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ABSTRACT: A hybrid UV photodetector incorporating a blended
active layer of molybdenum disulfate (MoS2) nanoflakes and zinc oxide
(ZnO) quantum dots (QDs) on the Au core−shelled AuPd hybrid NPs
(HNPs), namely, the MoS2*ZnO/HNP configuration, is demonstrated
for the first time. In the proposed configuration, the hot carriers
generated by the strong localized surface plasmon resonance (LSPR) of
Au-shelled AuPd HNPs can be effectively collected at the ZnO QD’s
conduction band. The blended MoS2 nanoflakes also successfully absorb
the high-energy photons, offering additional photocarriers. The
optimized device demonstrates an increased photocurrent (Iph) of
1.49 × 10−3 A at 10 V under 54.9 mW/mm2, which offers improved
performance parameters of a photoresponsivity (R) of 2,525 mA/W, a
detectivity (D) of 7.251 × 1011 jones, and an external quantum
efficiency (EQE) of 813% at 0.34 mW/mm2. The result is one of the best ZnO-based photodetectors demonstrated so far. The
enhanced photocurrent is due to the greater photocarrier injections by the blended active layer of MoS2 nanoflakes and ZnO QDs
on the Au-shelled AuPd HNPs. The finite-difference time-domain (FDTD) simulation confirms the significantly increased maximum
local e-field intensity and hotspots of the MoS2*ZnO/HNP blended active layer.
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UV photodetectors offer a broad range of applications in
various fields from flame detection, water sterilization,

pollution monitoring, and biomolecule sensing to factory
automatization, intersatellite communication, and missile
launch detection.1−5 The UV photodetectors with high
photocurrent, rapid response, and low cost are the essential
components to meet the demands of practical applications.
Over the years, a number of material systems have been
investigated for the UV photodetector configurations such as
transition-metal dichalcogenides (TMD), halides, perovskites,
metal oxides, and silicon derivatives.1−7 Recently, various metal
oxide semiconductors including CuO, TiO2, BaTiO3, and ZnO
have received much-increased research attention due to their
superior UV photon absorption characteristics of photo-
responsivity, detectivity, and quantum efficiency.1−7 More
recently, the hybrid UV photodetector configurations consist-
ing of various compatible nanomaterial systems have been
drawing significant research interest due to their added
functionality, tunability, and device performance, i.e., electronic
heterogeneity, site-specific response, and combinational effect
of constituent materials. ZnO, a group II-VI semiconductor
with a wide band gap of 3.37 eV, has been widely adapted for
UV photodetector applications.6,8−10 A variety of approaches
have been attempted to improve the performance of ZnO-

based photodetectors including surface functionalization,
nanocrystallization, heterojunction, counter doping, hybrid
configurations, etc.6,8−10 For example, the hybrid structure of
BTO-coated ZnO quantum dots (QDs) exhibited a signifi-
cantly improved response speed, which was attributed to the
reduced carrier recombination time.8 The hybrid configuration
of ZnO QDs and graphene QDs on the keratin nanofiber
textile resulted in a transparent and flexible ultraviolet
photodetector.9 At the same time, the plasmonic metallic
nanoparticles (NPs) can demonstrate a strong localized surface
plasmon resonance (LSPR) and thus can induce considerably
increased photocarrier injection.11−14 The rapid charge
transfer of hot electrons by the strong LSPR can offer
substantially improved photocurrent. Among various plas-
monic NPs, Au NPs can demonstrate the strong LSPR11−14

and exhibit strong absorption in the UV and vis region due to
the quadrupolar and dipolar plasmonic resonance modes.
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Meanwhile, the molybdenum disulfate (MoS2) nanostructures
as a two-dimensional (2-D) transition-metal dichalcogenide
(TMD) semiconductor also may demonstrate their value in
UV photodetection applications with increased photogener-
ated carriers.15,16 In this respect, a hybrid configuration
incorporating the blended active layer of MoS2 nanoflakes
(NFs) and ZnO QDs on the Au core−shelled AuPd hybrid
NPs (HNPs), namely, MoS2*ZnO/HNP configuration, in a
single device would be a promising attempt to utilize the
significantly increased photocarriers offered by these materials.
A hybrid NP configuration incorporating the highly dense Au
NPs along with the MoS2 nanoflakes and ZnO QDs in a single
device configuration can be largely beneficial to utilize the
strong LSPR and photocarrier injection for the improved UV
photodetector performance.
In this work, the MoS2 nanoflake (NF) and ZnO quantum

dot (QD) blended active layer on the core−shelled AuPd
hybrid NPs (HNPs) is demonstrated for the first time for UV
photodetectors. The optimized MoS2*ZnO/HNP device
demonstrates a greatly enhanced photocurrent (Iph) of 1.49
× 10−3 A. As a result, an outstanding photoresponsivity (R) of
2,525 mA/W, a detectivity (D) of 7.251 × 1011 jones, and an
external quantum efficiency (EQE) of 813% at 0.34 mW/mm2

are exhibited. The core−shelled AuPd HNPs template is
prepared via a dual-phase solid-state dewetting (SSD)
approach and offers the Au NPs with exceptionally high
density along with the Au-shelled AuPd NPs, as illustrated in
Figure 1a. Then, the blended active layer of MoS2 NFs and
ZnO QDs is deposited on the AuPd HNPs to provide the
conductive channel and to collect the injected photocarriers, as
shown in Figure 1b. Along with the addition of each
component, a sharp increase in the photocurrent (Iph) is
clearly observed, as seen in Figure 1c. The FDTD simulation
shows a significantly enhanced local e-field intensity and
hotspot distribution by the MoS2*ZnO/HNP blended active
layer, as shown in Figure 1d. The mixed layer of MoS2
nanoflakes and ZnO QDs on the Au-shelled AuPd hybrid
NPs can significantly improve the photodetector characteristics
by utilizing the increased hot carriers by the LSPR and
photocarrier injection, as described in Figure 1e.

■ RESULTS AND DISCUSSION

Starting from the identical Pd NP templates, two distinctive
configurations of AuPd NP are demonstrated depending on
the Au coating thickness and a postannealing process. Fully
alloyed AuPd NPs are presented in Figure 2, and Au-shelled

Figure 1. (a) Fabrication of core−shelled AuPd hybrid nanoparticles (HNPs) with the background Au nanoparticles. (b) Schematic of hybrid UV
photodetector (PD) incorporating the mixture layer of molybdenum disulfate (MoS2) nanoflakes (NFs) and zinc oxide (ZnO) quantum dots
(QDs) on the core−shelled AuPd HNPs. (c) Photocurrent of bare ZnO, ZnO/HNPs, and MoS2*ZnO/HNPs photodetector under UV
irradiation. (d) Finite-difference time-domain (FDTD) simulation of HNPs. (e) Work function of deposited materials and the carrier generation
and transfer process.
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AuPd hybrid NPs are shown in Figure 3, which were fabricated
during the second phase of solid-state dewetting (SSD) by
controlling the Au coating thickness and postannealing
process. The fully alloyed AuPd NPs indicate that the NP
elements are fully alloyed in terms of atomic distribution. In
the core−shelled AuPd hybrid NP configuration, the Pd NPs
are shelled by the Au layer through the unique dual-phase SSD
approach, which can offer very high-density background Au
NPs. Consequently, a significantly increased hop spot
distribution and much-increased maximum local e-field
intensity are demonstrated. Normally, this high-density Au
NP with a very small size is not available based on the general
SSD.
Initially, the Pd NPs were fabricated on sapphire (0001) by

annealing a 30 nm Pd film at 800 °C based on the SSD.17 As
the deposited Pd films are metastable, the existing voids and
pinholes in the thin Pd films serve as nucleation centers in the
process of SSD well below the melting point of Pd (1555 °C),

induced by the atomic diffusion of adatoms upon annealing. As
mass transport of adatoms occurs, the voids can grow larger
and merge with the adjacent voids, leading to the construction
of isolated nanoislands. Along with the reduction of surface
and interface energies, the energetically stable semispherical
configuration of Pd NPs can be formed based on the SSD.17

The Pd NPs had an average height and diameter of ∼90 and
350 nm, respectively, as shown in Figure S2, and two LSPR
peaks in the UV at ∼330 nm and VIS at ∼450 nm were
observed, which is in agreement with the quadrupolar
resonance (QR) and dipolar resonance (DR) plasmonic
modes.18,19

The Pd NPs were utilized as a template for further growth,
i.e., the deposition of Au films of various thicknesses and
subsequent annealing for the second phase of SSD. Here, a
slight change in the Au coating thickness was found to be the
crucial factor for the determination of the resulting NP
configuration. For instance, the Au coating thickness above 10

Figure 2. Surface morphology evolution of fully alloyed AuPd NPs by 30 nm Au coating on a 30 nm Pd NP template and subsequent annealing
between 0 and 800 °C. (a−d) Atomic force microscopy (AFM) top views of 3 × 3 μm2. ((a-1)−(d-1)) Enlarged side views of 750 × 750 nm2. ((a-
2)−(d-2)) Cross-sectional line profiles from the side views. (e) Schematic illustration of fully alloyed AuPd NP formation. (f) Summary plots of
RMS roughness (Rq) and surface area ratio (SAR). (g) Summary plots of the atomic percentages of Au and Pd.
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nm led to the fully alloyed AuPd NPs, as shown in Figure 2.
The coating thickness below 10 nm resulted in the core−shell
structure with high-density small Au NPs on the background,
as displayed in Figure 3. The template Pd NPs are generally
stable in their original configuration even at 800 °C or higher.
The presence of Pd NPs that are already in the energetically
favorable configuration can provide lower-surface-energy sites,
and thus, Au adatom diffusion is expected to be generally
toward Pd NP sites. This will result in the formation of Au
shells on Pd NPs upon annealing. Meanwhile, atomic
intermixing can occur at the interface of Au and Pd.20 When
the atomic intermixing at the Au/Pd interface is intensive with

a sufficient amount of Au adatoms, it can lead to the fully
intermixed alloy stage. This will destroy the Pd NPs and the
surface energy now will reconstruct for another optimum,
resulting in a new configuration of large-alloy AuPd NPs, as
shown in Figure 2. Once large AuPd NPs are formed, the
preferential diffusion of adatoms toward lower-energy sites can
be further enhanced, and all of the adatoms can be absorbed by
the large NPs. When the degree of atomic intermixing is lower
with the smaller than the critical amount of Au adatoms, the
core−shell configuration can be maintained. Then, the Pd NPs
are shelled by absorbing the nearby Au adatoms. At the same
time, high-density small Au NPs can spontaneously form in the

Figure 3. Evolution of core−shelled AuPd hybrid NPs by 5 nm Au coating on 30 nm Pd NP templates annealed between 0 and 800 °C. (a−d)
AFM top views of 3 × 3 μm2. ((a-1)−(d-1)) Enlarged AFM side views showing the typical core−shelled AuPd NPs. ((a-2)−(d-2)) Cross-sectional
line profiles. ((b-3)−(d-3)) Enlarged side views of background Au NPs. ((b-4)−(d-4)) Cross-sectional line profiles of background Au NPs. (e)
Atomic percentages of Au and Pd. (f) Summary plots of Rq and SAR. (g) Schematic of hybrid Au-shelled AuPd NPs.
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background.21 This can result in the formation of core−shelled
AuPd hybrid NPs, as shown in Figure 3.
Figure 2 presents the surface morphology evolution of

alloyed NPs fabricated by the 30 nm Au coatings on the 30 nm
Pd NP templates. In this set, a distinct growth mode of
bimetallic AuPd NPs was observed after the second step of
SSD between 0 and 800 °C, as displayed in Figure 2a,d. Under
an identical condition, the evolution of bimetallic NPs was
completely distinct. Specifically, the surface morphology was
fully reconstructed from the Pd NP template without
background NPs, as seen in Figure 2e.19,22 The Pd NP
template covered with the thick 30 nm Au coating, i.e., 0 °C in
Figure 2a, showed a similar surface morphology to the Pd NP
template. When the annealing temperature was set at 400 and
600 °C, the original Pd NPs started to restructure with the
intermixing of Au and Pd adatoms and somewhat inter-
connected nanostructures were formed, as seen in Figure 2b,c.
At 800 °C, the AuPd NPs were merged, and elongated
nanoclusters were formed, as shown in Figure 2d. The
corresponding AFM side views and line profiles clearly
demonstrate the increase in the height of alloyed AuPd NPs,
as shown in Figure 2(a-1)−(d-1),(a-2)−(d-2). The RMS
roughness (Rq) also reflected the increasing trend of size, as
shown in Figure 2f. Meanwhile, the SAR showed similar values,

which are mainly from the compensation between the
increased height of nanoclusters and density reduction.
Generally, Rq is more sensitive to the height change and
SAR is more sensitive to the density change. The atomic
percentages of Au and Pd remained constant, as seen in Figure
2g, although the surface configuration largely evolved along
with the temperature. The energy-dispersive spectrometry
(EDS) phase maps and the elemental line profiles demon-
strated a clear match between Au and Pd at 600 and 800 °C, as
shown in Figure S5. This clearly confirms the fabrication of
fully alloyed AuPd nanoclusters without background Au NPs.
The large-scale AFM side views and the EDS spectral analysis
are presented in Figures S4 and S5. Also, the optical
characterization and FDTD simulation of alloyed NPs are
given in Figure S6.
Figure 3 shows the development of Au-shelled AuPd hybrid

NPs (HNPs) by the 5 nm Au coating on 30 nm Pd NP
templates. In general, the morphology evolution clearly
demonstrates the formation of Au-shelled AuPd NPs with
the high-density background Au NPs after the second phase of
SSD, as shown in Figure 3a−d. With the largely reduced Au
coating thickness, the degree of atomic intermixing can be
significantly reduced at the Au/Pd interface. Thus, the initial
Pd NPs can be retained and the preferential Au adatom

Figure 4. Elemental analysis of the core−shelled AuPd HNPs fabricated by 5 nm Au coating on the 30 nm Pd NP template at 600 and 800 °C. (a,
a-3) and (b, b-3) SEM images and corresponding elemental phase maps of HNPs. (c, d) Elemental line profiles on the typical core−shelled AuPd
NPs. (e, f) EDS spectra of HNPs fabricated at 600 and 800 °C.
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diffusion can result in the AuPd core−shell NP configuration.
Meanwhile, the Au adatoms far away from the Pd NP
absorption boundary can spontaneously form the small Au
NPs in the background, as displayed in Figure 3g.21 As the
annealing temperature gradually increased, the primary NP
density was comparable, as shown in Figure 3(a-1)−(d-1).
However, the effective height of AuPd NPs showed a gradual
reduction along with annealing likely due to the gradually
increased size of background Au NPs, as shown in Figure 3(a-
2)−(d-2). The average height of background Au NPs was
gradually increased up to 20 nm as seen by the AFM scanning
and corresponding line profiles, as shown in Figure 3(b-3)−(d-

4). The Rq and SAR showed similar values ascribing from the
compensation between primary NP reduction and background
NP growth and these values slightly decreased at 600 and 800
°C, as shown in Figure 3e. The elemental composition also
showed a similar result in Figure 3f to that in the previous set.
Additional morphological and elemental analyses of hybrid Au-
shelled AuPd NPs by 5 nm coating are presented in Figures S7
and S8. Also, 10 and 3 nm Au coating sets are presented in
Figures S9−S11 and S14−S16. In both sets, the evolution
trend of HNPs was similar to the 5 nm set with smaller
background Au NPs for the 3 nm set and larger Au NPs for the
10 nm set, as clearly seen in Figures S10 and S14.

Figure 5. Optical properties of core−shelled AuPd HNP fabricated by the 5 nm Au coating on the 30 nm Pd NP template. (a−c) Extinction (E),
reflectance (R), and transmittance (T) spectra in the 270−1100 nm region for the HNP, 5 nm Au on sapphire, and 30 nm Pd NP template. ((a-
1)−(c-1)) Corresponding normalized and magnified spectra of peaks and dips. ((a-2)−(c-2)) Contour plots. (d, e) Schematic illustration of typical
Pd NP and AuPd HNP. ((d-1), (e-1)) Corresponding side views of e-field profiles by FDTD simulations.
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Figure 4 shows the elemental analysis results for Au-shelled
AuPd HNPs with 5 nm Au coating at 600 and 800 °C. The
scanning electron microscopy (SEM) images in Figure 4a,b
present the large core−shelled AuPd NPs surrounded by the
dense smaller Au NPs. The Au NPs generally are larger at 800
°C due to enhanced surface diffusion. The Pd phase maps were
seen only at the initial Pd NP sites, as demonstrated in Figure
4(a-1),(b-1), which clearly indicates that the initial Pd NPs
were retained at the initial NP sites. Meanwhile, the Au phase
maps showed the presence of Au throughout the surface in
Figure 4(a-2),(b-2). The Au intensity was much higher on the
primary NP sites due to the preferential Au adatom diffusion as
discussed, which clearly indicates the formation of the Au-
shelled configuration. The EDS line profiles corresponding to
the yellow lines in the SEM images are presented in Figure
4c,d. Both the Pd and Au counts were detected at the primary
Pd NP sites, and this also clearly suggested the formation of
core−shelled AuPd NPs. Even at 800 °C, no structural
deformation was observed for the primary Pd NPs after second
step of SSD. Thus, the diffusion of Au atoms only led to the
formation of core−shelled structure as well as the formation of
high-density Au NPs. Meanwhile, the partial intermixing

between Au and the outer rim of Pd NPs could occur at
high temperatures due to the miscible nature of Au and Pd.
However, due to the small amount of Au adatoms, the Au-
shelled AuPd NPs were retained.
Figure 5 presents the optical properties of AuPd hybrid NPs

fabricated with 5 nm Au sputtering onto the Pd NP template
along with the extinction, reflectance, and transmittance
spectra, as shown in Figure 5a−c. Generally, the Au-shelled
AuPd hybrid NPs demonstrated much-improved extinction as
compared to the bare Pt NPs and fully alloyed AuPd NPs. To
begin with, the hybrid NPs were compared with the pure Au
layer and template Pd NPs. The 5 nm Au layer showed an
extinction peak in the vis region at 465 nm and a minor
shoulder in the UV region at ∼330 nm.22 Meanwhile, the fully
dewetted Pd NPs in the first step of SSD exhibited the QR and
DR at 330 and 450 nm, respectively. After Au coating, i.e., 0
°C, it showed a broader extinction peak in the vis region with
an increment of intensity from 33 to 42%. Indeed, the vis peak
can be distinguished with two minor peaks at 450 and 570 nm,
which can be due to the combined effect of Au-shelled AuPd
NPs and Au coating.23 As the background Au NPs started to
develop at 400 °C, the extinction peaks in the UV−vis region

Figure 6. (a) AFM top view of ZnO/HNPs. (a-1) Corresponding line profile. (b) Raman spectrum of ZnO. (c) Cross-sectional SEM image of
ZnO/HNPs. ((d)−(d-4)) Cross-sectional EDS images of ZnO/HNPs. ((e)−(e-4)) EDS line profiles of ZnO/HNPs.
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became sharply intensified. The vis extinction peaks of each
sample were normalized to visualize the LSPR trend, as shown
in Figure 5(a-1). With the evolution of Au-shelled AuPd NPs
and background Au NPs, the vis peaks were gradually blue-
shifted from 570 nm at 0 °C to 535 nm at 800 °C, as shown in
Figure 5(a-1). This can be due to the reduction in the effective
height of Au-shelled AuPd NPs along with the gradual growth
of background Au NPs.19 Meanwhile, the extinction peaks
showed the narrower bandwidth with high-temperature
samples, which could be due to the reduced size distribution
and improved uniformity of NPs,18 as shown in a contour plot
in Figure 5(a-2). In addition, the reflectance spectra in Figure
5b demonstrated clear reflectance dips, corresponding to the
DR extinction peak positions. Meanwhile, the reflectance dips
also followed the blue shift and reduced width of spectral peaks
as in the extinction spectra in Figure 5(b-1,b-2). The
transmittance spectra of AuPd hybrid NPs are displayed in
Figure 5(c,c-2). The transmittance peak positions for the
core−shell HNPs were also gradually blue-shifted, i.e., 770,
590, 575, and 565 nm, between 0 and 800 °C. The Au-shelled
AuPd hybrid NPs fabricated with the 10 and 3 nm Au coatings
showed similar trends in the optical properties, as provided in
Figures S12−S17.
Figure 5d,e presents the finite-difference time-domain

(FDTD) simulations of pure Pd and AuPd hybrid NPs. The
electromagnetic (EM) hotspots were observed at edge
positions and on the surface of pure Pd NPs, as shown in
Figure 5(d-1).23 The maximum local e-field intensity (MLEI or

Emax) was 3.24 for the Pd NPs. The MLEI was 5.1 for the pure
Au NPs, as shown in Figure S13. In the case of fully alloyed
AuPd NPs, it was 8.2, as shown in Figure S6. Meanwhile, the
AuPd hybrid NPs demonstrated much enhanced additional
hotspots due to the high-density small Au NPs, as clearly seen
in Figure 5(e-1). The MLEI was sharply increased to 26.4 due
to the core−shell configuration and well-dewetted high-density
background Au NPs. More detailed simulation results for the
pure Pd, pure Au, and AuPd hybrid NPs are given in Figure
S13.
Figure 6 shows the characterizations of the ZnO quantum

dot (QD) layer deposited on the Au-shelled AuPd hybrid NPs,
namely, ZnO/HNPs. The Au-shelled AuPd HNPs fabricated at
800 °C were adapted for photodetector fabrication due to the
much-improved MLEI and EM hotspots, which can be
beneficial for hot carrier injection. After the deposition of
the ZnO QD layer, the surface became quite rough, as seen in
Figure 6(a,a-1). The ZnO QD layer demonstrated the Raman
bands of E2 (high) and A1 (LO) at 440 and 580 cm−1,
respectively, as seen in Figure 6b.24 Also, the E2 (low) mode
was observed at 330 cm−1. Figure 6c,e shows the cross-
sectional analyses on the ZnO/HNP layer. The cross-sectional
SEM image clearly showed the formation of the ZnO QD layer
on the Au-shelled AuPd HNPs, as shown in Figure 6c. The
ZnO QDs were clustered after spin coating and subsequent
annealing. The ZnO and Pd phase maps in Figure 6(d-1,d-2)
matched the SEM image well. The Au layer was slightly
diffused after high-energy ion bombardment of ion milling,

Figure 7. Photoresponse of bare ZnO and ZnO/HNP PDs under 385 nm irradiation. (a) Schematic of ZnO/HNP hybrid PDs. (b) Photocurrent
of bare ZnO and ZnO/HNP PDs. The inset shows the dark current. (c) Rise/fall time. (d) and (e) Power dependency of bare ZnO and ZnO/
HNP PDs at 10 V with the power density between 0.34 and 54.9 mW/mm2. (f−h) Responsivity (R), detectivity (D), and external quantum
efficiency (EQE) based on the incident power variation at 10 V.
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showing diffused Au count into the ZnO layer, as shown in
Figure 6(d-3). The Al is from the sapphire (Al2O3) substrate,
as shown in Figure 6(d-4). Similarly, the elemental line profiles
on the HNPs in Figure 6(e,e-4) clearly demonstrated more
than 1000 counts of each related element. The semispherical
shape in the EDS line profiles indicates the AuPd hybrid
nanoparticle (HNP). The high count of Zn was observed in
the ZnO QD layer, as shown in Figure 6(e-1), and Pd was
observed on the AuPd HNPs, as shown in Figure 6(e-2).
Again, Au was observed on the ZnO QD layer up to the
sapphire substrate due to diffusion by high-energy ion
bombardment of ion milling, as shown in Figure 6(e-3).

Figure 7 presents the I−V response of bare ZnO and ZnO/
HNP photodetectors under 385 nm UV. The ZnO/HNP
hybrid device was fabricated by employing the ZnO QDs and
Au-shelled AuPd HNPs, as shown in Figure 7a. Figure 7b
shows the current versus voltage (I−V) characteristics of the
ZnO/HNP photodetector in comparison with those of the
bare ZnO device under UV illumination (385 nm, 54.9 mW/
cm2). The dark current was 2.29 × 10−7 A for bare ZnO and
8.30 × 10−6 A for the ZnO/HNP, as shown in the inset, which
showed a linear response with Ohmic contact between the
ZnO QD layer and Au electrodes.25 Upon UV illumination,
the current sharply increased to 3.20 × 10−5 A for bare ZnO

Figure 8. (a) AFM top view of the MoS2*ZnO/HNP layer. Here, MoS2*ZnO indicates the mixture in a 1:10 ratio. (a-1) Line profile of the
corresponding AFM image. (b) Raman spectra of the MoS2*ZnO mixture. (c) EDS spectra of the MoS2*ZnO mixture on HNPs. ((d)−(d-6))
EDS maps of Zn, O, Au, Mo, S, and Pd. (e) Photocurrent of the MoS2*ZnO/HNP device at 54.9 mW/mm2. The inset shows the dark current. (f)
Rise/fall time of the MoS2*ZnO/HNP device. (g) Current−power characteristic at 10 V.
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and reached 7.36 × 10−4 A for the ZnO/HNP. In both cases,
an about two-order increase of photocurrent (Iph) was
observed with a much higher Iph for the ZnO/HNP device.
This clearly shows that the incorporation of Au-shelled AuPd
HNPs into the photodetector matrix resulted in a significant
increase of photocurrent (Iph) due to the increased photo-
carrier injection by the Au-shelled AuPd HNPs.26 Further, the
UV excitation power was varied from 0.34 to 54.9 mW/mm2 at
10 V, as seen in Figure 7c,d. The increase in the Iph with the
gradually increased incident power at a fixed bias can be due to
more excitation of carriers, which confirms that the ZnO QD
layer is of good quality.25 In terms of the rise (tr) and fall time
(tf), while the bare ZnO showed tr = 7 s and tf = 1.41 s, the
ZnO/HNP demonstrated improved values of tr = 5.95 s and tf
= 1.34. These are quite good numbers for the ZnO-based
photodetectors. Further, the performance parameters such as
responsivity (R), detectivity (D), and external quantum
efficiency (EQE) were evaluated for the ZnO/HNP and bare

ZnO devices based on the following equations: =
−
×R

I I

P A
ph d

d
,

= ·D R A
qI(2 )

1/2

d
1/2 , and = × ×

λ
REQE 100%1240 , where Iph and Id

are photo and dark currents and Pd is the power density. A is
the photoactive area, q is the elementary charge, and λ is the
wavelength of light in nm.27,28 A photoresponsivity of 1,166.8

mA/W was obtained in the ZnO/HNP photodetector at 0.34
mW/mm2, and that of bare ZnO was 69.4 mA/W in Figure 7f.
This shows that the ZnO/HNP device demonstrated about 17
times higher photoresponsivity. The photoresponsivity was
generally high at low power due to the saturation of
photocarrier generation.29 Accordingly, the ZnO/HNP dem-
onstrated much-improved detectivity and EQE of 4.20 × 1010

jones and 375%, respectively, at 0.34 mW/mm2, as seen in
Figure 7g,h. The bare ZnO device demonstrated a detectivity
and EQE of 9.64 × 109 jones and 22.36%, respectively, at 0.34
mW/mm2. The specific numerical values of R, D, and EQW at
different illumination powers are summarized in Table S1.
Figure 8 shows the mixed MoS2*ZnO application on the

Au-shelled AuPd hybrid NPs, namely, the MoS2*ZnO/HNP
device. Here, the MoS2 nanoflakes and ZnO quantum dots
(QDs) were mixed in a 1:10 ratio from the solutions in Figure
S18 and spin-coated and annealed on the AuPd HNPs as in the
ZnO/HNP application. The mixture ratio of 10:1 was
determined based on the SERS study of the mixture of
methylene blue (MB) and MoS2 nanoplatelets.30 The MoS2
NFs are 2-D transition-metal dichalcogenide (TMD) semi-
conductors that offer added photocarriers to the device matrix.
The surface morphology became slightly rougher, as seen in
Figure 8(a,a-1), than that of the bare ZnO. After the addition
of 2-D MoS2 nanoflakes, the E2g

1 and A1g phonon modes

Figure 9. Photoresponse of the MoS2*ZnO/HNP hybrid PD, the FDTD simulation of MoS2*ZnO/HNP, and the photocurrent generation
mechanism. ((a-1)−(a-3)) Summary plots of R, D, and EQE. ((b-1)−(b-3)) Summary plots of R, D, and EQE based on the wavelength variation at
10 V. (c) FDTD simulation of ZnO-MoS2/HNP. (c-1) E-field distribution top view. (c-2) Schematic of AuPd HNPs with specific dimensions. (c-
3) Schematic of the MoS2*ZnO mixture. (d) Energy band diagram and charge transfer process.
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appeared at 380 and 408 cm−1, respectively, as shown in Figure
8b.31,32 The EDS spectra demonstrated all of the elemental
peaks in the MoS2*ZnO/HNP layer, i.e., Zn, O, Au, Mo, S,
and Pd, in Figure 8c. Similarly, the EDS maps showed the
presence of all of the elements, i.e., Zn, O, Au, Mo, S, and Pd,
of the MoS2*ZnO/HNP device in Figure 8d. Upon UV
illumination of the MoS2*ZnO/HNP device, generally, the
photocurrent characteristics were further improved as
compared to the ZnO/HNP device. The dark current was
8.58 × 10−6 A, as shown in the inset in Figure 8e, about an
order higher as compared to that of bare ZnO device of 3.39 ×
10−7 A and had a similar value to that of ZnO/HNP of 8.30 ×
10−6 A. The photocurrent (Iph) was sharply increased to 1.49 ×
10−3 A under a power density of 54.9 mW/mm2 at 10 V. It was
3.20 × 10−5 A for bare ZnO and 7.36 × 10−4 A for the ZnO/
HNP at the same condition. Clearly, the addition of MoS2
nanoflakes further increased the Iph, which can be attributed to
the increased electron−hole generation and increased mobility
of photogenerated carriers with the addition of MoS2 NFs.

28,29

The rise (tr) and fall (tf) times were also improved to 4.08 and
0.37 s, respectively, with the addition of MoS2 nanoflakes, as
seen in Figure 8f. With the bias, the UV excited photocarriers
can be quickly collected through the electrodes due to the
increased drift velocity of carriers.33,34 Also, the Iph over various
power densities showed a gradual increase and this confirmed
that the mixed MoS2*ZnO layer is a good quality of the active
channel and can offer improved photoresponse.
The responsivity (R), detectivity (D), and external quantum

efficiency (EQE) of MoS2*ZnO/HNP are summarized in
Figure 9(a-1)−(a-3) compared with those of the ZnO device.
MoS2*ZnO/HNP demonstrated the highest maximum photo-
responsivity of 2525 mA/W at 0.34 mW/mm2, which is more
than 36 times greater than that of the bare ZnO device of 69.4
mA/W. Accordingly, MoS2*ZnO/HNP demonstrated a much-
improved detectivity and EQE of 7.25 × 1011 jones and 813%
at 0.34 mW/mm2, respectively, as seen in Figure 9(a-2)−9(a-
3). In addition, the performance parameters were tested at
various wavelengths ranging from the UV to NIR between 275
and 850 nm at a fixed power of 1.6 mW/mm2, as shown in
Figure 9(b-1)−(b-3). The MoS2*ZnO/HNP device exclu-
sively responded to the UV illumination and all other regions
showed near-zero values, indicating that the MoS2*ZnO/HNP
photodetector shows good selectivity for the UV region.
Overall, the MoS2*ZnO/HNP device presented the best
performance with a high photocurrent of 1.49 × 10−3 A along
with the improved rise (tr) and fall (tf) times. Table 1

summarizes the performance comparison of the ZnO-related
photodetectors in the UV region with various materials, and
the MoS2*ZnO/HNP device presents one of the best
performances. The current−time characteristics of various
devices at different wavelength illuminations are given in
Figures S20 and S21, and the specific numerical values at
different illumination powers are summarized in Tables S2 and
S3.
Figure 9c shows the local e-field distribution of the hybrid

configuration via FDTD simulations. A mixed layer of MoS2
nanoflakes and ZnO QDs was applied on the Au-shelled AuPd
hybrid NPs, as shown in Figure 9(c-1,c-2). With the
application of the mixed layer of MoS2*ZnO, the maximum
local e-field intensity (MLEI) was sharply increased to 64.25,
as shown in Figure 9(c-3), which can be compared with the
MLEI of 30.83 of AuPd hybrid NPs. The MLEI was over twice
increased after the addition of MoS2 nanoflakes and ZnO QDs.
Also, much enhanced hotspots were observed around the
HNPs. Especially, the small high-density Au NPs contributed a
lot to the hotspot enhancement. This clearly shows that the
hybrid system of MoS2/ZnO/HNP can significantly improve
the hotspots and LSPR with a much higher local e-field
distribution. Figure 9d shows the band diagram of the
MoS2*ZnO/HNP hybrid configuration, which explains the
photocurrent (Iph) enhancement mechanism. The improved
photocurrent can be attributed to the increased photocarrier
injection first by the Au-shelled AuPd hybrid NPs and then by
the addition of MoS2 nanoflakes. The optical band gap of ZnO
QDs is ∼3.34 eV, and thus, ZnO QDs can effectively absorb
the UV photons. The electron−hole pairs generated in the
direct band gap of the ZnO QD layer are responsible for the Iph
of 3.20 × 10−5 A, as shown in Figure 7b. Then, along with the
incorporation of Au-shelled AuPd hybrid NPs, the Iph was
sharply increased to 7.36 × 10−4 A for the ZnO/HNP, as
shown in Figure 7b. In the presence of AuPd hybrid NPs, the
plasmon-meditated hot carriers can contribute to the increased
Iph due to the injection of energetic hot carriers induced by the
LSPR of AuPd hybrid NPs, as shown in Figure 9d. The work
function of ZnO is ∼5.3 eV, which is slightly higher than that
of Au (5.1 eV) or Pd (5.12 eV). Thus, a downward band
bending can occur between the AuPd hybrid NPs and ZnO
QD layers.35,36 The alloy materials’ work function is generally
in between the two work functions depending on the
composition, and when the metal working function is smaller,
it generally results in the Ohmic contact.36 The hot carriers
generated by the strong LSPR of Au-shelled AuPd hybrid NPs

Table 1. Performance Comparison of the ZnO-Related Photodetectors in the UV Region with Various Materialsa

material bias (V) light source (nm) R (mA/W) D (jones) EQE (%) tr (s) tf (s)

ZnO/NiO45 0 350 0.415 7.5 4.8
MgyZn1−yO/ZnO

46 5 365 160
ZnO/graphene nanodots47 5 360 22.55 9.32
ZnO/GaN48 1 360 225 4.83 × 1013

ZnO/CuCrO2
49 0 365 3.43

Al/ZnO50 10 365 11 976.45 4068.71 2.17 0.48
ZnO/GQD thin film51 −3 560 2.1 × 1011 0.37 0.78
Au NPs/ZnO52 2 375 126 000 <0.5 <0.5
PbS/ZnO53 5 375 4540 3.98 × 1012

perovskite/ZnO54 0 300 48 4.5 × 1011 0.014 0.012
ZnO/ZnS55 3 365 173.5 1.5 × 1013 21.3 42
MoS2*ZnO/HNP 10 385 2525.77 7.25 × 1011 813.49 4.08 0.37

aThe last material configuration in bold is for the device demonstrated in this work.
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can be effectively collected to the conduction band of ZnO as
the ZnO QDs are fully surrounding the AuPd hybrid NPs.
Finally, the Iph was again largely increased to 1.49 × 10−3 A for
the MoS2*ZnO/HNP, as seen in Figure 8e, with the
incorporation of MoS2 nanoflakes. The band gap of MoS2
nanoflakes is 1.5−1.9 eV, and thus, the photocarriers can be
spontaneously generated upon UV illumination and photon
absorption.37−39 The MoS2 NFs are 2-D layered TMD
semiconductors, which can effectively absorb the higher-
energy photons and thus can contribute additional photo-
carriers to the device matrix. The overall photocurrent and
response speed can be significantly improved with the additive
contribution of photogenerated carriers from the Au-shelled
AuPd hybrid NPs and MoS2 nanoflakes in the MoS2*ZnO/
HNP hybrid device.40,41 This clearly shows that the mixed
application of MoS2 NFs and ZnO QDs on the Au-shelled
AuPd hybrid NPs, namely, the MoS2*ZnO/HNP hybrid
photodetector configuration, can significantly improve the
photodetector characteristics and thus can offer a useful hybrid
photodetector configuration by utilizing the increased hot
carriers due to the LSPR and photocarrier injection.

■ CONCLUSIONS

In conclusion, a two-step SSD method was utilized to fabricate
fully alloyed AuPd NPs and core−shelled AuPd hybrid NPs.
The alloyed NPs were fabricated with the Au coating thickness
above 30 nm, and the core−shelled AuPd hybrid NPs were
formed below 10 nm. Starting from the identical Pd platform,
totally different configurations of AuPd NPs resulted due to
the variation in the atomic intermixing degree and preferential
Au adatom diffusion. Subsequently, the surface energy
reconstruction and spontaneous background Au NP formation
played the main role in the determination of the final AuPd NP
configuration. The Au-shelled AuPd hybrid NPs with the 5 nm
Au coating at 800 °C were adapted for photodetector
fabrication based on the optical analyses and FDTD
simulations. The mixed application of MoS2 nanoflakes and
ZnO QDs on the Au-shelled AuPd hybrid NPs, i.e., the
MoS2*ZnO/HNP configuration, demonstrated the best photo-
current of 1.49 × 10−3 A with the improved tr = 4.08 s and tf =
0.37 s. Accordingly, the superior photoresponsivity of 2,525
mA/W, detectivity of 7.251 × 1011 jones, and EQE of 813% at
0.34 mW/mm2 were observed. The enhanced performance was
attributed to the increased photocarrier injection and sufficient
electron collection by the MoS2*ZnO/HNP configuration.

■ EXPERIMENTAL METHODS
Sample Preparation and NP Fabrication. In this work, the

sapphire (0001) wafer was used as the substrate for the NP and
photodetector fabrication. First, the sapphire substrates were degassed
in a vacuum chamber.30 The morphology and optical character-
izations of degassed sapphire are provided in Figure S1. Various films
were deposited on the substrates using plasma-assisted sputtering
under a base pressure below 1 × 10−1 torr at an ionization current of 3
mA. The fabrication of alloyed AuPd and hybrid NPs involved a two-
step SSD. In the first step of SSD, the 30 nm Pd film was deposited
and annealed at 800 °C for 450 s to fabricate the Pd NP templates.
Then, the Au films of 3, 5, 10, and 30 nm were deposited on the Pd
NP templates. In the second step, the Au-coated samples were
annealed at each target temperature of 400, 600, and 800 °C for 120 s.
The postannealing process was controlled in the PLD chamber under
1 × 10−4 torr at a ramp rate of 4 °C/s.
ZnO Quantum Dot (QD) and MoS2 Nanoflake (NF)

Preparation. The ZnO QD solution was prepared by a chemical

synthesis method.42 The mixture solvent of chloroform (4 mL) and
methanol (2 mL) was used to disperse the remaining product by
ultrasonication for 5 min, as seen in Figure S18a. The molybdenum
disulfide (MoS2) nanoflakes were about a few hundred nanometers in
diameter with fewer atomic layers in the powder form. The
molybdenum disulfide (MoS2) nanoflake solution was prepared by
dissolving 0.25 mg of MoS2 nanoflakes in 1 mL of ethanol. Before the
application, the MoS2 nanoflake solution was ultrasonicated for 10
min to improve the dispersion, as seen in Figure S18b.

Photodetector Fabrication and FDTD Simulation. The bare
ZnO device was fabricated by spin coating of the as-prepared ZnO
QDs at 2000 rpm for 30 s on sapphire. The spin coating process was
repeated 5 times to form appropriately uniform QD or mixture layers.
Similarly, the ZnO/HNP device was fabricated by spin coating of
ZnO QD layers on the core−shelled AuPd hybrid NPs. In the case of
the MoS2*ZnO/HNP device, the ZnO QDs and MoS2 NPs were
mixed in 10:1 ratio and spin-coated on the core−shelled AuPd HNPs.
After deposition, the samples were annealed in the PLD chamber at
three different stages such as 100 °C for 10 min in vacuum, 300 °C for
10 min under the 10 mL O2 flow, and 550 °C for 1 h under the 20 mL
O2 flow. Finally, a pair of Au electrodes having a 200 μm gap and 100
nm thickness was deposited using plasma-assisted sputtering on a
shadow mask. The simulations of e-field distributions for the various
types of NPs, ZnO quantum QDs, and MoS2 NFs on the HNPs were
performed by finite-difference time-domain (FDTD) (Lumerical,
Canada). The dielectric constants were referenced from the Palik and
Palm models43,44 for the Au and Pd and from the Query and Beal and
Hughes models31,32 for the ZnO QDs and MoS2 NFs. The dielectric
constant of alloy NPs was averaged based on their atomic percentages.
More details on the simulation and characterization section with the
frequently utilized equipment are given in the Supplementary
materials.
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