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Field enhancement of MoS,: visualization of enhancement and
effect of the number of layers

Masanori Sakamoto® and Ken-ichi Saitow**°

Two-dimensional transition metal dichalcogenides (2D TMDCs) are layered semiconductor materials with unique
electronic and optical properties. In the family of 2D TMDCs, molybdenum disulphide (MoS,) is a promising material for
next-generation optoelectorical devices due to its high mobility and characteristic properties. The properties of 2D TMDCs,
as well as device performances, can be further improved by a field enhancement effect. However, field enhancement has
not been reported to date in the 2D TMDCs family. Here, we show the field enhancement of MoS, and its dependence on
the number of layers (5-850 layers). Measurements of the fluorescence intensity of a dye solution, crystal violet, were
used to visualize the enhancement factor (EF) for a MoS, flake as a map. The EFs on the map were independently
confirmed by x-y-z size measurements of the same MoS, flake with an atomic force microscope. Furthermore, the
obtained x-y-z sizes of a MoS, flake were used for the finite-difference time-domain (FDTD) calculations to evaluate field
enhancement. As a result, a MoS, flake with a specific thickness (ca. 80 layers) gave the highest enhancement with EF=100.
Theoretical calculations based on Mie scattering theory also confirmed the experimental EF mapping results, the
dependence on the number of layers, and the component analysis of field enhancement. As another crucial point, large
and small enhancement effects were attributed to electric field and charge transfer effects, respectively, both of which

depend on the number of layers. A transition region of these effects was indicated at around 300-400 layers.

1. Introduction

Optical excitation of a noble metal nanostructure can generate
localized surface plasmons, which results in a large electric
. 1,2
field as “plasmon resonance”.

the surface are excited by this localized electric field, their

When molecules located near

Raman and/or fluorescence intensities are enhanced. This

recognized as surface-enhanced
4

phenomenon has been

Raman scattering (SERS),3’ surface-enhanced fluorescence
(SEF),I’Z’5 or metal-enhanced fluorescence. According to recent
reviews on SEF, typical materials for SEF are gold (Au) or silver
(Ag), and their typical enhancement factors (EFs) are 10—100,5
except for several high values, such as EF = 1340 for bow-tie-
shaped Au nanoantenna® and EF = 4000 for Au—Ag bimetallic
nanopetals.7 Thus, EFs for SEF are much lower than the typical
EFs for SERS, i.e., EF = 10°-10°.28 Such a reduced EF for SEF is
due to the electronic structure of metals with a high density of
states, which causes fluorescence quenching via energy
transfer from excited molecules to the metal.

Semiconductors have recently attracted much attention as
field-enhancement materials due to their low cost and large
enhancement effect. The large enhancement is due to “Mie
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resonance”, which occurs in dielectric materials such as

semiconductors. Semiconductors have several specific
properties, such as a high refractive index, no electronic states
in the band gap, and direct or indirect optical transitions. In
particular, an indirect band gap can reduce fluorescence
quenching due to the lack of electronic states in the band gap
and the forbidden electronic relaxation. For example, Hayashi
et al. reported an EF of 140 for gallium phosphide (GaP).15
Wells et al. reported an EF of 120 for silicon (Si) nanopillar
structures.’® In our previous study, the SEF of Si particles was
investigated and a particle size of 500 nm gave the maximum
EF of 180.”7*" As our recent study, it was found that TiO,
porous
EF=500.

Two-dimensional

layer
17d

gives extraordinary field enhancement as

(2D
TMDCs) are promising semiconductor materials with unique
electronic and optical properties. Among the 2D TMDCs,

transition metal dichalcogenides

molybdenum disulphide (MoS,) is one of the most popular
materials because 1) its bandgap energy can be tuned
according to the number of layers, 2) the optical transition
changes from an indirect type to a direct type by being scaled
down to monolayers,18 3) it has high mobility in a field-effect
transistor (>200 em? V!t s'l),19 4) it has flexibility and durability
(high Young’s modulus of 238-270 GPa, cf. stainless steel at
205 GPa),20 5) and it has low toxicity (high cell viability 280%).21
These excellent properties of MoS, provide a material for
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photocatalysts for hydrogen evolution reaction,22
phototransistors,23 optical biosensors,24 solar ceIIs,25 and their
flexible and/or wearable devices in near future. The
efficiencies of these devices can be increased with an
enhancement material such as MoS,, which provides a large
field enhancement of incident and/or radiated light. However,
there have been no reports on field enhancement due to 2D
TMDCs. For instance, SERS of MoS, has been reported for a
monolayer or a few atomic layers, but its mechanism is
attributed to a charge transfer effect.”** In addition, it has not
been understood so far whether or not the field enhancement
effect of 2D TMDCs occurs. As another aspect, there have been
no reports on SEF for all the family of 2D TMDCs.

Here, we demonstrate the field enhancement of MoS, flakes
by measurement of fluorescence spectra for a dye molecule in
a solution. The enhancement effect was evaluated as a
function of the number of MoS, layers (5-850 layers) and was
visualized by enhancement mapping of fluorescence at the
same positions observed using atomic force microscopy (AFM).
The experimental results are compared with those from
calculations using the same sample and the same region and
discussed with respect to two different enhancement

mechanisms, which depend on the layer thickness.

# of papers
F -

N

1.0 15 2.0

Thickness of monolayer (nm)

0.5

Fig. 1 Thickness distribution of MoS, monolayer. These
thicknesses are reported in recent papers, listed in Table S1. All
the thickness is evaluated by measuring AFM and depend on
preparation methods of the monolayer. The methods are in the
following; sonication: exfoliation by sonication in a solvent;
mechanical: exfoliation by the scotch tape; chemical: exfoliation
by a lithium intercalation method, e. g. butyllithium; CVD:
synthesis from a chemical vapor deposition method.

2. Experimental section

2 | J. Name., 2012, 00, 1-3
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2.1 Preparation of MoS, flakes and enhanced substrate using
drop-casting.

MoS, flakes were produced by a liquid-phase-exfoliation
method using sonication.*® Commerecial MoS, powder (Ko-
jundo kagaku. Co) was dispersed in a binary solvent (2-
propanol: water =7:3 (v/v)) at a concentration of 30 mg/ml
without further purification. The solution dispersed with MoS,
was prepared by bath sonication (Yamato 3510, Bronson) for 5
h, followed by centrifugation at 6500 rpm for 60 min (5430,
Eppendorf). After centrifugation, the top two-thirds of the
dispersion solution was gently extracted by pipetting. The
enhanced substrate was prepared by drop-casting the
dispersion solution of MoS, onto a silicon (Si) wafer (p-type,
(100) face) was cleaned with piranha solution and dried for 5 h
at room temperature. The MoS, flakes on the Si wafer were
then washed three times with methanol. The thickness of the
MoS, flakes was measured using AFM (SPM-9700, Shimadzu)
or with a laser microscope (OLS4000, Olympus). The number of
layers was determined by dividing the thickness measured
with AFM by a monolayer thickness as 1.2 nm, which is used in
the present study. There are two reasons for choosing 1.2 nm.
Firstly, 1.2 nm is the average thickness of monolayer MoS,
prepared by a sonication method (Fig.1, Table S1). Secondly,
our sonication procedures are the same to the previous study,
giving the monolayer thickness of 1.2 nm.*°
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‘ Fluorescence

]
\N, w/cv

# of ® Mo
layers E S
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850 1.2 nm

Fig. 2 Schematic diagram of field enhancement of MoS,
evaluated from surface enhanced fluorescence of crystal violet
(CV). The value of 1.2 nm is the average thickness of MoS,
monolayer, prepared by a liquid-exfoliation method with
sonication, based on the data of Fig. 1 and Table S1.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 (a) Optical microscopy (OM) and (b) atomic force microscopy (AFM) images of MoS, flakes on a silicon wafer formed by
drop-casting. (c) Fluorescence spectra of the crystal violet (CV) solution. The red curve, /;, shows the CV spectrum in the presence
of a MoS, flake with a thickness of ca. 100 nm (ca. 80 layers). The blue curve, I,, shows the CV spectrum in the absence of the
MoS, flake. The black curve, I3, shows a background spectrum of /; with methanol as the solvent and with the MoS, flakes. The
green curve, I, shows a background spectrum of /, with methanol as the solvent and without the MoS, flakes. The EF of the
fluorescence intensity is obtained using these four spectra, according to EF=(/;-15)/(l,-1;). Since the intensities of I, , /5, I, in
comparison to /; are too small to be evaluated, the data of /,, /3, and /, are multiplied by 10 for the clarity in the figure. (d) EF
mapping for fluorescence of CV at the peak wavelength in the white square area shown in Fig. 3a.

2.2 Enhancement spectra measurements and estimation of EF
Fluorescence spectra of the crystal violet (CV) as a dye solution
were measured with a confocal microscope spectrometer
(HR800, Horiba Jobin Yvon) at an excitation wavelength of
632.8 nm using a He-Ne laser, as displayed in Fig. 2. The
molecular structure of CV is also shown in Fig. 2. The laser
power was attenuated to ca. 70 uW in front of an optical cell
involving samples. As samples, MoS, flakes attached onto the
Si wafer was immersed in a CV solution of the cell. An

80
60

40

(EIE,)?

20

objective lens (SMLPLN, 100x, Olympus) with a long working
distance was used to measure the spectrum of the sample
solution under a cover glass of the cell. The optical cell for
measurement of the spectrum was designed to provide a
solution layer between the cover glass and the MoS, flakes
and has been described elsewhere.””* The dye solution used
was CV dissolved in methanol to a concentration of 3.6x107
M. The EF of fluorescence intensity was obtained from the

measurement of four spectra: (1) the intensity of the

Fig. 4 (a) EF mapping of electric field (E: Electric field intensity with MoS,, Ey: without MoS,) obtained from FDTD calculation for the
surface measured using AFM shown in Fig. 4b. (c) EF mapping of the fluorescence of CV at the same surface shown in Fig. 4a and 4b.
As for the grid sizes, Figs.4a, b, and c are set to 10 nm (FDTD), 100 nm (AFM), and 500 nm (fluorescence micro spectroscopy),

respectively.
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fluorescence spectrum of the CV solution with the MoS, flakes
(1), (2) the intensity of the fluorescence spectrum of the CV
solution without the MoS, flakes (/,), (3) the intensity of the
background spectrum of (1) with methanol as the solvent and
with the MoS, flakes (/5), and (4) the intensity of the
background spectrum of (2) with methanol as the solvent and
without the MoS, flakes (/;). The EF of the fluorescence
intensity was then obtained using these four spectra,
according to EF=(ll-Ig,)/(IZ-I4).17a'd’31 These EFs were evaluated
as an average with the standard deviation.*

-1 -t margins

Journal Name

and the same conditions as the experimental data. The height
data obtained by AFM were used as the thickness of MoS,
layer for the FDTD calculation, i.e., the computer-aided- was
obtained by importing AFM data directly into the FDTD
software. The electric field distribution on the surface of the
MoS, flakes was calculated using the FDTD method with the
FUullWAVE commercial software (Cybernet Systems Co., Ltd.).
Q. Was calculated using the Mieplot software (ver. 4.05.02,
Philip Laven) and the software developed by NASA.*® For these
calculations, the refractive index of MoS, reported by Rubio-
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Fig. 5 EF of fluorescence for CV with MoS, flake as

a function of the number of layers (thickness). The

inset figure shows the EF for MoS, with thicknesses of 5-600 nm. Blue dashed curves are fitting curves of

two Gaussian functions for guide to eye.

2.3 Evaluation and calculation of the MoS, flakes.

The finite-difference time-domain (FDTD) and the extinction
efficiency (Q.,) calculations based on the Mie scattering
theory were performed for the same sample, the same region,

Bollinger et al.>* at an excitation wavelength of 632.8 nm was
used, in addition to n = 1.33 as the refractive index for the
surrounding medium (methanol).

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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3. Results and discussion

Fig. 3a and 3b show typical images of MoS, flakes on a Si wafer
captured using optical microscopy (OM) and AFM,
respectively. The colour bar shows the height of the MoS,
flakes, which corresponds to the thickness. The MoS, flakes
are several micrometers in the x- and y- directions and 10-450

ARTICLE

its EF was estimated to be 100. In addition, the enhancement
effect is visualized by mapping EFs of fluorescence intensity at
650 nm, as shown in Fig. 3d. This is the first time that SEF have
been observed experimentally and by EF mapping for 2D
TMDGs.

Fig. 4a shows EF mapping of the electric field obtained by
FDTD calculation, which was conducted using the x-y-z position

4 4
—_— : b —— Dipole (DP)
(a) Multiple (MP) (b) — Quadrupole (QP)
— DP+QP
0 1 |} 1 1 o ) 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000
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0 ’ L ! 0 T T T T
0 200 400 600 0 200 400 600 800 1000

Diameter (nm)

Diameter (nm)

Fig. 6 Extinction efficiency (Q.,) as a function of the diameter of a spherical particle of MoS, calculated
with (a) multiple component as a linear combination of electric and magnetic dipole, quadrupole, and
higher-order modes, (b) electric and magnetic dipole (DP) and quadrupole (QP) modes, and (c) electric
and magnetic dipole (DP) mode. (d) The blue curve is the Q. obtained from the subtraction of the
dipole (DP) from the multiple component. For the comparison, the multiple and the dipole
components are represented by red and yellow curves, respectively, both of which are the same to

the ones in Fig. 6a and 6c¢.

nm in the z- direction (thickness). Fig. 3c shows typical
fluorescence spectra of CV as a dye solution, with (red) and
without (blue) a MoS, flake with a thickness of ca. 100 nm (ca.
80 layers) as well as background signals (black and green). The
fluorescence intensity increases in the presence of MoS, and

This journal is © The Royal Society of Chemistry 20xx

measured from an AFM image, as shown Fig. 4b (see Fig. S1).
The calculation result reveals the electric field enhancement in
the presence of MoS,, and the result is in good agreement

J. Name., 2013, 00,1-3 | 5
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with the EF mapping of fluorescence with CV shown in Fig. the same MoS, flake. Similar results are also demonstrated in
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Fig. 7 (a) AFM image of MoS, flakes. The data is the same to Fig.3b, but the thickness is expressed by full colors.
The line profiles of AFM image (a) are shown in (b) and (c), corresponding to red and black dashed lines,
respectively. (d) Schematic diagram of the optical configuration between light and MoS, layer for the FDTD
calculation. Linearly polarized light is irradiated from the upper side to the MoS, along z-direction upon the
excitation wavelength of 632.8 nm. The red arrow, blue arrow, and grey plain represent the direction of incident
light, and its polarization direction, and MoS, layer, respectively. FDTD calculations of (b) and (c) demonstrate EF
mappings of electric fields (e) and (f), respectively. In these calculations, the MoS, layer is set to be immersed in
methanol, which is the same to the experimental condition.

4c, which is measured using the same MoS, flake. Therefore, the other MoS, flakes, as shown in Fig.S2. As for the grid sizes,
the electric field enhancement of MoS, was confirmed from Figs.4a, b, and c are set to 10 nm, 100 nm, and 500 nm,
the experimental data and calculations at the same position of respectively.35

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 shows the experimental data for the EF as a function
of the MoS, thickness. The upper axis shows the number of
layers of MoS, estimated from the thickness, i.e. the thickness
of monolayer=1.2 nm. All error bars of EF and thickness
(number of layers) denote o, where the o is a standard
deviation from an average.32 MoS, flakes with a thickness of
100 nm (ca. 80 layers) have the highest EF, and those with over
400 nm had the smallest EFs (vide infra). To understand the
dependence on the layered MoS, thickness, the extinction
efficiency (Qex) Was calculated at an excitation wavelength of
632.8 nm, based on Mie scattering theory.g'14 Fig. 6 shows Qg
for MoS, as a function of the diameter of the MoS, flakes,
immersed in methanol. Note that the profile of EF as a
function of the number of layers in Fig. 5 is in good agreement
with that of Q. as a function of the diameter in Fig. 6. Thus, a
large electric field is ensured to be produced using MoS, flakes
with a size in the range of 100-300 nm. In other word, it was

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 7
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Fig. 8 Fluorescence spectra of CV solution (a) without MoS,, (b) with ca. 80 MoS, layers, and (c) with ca. 800
MoS, layers. (d) Schematic diagram of thin and thick MoS, layers. A thin MoS, flake, the number of layers, #, <
300, gives an enhanced fluorescence by field enhancement effect, whereas a thick MoS, flake, # > 400, gives
an enhanced fluorescence by a charge transfer effect. Fluorescence spectra of (b) and (c) are analyzed by
decomposing into a charge transfer (CT) band and a nonCT band using two Gaussian functions. The data of (e)
and (f) represent analyzed spectra of (b) and (c), respectively. Yellow and black dashed curves represent CT

and nonCT bands, respectively.

found that the preparation of MoS, flakes with 100-300 nm
thickness gives larger EF.

Next, we discuss a mechanism of higher EF, based on the
results of Figs. 5 and 6. According to these data, it is revealed
that the EF profile of Fig. 6 is in good agreement with the Q.
calculated using terms of the electric and magnetic dipoles,33
as shown in 6¢, whereas it deviates from the Q.,;, as shown in
Fig. 6a, calculated from the linear combination of multiple
components,33 i.e. electric and magnetic dipoles, quadrupoles,

8 | J. Name., 2012, 00, 1-3

and higher-order components. Thus, both these agreement
and deviation indicate that a principle component of large EF is
not higher-order components but a lower-order component
such as the dipoles. Since this is the first time what a
component involved in the Q. is a critical factor to produce
larger EF of 2D material, the finding in the present study is a
promising result to design and/or characterize field
enhancement of 2D materials. A further theoretical research
on field enhancement of a 2D material, on the other hand, will

This journal is © The Royal Society of Chemistry 20xx
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be important, because experimental results in Fig. 5 were
investigated by the thickness as a size of MoS,, whereas the
Q.xt, based on Mie resonance in Fig. 6, was calculated using the
diameter of a spherical particle as a size of MoS,. As another
important mechanism, we evaluated whether or not nanogaps,
steps, and edges on the MoS, surface could give larger EF.
Here, we show line profiles of AFM image and conducted FDTD
calculations of the line profiles, as displayed in Fig. 7. As a
result, the EFs are high as EF=10-15 at around nanogaps, steps,
and edges. However, these values even though the maximum
are 8 times smaller than those of the thickness effect of
EF=100, as shown in Fig. 5. Consequently, it was concluded
that larger EFs are not given by surface structures such as
nanogaps, steps, and edges but by the thickness of MoS, with
100-300 nm. Such the thickness of MoS, governs significant
field enhancement, whose mechanism is due to the electric
and magnetic dipoles.

Here, we discuss the shape of CV fluorescence spectra
measured with and without MoS,. Figs. 8a, b, and c show
fluorescence spectra for CV solutions without MoS,, with MoS,
(ca. 80 layers), and with MoS, (ca. 800 layers), respectively.
The profiles for the former two are similar, whereas that for
the latter is significantly different. Similar features were
observed in the other thicknesses (Figs. S5, 6). Namely, the
fluorescence spectrum for CV with thicker MoS, has a shoulder
at around 700-800 nm, which is considered to be a charge
transfer (CT) band, based on the following three reasons. First,
the luminescence wavelength via CT between CV and MoS,
after the excitation can be estimated as 1.73 eV, i.e., the
energy difference between the conduction band of MoS, and
the highest occupied molecular orbital (HOMO) of CV (see Fig.
S3). This energy corresponds to a wavelength of around 720
nm, which is almost equal to the shoulder in Fig. 8c. Second,
the luminescence intensity of MoS, is so weak that it cannot
give the shoulder in Fig. 8c, because the intensity of MoS, itself
is 6 times smaller than that of CV (Fig. S4). In addition, the
MoS, spectral peak is located at 650 nm (Fig. S4), which is
different from the wavelength of the shoulder around 700-800
nm (Fig. 8c). Third, according to several reports on SERS by
MoS,, the EF is very small as EF=10-1002%2%3! by comparing
with a typical SERS as EF = 10°-10° using a metal.® The
mechanism of their small EFs have been attributed to CT
between MoS, and a molecule.,zs'29 i.e. the charge transfer
from MoS, to a molecule is attributed to cause the
enhancement of Raman intensity. A small enhancement effect
due such the CT may be involved in the present system.
Therefore, large and small
enhancements are due to electric field and CT effects,
respectively, depending on the thickness of MoS, (Fig. 8d). A
transition region due to either the field enhancement or

it was concluded that the

charge transfer effects was considered to be at around the
number of layers of MoS, = 300-400; larger EFs for thin MoS,
(the number of layers, #, < 300) and small EFs for thick MoS, (#
> 400) (vide supra).

Finally, we describe the reason why the MoS, with 800
layers, as shown in Fig. 8c, gives significant CT band. This is
because the electronic band structure of MoS, with 800 layers

This journal is © The Royal Society of Chemistry 20xx

is almost same to that of 80 layers, i.e. band structures of
MoS, with # > 4 are nearly equal to that of the bulk M052.36'38
Under these situations, there are two factors for describing the
mechanism. Firstly, we quantified the spectral component by
decomposing CV fluorescence spectra into nonCT and CT
bands using two Gaussian functions, as shown in Figs. 8e and
8f. These results indicate that ratios of “CT/nonCT” for MoS,
with 80 and 800 layers become 1.0/10.3 and 1.0/1.7,
respectively. Namely, the spectral component of CT band
increases as the layer thickness of MoS, increases. Secondly,
Fig. 5 showed that a thicker MoS, gives very small
enhancement (ca. # > 400). Namely, the EF of 80 layers was 30
times higher than that of 800 layers. As for the calculated
result, the Q. at the 100 nm (80 layers) is also 25 times
greater than that of 1000 nm (800 layers). Therefore, it was
recognized that the CT band of MoS, (# < 300) is hidden by the
strong field enhancement effect of MoS,, although the energy
bands of MoS, flakes is similar to one other.

4. Conclusion

In summary, the field enhancement effect of MoS, flakes (5-
850 layers) was investigated according to the fluorescence
intensity of a dye solution and by visualization with EF
mapping. The results obtained for the EF effect were examined
by calculation using the same MoS, flake at the same position.
MoS, flakes with a thickness of ca. 100 nm (ca. 80 layers) gave
a large EF of 100 for fluorescence. These results were in good
agreement with those from the extinction efficiency Q. and
FDTD calculations. The large and small enhancement effects
were attributed to electric field and charge transfer,
respectively, both of which are dependent on the layer
thickness. Namely, the former and latter effects were
established by MoS, flakes with the number of layers < 300
and > 400, respectively. A principle component giving a
significant field enhancement was the electric and magnetic
dipole of MoS, involved in the Q.. It is promised that the
current results for the field enhancement of MoS, will lead to
an improved understanding of electric field enhancement in
the 2D TMDC family and to higher performance devices with
2D TMDGs.
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