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A B S T R A C T   

In this paper, plasmon-assisted spectral tunability in random media, composed of Perovskite (CsPbBr3) nano
wires surrounded by Au nanoparticle clusters in polystyrene matrix, is achieved. The interaction between the 
surface plasmons and the quantum sources is observed to generate photoluminescence from the higher excited 
state energy levels of the excited semiconductor nanowires, which results in a blueshifted fluorescence emission 
of 50 nm. The localized surface plasmon properties are also determined to be tuned by plasmonic pumping of the 
quantum sources at different resonant frequencies. Thus, the first observation of the tunable blueshifted fluo
rescence emission of the semiconductor nanocrystals surrounded by plasmonic nanoparticle aggregates is ach
ieved. The dramatic changes in the spectral profiles of the fluorescent nanowires are attributed to be due to the 
fast dynamics surface enhanced fluorescence mechanism.   

1. Introduction 

Control of the emission dynamics of the quantum light sources, 
which are close to the metal surfaces, has become an increasingly 
important technology with the parallel developments in advanced 
concepts of light-matter interactions [1–3]. Especially, enhanced fluo
rescence emission dynamics of the light emitters through their interac
tion with plasmonic nanoparticles, which have an ability to strongly 
confine the electromagnetic fields within subwavelength regions below 
the diffraction limit, has attracted a significant research interest with a 
great potential for designing various light-emitting device applications 
[4–9]. The strong electromagnetic field induced by a plasmonic nano
particle, interacting with a fluorophore, results in altered transitions of 
the fluorophore, which leads to modifications in its emission properties 
[10]. In recent years, a great deal of efforts has been devoted to explore 
the interactions between the surface plasmons and the emitting dipoles 
[11–14]; nonetheless, in most of these studies, the plasmon-induced 
changes on the spectral profile of the fluorescence emission have not 
been explored in detail, and only two-level photonic systems have often 
been asserted [15,16]. However, in real photonic systems, the transi
tions between different energy levels of the emitter, which is in the close 
vicinity of the metal nanoparticle, exist in the presence of the localized 
plasmon resonance to distinctly alter the transition rates, yielding the 
modified spectral emission profile of the quantum emitter [17]. For 
instance, using hybrid nanostructures, a plasmon-induced spectral 

modulation was demonstrated by Zhao et al. [18]. The nanostructure 
consisted of Au nanorod cores and fluorescent molecules, which were 
embedded in mesostructured silica shells. A new emission peak of the 
dye molecules, in addition to the intrinsic one, was observed as the 
longitudinal plasmon resonance wavelength of the gold nanorod was 
longer than that of the intrinsic emission peak. The plasmonic resonance 
frequency was also manifested to be tuned by modifying the distance 
between two gold nanoparticles, which resulted in dramatic changes in 
the spectral shape of the fluorescence emission from the dye molecules 
emitting at the resonators’ frequencies through the variations in the 
spontaneous emission rates [19]. 

The effects of the surface enhanced fluorescence in both slow and fast 
dynamics regimes on the variations of the spectral profile of the quan
tum sources close to the metal surfaces have been investigated, both 
theoretically and experimentally [20]. When the enhanced decay rate is 
smaller than the vibrational relaxation rate, slow dynamics surface 
enhanced fluorescence (SDSEF) induced by the radiative plasmons is 
observed, which has been researched in a wide range of studies [21–23]. 
As the total spontaneous emission rate becomes comparable to the in
ternal energy relaxation rate, as a result of the dramatic increase in the 
radiative decay rate, the fast dynamic surface enhanced fluorescence 
mechanism (FDSEF) occurs, which causes an obvious blue shift in the 
wavelength of the fluorescence emission spectrum [24]. Nevertheless, 
the plasmon-induced blue shift in the fluorescence emission spectrum of 
the quantum sources has only been reported in a few studies in which 
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the fluorescence dynamics of the dye molecules close to the metal 
nanostructures have been unveiled [24]. For instance, hot electrolumi
nescence was generated through a single nanogap between a STP tip and 
a metal surface, exploring the FDSEF to reveal the electronic dynamics 
of the molecular fluorescence under the influence of the plasmon reso
nance of the metal structures [25]. Moreover, excitation laser energy 
dependent surface enhanced fluorescence from dye molecules on the 
surface of Ag nanoparticle aggregates was demonstrated to induce a 
large spectral blueshift of 400 meV, which confirms that the molecular 
electronic dynamics is dramatically modified in the presence of strong 
plasmonic fields [26]. Additionally, a tunable blue shift in fluorescence 
emission spectrum of the dye molecules embedded in a random media 
composed of Ag nanowires of different aspect ratio was also reported by 
Bingi et al., which verifies that the spectral modifications are due to the 
FDSEF [27]. 

In this work, plasmon-assisted spectral tunability based on random 
media consisting of Au nanoparticle clusters and Perovskite nanowires 
(NWs), embedded in a polystyrene (PS) film, is examined for the first 
time. All-inorganic Perovskites have recently attracted strong research 
interest due to their outstanding photovoltaic properties [28,29]. In 
addition, these colloidal semiconductor nanocrystals have been 
demonstrated to have remarkable intrinsic properties, involving a high 
photoluminescence yield and stability [30,31]. Especially, in 
one-dimensional NWs, which are obtained in high aspect ratio, the 
stability of excitons in quantum wells is enormously enhanced [32]. 
Furthermore, allowing their dispersion into a variety of solvents and 
matrices provides them to be utilized in various types of applications 
such as lasers [33–35] and LEDs [36–38]. In addition to these, Perov
skite NWs are highly sensitive to the characteristics of the surrounding 
environment [39], which significantly affects their fluorescence emis
sion dynamics in the close vicinity of the strong plasmonic field. 

In this paper, the random media, composed of Perovskite NWs sur
rounded by Au nanoparticle clusters in a PS matrix, is excited by a laser 
beam to exploit the electromagnetic wave-induced collective oscillation 
of charge carriers on the surface of the plasmonic nanoparticle clusters, 
generating the dense electromagnetic field regions (hotspots) sur
rounding the fluorescent NWs. The hot photoluminescence from the 
higher excited state energy levels of the quantum emitters induces the 
fast dynamic radiative process, owing to comparable competition with 
the internal relaxation. The coupling of the excited dipole of the NW into 
the strong local optical field causes a dramatic spectral blueshift of 50 
nm, based on FDSEF mechanism and the localized surface plasmon 
properties are determined to be modulated by plasmonic pumping of the 
quantum sources at different resonant frequencies. Thus, the first 
observation of the tunable blueshifted fluorescence emission of the 
semiconductor nanocrystals surrounded by plasmonic nanoparticle ag
gregates is achieved. By this study, the effects of the localized surface 
plasmons on the spectral modifications of the Perovskite NWs are also 
elucidated for the first time. Such control of the plasmonic pumping of 
the quantum sources at different resonant frequencies is demonstrated 
to be promising, providing a means to effectively tailor the light-matter 
interaction between the plasmons and the quantum light sources and a 
new avenue in the design of highly efficient light-emitting device ap
plications such as tunable random lasers made of Perovskite NWs with 
outstanding photoluminescence characteristics. 

2. Experimental section 

2.1. Materials and methods 

2.1.1. Synthesis of Au nanoparticles 
To obtain stable Au nanoparticles in organic medium, two steps are 

followed; ionic extraction and reduction. For the former one, Cetyl tri
methyl ammonium bromide (CTAB) solution (6.5 mg in 9 mL in chlo
roform) and HAuCl4 (30 mg in 3 mL water) solution are prepared, 
respectively. The solutions are mixed and vigorously stirred for 1 h, 

while color of organic phase changed from colorless into pale yellow. 
Subsequently, organic phase having CTAB-Au3+ complex is separated. 
For the latter procedure, an amount of NaBH4 (25 mg) is dissolved in 
water (50 μL) to use as reduction agent. To reduce Au3+ ions and obtain 
spherical particles, fresh reduction agent is carefully added to CTAB- 
Au3+ complex under vigorous stirring. The reduction is conducted until 
the color of the final solution changed to ruby red. 

2.1.2. Synthesis of CsPbBr3 NWs 
Cs-oleate, is synthesized by dissolving Cs2CO3 (0.2 g) and Oleic acid 

(0.625 mL) in 1-octadecene (7.5 mL). The mixture is loaded to container 
and dried under vacuum (150 mbar) at 120 ◦C for 1h. Subsequently, the 
mixture is heated to 150 ◦C under N2, and reaction is maintained until all 
Cs2CO3 reacted by Oleic acid. 

CsPbBr3 NWs are prepared by room temperature crystallization 
based on the procedure in the literature [40,41]. Initially, Oleic acid 
(0.125 mL), Oleylamine (0.125 mL), and 1-octadecene (1.25 mL) are 
loaded into a flask. Thereafter, the 0.1 mL of pre-heated Cs-oleate so
lution is added to the mixture and the 0.2 mL of PbBr2 precursor solution 
(0.4 M, heated for 1 h at 80 ◦C until full dissolution) is finally injected. 
After 10 s, acetone (5 mL) is rapidly added for crystallization of the 
CsPbBr3 NWs. Stirring is maintained for 30 min and green precipitates 
are collected by using centrifuge (6000 rpm, 10 min). The NWs are 
re-dispersed in toluene with the concentration of 1% w/v. 

Before processing with the polystyrene, material properties of Au 
nanoparticles and CsPbBr3 NWs are investigated in detail. Their char
acterization results are analyzed and presented in Fig. 1. The Dynamic 
Light Scattering (DLS) measurement is given in Fig. 1a, which shows 
that the average size of the Au particles is 13.8 nm, with 0.2 of poly
dispersity in the form of a single Gaussian distribution. The SEM image 
of Au nanoparticles given in Fig. 1b confirms the DLS measurement in 
terms of size and distribution of the nanoparticles, which appear to have 
spherical shapes. X-ray Diffraction (XRD) analysis is performed to 
confirm the crystal structure of CsPbBr3, as seen in Fig. 1c. The presented 
XRD pattern also includes the pattern from the database for a compar
ison. According to the database JCPDS #54–752, the pattern shows 
similar characteristics (strong signal at 30.8◦) with the orthorhombic 
crystal structure of CsPbBr3 [42]. The corresponding SEM image of this 
crystal presented in Fig. 1d reveals that the NWs exist in 1-dimensional 
shape with a length of about 600 nm and a width of about 20 nm. The 
emission and extinction spectra of the particles are given in Fig. 1e. The 
NWs exhibit a sharp emission signal at 483 nm with λexc:365 nm source, 
while it presents two excitation peaks at 340 nm and 425 nm to emit at 
λem:480 nm. On the other hand, the absorption spectrum of the Au 
nanoparticle dispersion exhibits a peak at 520 nm, being similar to that 
of the particles with the same size in the literature, which is due to the 
plasmonic nature of the particles [43,44]. 

2.1.3. The fabrication of CsPbBr3 NW-Au nanocluster embedded PS films 
Au nanoclusters and CsPbBr3 NWs are loaded to polymeric matrix by 

mixing and drop-casting. The total mixture of CsPbBr3 NWs, Au nano
particles, and PS solution (30% w/v in THF) are poured onto glass slides 
to form composite films of various concentrations. A solid content of Au 
nanoclusters in the films is adjusted from 32 μg to 6.4 μg by diluting the 
Au nanoparticle solution with chloroform, while CsPbBr3 content is kept 
constant (Table 1). The mixtures are drop-casted on glass slides and 
allowed for drying in ambient conditions; afterwards, they are carefully 
peeled-off. 

Au nanoparticles may readily be carried out by integrating them into 
a polymer matrix [45] in order to make use of their unique electronic 
properties in a composite structure. Nevertheless, the conventional 
route for synthesis of Au nanoparticles based on the reduction of Au3+

by citrate in water, which has been proposed and improved by Turke
vich et al. [46] and Frens [47], limits such integration. Taking the 
instability of halide perovskites in polar solvents into account, methods 
for producing stable dispersed Au nanoparticles in nonpolar solvents are 
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required to compose them in one phase. Due to the need for arduous 
efforts in direct synthesis of Au nanoparticles in organic solvents, there 
are only limited studies in the literature compared to alternative 
methods, involving phase transfer of nanoparticles from aqueous phases 
into organic one by modifying the nanoparticles using various surfac
tants [48–52]. In our study, CsPbBr3 NWs are obtained using a simple 
room temperature anti-solvent crystallization method, while Au nano
particles are directly synthesized in organic solvent via ion-extraction 
and integrated into PS matrix. 

Table 1 shows the formula of the CsPbBr3 NWs-Au nanoparticle (NP) 
combined nanostructures, which are embedded in PS films to facilitate 
altering the emission characteristics of the surrounding quantum sources 
with their distinctive plasmonic properties. 

3. Results and discussion 

Fig. 2a demonstrates the scanning electron microscopy (SEM) image 
of the cross-sectional face of a PS film, composed of Perovskite NWs 
surrounded by Au nanoparticle aggregates, as given in Table 1, by the 
name of Pe/Au200. The detailed SEM images of the Au nanoparticle 
aggregates in polystyrene matrix, are also demonstrated in Fig. 2b to 
elucidate the distinctive morphological characteristics of various plas
monic nanoclusters in the samples. 

In our samples, since the fluorescent quantum emitters are confined 

within the Au nanoparticles and the nanostructures are embedded into 
the Polystyrene material, the SEM images of the nanostructures, con
sisting of the Perovskite NWs, surrounded by the aggregated Au nano
particles, do not explicitly demonstrate the fluorescent NWs, as shown in 
Fig. 2. It is also significant to emphasize that SEM images in Fig. 2 are 
taken from a polymer nanocomposite. Since perovskites are semi
conductors, they are not clearly distinguishable in the polymer medium 
because of their lower electron response compared to Au nanoparticles. 
Therefore, only the Au nanoparticle clusters can be observed in the 
polymer medium as bright spots because of their conductive nature. 

On the excitation of the samples, which consists of Perovskite NWs 
embedded in Au nanoparticle clusters in PS film with a refractive index 
(nps) of 1.6, at the wavelength of 405 nm with a laser beam (LDH-D-C- 
405 Picoquant, GmbH), the strongly localized electromagnetic field 
signal, induced by the interaction of the surface plasmons with the 
semiconductor nanocrystals, is collected by an objective lens (Obj. Lens) 
with a numerical aperture of 0.7, as demonstrated in Fig. 3a. The plas
monic pumping of the dipole of the semiconductor NW, embedded in the 
metal nanoparticle aggregate, induces the FDSEF mechanism, which 
results in a blueshifted fluorescence emission signal, as shown in Fig. 3b. 
The strongly localized field between the plasmonic nanoparticles, 
manifested by an electric field distribution profile of the dipole of the 
NW, surrounded by the gold nanoparticle cluster, is also demonstrated 
in Fig. 3b. The intense local optical field is monitored by a CCD camera 
(Optronis-1836-ST-153); and then, the emission spectra of the Perov
skite NWs enclosed by the Au nanoparticles, are recorded by a photo- 
spectrometer (Ocean Optics). Although the thickness of the plasmonic 
nanoparticle aggregates in PS media varies from 74 nm to 282 nm with 
distinctive morphological properties, as seen in Fig. 2, the emission 
spectra from the largest plasmonic nanoparticle clusters surrounding the 
fluorescent emitters are investigated for each sample with a different Au 
nanoparticle concentration (see Table 1). 

The surface enhanced fluorescence emission spectra of the neat NWs 
in polymer medium and the NWs embedded in specific Au nanoparticle 
clusters in a PS thin film are demonstrated in Fig. 4a. The fluorescence 
emission intensity of the emitting dipoles interacting with the strong 

Fig. 1. (a) The Dynamic Light Scattering measurement of size and distribution and (b) SEM image of the synthesized Au nanoparticles in a dispersion, (c) X-ray 
Diffraction pattern and (d) SEM image of CsPbBr3 Perovskite NWs, and (e) PL (λexc:365 nm) and PLE (λPL:480 nm) spectra of the synthesized CsPbBr3 NWs and 
absorption spectrum of Au nanoparticles. 

Table 1 
The formula of the prepared films.  

Sample PS solution 
mL 

NW dispersion 
mL 

Au NP dispersion 
mL 

CHCl3 

mL 

1. Pe/Au40 1 0.15 0.04 0.16 
2. Pe/Au66 1 0.15 0.066 0.133 
3. Pe/ 

Au100 
1 0.15 0.1 0.1 

4. Pe/ 
Au200 

1 0.15 0.2 –  
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plasmonic field around the Au nanoparticles is observed to be enhanced 
by about 60% for the sample of Pe/Au40 while it is considerably 
decreased for that of the samples Pe/Au66, Pe/Au100, and Pe/Au200. 

Fig. 4b demonstrates the normalized emission spectra of the semi
conductor NWs embedded in a bare polymer medium and specific Au 
nanoparticle clusters in the random polymer media obtained from the 
samples given in Table 1. As demonstrated in Fig. 4b, the central 
emission peak wavelength of Perovskite NWs in polymer material (Pe) is 
determined to be 526.3 nm. The redshift in the emission of Perovskite 
NWs in polystyrene compared to Fig. 1e arises from lack of quantum 

confinement due to forming bundles of Perovskite in polymer [53]. The 
peak fluorescence emission signals of the nanocrystals surrounded by Au 
nanoparticle aggregates with different plasmonic characteristics, ob
tained from the samples of Pe/Au40, Pe/Au66, Pe/Au100, and 
Pe/Au200, are observed to occur at different emission wavelengths of 
510.3 nm, 500.2 nm, 493.0 nm, and 476.6 nm, respectively; which 
clearly exhibit a significant blueshift in all emission wavelengths 
compared to that of the semiconductor NWs in the absence of the 
plasmonic nanoparticle aggregates. The different amount of the blue
shift in the fluorescence emission wavelength of the quantum sources, 
surrounded by specific Au nanoparticle clusters, is induced by a 
particular plasmon resonance wavelength of each metal nanocluster. 
This also explicitly reveals the effects of the distinctive higher excited 
state energy levels of the quantum emitters interacting with the surface 
plasmons of the specific gold nanoparticle nanoclusters on the spectral 
emission profiles through the coupling of the excited dipoles of the NWs 
into the strong local optical fields. Thus and so, control of the 
plasmon-induced characteristics of the metal nanoparticle clusters in 
random media allows the tunability of the spectral modulation of the 
interacting fluorescent nanocrystals. 

The blueshift in the fluorescence emission spectrum of the excited 
NWs interacting with the hotspots is induced by the FDSEF mechanism. 
Fig. 5 depicts the energy level diagrams and the corresponding elec
tronic transitions from the excited (S1) states to the ground (S0) states for 
the NWs embedded in a neat polymer and in a hotspot region originating 
from a random PS medium consisting of Au nanoparticle aggregates to 
demonstrate the fluorescence and FDSEF mechanisms. For the fluores
cent emitters in the polymer medium, the internal relaxation rate from 
S1(ωex- ω0) to S1(0) is Γint ≈ 1012s− 1, which is much faster than the total 
decay rate Γtot (Γr0+ Γnr0) ≈108− 9s− 1. In the presence of a metal 
nanoparticle cluster, the intense localized optical field of the resonant 
plasmons increases the population rate of the excited states, acting like a 
plasmonic pumping source, forcing the electrons to emit from higher 
vibrational excited states S1(ω- ω0) to the ground states S1(0) in which 
ω0 <ω< ωex. Thus, the modified decay rate state becomes comparable to 
the internal relaxation rate: Γint ≤ Γr0+ Γnr0+ΓET. The fluorescent 
nanocrystals are directed to emit at the resonance frequencies of the 
plasmonic nanostructures, generating new blueshifted fluorescence 
emission bands, as a result of matching the resonant plasmon modes 

Fig. 2. SEM images of (a) the cross-sectional face of a random PS film composed of Perovskite NWs embedded in Au nanoparticle clusters and (b) the gold 
nanoparticle aggregates in the samples. 

Fig. 3. The schematic diagram of a (a) Perovskite NW surrounded by a Au 
nanoparticle cluster, which is embedded in PS thin film to demonstrate the 
excitation and collection of the plasmon induced fluorescence signal of the 
quantum source, and (b) the FDSEF mechanism. 
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with the vibrational transitions. 
Spectral density of the radiated power, nFDSEF(ωem), is approximately 

determined by 

nFDSEF(ωem)=
|Mex(λex)|2

η0(ωem)

[
γr0(ωem − ωex + ω0)|Mem(ωem, dav)|

2

(Γrad + ΓET + Γnr0)

]

σabs(ωex)nL(ωex),

(1) 

in which Mex(λex) and Mex(ωem, dav) are the enhancements in the 
electric field excitation and emission, respectively; λex, ωem, ωex, and dav 
represent the excitation wavelength, angular frequency of the emission, 
angular frequency of the excitation, and the effective distance between 
the quantum emitter and the metal surface, respectively; γr0(ωem- 
ωex+ω0) is the radiative decay rate at the frequency of ωem-ωex+ω0; Γnr0 
and ΓRad are the ground state nonradiative and total radiative decay 
rates, respectively; ΓET is the nonradiative transition rate induced by the 
energy transfer from the excited quantum source to the metal surface; 
η0(ωem) is the spectral density of quantum efficiency of the fluorescent 
emitter; σabs(ωex) is the absorption cross section of the nanocrystal at the 
angular frequency of excitation; and nL(ωex) is the power density of the 
excitation source. In our study, the enhancement in the electromagnetic 
field, Mex(ωem, dav) varies from hotspot to hotspot for each Au nano
particle cluster due to their different plasmon resonances, causing dra
matic variations in the surface enhanced fluorescence emission spectra. 

Thus and so, controlling the emission dynamics of the NWs via a plas
monic modulation is successfully accomplished by introducing the 
distinctive characteristics of the gold nanostructures in the random 
media in which the distance between the individual plasmonic nano
particles and the size distribution of the Au nanoparticle aggregates play 
a crucial factor [54], arising from different Au nanoparticle concentra
tions given in Table 1. As demonstrated in the absorption spectrum 
given in Fig. 1e, the plasmonic characteristics of the Au nanoparticles in 
a dispersion becomes more distinct and stronger at the wavelength of 
520 nm. However, after the plasmonic nanoparticles aggregate in 
polymeric medium, via increasing the concentration of the plasmonic 
nanoparticles, strong light absorption is also expected to occur above the 
wavelength of 520 nm [55,56], which significantly alters the emission 
dynamics of the interacting NWs. While our measurements confirm that 
the probability of obtaining clusters of larger sizes from higher Au 
nanoparticle concentrations is more probable for each sample given in 
Table 1, the possibility of obtaining larger and more concentrated 
plasmonic nanoparticle-aggregates, and hence, having a potential of 
possessing stronger extinction coefficients, dramatically increases from 
sample 1 to sample 4. Therefore, each nanocluster in a PS film sample 
may display a unique plasmonic characteristics, leading to a different 
spectral profile of the interacting quantum source. Hence, in the ex
periments, the larger plasmonic nanoclusters surrounding the Perovskite 
NWs are chosen for each sample given in Table 1 to investigate the 
surface enhanced fluorescence emission spectra, which are presented in 
Fig. 4. 

A 3D finite difference time domain (FDTD) technique is also utilized 
to verify the strong field enhancement of the dipole interacting with a 
gold nanoparticle cluster. The perspective and top views of the gold 
nanoparticle structure, which is used in our numerical calculations, are 
given in Fig. 6a and b, respectively. In the simulations, the individual 
gold nanoparticles with a diameter of 14 mm are combined to form a 
gold nanoparticle cluster and a dipole is placed inside the nanostructure. 
The gold nanoparticle cluster is embedded in a polymer medium with a 
refractive index of 1.6. The electric field distribution profile of the 
dipole, interacting with the gold nanoparticle cluster, obtained from the 
numerical calculations, is given in Fig. 6c. The simulation results reveal 
that as the dipole embedded in a gold nanoparticle cluster emits fluo
rescence, the localized surface plasmons around the gold nanoparticles 
become available to dramatically strengthen the electric field intensity 
as demonstrated in Fig. 6c. In our study, the FDSEF mechanism origi
nates when the dipole of the quantum source, emitting at the wave
length of 526 nm, exists at the hot spot region of the plasmonic 
nanocluster. Our simulation results reveal that since the intense local
ized optical field of the resonant plasmons significantly increases the 
population rates of the excited states of the dipole, a high radiative 
decay rate enhancement of ≥104 is obtained through the plasmonic 
pumping of the quantum source when the dipole is embedded at the 
deep subwavelength regions between the individual gold nanoparticles 
of the plasmonic cluster as shown in Fig. 6. Thus, the modified decay 
rate of the dipole becomes comparable to the internal relaxation rate to 
induce FDSEF mechanism when the dipole is placed at the strongly 
enhanced plasmonic field, which is in good agreement with the exper
imentally obtained results. However, when the distance between the 
dipole and the gold nanoparticle surface is specified to be larger than 1 
nm, the enhancement of the decay rate is determined to considerably 
decrease to the values of <103 so that the FDSEF mechanism, which is 
attributed to be spectral blueshift of the semiconductor NWs surrounded 
by gold nanoparticles in PS thin films, is proven to exist in our random 
media provided that the distance between the Perovskite NWs and gold 
nanoparticles is smaller than 1 nm. 

Additionally, the most concentrated sample (Pe/Au200) is also 
analyzed to elucidate the spectral modulation of quantum sources 
embedded in different Au nanoparticle aggregates in the same random 
polymer medium. Fig. 7 displays photoluminescence spectra of the 
excited NWs interacting with three different strong field regions: hotspot 

Fig. 4. (a) The surface enhanced fluorescence emission spectra and (b) the 
normalized emission spectra of the neat NWs in polymer medium and the NWs 
embedded in specific Au nanoparticle clusters in a PS medium. 
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(a) 1, (b) 2, and (c) 3; obtained from the sample of Pe/Au200 along with 
the emission spectrum of the NWs in the absence of plasmonic nano
structure, which confirms that the spectral profile modifications of the 
semiconductor nanocrystals significantly change from hotspot 1 to 3 in 
the same polymer medium. 

As demonstrated in Fig. 7, the fluorescent nanocrystals in hotspot 1 
have a dominant fluorescence emission at the wavelengths of 477.5 nm 
apart from the fluorescence emission at 502.9 nm. The comparable 
emission signals at the wavelengths of 455.6 nm and 477.9 nm are also 
detected from the NWs in the region of hotspot 2. A dominant fluores
cence signal at the emission wavelength of 496.7 nm along with the 
fluorescence emission at 458.5 nm are also observed for the quantum 
sources in hotspot 3. Therefore, the fluorescence emission spectra of the 
semiconductor NWs interacting with the hotspot regions display two 
well-defined emission bands corresponding to the two different plasmon 
resonance wavelengths in the same hot luminescence region, which may 
be attributed to be multiple localizations of the electromagnetic fields 

with distinctive plasmonic characteristics in the same Au nanoparticle 
aggregates. 

In the literature, only a few experimental works on the FDSEF 
mechanism have been reported [18,25,26], along with some theoretical 
models to evaluate the plasmon induced-spectral modifications of the 
interacting dipoles [17]. It is a fact that the strong radiative decay rate 
enhancement of >103 is needed to result in a transition for the FDSEF 
mechanism [24] upon interacting dipoles with the highly concentrated 
electromagnetic field regions surrounded by plasmonic structures, 
which is usually obtained by sophisticated nanodevices [57]. For 
instance, a highly radiative decay rate enhancement of >103 was 
revealed using a nanowire device, consisting of CdS–SiO2–Ag core–shell 
nanostructure, by tuning the size of the plasmonic nanocavity to match 
with the whispering gallery mode resonance [58]. Nevertheless, a strong 
plasmonic coupling to the high-energy excited states was also reported 
via placing the dye molecules on Ag nanoparticle substrates [59], which 
yields significant spectral modifications of the interacting dipoles. 

Fig. 5. Energy level diagrams and electronic transitions of the Perovskite NWs for fluorescence and FDSEF mechanisms.  
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Furthermore, the blueshift in the fluorescence emission spectra of the 
fluorophore molecules induced by the FDSEF mechanism was demon
strated to be controlled using different aspect ratio of the Ag nanowires 
in random media, similar to our experimental results [27]. The fast and 
the slow electronic transitions through the enhanced fluorescence 
emission, which cause spectral distortions of the fluorescence emitters, 
were even reported using Zn nanoparticle films by Knoblauch et al. [60] 
although Zn does not provide surface plasmons as much as the metal 
nanoparticles do. In all these studies, the FDSEF mechanism has been 
accomplished using fluorophore molecules close to the metal surfaces; 
nonetheless, in our study, the fluorescence dynamics of the semi
conductor Perovskite nanocrystals with their outstanding photovoltaic 
properties, embedded in Au nanoparticle aggregates, are investigated 
for the first time to achieve FDSEF mechanism. 

Usually tuning emission characteristics of the quantum light emitters 
through the interaction with the plasmonic nanoparticles is considered 
to be reversible, which is not the case in our photonic system in concern. 
Because in this study, stronger or weaker aggregations of the Au nano
particles surrounding the fluorescent NWs in random polymer media 
with varying plasmon resonances are formed to alter the FDSEF mech
anism. Such control of the plasmonic pumping of the quantum sources at 
different resonant frequencies allows to obtain the effects of the varied 
localized surface plasmon characteristics on the spectral modifications 
of the interacting Perovskite NWs, which means that tuning of the 
emission dynamics of the fluorescent emitters is ensured by different 

composition of the nanostructures. As a result, the tunable blueshift in 
the fluorescence emission spectra of the semiconductor NWs in hotspot 
regions is achieved for the first time, using different Au nanoparticle 
aggregates with distinctive plasmonic characteristics. 

Additionally, the surface enhanced fluorescence intensity of the 
interacting quantum sources with these strong electromagnetic field 
regions, induced by the gold nanoclusters, is also observed to be 
inhibited and enhanced. The strongest excitation enhancement exists for 
the NWs in the interparticle hot spot regions that dominates the total 
photoluminescence emission spectrum. The intensity of the fluorescence 
emission signal mostly depends on the number of quantum light emitters 
interacting with the surface plasmons in each hot spot region, which 
varies for each Au nanoparticle aggregate in our random polymer media. 
However, the spectral profile modification of the excited emitters 
induced by the FDSEF mechanism is independent of the number of the 
quantum sources, accompanying the enhancement or the inhibition of 
the fluorescence intensity [1,2]. Our experimental results on the basis of 
plasmonic random media, consisting of fluorescent Perovskite NWs 
surrounded by Au nanoparticle aggregates in a PS matrix, are promising 
for the design of highly efficient light-emitting device applications based 
on semiconductor nanocrystals with remarkable intrinsic properties. 

4. Conclusions 

In this paper, the plasmon resonance frequency-dependent spectral 

Fig. 6. (a) Perspective and (b) top views of a gold nanoparticle cluster used in the simulations. (c) The top view electric field distribution profile of the dipole 
surrounded by the gold nanoparticle cluster. 
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tunability of the Perovskite NWs is achieved. The NWs are surrounded 
by Au nanoparticle clusters in random polymer media. The surface 
plasmons around the Au nanoparticle aggregates act like a tunable op
tical pumping source to direct the Perovskite NWs into the higher 
vibrational excited energy state levels, which results in significant var
iations in the transition rates, causing a blueshift and also some modu
lation in the spectral profile of the emitters as a result of the dipoles 
interacting with the strongly localized electromagnetic field regions. 
The fluorescence intensity signal is also observed to be enhanced and 
inhibited upon plasmonic pumping of the fluorescent emitters. FDSEF 
mechanism is attributed to be the tunable-blueshifted fluorescence 
emission signal of the Perovskite NWs in the hotspot regions. This study 
has a potential for further investigations of the interactions between the 
semiconductor nanocrystals and the plasmonic nanoparticles to control 
the light-matter interaction in various device applications. 
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