
           
Islamic Azad University 

 

Journal of 

Optoelectronical Nanostructures 

 
 

Winter 2021 / Vol. 6, No. 1  
 

 

Citation: First Author’s Full Name, Second Author’s Full Name, Third Author's Full 

Name. The effect of Cinnamon supplementation on lipid profile in response to aerobic 

exercise. Journal of Optoelectronical Nanostructures. 2020; 1 (1): 48-58 

 

*Corresponding author:  

Address: 

Tell:    Email:  
 

 

Research Paper 
 

The impact of the plasmon-exciton interaction on the optical 

characteristics of the hybrid system  
2 2

NPVO QD NPVO  

Abdolrasoul Gharaati*,1, Ghasem Forozani1, Esmail Salari Sardoi1  

1Department of Physics, Payame Noor University, Tehran, Iran 

 

 

Received:  

Revised:  

Accepted:  

Published:  

 

Abstract:  
In this paper, the optical characteristics of a plexitonic system 

comprising two 
2NPVO and one quantum dot (QD) were 

investigated. Both 
2NPVO and QD have unique optical 

properties on their own and their combination in the hybrid 

system 
2 2NPVO -QD-NPVO  can lead to interesting 

phenomena. In this method, when the 
2NPVO  and QD 

nanoparticles and their resonance frequencies are close to each 

other, due to the interaction between 
2NPVO  plasmons and 

QD excitons, the optical characteristics of QD change. In this 

paper, the changes in the optical properties of QD near 

2NPVO , a crystalline material that transitions from a 

semiconducting phase to a metallic phase at a critical 

temperature, were studied. The results showed that the 

proximity of 
2NPVO to a QD caused an energy shift and an 

absorption peak which are also used in sensor applications. 

Moreover, the Förster broadening as well as exciton energy 

transfer were also investigated. It was revealed that they 

changed due to the dipole-dipole interaction between plasmon 

and excitons. 
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The effect of the exciton-plasmon interaction on the optical properties … 

1. INTRODUCTION  

Fundamental research in the field of nanophotonics primarily focuses on 

understanding the optical excitations induced by nanoscale materials and how 

the characteristics of these excitations depend on the size, shape, and 

arrangement of nanostructures. Two types of excitations that have garnered 

significant attention from researchers are plasmons in metallic nanostructures 

and excitons in molecular materials or semiconductors. Plasmons are the 

collective oscillations of free electrons in metals. The coupling of light with 

plasmon resonance has attracted considerable interest because it can concentrate 

light fields in volumes much smaller than the diffraction limit [1]. Excitons are 

bound pairs of electrons and holes in semiconductors or molecules, and they 

have gained considerable attention in semiconductor nanocrystals or quantum 

dots (QDs) due to their size-dependent frequency transitions and effective light 

emission [2].  

Recent advancements in nanostructure fabrication techniques enable researchers 

to combine various nanoparticles with contrasting optical characteristics into 

multi-structured nanocomposites, offering exciting possibilities to modify or 

design specific optical processes in the constituent nanoparticles [1-3].  

A substantial number of studies in this field have explored the interaction of 

excitonic systems in semiconductor QDs and plasmonic nanostructures, 

providing a wide range of opportunities to control the interaction of light and 

matter as well as the flow of electromagnetic energy [4-6]. 

Given that optical excitation occurs in the form of excitons and plasmons in 

quantum dots (QDs) and metal nanoparticles, respectively, QDs and metal 

nanoparticles are examined through quantum mechanics and classical 

mechanics, respectively. When an electric field is applied, the plasmons in the 

metal nanoparticle are excited, creating a field around the nanoparticle that 

enhances the local field nearby. This local field also excites the excitons in the 

QD, resulting in a coupling between the plasmon and exciton, which leads to 

various intriguing effects such as energy transfer, changes in exciton energy, 

interference, and an increase in the local field [7]. Theoretical studies on the 

metal nanoparticle-semiconductor QD (MNP-SQD) system have predicted 

Förster energy transfer facilitated by plasmons [8], modifications to spontaneous 

emission in semiconductor QDs [9], third-and fifth-order optical processes of 

tunable exciton-plasmon hybrid nanosystem [10], increase in the induced 

fluorescence of QD [11], tunnelling induced transparency [12], plasmonic two-

photon switching phenomena [13], and control over energy transfer pathways in 

hybrid systems [14]. Numerous experimental studies have also been conducted 

on these combined systems. For instance, Mertens et al. demonstrated 
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polarization-selective enhancement of QD photoluminescence in silicon QDs 

coupled with silver nanoparticles [15]. Pons et al. developed a system 

comprising a CdSe-ZnS QD and a gold nanoparticle [16]. Vasa et al. 

constructed a hybrid metal-semiconductor nanostructure consisting of a GaAs 

quantum well on a gold substrate [17]. They reported a significant shift and 

broadening of the exciton resonance in the quantum well due to strong exciton-

plasmon coupling. Additionally, they observed an increase in broadband 

electromagnetic absorption in a silicon film with a photonic crystal surface and a 

random gold groove reflector [18]. 

In this system, the Hamiltonian of the entire system, featuring two metal 

nanoparticles on either side of the QD, is first calculated. The electric field 

experienced by the QD consists of three components: one is the applied external 

field, while the other two are internal fields induced by the polarizations on both 

sides of the QD. Subsequently, using density matrix theory, the elements of the 

density matrix and the polarization of the QD are computed. Following this, the 

optical characteristics of the QD are examined. 

In this paper, the optical properties of the 
2 2NPVO -QD-NPVO plexitonic 

system are investigated. First, 
2NPVO is introduced. Next , by controlling the 

temperature while maintaining the same structure, the changes in QD properties 

due to
2NPVO  can be observed. 

 

2. THEORETICAL MODEL 

2VO  has garnered significant attention due to its reversibility and phase 

transition temperature (approximately 68 ℃) [19]. This structural phase 

involves a transition from the monoclinic phase (at low temperatures, where it 

acts as an insulator or weak semiconductor) to the tetragonal rutile phase (at 

high temperatures, where it behaves as a metallic material). Following the phase 

transition, the electrical conductivity changes by a factor of 3 to 5, and the 

optical properties undergo substantial alterations. Various optical, thermal, and 

electrical devices have been proposed based on the metal-to-insulator phase 

transition of 2VO  [20, 21]. 

The phase transition in 2VO  can be induced by various applied forces, 

including intense radiation, external electric fields, hydrostatic pressure, and 

tension [22, 23]. 

Until a few years ago, many studies focused on 2VO  thin film materials with 

a critical temperature of 68 ℃. Today, advancements in nanomaterial 
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production have led to the synthesis of 
2VO -based nanoparticles using various 

chemical and physical methods. Moreover, their critical temperature has been 

reduced to room temperature. The two contrasting phases of 
2VO  and their 

mixture can be modeled using a temperature-dependent filling fraction, which is 

0 for the semiconducting phase and 1 for the metallic phase [24]. At 

intermediate temperatures (during phase transitions), matter exists as a mixture 

of two phases, modeled using effective medium theory, specifically the 

Maxwell-Garnett theory, to derive the effective dielectric function
2VO [23]: 

 

2

( (1 2 ) (2 2))

( (1 ) (2 ))

met semi
VO semi

met semi

f f

f f

 
 

 

  


  
         (1) 

in which f f is the filling factor controlling the phase transition in 
2NPVO . Fig. 

1 shows the temperature changes of f  as a Bessel function for cooling and 

heating modes in the vicinity of the critical temperature. 

 

Fig. 1. The filling factor of  as a function of temperature [22]. 

 

semi  is the dielectric function of 2VO  in the semiconducting phase ( 0f  ), 

whereas met  is the dielectric functions of 2VO  in metallic phase ( 1f  ) as 

shown below [23]. 
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where ( ) 3.95n i   ,  %,
3.33

p n
eV  ,  % 0.66

n
eV  , % ( ) 4.26

n
i   , and 

15eV  . The other parameters in Eqn. (2) and Eqn. (3) are given in [21]. 
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Fig. 2. a) The real and b) imaginary parts of the effective dielectric function 

2VO versus   

the incident wavelength for different filling fraction values. 
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Fig. 2 illustrates the real and imaginary parts of the dielectric function versus the 

incident wavelength to show the dependence of the effective dielectric function 

2VO on the filling fraction. Figure 2 (a) indicates that the real part of the 

dielectric function is negative for wavelengths above 1080 nm (energy = 1.14 

eV). Consequently, at lower energies and higher filling fractions, 
2VO  behaves 

similarly to a metal with a negative real part, leading to significant changes in 

the polarizability of 2NPVO  in the infrared region. These findings align well 

with previous studies on the optical characteristics of 
2VO . 

2NPVO is described by the multipole moment induced by an energy-dependent 

scalar polarizer. This polarizability could be managed by the ambient 

temperature which changes the filling fraction. The multipole polarizability 

could be given as [21]: 

     2

2

1

VO b

n

VO b

n

n

 


 







                                                                                   (4) 

where n stands for the multipole order so that the lowest order (n=1) represents 

the dipole order. b is the dielectric function of the local background. 

To demonstrate the dependence of the polarization of 2NPVO  on the filling 

fraction, using finite element method for one 2NPVO with a size of 40 nm, Fig. 

3 (a) shows inside the silica material for different filling fraction values 

including metallic and semiconducting phases. Electromagnetic simulations 

were conducted using the finite-element method in COMSOL Multiphysics. The 

electromagnetic module solved for electric field distribution, employing 

perfectly matched layers (PMLs) at a distance of half the maximum 

electromagnetic wavelength from the unit cell to prevent back reflection from 

exterior boundaries. PMLs at the around of the unit cell absorb the excited mode 

from the source port and any higher order modes produced by the periodic 

structure. In the metallic phase, the maximum absorption cross-section occurs at 

1140 nm (energy=1.08 eV), whereas the maximum absorption cross-section in 

the semiconducting phase is at lower wavelengths. At this energy level, the 

amounts of absorption cross-section for metal and semiconductor are 
2621abs nm   and, 2125abs nm   respectively. According to the results, the 

semiconductor-to-metal transition increases about 5 times in the infrared region 

of the cross-section. 

Figs. 3 (b) and 3 (c) illustrate the increase in the near-field at 1140 nm, shown as 

the amplitude of the scattered field relative to the incident field. The peak 

intensities for the metallic and semiconducting phases are 2.2 and 1.5, indicating 
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a symmetrical distribution. Notably, maximum absorption, based on the quasi-

static approximation, occurs at 1140 nm, aligning with the resonance 

wavelength of surface plasmons in the metallic phase of 2NPVO . 

(a)  

 
 (b) 

 
(c) 

Fig. 3. (a) Calculations of the finite elements of the absorption cross-section versus the 

wavelength for 
2NPVO in a silica medium. (b) and (c) Field enhancement at the 

wavelength of 1140 nm for the semiconducting and metallic phases, 

respectively.   
 

A.  The 2 2- -NPVO QD NPVO hybrid system 

In this section, the 
2 2NPVO -QD-NPVO hybrid system is discussed. QD optical 

excitations are classified as excitons, while nanoparticle excitations ( 2NPVO ) 

correspond to surface polaritons and surface plasmon polaritons in 
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semiconducting and metallic phases, respectively. When these nanoparticles 

with distinct properties are placed adjacent to each other and subjected to an 

external field, the plasmons and excitons are excited, leading to Coulomb 

interactions between them. This dipole-dipole interaction becomes notably 

strong when the nanoparticles' resonance frequencies are closely aligned. The 

inclusion of metal nanoparticles aims to enhance the interaction strength, while 

the plasmonic field generated nearby serves to improve both linear and non-

linear optical properties of the semiconductor QD. 

Fig. 4 shows the QD with radius a between two 
2NPVO with radii 

1R and 
2R . 

The center-to-center distance of the QD from the two nanoparticles is indicated 

by 
1d  and

2d , respectively. The system is placed in a background field with 

dielectric constant
b . 

 

  

 

 
Fig. 4. The schematic of a 

2 2NPVO -QD-NPVO hybrid system with the 
2NPVO      

resonance frequency in the metallic phase which is close to the exciton transition 

frequency 1 2 . 

 

B. The motion equations of the 2 2- -NPVO QD NPVO  system 

According to Fig. 4, when the external electromagnetic field  

0( ) ( )i t i t

extE t E e e    is applied to the system, the plasmons and excitons are 

excited in NPVO2 and QD, respectively. In addition, the QD senses two other 
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induced fields caused by the polarization of NPVO2. Therefore, the QD field is 

given below [25]: 

 
2 2,1 ,1

1

Q

ddi ddi

QD ext NPVO NPVO

eff D

E E E E


                                                                       (5)  

 

where
2

3QD

b s
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b

 





  , while  2

2

,

, 3

1
1,2

4

a NPVO jddi

NPVO j

b j

S P
E j

R
  indicates the 

induced field produced by NPVO2 which has an interaction with the QD. The 

polarization of each NPVO2 is given by 

2 22

3
, ,, 4 [ ( ) ( ) ]i t i t

NPVO j NPVO jNPVO j b j j jP a E e E e     
    where j  is the dipole 

polarizability of NPVO2 for each nanoparticle j. 
2 ,NPVO jE is the total field of each 

NPVO2 which in addition to the external field has two terms from the field 

caused by the QD polarization and the field caused by another NPVO2 which are 

written as follows [25]: 

 

                       

2

2

2

2

2

2

,2

,1 3 3 3 3

1 ,2 1 2

,1

,2 3 3 3 3

2 ,1 1 2

,
4 4 ( )

4 4 ( )

QD NPVO

QD NPVO

a NPVOa QD

NPVO ext

b eff b eff

a NPVOa QD

NPVO ext

b eff b eff

S PS P
E E

R R R

S PS P
E E

R R R

   

   

  


  


                                        (6) 

 

Using the density matrix, QD polarization could be presented based on its off-

diagonal elements as 12 21( )QDP     where  is the transition dipole moment, 

1212

i te    and 2121

i te    are the density matrix elements that change with 

time, and 2

2

,

,

2 ( )
( 1,2)

3NPVO

b NPVO j

eff j

b

j
  





  . 

By performing mathematical calculations, the total field of the QD is obtained as 

follows [10,11]: 

12 21( ) ( )i t i t

QDE e e  


     
h

                                                            (7) 

where   and  are respectively the normalized Rabi frequency and the self-

interaction of the QD which are given as follows: 
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(8) 

The Hamiltonian of the QD with ground 1  and excited 2 states, whose energy 

difference is
0h , is expressed as follows [25]: 

†

0

†ˆ ˆ ˆ ˆ. ( )QD QDH a a E a a   h                                                                               (9) 

 

where †â is the creation operator of the ground state and â is the annihilation 

operator of the excited state. 

Using the density matrix method and the equation of motion for the density 

matrix operator (
( )

, ( ) ( ),nm
QD nm

t i
H t

t


 


     h

) we present the density 

matrix elements to facilitate the investigation of energy transfer and QD 

behavior [26]: 

21 22 21 12 21 212 2 (( ) ( ) )
d

i
dt


    


                                                   (10) 

 

21
21 21[ ( ) ( )]k R I

d
i i

dt
  


                                                               (11) 

 

where 22 11      indicates the difference between the first two states in the 

QD and 0k     is the difference between the exciton transition and the 

energy of the laser field. I   and R    respectively show the Förster 
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broadening factor of the exciton transition and the energy shift of this transition 

where ( )R Real  and ( )I Imag  . 

Moreover, in this structure, the absorption of the QD due to the transition 

2 1 is calculated through the imaginary part of.
21( )Im  To solve the 

dynamic equations (10) and (11), the fourth-order Rang-Kutta method is used. 
 

3. DISCUSSION AND NUMERICAL RESULTS 

In this part, the effect of NPVO2 in different phases on the optical properties of 

QD in the 
2 2NPVO -QD-NPVO  plexitonic system is studied. The following 

parameters are employed in our calculations: 4a nm  and
1 2 20 R R nm  . 

 is the spontaneous radiative decay [21]. The dielectric constant 

of the background is 2.25b  . Using Mie theory, the absorption cross-section 

for the metallic phase of NPVO2 at 
21 1.08 ( 1140 )eV nm    has a resonant 

peak which indicates the excitation of surface plasmon polaritons. Given that the 

peak of absorption in the metallic phase of NPVO2 is in the infrared region, the 

QD Ag2S, where the excitonic transition 1 2 is located (
21 1.08 eV  ), is 

considered. Silver sulfide (Ag2S) QD is considered as a suitable and remarkable 

candidate for our study. This choice is due to the fact that silver sulfide has been 

experimentally proven to have very interesting absorption properties in the 

infrared (IR) region [23]. In particular, in this region we note the excited 

transition |2〉↔ |1〉, which corresponds to the characteristic resonance energy. 

This resonance energy is specifically detectable with the NPVO2 surface 

plasmon resonance in the metallic phase. 

Fig. 5 shows the imaginary part 
21  which represents the absorption spectra of 

the QD for different phases (different fs where 0f   stand for the 

semiconducting phase and 1f   represents the metallic phase) versus
k . In this 

figure, the radii of the QD and nanoparticles are constant, with the filling 

fraction f changing only with temperature. The figure illustrates two NPVO2, 

which alter both the energy shift and the absorption profile near the energy 

transition. As f  increases, the absorption profile decreases and shifts further, 

and the bandwidth of the absorption spectrum also expands. This behavior can 

be attributed to the interactions between the QD and the nanoparticles, which are 

strongly influenced by the local environment and the thermal dynamics of the 

system. As the temperature rises, the increased filling fraction f  leads to 

enhanced electron-phonon coupling, which in turn modifies the optical 

properties of the hybrid system.  
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Fig. 5. The imaginary part of 

21  indicating the absorption spectra of the QD versus  

k for different f . 

 

To investigate the impact of the nanoparticles on the optical characteristics of 

the QD, Fig. 6 illustrates the imaginary part of 
21  for three cases: (1) two 

NPVO2 located on the two sides of the QD (NPVO2-QD-NPVO2); (2) a hybrid 

system with only one nanoparticle on one side of the QD (NPVO2-QD); (3) a 

single QD. The results indicate that with the presence of two NPVO2 in the 

semiconducting phase, there is a strong coupling as a result of the 

dipole/multipole interaction and that the absorption spectrum owing to the 

induced field which is in phase with the Rabi frequency shows a blue shift.  

In (2) or (3) where a nanoparticle is located on one side of the quantum dot or 

the quantum dot is single and considering that
21( )Im   represents the absorption 

of the system. cases of (2, 3) is in very good agreement with previous work [21] 

that calculated the absorption of NPVO2-QD hybrid system. 
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 Fig. 6. The imaginary part of 

21  versus the tunable exciton frequency and laser field 

energy for the three different states of the presence or absence of NPVO2. 

 

Figure 7 illustrates how temperature changes affect field enhancement in the 

strong-field region. The results indicate significant coupling in the 

semiconducting phase due to dipole/multipole interactions. The field is what the 

QD senses, and it is shown that there is no field enhancement when 0k  . In 

the semiconducting phase, the field enhancement is about 5.5 times in the 

transition energy difference of 1285 ns . As f  increases, the field enhancement 

peak diminishes and energy shifts further. 
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Fig. 7. The field enhancement of the NPVO2-QD-NPVO2 hybrid system based on the 

transition energy difference. 

 

To investigate the behavior of R   when the NPVO2-QD-NPVO2 hybrid 

system is considered, it is plotted in Fig. 8 for different phases versus a 

frequency close to the transition frequency. 
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Fig. 8. The exciton transition energy shift ( R   ) versus the 

k . 

 

The figure shows that as f  increases, the exciton transition energy shift also 

increases, resulting in a blue shift. At 0f  , near the 1 2 transition 

( 1285k ns  ), the lowest exciton transition energy shift occurs. In contrast, 

when f=1 and frequencies are away from the 1 2 resonance, the exciton 

transition energy shift reaches approximately 405 ns⁻¹.  

The effect of phase change as an effective parameter can be shown in the 

broadening of Förster energy. This process is normalized by the exciton 

population in the presence of quantum coherence. Therefore, Fig. 9 shows the 

parameter I   for the strong-field regime. The effect of this parameter is 

expressed in Eq. (12). As f  increases, the Förster -enhanced broadening factor 

due to dipole/multipole also rises, changing from 41 ns⁻¹ to 275 ns⁻¹ as f  shifts 

from 0 to 1, even at frequencies away from resonance. 
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Fig. 9. Forster-enhanced broadening factor ( I   ) according to the tunability of the 

exciton energy transition and the laser field ( 0k  ). 

4. CONCLUSION 

    One method for enhancing the optical characteristics of QDs is to incorporate 

nanoparticles into them. In this approach, the interaction between plasmons and 

excitons leads to changes in the optical properties of the QD. In this study, 

NPVO2 nanoparticles were employed. A notable finding was that with NPVO2 

present on both sides of the QD in the strong-field region, the absorption profile 

altered, resulting in an absorption peak and an energy shift in the resonance 

frequency of the QD. Furthermore, f significantly influenced the increase of the 

plasmonic field, exciton energy transition, and broadening. However, all these 

parameters were nearly zero at the transition frequency. For NPVO2 

nanoparticles, the field increased approximately five-fold at 285 ns-1, indicating 

the excitation of plasmons in this region.  

However, this study demonstrated how varying the temperature of NPVO2 

affects the optical characteristics of the plexitonic system while its physical 

parameters remain unchanged. 
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