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Abstract
Strongly concentrated optical fields around a metal nanoparticle in the close vicinity of a dipole noticeably facilitate dramatic 
changes in the localized density of states due to hybrid photonic–plasmonic mode couplings as compared to that of the pure 
cavity mode fields. Significant variations of the field intensity in the presence of the metal nanoparticle elucidate enhanced 
light–matter interaction in a hybrid structure. The enhancement factor of the light–matter interaction is studied through the 
single-atom cooperativity parameter, which is directly proportional to the ratio of the fluorescence lifetimes of the off-resonant 
and on-resonant emission. A compact and cost-effective hybrid device, which includes a microfiber cavity, supporting whis-
pering gallery modes, and a well-defined solid nanostructure, consisting of a gold nanoparticle core, overcoated by a silica 
shell, and decorated with CdS/CdSe quantum dots, is demonstrated to offer an outstanding potential for the enhancement 
of light–matter interaction. Surface plasmons of a gold nanoparticle, placed inside a hollow cylindrical nanostructure at the 
surface of a microfiber, are activated upon excitation of the dipoles of the quantum emitters, which are on-resonance with 
the whispering gallery mode. Time-resolved experiments demonstrate that the single-atom cooperativity parameter of the 
quantum dots is enhanced by a factor of about 4.8 in the presence of the gold nanoparticle being simultaneously in strong 
interaction with the cavity mode field and the metal nanoparticle’s surface plasmons.

Keywords  Light-matter interaction · Hybrid cavity · Gold nanoparticle · Single-atom cooperativity parameter · Cavity 
mode

1  Introduction

Confinement of the electromagnetic fields into nanoscale 
regions for an efficient control of light–matter interaction 
has been at the heart of research in the area of quantum 
optics, specifically in nanophotonics, nanoplasmonics, 
and quantum electrodynamics [1–4]. Advances in optical 
nanotechnologies have enabled to produce many successful 
dielectric photonic cavities or plasmonic nanostructures to 
store the optical power temporally or spatially, which result 
in an enhancement of the density of the electromagnetic 

states (LDOS) at localized regions [5–9]. Plasmonic parti-
cles, which are capable of facilitating extreme enhancement 
of a local field, have outperformed to overcome the diffrac-
tion limit of the dielectric cavities [10–13]. Nevertheless, the 
intrinsic ohmic loss of the metal particles restricts the use 
of these noble particles in efficient photonic devices [14]. 
On the other hand, miniaturization of the dynamic optical 
devices requires both low energy dissipation and strong 
optical field density in a resonator for which it has been 
demonstrated to be possible by integrating plasmonic nano-
structures into dielectric photonic environments [15–19]. 
Although it is challenging to efficiently couple a light beam 
propagating in the free space into an individual metal nano-
particle directly, the coupling strength of the light emission 
from a quantum source into the surface plasmons of a metal 
nanoparticle has been shown to dramatically increase as the 
plasmonic nanoparticle is placed inside a resonant dielectric 
cavity and interacting with the optical mode field of the reso-
nant structure [20–23]. Thus, the hybrid photonic–plasmonic 
modes have been unveiled to be promising for the principal 
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studies of the enhanced light–matter interaction because of 
the outstanding capability of the strong field enhancement 
of the plasmonic nanoparticles incorporated into the pho-
tonic systems [24–28]. All in all, the realization and optical 
characterization of numerous hybrid photonic–plasmonic 
devices have been performed to present elegant ways for 
controlling light–matter interaction and the achievement 
of the conceptually novel approaches to produce highly 
efficient nanophotonic devices [29–33]. Particularly, the 
enhancement of the light–matter interaction in a compos-
ite metal nanoparticle–whispering gallery mode (WGM) 
coupling system was lucidly revealed in a theoretical study 
[34]. The single-atom cooperativity of a dipole in the hybrid 
structure was demonstrated to be significantly enhanced in 
the presence of a metal nanoparticle, compared to that of the 
bare WGM resonator.

In this paper, the single-atom cooperativity parameter per 
ensemble of CdS/CdSe quantum dots (QDs) in the close 
vicinity of a metal nanoparticle, which is integrated into 
a microfiber resonator, is experimentally and numerically 
investigated for the first time through time-resolved fluo-
rescence lifetime measurements. Cylindrical nanoholes are 
formed on the surface of the electrospun polystyrene (PS) 
microfibers that support WGMs. Gold nanoparticles are 
coated with a silica layer, decorated with CdS/CdSe QDs 
to hierarchically synthesize solid Au/SiO2/QDs nanostruc-
tures. This ensures a certain distance between the dipoles of 
the quantum light sources and the surface plasmons of the 
metal nanoparticle, as introduced in the theoretical model 
[34]. Individual QDs and solid Au/SiO2/QDs nanoparticles 
are separately placed inside the cylindrical nanoholes of the 
identical resonant microfibers to explore the purposeful role 
of the plasmonic nanoparticle integrated into the photonic 
structure on the enhancement of the light–matter interaction. 
In the composite structure, as the microfiber cavity serves 
as a moderate resonator to alter the emission dynamics of 
the coupled QDs, the gold nanoparticle in the close vicin-
ity of the dipoles enables to generate a hot electromagnetic 
spot through subwavelength light confinement beyond the 
diffraction limit, yielding a reproduction of the hybrid pho-
tonic–plasmonic mode. Therefore, the interaction between 
the dipole of the QDs and the optical mode field is con-
siderably enhanced by the synergetic effect of the photonic 
and plasmonic structures through considerably increased 
density of the optical states. The fluorescence dynamics of 
the CdS/CdSe QDs, which are coupled into the pure optical 
mode and hybrid photonic–plasmonic mode, are explored 
via fluorescence decay parameters of the coupled quantum 
light sources. As a result, the light–matter interaction in the 
resonant microfiber cavity is determined to enhance by a fac-
tor of about 4.8 in the presence of a single gold nanoparticle. 
Thus, the ability to concentrate the electromagnetic waves at 
nanoscale by making use of a reproducible and stable host 

photonic structure and a well-defined solid nanoparticle that 
consists of a gold nanocore and individual QDs, separated by 
a silica shell, based on a purely chemical synthesis procedure 
instead of sophisticated engineering techniques, seems to 
be promising for the noteworthy advances in nanophoton-
ics, quantum information technologies, and revolutionary 
optical sensing applications. In this regard, we believe that 
our work is a key step toward the fabrication of polymer-
based hybrid photonic–plasmonic devices to enhance the 
light–matter interaction.

2 � Experimental section

2.1 � Materials and methods

CdS/CdSe QDs-decorated Au core/SiO2 shell nanostruc-
tures are synthesized with a multistep procedure, which is 
illustrated in Fig. 1a. The structural composition of a hybrid 
microfiber structure, which consists of an electrospun poly-
mer microfiber with cylindrical nanoholes, formed on the 
surface of the microstructure, and QDs-decorated Au core/
SiO2 shell nanostructure, is also demonstrated in Fig. 1b.

2.1.1 � Synthesis of spherical gold nanoparticles

Au nanoparticles are synthesized by reducing the Au3+ 
ions. In this purpose, the HAuCl4 (16.3 mg) is dissolved 
in 200 mL of water and heated up to reflux under vigorous 
stirring. Next, an aliquot of the solution of trisodium citrate 
(0.34 M, 1 mL) is added into the boiling system. The mix-
ture is kept under reflux, which provides a reduction; there-
fore, the color changes into red. The resulting mixture is 
centrifuged (12,000 rpm, 15 min) and redispersed in water. 
The Au nanoparticles are coated by adding PVP (21.5 mg) 
into 45 mL of Au dispersion. The particles are then sepa-
rated by centrifuge (12,000 rpm, 15 min) and redispersed in 
26 mL of ethanol.

2.1.2 � Synthesis of Au Core/SiO2 shell nanoparticles

The SiO2 shells onto Au nanoparticles are synthesized by 
the sol–gel technique in an alkali medium. The NH3 (25 
µL) is added into PVP-coated Au nanoparticles dispersion 
(9 mL). Subsequently, TEOS (three equal portions of 20 
µL) is injected to start the reaction, which is maintained 
for 6 days. The surface of Au core/SiO2 shell nanoparti-
cles is finally modified by –SH groups through mixing the 
addition of a 20-µL (3-mercaptopropyl) trimethoxysilane 
for 24 h. The dispersion is centrifuged and redispersed in 
3 mL of water. The Dynamic light scattering (DLS) meas-
urement is performed to determine the average size of the 
Au particles, which is measured to be about 14 nm. The 
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average size of the synthesized spherical Au nanoparticles 
in diameters before and after SiO2 shell formation is given 
in Fig. 2. The average diameter of the polymer-coated Au 
nanoparticles is observed to reach a value of about 44 nm, 
which means that the shell thickness surrounding the gold 
nanoparticles increases gradually from about 5 nm to 
15 nm, as shown in Fig. 2.

Photoluminescence excitation (PLE) and emission 
spectra of CdS/CdSe QDs together with the PLE spectrum 
of the Au nanoparticles are given in Fig. 3. An overlap 
between the photoluminescence excitation spectrum of 
the Au nanoparticles and the photoluminescence emis-
sion spectrum of the QDs is clearly observed in Fig. 3. 
In a QD–gold nanoparticle system, the gold nanoparti-
cle can behave as the efficient energy acceptor, which is 
able to quench the fluorescence emission energy of the 
donor QD, depending on the thickness between these two 
nanoparticles.

2.1.3 � The fabrication of QDs‑decorated Au Core/SiO2 shell 
nanostructures

The CdS/CdSe QDs are easily capped onto Au core/SiO2 
shell nanoparticles since the –SH structures having affinity 
to Cd. In this wise, both SiO2 overcoated Au (1 mL) and 
CdS/CdSe QD (1 mL) dispersions are placed into a glass 
vial and gently shaken for 1 h. The particles are merged with 
each other at the toluene/water interface. The organic phase 
is decanted, and the particles are separated by centrifuge and 
redispersed in water (1 mL).

The characteristic properties of electrospun polymer 
microfibers with cylindrical nanoholes, formed on the 
surface of the microstructure, are given in detail [35]. 
Scanning electron microscopy (SEM) image of the poly-
mer microfiber with a diameter of about 7 µm, used in 
our experiments, is demonstrated in Fig. 4a. The integra-
tion of QDs and Au/SiO2/QD particles into the cavities is 

Fig. 1   Schematic representa-
tion of a multistep synthesis 
procedure of Au/SiO2/QDs 
nanostructures and b structural 
composition of the hybrid 
microfiber structure, which 
consists of an electrospun poly-
mer microfiber with cylindri-
cal nanoholes, formed on the 
surface of the microstructure, 
and QDs-decorated Au core/
SiO2 shell nanostructure
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achieved by infiltration of the dispersion of the particles 
through a polymer fiber mat. A very dilute solution of 
nanoparticles and polystyrene microfibers are placed in 
a syringe. Then, the dispersion is forced to be filtrated 
through the fiber mat by pressing the injector. Since the 
majority of the fiber surface area consists of cylindri-
cal nanoholes, most of the particles are trapped into the 
nanoholes. SEM images of the individual QDs and solid 

Au/SiO2/QDs nanostructures, which are integrated into 
the cylindrical nanoholes on the surface of the polysty-
rene microfibers, are also demonstrated in Fig. 4b and c, 
respectively.

In our samples, since porous microfibers are exposed 
to a highly diluted QDs concentration, only a few QDs are 
captured into a nanopore of the microfiber. Similarly, as 
a hybrid Au/SiO2/QDs nanoparticle is concerned, which 
contains only a few QDs, QD concentration for all optical 
and hybrid microresonators remains almost similar. There-
fore, the average value of these nanocrystals, interacting 
with the optical mode and the hybrid photonic–plasmonic 
mode, is taken to perform the calculations of the single-
atom cooperativity parameter per QD ensemble.

Additionally, only the dipole of the fluorescent quantum 
source embedded into the pore of the microfiber is able to 
induce the WGMs since the optical field could exist inside 
the outer boundary of the polymer microcavity. Thus, the 
pores of the microstructure, which include the dipoles of 
the QDs and the hybrid Au/SiO2/QDs nanoparticles, facili-
tate the origination of the WGMs and the interaction of the 
optical mode field with the plasmonic nanoparticle, given 
the fact that the depth of each pore on the surface of the 
microfiber, which is about 100–150 nm, is sufficient for the 
excitation of the hybrid photonic–plasmonic mode field.

Fig. 2   Diameter vs TEOS concentration of silica layer-coated gold 
nanoparticles

Fig. 3   PLE and PL emission spectra of CdS/CdSe QDs and PLE 
spectrum of the Au nanoparticles (dashed curve)

Fig. 4   SEM images of the a electrospun polymer microfiber, b QDs, 
and c solid Au/SiO2/QDs nanostructures integrated into the cylindri-
cal nanoholes formed on the surface of the polystyrene microfibers
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2.2 � Time‑resolved fluorescence lifetime 
measurements

Our time-resolved experiments are performed with the 
optical setup given in Fig. 5. Fluorescence decay curves 
of the QDs are obtained by time-correlated single-photon 
events using Time Harp 200 PC-Board system (PicoQuant, 
GmbH). A pulsed diode laser with a wavelength of 405 nm 
(LDH-D-C-405 PicoQuant, GmbH) and PDL 800-B laser 
driver are operated for the excitation of the fluorescent emit-
ters. A microscope objective (MO) (Nikon ELWD 100X) 
is employed to focus the laser beam reflecting from the 
dichroic mirror (DM) to the light emitters and to collect 
the photoluminescence from the excited QDs. A band-pass 

optical filter (BPF) and a monochromator are interrogated 
to eliminate the laser beam and acquire the on-resonant light 
emission with a desired wavelength interval from the fluo-
rescing signal, respectively. A beam splitter (BS) is used 
to separate the fluorescence signal through a single-photon 
avalanche diode photodetector (SPAD) and a CCD camera 
(Optronis-1836-ST-153) for the measurements of the photon 
transitions and the observations of the intense electromag-
netic field zones upon excitation of the QDs, respectively. 
Fluorescence lifetimes of the QDs, τ1, τ2, and τ3, amplitude-
averaged (< τa >) and intensity-averaged (τb) lifetimes with 
their detailed decay parameters, including the fitting parame-
ter (χ2), are determined by FluoFit computer program, which 
are given in detail [36].

Fig. 5   The illustration of the 
optical setup used in time-
resolved experiments

Fig. 6   The confocal images of the microfibers in which the intense electromagnetic field regions originate from a the hybrid photonic–plasmonic 
structure through coupling into the WGM with b its dark image when the white light is off and c the pure optical mode with d its dark image
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3 � Results and discussion

The confocal images of the resonant microfibers in which 
the solid Au/SiO2/QDs nanoparticles and the individual QDs 
are placed inside the cylindrical hollow nanostructures are 
obtained through the excitation of the quantum light sources, 
as given in Fig. 6a, b, c, and d, respectively. The photo-
luminescence from the individual QDs is directly coupled 
into the photonic resonator to generate a WGM, which is so 
called a pure optical mode. On the other hand, the excited 
dipoles of the QDs, which are chemically attached to the 
silica layer overcoated gold nanoparticle, interact with the 
surface plasmons of the metal nanoparticle and the cavity 
mode field simultaneously to generate a synergetic mode 
field, which is so called a hybrid photonic–plasmonic mode.

Compared to the confocal images of the photonic resona-
tor that supports a pure optical mode given in Fig. 6c and 
d, the substantially enhanced fluorescence emission upon 
interaction of the dipole with the surface plasmons of the 
gold nanoparticle and the cavity mode field of the resona-
tor, when the white light is on and off, is explicitly observed 
in the hybrid structure, as seen in the confocal images of 
Fig. 6a and b, respectively.

The time-resolved experiments are performed based 
on the observations of the enhanced electromagnetic field 
regions on the surface of the resonant microstructures. Fig-
ure 7 shows the decay curves of the QDs for the following 
situations: QDs (i) on bulk polymer, (ii) coupled into the 
pure optical mode of the cavity; QDs, chemically attached 
to the Au core/ SiO2 shell nanoparticles, which are (iii) on 

bulk polymer and (iv) coupled into the hybrid photonic–plas-
monic mode, with distinctive characteristics of the photon 
populations. The corresponding decay parameters of the 
QDs with the fitting equations, including the fitting quality 
parameters (χ2), the fluorescence lifetimes of the QDs, τ1, 
τ2, and τ3 with their percentage values, amplitude-averaged 
(< τa >) and intensity-averaged (τb) lifetimes, are also given 
in detail in Fig. 8. The averaged fluorescence lifetime of the 
QDs on bulk polymer is measured to be about 21.1 ns. The 
averaged fluorescence lifetime of the QDs attached to the 
core/shell–Au/SiO2 nanoparticles, without being incorpo-
rated into the cavity structure, is also measured to be about 
13.2 ns, using two exponential decay fits, with lifetimes of 
21.5 ns and 6.3 ns. Although the silica layer with a thickness 
of 15 nm between the surface of the gold nanosphere and 
the QDs ensures eliminating the majority of the electron and 
energy transfers between the metal nanoparticle and the light 
emitters, the averaged fluorescence lifetime of the QDs is 
affected by the presence of the gold nanoparticle. In such a 
semiconductor–metal hybrid nanostructure, gold nanoparti-
cles can behave as the efficient energy acceptors and are able 
to quench the fluorescence emission energy of the donors 
due to nanosurface energy transfer (NSET) processes. NSET 
model has emerged as an energy transfer mechanism that 
can measure gold and fluorescent molecule interactions over 
distances up to 20 nm. Thus, the reason behind the decreased 
fluorescence lifetime of QDs attached to the Au core/SiO2 
shell nanostructures on the surface of the bulk polymer 
can be explained by NSET model. However, as shown in 
Figs. 7 and 8, when the fluorescence emissions from the 
QDs and QDs attached to the Au/SiO2 nanoparticles couple 
into the mode fields, the decay dynamics of the fluorescent 
emitters are observed to change considerably. The fluores-
cence lifetimes of the quantum sources, coupled into the 
optical and hybrid modes, are also determined by the decay 
curves shown in Fig. 7, using two and three exponential fits, 
respectively. The multi-exponential decay populations of the 
QDs integrated into the photonic cavities include both on-
resonant and off-resonant fluorescence emissions from the 
excited dipoles. In this respect, since the confinement of the 
electromagnetic waves dramatically enhances the transitions 
of the photons upon coupling of the light emission into the 
resonant optical fields, the fastest exponential decay compo-
nents always account for the on-resonant dipole emissions 
and the other decay components of the fluorescence signal 
are attributed to be the light emission coupled into the off-
resonant optical modes.

Thus and so, as given in Fig. 8, the second fluorescence 
lifetime (τ2) of the QDs, coupled into the pure optical mode, 
and the third fluorescence lifetime (τ3) of the QDs attached 
to the Au/SiO2 nanoparticles, coupled into the hybrid pho-
tonic–plasmonic mode, originate from the confinement of 
the electromagnetic waves. Our time-resolved measurements 

Fig. 7   The fluorescence decay curves of the individual QDs, which 
are on bulk polymer and coupled into the pure optical mode and the 
QDs chemically attached to the Au core/SiO2 shell nanoparticles, 
which are on bulk polymer and coupled into the hybrid photonic–
plasmonic mode
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demonstrate that as the fastest decay lifetime of the quantum 
light sources coupled into the pure optical mode is deter-
mined to be 5.7 ns, the fluorescence lifetime of the QDs cou-
pled into the hybrid photonic–plasmonic mode is measured 
to be 1.2 ns. The noteworthy change in the characteristics of 
the fastest decay populations originates from the enhanced 
density of the electromagnetic states as a result of the redis-
tributed optical mode field upon the strong interaction of 
the dipole with the localized surface plasmons of the gold 
nanoparticle along with the WGMs of the microresonator. 
Additionally, although the NSET mechanism is not com-
pletely excluded in our study, the dominant mechanism that 
affects the fastest decay component of the QDs is assumed to 
be the mode coupling according to the experimental results.

The single-atom cooperativity parameter of the dipole, C, 
coupled into the photonic cavity structure, could be obtained 
by the Purcell enhancement factor, Fp [37], because it is 
directly proportional to the Purcell factor, which is calcu-
lated by the ratio of the fluorescence lifetimes of the off-res-
onant and on-resonant QDs with a particular optical mode. 

The enhancement factor of the cooperativity parameter in the 
presence of the metal nanoparticle, i.e., Cc+m/Cc, is experi-
mentally determined by the ratio of the Purcell factors of 
the fluorescing CdS/CdSe QDs, which are coupled into the 
pure optical mode (Cc) and the hybrid photonic–plasmonic 
mode (Cc+m) [38]. Since the photon–plasmon coupling effi-
ciency is strongly dependent on the size and morphology of 
the plasmonic nanostructures and the exact location of the 
metallic nanoparticles with respect to the dielectric cavities, 
the enhancement factor of the resonant fluorescent emitters 
varies for each distinctive hybrid photonic–plasmonic mode 
coupling [39].

Our time-resolved experimental results reveal that the 
light–matter interaction is enhanced approximately by a 
factor of 4.8 upon coupling of the quantum light sources 
into the hybrid mode, compared to that of the light emit-
ters coupled into the pure WGM resonator. To analyze how 
much variance is encountered in these hybrid devices, the 
time-resolved experiments have been performed at five 
times using the same microcavity with a similar Au/SiO2/

Fig. 8   The decay parameters of the QDs, which are a on bulk poly-
mer and b coupled into the pure optical mode in addition to the QDs 
chemically attached to the Au core/SiO2 shell nanoparticles, which 
are c on bulk polymer and d coupled into the hybrid photonic–plas-

monic mode, including their fitting equations and parameters (χ2), 
the fluorescence lifetimes, τ1, τ2, and τ3 with their percentage values, 
amplitude-averaged (< τa >) and intensity-averaged (τb) lifetimes
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QDs nanoparticle. Different enhancement factors, ranging 
from the values of 3.4 to 5.2, have been calculated based on 
the data obtained from the experiments. The variance of the 
cooperativity parameter enhancement factor in the presence 
of the plasmonic nanoparticle, which is defined by Var(Cc+m/
Cc) =  < (Cc+m/Cc)2 >—< (Cc+m/Cc) > 2, is also calculated to 
be about 0.4. Thus, a statistically significant change of the 
emission rate has been observed as a result of the coupling 
of the light emission into the hybrid photonic–plasmonic 
mode.

The electric field patterns of the CdS/CdSe QDs coupled 
into the resonant modes and the optical properties of the 
photonic structures are numerically studied by 3D finite dif-
ference time-domain (FDTD) technique. In the simulations, 
the cylindrical hollow nanostructures, which have diameters 
ranging from 60 to 150 nm, are embedded to the surface 
of the PS matrix of a resonant microfiber. Electric dipoles 
and Au core/SiO2 shell nanoparticles are placed inside the 

hollow nanostructures of the resonant microfibers. The 
material properties of the PS matrix, a gold nanosphere 
with a diameter of about 14 nm, and a surrounding silica 
layer with a thickness of 15 nm are utilized in the numerical 
calculations.

The numerically obtained simulation results of the 
electric field distribution profiles of the dipole of the QD 
coupled into the pure WGM and the dipole of the fluoresc-
ing QD attached to the Au core/SiO2 shell nanostructure, 
coupled into the hybrid photonic–plasmonic mode of the 
microfiber resonator, are given in Fig. 9a and b, respectively. 
The zoomed electric field distribution profile of the dipole 
surrounding the Au core/SiO2 shell nanostructure, embed-
ded inside the microfiber resonator, as illustrated in the 
white colored rectangular frame in Fig. 9b, is also given in 
Fig. 9c. The strongly concentrated optical field around the 
gold nanoparticle in the close vicinity of the dipole clearly 
demonstrates the dramatic change in the LDOS upon hybrid 

Fig. 9   Numerically obtained cross-sectional electric field distribution 
profiles of the dipoles of the QDs coupled into a the pure WGM and 
b the hybrid photonic–plasmonic mode of the microfiber resonators, 
with a diameter of 7  µm. c The electric field distribution profile of 

the dipole surrounding the Au core/SiO2 shell nanostructure, which is 
placed inside the hollow cylindrical nanostructure at the surface of a 
microfiber resonator
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photonic–plasmonic mode coupling when compared to that 
of the pure cavity mode field. This variation of the field 
intensity in the presence of the gold nanoparticle elucidates 
the enhanced light–matter interaction in the hybrid structure.

Figure 10 shows the obtained fluorescence emission spec-
tra of the dipoles coupled into the pure optical mode and 
the hybrid photonic–plasmonic mode for microresonators 
with a diameter of 7 µm in which a shift in the resonant 
wavelength of the microstructure occurs in the presence of 
the plasmonic nanoparticle. It is well known that a shift of 
a resonant frequency of a microcavity mode, induced by a 
perturbing effect of a single gold nanoparticle, is determined 
by Bethe–Schwinger cavity perturbation formula in which 
an illuminated volume of the cavity structure and the volume 
of the gold nanoparticle play a crucial role [40]. Particularly, 
any perturbation in the optical path length of the coupled 
light emission into the WGM resonators, owing to their high 
sensitivity to surrounding medium, is expected to result in 
a significant shift of the resonant frequency of the optical 

mode [41]. In our study, when the gold nanoparticle interacts 
with the extending evanescent field of the WGM, it causes 
the frequency of the resonant mode to shift while enhanc-
ing the local evanescent field. However, since the volume of 
the core/shell nanostructure is too small, compared to the 
illuminated volume of the cavity structure, a slight shift in 
the resonant wavelength of the WGM is observed, as shown 
in Fig. 10.

WGM-based microresonators, similar to the cylindrical 
microcavity proposed in our study, have a pair of degener-
ate modes in opposite propagation directions with the same 
resonant frequency and the field distribution. These propa-
gating modes are called clockwise and counterclockwise 
WGMs. Any perturbation in the microresonator such as 
material inhomogeneity or a scatterer, interacting with the 
WGM, induces the degenerate modes to split into a double 
mode with different frequencies [42]. In our study, first of 
all, when randomly distributed cylindrical nanoholes are 
formed on the surface of the microresonator, the symmetry 

Fig. 10   The photoluminescence 
spectra of the dipoles coupled 
into the a pure optical mode and 
b hybrid photonic–plasmonic 
mode of the microresonators
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is naturally broken to yield a mode splitting as demonstrated 
with an indistinct emission peak in addition to the main reso-
nant peak at the wavelength of around 0.5167 microns, as 
shown in Fig. 10a. As the core/shell–Au/SiO2 nanoparticle, 
which acts like a scatterer, is integrated into the nanohole, 
the split mode at the wavelength of around 0.5175 microns 
is observed to be enhanced as a result of the perturbation, 
as shown in Fig. 10b.

The enhancement factor of the light–matter interaction 
is determined by the calculations of the single-atom coop-
erativity parameter based on the theoretical approach using 
Eq. 1 [43]:

where γs is the spontaneous decay of the quantum light 
source; κ is the decay of the cavity mode field, which is 
determined by the ratio of the frequency and the quality 
factor of the cavity mode (ωc/Q); and G is the single-photon 
coupling strength, which is defined by

in which ε0 represents the permittivity of the vacuum; εc 
and μ indicate the permittivity and permeability parameters 
of the cavity structure, respectively; fc(R) is the normalized 
field distribution in the photonic structure at a distance R; 
and Vc is the mode volume of the resonant optical cavity, 
which is calculated by integrating the electric field intensity 
of the cavity mode over a volume and normalizing it to the 
maximum field intensity. Nevertheless, since the gold nano-
particle integrated into the resonant cavity causes a radiation 
leakage, the definition of the mode volume is revised by con-
sidering both real and imaginary parts, which corresponds to 
be the confined optical mode field and the energy loss from 
the cavity, respectively. Thus, the revised form of the mode 
volume using the total electromagnetic field ( ̃� , �̃ ) produced 
by a linearly polarized dipole, p = pu, with a unit vector, u, is 
utilized in the numerical calculations as given by Eq. 3 [44]:

The mode volume and the Q-factor of the pure WGM 
resonator with a specific diameter of 7 µm are acquired 
to be 3.67 × 10–19 m3 and 464 ± 22, respectively, based on 
our numerical calculations. On the other hand, the hybrid 
photonic–plasmonic system with the same diameter of 
the resonant microfiber is observed to give a mode vol-
ume of 2.71 × 10–20 m3 along with the imaginary part of 
−1.73 × 10–25 m3 and a Q-factor of 471 ± 24. The absorptive 

(1)C =
2G2

��s
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nature of the gold nanoparticle, integrated into the micro-
cavity structure, causes the Q-factor of the resonant mode 
to decrease because of the radiation loss on the surface of 
the metal nanoparticle. Nevertheless, in our study, using 
a gold nanoparticle with a diameter of 14 nm minimizes 
the decrease in the Q-factor of the optical mode, which is 
observed to be in the error margin of the numerical results. 
The enhancement of the light–matter interaction is theoreti-
cally calculated by the ratio of the single-atom cooperativity 
parameters of the QDs coupled into the pure optical mode 
and the photonic–plasmonic mode (Cc+m/Cc), making use 
of the numerically obtained parameters of the pure optical 
and photonic–plasmonic systems. The enhancement fac-
tor of the cooperativity parameter of the dipole in the close 
vicinity of the gold nanoparticle is numerically calculated 
to be about 13 for the simulated structure, demonstrated in 
Fig. 9b. Nevertheless, since the photon–plasmon coupling 
efficiency is strongly dependent on the exact location of the 
metallic nanoparticles with respect to the dielectric cavities 
and the location of the dipoles, the enhancement factor of 
the fluorescent emitters varies for each distinctive hybrid 
photonic–plasmonic mode coupling in the simulations.

In our experiments, the QDs and QDs-decorated Au core/
SiO2 shell nanostructures embedded into the nanoholes of 
the microcavity are monitored by SEM images (Fig. 4) to 
excite the optical and hybrid mode fields. Thus, the exact 
positions of the nanostructures with respect to the dielectric 
cavity are quantified from the SEM images and used as an 
input parameter in the simulations to calculate the enhance-
ment factor numerically. There is a significant dependence 
of the enhancement factor of the single-atom cooperativity 
parameter on the QD’s position relative to the field maxi-
mum. Thus, since the QDs and the QDs attached to the core/
shell–Au/SiO2 nanoparticles are placed inside the nanoholes 
of the microcavity, the depth of the nanohole is indirectly 
dependent on the light–matter coupling strength. Increasing 
the depth of the nanohole toward the field maximum boosts 
the dipole’s interaction with the resonator as long as an over-
lap of the field maximum and the location of the dipole is 
well maintained. The numerical calculations have been per-
formed for different hole depths (l) of 100, 150, 200, 250, 
300, and 350 nm, to investigate the distance dependence of 
the enhancement of light–matter interaction with respect to 
the field maximum. The results are given in Fig. 11a, which 
indicate that the enhancement factor of the cooperativity 
parameter is observed to be maximized with the hole depth 
interval of 200–250 nm and to be decreased as the location 
of the dipole become distant with respect to the field maxi-
mum after the hole depth value of 250 nm.

The layer thickness between the dipole of the quantum 
light source and the surface plasmons of the metal nanopar-
ticle has also a crucial role on the light–matter interaction. 
In general, although a shorter layer thickness between the 
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fluorescent emitters and the gold nanocore is expected to 
result in a substantially higher enhancement of light–matter 
interaction [34], it may complicate the fluorescence decay 
dynamics because of the dominant electron and energy 
transfer mechanisms between the QDs and the gold nano-
particle [45]. In our study, the silica layer with a controllable 
thickness between semiconductor and metal nanoparticles 
offers a well-established photonic platform to eliminate the 
majority of the electron and energy transfers between the 
metal nanoparticle and the light emitters. Thus, although 
numerical calculations have been performed with different 
silica thicknesses to explore the layer thickness depend-
ence of the cooperativity parameter, the experimental stud-
ies have only been performed by QDs attached to the core/
shell–Au/SiO2 nanoparticles with an optimized thickness 
of the silica layer of 15 nm to focus on the enhancement 
of the light–matter interaction. Numerical results of the 

single-atom cooperativity parameter enhancement factors 
based on different silica layer thicknesses (d) of 3, 4, 6, 9, 
12, and 15 nm are given in Fig. 11b. The results unveil the 
critical importance of the layer thickness between the dipole 
and the plasmonic nanoparticle as the light–matter interac-
tion is concerned. The coupling of the QDs with hybrid pho-
tonic–plasmonic modes is observed to be maximized with 
the shorter layer thickness of 3 nm between the dipole and 
the gold nanoparticle, as demonstrated in Fig. 11b.

To compare our experimentally obtained results with the 
theoretical results of the study aforementioned in “Introduc-
tion” section of this paper [34], the diameter of the gold 
nanosphere is taken to be about 14 nm and the distance 
between the dipole and the metal surface is specified to 
be 15 nm to calculate the enhancement of the light–mat-
ter interaction upon coupling of the dipole into the hybrid 
optical mode compared to that of the pure optical mode. An 
enhancement factor of 5 is unveiled in the presence of the 
gold nanoparticle [34], which is in a very good agreement 
with our time-resolved experimental results and calculations.

In recent years, high-performance photonic–plasmonic 
devices, which are based on photonic resonators and indi-
vidual plasmonic nanostructures, owing to strong energy 
storage capacity and high spatial field localization simulta-
neously, have received a considerable research interest since 
integrating the metal nanoparticles into the photonic systems 
offers an outstanding platform for the strong light–matter 
interaction through the extreme enhancement of the local 
field [46]. Such hybrid optical modes have also been elu-
cidated to provide an unprecedented optical sensitivity, 
boosting the performance of the nanophotonic devices [47]. 
For example, a photonic crystal cavity coupled to a metal 
nanoantenna was introduced to possess a strong efficiency 
for photonic trapping by making use of some remarkable 
optical properties [48, 49]. Moreover, hybridizing WGMs 
and plasmonic resonances in compact photonic–plasmonic 
devices were unveiled to have controllable optical sensitiv-
ity for biological applications based on wavelength detuning 
between the WGMs and the plasmonic resonance [50, 51].

In addition to all these, photonic–plasmonic structures 
consisting of gold nanoantennas in 2D polymer templates 
with randomly dispersed QDs were demonstrated to have 
an ability to control the emission intensity and the lifetime 
anisotropy of the QDs through tailoring the LDOS in the 
photonic–plasmonic templates [52]. A substantial change 
in the LDOS upon coupling the light emission from the 
dipole of the emitter into the hybrid mode field was also 
reported to significantly alter the fluorescence decay curves 
and the optical properties of the quantum light sources 
using opto-plasmonic hybrid materials with tunable pho-
tonic–plasmonic properties [53]. Even in a low-Q hybrid 
photonic–plasmonic resonator, presented by our recent study 
[54], which comprises a QDs-doped electrospun polymer 

Fig. 11   The numerical results of single-atom cooperativity parameter 
enhancement factors based on a different hole depths (l) of 100, 150, 
200, 250, 300, and 350 nm, b different silica layer thicknesses (d) of 
3, 4, 6, 9, 12, and 15 nm
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nanofiber, partially coated with gold nanoparticles, the 
spontaneous emission rate enhancement factor of 11.2 was 
achieved. The results revealed that an increase of about three 
times in the emission decay rate of the QDs embedded in 
gold nanoparticles-decorated nanofibers was accomplished 
compared to those embedded in uncoated ones [54]. In addi-
tion to the studies in which the cavities and plasmons are 
successively combined [20–23], greater enhancement factors 
of a total emission rate from plasmonic devices [55] and 
cavities [56], where the fabrication processes are straight-
forward, have also been demonstrated. In the current study, 
the surface plasmons of a gold nanoparticle placed inside a 
hollow cylindrical nanostructure of the resonant microfiber 
are activated upon excitation of the dipoles of the light emit-
ters, which are on-resonance with the cavity mode field. This 
yields an enhanced single-atom cooperativity parameter as 
a result of the regenerated strong optical mode field. Our 
results demonstrate that a plasmonic nanoparticle, separated 
by the dipole of the QDs with a desired thickness of a silica 
layer, enables a controllable light–matter interaction using a 
hybrid photonic–plasmonic device. Thus, based on a purely 
chemical synthesis procedure instead of some sophisticated 
engineering techniques, a compact and cost-effective hybrid 
device is demonstrated to offer an outstanding potential on 
the enhancement of the light–matter interaction.

4 � Conclusion

In this paper, individual QDs and solid Au/SiO2/QDs nano-
particles are separately integrated into the cylindrical nano-
holes, formed on the surface of the resonant microfibers. 
The fluorescence dynamics of the CdS/CdSe QDs, which 
are coupled into the pure optical mode and the hybrid pho-
tonic–plasmonic mode, are investigated by a time-resolved 
spectroscopic technique. The single-atom cooperativity 
parameter is demonstrated to be enhanced by a factor of 
4.8 in the presence of the gold nanoparticle, yielding a 
strongly enhanced light–matter interaction in the hybrid 
photonic–plasmonic resonator.
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