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ABSTRACT: Recently, extracting hot electrons from plasmonic
nanostructures and utilizing them to enhance the optical quantum
yield of two-dimensional transition-metal dichalcogenides (TMDs)
have been topics of interest in the field of optoelectronic device
applications, such as solar cells, light-emitting diodes, photo-
detectors, and so on. The coupling of plasmonic nanostructures
with nanolayers of TMDs depends on the optical properties of the
plasmonic materials, including radiation pattern, resonance
strength, and hot electron injection efficiency. Herein, we
demonstrate the augmented photodetection of a large-scale,
transfer-free bilayer MoS, by decorating this TMD with four
different morphology-controlled plasmonic nanoparticles. This approach allows engineering the band gap of the bilayer MoS, due to
localized strain that stems up from plasmonic nanoparticles. In particular, the plasmonic strain blue shifts the band gap of bilayer
MoS, with 32 times enhanced photoresponse demonstrating immense hot electron injection. Besides, we observed the varied
photoresponse of MoS, bilayer hybridized with different morphology-controlled plasmonic nanostructures. Although hot electron
injection was a substantial factor for photocurrent enhancement in hybrid plasmonic semiconductor devices, our investigations
further show that other key factors such as highly directional plasmonic modes, high-aspect-ratio plasmonic nanostructures, and
plasmonic strain-induced beneficial band structure modifications were crucial parameters for effective coupling of plasmons with
excitons. As a result, our study sheds light on designing highly tailorable plasmonic nanoparticle-integrated transition-metal
dichalcogenide-based optoelectronic devices.

B INTRODUCTION localization and enhancement of the electromagnetic field.
Moreover, light scattering of metal nanostructures helps
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materials, including graphene and transition-metal dichalcoge- merease the. optical path lengtb, thereby 1ntens.1f.ymg “the
nides (TMDs), are a fascinating topic in the field of light absorption of enclosed semiconductors. In addition, “hot

photodetectors, photovoltaics, and electronic transistors.' electrons”, which .rgsult from the nonradiative .decay of
Despite its superior wavelength-range photodetectivity'~® and plasmons t}.lat are 1n]e§ted across the Schottky barrier at the
ultrahigh bandwi dth,®” graphene suffers from limited photo- metal—semlcozr};ductor interface, enhar}ce the absorbance and
responsivity due to the vanishing band gap and fleeting carrier Purcell effect. Notab}y, Mos, functlons as a favorable 1}7“2’;
lifetime. In contrast, TMDs that promise the potential of electron acceptor as it has varlous.traps‘ at interfaces ’

achieving very high responsivities are evolving as versatile (MoS,/metal, MOSZ/ su'bstrate) that trigger internal p_h.otogam.
materials for photodetection applications." >> For example, Such augmentation of light absorbance paves a promising §path

. . . . 30—
MoS, monolayers appear as a favorable candidate for for light-harvesting and light-conversion applications.
photodetectors due to their direct band gap nature**”* and

In this work, we focus on enhancing the photoresponse of
. 2 .
unrivaled transistor behavior.” However, the low optical cross large-scale bilayer MoS, (e?bout 1 em®) by .couphng tbe
section of monolayer MoS, settles a bottleneck for li%ht— excitons to the properly directed and energetic plasmonic
matter interaction and leads to low quantum yield (QY).*

Owing to wide-band gap applications, two-dimensional (2D)

To improve the QY of monolayer MoS,, plasmonic Received: July 20, 2019
structures shed light by explicitly coupling the excitons in Revised:  January 22, 2020
TMDs and the hot electrons in noble metal nanostructures.”® Published: January 22, 2020

The decorated metal nanostructures couple with incident light
at the surface plasmon frequency, thereby provoking the
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Figure 1. Device fabrication and structural characterization of CVR-grown bilayer MoS, and chemically synthesized Au nanostructures. (a)
Schematic illustration of the growth process of bilayer MoS, on the sapphire substrate, Au nanostructure decoration, and electrode deposition for
photodetection. (b) Topological HR-TEM image of bilayer MoS, and its magnified image with the FFT image inset. (c) Cross-sectional HR-TEM
image of bilayer MoS,. SEM images of (d) nanocubes, (e) octahedra, (f) rhombic dodecahedra, and (g) nanospheres (TEM images of individual

structures are shown in the insets).

mode of morphology-controlled Au nanoparticles along with
the localized strain-induced band gap modification. Our studies
indicate that the difference in the radiation pattern of
plasmonic mode directly influences the coupling of plasmons
to the excitons of MoS, in their proximity. Meanwhile, the Au
nanostructures sitting atop induce local strain in the bilayer
MoS, film, thereby manipulating its band structure. Together,
the overall photoresponsivity of the plasmonically strained
hybrid device is significantly enhanced to about 790 uA W,
which is 32 times higher than that of the previously reported
thermally strained bilayer MoS, * Meanwhile, this hybrid
photodetector exhibits a high detectivity of 5.29 X 10° Jones
without any gate-induced electric field. This approach allows
us to precisely tune the photoresponse of the bilayer MoS, film
by a prudent selection of nanoparticle morphology simulta-
neously with strain-induced beneficial band gap modification.

B RESULTS AND DISCUSSION

Chemical vapor deposition is typically used to synthesize
wafer-scale MoS,, but it faces the complication of morphology
variation over the area of the substrate because of spatially
dependent growth parameters.zz’35 Therefore, in this work, we
adopted a two-step sulfurization process called chemical vapor
reaction method (CVR)* for growing a 3 in. wafer-scale and
uniform bilayer MoS, film. As shown in Figure 1a, first, MoO;
was deposited on top of a clean sapphire substrate and then
followed by a sulfurization process. Next, the sulfur precursors
were placed upstream of a gas source near the heating zone of
a furnace tube, thereby resulting in MoS, bilayer formation on
the sapphire substrate. Figure 1b shows the topological high-
resolution transmission electron microscopy (HR-TEM)
image, which reveals the quality of the CVR-grown bilayer

2243

MoS, film, whereas the cross-sectional TEM image in Figure
1c shows the controlled growth of the bilayer MoS, film with
uniform coverage over the surface. Notably, Figure Sla of the
Supporting Information shows the Raman spectrum of bilayer
MoS, with characteristic peaks of the in-plane Raman mode
(Elzg) and the out-of-plane Raman mode (Alg) at frequencies
of 3842 and 4064 cm™}, respectively, with a 22.2 cm!
distance between two modes.””

Furthermore, we chemically synthesized a library of
morphology-controlled Au nanoparticles, including cubes,
octahedra (ODs), rhombic dodecahedra (RDs), and spherical
particles by applying seed-mediated and hydrothermal
methods (refer to Experimental Methods section for details).
The SEM images of these morphology-controlled Au
nanostructures with homogeneous distribution are shown in
Figure 1d—g (cube, OD, RD, and sphere, respectively), and the
TEM image of each individual nanostructure is shown in the
corresponding figure insets. In our system, we tailored the size
of the nanoparticles to assure the spectral overlap between
localized surface plasmon resonances (LSPRs) of Au nano-
particles and the incident excitation wavelength (520 nm),
thereby allowing us to govern the excitation enhancement
efficiency and quantum yield. Meantime, the excitation
wavelength is well above the energy of excitons in MoS,.
Figure S1b presents the ultraviolet—visible (UV—vis) absorp-
tion spectrum of Au nanoparticles with four morphologies
overlapping with the incident excitation wavelength. The size
distribution maps of Au nanoparticles of various shapes are
shown in Figure S2 of the Supporting Information. To design
the hybrid plasmonic semiconductor device, Au nanoparticles
are separately spin-coated at a low rpm onto the MoS, bilayer
film, as presented in step 4 of Figure la. These Au

https://dx.doi.org/10.1021/acs.chemmater.9b02886
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Figure 2. Raman, PL, and photodetector characteristics of Au/MoS, hybrids. (a) Raman spectra of bilayer MoS, that is decorated with various
nanostructures. (b) Normalized PL spectra of bilayer MoS, that is decorated with various Au nanostructures. (c) Photocurrent of bilayer MoS, that
is decorated with various Au nanostructures at an applied bias of 10 V and illuminated by a 520 nm laser with a power density of 318.471 mW/cm?
(d) Scheme of plasmonic radiation direction of cube and OD nanostructures placed on MoS,; FDTD simulation of (i) Au nanocube and (ii) Au

OD coupled far-field emission pattern.

nanoparticles are distributed with an interparticle distance of
7—12 nm to empower the gap antenna effect. The nature of
hybridization of bilayer MoS, with Au plasmonic nanostruc-
tures was studied by means of X-ray photoelectron spectros-
copy (XPS). The XPS measurements show that there is no
chemical interaction between pristine MoS, and Au/MoS,, and
the peak shift of the binding energy confirms the synergetic
effect and charge transfer between MoS, and Au. The
corresponding details are discussed in Figure S8 of the
Supporting Information. Finally, for measuring the photo-
current of a hybrid plasmonic semiconductor device, finger-
type electrodes (Au/Cr) are deposited using a metal mask, as
shown in step S of Figure la. Our strategy of decorating Au
nanoparticles onto the as-grown MoS, bilayer film enables the
transfer-free process of TMDs, which leads to inevitable
problems (wrinkles, air bubbles, and crumples), aggravating
the device performance.’® "’ Instead of monolayer MoS,, we
chose the bilayer MoS, film considering its lower work
function,*' unique physical properties, broad absorption in
visible spectra,”” and stacking orientation-dependent absorp-
tion spectra.”” Moreover, first-principles calculations demon-
strate the higher potential of bilayer MoS, for realizing the
complete electronic transport property under applied
strain."”** Also, fabrication of bilayer MoS, in large scale is
more feasible compared to monolayer MoS, flakes.

We also conducted Raman measurements for a hybrid
plasmonic semiconductor device before electrode deposition
to evaluate the strain on bilayer MoS, introduced by the
hybridized plasmonic structures, as shown in Figure 2a. As per
previous investigations, the strain can be correlated with the
Raman shift;*** specifically, the red Raman shift corresponds
to tensile strain,"” whereas the blue Raman shift accords with
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compressive strain.*® Therefore, the blue Raman shift shown in
Figure 2a demonstrates the compressive strain in this
plasmonically engineered MoS, bilayer. The weak van der
Waals force between two adjacent layers of the MoS, bilayer"’
causes it to undergo compressive strain when an island of Au
nanostructures sits on it. Referring to the observed Raman
shifts of all nanostructures, the Elzg and Aj, modes of MoS,
hybridized with Au nanocubes show significant shifts of ~2.16
and ~1.83 cm™, indicating the highest strain. In contrast, the
Raman shift of MoS, hybridized with Au RD and OD appears
very small and the case of Au spheres can be even negligible,
indicating much lower strains than the case of Au nanocubes.

This variation of strain stems from different contact
interfaces between Au nanostructures and the plain bilayer
MoS, film. For example, having the large contact area at the
interface with the MoS, film, Au nanocubes firmly sit on top of
the MoS, bilayer, thereby providing the highest strain
compared to other three complex nanostructures. Previously,
the strain-induced band gap shifting behavior of MoS, was
theoretically predicted by Lu et al. through their first-principles
calculations.” Herein, our results experimentally reveal that
the strain inclusion by Au nanostructures causes band gap
shifting in the MoS, bilayer, evidenced by the blueshift of the
PL peak, as shown in Figure 2b. We can monitor that the MoS,
hybridized with Au nanocubes shows a substantial PL peak
shift in contrast to MoS, hybridized with other nanostructures
as a consequence of the highest strain. This blue shifted PL
peak validates the increase in the band gap of MoS, due to
strain incorporation, whereas the previously reported work of
thermally strained bilayer MoS, also exhibits a blueshifted
band gap.**

https://dx.doi.org/10.1021/acs.chemmater.9b02886
Chem. Mater. 2020, 32, 2242—2252
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Figure 3. Photoresponse study of CVR-grown bilayer MoS, that is decorated with Au nanocubes. (a) Time-dependent photocurrent measurements
at various bias voltages (Vy, = 1, 3, 5, 7, and 10 V) with a constant laser power density of 318.471 mW/cm”. (b) Photoconductivity spectra that are
acquired in the dark and with laser illumination at intensities of 0.159, 0.318, 1.592, 3.187, 63.69, 127.38, 191.082, 254.77, and 318.471 mW/cm?
(c) Plot of photoresponsivity versus laser power intensity at Vg, = +10 and —10 V. (d) Plot of photocurrent and detectivity versus laser power

intensity at Vg = 10 V.

In addition to band gap modification, the hybrid Au
nanostructures also contribute to substantial photocurrent
enhancement in MoS, bilayers, as shown in Figure 2c. First,
our CVR-grown pristine bilayer MoS, shows photocurrent
when the laser is on and return to its original state when the
laser is off, presenting its semiconducting nature (black curve
in Figure 2c). The photocurrent enhancement of the MoS,
bilayer coupled with four respective Au nanostructures for the
fixed drain—source voltage (V;, = 10 V) and a power density of
318.471 mW/cm* without gate-induced electric field is
displayed in Figure 2c. Obviously, all Au nanostructures
contribute to the enhanced photocurrent. When Au with a
Fermi level of —5.1 eV and MoS, with an electron affinity of
4.29 eV come into contact, a hybrid structure forms with a low
Schottky barrier of ~0.8 eV.>”>" Therefore, the photocurrent
enhancement is due to the injection of hot electrons across the
Schottky barrier (~0.8 eV) at the MoS,/Au interface. Among
four respective Au nanostructures, we distinguish that the
MoS, bilayer integrated with Au nanocubes shows the highest
photocurrent enhancement of 1.4 nA, which is 8 times stronger
than that of pristine MoS,. Again, the consistent reason is that
the MoS, hybridized with Au nanocubes exhibits the greatest
strain-induced band gap modification and benefits more
electron transportation across the metal/semiconductor inter-
face by reducing the Schottky barrier height.

Nevertheless, our study reveals that enhancing the quantum
yield of MoS, is not only from the strain-induced band gap
modifications and hot electron injection but also from
morphology-dependent emission directionality of plasmonic
nanoparticles.’” The difference in the radiation patterns of the
plasmonic particles has consequences for the coupling of
plasmons to MoS, placed in their proximity. By observing the
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plasmonic effects of various Au morphologies, the Au cube and
sphere provide a strong and broad LSPR band across the
visible spectrum with a dipolar resonance, whereas RD and OD
have complex higher-order plasmonic modes. Comparing the
far-field emission patterns of the simple nanocube and the
complex OD structure, the coupling of plasmons with MoS, is
illustrated in Figure 2d. The nanocube has the radiation
pattern of the dipolar mode, where most of the energy is
radiated along the direction perpendicular to the dipole axis
(Figure 2d,i). In contrast, OD has the higher-order mode
resonance, where the radiation energy is dispersed in several
directions (Figure 2dii). Therefore, the highly directional
dipolar mode of the nanocube couples more effectively to
excitons of MoS,, outperforming the poorly directional higher-
order modes of other complex structures (OD and RD). From
all the results aforementioned, including the highest Raman
shift and the significant photocurrent enhancement, the Au
nanocube possesses the collective advantages of the large strain
inclusion in MoS, and the efficient coupling from the highly
directional dipolar mode to the excitons of MoS,, thus
dramatically augmenting the photoresponse of the MoS,
bilayer. As a result, we manifest that both the strain-induced
band gap modification and the morphology-dependent
plasmonic radiation pattern play vital roles in enhancing the
photocurrent of the MoS, bilayer. A further verification, the
finite difference time domain (FDTD)-calculated XY electric
field distributions of MoS, with interfaces of various Au
nanostructures at 520 nm, is also shown in Figure S3 of the
Supporting Information.

Since the maximal photocurrent of the MoS, bilayer is
enhanced by the Au nanocube, profound investigations of its
photodetection behavior without gate-induced electric field

https://dx.doi.org/10.1021/acs.chemmater.9b02886
Chem. Mater. 2020, 32, 2242—2252
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Figure 4. Structural and photodetection characterization of CVR-grown bilayer MoS, that is decorated with Au nanorods and nanocubes. SEM
images of (a) nanocubes and (b) nanorods (TEM images of individual structures are shown in the figure insets). (c) UV—vis absorption spectra of
nanocubes and nanorods. (d) Photocurrent of bilayer MoS, that is decorated with nanocubes and nanorods at an applied bias of 10 V and
illuminated by 520 and 634 nm laser with a constant power density. (e) Plot of photoresponsivity versus laser power intensity at Vy = +3 V for

bilayer MoS, that is decorated with nanocubes and nanorods.

succeeded, as shown in Figure 3. Photoresponsivity measure-
ments of the hybrid MoS, bilayer with Au nanostructures were
conducted with finger-type electrodes and an effective
illumination area of 169.9 um® The photoconductivity of the
bilayer MoS, decorated with Au nanocubes was further studied
at various bias voltages (Vg = 1, 3, S, 7, and 10 V) with a
constant power density, as displayed in Figure 3a. We observe
an increase in the photocurrent as the applied bias voltage
increased. Such a current due to photogenerated carriers (Iph)
can be expressed as

w
=2t m
where p denotes the carrier mobility, e is the electronic charge,
L and W is the channel length and width of the device,
respectively, and I, is the photocurrent recorded by subtracting
the dark current {Ida,k) from the current when the light is on.
In accordance with this equation, we can monitor the
photocurrent amplitude as a function of the applied bias
voltage (Vy,),"” which is consistent with our result. In addition,
photoswitching characteristics were observed by measuring the
time-dependent photoresponse with the laser on/off for
various bias voltages with a power density of 318.471 mW/
cm?, therefore revealing the reproducible nature of our device.
We measured the photoresponsivity of our hybrid device using
a 520 nm diode laser with different intensities of 0.159, 0.318,
1.592, 3.187, 63.69, 127.38, 191.082, 254.77, and 318.471
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mW/cm? in the dark. Figure 3b exhibits the I;,—Vy plot for
dark and laser illumination with various power intensities
across —10 to +10 V. According to this result, the
photocurrent increases gradually as the laser power increases.

Next, we calculated the photoresponsivity of our device,
which is a crucial parameter for determining the sensitivity of
the photodetector. The photoresponsivity (R;) can be
expressed as follows

_ A

17 s

)
where AI, denotes the photocurrent, P, is the power density,
and S is the area of the incident light. Figure 3¢ presents a plot
of the responsivity versus illumination power for two applied
bias voltages (Vy, —10 V and +10 V). This result
demonstrates the increasing responsivity with decreasing
laser power, which can be correlated with higher laser power,
which increases the density of hot carriers and, in turn,
enhances the scattering and recombination rate.”” The hybrid
semiconductor plasmonic device shows maximum R, of up to
790 uA W' without any gate-induced electric field, which is
6.8 times higher than that of pristine bilayer MoS,. Further,
our plasmonically strained bilayer MoS, shows a 32-fold-higher
photoresponsivity than previously reported thermally strained
bilayer MoS, (R, = 24.3 uA W™ '), which was grown by the
same CVR method.’* Then, we plot the photocurrent and
detectivity versus illumination power, as shown in Figure 3d.

https://dx.doi.org/10.1021/acs.chemmater.9b02886
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We observe the increase in photocurrent as the laser power
increases in the log scale, as a consequence of relation I, =
PP where P is the incident laser power and o and f are the
fitting parameters. However, this linear relation is observed
only for power less than 4 mW/cm? and its linearity deviated
for power > S0 mW/cm® with another linear slope. The
recombination center effects are superlinear in the photo-
current under high-power illumination.">**>> At high illumi-
nation power, the quasi-Fermi levels shift, thereby increasing
the carrier lifetime, which, in turn, reduces the recombination
rate, thereby resulting in a superlinear behavior of the
photocurrent. The comparative performance metrics of already
reported plasmonically enhanced MoS, photodetectors with
our photodetector are tabulated in the Supporting Information
(Table S1).

In addition, we calculated the other important parameter of
the photodetector, namely, the detectivity (D*), as shown in
Figure 3d. Considering the minimum significance of noise-
equivalent power (NEP), the detectivity can be expressed as

D* = (Rl X \/g)/\/z_eldark (3)

Studies on the detectivity of 2D material-based photo-
detectors have concluded that detectors that exhibit high
photoresponsivity with less dark current have fewer
NEPs.*>****™>% Qur hybrid bilayer MoS, that is integrated
with Au nanostructures possesses a sufficiently low dark
current of 0.11864 nA for using eq 3 to calculate the
detectivity. The obtained detectivity of our device is D* = 5.29
X 10° J without any gate-induced electric field, which is
comparable to that of the back-gated MoS, phototransistor
(D* = 10" ]).*

To further study the photogain mechanism and lifetime of
traps, we performed time-resolved evolution of our bilayer
MoS,, which was integrated with the plasmonic structure with
laser on/off modes for a prolonged time for Vg, =10 Vand P =
318.471 mW/cm? as shown in Figure S4 of the Supporting
Information. We observe a gentle increase in the photocurrent
under laser illumination and a sharp drop due to pacific
relaxation when the laser is switched off. The rising time of our
device is estimated to be 0.26 s and the decay time is 0.45 s.
The rising and decay times of our device show significant
improvement compared to the Pt strip-enabled MoS, bilayer.>
In addition, the photoresponsivity measurement of the hybrid
MoS, bilayer with other Au nanostructures such as Au OD and
RD has been carried out, and the results are displayed in Figure
SS of the Supporting Information. The plot of photocurrent
versus time for bilayer MoS, that is decorated with Au OD and
RD at various bias voltages (V4 = 1, 3, S, 7, and 10 V)
demonstrates the reproducibility and consistent behavior of
our hybrid MoS,/Au device fabricated with the transfer-free
process.

In addition, to inspect the photoresponse of MoS, due to
the aspect ratio-dependent plasmonic mode, we examined the
photodetection efficiency of bilayer MoS, that is decorated
with Au nanocubes and nanorods, as shown in Figure 4. The
SEM images of Au nanocubes and nanorods are shown in
Figure 4a,b, and the TEM images of individual nanostructures
are shown in the figure insets. Figure 4c displays the UV—vis
absorption spectra of Au nanocubes with a single plasmon
resonance peak and nanorods with longitudinal and transverse
resonance peaks. With the Au nanocube being symmetric in
structure, the longitudinal and transverse modes of the Au
nanocube substantially degenerate, resulting in a ring-like
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plasmonic mode (refer to Figure S3a). Meanwhile, the
nanorod with a high aspect ratio breaks this degeneracy and
creates longitudinal and transverse modes.”” The radiation of
the longitudinal mode dominates over the transverse mode, as
shown in Figure 4c. Figure 4d shows the photocurrent
enhancement of the MoS, bilayer that is hybridized with Au
nanocubes and nanorods and excited at 520 nm at a fixed
drain—source voltage (Vg = 10 V) and a power density of
318.471 mW/cm?. According to the result, the photocurrent
enhancement of hybrid MoS,/Au nanorods is comparatively
higher than that of MoS,/Au nanocubes. Even though both
nanocubes and nanorods exhibit highly directional dipolar
modes, being high-aspect-ratio structures, nanorods exhibit
higher resonance strength with less radiative plasmon damping
compared to low-aspect-ratio nanocubes.’’

Moreover, a previous study on hot electron dynamics
reports higher electron injection rates of nanorods. Therefore,
with greater resonance strength, less radiation loss, and having
highly directional plasmons, nanorods couple more effectively
with excitons of MoS, than nanocubes. In addition, the higher
hot electron injection rate across the Schottky barrier of Au
nanorods and MoS, stems from the enhanced photocurrent.
By observing the photocurrent of bilayer MoS, that is
hybridized with Au nanorods and excited at wavelengths of
520 and 634 nm, we can understand the photovoltaic effect-
dominated photoresponse. Figure 4e reveals the higher
photoresponsivity of bilayer MoS, that is hybridized with Au
nanorods for a fixed applied bias voltage (Vy = 3 V). Plots of
the photocurrent versus the illumination power (Vg = 3 V) for
MoS, that is hybridized with Au nanorods and nanocubes are
shown in Figure S6a of the Supporting Information. In
addition, the photoresponsivity measurements of the hybrid
MoS, bilayer that is decorated with Au nanorods and excited at
520 and 634 nm with various bias voltages (V4 =1, 3, S, 7, and
10 V) are shown in Figure S6b,c of the Supporting
Information, which again demonstrate the reproducibility of
our device.

By taking advantage of the strain-induced band gap
modification in bilayer MoS, and hot electron injection from
plasmonic nanoparticles, substantial enhancement of electron
transportation can be achieved, which can be used for electro-
optical applications. Recently, theoretical works confirm the
reduced Schottky barrier of bilayer MoS,"> which demon-
strates the higher hot electron injection efficiency into bilayer
MoS,. To evaluate the influence of Au on the electronic
structure of bilayer MoS,, we performed first-principles
calculations at the density functional theory (DFT) level.
DFT calculations were performed by Vienna ab initio
simulation package.”’”* We used the projector-augmented
wave method® as the pseudopotential and Perdew—Burke—
Ernzerhof”” as the exchange—correlation functional. For
combinations of MoS, and Au, there were top-site and hole-
site structures. Top-site and hole-site structures denote the
lowest MoS, atoms, which were pointing at the top and hole
sites of Au, respectively. We fixed the bottom atom and let
those above be relaxed. Each slab had a 10 A vacuum layer
above. We used 15 X 15 X 1 and 19 X 19 X 1 gamma-centered
Monkhorst—Pack®® k-points in pristine MoS,’s relaxations and
DOS calculations, respectively, whereas 19 X 19 X 1 and 25 X
25 X 1 were used in the relaxations and DOS calculations,
respectively, of MoS, on Au. Brillouin zone integrations were
performed via the tetrahedron method with Blochl correc-
tions.”” The cutoff energy for the plane-wave basis set was 350
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Figure 5. Hot electron injection at the MoS,/Au interface: (a) Band structure of MoS, and Au/MoS, calculated by first-principles calculations. (b)
Schematic illustration of the mechanism of hot electron injection into strained bilayer MoS, from Au. (c) Plot of the photoresponsivity of bilayer
MoS, with various Au nanostructures at Vy, = +10 V with a constant laser power density of 318.471 mW/cm?

eV for all structures. Noncollinear spin—orbit coupling was
included for MoS, on Au. Figure Sa shows the dramatically
modified band structure of MoS, by interacting with Au. Faster
and easier electron transportation stems up in MoS,@Au due
to the presence of energy states in the band gap regime.
Furthermore, Figure S7a of the Supporting Information shows
the Fermi level shift of MoS, hybridized with Au toward the
conduction band with a new isolated energy level that is
formed in the band gap, thereby reducing the interfacial
Schottky barrier between Au and MoS, "’

To gain more insight into the exciton and plasmon coupling,
time-resolved photoluminescence (TR-PL) measurements
have been carried out for MoS, and MoS, decorated with
Au nanoparticles, as shown in Figure S7b of the Supporting
Information. The PL decay time of as-grown MoS, is 4.483 ns,
but it shortens to 3.183 ns when MoS, was decorated with Au
nanoparticles. This shortened decay time results from the
charge transfer between Au and MoS,”" To understand the
influence of the electron migration behavior on the localized
strain that comes from the Au nanostructures that are
decorated on bilayer MoS,, two band gap regions on the
same 2D material have been proposed, as shown in Figure Sb.
In our device, the bilayer MoS, region under the Au
nanoparticles has a distinct strain compared to the region
without Au nanoparticles. Therefore, the localized strain on
our bilayer MoS, is not uniform. Hence, we predict the two
distinct band gap regions, with and without strain. Normally, in
the strain-free region, when Au and MoS, come into contact,
the Schottky barrier at the interface is formed after the Fermi
alignment. Upon light irradiation, the hot electrons can
overcome this barrier and enter the conduction band of
MoS,. Meanwhile, the region with strain acquires band gap
modification, which can facilitate easy hot electron injection.
Figure Sc shows the tunable photoresponsivity of CVR-grown
bilayer MoS, via judicious selection of plasmonic nanoparticle
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morphology. Therefore, our work reveals the manipulation of
the optoelectronic behavior of bilayer MoS, by plasmonic
nanoparticles, which depends on the emission pattern of
plasmonic particles, strain-induced band gap modification, and
hot electron injection efficiency across the Schottky barrier.
In conclusion, we demonstrated superior photodetection of
bilayer MoS, by hybridizing it with a variety of morphology-
controlled plasmonic nanoparticles, nanocubes, octahedra,
rhombic dodecahedra, and nanospheres. Among these hybrids,
the bilayer MoS, decorated with Au nanocubes undergoes the
highest strain, thereby leading to a blueshifted band gap. Such
a modified band structure in the MoS,-Au hybrid was
confirmed by both Raman and PL measurements and
manifested by the first-principles calculations. Meanwhile,
based on the photocurrent measurements, we also observed
distinct photocurrent enhancements in the MoS, bilayer that
was integrated with various morphology-controlled Au
nanostructures. In addition, we scrutinized the photodetection
behavior of MoS, that is hybridized with Au nanocubes and
obtained large photogain and a maximum photoresponsivity of
790 uA W' without any gate-induced electric field. This
experimental result is 32-fold-higher than that of the previously
reported thermally strained bilayer MoS, (R; = 24.3 uA W),
grown by same CVR method. Although hot electron injection
was a substantial factor for photocurrent enhancement in
hybrid plasmonic semiconductor devices, our investigations
further indicate that the highly directional plasmonic modes,
high-aspect-ratio plasmonic nanostructures with less damping
loss, and plasmonic strain-induced beneficial band structure
modifications were the key parameters for efficient outcomes.
As a consequence, our study opens up new approaches for
designing highly tailorable plasmonic nanoparticle-integrated
transition-metal dichalcogenide-based optoelectronic devices.
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B EXPERIMENTAL METHODS

Fabrication of Bilayer Molybdenum Disulfide (MoS,) by a
Two-Step Process. The precursor molybdenum oxide (MoO,) film
of 2 nm in thickness was deposited at 0.1 A/s using an E-gun
evaporator. The sulfur source was placed upstream of the gas, and the
deposited MoOj sapphire substrate was placed in the heating zone of
the furnace tube. To completely cover the sulfur powder, heating tape
was wrapped around the quartz tube. Then, a pressure of
approximately SSO torr with a H,/N, (75%/25%) gas mixture that
was flowing at 50 sccm was maintained during sulfurization. After the
heating tape and furnace reached temperatures of approximately 180
and 1000 °C, respectively, MoO3, hydrogen, and sulfur vapor reacted
with one another, eventually synthesizing MoS, on the sapphire
substrate.

Synthesis of Au Nanostructures. Octahedral Nanostructures.
The hydrothermal synthesis of octahedral gold nanocrystals was
performed according to a previous work.”> For the reaction, 9.7 mL of
ultrahigh-purity water, 0.055 g of CTAB, 250 uL of 0.01 M HAuCl,,
and 50 pL of 0.1 M trisodium citrate were added to a glass vial with a
Teflon-lined polypropylene cap. Once the oven temperature reached
110 °C, sample vials were loaded into the oven and heated for 24 hr.
To remove the residual CTAB surfactant, the solutions were
centrifuged twice at 6000 rpm for 20 min. Finally, the nanocrystals
were stored in deionized water.

Cubic and Rhombic Dodecahedral Nanostructures. Cubic and
rhombic dodecahedral nanostructures were synthesized using seed-
mediated growth according to a previously reported work.”> A seed
solution was prepared with a volume of 10 mL of aqueous solution
that contained 2.5 X 10~* M HAuCl, and 0.10 M CTAC. Meanwhile,
10 mL of a 0.02 M ice-cold NaBH, solution was made. Then, 0.45 mL
of the NaBH, solution was added to the HAuCl, solution with
stirring. The resulting solution turned brown immediately, thereby
indicating the formation of gold particles. The seed solution was aged
for 1 h at 30 °C to decompose excess borohydride. The growth
solution was prepared in two vials, which were labeled A and B. First,
0.32 g of CTAC surfactant was added. Depending on the morphology
of the gold nanocrystals to be synthesized, slightly different volumes
of deionized water were added to each vial: 9.625 mL for cubic and
9.565 mL for RD. The vials were kept in a water bath at 30 °C. To
both vials, 250 yL of a 0.01 M HAuCl, solution and 10 L of 0.01 M
NaBr were added. Finally, for the synthesis of gold nanocubes, 90 uL
of ascorbic acid was used, whereas 150 yL of ascorbic acid was added
for the growth of rhombic dodecahedra. The total solution volume in
each vial was 10 mL. Next, 25 uL of the seed solution was added to
the solution in vial A with shaking until the solution color turned light
pink (~$ s). After that, 25 uL of the solution in vial A was transferred
to vial B with thorough mixing for ~10 s. The solution in vial B was
left undisturbed for 15 min for particle growth and centrifuged at
3000 rpm for 10 min.

Nanorods. The Au nanorods were prepared by following a
previously reported study.”* For the seed solution, 0.250 mL of an
aqueous 0.01 M solution of HAuCl,-3H,O was added to 7.5 mL of a
0.10 M CTAB solution in a glass vial. The solution appeared bright
brown-yellow in color. Then, 0.600 mL of an aqueous 0.01 M ice-cold
NaBH, solution was added all at once, followed by rapid shaking. The
solution developed a pale brown-yellow color. Then, the test tube was
kept in a water bath that was maintained at 25 °C for future use. For
the growth solution, 4.75 mL of 0.10 M CTAB, 0.200 mL of 0.01 M
HAuCl,-3H,0, and 0.030 mL of 0.01 M AgNO; solutions were added
with gentle mixing. The solution at this stage appeared bright brown-
yellow in color. Then, 0.032 mL of 0.10 M ascorbic acid (AA) was
added to it. The solution became colorless upon mixing of AA. Then,
0.010 mL of seed solution was added, and the reaction mixture was
gently mixed for 10 s and left undisturbed for at least 20 h. Finally, the
nanorods were centrifuged and stored in deionized water.

Characterization. To confirm the morphology and dimensions of
the Au nanostructures, SEM was performed using a Hitachi S-8010
FESEM. The Raman and PL enhancement studies were carried out
via micro-Raman spectroscopy (HORIBA, LabRAM, HR800) using

2249

laser excitation with a wavelength of 514 nm. The bilayer MoS, was
transferred onto the TEM grid, and successful bilayer fabrication was
confirmed by HR-TEM images using a JEOL JEM-3000F. The
electrical characteristics were measured using a conventional probe
station system (2400 and 420, Keithley). To measure the photo-
current, 520 and 634 nm laser excitation sources were utilized. Time-
dependent photocurrent measurements were performed using a
homemade laser shutter system.
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