shown in Table 1. The as-fabricated device of
the CsPbBr3/TiO2/MXene PD shows the highest responsivity and
detectivity.

4. Conclusion

In summary, three types of PDs were fabricated to demonstrate
the performance systematically: CsPbBr3 QD PD, CsPbBr3 QDs/
TiO2 PD and CsPbBr3/TiO2/MXene PD. The device with the
CsPbBr3 QDs/TiO2 PD appears to improve the stability and
allows efficient photoinduced charge transfer through TiO2.
Consistent performance was observed upon nearly twenty
minutes of exposure. The CsPbBr3/TiO2 PD was observed to
enhance the photocurrent twice compared to a PD with pristine
QDs. Ultimately, the CsPbBr3/TiO2/MXene PD improved the
photocurrent signicantly, which was 40 000 times more than
that of the device with pristine QDs. This can be attributed to
the effective electron transfer from QDs to MXenes upon pho-
toirradiation. This QD decorated multilayer MXene was inter-
connected, which forms a conductive path to the interdigitated
electrode, which sufficiently reduces the current loss. This work
will lead to promising applications in integrated optoelectronic
devices such as FPDs. Moreover, other conductive materials can
be further introduced, such as conducting polymers, as exible
matrices for better multicomponent blending. This can address
the possible issue of the current drop casting method, where
a possible gap or spacing exists among multiple components.
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