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ABSTRACT 

 

The effects of surface plasmon oscillations on the radiative recombination rate and internal quantum 

efficiency of silver coated CdSe/ZnS quantum dots imbedded in quartz matrix is studied theoretically and 

numerically. The analysis is carried out by introducing the local field enhancement factor for the 

description of the dielectric function of the quantum dots together with the modified Drude model for the 

metal-coat that takes into account the effects of interband transitions and the size dependent damping 

parameter. It is found out that the internal quantum efficiency of photoluminescence emission of the metal-

coated CdSe/ZnS quantum dots is enhanced by about 5-folds compared with the quantum dots without 

metal-coat. Moreover, increasing the metal fraction of the coated CdSe/ZnS quantum dots from 0.80 to 

0.92 results in a significant increase of the intensity that is accompanied by a blue-shift of the quantum 

efficiency curves. The results obtained can be utilized in the design and fabrication of optoelectronic 

devices that require high intensity of photoluminescence emission. 
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1. INTRODUCTION 
 

Among the various luminescent materials, semiconductor quantum dot (QD) nanocrystals have 

attracted a great deal of attention because of their size-tunable photoluminescence (PL), high PL 

quantum yields and high photostability [1-3]. In particular, CdSe-based QD nanocrystals are very 

promising materials as optoelectronic devices such as light emitting sources and a biological 

fluorescent devices [4,5]. Despite CdSe-based QDs possesses a number of advantageous 

characteristics over the traditional fluorescent devices, their light emission efficiencies are 

relatively low [3,5]. The most important requirement for a competitive nanostructured light 

emitting device is high quantum efficiency of light emission. Among the parameters that 

describes the light emission efficiency is the internal quantum efficiency ( intη ), which is defined 

as the ratio of radiative recombination rate to the total radiative and non-radiative recombination 

rates. Hence, it is obvious that an increase in intη  can be achieved either by decreasing the 

nonradiative recombination rate ( nrΓ ) or increasing the radiative recombination rate ( rrΓ ). 

 

In CdSe-based QDs, a reduction in nrΓ  is achieved by capping the QDs with wide gapped 

semiconductors such as ZnS and CdS. The carriers generated by the incident radiation are 

strongly localized in the CdSe core in the semiconducting shell. This prevents the carriers from 

being captured in the nonradiative recombination sites [2,6,7]. On the other hand, an increase in 

rrΓ  is achieved via surface plasmon (SP) coupling by coating the CdSe/ZnS structure with noble 

metals such as silver and gold. In metal coated QDs, the electron-hole pairs generated in the QDs 
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couple to electron vibrations at the metal surface when the frequencies of electron-hole pairs in 

the QDs and of the metal SP are similar. Such SP enhancement mechanisms of the 
intη  of QDs 

are reported in many experiments [8-10]. 

 

In this paper, we study the effects of Surface Plasmon on  rrΓ  and  intη  of a system of silver 

coated CdSe/ZnS QDs imbedded in quartz matrix. The analysis is carried out by introducing (i) 

the modified Drude model for the dielectric function of plasmonic metals that takes into account 

(a) the size dependent damping parameter and (b) the effect of interband transitions; and (ii) the 

local electric field enhancement factor for the dielectric function of the semiconductor QDs. The 

system shown in Fig. 1 illustrates the different layers of the silver coated CdSe/ZnS QD. The 

wide gapped ZnS shell passivates the nonradiative recombination sites and the metal coat enables 

SP coupling with the energy gap of the QDs. 

 

 
 

Figure 1. Schematic diagram of the silver coated quantum dot hemisphere.The central portion represents 

the QD, the middle layer is the barrier, and the outer shell is silver. 

 

The paper is tailored as follows. In Section 2, we consider the enhanced rrΓ  in silver coated 

nano-emitters and the competitive nonradiative recombination rate, nrΓ . The theoretical and 

numerical analysis of the surface plasmon enhanced intη  of silver covered nano-emitters is 

carried out in Section 3. The results obtained in the paper are summarized in Section 4. 

 

2. RADIATIVE AND NON-RADIATIVE  RECOMBINATION  RATES 
 

Consider a quantum dot that is irradiated by an incident electromagnetic waves (EMWs). The rate 

of radiative quantum transition rrΓ  from an excited state c  to the ground state v  is described 

by the Fermi’s golden rule [11] )](ˆ[)/2(
2

ωδπ hh −−=Γ vcirr EEcHv , where iĤ  is the 

operator of the interaction Hamiltonian, ωh  is the emitted photon energy, cE  and vE  are the 

energies of the lowest unoccupied molecular orbital (LUMO), and the highest occupied molecular 

orbital (HOMO), respectively. 
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If the QDs size is much smaller than the wavelength of the incident light, then the operator of the 

interaction Hamiltonian may be written as )exp()(ˆˆ tiH i ωω −⋅−= Ed , where d̂  is the operator of 

electric dipole moment and )(ωE  is the amplitude of the electric field of the incident EMW of 

frequency ω . 

 

For CdSe QDs, the supra-linear dependency of the radiative recombination rate on the emission 

frequency  ω  obtained using the Fermi's golden rule [12] is given by 

3
1 d

rr
r

C

Θ+
=Γ

ω
,         (1) 

where C  is a constant, ( ) )6/(/*2
2/32 πhTkm B=Θ , h  is the Planck's constant, Bk  is the 

Boltzmann's constant, T  is the temperature, *m  is the hole effective mass, and dr  is the radius of 

a QD. 

 

For metal coated QDs the local field, LE , is given by )()()( ωωω EFEL = , where )(ωF  is the 

enhancement factor. In particular, for spherical metal coated QDs in a dielectric matrix, the 

enhancement factor takes the form [13] 

∆
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Here 
3)/(1 md rrp −= , hdmm q εεεε ++=∆ 2

, and hd ppq εε )1/3(]1)2/(3[ −+−= , where p  

is the metal fraction, dr  is the radius of the QD, mr  is the radius of the QD/ZnS/metal-coat 

structure, and md εε , , and hε  are the dielectric functions of the QD, metal coat, and host matrix; 

respectively. For the sake of simplicity, we chose dε  and hε  to be frequency independent 

constants. 

 

In addition, the frequency dependent dielectric function of plasmonic metals based on a critical 

point analysis of the actual metal band structure was discussed by D. Rioux, et al [14]. 

Accordingly, we choose mε  to have the modified Drude form given by 
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Here, ∞ε  is some real constant, pω  is the plasma frequency of the metal, γ  is the decay constant 

of plasma vibrations, 1cpε , and 2cpε  are the interband contributions to the dielectric function of 

plasmonic metals at the M1 and M2 critical points of the metal band structure, respectively (with 

11101 ,,, Ag γωω  are the X symmetry point threshold transition frequency, gap frequency, plasma 

broadening factor, and amplitude parameter, respectively, and 2202 ,, Aγω  are the L symmetry 

point threshold transition frequency, plasma broadening factor, and amplitude parameter; 

respectively). Typical values of these parameters for silver are shown in Table 1. Moreover, for 

small metal particles of size comparable to or smaller than the mean free path of conduction 

electrons, γ  is a function of the particle radius, a [15,16]. That is, 

a

v
A F

bulk += γγ ,        (4) 
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where bulkγ  is the bulk decay constant of plasma vibrations, Fv  is the velocity of the electrons at 

the Fermi surface, and A  is a parameter which depends on the details of the scattering process 

[17,18]. 

 
Table 1.  Typical values of the parameters that accounts the interband contribution to the dielectric function 

of silver nanostructure. [14] 

 

1gω (eV) 
01ω (eV) 

02ω (eV) 1γ (eV) 2γ (eV) 1A  2A  

4.0575 4.1655 0.0224 0.0177 0.1882 51.2170 30.770 

 

Taking into account of the enhanced local electric field described by Eq. (2), the rate of radiative 

quantum transition rrΓ  in the metal coated QDs takes the following form: 
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where the square of the enhancement factor 
2

)(ωF  that can be obtained from Eq. (2) is given by 
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Here m'ε  and m''ε  are the real and imaginary parts of mε  defined by (3). From Eq. (5), it is 

obvious that for 1)(
2

>>ωF , the rate of radiative quantum transitions in metal coated QDs is 

considerably enhanced compared to the un-coated ones. 

 

For a system where the space between the QDs in the system is sufficiently large, all other 

interactions may be neglected so that radiative recombination occurs only between states within 

individual QDs. Consequently, applying the WKB approximation in the high potential barrier limit 

[19], the non-radiative recombination rate 
nrΓ  is found to be 

 
E

nr e
α

0Γ=Γ ,         (7) 

 

where )2exp( 00 Vk α−=Γ , )/(*2 2

0hl Vm=α , E  is the PL energy, k  is the proportionality 

constant, 0V  is the potential height of the barrier, l  is the thickness of the barrier, and *m  is the 

effective mass of electrons or holes in the barrier. 
 

Table 2.  Typical values for the parameters of the QD/metal structure. [20,21] 

 

0V (eV) pω (eV) bulkγ (eV) hε  dε  ∞ε  Fv (m/s) A  

1.30 8.5546 0.0224 3.80 6.10 1.74 1.4 x 106 1 
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3. PLASMON ENHANCED INTERNAL QUANTUM EFFICIENCY 
 

The frequency dependent intη  is given by  

)()(

)(
)(int

ωω

ω
ωη

nrrr

rr

Γ+Γ

Γ
= .        (8) 

Substituting Eqs. (1) and (7) into Eq. (8), we obtain intη  of the QDs without metal coat 

ω

ω
ωη

βω +Θ+Ω
=

erd )1(
)(

3int ,       (9) 

where hαβ =  and  is the ratio of 0Γ  to rrΓ . 
 

Similarly, substituting Eqs. (5) and (7) into Eq. (8) and manipulating using Eq. (9), we obtain the 

internal quantum efficiency of the metal coated QDs, )(~
int ωη , in terms of )(int ωη  to be 

( ) 11)()(
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2
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2
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ωωη

ωωη
ωη

F

F
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Equation (10) shows that for 1)(
2

>>ωF , )(~
int ωη  of metal coated QDs is considerably 

enhanced compared with the QDs without metal coat. It is worth noting that, to the best of our 

knowledge, Eq. (10) is a new equation which introduces the local field enhancement factor for 

CdSe/ZnS QDs together with the modified Drude model for the metal coat that takes into account 

the effect of interband transitions and the size dependent damping parameter. Below, we analyze 

numerically the intη  of the CdSe/ZnS QDs with and without metal coats as a function of the 

emission frequency, for typical parameters of the nanostructure. 
 

 
 

Figure 2. The intη  of the uncoated CdSe/ZnS QDs versus the emission energy ( ωh ) for three values of 

the barrier height 0V  and barrier thickness l , 021.0=Ω , emm 13.0* = , and KT 300= .  

 

The internal quantum efficiency of the CdSe/ZnS QDs without metal coat versus the emission 

energy is shown in Fig.2, for three different values of barrier height 0V  and barrier thickness l . 

It is observed that as the barrier as the barrier height is increased with a corresponding decrease in 
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the barrier thickness, )(int ωη  is increased. Moreover, the peak of )(int ωη  curves is accompanied 

by slight blue shift with an increase in the barrier height. The blue shift is mainly associated with 

increased quantum confinement energy as a result of a decrease in the size of the QDs. 
 

Figure 3 shows the plasmon enhanced 
int

~η  versus the emission energy for silver coated 

CdSe/ZnS QDs imbedded in quartz matrix. A significant enhancement of 
int

~η  of the silver coated 

CdSe/ZnS QDs is observed compared with the QDs without a metal coat. For instance, 

comparison of curves c in Figs.2 and 3 show that 
int

~η  of the silver coated CdSe/ZnS QDs is about 

5-folds greater than that of the QDs without a metal coat. This significant enhancement is mainly 

attributed to strong coupling of surface plasmons oscillations with the frequency of the radiative 

transitions of the generated electron-hole pairs. 

 

 
Figure 3. Plasmon enhanced int

~η  versus the emission energy for silver coated CdSe/ZnS QDs imbedded in 

quartz matrix for three resonant values of dr  and mr ; using the parameters of Fig.2 and those shown in 

Tables 1 and 2. 

 

Moreover, unlike that of the QDs without metal coat, the int
~η  curves of the metal coated QDs 

have two sets of peaks, i.e., the first set of peaks for energies below 2.4 eV and the second set of 

peaks for energies above 3.3 eV; as shown in Fig.3. The first peaks are due to the core CdSe dots 

and the second peaks are due to the interaction between the ZnS shell and the host matrix. The 

appearance of the second set of peaks is because of the silver coat which resulted in significant 

enhancement of the radiative recombination in the dots. It is observed that the first set of peaks 

are blue shifted with a decrease of the size of the QDs. When the metal fraction p increases, the 

size of QD decreases, which in turn increases the energy gap of the QD. This increase in energy 

gap of the QDs approach the surface plasmon energy of the coated metals; however, since the 

surface plasmon energy is still higher than the energy gap of the QDs, it results to an increased 

blue shift in the int
~η  curves. This phenomena is illustrated in Fig.3 which shows that an increase 

in the metal fraction from 0.80 to 0.92 results to a clear blue shift in the int
~η  curves; the blue shift 

being more apparent with an increased rrΓ
~

 associated with stronger coupling between the energy 

gap of the emitter and the surface plasmon energy of silver. On the other hand, the second set of 



 

 

 

 

International Journal of Recent advances in Physics (IJRAP) Vol.5, No.2, May 2016 
 

23 

 

peaks are red shifted with an increase in the metal fraction, p, with the maxima of the second set 

of peaks becoming more pronounced with increasing metal fraction. 
 

4. CONCLUSIONS 
 

In this paper we studied the plasmon enhanced 
intη  of PL emission of CdSe/ZnS QDs with and 

without the metal coat. It is shown that when QDs are coated with silver, the local field enhances 

remarkably, resulting to appreciably increase the rrΓ  and PL intensity. This enhancement is 

mainly attributed to the strong coupling of the surface plasmons oscillations of the silver with the 

energy gap of the CdSe/ZnS QDs. 

 

It is found out that the )(~
int ωη  and the corresponding PL emission is increased significantly by 

increasing the metal fraction p of the QDs. In particular, for p = 0.92, the )(~
int ωη  increases by 

about 5-folds with respect to the QDs without a metal coat. Also, it is shown that the 
intη  of the 

plasmon coupled QDs increases significantly possessing two sets of peaks compared with the 

QDs without metal coat. 

 

It may be noted that with appropriate choice of the metal fraction, size of QDs, the potential 

height of the barrier and frequency of the incident light, one can achieve optimum PL intensity 
from metal coated QDs. We claim that the results obtained in this paper can potentially be 

employed in the design and fabrication of noble metal coated QDs for application in 

optoelectronic devices that require high quantum efficiency of PL emission. 
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