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Absorbance enhancement of monolayer MoS; in a perfect absorbing system
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We reveal numerically and experimentally that dielectric resonances can enhance the absorbance and emission
of monolayer MoS,. By quantifying the absorbance of the Si disk resonators and the monolayer MoS, separately,
a model taking into account the absorbance as well as quantum efficiency modifications by the dielectric
disk resonators successfully explains the observed emission enhancement under normal light incidence. It is
demonstrated that the experimentally observed emission enhancement at different pump wavelength results
from the absorbance enhancement, which compensates the emission quenching by the disk resonators. In order
to further maximize the absorbance value of monolayer MoS,, a perfect absorbing structure is proposed. By
placing a Au mirror beneath the Si nanodisks, the incident electromagnetic power is fully absorbed by the
hybrid monolayer-MoS,—disk system. It is demonstrated that the electromagnetic power is redistributed within
the hybrid structure and 53% of the total power is absorbed by the monolayer MoS, at the perfect absorbing

wavelength.

DOI: 10.1103/PhysRevMaterials.6.045202

I. INTRODUCTION

Tailoring the absorbance and emission properties of an
emitter is of great interest in terms of both understanding
the fundamental physics and the application prospects [1].
Both are determined by the electromagnetic environment of
the emitter, which can be realized by positioning the emitter
in the near field of a resonant cavity, such as a photonic-
crystal nanocavity [2-4], plasmonic nanoantenna [5,6], or
grating [7,8]. Particularly, both properties are fundamen-
tally correlated. The Purcell effect describes the modification
of the spontaneous emission rate due to the emitter’s en-
vironment through the refractive index, and the resonator
mode volume and quality factor [9]. The spontaneous emis-
sion can also be modified by the absorbance enhancement.
Such absorbance and emission tailoring belong to the regime
of weak light-matter coupling, or the perturbative regime.
Monolayer two-dimensional (2D) transition metal dichalco-
genides (TMDCs) have become core materials for nanoscale
devices due to reduced dimensionality, ease of integration,
and advanced optical and electronic functionalities, such as
nanolaser [10], photodetector [11], and nonlinear optic ele-
ments [12].

Monolayer TMDCs exhibit a direct band gap at visible
and near-infrared wavelengths [13]. However, due to the
atomic thickness of the layer and following the Beer-Lambert
absorbance law, low optical absorbance and emission of
monolayer TMDCs pose an obstacle for conversion of pho-
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ton energy into other forms of energy. Intensive efforts have
therefore been devoted to enhance the absorbance or emission
of monolayer TMDC:s, such as by employing a photonic crys-
tal slab backed by a perfect electric conductor mirror [14],
a multilayer photonic structure including a dielectric grating,
a spacer, and a metal film [15], and a sandwiched photonic
crystal slab with air holes and a silver mirror [16] or through
a metasurface [17], photonic hypercrystals [18], a photonic
Fano resonance [19], and a plasmonic antenna [20,21]. The
maximum absorbance that a structure can achieve is 1, re-
ferred to as a perfect absorber or coherent perfect absorption
(CPA) [22,23]. CPA can involve interference due to two or
more input waves including counterpropagating input waves
and can be manipulated by varying the relative phase of the
two inputs [23]. Due to its versatile manipulation, such config-
urations are useful for applications in modulators and optical
switches.

In this paper, we demonstrate experimentally that Si nan-
odisk resonators are capable of confining the energy within
monolayer MoS, to achieve absorbance enhancement. The
signature of absorbance enhancement via increased emission
is experimentally observed. The emission enhancement as
well as the absorbance of monolayer MoS, are quantified and
agree with the experimental observation. Based on this, we
further explore the use of a mirror to increase the absorbance
of monolayer MoS,, wherein a perfect absorbing system is
proposed enabling more than 50% of the total power to be
absorbed by the monolayer MoS,.

II. EXPERIMENT AND MODEL

A schematic of the hybrid emitter-resonator structure
can be seen in Fig. 1, which shows the MoS, monolayer

©2022 American Physical Society
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on the Si nanodisk resonators, sitting on a SiO,/Si sub-
strate. The permittivity of monolayer MoS, is taken from
Ref. [24] and is shown in Fig. 1(b). The Si nanodisk meta-
surface is fabricated on a Si-on-insulator (SOI) wafer (45 nm
top Si thickness, 150 nm buried oxide thickness; Soitec).
Electron-beam (e-beam) lithography was performed on a spin-
coated poly(methyl methacrylate) (PMMA) 950 layer (A3,
3000 rpm) by electron beam (Elionix ELS 7700), followed
by development in methyl isobutyl ketone—isopropyl alcohol
(MIBK-IPA) at a ratio of 1:3. A 20-nm-thick chromium
(Cr) layer was deposited by e-beam evaporator (Temescal).
After the lift-off process in hot Remover 1165, the Cr layer
was used as a hard mask, and the pattern was transferred
to the SOI substrate by inductively coupled plasma (ICP)
etching through the top Si layer, resulting in a (10 &= 3)-nm-
thick buried thermal oxide (BOX) layer being etched over,
verified by ellipsometry. The thickness of SiO, is 140 nm.
The Cr mask was finally removed using a commercial Cr
etchant from Sigma. The scanning electron microscope im-
ages and Raman and photoluminescence (PL) maps of the
fabricated hybrid sample are shown in Fig. 2(a) for disk radius
r = 160 nm and period p, = p, = 500 nm. The experimental
measurement details, including reflectance spectra and Ra-
man spectra, proving the monolayer nature of MoS, can be
found in the Supplemental Material [25]. As can be seen in
Figs. 2(b) and 2(c), the measured emission intensity displays
an enhancement due to the presence of the nanodisk res-
onators at excitation wavelengths of both A¢x = 405 nm and
lex = 532 nm. The PL enhancements, defined as 7, at both
pump wavelengths, denoted as red dashed lines, are shown in
Fig. 2(d).

In order to investigate the physics driving the PL enhance-
ment, a model linking absorbance and emission is required.
Following the law of power conservation, the sum of re-
flectance, transmittance, and absorbance is unity. Therefore
the absorbance A is typically determined as [21]

A=1-R—T, N

where R and T represent the reflectance and transmittance,
respectively. Equation (1) offers a flexible way, numerically
and experimentally, to quantify the absorbance value of the
hybrid structure or separate components. However, in the hy-
brid sample, aiming for the quantification of the absorbance
of the constituting elements, such as the monolayer MoS, or
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FIG. 2. (a) Scanning electron microscope images (top) and Ra-
man (bottom left) and PL (bottom right) maps of the fabricated
hybrid MoS,-Si-nanodisk sample on SiO,/Si substrate for radius
r =160 nm. (b) and (c) Experimentally measured PL spectra of
monolayer MoS,, on disk and off disk, with the excitation wave-
lengths of Ay =405 nm (b) and A = 532 nm (c), denoted as
vertical dashed lines in (d). (d) At top, with y-axis values shown
on the right: the calculated absorbance o of monolayer MoS, on
a SiO,/Si substrate (sub) and that hybridized with Si disks on a
Si0,/Si substrate. At bottom, with y-axis values shown on the left:
the experimentally measured and calculated PL. enhancement 7.

the Si nanodisk, it is critical to separate the power dissipation
within the disk and that within the monolayer MoS,. The
absorbance of a nanostructure, here the monolayer MoS, or
the disk metasurface, is the ratio of the total absorbed power
within a volume V (Ps) to the incoming power over the
exposed surface area Sy [26,27]; the absorbance under normal
incidence can also be calculated analytically as

_ Pabs _ ko )
T P SolEol? /f/v Im[e(]|E(r)[*dV, (2)

where Py = Lceoko [[ [, Im(€)[E(r)[>dV [15,28]. [E(r)] is
the amplitude of the electric field within the monolayer of
MoS; or the Si disk resonators. € is the corresponding di-
electric permittivity. The integration is performed in one unit
cell over the volume V, and V = p, x p, x h(fp), where h
and 79 denote the height of the disk and the thickness of
the MoS, monolayer, respectively. P, denotes the incident
source power calculated over one unit cell in free space,
P = %ceoSolEolz. ko is the free-space wave vector, and ¢
is the free-space light speed. Sy is the area of one unit cell,
So = px X py. |Epl is the electric field amplitude of the inci-
dent light, which is E;,. = Ege*0=D%. Equation (1) is used
to calculate A, the absorbance of a structure, which can be
either the complete hybrid structure or the bare metasurface or
the monolayer in the absence of the metasurface. In contrast,
« is used to quantify the absorbance of each component within
the complete hybrid structure. A detailed discussion of the
absorbance determination for periodic structures can be found
elsewhere [29].
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As can be seen from the curves plotted at the top of
Fig. 2(d), which show the absorbance of monolayer MoS,, o
is enhanced due to the influence of disk resonators at 405 and
532 nm, indicated as vertical dashed lines. The absorbance
enhancement at different pump wavelengths is quantified as
the ratio of the absorbance of monolayer MoS, on disk to
that off disk as o(Apump) /ao(kpump). Furthermore, as well as
the effect of the Si nanodisk on the absorbance, the effect
on the quantum efficiency needs to be considered. The MoS,
monolayer can be represented as an array of in-plane dipoles,
and the decay rates can be described by a simplified two-level
quantum approach. The excitonic population relaxation rate
Yex includes the radiative part y;, and the nonradiative part
as YVex = Yoy + Vax - The quantum efficiency of the quantum
systemis g = y., /(vi, + Ve ). The effective PL enhancement
factor 7 is quantified as [6,30]

a(kpump) ) q(Xem)
ao()\pump) qo()\em)’

n= 3

where o(Apymp) and ao(kpump) represent the absorbance of
the MoS, monolayer at the pump wavelength on disk and off
disk, respectively. g(Aem) and ¢°(Aem) represent the quantum
efficiency at the peak emission wavelength of the MoS, mono-
layer in the hybrid structure on the Si disk and of the MoS;
monolayer off disk, respectively. The quantum efficiency is
calculated at the peak emission wavelength A, = 673 nm.
All the calculations are performed by commercial finite-
difference time-domain (FDTD) software (FDTD; Lumerical
Solutions). In the calculation, including R, 7, A, and Py,
a linearly polarized, normally incident plane-wave source is
applied, Ej,. = Epe*“=®"%. Periodic boundary conditions are
applied in the x-y directions with pitch p, = p, = 500 nm.
A perfectly matched layer boundary condition is employed
in the z direction. The monolayer MoS; is modeled as a
thin sheet of thickness of 0.75 nm, with the permittivity of
MoS; [24]. The numerically simulated reflectance spectra
match with the experimentally measured curves, which can
be found in the Supplemental Material [25]. For the quantum
efficiency calculation, the monolayer MoS, can be treated as
a point dipole emitter due to its subwavelength exciton coher-
ence length and ~1 nm exciton Bohr radius [19,31,32]. The
quantum efficiency calculation is averaged over 11 different
positions relative to the nanodisk resonator within one unit
cell. The detailed calculation can be seen in the Supplemental
Material [25]. The origin of the coordinate vector is placed
at the center of the nanodisk. The dipole positions for the
simulations are as follows: xy ranges from 0 to 500 nm in steps
of 50 nm; yp = 0; and zo = (h + #9)/2 = 22.875 nm, where
h = 45 nm for the disk height and 7y = 0.75 nm for the mea-
sured thickness of the monolayer MoS,. The dipole is oriented
parallel to the substrate surface. A value of 0.74 is obtained for
the ratio ¢(Aem)/q° (Aem ), Which indicates that the presence of
the substrate results in the emission quenching of the MoS;
monolayer. However, the absorbance enhancement compen-
sates the losses. As can be seen in Fig. 2(d) for disk radius
of r = 160 nm, the calculated PL. enhancement n following
Eq. (3) shows agreement with the experimentally measured
data, which validates our model. It also demonstrates that

the observed emission enhancement mainly arises from the
absorbance enhancement.

III. PERFECT ABSORBER: MIRROR EFFECT

Absorbance enhancement has been realized using the Si
disk resonators on SiO, /Si substrate; however, the absorbance
value is still quite low, especially at the A exciton peak. In this
section, we aim to increase the absorbance value employing
the substrate effect. For a clear physical picture of the effect of
the substrate, the calculated absorbance spectra of the hybrid
disk—-MoS, monolayer embedded in air medium, sitting on
Si0,/Si substrate, and sitting on SiO,/Au can be seen in
Fig. 3. The inspected wavelength at 646 nm is indicated by
the vertical dashed line. It can be seen that the absorbance
value of monolayer MoS, without disk resonators is below
10% in all cases (5.7% in air, 9.5% on SiO,/Si, and 4.6% on
Si0,/Au). Due to the resonance effect producing an enhanced
electric field with the nanodisks, the absorbance of monolayer
MoS; is enhanced at 646 nm (30% in air, 12.7% on SiO,/Si,
and 53% on SiO,/Au).

Furthermore, the reflectance and transmittance as well as
the absorbance spectra of the hybrid structures are also shown,
where R and T are obtained by FDTD simulation and A is
calculated by Eq. (1). Clearly, as seen from Fig. 3(c), the
whole structure becomes a perfect absorber at the inspected
wavelength (A = 1). Due to the mirror effect contributed by
the gold plane, the transmittance becomes zero, and Eq. (1)
becomes A = 1 — R. The electric field maps are shown at
the inspected wavelength for all three cases, where the elec-
tromagnetic energy is confined inside or in the near field
of the nanodisk resonator. The SiO,/Si substrate yields the
lowest field amplitude, which results from the loss due to
the Si substrate. A much larger electric field amplitude is
obtained for the hybrid structure on a SiO,/Au substrate. In
particular, at the position of the monolayer MoS, shown by
the gray dashed lines, an obvious field concentration is seen
compared with the hybrid structure suspended in air or on
the Si0, /Si substrate. This field concentration drives the large
absorbance value of monolayer MoS,. CPA has been observed
in other systems where perfect absorbance is achieved when
the scattered components interfere destructively [14,22,23].
Here, in the proposed structure on the SiO,/Au substrate, the
gold mirror reflects the transmitted wave through the hybrid
structure producing destructive interference in reflection and
enhanced absorbance.

It is interesting to explore further which multipolar modes
of the Si nanodisk resonators drive the resonant absorbance
enhancement. According to Refs. [33,34], the amplitude of
decomposed multipolar modes contributing to the reflectance
or transmittance coefficients is calculated by integrating the
generated electric field E inside the nanodisk resonators for
the array, including structures suspended in air or on sub-
strates. The substrate effect on the reflectance spectra has
been experimentally and theoretically explored in Ref. [34],
where the array of Si nanodisk resonators can be considered
as a decoupled in-line optical element, where the modified
generated electric field within the disk resonators due to the
substrate needs to be taken into account. It is clear from
Fig. 4 that the total electric dipole, including the electric
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FIG. 3. The separate MoS, monolayer and the hybrid MoS,-monolayer—disk structures are examined for three cases: (a) in air, (b) on
Si0,/Si substrate, and (c) on SiO,/Au substrate, respectively. The disk has radius r = 150 nm, height 4 = 45 nm, and spacer thickness
s = 100 nm. Top panels: the absorbance of the MoS, monolayer in the alone and hybrid cases. Bottom panels: the reflectance R, transmittance

T, and absorbance A of the total structure.

dipole P and electric toroidal dipole contributions Te, as
well as the magnetic quadrupole M, are dominant in the
far-field reflectance or transmittance. The magnetic dipole m
and electric quadrupole Q are negligible. Higher-amplitude
multipolar modes are seen for the disk resonator on SiO,/Au
substrate, which results from the higher generated electric
field amplitude within the disk resonator compared with that
in air or on SiO,/Si substrate. Since the dominant multipo-

lar modes, including the total electric dipole and magnetic
quadrupole, have the same even parity in the forward and
backward scattering plane [33,35], the scattering profile does
not depend on the incidence port, along z or —z. Under the
incident light along z, the forward scattering (z) is reflected
by the gold mirror, which is incident on the disk resonators
again, resulting in the other forward (—z) and backward
scattering (z). Both scattering generated by the incident light
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FIG. 4. (a)-(c) Top panels: the simulated amplitude ratio of the electric field, |E/Ey|, in the x-z plane at y = 0 at the inspected absorbance
wavelength of 646 nm. The disk has radius r = 150 nm, height 7 = 45 nm, and spacer thickness s = 100 nm. The black dashed line illustrates
where the MoS, monolayer is, and the incident light propagates along the +z direction. Bottom panels: the amplitude of the multipolar modes
for reflectance and transmittance coefficients, including the electric dipole P, electric toroidal dipole Te, magnetic dipole m, electric quadrupole

Q, and magnetic quadrupole M.
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FIG. 5. (a) Comparison of the absorbance A of the structures on
SiO,/Au substrate for disk radius » = 150 nm, height & = 45 nm,
and spacer thickness s = 100 nm, including the disk only, the mono-
layer MoS, only, and the hybrid monolayer MoS,—disk. (b) The
absorbance « of the Si nanodisk only on SiO,/Au substrate as well
as the Si nanodisk in the hybrid monolayer MoS,—disk on SiO,/Au
substrate.

and gold mirror reflection superimpose coherently. This cor-
responds well with the observation of near-identical spectral
line shapes for the decomposed multipolar modes of the disk
resonators on SiO;/Au substrate compared with those for the
structure suspended in air [Figs. 4(a) and 4(c)], only with
different amplitudes, indicating that the gold plane plays the
role of a second input port. Fabry-Pérot-type multiple re-
flections are also present; however, these can be treated as
negligible [34,36]. Moreover, due to the constraint of power
conservation in the cases of the perfect absorber and partial

absorber, it is interesting to explore the effect of monolayer
MoS; on the absorbance of disk resonators. From Fig. 5(a), it
can be seen that when the absorbance of the alone monolayer
MoS,; directly on the SiO,/Au substrate is almost resonant
with that of the disk resonators, the absorbance of the hy-
brid structure shows a redshift due to the high imaginary
permittivity of monolayer MoS,. Furthermore, as can be seen
in Fig. 5(b), the absorbance of the Si nanodisks is reduced
in the hybrid case, and the resonance redshifts due to the
presence of monolayer MoS,. This indicates that the incident
energy redistributes in the hybrid structures, driven by relative
imaginary permittivity of the disk and the monolayer MoS, as
well as the modified electric field distributions within the disk
and monolayer MoS,, respectively, compared with those for
each separate element.

IV. CONCLUSION

In conclusion, the optical absorbance of monolayer MoS,
on an array of Si disk nanoresonators is explored ex-
perimentally and theoretically. Emission enhancement is
experimentally observed for MoS, on the nanodisk array.
This is due to increased absorbance in the MoS, monolayer,
which also compensates for emission quenching due to the
presence of the disk. The model explains the observed emis-
sion enhancement and is used to further explore increasing
the magnitude of the absorbance of monolayer MoS, using
Si nanodisk resonators. With the aid of the gold mirror, a
perfect absorbing structure is proposed, where the incident
power is totally absorbed by the hybrid monolayer MoS,-Si
disk resonators. The dominant total electric dipole includ-
ing toroidal dipole contributions as well as the magnetic
quadrupole drive the resonant absorbance enhancement. By
analyzing the absorbance of the disk resonator and monolayer
MoS,, respectively, it is seen that the full electromagnetic
power is redistributed within the hybrid structures compared
with those for the separate components. The absorbance of
monolayer MoS, is enhanced while the absorbance of disk
resonators is reduced. Moreover, compared with a monolayer
MoS,; suspended in air, where the absorbance value of the A
exciton peak value is smaller than 10%, a value of more than
50% is achieved in the perfect absorbing structures.
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