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ABSTRACT

Finite element simulations through COMSOL Multiphysics were used to optically model systems composed of Mo dichalcogenide lay-
ers (MoTe; and MoS;) and Au nanoparticles (spherical dimers, nanorods, and nanostars) to understand how their fundamental material
properties as well as their interactions affect the photocurrent response. The absorption cross sections of the various Au nanoparticles
linearly increase with respect to their increasing dimensions, hence being ideal tunable systems for the enhancement of the electric field
in the dichalcogenide layers under visible and near infrared. The photocurrent through the MoTe; and MoS; substrates was enhanced
by the addition of Au nanoparticles when the plasmonic response was localized in the area of the particle in contact with the substrate.
Based on these findings, the use of Au nanoparticles can greatly improve the unique photocurrent properties of Mo dichalcogenides; how-
ever, nanoparticle orientation and size must be considered to tune the enhancement at the specific wavelengths. This computational work
provides useful design rules for the use of plasmonic nanomaterials in photocatalytic and photocurrent enhancement of transition metal
dichalcogenides.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5127279

INTRODUCTION Gold nanostructures have also emerged as promising mate-
rials for plasmonic applications in catalysis,” photovoltaics,” hot
electron-based devices,'” and biomedicine.'""” Through their sur-

Two-dimensional materials have been attracting increasing
face plasmon resonances, these nanomaterials can serve as elec-

interest for possible applications in catalysis,' sensing,” and energy
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storage.% In particular, transition metal dichalcogenides (TMDs) are
emerging within this class of materials. These materials have the
structure MX,, where M is a transition metal and X is a chalcogen.‘
Their structure contains layers held together by weak van der Waals
forces, allowing the material to be exfoliated from its bulk state
of many layers down to a monolayer thickness.” As the semicon-
ductor changes from bulk to a monolayer, the bandgap transitions
from indirect to direct bandgap, accompanied as well by a modifi-
cation of the valence and conduction band edges.” This crossover”
in the bandgap brings about unique optical and photocatalytic
propertiesf

tric field enhancers or broad-band absorbers.” Plasmonic materials
enhance the electric field at resonant frequencies, whose position is
influenced by the morphology of the nanoparticle, its orientation
with respect to the polarization of the impinging radiation, and the
dielectric properties of the surrounding environment."*

Combining the unique properties of both TMDs and plas-
monic nanoparticles has led to important technical innovations in
the areas of solar cells,”” optoelectronics,'*'" and electrocatalysis."”
Understanding the behavior of TMDs and nanoparticle systems
especially in the case of monolayers is not trivial. Theoretically, it
requires combined density functional theory for the TMDs™*' and
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quantum plasmonic studies for the nanoparticles” or both.” Con-
trary to other monolayer materials, however, that require a whole
different modeling approach,”** the optical absorption properties
of TMDs can be quantified by classical electrodynamics. As we will
show later, our approach can successfully predict even the maxi-
mized absorption of the system as we move from multilayer-level
thicknesses to monolayers.

Motivated by our ability to predict the optical behavior of the
two most common forms of TMDs, namely, MoS, and MoTe,,
we investigate in this work their optical and photocurrent prop-
erties when decorated by plasmonic nanoparticles. Our hypothe-
sis stems from the unique electric field enhancement properties of
the plasmonic nanomaterials and their coupling mechanisms,”* '
and the need for quantification and optimization of the complex
resulting TMD-nanoparticle systems. We propose that the pho-
tocurrent properties through monolayered and multilayered sys-
tems can be effectively improved when the plasmonic nanomate-
rials are in direct contact with the TMDs by greatly enhancing
the electric field in the nanoparticle vicinity and therefore the cur-
rent density in the TMDs. By using finite element simulations,
we have explored the optical and photocurrent properties of three
gold nanoparticle shapes on two different TMD substrates. Ulti-
mately, optimal design rules for these gold plasmonic nanomaterials
are proposed to enhance the photocurrent properties of MoS, and
MOTez.

Our optimization method is built on three main steps, exe-
cuted in the following order: (1) We secure optimal resonant con-
ditions of standalone particles with respect to maximum absorption
by tuning the size and polarization alignment with the incoming
field. (2) We optimize the distance between the particle and the
substrate with respect to maximum photocurrent (as seen in the
supplementary material for the nanorod case). (3) Most importantly,
and the basis of this work, we search for the optimal resonant fea-
ture alignment between the particles and the TMDs to maximize
photocurrent. Interestingly, and contrary to common practice, the
optimal case does not originate when the impinging radiation is
in resonance with the particle’s plasmonic modes, rather it is real-
ized when hybrid modes between the particles and the substrate
localize the maximum field enhancement onto the substrate. In
other words, the maximum photocurrent is reported when the Au
nanoparticle-TMD systems resonate next to or in contact with the
substrate.

METHODS

For understanding the structure—property relationship between
gold nanoparticles and transition metal dichalcogenides and their
effect on optical and photocatalytic properties, we designed models
of each individual component and of the combinations of the com-
ponents, i.e., the standalone substrate in vacuo, the gold nanoparticle
in water, and the gold nanoparticle on the substrate in vacuo. The
RF module of COMSOL Multiphysics 5.3 was used to simulate the
optical and photocurrent behavior of the various systems with lin-
early polarized light defined by Eq. (1), while the absorption and
optical properties were calculated according to our previously pub-
lished works.'*"*** In addition to what we have previously shown,
we calculate the photocurrent according to Eq. (2), by integrating
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the current density J over a plane cut perpendicular to the surface of
the TMDs,

E = Epe/™%s. (1)

In all of the simulations presented in this work, we define an
arbitrary electric field amplitude of Eo = 1014.889 V/m to reflect
the magnitude of the average intensity of the solar energy on earth,
as a figure of merit for potential applications of the various sys-
tems studied. To minimize the edge scattering effects of the geom-
etry, we extended the substrate into the perfectly matched layer
(PML). As seen in Eq. (2), the photoinduced current was calcu-
lated by integrating J over a lateral cut in the substrate. To under-
stand the phenomenon in a 3D space, we average the photocur-
rent obtained between two planes—one parallel to the direction of
the incoming light polarization (x = 0 plane) and one perpendicu-
lar to this direction (y = 0 plane)—as follows: Iavg = % ff Jdxdz

+ %ff]dydz, ie.,

I- ff Jdxdz = ff oF dxdz. )

The absorption cross section was used to examine the optical prop-
erties of the nanoparticle, TMD system, as this corresponds to a
measured experimental absorbance spectrum. This parameter was
normalized according to volume, i.e., the normalized absorption
cross section of the nanoparticle according to the nanoparticle vol-
ume and the normalized absorption cross section of the substrate
according to the 2D material layer volume. We focus on the absorp-
tion of both TMDs and nanoparticles as the absorbed energy is
the one contributing to the resistive losses and thus the generated
photocurrent. The local scattered field of the particle and the field
enhancement hot spots contribute to the generated photocurrent
in the TMD substrate as part of the local E/M interaction between
the two systems; this is taken into account as we solve for the scat-
tered field first and then integrate for the losses and the current
flow.

Transition metal dichalcogenides 2H-MoS; and 2H-MoTe;
were modeled as standalone systems with varying thicknesses to
observe their contribution to the optical response. Monolayer thick-
nesses of MoS, and MoTe; are 6.5 A*” and 6.97 A,*° respectively.
As the material changes from its bulk state to the monolayer, an
indirect to direct bandgap crossover occurs due to the confinement
of electrons within the material. Standalone Au spherical dimers,
Au nanorods, and Au nanostars were modeled with different sizes
to evaluate their optical properties. Among all possible nanostar
morphologies, we chose our recently demonstrated six-branched
nanostars due to their narrower and more intense localized surface
plasmon resonance (LSPR) bands.'”* Each nanostructure was then
modeled while in contact with the surface of the TMD to investi-
gate the impact of this coupling on the optical and photocatalytic
response. The TMD-nanoparticle systems were all modeled with a
TMD thickness of 10 nm as this provided a good platform for com-
parison of easily synthesized few-layered TMDs and nanoparticles
of comparable sizes. The TMDs at 10 nm, while multilayered, still
exhibit the effects of the bandgap transition and the resulting desir-
able properties. Figure 1 displays the standalone geometries of each
of the constituent part models. Material properties were defined
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FIG. 1. Geometries created for optical modeling of plasmonic (a) spherical dimers,
(b) nanostars, (c) nanorods, and (d) 2D transition metal dichalcogenides.

using the frequency-dependent dielectric functions &(f) from Beal
and Hughes’ for the TMDs and from Johnson and Christy”* for
the Au nanoparticles.

RESULTS AND DISCUSSION

In this study, we investigate the fundamental material prop-
erties of Mo dichalcogenides and Au nanoparticles as well as the
interactions between these materials. In particular, we develop engi-
neering design requirements through the computational method
presented above to improve the optical and photocatalytic prop-
erties of 2D transition metal dichalcogenides by using plasmonic
nanoparticles.

Standalone Mo dichalcogenides

Using optical modeling, various thicknesses of MoS, and
MoTe, substrates were investigated to understand the difference in
optical properties of the bulk and monolayer material. Figure 2(a)
displays the absorption cross section of MoS;, normalized accord-
ing to the volume of the substrate. The absorption profile of MoS,
layers of variable thickness, calculated with our method, adequately
matched the measured experimental absorbance of MoS, from the
work of Wang et al.”’ The agreement between peak positions, and
importantly, relative intensities, validates our method in predicting
the experimental optical properties of MoS,. Figure 2(a) also shows
an increase in the normalized absorption cross section as the sub-
strate thins to the limit of a monolayer. This corresponds to the
transition from an indirect to direct bandgap material, which gives

3.5x10° A T T T
a 6.5 A MoS2
‘\5 3.0x10° 1 nm MoS2 T
g —— 10 nm MoS2
= 2.5x108 50 nm MoS2|
n
&}
2 2.0x10° E
e
<
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o
Z,

5.0x107 1
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rise to the unique optical properties of transition metal dichalco-
genide monolayers. Figure 2(b) displays the normalized absorp-
tion cross section of MoTe,. The spectrum for this TMD also ade-
quately matches experimental absorbance as determined by Heinz
and co-workers."’

Standalone Au nanoparticles

Au spherical dimers, nanorods, and nanostars were modeled
individually in water' "** with various sizes. A strong positive linear
relationship between the peak wavelength of absorption cross sec-
tion and the nanoparticle size [that is dimers of spheres with 50,
60, 70, and 80 nm diameter; nanostars with 60, 80, and 100 nm
spike length (Fig. S1); and nanorods with 35, 45, 55 nm length,
and 15 nm constant thickness] was determined for all morpholo-
gies modeled, providing useful information for a tunable system
that enhances the electric field as light is shone. Figure 3 displays
the relations found for the nanoparticles. The relative intensities of
the normalized absorption cross section peaks should be noted as
they correspond to the amount of enhancement of the surround-
ing electric field. Particle orientation with respect to the incoming
field polarization was also found to be important for the absorp-
tion spectrum, as previously shown in the literature.”’ As a result
of several optimization studies (Fig. S2), the Au spherical dimers
were kept at 2 nm separation, and the interparticle axis was kept
parallel to the polarization of the impinging light. The Au nanorods
were aligned at 60° with the incoming field polarization (Fig. S3) in
order to represent both the longitudinal and the transverse modes.
The Au nanostars were kept at 51° with respect to the surface of
the TMD to maximize the current enhancement and to provide
a realistic placement with three spikes being in contact with the
TMD. The Au nanostars were also placed so that two spikes were
aligned parallel with the incoming light polarization axis, and a
third spike was touching along the yz-plane. The orientation con-
figurations of the dimers, nanorods, and nanostars were optimized
and determined based on maximum absorption so as to secure
maximum photocurrent from the particles-TMDs systems. For the
standalone particle cases, we first optimized the orientations and the
aspect ratios that yielded maximum absorption in the visible and

2.0x10° B T T T
——16.97 A MoTe2
=10 nm MoTe2
1.5x10° | 50 nm MoTe2| J

1.0x10%

5.0x107

0

0 1 1 1
400 600 800 1000

Wavelength (nm)

FIG. 2. From single layer thickness to 50 nm, we plot the normalized absorption cross section for (a) MoS; and (b) MoTe,. The values were determined through optical mod-
eling. As the layer thickness decreases, the normalized absorption cross section increases, with relative intensities for monolayer thicknesses matching those experimentally
determined in the literature. Unlike other thin and 2D materials, MoS; and MoTe; can be optically modeled with classic electromagnetic numerics down to the monolayer.
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FIG. 3. Optimized aspect ratios and orientations of gold dimers, nanorods, and nanostars in the visible-NIR region with respect to maximum absorption and their size
dependence. This optimization leads to maximum particle absorption which then provides maximum photocurrent for the particle-TMD systems. (a) Au spherical dimers
decrease in oaps for both the longitudinal and transverse peaks with increasing diameter. (b) As expected oaps 0f Au nanostars red-shifts with increasing spike length. (c)
Increasing the lengths of Au nanorods with a constant diameter of 15 nm red-shifts the longitudinal peak and increases its intensity. All particles were determined to have a
strong positive linear correlation between their size and the wavelength of the peak longitudinal absorption cross section.

near-infrared (NIR) regions and then we varied the size as presented
in Fig. 3.
Au nanoparticles on Mo dichalcogenides

Three sizes of Au spherical dimers and nanostars are
modeled on both MoS; and MoTe;, along with three sizes of Au

nanorods on MoTe,. The absorption cross sections of each com-
ponent of the systems are calculated and normalized with respect
to particle volume. The current through the 2D transition metal
dichalcogenides is also calculated and compared to the standalone
models. Figures 4-6 show the changes in absorption cross sec-
tion and current with various plasmonic nanostructure sizes. The
Au nanostars exhibit greater enhancement compared to the Au
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FIG. 4. Gold nanostars enhance significantly the photocurrent of both MoTe, and MoS; from 750 to 1200 nm with the enhancement in MoTe, being more broadband and
in MoS; being interestingly tailored to the nanostar resonant profile. The latter could be exploited for targeted narrowband applications. (a) Au nanostars on MoTe; cause a
broadband increase in the photocurrent when the nanostar spikes in contact with the MoTe; resonate, and they cause a decrease when the spikes not in contact resonate.
(b) At 925 nm, for a 50 nm Au nanostar, the spikes not in contact with MoTe;, resonate and (c) the photocurrent is limited in the substrate. (d) Narrowband increase in the
photocurrent in the case of nanostars on a MoS, layer. (e) At 995 nm, a 30 nm Au nanostar exhibits an at least 5-fold enhancement of the electric field on the spikes in
contact with the substrate and (f) the current density through MoS; at least doubles within a 45 nm band.

spherical dimers due to the greater electric field enhancement of
the nanostars at the points of contact with the TMD substrate.
When the nanoparticle displays a plasmonic behavior, a hot spot
is created where the enhanced electric field is maximized. For the
Au nanostars, this enhancement occurs on the spike tips; how-
ever, different resonant wavelengths correspond to different spikes
being enhanced. When the spikes that are not in contact with the
TMD substrate resonate and exhibit hot spots, the current den-
sity is shown to decrease the current through the substrate at
that particular wavelength. On the contrary, when the nanostar
spikes that are in contact with the TMD substrate resonate and
exhibit hot spots, the current through the substrate is significantly
increased. This stands as a strong argument for the use of plasmonic
nanoparticles for enhancing the unique photocatalytic properties
of TMDs if the correct morphology and orientation are taken into
consideration.

To assess the validity of this statement, we explored numerous
configurations and combinations of spike alignment with respect to
the incoming field polarization while varying also how the spikes
contact the substrate and how many of them are in touch with
the TMD. In all cases, the maximum photocurrent is achieved

when the maximum number of spikes aligns with the field polar-
ization and with each other while staying in touch with the sub-
strate (considering stars with more spikes as well'’). Most impor-
tantly, (1) the number of spikes touching the substrate should
exceed two as this condition favors channeling the exiting current,
and (2) the spikes should be inserted in the direction of the field
polarization.

Au nanorods display a similar behavior. The enhancement
of the electric field along the TMD oscillates at the tips of the
Au nanorod at its plasmonic frequency, which corresponds to an
enhanced photocurrent through the TMD for those frequencies.
At the characteristic wavelengths of enhancement, the current den-
sity flows through the nanorod, redirecting the line of current,
as the rod was placed at 60° with respect to the direction of
polarization, according to the optimization rules described above
for maximum absorption and current. We also explored embed-
ding the nanorods in the substrate (as shown in Fig. S4 of the
supplementary material). This study yielded the conclusion that the
optimal case is to allow a slight embedding as they both resonate
the strongest and provide current flow to and from the substrate.
These results may relate to the other nanoparticle geometries as well.
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Nanorods also show a broader range of enhancement compared
to nanostars when in contact with TMDs, making them possibly
more beneficial for applications where a larger range of frequen-
cies needs to be enhanced, while nanostars may be better suited
for targeted applications and maximum photocurrent. However, the
experimental constraints to be met to achieve this specific nanos-
tar orientation on the TMDs so that such photocurrent is obtained
should be always considered. In brief, both nanostars and nanorods
enhance the photocurrent significantly from 900 to 1200 nm and
even a simple drop-casting deposition should yield measurable
increases.

Limited improvement in photocurrent properties is achieved
by using spherical dimers as the majority of the resonance is local-
ized between the spheres rather than at the point of contact with
the substrate. Although dimers do provide a measurable increase
in the photocurrent of the TMDs, Au nanorods and nanostars are
more tunable and they are therefore a better fit for the purpose
of this project. Nevertheless, it would be interesting to see the col-
lective behavior of several dimer groups on TMDs with a strong
computational unit or with an experimental design as both dimers
and TMDs are rather well studied and relatively easy to combine.
Larger sizes of Au nanorods and nanostars resonate in red-shifted
spectral positions as it is well known,””"’ and as a result, they do
redshift the wavelength of the maximum current enhancement in
the TMD.

Plasmonic nanoparticles that are too long possess resonances
that are red-shifted too far in the spectrum to provide notable
enhancement in the optical and biological windows, i.e., from 400 to
1200 nm. Nanoparticles that are too small, on the other hand, do not
provide enough electric field enhancement to effectively increase the
current through the transition metal dichalcogenide. When design-
ing a system with plasmonic nanoparticles and transition metal
dichalcogenides, optimization in morphology and orientation is cru-
cial to obtain significant photocatalytic property improvements at a
desired wavelength.

CONCLUSIONS

Gold nanoparticles effectively enhance the optical and pho-
tocurrent properties of molybdenum dichalcogenides. As we
present, optimizing and quantifying this enhancement is crucial and
should be based on (1) nanoparticle shape and type, (2) points of
physical contact, (3) light polarization, and (4) relative particle ori-
entation. Based on our three-step optimization method, the optimal
distance between nanoparticle and TMD substrate for photocurrent
maximization is —5 nm, i.e., the particle should get partially embed-
ded in the TMD if chemically possible. Contrary to what previously
suggested, simply aiming to achieve resonance with the nanoparticle
modes does not lead to the ideal case, even if one takes into account
the TMD substrate. Rather, it is necessary to consider that each
TMD-nanoparticle system exhibits distinguishable TMD-particle
hybrid states that localize the field enhancement at the particle-TMD
interface. These hybrid resonances are those that should be mod-
eled and targeted in order to maximize photocurrent. Although gold
nanostars provide the maximum photocurrent enhancement, gold
nanorods are possibly best suited to achieve photocurrent maxi-
mization owing to more straightforward establishment of contact
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with the substrate and the tunability of their plasmonic modes. Gold
nanosphere dimers do not compete with either even though a collec-
tive effect may be expected to multiply the individual contributions
as the hot spots of the hybrid modes lead to some enhancement.
We conclude on the crucial importance of the engineering design
rules for using plasmonic nanoparticles to enhance the photocur-
rent (for photocatalysis, solar cells, and sensing) properties of multi-
layer transition metal dichalcogenides. We propose a simple optical
modeling method that is achievable for this design with limited com-
putational power and resources (a laptop was used for the current
work). This method could be ideally suited, for instance, to guide
in real time the synthesis and development of TMD—nanoparticle
systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for schematic with details on
nanostar morphology and optimization of nanoparticle separation
in dimers, nanorod orientation, and nanorod interaction with a
substrate.
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