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Abstract
Two-dimensional transition metal dichalcogenide (2D TMD) crystals are versatile platforms for realizing emergent
optoelectronic devices. However, the ability to produce large-area 2D TMDs with spatial homogeneity and to
accomplish broadband photodetection by tuning the operating wavelengths in photodetectors are two paramount
prerequisites for practical applications of 2D TMD-based photodetectors. Here, we demonstrated all-solution-
processed broadband photodetectors based on the wafer-scale perovskite quantum dots (PQDs)/MoS2 through light
management via the monochromatization effect of the PQDs. The photodetectors exhibited broadband
photodetection behavior that retained high photocurrents over a wide spectral range (254, 365, and 532 nm) by
enhancing the photoresponse in the UV region through light management via the monochromatization effect of the
PQDs. This intriguing strategy was proven with (i) electrical isolation realized by inserting an Al2O3 insulator between
the PQDs and MoS2 and (ii) alteration of the PQD density. The rational nanohybrid-based photodetectors also
exhibited superb air stability and exceptional bending durability.

Introduction
Because of their restricted dimensionality, two-

dimensional transition metal dichalcogenides (2D
TMDs) have been used to enhance the capabilities of
many nanophotonic applications, and have especially
provided paradigm shifts in the realms of highly flexible,
low power consumption, and high-performance optoe-
lectronic devices1–4. Despite the many intriguing and

superb properties of 2D TMDs, two prerequisites for
practical application in photodetectors remain elusive.
The problems include (i) the lack of a reproducible
technique for producing large-area 2D TMDs with spatial
homogeneity for compatibility with conventional device
manufacturing processes involving top-down lithographic
fabrication and (ii) a lack of innovative strategies for the
broadband photodetection and tunability of the operating
wavelengths in photodetectors. Although meeting these
prerequisites would enable the realization of broadband
photodetector arrays with marginal variations in device-
to-device performances, no such platform has yet been
developed. To solve the first problem, a massive effort has
been directed toward producing TMDs via direct chal-
cogenization of predeposited metal or metal oxide films,
coevaporation of metal and chalcogen sources using
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face-to-face metal precursors, and a metal-organic che-
mical vapor deposition (MOCVD) process5–10. We pre-
viously developed a large-area compatible, solution-based
synthetic route for 2D MoS2 layers, which has notable
advantages, including relative simplicity, high cost-effec-
tiveness, and potential for mass production11–13. To solve
the second problem, various attempts have been made to
employ complementary construction of TMD hetero-
structures via vertical stacking and coplanar stitching and
TMD ternary semiconductors to manipulate the bandgap
because the operating wavelengths of optoelectronic
devices are largely dictated by the bandgaps of their
photoactive materials14–18. Despite considerable efforts to
tailor the electronic structure of TMD materials for
actively tunable optoelectronic devices, no substantial
progress has been made in this direction to achieve
broadband photodetection. To address these issues, the
primary goal of this study is to establish the unprece-
dented concept of a nanohybrid system composed of
perovskite quantum dots (PQDs) and 2D MoS2 for use in
all-solution-processed, wafer-scale broadband photo-
detectors. A limitation of previous studies was that PQD/
MoS2 hybrid systems were focused on boosting the pho-
toresponses of hybrid-based photodetectors via photo-
induced interfacial charge transfer from PQDs with
excellent light absorption coefficients to MoS2

19. We
focused on the overlooked phenomenon of mono-
chromatizing PQDs without photon-induced direct
charge interaction between the PQDs and MoS2. To the
best of our knowledge, this is the first demonstration of a
broadband photodetector based on PQDs/MoS2 that
achieves light management via the monochromatization
effect of PQDs. This strategy also enables large-scale
production of 2-inch PQDs/MoS2 broadband photo-
detectors with excellent uniformity and high flexibility for
high performance, which are prerequisites to overcoming
the limitations of Si-based broadband photodetectors20,21.

Materials and methods
Chemicals
Cesium carbonate (Cs2CO3, 99%), lead bromide (PbBr2,

≥98%), octanoic acid (OTAc, ≥99%), didodecyldimethy-
lammonium bromide (DDAB, 98%), oleylamine (OAM,
90%), 1-octadecene (ODE, 90%), oleic acid (OA, 90%),
ethyl acetate (anhydrous, 99.8%), methyl acetate (anhy-
drous, 99.5%), and toluene (anhydrous, 99.8%) were
purchased from Sigma‒Aldrich (St. Louis, USA). For-
mamidine acetate (FA(Ac), 99%) and ammonium tetra-
thiomolybdate ((NH4)2MoS4, 99.95%) were purchased
from Acros Organics (New Jersey, USA). Ethyl acetate
(99.5%, EP) was purchased from Samchun Chemical
(Seoul, Korea). Hydroiodic acid (HI, 57%) was purchased
from Alfa-Aesar (Ward Hill, USA). All chemicals were
used without further purification.

Synthesis of Cs0.85FA0.15PbBr3 quantum dots
Cs0.85FA0.15PbBr3 QDs were synthesized according to

the literature with minor modification22. To prepare the
Cs-FA precursor, 0.425 mol of Cs2CO3 and 0.15 mol of
FA(Ac) were loaded into a 10mL vial and dissolved in
5mL of OTAc by sonication. For the Pb precursor,
1 mmol of PbBr2 and 2mmol of TOAB were dissolved in
10mL of toluene by sonication. After the PbBr2 was
completely dissolved, 9 mL of the PbBr2 solution was
loaded into a 25mL beaker, and then 1 mL of the Cs-FA
precursor was quickly added into the beaker at room
temperature with vigorous stirring. After 5 min, 3 mL of
DDAB solution (0.0432M) was added to the reaction
mixture and held for 2 min. For purification, ethyl acetate
was added to the crude solution, and the precipitate was
collected by centrifugation at 10,000 rpm for 10min. The
precipitate was dispersed in toluene, and additional cen-
trifugation with ethyl acetate was conducted. Finally, the
resulting QDs were redispersed in 4mL of toluene.

Synthesis of CsPbBrI2 quantum dots
To prepare Cs-oleate, Cs2CO3 (0.542 g), and OA

(1.66 mL) were mixed with ODE (20 mL) in a three-neck
flask and degassed under vacuum at room temperature for
1.5 h. The solution was heated to 140 °C under vacuum
for 1 h, and then the dissolved solution was stirred under
N2 for 7 min. To prepare OAM-HI, OAM (10mL) and HI
(4.8 mL) were mixed with diethyl ether (200 mL). The
mixed solution was stirred for 1 h and then degassed
under vacuum. OAM-HI was diluted with toluene. PbBr2
(0.2760 g), OA (2 mL), and OAM (2mL) were mixed with
ODE (20 mL) in a three-neck flask and degassed under
vacuum at 120 °C for 1 h to synthesize CsPbBr3. The
dissolved solution was heated to 180 °C under N2, and
then Cs-oleate (2.5 mL) was quickly injected into the flask.
After 30 s, the solution was cooled in an ice-water bath.
For the anion exchange reaction, OAM-HI (16 mL) was
quickly injected into the CsPbBr3 crude solution under N2

flow at room temperature. The resulting solution was
stirred under N2 for 30min in an ice-water bath. Finally,
purification processes were implemented. The solution
was centrifuged at 12,000 rpm for 15 min, after which the
supernatant was discarded. The precipitate was dissolved
in toluene (10mL) and ethyl acetate (15 mL) with a 1:1.5
volume ratio. The solution was centrifuged again. Then,
the supernatant was discarded, and the precipitate was
dispersed in hexane (5 mL).

Solution-based synthesis of large-area MoS2 layers
A large-area compatible, solution-based synthetic route

for 2D MoS2 layers was carried out by using a simple
coating of an (NH4)2MoS4 single source precursor with
subsequent two-step thermal decomposition techni-
ques12. First, 1.25 wt% (NH4)2MoS4 as a single source
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precursor was stirred into ethylene glycol at room tem-
perature for 60min. Then, the as-prepared solution was
spin-coated onto hydrophilic-treated SiO2 (300 nm)/Si
substrates, during which the rotational speed and rotation
time were prudently configured to be 3000 rpm and 40 s,
respectively. The coated samples were immediately
annealed at 100 °C for 1 min to remove the solvent. The
samples were annealed at 280 °C (first step) by introdu-
cing Ar (1000 sccm) at a pressure of 1 Torr for 30 min and
subsequently annealed at 600 °C (second step) for 30 min
to synthesize the MoS2 layers. The synthesized MoS2
layers were transferred onto polyimide (PI) and poly-
urethane (PU) films via surface energy-assisted wet
transfer using a polystyrene support layer23,24.

Characterization
Structural characterization of the PQDs/MoS2 was

performed with transmission electron microscopy (TEM,
Titan Cube G2 60–300, FEI company), atomic force
microscopy (AFM, Multimode 8, Bruker), and Raman
spectrometry (inVia system, Renishaw Inc.) coupled with
an optical microscope (BX53MTRFS, Olympus). X-ray
diffraction (XRD) patterns of the PQDs were obtained
with a D/Max 2200 (Rigaku) diffractometer with mono-
chromatic Cu Kα radiation (λ= 1.54 Å, hν= 8.0478 keV)
in a Bragg‒Brentano geometry. The X-ray tube voltage
and current were adjusted to 40 kV and 40 mA, respec-
tively. The scan range and scan rates were 10–50° and
2.5°/min, respectively. Raman spectroscopy was imple-
mented with an excitation wavelength of 532 nm. The
incident laser power irradiated on the samples was
adjusted to 30 mW/cm2. Chemical identification of the
samples was conducted with X-ray photoelectron spec-
troscopy (XPS, K-alpha, Thermo Scientific) equipped
with a 180° double focusing hemispherical analyzer and a
128-element multichannel detection system. XPS analysis
was performed with a normal emission geometry using
conventional microfocused monochromatic Al Kα radia-
tion (hν= 1486.6 eV) with a spot size of 500 × 500 μm2.
The pass energy was adjusted to 50.0 eV with a step size
of 0.1 eV.

Results and discussion
Herein we propose an unprecedented rational hybrid

system for accomplishing 2D semiconductor-based
broadband photodetectors. We focused on “light man-
agement” via the monochromatization effect of the PQDs
instead of the typical route involving optimization of the
inherent properties of materials via “material manage-
ment”. Figure 1a gives a pictorial representation of the
strategy used for managing the light induced by mono-
chromatization of the PQDs through the rational coupling
of the 2D MoS2 and PQDs. Specifically, initial irradiation
with primary light involved multiple wavelengths that

caused photoluminescent (PL) emission of monochro-
matic visible light from the PQDs, leading to irradiation of
secondary light with a rectified wavelength on the visible-
light-sensitive MoS2. This enabled the realization of
broadband photodetectors based on PQDs/MoS2. A
detailed methodology for the synthesis of PQDs/MoS2 is
described in the experimental section. We selected a
previously established idea to develop a large-area com-
patible, solution-based synthetic route for 2D MoS2 layers
using a simple coating of an (NH4)2MoS4 single source
precursor with a subsequent two-step thermal decom-
position technique11,12. Large-scale syntheses of PQDs/
MoS2 were carried out with a sequential coating of a
perovskite Cs0.85FA0.15PbBr3 QD solution on the synthe-
sized MoS2 layers, as illustrated in Fig. 1b. The merits of
this synthetic route are its feasibility and reliability for
large-scale production of PQDs/MoS2 for all-solution-
processed broadband photodetectors. To exploit the
monochromatization effect of the PQDs in the PQD/
MoS2 system, comprehensive microscopic and spectro-
scopic evaluations of the inherent properties of individual
low-dimensional materials were performed. Figure 1c, d
exhibits representative TEM images of the synthesized
PQDs, which indicate that well-defined, rectangular-
shaped PQDs were acquired, and the interplanar spa-
cing of the PQD crystal was estimated to be 0.58 nm; this
represented the (100) plane in the monoclinic structure of
the PQDs22. Figure 1e shows the statistical size distribu-
tion of the 40 PQDs and corroborates the formation of
PQDs with a narrow size distribution (mean size:
7.04 ± 0.86 nm). We anticipate that the formation of
uniformly sized PQDs will offer key advantages in terms
of reliable performance for photodetectors based on
PQDs/MoS2 because the size-dependent quantum con-
finement effects of low-dimensional nanomaterials exhibit
strong correlations with their electronic band structures.
XRD measurements were performed on the synthesized
PQDs to establish crystallinity; these studies revealed the
monoclinic phase structure, in good agreement with the
TEM results (Fig. 1f)22. Further insights into the chemical
bonding of the PQDs were acquired by using XPS (Sup-
porting Information Fig. S1). Based on the XPS spectra,
the atomic ratios of Cs, Pb, and Br were estimated to be
1:1.06:3.40, implying that formation of nearly stoichio-
metric PQDs resulted. Four key elements, including Mo,
S, Si, and O, were identified in the survey spectrum for
MoS2 synthesized on SiO2/Si using a large-area compa-
tible solution-based synthetic route (Supporting Infor-
mation Fig. S2). The deconvoluted Mo 3d and S 2p core
level spectra acquired from MoS2 synthesized on SiO2/Si
are displayed in Fig. 1g, h, respectively. Each spectrum was
fitted using a Gaussian-Lorentzian function and sharp
background subtraction. The Mo 3d core level spectrum
for synthesized MoS2 revealed doublet peaks composed of
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Fig. 1 Synthesis and basic characterization of CsPbBr3 PQDs and MoS2. a Conceptual representation of the monochromatization effect of PQDs
in the PQD/MoS2 system to achieve 2D semiconductor-based broadband photodetectors. b Large-scale synthesis of PQDs/MoS2 for all-solution-
processed broadband photodetectors. c, d Representative TEM images of synthesized PQDs, e statistical size distributions of 40 PQDs, and f the XRD
pattern for synthesized PQDs. Deconvoluted XPS core level spectra combined with spatially resolved XPS maps (6 × 6mm2) for g, i Mo 3d, and h, j S
2p binding energies determined for MoS2 layers. k A typical Raman spectrum was recorded with an excitation wavelength of 532 nm for MoS2 layers.
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Mo4+ bonded in the trigonal prismatic lattice of MoS2
(EB= 229.1 and 232.3 eV) and Mo6+ states for MoO3

(EB= 232.5 and 235.7 eV), along with the S 2s state
(EB= 226.3 eV). In the S 2p core level region, there was a
doublet related to the S 2p3/2 (EB= 162.0 eV) and S 2p1/2
(EB= 163.1 eV) states in MoS2. It is worth noting that
the marginal formation of an oxide with higher binding
energy than MoS2 was discernible, indicating that the
synthetic conditions presented for the synthesis of MoS2
are well established. The atomic ratio of S and Mo was
estimated to be 2.2. Figure 1i, j presents spatially
resolved XPS maps (6 × 6 mm2) extracted from the Mo
3d (EB= 229 eV) and S 2p (EB= 162 eV) core level
spectra of MoS2 on SiO2. These results implied excellent
spatial homogeneity for the atomic distributions of Mo
and S over a large area (6 × 6 mm2), which is important
for the realization of device arrays with analogous
responses for industrial applications in nanophotonic
devices. Figure 1k presents a typical Raman spectrum
recorded with an excitation wavelength of 532 nm for
MoS2 layers synthesized using a solution-based large-
area compatible approach, and the spectrum indicated
showed two peaks for the in-plane E2g and out-of-plane
A1g phonon modes25. The difference in wavenumbers for
these two Raman active phonon modes was 23.6 cm−1,
which suggests the preparation of a few-layer morphol-
ogy for MoS2

26.
To validate the large-scale spatial homogeneity, we

fabricated PQD/MoS2-based photodetector arrays on a
2-inch SiO2/Si wafer, as displayed in Fig. 2a, b, which are
representative photographic images obtained with visible
light (photograph) and UV light (fluorescence image),
respectively. The color contrast of the photograph was
marginal. The homogeneous PL emission from the PQDs
was discernible over a large area except for near the
electrodes, which show excellent homogeneity in the film
thickness. To verify the long-range spatial homogeneity,
we further analyzed PL spectra for PQDs/MoS2 recorded
at 30 arbitrary locations. The PL excitation peaks were
located at 514 nm, and their spectral line shapes were
nearly identical, which indicated excellent homogeneity
over a large area (Supporting Information Fig. S3). In
addition, structural and elemental studies of the PQDs/
MoS2 were performed to enable light management via the
monochromatization effect of the PQDs. First, cross-
sectional TEM observations were used to explore the
structural features of PQDs/MoS2, as displayed in Fig. 2c,
d. There were several important features noticeable in
these TEM observations: (1) MoS2 was completely cov-
ered with the PQD layer and (2) the number of MoS2
layers and thicknesses of the PQDs were 13 and 37 nm,
respectively. MoS2 monolayers have been regarded as
ideal candidates for many nanophotonic applications
owing to the inherent direct bandgap induced by their low

dimensionality2. From an application viewpoint, however,
a multilayer system offers critical merits such as stronger
photon absorption, a longer photoexcited carrier lifetime,
air stability, and narrow fluctuations of the band structure
caused by altering the number of layers27–29. These fea-
tures are important for forming photodetector arrays with
reliable performance and consistent responses from all
devices. An energy-dispersive X-ray spectroscopy (EDS)
map generated with a scanning TEM (STEM) image of
the PQDs/MoS2 corroborated the atomic distributions of
Cs and Pb extracted from the PQD layer, Mo from MoS2,
and Si from SiO2, which confirmed that MoS2 was com-
pletely covered with the PQD layer, as displayed in
Fig. 2e–j. Figure 2k exhibits a typical AFM topographical
image of the as-synthesized MoS2 on SiO2 (300 nm)/
Si(001), from which the root-mean-square (RMS)
roughness was assessed to be 0.69 nm. After hybridiza-
tion, morphological alterations of PQDs/MoS2 were
readily discriminated by considering an RMS roughness of
5.41 nm, which resembled the surface morphology of the
as-received PQDs with an RMS roughness of 4.16 nm, as
represented in Fig. 2l–n. Next, we determined the normal
Stokes PL emission of the synthesized PQDs to shed light
on the rectified secondary light of the PQDs in the
nanohybrid system. Figure 2o–r reveals PL spectra and
fluorescence photographs generated with an excitation
wavelength of 365 nm and acquired for the PQD solution,
as-coated PQD films, PQDs/MoS2, and MoS2. The PL
excitation peaks of all samples were located at 516 nm, in
accordance with values reported in prior literature22.
However, discernible variations in the intensities of PL
peaks originating from the green emissive PQDs were
generated by altering the PQD content used during
sample preparation, in good agreement with the fluores-
cence photographs. Intriguingly, the intensities of the PL
peaks for PQDs/MoS2 decayed markedly compared with
those of the as-coated PQD films formed under identical
coating conditions. This observation suggested that the
PL emitted from the PQDs was strongly absorbed in the
surfaces of the MoS2 layers. These results from the AFM
and PL studies afforded clear evidence for complete
encapsulation of the PQDs on MoS2 and strong absorp-
tion of PL emitted from the PQDs, which enabled light
management via the monochromatization effects of the
PQDs. Figure 2s presents UV‒vis-NIR absorption spectra
of the PQDs, MoS2, and PQDs/MoS2, and two distinctive
results were readily discernable: (1) hybridization of the
MoS2 and PQDs enabled simultaneous absorption
of UV and visible light photons and (2) the PQDs
exhibited nearly 100% transmittance of 532-nm photons.
Based on these results, we can anticipate the mono-
chromatization effects of the PQD/MoS2 system, as
depicted in Fig. 2t. Irradiation with 254 and 365 nm light
led to secondary light originating from PL emission of

Kim et al. NPG Asia Materials (2022) 14:89 Page 5 of 13



Fig. 2 Structural and optical properties of hybridized PQDs/MoS2. Photographs of PQDs/MoS2-based photodetector arrays on 2 in. SiO2/Si wafer
under a visible light and b UV light. c, d Representative cross-sectional TEM images of PQDs/MoS2. e STEM image and EDS elemental maps of f all
elements, g Cs, h Pb, iMo, and j Si for the PQDs/MoS2 on SiO2 (300 nm)/Si(001). Typical AFM topographical images of k as-synthesized MoS2, l PQDs/MoS2,
and m PQDs on SiO2 (300 nm)/Si(001). n Plot of the RMS roughnesses of MoS2, as-received PQDs, and PQDs/MoS2. PL spectra and (inset) fluorescence
photographs with an excitation wavelength of 365 nm were acquired from o the PQD solution, p as-coated PQDs, q PQDs/MoS2, and rMoS2. s UV‒vis-NIR
absorption spectra obtained for the PQDs, MoS2, and PQDs/MoS2. t Pictorial representation of the monochromatization effects in the PQD/MoS2 system.
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monochromatic visible light (λ= 516.5 nm) from the
PQDs, which subsequently irradiated the visible-light
sensitive 2D MoS2. Additionally, a transmittance of nearly
100% was ascertained for primary photons with a wave-
length of 532 nm passing through the PQD layer. Con-
sequently, rectified visible-light photons were irradiated
on the MoS2, which yielded a high photocurrent caused
by photoinduced carrier excitation of MoS2 to realize a
photodetector with large spectral coverage and demon-
strate performance optimization of the photoconductive
device. Additionally, the XPS peaks in the survey spec-
trum showing the MoS2 bonding states and two dis-
tinctive Raman active phonon modes for MoS2 were
completely absent after hybridization, which reinforced
our findings from the foregoing TEM and AFM results
(Supporting Information Fig. S4)30,31.
To prepare broadband photodetectors, we fabricated

PQD/MoS2-based photodetectors by forming electrical
contacts (70-nm-thick Au/3-nm-thick Cr) via thermal
evaporation with a shadow mask, and the channel lengths
and widths were 100 and 600 μm, respectively, as dis-
played in Fig. 3a. The incident photon wavelengths were
adjusted to 254 (0.35 mW/cm2), 365 (0.26 mW/cm2),
and 532 nm (20mW/cm2). The representative time-
dependent photocurrents of the MoS2- and PQDs/
MoS2-based photodetectors were examined for periodic
photon illumination with wavelengths of 254, 365, and
532 nm, as seen in Fig. 3b–g. The photocurrents of pris-
tine MoS2-based photodetectors reached 0.12 nA at 20 V
(254 nm), 0.21 nA at 20 V (365 nm), and 13 nA at 20 V
(532 nm), which indicated the wavelength-dependent
photoconductive behavior of pristine MoS2. Astonish-
ingly, the photocurrents for the PQD/MoS2-based pho-
todetectors were unequivocally amplified to 8.88 nA at
20 V (254 nm) and 9.94 nA at 20 V (365 nm), reflecting
broadband photodetection caused by light management
via the monochromatization effect of the PQDs. The
photon-stimulated and reliable switching behavior of the
photocurrents from the PQD/MoS2-based photodetectors
were shown for repeated illumination with 532 nm light
(Supporting Information Fig. S5). A large discrepancy in
the rise/decay times for UV (254 and 365 nm) and visible
light (532 nm) illumination resulted from the setup for
wavelength-dependent measurements, which was com-
posed of single UV lamps and a visible-light laser inte-
grated with a mechanical chopper to modulate the
frequency of the light source. The photoresponsivity and
detectivity values extracted determined for the PQD/
MoS2-based photodetectors were 55.81 (254 nm), 47.23
(365 nm), and 1.05 mA/W (532 nm) at 20 V and 5.20
(254 nm), 3.12 (365 nm), and 1.18 cmHz1/2W−1

(532 nm), respectively. The minimum response times for
the photodetectors were 7.7 (254 nm), 7.4 (365 nm), and
0.085 s (532 nm). For comparison, we summarized the

photoresponse characteristics of MoS2-based photo-
detectors from previously reported literature (Supporting
Information Table S1). We traced compelling clues to
validate our suggestions for light management via the
monochromatization effects of the PQDs. First, we con-
sidered whether broadband photodetection by PQD/
MoS2 due to the monochromatization effect could be
influenced by altering the PQD density because the pho-
toresponse in the UV regime was optimized by complete
encapsulation of the PQDs on MoS2. To tune the PQD
density, the concentration of PQDs was manipulated by
dilution with hexane to give 100% PQD, 10% PQD, and
1% PQD solutions. Appreciable decreases in the inten-
sities of the PL excitation peaks seen for concentration-
tailored PQDs accompanied decreases in the concentra-
tions of PQDs, as shown by the fluorescence photographs
in the insets in Fig. 3h–j. A better structural under-
standing of the concentration-tailored PQDs on MoS2
was obtained by using TEM, as displayed in Fig. 3k. It is
noteworthy that reliable control of the PQD density was
attained by regulating the concentration of the PQD
solution. Conversely, the inherent structural features of
the MoS2 bottom layers were invariant after coupling with
the density-modulated PQDs (Supporting Information
Fig. S6). Additional Raman spectroscopy results coupled
with AFM observations showed that two distinctive
Raman active phonon modes correlated with MoS2
emerged with decreasing the PQD density, and noticeable
variations in the PQD densities were observed after
altering the concentration of the PQD solution, which
replicated the TEM observations (Supporting Information
Fig. S7). Fluorescence photographs recorded with an
excitation wavelength of 365 nm and time-dependent
photocurrents induced by illumination at 254 and 365 nm
for the density-modulated PQDs on MoS2-based photo-
detectors are shown in Fig. 3l–n. Notably, we ascertained
that the PQD density largely dictated both the fluores-
cence intensities and photocurrents of the PQD/MoS2-
based photodetectors. The strong correlation between
PQD density resulting from the solution concentration
and the photocurrents of the photodetectors is presented
in Fig. 3o. In the PQD/MoS2 hybrid system, complete
encapsulation of the PQDs on MoS2 yielded rectified
secondary light that stimulated photoinduced carrier
excitation of the 2D MoS2. With a decrease in the PQD
density, direct irradiation of the primary UV light source
without the monochromatization of the PQDs resulted in
photocurrent deterioration.
In previous studies, PQD/MoS2 hybrid systems were

restricted to boosting the photoresponses of hybrid-based
photodetectors. The enhanced photoresponse can be
interpreted as photoinduced interfacial charge transfer
from PQDs to MoS2 with an excellent light absorption
coefficient, which influenced energy band bending and
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formation of the depletion region19,32,33. We focused on
the overlooked approach involving monochromatization
of the PQDs in the PQD/MoS2 hybrid system for high-
performance photodetection with broad spectral cover-
age. Second, we placed Al2O3 layers located between the
PQDs and MoS2 for electrical isolation to confirm the
monochromatization effect, which can be ruled out by
direct charge transfer from the PQDs to MoS2, as depic-
ted in Fig. 4a. The presented strategy was developed with
comprehensive examinations involving TEM, EDS, XPS,
and electrical measurements. Figure 4b, c shows repre-
sentative TEM images of PQDs/MoS2 with Al2O3 inter-
facial layers for electrical isolation, and three distinctive
features can readily be discerned: (1) insertion of Al2O3

continuous layers was readily discernable, (2) the thick-
ness of the Al2O3 layer was approximately 5 nm, and (3)
the inherent layered structure of MoS2 was well preserved
after deposition of the Al2O3. Chemical identification of
the PQD/Al2O3/MoS2 hybrid layers was conducted with
EDS elemental mapping combined with STEM observa-
tions, which demonstrated that well-defined PQD/Al2O3/
MoS2 hybrid layers were discernible, as displayed in
Fig. 4d, e. Figure 4f shows a spatially resolved XPS map
(6 × 6 mm2) acquired from the Al 2p (EB= 74.9 eV) core
level spectrum of the Al2O3/MoS2 layers, which indicated
the formation of a homogeneous Al2O3 layer on MoS2
over a large area. Direct evidence for electrical isolation
inhibiting photoinduced carrier transfer from the PQDs to
MoS2 was acquired by examining the spatial homogeneity
of the leakage currents for Au/Cr/Al2O3/MoS2/P

++-Si
devices (25 devices), as revealed in Fig. 4g. It can be seen
that 100% active devices with large areas (6 × 6mm2) were
studied, and their average leakage current was ~10−9 A,
which was attributed to complete electrical isolation
caused by the Al2O3 interfacial layer. Figure 4h presents
plots of the relationships between leakage current and
resistance of the devices as functions of the applied vol-
tage, which clearly reflect electrical insulation by the
Al2O3. Figure 4i shows the optical transmittance of 5-nm-
thick Al2O3 on quartz, indicating that the optical trans-
mittances at 254, 365, and 532 nm were 98.3, 98.9, and
99.2%, respectively. From the foregoing results, we used
Al2O3 interfacial layers with high optical transmittance
values for electrical isolation to validate the mono-
chromatization effect of PQDs. The representative

time-dependent photocurrents of the electrically isolated
PQDs/Al2O3/MoS2-based photodetectors were evaluated
for periodic illumination with photons with wavelengths
of 254, 365, and 532 nm, as shown in Fig. 4j–l. As
anticipated, the photocurrents of the PQD/Al2O3/MoS2-
based photodetectors realized with irradiation at 254 and
365 nm were indisputably boosted, which indicated the
monochromatization effect of the PQDs without direct
charge transfer. The discernible discrepancies in the
photocurrents resulting from UV (254 and 365 nm) illu-
mination of the PQD/Al2O3/MoS2- and PQDs/MoS2-
based photodetectors resulted from differences in the
thicknesses of the PQD layers on Al2O3 (39 nm) and
MoS2 (27 nm), which were related to the surface
hydrophobicity.
In both PQDs and 2D semiconductor systems, the

structural instability associated with their low-dimensional
natures leads to unavoidable oxidation, which causes device
performance to deteriorate and arguably distinguishes them
from bulk materials. Thus, air stability is indispensable for
practical optoelectronic applications. We validated the
sustainability of the photoelectrical performance, including
the photocurrent, response time (a maximum photocurrent
of 90%), and recovery time (a minimum photocurrent of
10%), for PQD/MoS2 broadband photodetectors over
180 days in the air, as indicated in Fig. 5a–c; the data
showed superb air stability with only slight deteriorations of
the response times (Supporting Information Fig. S8). In
addition, we validated the capability of PQDs/MoS2 for
flexible optoelectronic applications. The synthesized PQDs/
MoS2 was transferred to a PI film via surface energy-
assisted wet transfer using a polystyrene support layer23,24.
Mechanical bending durability tests of the PQD/MoS2-
based flexible photodetectors were carried out by mon-
itoring the time-dependent photocurrent resulting from
periodic photon illumination as a function of the bending
radius (R= 4, 2.5, 2, and 1mm) (Supporting Information
Fig. S9). Figure 5d displays photographs of the periodic
bending-releasing machine utilized to examine the bending
durability of the device. The bending radius-independent
stability of the photocurrent was discernible for all wave-
lengths, as presented in Fig. 5e. Surprisingly, the photo-
current of the device was nearly identical after repeated
tests (105 cycles) under harsh bending conditions (bending
radius= 1mm), indicating exceptional bending durability

(see figure on previous page)
Fig. 3 Monochromatization effect on PQDs/MoS2. a Schematic illustration and a representative optical microscope image of a PQD/MoS2-based
photodetector. Time-dependent photocurrents of the b–d MoS2- and e–g PQDs/MoS2-based photodetectors under periodic photon illumination
with wavelengths of 254, 365, and 532 nm. PL spectra and (inset) fluorescence photographs were obtained with an excitation wavelength of 365 nm
for h 100% PQD, i 10% PQD, and j 1% PQD solutions. k TEM images of concentration-tailored PQDs on MoS2. l Fluorescence photographs recorded
with an excitation wavelength of 365 nm and time-dependent photocurrents induced by photon illumination with wavelengths of m 254 nm and
n 365 nm for coverage-modulated PQDs on MoS2-based photodetectors. o Photocurrents of completely encapsulated PQDs/MoS2 and partially
encapsulated PQDs/MoS2 as a function of PQD concentration.
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Fig. 4 Validation of monochromatization effect with the insulating Al2O3 layer. a Schematic representations of PQD/MoS2 and PQD/Al2O3/
MoS2 structures and electrical isolation used to validate the monochromatization effect of PQDs. b, c Representative TEM images of PQDs/MoS2 with
Al2O3 interfacial layers for electrical isolation. d STEM image and e an EDS elemental map for all elements in PQDs/Al2O3/MoS2. f Spatially resolved
XPS map (6 × 6mm2) acquired from the Al 2p (EB= 74.9 eV) core level spectrum of the Al2O3/MoS2 layers. g Spatial homogeneity of the leakage
current values of Au/Cr/Al2O3/MoS2/P

++-Si devices (25 devices). h Plots of the relationship between leakage current and resistance of the device as
functions of the applied voltage. i Optical transmittance of 5-nm-thick Al2O3 on quartz and (inset) transmittance values at 254, 365, and 532 nm. Time-
dependent photocurrent of electrically isolated PQD/Al2O3/MoS2-based photodetectors under periodic illumination using photons with wavelengths
of j 254, k 365, and l 532 nm.
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Fig. 5 Long-term stability, bending durability, and universal applicability of PQDs/MoS2. Sustainability of a photocurrent, b response time, and
c recovery time (10% minimum photocurrent) for PQD/MoS2 broadband photodetectors over 180 days in the air. d, f Photographs of a periodic
bending-releasing machine used to examine bending durability. Plots of the photocurrents of the PQD/MoS2 broadband photodetectors under
periodic illumination with wavelengths of 254, 365, and 532 nm as functions of e the bending radius (1 cycle) and g bending cycles (R= 1mm).
h Proof-of-concept demonstration for flexible and broadband photodetectors fabricated on a PU and intimately integrated with the human hand.
i PL spectrum and (inset) a fluorescence photograph with an excitation wavelength of 365 nm acquired from the red-emissive PQD solution. j A
fluorescence photograph and (k) AFM image of a red PQD/MoS2-based photodetector. Time-dependent photocurrents of the red PQD/MoS2-based
photodetector under periodic photon illumination with wavelengths of l 254, m 365, and n 532 nm.
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for all wavelengths, as exhibited in Fig. 5f, g and Supporting
Information Fig. S9. The excellent flexibility made it pos-
sible to intimately integrate the device with the human
hand, which signaled the promising potential for application
with flexible and wearable optoelectronic devices, as
demonstrated in Fig. 5h. To enable universal applicability of
the monochromatization effect of PQDs to realize broad-
band photodetectors, we intend to extend the PQD/MoS2
system by adopting red-emissive PQDs (CsPbBrI2). Optical
and structural characterizations of red-emissive PQDs were
carried out with PL spectroscopy, fluorescence spectro-
scopy, and AFM observations, as exhibited in Fig. 5i–k. The
chemical bonding states of the red PQDs were determined
using XPS (Supporting Information Fig. S10). The PL
excitation peak of the PQD solution was located at
625.5 nm, indicating the presence of red-emissive PQDs.
We ascertained the formation of homogeneous red PQDs
on MoS2 over a large area (RMS roughness= 5.55 nm). It
should be highlighted that the monochromatization effect
of red PQDs was distinctly shown by increases in the
photocurrents caused by irradiation at 254 and 365 nm, as
shown in Fig. 5l–n, which affords an ideal platform for
application in versatile nanophotonic devices based on 2D
semiconductors.

Conclusions
In conclusion, we presented a facile methodology for

preparing broadband photodetectors based on large-
scale PQDs/MoS2 through light management via the
monochromatization effect of the PQDs. To facilitate the
monochromatization effect, the PQD/MoS2 system was
rationally designed, and explicit structural and chemical
explorations of the individual low-dimensional materials
were implemented. The resulting PQD/MoS2-based
photodetectors revealed broadband photodetection
behavior that retained high photocurrents over a wide
spectral range. We traced compelling clues to confirm
that our observations were strongly correlated to
monochromatization by altering the PQDs density with
electrical isolation caused by inserting an Al2O3 insu-
lator. In addition, the PQD/MoS2 broadband photo-
detectors exhibited superb air stability and exceptional
bending durability. We envisage that the approaches
presented herein will afford an innovative strategy for
broadband photodetection and tunability of the operat-
ing wavelengths in photodetectors as well as large-scale
production of hybrid materials, thereby resolving two
prerequisites that will have ramifications for emergent
optoelectronic devices.
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