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Strong coupling in a two-dimensional semiconductor/noble metal multilayer platform
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We investigate the Purcell factor and emission spectrum of a two-level quantum emitter placed near a
planar multilayer nanostructure composed of an ultrathin dielectric or noble metal film between a pair of
two-dimensional (2D) layers of transition-metal dichalcogenides. We focus on the 2D semiconductor layer of
WS,. Experimental values for the dielectric permittivity of the WS, and the Au, Ag, Cu, and Al noble metals are
used for computing their optical response. The Purcell factor of the quantum emitter near such a nanostructure
takes values above 10*. The emission spectrum of the quantum emitter features profound Rabi splittings at the
visible part of the spectrum at room temperature indicating the emergence of the strong light-matter coupling
regime. The emission spectrum of the quantum emitter is strongly influenced by the dielectric permittivity of the
host medium and the material quality of the noble metal. Our research paves the way for applications in quantum

technologies and biosensors.
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I. INTRODUCTION

The interaction between quantum emitters (QEs) and
nanostructures is of fundamental interest to a vast amount of
photonic applications. The interaction between a single QE
and light is, in general, weak. One path to overcome this
limitation is through the excitation of the hybrid modes com-
prised of the free electrons of a metal and the electromagnetic
field, the surface plasmon modes. These modes are confined
in the interface between a metal and a dielectric while they
propagate along that interface [1]. Applications using cou-
pled QEs with plasmonic nanostructures, such as biosensors,
Raman-scattering, and light emitting and harvesting devices,
are in the spotlight due to their importance for the economy
and the environment. These types of devices operate in the
weak coupling regime, where the light emission takes place
incoherently. On the opposite side of the interaction regime we
have the strong coupling, where coherent exchange of energy
between the QE and its environment takes place [2—4]; this
effect is of fundamental importance for the quantum tech-
nologies, quantum computing, switching, and single photon
emitter applications [5-7].

Towards the realization of quantum technologies, one of
the main limiting factors is how to preserve quantum coher-
ence over repeated cycles of information exchange between
the qubits [7]. Operating in the strong coupling regime can
improve this limitation. Recently, complex nanostructures
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have been fabricated in order to achieve strong coupling in-
teraction regime between QEs and a nanostructured photonic
environment, such as photonic crystals [8], or the gaps created
randomly between nanocubes and back reflectors [9,10].

Usually strong coupling regime is achieved when a QE is
placed within a cavity, dielectric or metallic. The dielectric
cavities provide huge mode volumes, but they are limited due
to the diffraction effects. In addition, when multiple QEs are
placed in such cavities the interaction strength drops very
fast. In comparison, a metallic cavity can confine the light
in subdiffraction dimensions, down to nanometer dimension,
by using the surface plasmon modes [1]. Noble metals are
routinely used for photonics applications in the visible part
of the spectrum, although they have a major drawback when
bulk nanostructures are considered, since in such case the
material losses seriously deteriorate the efficiency of the appli-
cations [11]. However, new fabrication methods are currently
applied in order to produce pristine ultrathin noble metal
films [12,13] with little material losses.

Recently, a new family of materials, the transition-
metal dichalcogenides (TMDs), has attracted a signifi-
cant amount of research, both experimentally and theo-
retically [14-17]. These two-dimensional semiconducting
materials show strong absorption and emission features in
the visible part of the spectrum. Furthermore, when multiple
layers of TMD materials are considered, they can support
waveguide exciton polariton modes, which are hybrid modes
of the electromagnetic field and the excitons of the semicon-
ducting material [18]. It has been predicted that the exciton
polariton modes will be supported even by a single TMD
layer [19] provided it is a pristine monolayer.

The investigation of the light-matter interaction be-
tween localized sources and a nanostructured environment
is under intensive experimental and theoretical investiga-
tion both in the weak and in the strong coupling regimes.

Published by the American Physical Society


https://orcid.org/0000-0002-4829-8921
https://orcid.org/0000-0001-8821-8052
https://orcid.org/0000-0001-5206-2244
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevResearch.2.033141&domain=pdf&date_stamp=2020-07-24
https://doi.org/10.1103/PhysRevResearch.2.033141
https://creativecommons.org/licenses/by/4.0/

KARANIKOLAS, THANOPULOS, AND PASPALAKIS

PHYSICAL REVIEW RESEARCH 2, 033141 (2020)

The relaxation rate of a QE has been investigated close
to various nanostructures, such as metallic [20-29] and
graphene [30-36] nanostructures of varying dimensionality,
carbon nanotubes [35,37,38] and TMD materials [19,39-41].

Recently, we showed that when a QE is placed near a
WS, layer with an Au substrate, its emission properties are
modified and the light-matter interaction strength lies in the
strong coupling regime, as indicated by the Rabi splitting
in the emission spectrum of about 100 meV [40]. In this
work we extend our previous study by considering a QE
near a nanostructure composed of a thin film made by one
of the noble metals Au, Ag, Cu, and Al or by a homoge-
neous dielectric, sandwiched between a pair of WS, layers.
In the WS, /metal film/WS, nanostructures, the hybridiza-
tion of the excitons of the WS, layers with the plasmon
modes of the thin film strongly modifies the emission proper-
ties of the nearby QE. As a result, a distinct emission pattern
is observed, where a pair of splittings may lead to the emer-
gence of a triple-peaked emission spectrum. Furthermore, the
2D semiconductor/noble metal multilayer nanostructure is
tunable with respect to the dielectric permittivity of the host
medium and the exact positioning of the QE.

In this paper we investigate the interaction between a QE
and a multilayer planar nanostructure composed from a pair of
WS, layers with a thin metallic or dielectric film in between.
We start in Sec. II by giving the theoretical description of the
spontaneous emission (SE) of a QE in the weak and strong
coupling regimes. Specifically, we present the calculation of
the electromagnetic Green’s tensor used in determining the
Purcell factor and the SE spectrum of the QE. In Sec. III
we discuss the exciton-plasmon dispersion relation and its
influence on the SE of a QE near the nanostructures under
study. The most commonly used noble metals, Au, Ag, Cu,
and Al, are considered. We find that close to the emission
energy of the exciton A of the WS,, the Au and Cu have
the best ratio of the Rabi splitting to the emission energy
considered, indicating that the interaction strength could be
even in the ultrastrong coupling regime, while the Al has
the worst such ratio. In the last section we summarize our
findings.

II. MATERIAL PARAMETERS AND THEORETICAL PART

The nanostructure under consideration is shown in Fig. 1,
where a thin film is sandwiched between a pair of WS,
layers. Dielectric and noble metal materials are considered for
composing the thin film. We now present the experimentally
measured dielectric permittivities of the WS, and the noble
metals (Au, Ag, Cu, Al), and the main expressions for cal-
culating the Purcell factor and SE spectrum of a QE in the
presence of the multilayer geometry.

In Fig. 2(a) we present the dielectric permittivity of a
WS, layer extracted from experimental data by using the
expression
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where the parameters in the above equation are given in
Refs. [42,43]. In Fig. 2(a) we observe that the real part of
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FIG. 1. A schematic representation of the system under investi-
gation: A QE near two WS; layers with a thin film of either a constant
dielectric or a noble metal in between. The xy plane is parallel to the
planar nanostructure and the z axis is perpendicular to it.

the ews, is close to zero and its imaginary part is sharply
peaked at the energy of the exciton A, fiw = 2.02 eV. Here, we
describe the optical response of the WS, material through its
surface conductivity, which is given by the expression oyp =
ieowd (ews,(w) — 1), where d = 0.618 nm is the thickness of
the WS, layer. We note that the WS, layer does not support
any confined modes, connected to exciton-polariton surface
modes, since at all energies around the energy of exciton A,
Re[ews,] > 0 is valid. Thus, in case of a single WS, mono-
layer, there is no transverse magnetic (TM) exciton-polariton
mode. In these energies only transverse electric (TE) modes
exist, which are rather loosely confined to the WS, layer and
essentially operate as radiative modes [19]. The TE waveguide
modes emerge when thick TMD layers are considered [44].

In Fig. 2(b) we present the dielectric permittivities of the
Au, Ag, Cu, and Al noble metals, which determine their
optical response in the energy range around the exciton A of
the WS, layer [45,46]. The imaginary part of the dielectric
permittivity is related to the material losses; the higher its
value the lossier the material. Aluminum has the worst optical
response among these materials in the range of energies
around the exciton A of the WS,. We note that in Ref. [46],
novel fabrication methods for developing pristine thin noble
metal films with improved optical response are presented.

A QE, which is described as a two-level system, interacts
with its environment through the electromagnetic field. Thus,
the excited state relaxes to the ground state by emitting a
photon or exciting any of the dressed states supported by its
environment [47], which in our case are the hybridized modes
of the surface plasmons supported by the noble metals and the
excitons of the WS, layer, called plexcitons [43,48]. This re-
laxation process is characteristic when the QE/nanostructure
interaction is in the weak coupling regime. In such a case, by
applying Fermi’s golden rule, the expression for the relaxation

rate ['(r, w) = 2‘“ “ fi - Im &(r, r, ) - ii is obtained, where fi
is a unit vector along the direction of the transition dipole mo-
ment u, and &(r, s, w) is the electromagnetic Green’s tensor,
representing the response of the geometry under consideration
to a pointlike dipole excitation.
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FIG. 2. (a) Real and imaginary parts of the experimental value of the dielectric permittivity ews, (w) from Ref. [42]. (b) Real and imaginary
parts of the experimental value of the dielectric permittivity of the noble metals ¢;(w), i = Au, Ag, Cu, and Al.

The multilayer planar geometry is embedded in a constant
dielectric permittivity medium &; = €3, as shown in Fig. 1. It
consists of two WS, layers with a thin film between them. The
thin film has thickness D and dielectric permittivity &, and the
two WS, layers are considered as infinitely thin with dielectric
permittivity ews, (@) and surface conductivity o1 = 03 = o2p.
All layers are of infinite extent in the xy plane and the z axis
is perpendicular to the surface of each layer.

The method of scattering superposition is used [49-51] for
the calculation of the electromagnetic Green’s tensor. In this
approach the Green’s tensor splits into two parts:

&B(r, s, w) = By(r, s, w) + B(r, s, w). 2)

In the above equation, &;(r, s, w) is the homogeneous part
that accounts for direct interaction between the source and
target points at s and r, respectively, and is nonzero when both
points are in the same media, and &,(r, s, w) is the scattering
part, which is always present and accounts for the multiple
reflections and transmissions taking place at the interfaces.

The general form of the scattering part of the Green’s
tensor has the form:

&,(r, s, w) = # a2k, _1k2 3 REET (K, kg 1)

ST

ki
® T*(k, £k, 5), 3

for i, j = 1,2, 3 denoting the homogeneous material above
the upper WS, layer, the thin in-between slab, and the ho-
mogeneous material below the lower WS, layer, respectively,
with k;; = vk — k2, while , being the in-plane wave vector.
We note that in Eq. (3) a summation is implied for each pair of
= indices. These indices relate to the direction of propagation
of the electromagnetic modes: the first index denotes the
target point and the second the position of the QE. Also the
summation over T takes place over the M and N modes, which
are related to the transverse electric and transverse magnetic

J
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modes, respectively. The explicit form of M and N is given
in Ref. [50]. We note that for the planar geometries there
are no hybrid modes. The boundary conditions imposed on
the system of multilayers are the continuity condition and the
radiation condition. The first condition is given by continuity
equations at each interface:

2 X [6(”)(1', S, (,()) - 6((i+1)j)(r7 Sv w)]|Z=Z, = 0’ (43)
2x [V x &SD(r,s,w) — V x D) (r g w)]}zzz;

= _i%”kooz x 2 x 8D (r s w), (4b)
where z; =0, D and o is the surface conductivity of the
two-dimensional material, which in our case is the surface
conductivity of the WS, layer given by Eq. (2) [19].

By applying these boundary equations, an inhomogeneous
system of four equations is defined with the four generalized
R/\ﬂf,((l,\’,))i coefficients as unknown quantities. These coefficients
are sufficient to uniquely determine the problem under consid-
eration through the exact computation of the scattering part
of the Green’s tensor. In order to obtain these generalized
coefficients, a matrix equation is solved, which has the form

Awany - Ry = Vg » o)
with Ay being the characteristic matrix of the system
of equations from the boundary conditions at the interfaces,
RE* being the column of the generalized coefficients
Rliw(&{,))i and V0% being the free-terms vector, whose com-
ponents are given by the homogeneous part of the Green’s
tensor.

By applying the boundary conditions at the z =0 and
z =D we obtain the characteristic matrices for the TE and
TM polarizations. Assuming that the transition dipole moment
of the QE is along the z axis, the highest modification in the
relaxation rate is along the z direction due to the excitation of
the TM modes only; thus, below, we focus on these modes

]ﬁe*ikﬁD
ky
—(ky + ok Jky)e k2D
(ko zi/ 2) k ’ ©)
72 23
Tk 3
ko — (ks 4+ ak3/k3)
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where o = 4naws2a)/c2, the generalized coefficients have

the form R} = ®;MD, RECY- RV, RCDY)
and the free-terms vectors are given by V1! = %‘g*'k:ld ,

k]@iik“d, 0, 0).

We consider a QE placed at r = (0, 0, z) with a z-oriented
transition dipole moment; we are mainly interested in the
influence of the multilayer nanostructure to the relaxation
of the QE. We now introduce the Purcell factor I'.(w, 1) =
rlii‘(”a’)r)), a quantity that shows how much the relaxation rate
of the QE is enhanced or inhibited in the presence of the
multilayer geometry; I'g(w) is the free-space relaxation rate of
the QE, given by I'y(w) = w*u?/3mc3fiey. The Purcell factor
is given by the expression

[(w,r) = &1 + 3—CIm i/oodk k—sR“l*ez”‘zlz
4 ’ 20) 0 Skzlklz N ’
(N

with R;”’ being the generalized Fresnel coefficient for the
reflection from the interface located at D, where in our case a
WS, layer is placed. We again note that the above expressions
are used in case the QE/nanostructure interaction lies in the
weak coupling regime.

In case of the strong coupling regime a different approach
is needed, in which the description of the light-matter in-
teraction between the QE and the nanostructure requires the
spectral density J(w;, o, r) of the electromagnetic continuum
of modes as modified by the presence of the nanostructure.
This reads

21

where w; is the energy difference between the ground and
the excited states of the QE, I'g(w;) is the relaxation rate
of the QE in free space and I, is the Purcell factor given
by Eq. (7). We observe that the higher the Purcell factor the
stronger the coupling of the QE with its photonic environment.
Also, the value of the QE transition dipole moment is very
important for approaching the strong coupling limit, since the
higher its value, the less enhancement of the SE rate by the
corresponding Purcell factor is required in order to achieve
this [2]. Lastly, the relaxation spectrum of the QE is given
by [20,22,36,40]

3
S o,1) = 205 r)(f) : ®)
1

W’

1 7
S(w, 1) = — i
( ) 27 |w, —a)—foooda)’J(wl,w’,r)ﬁ

-8B, r, rg)

)

with r; and r being the positions of the signal detection and
the position of the QE, respectively, and  stands for the
emission frequency.

III. RESULTS AND DISCUSSION

By setting the determinant of the matrix Ay to zero, we
obtain the transverse magnetic surface plasmon modes of the
thin film. When the QE transition dipole moment orientation
is along z, as it is assumed here, there is no excitation of
the transverse electric modes, which, in general, have small
impact. The thin film is placed between two WS, layers; in
addition, it is embedded in a constant dielectric permittivity
medium ¢; = ¢3. Therefore the system of the nanostructure

embedded in such a medium is a symmetric configuration,
which supports two transverse magnetic modes, a symmetric
and an antisymmetric one [51,52]. However, since we use
real experimental values to describe the dielectric permittivity
of the noble metals, the antisymmetric mode does not have
strong contribution to the relaxation rate of the QE [52].

In Fig. 3 we present the dispersion relation /iw(ksp) of
an Au slab, of thickness of 2 nm, for different values of the
dielectric permittivity of the host medium, ¢; = &3 = 1, 4, 8.
We compare the dispersion relation of the bare Au film with
the case the Au thin film to be sandwiched between a pair
of WS, layers (green curves). The modes supported from
the WS, layers, which sandwich the Au thin film, can be
probed by the energy loss probability spectrum of electrons
penetrating the nanostructure; the energy loss probability is
related to the value of the imaginary part of the Green’s
tensor, given by Eq. (7). In Fig. 3 we present normalized
values of the quantity Im[d&(r, r, w)/dks]. In the following
analysis, we focus on understanding the modes supported by
the WS;,/Au slab/WS, nanostructure; therefore, the actual
value of the energy loss probability is not of importance in our
analysis in Fig. 3, where the bright color is connected with the
SP mode.

When a bare Au film is considered, we observe that as the
value of the dielectric permittivity of the host medium is in-
creased, the surface plasmon dispersion relation is red shifted
towards lower energies. Thus the dielectric permittivity of the
host medium can provide us with a knob of tuning the disper-
sion of the plasmon modes; this property can be important in
biosensor applications, where the surface plasmon sensitivity
to the dielectric environment is crucial for detecting the right
target material [53]. Moreover, by increasing the dielectric
permittivity of the host medium the dispersion of the plasmon
modes increases too, meaning that the SP modes are tightly
confined to the metal dielectric interface. When we consider
the full geometry, WS, /Au slab/WS,, we observe that there
is still some tunability through the dielectric permittivity of
the host medium, although there is small difference in the
dispersion relation between the host media dielectric permit-
tivity of 6y = e3 = 1 and ¢; = €3 = 4. The reason is that the
WS, layers provide the high refractive index component that
has already red shifted the surface exciton-polariton branch.
Moreover, we observe that there is an exciton-polariton mode
at 2.02 eV, where the energy of the exciton A of the WS,
lies, coupled with the plasmon mode provided by the metallic
thin film. The higher the refractive index of the host medium
of the WS,/Au/WS, system, the weaker the coupling
between the exciton and the plasmon mode is, due to the red
shift of the plasmon mode to lower energies, thus making their
coupling off resonant.

In Fig. 4 we present the Purcell factor of a QE with z-
oriented transition dipole moment placed 2 nm away from
a film of thickness D =2 nm, where we vary its emission
energy fiw, as well as the value of the dielectric permit-
tivity of the host medium. Different material arrangements
are considered for the multilayer nanostructure. In Fig. 4(a)
we present the Purcell factor of a QE above a pair of WS,
layers, which are 2 nm apart, while varying its emission
energy hiw. We consider the QE/nanostructure embedded
in homogeneous dielectric media, with &, = &, = ¢3. We
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FIG. 3. Dispersion relation hw(ksp) of the surface plasmon-polariton of a thin film of Au, with thickness D = 2 nm, with and without
(green curve) the two WS, layers for various values of the dielectric permittivity of the host media: (a) &y, = &3 =1, (b) 6 = &3 =4, and

(c) ey = &3 =8.

observe that by increasing the value of the dielectric permittiv-
ity, the Purcell factor drops due to the dielectric screening of
the host medium to the WS, layers. Furthermore, we observe
a sharp peak in the Purcell factor curve, which is related to
the energy of the lower-energy exciton A supported by the
WS, layer with energy E4 = 2.02 eV. Moreover, a broader
peak is also present, related to the higher-energy excitons,
which in the following analysis we omit. Our main focus will
be at energies close to the exciton A energy, E4 = 2.02 eV,
corresponding to a wavelength of A4, = 614 nm.

In Fig. 4(b) we present the Purcell factor of a QE next to
an Au slab of thickness D = 2 nm. We observe a major broad
peak in the Purcell factor, which is gradually red shifted as
the value of the dielectric permittivity of the host media is
increased. Furthermore, for the higher values of the dielectric
permittivity, &y = &3 = 8, 12, a second smaller peak in the
Purcell factor curve, next to the major one, appears, due to
the coupling with the two branches of the surface plasmon
modes supported by the Au thin film layer. This fact is related
to the penetration depth of the plasmon field, which is defined
as dsp = 1/2Im(k5P), with k% = vk} — k3 =~ iksp. When
the QE is placed at zgg = 2 nm away from the Au slab, it
can efficiently couple to surface plasmon modes with ksp =
0.5nm™!, since for this value of the surface plasmon wave
vector, as we realize from Fig. 3(a), they can only couple along

the lower branch of the surface plasmon dispersion relation in
case of the smaller values of the dielectric permittivity of the
host media, ¢; = e3 = 1, 4. Only for the higher values of the
dielectric permittivity of the host media they can also couple
along the upper polariton branch. The upper polariton branch
supports modes that are not tightly confined; thus, they have a
smaller contribution to the Purcell factor.

In Fig. 4(c) we present the Purcell factor of a QE placed
2 nm above a WS, /Au slab/WS; nanostructure as a function
of its emission energy, /iw for an Au slab of 2 nm thickness.
We observe that the Purcell factor has two peaks; this is
due to the hybridization of the plasmon modes supported by
the Au thin film with the exciton A of the two WS, layers.
At emission energies close to the energy of the exciton A,
E4 =2.02 eV, the Purcell factor drops due to the energy
transfer process from the QE to the electron-hole pairs in
the WS, layers. Furthermore, in Fig. 4(c) we observe that
the Purcell factor peak corresponding to the lower-energy 7w,
which is related to the symmetric mode, is red shifted and its
value drops due to the dielectric screening, as the value of
the dielectric permittivity of the host medium is increased.
On the other hand, the position of the peak in the Purcell
factor at higher-energy Ziw, is only slightly red shifted as the
value of the dielectric host media changes. This effect is due
to the fact that this peak of the Purcell factor is related to
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FIG. 4. The Purcell factor of a QE with a z-oriented transition dipole moment placed close to different QE/nanostructure configurations
as function of the emission energy 7w: (a) Two WS, layers are considered on a homogeneous dielectric environment without the thin Au layer
in between. (b) Au film of thickness D = 2 nm without the two WS, layers. (c) Two WS, layers with an Au film of thickness D = 2 nm in
between. Various dielectric permittivity values of the host media are considered.
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FIG. 5. The SE spectrum of a QE, placed 2 nm away from a three-layer nanostructure. Different three-layer nanostructure configurations

and QE transitions energies are considered.

the excitons A of the WS, layers. However, the value of the
Purcell factor at the higher-energy peak is decreased, as in the
case of the lower-energy peak, due to the dielectric screening
as the dielectric permittivity of the host media is increased.

We will now pay specific attention to the case with ¢ =
e3 = 1. In case of a pair of infinite WS, layers we find that
the highest Purcell factor value is at the energy of excitons
A, E4 = 2.02 eV. When a single Au thin film of D = 2 nm is
considered we observe a broad peak in the Purcell factor at
the energy corresponding to the plasmon-polariton excitation,
how = 2.45 eV. When finally the WS, /Au film/WS, nanos-
tructure is considered, we observe two peaks in the Purcell
factor due to the interaction between the surface plasmon
mode supported by the Au thin film, and the excitons A
of the two WS, layers. In case of the WS,/Au film/WS,
nanostructure, the Purcell factor value exceeds 7 x 10*, while
in case of the single Au film the Purcell value is reduced to
less than half, clearly showing that the WS, /Au slab/WS; is
suitable for strong enhancement of the light-matter interaction
between the QE and the nanostructure.

In Fig. 5(a) we present the SE spectrum, using Eq. (9),
of a QE placed 2 nm above the nanostructures studied
in Fig. 4. From Eq. (7) it is clear that the coupling
strength of the light-matter interaction between the QE and a
nanostructure depends on the Purcell factor of the QE and
the free-space decay rate of the QE; the higher their values,
the stronger the coupling, in both cases. We note that larger
free-space decay rates of the QE require smaller values of the
Purcell factor in order to achieve strong light-matter coupling
between a QE and a nanostructure. We consider a free-space
decay width of Al'g(w;) = 60 ueV, which corresponds to
typical molecules or dyes. Furthermore, we assume that the
energy difference between the ground and the excited state of
the QE matches the energy of the exciton A, iw; = 2.023 eV.
In Fig. 5(a) we observe a very interesting behavior, namely
when only the pair of the WS, layers are present the QE
emission spectrum splits into two peaks, which is the Rabi
splitting, clearly presenting that the QE-nanostructure inter-
action is in the strong coupling regime. The QE coherently
exchanges energy with the excitons A of the WS, layers.
When the QE interacts only with the Au thin film a single
peak is observed in the SE spectrum, which is displaced with

respect to the emission energy of the QE 7w, = 2.023 eV due
to the interaction of the QE with the Au plasmon at fiw =
2.45 eV, as indicated by the broad peak in the corresponding
Purcell factor curve at this energy. In this case apparently the
system operates in the weak coupling regime.

When the multilayer WS,/Au slab/WS, nanostructure
is considered, we observe that the SE spectrum of the QE
features a triplet of peaks, due to coupling of the QE with
the lower and higher energy exciton-plasmon modes mani-
fested in the Purcell factor spectrum. The energy difference
between the two lower-energy peaks in the SE spectrum
is hwg = 257 meV, clearly indicating that the light-matter
interaction is in the strong coupling regime, or even close
to the ultrastrong coupling regime [54], when one considers
that the ratio of the Rabi splitting to the emission energy
of the QE amounts to wg/w; = 13% here. Therefore, from
Fig. 5(a) it is clear that the WS, /Au slab/WS, nanostructure
shows the most interesting effects and we focus on this case in
Fig. 5(b).

In Fig. 5(b) we consider three different QE emission ener-
gies: fiw; = 1.809 eV and hiw; = 2.072 eV, which match the
positions of the two peaks of the Purcell factor in Fig. 4(c), and
hw; = 2.023 eV, which matches the exciton A energy of the
WS, layers. We now observe three peaks in the SE spectrum
of the QE at these emission energies considered. In particu-
lar, when the emission energy is fiw; = 1.809 eV, the Rabi
splitting is Ziwg = 0.261 eV and the ratio wg/w; amounts to
14.4 %, an indication that the light-matter interaction strength
enters the ultrastrong coupling regime.

The dispersion relation, fw(ksp), of the surface plasmon
mode supported by a thin film of Ag, with thickness of D =
2 nm, is presented in Fig. 6(a). We observe similar behavior
for the dispersion relation to the case when we consider a Au
thin film in Fig. 3(a). We find that as the value of the dielectric
permittivity increases, the surface plasmon dispersion relation
of the Ag film is red shifted. When the Ag thin film is between
a pair of WS, layers, the surface plasmons of the Ag thin
film and the excitons A of the WS, layers interact resulting
in hybridized modes. The hybridization is close to the exci-
ton A energy fiwy = 2.02 eV, where in case of a dielectric
permittivity £; = &3 = 1 it emerges as a pronounced splitting.
As the value of the dielectric permittivity &; = &3 increases,
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FIG. 6. Dispersion relation /iw(ksp) of the surface plasmon polariton of a thin film of Ag, thickness D = 2 nm, when the dielectric
permittivity of the host media changes: (a) the case without WS, layers, (b), (c) the cases with and without (green curve) WS, layers for

the dielectric permittivity of the host medium ¢, = ¢, = 4 and 8.

the coupling between the exciton and the plasmon is reduced;
this behavior is attributed to the dielectric screening caused by
the higher dielectric value of the host medium. We note two
differences between the dispersion relation for the Ag film,
as presented in this figure, and the corresponding results for
the Au film shown in Fig. 3: first, the surface plasmon mode
dispersion relations for the Ag are blue shifted, compared
to the Au, and second, the Ag dispersion relation is more
dispersive than the Au case due to the lower material losses.

In Fig. 7(a) we present the Purcell factor of a QE placed
2 nm away from a Ag thin film, which has a thickness of
D = 2 nm, varying its emission energy. Since we anticipate
similar dependence of the Purcell factor of a QE as the
dielectric permittivity of the host medium is increased, for
the case of Ag to Au nanostructures, we now focus when the
dielectric environment is the free space, ¢; = ¢3 = 1. We find
that for the single Ag thin film, the Purcell factor has a single
peak due to the excitation of the surface plasmon mode. In
the case of the WS, /Ag film/WS, nanostructure, the Purcell
factor shows two peaks due to the creation of exciton-plasmon
hybrid modes. Although the Purcell factor value of the QE is
smaller for the case of the Ag nanostructure compared to the
Au. The reason for this is that the material losses of Au are
smaller than Ag at low energies.

We continue in Fig. 7(b) by discussing the SE spectrum
of a QE, placed 2 nm above the multilayer nanostructures.
The emission energy of the QE is Ziw; = 2.023 nm, matching
the exciton A energy E4 of the WS, layers. The largest Rabi
splitting is observed for the WS, /Ag film/WS, nanostructure,
and has the value of hiwr = 125 meV; in this case, the ratio
wr/w; = 6.1%. Now the splitting is less pronounced when
compared to the Au case. However, we have to remember that
due to the WS layers, the surface plasmon modes hybridize at
energies close to the exciton energy E4 where the imaginary
part of the dielectric permittivity of Au is smaller than the
corresponding values for Ag, as shown in Fig. 2(b). We note
that when the bare Ag film is considered there is no splitting
in the emission spectrum of the QE, since the light-matter
interaction strength between the QE and the nanostructure is
within the weak coupling limit.

In Fig. 7(c) we present the SE spectrum of a QE placed
2 nm away from the WS,/Ag film/WS; nanostructure, with
Ag film thickness D = 2 nm, considering three emission en-
ergies, fiw; = 1.950 eV and hw; = 2.166 eV, which corre-
spond to the two peaks of the Purcell factor of the QE as
shown in Fig. 7(b), and hw; = 2.023 eV, which matches the
exciton A energy E, of the WS, layers. We observe that at
all emission energies considered, three peaks are observed
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2 ——g-Epq-E, £=1 ] S 104 SD.IalZ) thlcknes'ﬁ ; > i —hw;=1.950eV
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FIG. 7. (a) Purcell factor of a QE, placed 2 nm away of the three-layer nanostructure configurations with an Ag thin film, for a host medium
dielectric permittivity of ¢ = &; = €3 = 1. (b), (c) The emission spectrum of a QE, placed 2 nm away from a three-layer nanostructure with an
Ag thin film. Different three-layer nanostructure configurations and QE transitions energies are considered.
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FIG. 8. (a) Purcell factor of a QE, placed 2 nm away of the three-layer nanostructure configurations with a Cu thin film, for a host medium
dielectric permittivity of ¢ = &; = &3 = 1. (b) The emission spectrum of a QE, placed 2 nm away from a three-layer nanostructure with a Cu

thin film for different three-layer nanostructure configurations.

in the SE spectrum of the QE. The fact that they are three
peaks is related to the overlap of the splittings of the Purcell
factor peaks in Fig. 7(b). The largest Rabi splitting value is
observed when the emission energy is fiw; = 1.950 eV and
the splitting between the two lower energy peaks in the SE
spectrum of the QE amounts to /iwg = 0.156 eV, resulting
into wg/w; = 8%. The Rabi splittings presented are a clear
sign that the light-matter interaction strength between the
QE and the nanostructure lies in the strong coupling regime
here.

In the following we present results regarding two other
noble metals, namely Cu and Al that their optical properties
in relation to the SE spectrum of a QE in proximity to
multilayer nanostructures including these metals are relatively
less explored than in case of the noble metals Au and Ag.
In Figs. 8(a) and 9(a) we present the Purcell factor of a QE
placed 2 nm away from a thin film of Cu and Al, respectively,
which in both cases has a thickness of D = 2 nm, varying
its emission energy. We compare the Purcell factor of a QE
interacting with two WS, layers, a bare Cu or Al film and the
WS, /Cu or Al film/WS, nanostructures. Similar results to the

o 15,000
—
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et ]
O
T
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Au and Ag thin film results presented above are observed for
the Al and Cu thin film cases. We note that for the Al thin film
smaller values of the Purcell factor are observed, compared to
the Au, Ag, and Cu cases, due to higher material losses. It is
thus expected that for Al strong coupling effects will be less
profound, which will make itself apparent in the SE spectrum
of the QE in this case.

In Figs. 8(b) and 9(b), we present the SE spectrum of a QE,
placed 2 nm above the multilayer nanostructures including the
Cu and Al thin films, respectively. The transition energy of
the QE is hw; = 2.023 eV, matching the exciton A energy
E, of the WS, layers. The largest Rabi splitting is observed
for WS, /Cu film/WS, nanostructure, and has the value of
hwg = 208 meV, with wg/w; = 10.3%. We note that the Rabi
splitting for the Cu is larger than in the Ag case; thus, our
analysis shows that Cu should work better than Ag for appli-
cations such as single photon emitters and related quantum
technologies. For the Al case considered in Fig. 9(b), we find
that the SE spectrum of the QE in the energy region of the
exciton A of the WS, is in the weak coupling regime, since no
splitting is observed.
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FIG. 9. (a) Purcell factor of a QE, placed 2 nm away of the three-layer nanostructure configurations with an Al thin film, for a host medium
dielectric permittivity of ¢ = ¢; = &3 = 1. (b) The emission spectrum of a QE, placed 2 nm away from a three-layer nanostructure with an Al

thin film for different three-layer nanostructure configurations.
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FIG. 10. Contour plot of the logarithm of the emission spectrum, log,, (S(r, w)), of a QE interacting with a WS, /Au film/WS, structure,
for varying the QE position away from the nanostructure, zog, and its emission energy, /iw. Two transition energies of the QE are considered:
(a) hw = 1.809 eV and (b) iw = 2.072 eV. The Au thin film thickness is D = 2 nm.

From Eq. (9) it is apparent that the SE spectrum of the
QE strongly depends on the Purcell factor, where the higher
values of the Purcell factor lead to higher values of the Rabi
splitting. On its turn, the Purcell factor of the QE depends on
the separation distance between the QE and the multilayer
nanostructure discussed here. When the transition energy of
the QE, 7wy, is close to the exciton A energy of the WS,, then
the Purcell factor follows a power-law distance dependence
reduction. However, when the transition energy of the QE is
close to the plasmon energy, then its Purcell factor follows an
exponential decay as the QE-nanostructure distance increases.
The power-law dependence leads to a faster relaxation of
the Purcell factor of the QE compared to the case of an
exponential decay, for more details, see Ref. [19].

In Fig. 10 we present the contour plot of the logarithm
of the SE spectrum, log;, (S(r, w)), of a QE interacting with
the WS, /Au slab/WS, structure, for varying the QE position
away from the nanostructure, zgg, and its emission energy,
hiw. The Au slab thickness is D = 2 nm. We consider two
transition energies of the QE /iw = 1.809 eV for Fig. 10(a)
and 7fiw = 2.072 eV for Fig. 10(b), which are the energies
matching the peaks of the Purcell factor of the QE in Fig. 4(c).
In both panels in Fig. 10, we observe that as the separation
distance between the QE and the WS, /Au slab/WS, structure
is increased the emission spectrum goes from showing a clear
Rabi splitting to a single emission peak.

At the separation distance of zgg = 5 nm the emission
spectrum looks like a Gaussian spectrum with its peak value at
howy of the QE. At zgr = 2 nm we observe, for both transition
energies, the three peaks in the emission spectrum that we
discussed in Fig. 5. Furthermore, we find that the initial
splitting at the transition energy of the QE disappears faster for
the case the transition energy is on resonance with the higher
energy peak of the Purcell factor observed in Fig. 4(c), due
to the exciton A energy, hw; = 2.072 eV, as the separation
distance increases. At separation distance of zog = 2.5 nm
this splitting has almost vanished. While, for the transition
energy fiw; = 1.809 eV, the splitting disappears for distances
around zgg = 4.5 nm. This behavior is connected with the
exponential dependence reduction of the Purcell factor for the
case the QE relaxes by exciting a plasmon mode compared
to the case of the power-law relaxation for the case that the

excitons in the WS, layer are excited. The distance depen-
dence of the emission spectrum is also important for spec-
troscopic and biosensor applications and its understanding is
crucial for designing future practical applications.

IV. CONCLUSIONS

In this work we presented a study of the SE of a QE
placed close to a pair of WS, layers separated by a thin
film of either a dielectric or a noble metal. When the QE is
located close to the WS, /dielectric or noble metal layer/WS;
nanostructure, large values of the Purcell factor are obtained
at energies close to the exciton A energy, fiwy = 2.02 eV,
which is supported by the WS, layers, as well as at lower
energies, which are close to the modified plasmon-exciton
resonance. We also found that the exciton A of the WS, layers
and the surface plasmon modes supported by the thin metallic
film are hybridized, as shown in the dispersion relations
presented.

The metal thin film considered was composed of the noble
metals Au, Ag, Cu, and Al. At energies close to the WS,
exciton A energy, Al has a poor performance, while Au, Ag,
and Cu have substantially better performance in enhancing
the light-matter interaction between the QE and the nanos-
tructure, since the smaller material losses of the Au, Ag, and
Cu allow for attaining strong, or even ultrastrong coupling
between the QE and the multilayer structure. The form of
the SE spectrum of the QE next to the WS, /metal film/WS;
nanostructure, in case of a QE with transition energy matching
the exciton energy A or the energy at the peaks of the Purcell
factor, indicates clearly the light-matter interaction strength
between the QE and the nanostructure. More specifically,
when the light-matter interaction strength between the QE and
the WS, /noble metal layer/WS, multilayer lies in the weak
coupling regime, a single emission peak appears, while in case
of the strong coupling regime, bordering, in certain cases,
to the ultrastrong coupling regime, indicated by the large
values of Rabi splitting observed, three emission peaks are
present, due to the existence of two peaks in the Purcell factor.
Interestingly, we also found that Cu is a material that shows
strong optical response similarly to the Au, and distinctly
stronger than Ag.
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We further stress that the optical properties of a QE next
to a WS, /noble metal layer/WS, nanostructure can be tuned
by changing the dielectric permittivity of the host media;
a property that could be of importance in biosensor appli-
cations, where the emission spectrum is used as a finger-
print of the target material usually emitting in the visible
part of the spectrum. Moreover, the TMD materials can be
functionalized with carbon layers, which is a biocompatible
material, for increasing their applicability. Lastly, we also
stress that our results were obtained by using dielectric per-

mittivities extracted from experiments, which makes our con-
clusions particularly prone to currently feasible experimental
investigations.
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