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ABSTRACT Plasmonic excitation of Au nanoparticles deposited
on a MoS, monolayer changes the absorption and photolumines-
cence characteristics of the material. Hot electrons generated from
the Au nanoparticles are transferred into the MoS, monolayers,
resulting in n-doping. The doping effect of plasmonic hot electrons
modulates the dielectric permittivity of materials, resulting in a red
shift of both the absorption and the photoluminescence spectrum.

This spectroscopic tuning was further investigated experimentally by
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using different Au nanoparticle concentrations, excitation laser wavelengths, and intensities. An analytical model for the photoinduced modulation of the

MoS, dielectric function and its exciton binding energy change is developed and used to estimate the doping density of plasmonic hot electrons. Our

approach is important for the development of photonic devices for active control of light by light.
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olybdenum disulfide (MoS,) mono-

layers are atomic thickness two-

dimensional semiconductors with
intriguing physical properties."? Because
of their unique electronic and optical char-
acteristics, it has been suggested that
MoS, monolayers may play an important
role in future optoelectronic devices. Tightly
bound excitons® in the MoS, monolayers
are efficiently formed by light absorption and
result in a strong photoluminescence (PL)
emission.*> The absorption of a MoS, mono-
layer is determined by its band structure and
carrier density.® Significant recent efforts
have been devoted to extrinsically control
the PL spectrum of MoS, monolayers, includ-
ing gate-bias tuning,”® physical adsorption,’
and chemical doping.'®'" While the optical
cross sections of individual monolayers are
very weak, photonic crystal microcavities can
be used to enhance the absorption'>'* and
tune the PL emission.'* However, to date, few
studies have reported light control of absorp-
tion in MoS, monolayers.

Surface plasmons with their outstanding
light-trapping and electromagnetic field en-
hancement properties can play an impor-
tant role in a wide range of optoelectronics
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and nanophotonics applications, such as
optical tweezers,">'® photovoltaics,'”'®
and subwavelength optical devices.
Plasmonic hot electrons generated from
nonradiative plasmon decay have been ex-
plored in photodetection?'?? and photo-
catalysis applications.”> Plasmon-induced
hot electron generation has also been
used to dope and control the conducti-
vity of graphene®* as well as induce phase
transitions in an adjacent MoS, monolayer
at low temperatures and controlled envi-
ronments.?> Two-dimensional (2D) materi-
als are particularly sensitive to charge
injection due to their confinement, and
plasmonic hot carrier generation provides
a unique opportunity for active control of
their properties.

In this study, we use plasmon-induced
hot carrier generation to dope and control
both the optical absorption and photolumi-
nescence of a MoS, monolayer. Au nano-
particles were deposited at various concen-
trations on the MoS, and illuminated by
laser light at different wavelengths and
intensities. The absorption spectra of the
structure were measured independently
using a separate light source and found to
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exhibit both intensity changes and red shifts that
depend on the nanoparticle excitation conditions.
The largest spectral shifts were observed at laser
wavelengths corresponding to nanoparticle plasmon
excitation. These red shifts were found to increase
monotonically with laser intensity and nanoparticle
concentration. We also measured the PL shifts as a
function of nanoparticle excitation conditions and
found a significant red shift of the PL. Both results
can be explained by the modulation of the dielectric
permittivity with the exciton binding energy.

RESULTS AND DISCUSSION

The chemical vapor deposition (CVD)-grown MoS,
monolayers were first transferred onto a substrate
using the poly(methyl methacrylate) (PMMA) nano-
transfer method and then covered by 5 nm diameter
Au nanoparticles (Au NPs) at different concentrations.
As illustrated in Figure 1a, the substrate consists of
30 nm SiO, film on a 30 nm thick Au mirror fabricated
using E-beam evaporation. With white light illumina-
tion, reflectance spectra of the MoS, monolayer were
measured and modulated by the separate excita-
tion laser. The schematic of the experimental setup
is shown in Supporting Information S1. Figure 1b is
an optical image of the MoS, structure covered with
5mg L' Au NPs. The edge length of the MoS, triangle
is ~100 um. Figure 1c shows the absorption of the
MoS,—Au hybrid film on the SiO,/Si substrate and
MoS, film on SiO,/Au and SiO,/Si, which are obtained

(a)

from the reflectance spectra under white light illumi-
nation (the absorption of ultrathin films is directly
proportional to the differential of reflectivity). The
two main peaks at 660 nm (peak A) and 615 nm
(peak B) are direct band gap transitions, which are
characteristic absorption features of MoS, monolayers.
The energy difference of peak A and peak B results
from the spin—orbital coupling in the split valence
band. The 8% increase in absorption when the 30 nm
Au mirror was present is due to multiple reflection and
absorption enhancement.'? The measured absorption
change due to the mirror is in excellent agreement
with the simulation results in Figure 1d (see additional
details in the Materials and Methods section). A 532 nm
laser was used to excite the surface plasmon resonance
(SPR) of the Au NPs. Both the PL spectra and Raman
spectra for the MoS, monolayer with and without Au
NPs are shown as Figure S2 in Supporting Information,
which shows the presence of plasmonic hot electron
doping effects.?>2¢

Au NPs with various concentrations ranging from
5t0 15 mg L' were pipetted and spin-coated onto the
MoS, monolayers. Figure 2a shows the variations of
absorption without 532 nm excitation. With increasing
NP concentration, the absorption intensity decreases
because the reflection and scattering efficiencies of the
Au NP layer increases with NP concentration. However,
when the laser is turned on (Figure 2b), clear red shifts
of both absorption features A and B are apparent.
In Figure 2c,d, the peak wavelength and intensity
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Figure 1. (a) Schematic of MoS,—Au hybrid film under 532 nm laser excitation and white light illumination. The substrate
consists of 30 nm SiO, film on a 30 nm thick Au mirror. (b) Optical image of the MoS, monolayer under a 100 x objective lens
(scale bar is 30 um). (c) Absorption spectra of the MoS,—Au hybrid film on a SiO,/Si substrate (red) and MoS; film on SiO,/Au
(blue) and on SiO,/Si (gray). The concentration of the Au NPs is 10 mg L. (d) Absorption cross section simulated by FDTD.
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Figure 2. Absorption spectra without (a) and with (b) 532 nm laser illumination as a function of Au NP concentrations ranging from
5to15mg L. Peak wavelength (circles) and intensity variations (triangles) of peak A (c) and peak B (d) with (solid symbols) and
without (hollow symbols) laser excitation. The laser power is 1 mW.

variations of A and B are plotted as a function of Au NP
concentration. When illuminated, peak A red shifts
from 658 to 663 nm when the Au concentration
increased from 5 to 15 mg L', Peak B experiences a
red shift smaller than that of peak A but exhibits a
larger intensity attenuation. Both the red-shifting and
intensity attenuation are consistent with an n-doping
effect reported in previous work.?

Figure 3 shows how the optical properties depend
on laser power for 15 mg L™' NP concentration.
Figure 3a shows a PL red shift from 678 to 690 nm as
the laser power increases from 0.01 to 5 mW, which is
also consistent with plasmon-induced doping.*>*’ The
effect from laser-induced doping®® of MoS, mono-
layers (without Au NPs) is also compared and analyzed
in the Supporting Information (Figure S6). The absorp-
tion spectra in Figure 3b shows a similar laser intensity
dependence as the PL with a 15 nm red shift when the
laser power increased to 5 mW. The intensity decrease
with increasing laser power is further evidence for
plasmonic hot electron doping of the conduction
band. Because of the Pauli exclusion principle, an
increase of the carrier density reduces the density of
available final states.®

The efficient generation of plasmonic hot electrons
requires excitation of the surface plasmon resonance
of the Au NPs. To further confirm the hot electron
doping effect, the dependence of MoS, absorption
spectra on the incident laser wavelength was investi-
gated and is shown in Figure 4. The laser power was
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kept at 2.5 mW for all wavelengths. Figure 4a shows
that only for resonant excitation of the dipolar plasmon
at 532 nm do the two absorption features A and B
exhibit significant shifts. For 442 nm near the dipolar
plasmon resonance, we observed a small red shift. The
absorption for 325 nm (blue line) and 633 nm (purple
line) excitations is very similar to what is observed
without excitation (black line). The calculated absorp-
tion cross section of the 5 nm sized Au NPs is shown in
Figure 4b, where the peak (510 nm) represents the
significant efficient absorption due to dipolar reso-
nance. Only for resonant excitations of Au NP plasmons
do we expect significant hot carrier generation and
significant doping. Figure 4c shows that the absorption
features of the MoS,—Au hybrid structure are inde-
pendent of incident laser polarization. This isotropic
response is expected for spherical NPs.

Figure 5 illustrates the mechanism of the plasmonic
hot electron tuning of MoS, monolayer optical pro-
perties. The excitation of the Au surface plasmon at
532 nm generates hot electrons that can transfer into
the MoS, conduction band and induce a n-doping.
Because the work function of Au is around 5.1 eV, with
an excitation laser of 532 nm, the plasmonic hot
electron distribution will extend up to 2.8 eV above
the Fermi level and can readily transfer across the
Schottky barrier (<0.8 eV) at the Au/MoS, interface.?
The doping carriers contribute a Drude term to the
permittivity of the MoS, monolayer and thus increase
the binding energy of the exciton, which resultsin a red
NO.10 = 10158-10164 =
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Figure 3. (a) PL spectra and (b) absorption spectra of the
MoS, structure with 15 mg L™ NP concentration for laser
powers ranging from 0.01 to 5 mW. The excitation laser
wavelength is 532 nm.

shift of the absorption spectrum. As the exciton bind-
ing energy is increased, the absorption peak red shifts.
The band structure of MoS, monolayers is plotted at
the right side of Figure 5. The yellow arrow represents
the absorption process of peak A and the electronic
transition from the top of the valence band to a final
state above the excitonic level. After the absorption,
the excited electrons nonradiatively relax into the
excitonic level (white dashed line) and subsequently
generate the luminescence (blue arrow). With in-
creased nanoparticle concentration or incident laser
power, the doping level and corresponding binding
energy of the exciton increases, which induces a red
shift of both the absorption and the luminescence.

In Figure 6, we plot the energy of the luminescence
peak and the absorption feature A as a function of laser
power (data from Figure 3). The exciton binding energy
can be obtained by using £, = £4 — Ep,*>>° where the
Eg4 is the band gap of the MoS, monolayer. Because of
the doping and its influence on the exciton energy, the
measured absorption peak energy is not exactly the
same as the band gap and cannot directly be used to
calculate the value of the exciton binding energy. In
this work, we use the difference between the absorp-
tion and PL peaks as a probe of the exciton binding
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Figure 4. (a) Dependence of the MoS, monolayer absorp-
tion peaks on the incident laser wavelength for a NP density
of 15 mg L. (o) Absorption cross section of a 5 nm Au NP
simulated by FDTD. Three color symbols correspond to
different incident lasers. (c) Absorption spectra of peak A
and peak B as a function of laser incident polarizations.

energy and to investigate its dependence on doping.
Thus, as the incident laser power changed from 0.01 to
5 mW, the AE, = 15 meV shift obtained from the red
line of Figure 6 is the change of the exciton binding
energy induced by hot electron doping.

To qualitatively explain the blue shift of the exciton
binding energy with doping density, we model the
MoS, exciton as a 2D hydrogen atom by neglecting
confinement effects. The energy levels of the 2D
hydrogen-like atom are®'

pet

2
2e2e2h? ( n ]
o~r 2

where u is the reduced effective mass of the electron—
hole pair, n is the quantum number (as assumed
n = 1), and ¢ is the relative permittivity of the MoS,
structure, which is as assumed to be equal to the static

By = M
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Figure 5. Schematic view of the interaction between Au
nanoparticles and MoS, monolayers. The white dashed line
represents excitonic energy level. The yellow arrow repre-
sents the absorption process of the peak A, an electronic
transition from the upper spin—orbit split valence band to
the conduction band (peak B is due to excitation from the
lower spin—orbit split valence band but not shown). The blue
arrow represents the PL emission. The hollow arrow repre-
sents the tunable binding energy change of the exciton that
is controlled by the doping level of the conduction band.

value of 4.26.3% The change of exciton binding energy AF,
can be directly related to the relative permittivity Ae, as

A AR 12
2 _ (1 +—b> -1 @)
€y Ep

For the exciton binding, the energy change is 15 meV and
the E, is ~0.5 eV;*3>3* Ae /e, is calculated as —0.015. As a
consequence of the plasmonic hot electron doping, the
Drude screening mechanism begins to contribute to the
permittivity of the MoS,. In the weak doping limit, the
Drude term can simply be added to the intrinsic permit-
tivity of MoS, and results in an effective permittivity:
Ne?
meo(w? + iyw)

&) = €opr — 3)
where m* is the effective mass of the carriers, N is the
electron number density, w is the frequency, and y is the
Drude damping rate (which is assumed to be y < w).
The relevant frequency difference is the exciton binding
energy change hw, — hw; = AE,. The carrier density
then can be obtained from

N, N —Aerm’”eod
N M A& €d 4)

w2 w? e?

where m* (0.44m,) is used in above equations,>* and m,
is the mass of a free electron; d (0.67 nm) is the effective
thickness of a MoS, monolayer. From eq 4, we then
estimate the doping density due to injected plasmonic

hot electrons as 2.6 x 10'" cm™2. In this calculation, we

MATERIALS AND METHODS

Preparation of MoS, Monolayers. MoS, samples were synthe-
sized in a typical procedure by chemical vapor deposition
method.>® The sulfur (S) and molybdenum oxide (MoOs)
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Figure 6. Absorption peak A (orange) and luminescence
peak (blue) from Figure 3 as a function of laser power. The
red line is the energy difference between the absorption
and PL peak energy for each of the incident laser powers
that changed from 0.01 to 5 mW.

can neglect the change in the Fermi level due to doping
since it is much smaller than the observed exciton
binding energy shift (15 meV) (see details in Supporting
Information S7).

When the Au NP plasmons are excited, the resulting
hot electron doping thus induces a modulation of the
dielectric permittivity. This doping increases the ex-
citon binding energy, resulting in a red shift of both
the absorption and the photoluminescence spectra. In
the experiment, the PL emission is, in principle, com-
posed of contributions from both excitons and trions;
however, at the present doping level (10"" cm™3),
which is much lower than that for chemical doping
(~10" cm™), the PL spectrum is dominated by the
exciton, and the trion emission is negligible.

CONCLUSIONS

In summary, we have shown that plasmon excitation
of Au nanoparticles on MoS, monolayers can enable
active light control of MoS, exciton binding energy. The
mechanism is plasmon-induced hot electron injection
and doping of the monolayer. For resonant excitation of
the nanoparticle plasmons, both the absorption and the
photoluminescence spectra of the MoS, monolayer red
shift. The magnitude of this optical tuning depends on
Au nanoparticle concentration and incident laser wave-
length. The exciton binding energy depends on the
doping density. A model based on the Drude screening
mechanism was developed and used to estimate the
doping density as 2.6 x 10" cm ™2 This work opens up a
new strategy for the engineering a plasmon-based
optoelectronic device for active control of light by light,
such as highly sensitive photodetectors and plasmonic
field-effect transistors.

powder were utilized as the S and Mo sources, respectively.
S powder was located at the upstream region of the furnace.
MoO; powder placed in a boat was put into a fused quartz tube
located at the center of the CVD furnace. A clean 275 nm SiO,/Si
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substrate was placed above the MoOsz powder. With precise
control of growing temperature, gas flow rate, and growing
time, large-area MoS, monolayers with high quality were
synthesized.

Preparation of MoS,—Au Hybrid Structures. With an experiential
wetting transfer process, MoS, monolayers can be transferred
onto a 1D PC substrate. The CVD-grown MoS, monolayers were
first spin-coated with PMMA and then baked on a hot plate with
180 °C for 5 min. SiO, layers were corroded when immersed in
KOH solutions for 4 h at a concentration of 2 mol L™". Then, the
PMMA films held MoS, monolayers floating on the liquid sur-
face. A prepared substrate was used to fish out the PMMA films,
which was rinsed several times with DI water. Finally, PMMA was
removed with hot steam of acetone. The 5 nm tannic Au
nanoparticle solutions (nano Composix) were pipetted and
spin-coated on transferred MoS, monolayers.

Optical Measurement. All the spectra, including reflection, Ra-
man, and PL, were measured by a home-built optical system. An
iHR550 Raman spectrometer from Horiba was utilized with 600
and 2400 g mm™~' gratings. The Raman signals were detected
using 2400 g mm ™' gratings for high resolution. The reflection
and PL spectra were measured with 600 g mm ™. The objective
lens was at 50x magnification. Each spectrum was acquired in
85, with the purpose of minimizing the noise-to-signal ratio. The
white light source was a Dolan-Jenner MI-150 with fiber illumi-
nation. The laser excitation was changed among 325, 442, 532,
and 633 nm, where the beam was focused to a diffraction-
limited spot (diameter ~ 1 um).

Absorption Cross Section of MoS,. The absorption cross sections
of MoS, monolayers were simulated by FDTD solutions. In the
simulation, the Au NPs were distributed randomly on the sur-
face of MoS, monolayers with corresponding concentrations.
The absorption of MoS, was evaluated by integrating the
pointing vector over the whole volume of MoS, layers. The
refraction index of MoS, monolayers was extracted by para-
metrizing experimental data into a band and exciton transition
(Brunaur—Emmett—Teller) model as reported in the previous
work.'? The imaginary part of the dielectric function can be
written as

fatT fa7 fi
€ = . Az P ; Bz 2 +E
(Ewy —Ea)" + Ta (Ew —Ep)* + Tg Ew

O(E, — Eg, Tb)

where 7, (28 meV) and 7 (42 meV) are the bandwidth of exciton
A and exciton B. E, (1.884 eV) and Eg (2.02 eV) are the transi-
tion energy of exciton A and exciton B. f5 (0.32 meV) and fg
(0.43 meV) are the equivalent oscillator strength of exciton A (B).
7, (0.398 eV), Eg (243 eV), and f, (59) are the line width, band
gap, and equivalent oscillator strength of the interband transi-
tion, respectively.

X T
O(x, 1) :/ md@

is a step function with a stretched bandwidth 7.

1 [T se€
el(w) = Er‘*’*‘/ 27’2(:]5
Ty s

where ¢, is the static dielectric constant. The real part of the
refraction then can be calculated using the Kramers—Kronig
relation.
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