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ABSTRACT: In this paper, CdTe quantum dots (QDs)-
doped single electrospun polymer nanofibers are partially
coated with gold nanoparticles to form distinct hybrid
photonic-plasmonic nanoresonators to investigate the critical
role of the cavity-confined hybrid mode on the modification of
the spontaneous emission dynamics of the fluorescent
emitters in low-Q photonic cavities. A total enhancement
factor of 11.2 is measured via a time-resolved experimental
technique, which shows that there is an increase of about
three times in the spontaneous emission rate for the QDs-
doped gold nanoparticle-decorated nanofibers as they are
compared with those uncoated ones. The physical mechanism
affecting the spontaneous emission rate of the encapsulated QDs in such a hybrid photonic-plasmonic nanoresonator is
explained to be due to regeneration of the mode field in the nanofiber cavity upon the interaction of the dipoles with the surface
plasmons of distinctive gold nanoparticles that surround the outer surface of the nanofiber.

1. INTRODUCTION

Plasmonic nanostructures offer an attractive alternative to
dielectric photonic cavities since metallic nanoparticles are
extremely capable of confining light within subwavelength
volumes and, consequently, enhancing the density of electro-
magnetic states meaningfully,1−4 through exciting the
collective electrons on the surface of these nanoparticles.
Absorption and radiation losses in a metallic cavity are known
to cause an exceedingly low Q-factor,5 nevertheless, confining
light waves into a deep subwavelength region of such structure
facilitates obtaining an ultrasmall mode volume,6 which is a
crucial design parameter in improving the emission dynamics
and optical response of many photonic devices, such as
plasmonic nanolasers,7 nanoantennas,8 or resonators,9 etc. On
the other hand, hybrid photonic designs in which the dielectric
microcavities are covered by metallic layers were demonstrated
to have a decreased Q-factor when compared to the bare
microcavities.10,11 Nonetheless, realization and characterization
of hybrid cavity systems originating from individual metal
nanoparticles in a high Q-factor dielectric photonic structure
was demonstrated to unveil the potentially increased
interaction between the cavity mode and the quantum
emitters.12,13 For instance, a hybrid photonic crystal cavity
with a gold nanorod placed in the center of the crystal was
reported to maintain improved cavity characteristics by
plasmonic features as a result of the coupling of approximately
40% plasmon-enhanced emission into the cavity mode.14

Furthermore, a hybrid microcavity with a dipolar plasmonic

antenna was analytically modeled to verify a boosted
spontaneous emission rate, breaking the fundamental limit
on the enhancement rate achieved by a single nanoantenna.15

A hybrid photonic-plasmonic structure, which is comprised of
a metal nanoparticle and a WGM microcavity, was also
theoretically revealed to have advantages over a sole micro-
cavity or a sole metal nanoparticle.16 Light−matter interaction
and single-atom cooperativity in such a hybrid structure were
demonstrated to enhance considerably since the interrogated
metal nanoparticle to the WGM microcavity functioned quite
efficiently in confining photon energy, reducing the mode
volume, and magnifying the local field.
In this work, CdTe QDs-doped single electrospun polymer

nanofibers are partially decorated with separate gold nano-
particles to construct hybrid photonic-plasmonic nanoresona-
tors, which enable surface plasmons to localize in the
subwavelength region and give rise to the regeneration of the
cavity mode field in each single nanofiber assembly, to enhance
the emission rate of the encapsulated QDs to a considerable
extent. The proposed photonic design makes a distinctive basis
available to explore the crucial role of the hybrid photonic-
plasmonic mode field on the modification of the spontaneous
emission rate of the quantum emitters in a low-Q photonic
structure. As the discrete gold nanoparticles serve as plasmonic
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nanoantennas, which generate intense electromagnetic field
regions by extreme light concentrations, each polymer
nanofiber provides an ideal platform to confine the fluorescent
emission from the excited QDs. The emission dynamics of the
encapsulated CdTe QDs, which are coupled to the hybrid
modes, is studied via fluorescence decay curves of the emitters
using a picosecond time-resolved spectroscopic technique.
Although the composite photonic-plasmonic structure pro-
posed here is assumed to be in a low Q-factor regime, a
substantially decreased mode volume in the presence of gold
nanoparticles proves to strengthen the effective light−matter
interaction through dramatically increased local optical field
around the quantum emitters. Thus, the spontaneous emission
rate of the encapsulated QDs in gold nanoparticle-decorated
nanofibers is measured to be enhanced by a factor of 11.2,
which is about three times greater than that of the spontaneous
decay rate measured in uncoated CdTe QD-doped nanofibers.
Such a leaky dielectric hybrid nanoresonator proposed in this
work opens a new route to efficiently enhance the emission
dynamics of the quantum emitters in photonic structures,
which possess low Q-factors.

2. MECHANISM OF THE SPONTANEOUS EMISSION
RATE

Modification of the spontaneous decay rate of a quantum
emitter, surrounded by a photonic cavity, is described by the
Purcell factor, provided that the emitter’s transition wavelength
is spectrally tuned with the cavity’s resonance mode,17 which is
given by

λ
π

=F
Q n

V
3 ( / )

4P
c

3

2 (1)

where λc is the wavelength of the cavity mode in concern, n is
the refractive index of the medium, Q is the quality factor of
the optical mode, which is expressed by Q = λc/Δλc for the
high-Q optical cavities, given that the emitter’s line width is
assumed to be narrower than that of the cavity mode.18 V is
the mode volume, which is determined by integrating the
electric field intensity for the cavity mode over a volume and
normalizing it to the maximum field intensity.19 However, the
Purcell formula given by eq 1 is based on the assumption that a
perfect coupling of the quantum emitter into the resonant
cavity mode exists. Additionally, the medium is assumed to be
lossless and nondispersive.
In this work, CdTe QD-doped nanofibers are partially

coated by gold nanoparticles to construct hybrid photonic-
plasmonic nanoresonators to enhance the spontaneous
emission rate of the encapsulated QDs. Nanofibers are made
of a polymer solution (PVA−PAA) and surrounded by an air
cladding, which are considered to be infinitely long compared
to their cross-sectional diameters. They are excited by a pulsed
laser beam that is incident onto the lateral surface of the
nanofibers as illustrated in Figure 1a. Light waves emitted by
QDs are coupled into the photonic-plasmonic nanofiber
resonator and are guided by the boundary conditions due to
Fresnel reflectivity to form standing waves inside the photonic
structure. However, since the photonic structure proposed here
is assumed to be in a low-Q optical regime, it causes a radiation
leakage and the electromagnetic field dissipates away from the
photonic resonator. Although light confinement of the excited
QDs inside the nanofiber results in the enhanced spontaneous
emission rate, conversely, the leaky nature of the hybrid

photonic-plasmonic nanoresonator causes a decrease in the
emission rate. As a matter of fact, V is purely an electro-
magnetic property, which is rather difficult to define for leaky
dielectric cavities. Thus, the expression of the usual mode
volume requires to be modified for the modes of a
nonconservative photonic structure, which are so-called
quasi-normal modes (QNM). In this way, using the total
electromagnetic field (Ẽ,H̃) generated by a dipole coupled into
a single resonance, the mode volume is determined for both
real and imaginary parts, which represents the stationary
electromagnetic waves and the energy dissipation outside the
resonator, respectively, as given by eq 2:20
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In this expression, a linearly polarized dipole p = pu with a unit
vector, u, is considered. ε0 is the permittivity of the vacuum, ω
is the frequency of the dipole in the resonator, ε and μ are the
permittivity and permeability values of the photonic structure,
respectively.
The electromagnetic field distribution and the mode volume

of the hybrid photonic-plasmonic nanoresonator proposed
here are determined by time-domain calculations using
perfectly matched layers (PMLs). As shown in Figure 1b, the
mode volume of the hybrid photonic-plasmonic resonator is
calculated over the entire space, including real space, Ω1, and
the surrounding perfectly matched-layer (PML), Ω2. The main
function of the PML is to provide an ongoing electromagnetic
field outside the boundary of the photonic cavity. The other
crucial function of the PML is to ensure a complex coefficient,
which directs the QNM to decrease exponentially through the

Figure 1. (a) Schematic representation of the excitation of a CdTe
QD-doped nanofiber, which is coated with gold nanoparticles and (b)
QNM bound by PML.
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PML and to make it disappear at the PML’s outer boundaries.
Thus, using PML ensures calculations of the exact field
distribution and mode volume of the QNM of the photonic
structure.
For situations beyond a perfect mode coupling in a dielectric

photonic cavity, additional terms are also incorporated to the
Purcell factor to reveal the exact changes in the emission rate.
For instance, spectral and spatial mismatches between the
dipole wavelength, λ, and the cavity resonant wavelength, λc,
result in modifications in the mode-field distribution, causing a
decrease in the spontaneous decay rate. The reductions in the
emission rate caused by the spectral and spatial mismatches of
the dipole with respect to the optical mode are introduced in
the second and third terms of eq 3, respectively, in which E(r)
is the electric field amplitude of the optical mode with respect
to the location of the dipoles of the CdTe QDs, and the
maximum electric field is given by Em = (hv/2ε0n

2V)1/2. An
orientation mismatching of the dipole corresponding to the
polarization of the optical mode, which is symbolized by η, also
induces a decrease in the spontaneous emission rate of a
quantum emitter.21 Thus, the spontaneous emission rate of a
quantum emitter for any conservative or dissipative photonic
cavity is revised as20
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where ω0 is the vacuum frequency of the dipole.

3. EXPERIMENTAL SECTION
3.1. Materials. Tetrachloroauric(III) acid trihydrate

(HAuCl4·3H2O, 99%, Sigma-Aldrich), trisodium citrate
dihydrate (≥99%, Sigma-Aldrich), poly(acrylic acid) (PAA,
Mw, 1.8 kg/mol, Sigma-Aldrich), poly(vinyl alcohol) (PVA,
Mw, 30−70 kg/mol, Sigma-Aldrich, 87−90% hydrolyzed),
ethanol (99.9% Abs., Merck) are purchased and used as
received without any further purification. The deionized water
(18.2 MΩ cm−1 at 25 °C) used in extraction is produced by a
Milli-Q Advantage water treatment system.
3.2. Methods. 3.2.1. Synthesis of Gold Nanoparticles. To

obtain gold nanoparticles, a typical reduction procedure is
followed. Briefly, an aqueous solution of HAuCl4 (0.24 mM,
200 mL) is loaded in a glass container and is heated to reflux
under vigorous stirring. Thereafter, trisodium citrate solution
(0.34 M, 1 mL) is immediately loaded into the container. The
solution is allowed to reflux for 30 min while its color
transforms from pale yellow to ruby red due to the reduction
of Au3+ to Au0. The final mixture is centrifuged (13 000 rpm,
15 min) and redispersed in 15 mL of ethanol. Individual gold
nanoparticles on the surface of the polymer nanofibers are
clearly seen in Figure 3b. The average diameter of the
nanoparticles is determined to be approximately 20 nm.
3.2.2. Synthesis of CdTe QDs. CdTe QDs were synthesized

in aqueous solution by modifying the one-pot method.22 To
prepare cadmium precursor solution, 2.29 g of CdCl2 (s) is
dissolved in 440 mL of ultrapure water and 1.68 mL of
thioglycolic acid is added to the aqueous cadmium chloride
solution. To obtain a transparent cadmium precursor solution,
1 M NaOH (aq) is added until the pH of the precursor
solution reaches 11. This precursor solution is degassed with

nitrogen gas and heated up to 80 °C with vigorous stirring for
1 h. Meanwhile the tellurium source, NaHTe, is prepared using
Te powder (90 mg) and NaBH4 (60 mg) mixed with water (10
mL) under a nitrogen atmosphere. The solution is transferred
into a two-necked flask and heated up to 60 °C while bubbled
with N2 to purge oxygen in the medium completely. The Te
precursor solution is heated up to 60 °C until H2 (g) formation
is completed, indicating the formation of NaHTe. This
solution is quickly mixed with the cadmium precursor solution,
and the reaction temperature is raised up to 110 °C. As soon as
the temperature reaches 110 °C, aliquots are taken to observe
the growth of the QDs. CdTe QD formation is monitored by
UV−vis absorption and PL spectroscopic measurements as
well as directly observing color of the solution under UV light.
The growth of QDs is also tracked by dynamic light scattering
(DLS) measurements by taking aliquots while the reaction
progresses. The reaction is stopped by cooling the solution
when the desired particle size and emission color are reached.
The slower growth ensures formation of highly luminescent
CdTe QDs dispersed in water. The QDs are precipitated by
adding 2-propanol into the solution and redispersed in water.
The precipitation procedure is repeated several times to purify
QDs from all impurities. The average diameter of the CdTe
QDs used in the experiments is determined to be
approximately 7 nm. Normalized UV−vis absorption and
photoluminescence emission spectra of CdTe QDs and
absorption spectrum of gold nanoparticles are given in Figure
2.

3.2.3. Fabrication of Electrospun Nanofibers. The CdTe
containing gold nanoparticle-coated electrospun polymer
nanofibers are fabricated using the electrospinning method.
CdTe nanoparticles (60 μL) are dispersed into polymer
solution (28.75% w/v, in 1 mL of water). The electrospinning
of this suspension is carried out onto an aluminum foil
collector to obtain fiber morphology. The relative polymer
ratio in solution is kept as 4:1 (PVA/PAA). Two electrode
holders are connected to the syringe needle and the collector.
A fixed potential of 15 kV is applied while the flow rate and the
distance is set to 0.3 mL/h and 15 cm, respectively. Afterward,

Figure 2. Absorbance and photoluminescence emission spectra of
CdTe QDs and absorbance spectrum of the individual gold
nanoparticles.
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the resulting polymer blend in fiber morphology is cross-linked
through heating at 90 °C for 30 min. For metal nanoparticle
coating onto fiber surfaces, the cross-linked fibers are
immersed into a gold nanoparticle mixture for 2 h. The gold
nanoparticle-coated fibers is then washed by ethanol to remove
free nanoparticles from the system and dried under vacuum for
2 h. The scanning electron microscopy (SEM) image of the
uncoated electrospun polymer nanofibers is shown in Figure
3a. SEM pictures of the nanofibers decorated by individual

gold nanoparticles at different scales, 1 μm and 500 nm, are
shown in Figure 3b,c, respectively. The diameters of the
individual nanofibers are determined to be approximately 100
nm, as seen in Figure 3c.
3.3. Time-Resolved Fluorescence Lifetime Measure-

ments. Time-resolved experiments are carried out to
investigate fluorescence lifetime of QDs confined in nanofibers
using an optical setup illustrated in Figure 4. A TimeHarp 200

PC-Board system (Picoquant, GmbH) is operated for time-
correlated measurements. CdTe QDs doped polymer nano-
fibers are repeatedly excited through their lateral surfaces with
pulses using a picosecond pulsed diode laser at a wavelength of
405 nm with a repetition frequency of 10 MHz (LDH-D-C-
405 Picoquant, GmbH), reflecting from the mirror (M), and a
PDL 800-B laser driver is used to activate the laser beam. An
objective lens (OL) with a numerical aperture of 0.70 (Nikon
ELWD 100×) and a working distance of 10.1 mm is utilized to
focus the excitation light reflecting from the dichroic mirror
(DM 2) onto the sample and to accumulate the photo-

luminescence from the excited QDs. A band-pass filter (BPF)
is used to completely eliminate the excitation light, and an
optical pinhole (P) is placed to the focal plane to remove the
out of focus light. The fluorescence signal is split by a beam
splitter (BS) and is sent onto a CCD camera, Optronis-1836-
ST-153, and a single-photon avalanche diode photodetector
(SPAD) to detect the emitted photons from the excited
samples; thereafter, single photon events are accumulated to
record the time delay between short excitation pulses and the
detected photons. Fluorescence decay curves are obtained by
the time-dependent histogram data, and a FluoFit computer
program is utilized to determine the fluorescence decay curves,
τ1 and τ2, with their rate percent values, amplitude-averaged
(⟨τa⟩) and intensity-averaged (τb) lifetimes, which are given in
detail,23 minimizing the fitting parameter (χ2). In our
experiments, localized surface plasmons on the gold nano-
particle clusters are monitored by a CCD camera under high
excitation power. A pulsed laser at the wavelength of 515 nm
with a repetition rate of 30 Hz (Flare NX 515-0.6-2 Coherent)
is operated to pump the CdTe QDs confined in the gold
nanoparticle-decorated photonic structures, and a reflective
neutral density filter (DF) is employed to arrange the
excitation intensity. The same microscope objective is used
to focus the excitation light from the dichroic mirror (DM 1),
which is mounted onto a flip head, onto the sample and to
collect the photoluminescence from the QDs. After localized
plasmons on the surface of the accumulated gold nanoparticles
are monitored as a hotspot, the high-power laser beam is
blocked by a shutter (S) and the time-resolved experiments are
performed to analyze the fluorescence lifetimes of the CdTe
QDs at these hotspots.

4. RESULTS
Figure 5 shows the distinctive characteristics in the decay
populations of the fluorescence emission from CdTe QDs in

bulk, bare nanofiber, and gold nanoparticle-decorated nano-
fiber media. The average fluorescence lifetime of the QDs in
bulk phenol is determined to be 15.10 ns, using a single
exponential decay fit. The total fluorescent emission from the
excited QDs in nanofibers stems from both the resonant and
nonresonant emitted light. The resonant light emission
corresponds to the fastest decay component of the total
photoluminescence (PL) since the vacuum fluctuations
increase and, henceforth, enhance the transition rate of the
photon populations as the radiation from the dipole is coupled
into the resonant optical mode. However, some portion of the

Figure 3. SEM images of the (a) polymer nanofibers and gold
nanoparticle-coated electrospun polymer nanofibers at different
scales: (b) 1 μm and (c) 500 nm.

Figure 4. Time-resolved fluorescence lifetime spectroscopy setup.

Figure 5. Fluorescence decay curves of the excited CdTe QDs in the
bulk polymer, bare nanofiber, and in nanofiber coated with gold
nanoparticles.
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PL stems from the uncoupled emission because of the fact that
the dipoles of the CdTe QDs are randomly oriented and the
photonic cavity proposed here is assumed to be a leaky
photonic structure with a low Q-factor. Thus, the fluorescence
emission from the encapsulated QDs in nanofibers is analyzed
using two exponential decay components that correspond to
nonresonant and resonant emission parts, τ1, which is
measured to be approximately 14.92 ns, and τ2, which is
measured to be 4.21 ns, respectively. Thus, the average
spontaneous emission rate of the CdTe QDs coupled into the
optical nanofibers is determined to enhance by a factor of 3.6,
based on the time-resolved fluorescence lifetime measure-
ments. Because the diameter of the electrospun nanofibers is
determined to be approximately 100 nm and the total
photoluminescence (PL) stems from the excitation of the
encapsulated CdTe QDs by a laser beam with a spot size of
about 700 nm, the fluorescence emission is collected by the
QDs in various nanofibers, which have almost the same
physical and optical properties. Thus, the measured emission
signal contains the fluorescence lifetimes coming at least from
several nanoresonators. Table 1 shows the fluorescence
emission decay parameters (τ1 and τ2) of the QDs, together
with their percentage values obtained by the excitation of five
different regions of the same coated and uncoated nanofiber
samples. Since the average value of each decay parameter is
obtained, the results are revealed to be quite similar.
As gold nanoparticle-decorated nanofibers are excited with

the pulse laser, gold nanoparticles make the surface plasmons
available to enhance the electric field intensity at deep
subwavelength regions and intense local electromagnetic fields
are coupled into the optical mode of nanofibers, regenerating
the mode field distribution inside the photonic-plasmonic
nanostructures. Time-resolved experimental results demon-
strate that although fluorescence decay curves include the
emission from nonresonant (τ1) and resonant cavity modes of
the optical fiber, which are not affected by the presence of the
gold nanoparticles (τ2), some portion of the photon
population is coupled into the hybrid photonic-plasmonic
mode, giving an additional fluorescence lifetime, i.e., τ3, since
the fluorescence emission from the encapsulated QDs is
localized with increased density of electromagnetic states by
plasmonic nanoantennas. Thus, a three-exponential decay fit
procedure is employed to obtain the fluorescence lifetime of
the emitters in gold nanoparticle-coated nanofibers. The
fluorescence intensity is determined by the following
expression:

τ τ

τ

= [− − ] + [− − ]

+ [− − ]

I I t t I t t

I t t

exp ( )/ exp ( )/

exp ( )/
1 0 1 2 0 2

3 0 3 (4)

The fluorescence lifetime measurements of CdTe QDs
interacting with distinct gold nanoparticles in the hybrid
photonic-plasmonic nanostructures show that τ3 decreases to a
value of 1.35 ns, which corresponds to the highest percentage
value for the total fluorescence emission. Nonetheless, the
fluorescence decay curves obtained from the other parts of the
fluorescence emission, that is, τ1 and τ2, are observed to remain
almost unchanged with their moderate percentages as seen in
Table 1. Thus, the average spontaneous emission rate of the
encapsulated emitters coupled into the hybrid mode is
determined to enhance by a factor of 11.2, which is
approximately 3 times greater than that of the uncoated
nanofibers one.
It is noticed that the gold nanoparticles, decorated on the

outer surface of the nanofibers, act like absorptive cavity
mirrors, which are observed to cause a decrease in the
photoluminescence intensity of the QDs because of the
radiation loss at the surface of the plasmonic nanostructures.
However, since the nanofibers are not entirely covered by the
gold nanoparticles, the loss is measured to be not more than
30%. On the other hand, for some spots of the partially coated
nanofibers, which consists of gold nanoparticle clusters, as
shown in Figure 7a, an enormous enhancement of the PL
intensity at hot electromagnetic zones is recorded, approx-
imately 10 times greater than that of the uncoated nanofibers’
one.
A 3D finite difference time domain (FDTD) technique is

utilized to acquire the electric field patterns of the fluorescing
CdTe QDs, which are coupled into an optical nanofiber cavity.
The perspective view of the hybrid nanostructure in numerical
calculations is given in Figure 6a.
In the simulations, the corresponding diameter and

refractive index parameters of the polymer nanofibers, which
are made of PVA and PAA, are utilized. A single nanofiber is
taken to be aligned with the z-axis, with a length of 3 μm to be
considered as infinitely long compared to the fiber diameter of
100 nm. Randomly distributed electric dipoles are placed in
the photonic structure, which are aligned with the z-axis. The
mesh grid size enclosing the hybrid structure is determined to
be 1 nm, and the thickness of the PML is specified to be 430
nm with respect to the 1 nm grid size, which is large enough
for QNM to decay exponentially and vanish at the PML’s outer
boundaries. The perspective and top views of the electric field
distribution profiles of the QDs confined in the polymer

Table 1. Experimental Fluorescence Decay Rate Parameters of CdTe QDs in Bulk, Uncoated Nanofiber (nf), and Coated
Nanofiber (Coated nf) Cavities

sample τ1 (ns) τ1 (%) τ2 (ns) τ2 (%) τ3 (ns) τ3 (%) ⟨τa⟩ (ns) τb (ns) χ2 Γ/Γ0

bulk 15.10 100 1.05
nf 1 15.04 36.71 4.16 63.29 8.15 11.53 0.95 3.6
nf 2 13.97 49.78 4.03 50.22 8.98 11.72 0.97 3.7
nf 3 14.19 38.26 4.09 61.74 7.96 10.99 0.95 3.7
nf 4 15.74 36.51 4.32 63.49 8.49 12.05 0.96 3.5
nf 5 15.65 51.18 4.46 48.82 10.19 13.26 0.98 3.4
coated nf 1 15.19 10.19 4.62 39.44 1.22 50.37 3.98 8.21 0.96 12.4
coated nf 2 12.50 17.64 4.08 31.81 1.42 50.55 4.22 8.03 0.97 10.6
coated nf 3 11.82 16.31 3.53 41.13 1.52 42.56 4.03 7.18 0.98 9.9
coated nf 4 16.31 15.10 4.25 36.81 1.28 48.08 4.64 10.25 0.99 11.8
coated nf 5 14.23 12.22 4.00 34.26 1.31 53.52 3.81 8.17 0.99 11.5
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nanofiber that are partially coated with discrete gold
nanoparticles are given in Figure 6b,c, respectively. The
magnified local optical fields around the metal nanoparticles,
which are evidence of the changes in the density of the
electromagnetic states, are clearly demonstrated in the
simulation pictures.
The changes in the spontaneous emission rate of the

encapsulated QDs, coupled to uncoated and partially coated
nanofibers, are also determined by eq 3. The spectral, spatial,
and orientation mismatches between the dipole and cavity
mode are taken into consideration in order to calculate the
theoretical enhancement factor given by eq 3.24 For instance,
spectral averaging of the second term in eq 3 gives a factor of
1/2 and the average value of the third term is found to be
approximately 1/3 for uniformly distributed dipoles of CdTe
QDs. For randomly oriented dipoles, the orientation
mismatching of the dipole of the QDs with respect to the
polarization of the cavity mode is determined to be equal to 1/
3.21 Q-factor and mode volume values for the nanoresonators
are obtained by the FDTD calculations. Since the hybrid
photonic design studied here is assumed to be in the regime of
a low Q-factor, the imaginary part of the mode volume, which
corresponds to the energy dissipation of the photonic cavity, is
also considered in the spontaneous emission rate enhancement

factor given by eq 3. As the real part of the mode, the volume
in the uncoated nanofiber is obtained to be Vre = 0.14(λ/n)3 ×
10−4, and the imaginary part is found to be insignificant, which
is equal to a mode volume of Vim = 0.48i(λ/n)3 × 10−9.
However, since the loss caused by the individual gold
nanoparticles is determined to be considerable using the
Drude model for electric permittivity,20 the imaginary part of
the mode volume is found to be significant for partially gold
nanoparticle-decorated nanofibers, which results in a total
mode volume of V = (4.03 − 0.32i)(λ/n)3 × 10−6. Such an
enormous amount of decrease in the total mode volume in the
hybrid photonic-plasmonic nanoresonator is attributed to the
occurrence of the intense light localization by distinct gold
nanoparticles that couple into the hybrid optical mode of the
nanofiber, resulting in the enhanced spontaneous emission rate
of CdTe QDs. The Q-factor for coated and uncoated nanofiber
photonic nanoresonators are found to be slightly different,
which is determined to be 9 and 16, respectively. Thus, the
theoretical enhancement factors, Γ/Γ0, of the nanofiber and
the hybrid photonic-plasmonic nanoresonator are found to be
approximately 2.7 and 10.1, respectively, which confirm that
there is a good agreement between the theoretical and
experimental results obtained for the spontaneous emission
rate in our photonic-plasmonic nanocavities.
In our samples, although nanofiber structures are partially

coated by distinct gold nanoparticles and excitation of different
regions of the same sample are determined to give quite similar
enhancement factors, nevertheless, some clusters of the gold
nanoparticles are also observed to generate hot electro-
magnetic zones upon excitation of the samples using a high-
power laser. The localized plasmon modes around these gold
clusters are detected by a CCD camera through shining
electromagnetic field spots using the optical setup illustrated in
Figure 4; thereafter, the time-resolved experiments are
performed to investigate the changes in the spontaneous
emission rate of the encapsulated CdTe QDs. Figure 7a
demonstrates the perspective view of the nanostructure
surrounded by a gold nanoparticle cluster. The top view of
the electric field distribution profile of the QDs confined in the
nanofiber that is in contact with a gold nanoparticle cluster is
demonstrated in Figure 7b. A hot electromagnetic field zone
around the cluster is noticeably seen in the simulation picture.
Our experimental results on the modification of the

spontaneous emission rate of CdTe QDs in nanofiber cavities
covered by gold nanoparticle clusters at six different regions
are given in Table 2. Although fluorescence emission from the
encapsulated CdTe QDs is analyzed using two exponential
decay components, a great majority of the fluorescence signal
comes from the fast decay rate arising from the coupling of the
photons into deep subwavelength regions of the gold
nanoparticle clusters, as seen in the percentage values of the

Figure 6. (a) Perspective view of the hybrid nanostructure. (b)
Perspective and (c) top views of the electric field distribution profile
of the QDs confined in the nanofiber, decorated by individual gold
nanoparticles.

Table 2. Experimental Fluorescence Decay Rate Parameters of CdTe QDs in Nanofiber Cavities Covered by Gold
Nanoparticle Clusters

gold cluster τ1 (ns) τ1 (%) τ2 (ns) τ2 (%) ⟨τa⟩ (ns) τb (ns) χ2 Γ/Γ0

1 2.79 5.15 0.72 94.85 0.83 1.08 1.02 21.0
2 4.53 3.82 0.91 96.18 1.05 1.51 0.98 16.6
3 4.47 3.59 0.77 96.41 0.90 1.43 1.03 19.6
4 4.11 6.93 0.75 93.07 0.99 1.72 0.99 20.3
5 3.52 5.95 0.74 94.05 0.91 1.38 0.98 20.4
6 3.67 5.19 0.81 94.81 0.96 1.38 1.03 15.7
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fluorescence lifetimes given in Table 2. Slight variations in the
experimental data are attributed to be due to the different sizes
of the gold nanoparticle clusters on the surface of the
nanofibers. Figure 7c shows the fluorescence decay curve of

CdTe QDs in a polymer nanofiber, which is in contact with a
gold nanoparticle cluster, as seen by Figure 7a, whose fast
decay is measured to be 0.72 ns, and other related details of the
decay parameters are given in Table 2. Experimental results
demonstrate that remarkable spontaneous emission rate
enhancement factors are accomplished for the encapsulated
QDs, ranging from 15.7 to 21.0, depending upon the size of
the gold nanoparticle clusters. Theoretical enhancement factor
for such a determined cluster illustrated in Figure 7 is also
calculated using eq 3. A mode volume of V = (1.38 − 0.11i)(λ/
n)3 × 10−6 and a Q-factor of 7.5 are determined by FDTD
calculations, which yield an enhancement factor of 15.3 for the
spontaneous emission rate. These results evidently confirm
that gold nanoparticle clusters can be utilized in a hybrid
photonic-plasmonic system to significantly enhance the density
of electromagnetic states in the vicinity of quantum emitters.
Although our experimental results are confirmed to be in

good agreement with the theoretical calculations obtained via
the model introduced by eq 3, in fact, in QDs and gold
nanoparticles systems, which is a representative of semi-
conductor-metal hybrid nanostructures, gold nanoparticles 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) or fluorescence resonance
energy transfer (FRET) processes. Therefore, we envisage that
one may not totally eliminate the effects of these quenching
mechanisms since some of the QDs are possibly located at very
close proximity to the fiber’s outer surface, being almost in

contact with some of the gold nanoparticles. Consistency
between the experimental and theoretical results suggest that
the physical mechanism affecting the spontaneous emission
rate of the encapsulated QDs in such a hybrid photonic-
plasmonic nanoresonator is assumed to be mainly due to the
regeneration of the mode field in the nanofiber cavity upon the
interaction of the dipoles with the surface plasmons of
distinctive gold nanoparticles that surround the outer surface
of the nanofiber. Therefore, NSET and FRET mechanisms are
assumed to have negligible effects on the gold-coated nanofiber
system studied here in this work.

5. DISCUSSION

Research on light−matter interactions in photonic cavities has
been of great importance in many research fields, serving as a
bridge between classical and quantum physics and opening
new avenues with extensive applications in quantum
information technologies, integrated and nonlinear optics,
and optical imaging.25−28 Photonic resonators are capable of
altering the localized density of the optical states in regions of
the wavelength scale where the emission frequency of the
emitter is tuned to one of the photonic cavity’s fundamental
modes.29,30 Improving the photon-radiation efficiency and the
spontaneous decay rate of the confined light emitters in
photonic cavities can elegantly allow controlling the
fundamental properties of light emitting quantum optical
devices such as nanolasers31 and single-photon sources.32 The
physical dynamics behind high-quality nanoscale lasers and
other photonic sources have been elucidated in various studies
to be employed in some novel device applications with
enhanced performances.33−35 For instance, recently, light−
matter interaction in Perovskite nanowires has been analyzed
by studying of exciton-photon interactions in the directional
optical structures to investigate the origin of the lasing modes
with high Q-factors and low pumping thresholds.36

Great advances in the area of the cavity quantum
electrodynamics (QED) have been accomplished through
employing different kinds of well-designed dielectric photonic
cavities, some of which have ultrahigh Q-factors, such as
photonic crystals,37 micropillars,38 or whispering gallery-mode
(WGM) microresonators;39 nevertheless, the mode volume of
these structures is beyond the subwavelength scale for the
purpose of the deep confinement of the electromagnetic
waves.40 Electrospun polymer nanofibers have been demon-
strated to have an outstanding potential to manipulate the
vacuum fluctuations of the encapsulated dye molecules
resulting from the dielectric material properties and the
confinement of the optical modes in suitable optical
dimensions.41 Although the nanofibers can be produced in
desired dimensions on the order of subwavelengths to
originate photonic structures with a small mode volume, the
light−matter interaction in these moderate resonators is
considered to be limited because of their low Q-factors. In
this work, for the first time, CdTe QD-doped electrospun
polymer nanofibers are coated with discrete gold nanoparticles
of about 20 nm in diameters to construct low-Q hybrid
photonic-plasmonic nanoresonators that are considered to be
smart, stable, and reproducible in order to improve the
emission dynamics of the encapsulated QDs. We envisage that
such a kind of hybrid mode based mechanism proposed in this
work enables investigating light−matter interactions further in
photonic-plasmonic nanoresonators, which might be promising

Figure 7. (a) Perspective view of the nanostructure surrounded by
gold nanoparticle cluster. (b) Top view of the electric field
distribution profile of the QDs confined in the nanofiber surrounded
by a gold nanoparticle cluster. (c) Fluorescence decay curve of the
excited CdTe QDs in an optical nanofiber covered by a gold
nanoparticle cluster.
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for achieving new designs of simple low-Q hybrid photonic
devices to dramatically alter the spontaneous emission rate.

6. CONCLUSION
In this paper, the fluorescent dynamics of CdTe QDs,
encapsulated by polymer nanofibers, which are partially coated
by distinct gold nanoparticles, are investigated by a time-
resolved spectroscopic technique. As light emission from the
excited QDs is coupled into the hybrid photonic-plasmonic
mode, the spontaneous emission rate of the fluorescent
emitters is observed to enhance by a factor of 11.2, which is
about 3 times greater than that of the decay rate measured for
uncoated CdTe QD-doped nanofibers. Our study reveals that
using such gold nanoparticle-decorated electrospun polymer
nanofibers enable obtaining low-Q hybrid photonic-plasmonic
nanoresonators to significantly alter the spontaneous emission
rate of the encapsulated quantum emitters.
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