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1. Introduction

The research area of nanoplsmonics, based on metal nanopar-
ticles (MNPs), bridges the gap between optics and nanoelec-
tonics by enabling the confinement of light, which possesses 
a relatively large free space wavelength (λ), to the nanometer 

scale. This enables a plethora of possibilities for novel nanode-
vices and applications [1]. Such confinement is enabled by 
the signature optical response of the MNPs, known as the 
localized surface plasmon resonance (LSPR). LSPR results 
from the collective oscillation of free electrons in a plasmonic 
material, when illuminated with resonant electromagnetic 
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Abstract
Recently, many have studied various configurations of metal nanoparticle-quantum dot 
(MNP-QD) hybrid molecules based on different metals and tunable parameters. In this 
paper, we aim to incite the interest in using MNP-QD nanohybrids, which possess sensing 
capabilities superior to those of the individual constituents, for sensing applications that rely 
on scattered light. When assessing whether a given MNP-QD configuration is suited for an 
application, sometimes it is hard to assess the pros and cons of a given configuration against 
other candidates. Here we propose a simple, elegant relative figure of merit (RFoM), which 
focuses on maximizing the scattered intensity and the refractive index sensitivity of the 
nanohybrid, to rank the suitability of viable MNP-QD configurations for a particular sensing 
application. We use the proposed RFoM to analyse the optical spectra of noble, transition, post 
transition and alkali metal based MNP-QD nanohybrids using the representative metals Au, 
Ag, Cu, Al and Na, adopting a generalized nonlocal optical response (GNOR) method based 
cavity QED approach. Based on our observations, we suggest how the usage of MNP-QD 
nanohybrids could improve the conventionally studied tumour targeting applications. 
Moreover, we propose potential substitutes for noble metals conventionally considered for 
MNP-QD nanohybrids.

Keywords: metal nanoparticle, quantum dot, nanoplasmonics, cavity QED, nonlocal response

(Some figures may appear in colour only in the online journal)

H Hapuarachchi et al

Optoelectronic figure of merit of a metal nanoparticle—quantum dot (MNP-QD) hybrid molecule for assessing its suitability for sensing applications

Printed in the UK

054006

JCOMEL

© 2018 IOP Publishing Ltd

30

J. Phys.: Condens. Matter

CM

10.1088/1361-648X/aaa46d

Paper

5

Journal of Physics: Condensed Matter

IOP

2018

1361-648X

1361-648X/18/054006+10$33.00

https://doi.org/10.1088/1361-648X/aaa46dJ. Phys.: Condens. Matter 30 (2018) 054006 (10pp)

https://orcid.org/0000-0003-0668-4725
https://orcid.org/0000-0001-8899-3323
https://orcid.org/0000-0002-6568-738X
https://orcid.org/0000-0002-2419-4431
mailto:harini.hapuarachchi@monash.edu
mailto:malin.premaratne@monash.edu
http://crossmark.crossref.org/dialog/?doi=10.1088/1361-648X/aaa46d&domain=pdf&date_stamp=2018-01-11
publisher-id
doi
https://doi.org/10.1088/1361-648X/aaa46d


H Hapuarachchi et al

2

radiation [2–4]. Metals are often regarded as the materials of 
choice for applications related to surface plasmons (SPs) due 
to their abundance of free electrons [1].

Conventional plasmonic sensors, which are mostly based 
on the wavelength shifts of the localized surface plasmon res-
onance (LSPR) due to changes in the refractive index of the 
submerging medium [5], have been studied for various appli-
cations such as nanoscale bio-sensing [6, 7].

Fluorescent semiconductor nanocrystals (or quantum 
dots) have gained considerable interest from researchers 
over the past two decades in areas ranging from electronic 
materials science to biological applications [8]. The dis-
tinct advantages of quantum dots (QDs) over conventional 
organic dyes (such as rhodamine) in sensing applications, 
such as greater brightness, greater stability with respect to 
photobleaching and narrower spectral line-widths, have been 
highlighted in literature [9].

The fano-like scattering spectra resulting from the 
MNP-QD interaction was experimentally demonstrated for 
the first time by Hartsfield et al [10] who suggested the use of 
the observed phenomenon in an orientation sensor. However, 
todate, MNP-QD hybrid molecules have received much less 
attention as sensors [5, 10] compared to MNPs and QDs. In 
this paper, we highlight their superiority and versatility com-
pared to the individual constituents which make them better 
candidates for sensing and detection related applications.

The strong electric field localization due to LSPRs can sig-
nificantly enhance the interactions of MNPs with QDs [11]. 
When a QD is kept in the vicinity of an MNP as depicted 
in figure  1, a dipole–dipole coupling occurs between the 
two nanoparticles, resulting in a single hybrid molecule like 
behaviour, which gives rise to a fano-like interference pattern 
(depicted in the right insert of figure 1) [12]. This fano-like 
interference pattern spectrally aligns with the excitonic reso-
nance of the QD, and is prominent when the external field 
polarization lies along the axis connecting the MNP centre 
with the QD (parallel polarization) [10].

Using our analytical and numerical studies, we show that 
the scattered intensity of the nanohybrid can exceed that for 
both the isolated MNP and QD, in the vicinity of the QD 
resonance frequency. This enhancement is prominent under 
parallel polarization conditions, rendering the nanohybrid 
more suitable for sensing applications than the individual 
constituents.

In this paper, we incite the interest in using MNP-QD 
hybrids based on different plasmonic materials for sensing 
applications that rely on scattered light. We analyse the scat-
tered intensity spectra of the conventional noble metal based 
nanohybrids, as well as the spectra of nanohybrids comprising 
of other metals which could be cheaper and more versatile 
alternatives.

The fano-like spectrum of a MNP-QD hybrid molecule is 
highly tunable using properties such as the composition and 
the sizes of the constituents, MNP-QD distance, QD dipole 
moment, MNP and QD damping rates and the surrounding 

medium. Due to this high tunability, a given MNP-QD based 
sensing application possesses a large number of eligible 
MNP-QD configurations. However, the lack of a simple way 
to compare one MNP-QD configuration against another con-
sidering the fano-like spectra makes it difficult to rank viable 
substitutes for optimal selection. We aim to fill this void by 
proposing a metric that aids to rank configurations in the 
order of their scattering prowess/suitability for a given sensing 
application. For the purpose of comparison of a given set of 
nanohybrid spectra, we introduce a simple but elegant rela-
tive figure of merit (RFoM) which simultaneously takes into 
account the maximum scattered intensity and the refractive 
index sensitivity of the nanohybrid.

To illustrate the proposed RFoM concept, we analyse the 
dipole response spectra of a single MNP-QD hybrid mol-
ecule using the generalized nonlocal optical response method 
(GNOR) based cavity QED approach, which successfully 
captures phenomena such as MNP size dependent LSPR 
shifts that are not revealed by the conventional local response 
approximation based methods [12].

We analyze the scattered intensity spectra of MNP-QD 
hybrid molecules based on noble, transition, post transition 
and alkali metals with Au, Ag, Cu, Al and Na as representative 
plasmonic materials, using the outlined GNOR based cavity 
QED approach and the proposed RFoM. Moreover, we sug-
gest how the usage of MNP-QD nanohybrids could even find 
applications in nonconventional areas such as nanoparticle 
based tumour targeting.

Finally, based on our observations, we suggest potential 
substitutes for noble metals commonly found in MNP-QD 
nanohybrid based applications.

Figure 1. Schematic diagram of the MNP-QD hybrid molecule 
driven by an external electric field Edrive submerged in a bath of 
relative permittivity εb. The MNP is a non-magnetic dielectric 
sphere with complex relative permittivity εm and radius rm. The 
centre-to-centre separation of the MNP and QD is R and they 
posses dipole moments dm and dqd. The MNP and QD undergo 
dipole–dipole coupling resulting in a fano-like spectrum (depicted 
in the right insert) which is tunable using MNP-QD parameters. 
Spectra resulting from various MNP-QD configurations can be 
ranked using the relative figure of merit (RFoM) proposed in this 
paper.

J. Phys.: Condens. Matter 30 (2018) 054006



H Hapuarachchi et al

3

2. Overview and importance of different plasmonic 
materials

The plasmonic material used in a MNP-QD hybrid molecule 
plays a vital role in determining its spectrum. We start with a 
brief overview of plasmonic materials used for the nanohy-
brids considered in this paper, to get a glimpse of their suit-
ability in different applications.

Due to their large plasma frequencies and high free elec-
tron density, metals are often regarded the materials of choice 
for plasmonics [1]. The two noble metals, silver (Ag) and gold 
(Au), are the two most commonly used plasmonic materials 
among metals as they have relatively low losses in the visible 
and NIR ranges [1] and relatively low resistivities (hence high 
conductivities) [13].

Au is considered the material of choice at lower NIR 
frequencies due to its mechanical properties, ease of imple-
mentation and very high resistance against oxidation by the 
common surrounding medium [14]. Researchers are just 
beginning to fully realize the vast range of medical diagnostic 
and therapeutic capabilities of Au nanoparticle (AuNP) 
based devices in applications such as cancer imaging and 
therapy [15]. Due to their potentially noncytotoxic and facile 
immunotargeting capabilities and nonsusceptibility to pho-
tobleaching or chemical/thermal denaturation, colloidal gold 
nanoparticles have recently been given a high research focus 
as alternatives for dyes and contrast agents used in in vivo 
imaging procedures [16].

Ag is more efficient than Au as a plasmonic material [14] as 
it possesses a larger plasmonic field enhancement factor over 
the visible and NIR wavelength range [17]. It has been amply 
studied and experimented with for various optoelectronic 
nano devices such as spasers [18], real-time nano optical sen-
sors [19], nanoantennas [20] and solar cells [21]. Moreover, 
Ag nanoparticles (AgNPs) are being extensively investigated 
for their therapeutic and diagnostic capabilities [22].

For the existence of LSPRs, a metal needs to possess 
small Im [εm(ω)] with Re [εm(ω)] ∈ R−, where εm(ω) denotes 
its di electric function and ω denotes the frequency of the 
incoming radiation [23, 24]. Although it is well established 
that LSPRs that can be tuned throughout the UV to NIR 
regions are spanned by noble metal nanoplarticles such as 
Ag and Au [25, 26], a number of other metals (such as Cu, 
Al, Na) possess the ability to satisfy the above requirement 
at least partially [1]. Therefore, they can span LSPRs for 
at least a part of the UV to NIR region [27]. However, they 
have received much less attention compared to Ag and Au in 
plasmonic applications as some of them are unstable (highly 
reactive) hence difficult to work with [28], or prone to sur-
face oxidation that can significantly affect the optical proper-
ties [1, 27]. However, they could be better suited for certain 
applications than Ag and Au due to their desirable properties 
and lower cost. Thus various methods of protection against 
these challenges (e.g. oxidation), such as embedding nano-
particles in different media [27, 29] are being investigated by 

researchers. These studies directly motivate the investigation 
of such metals to learn and harness their plasmonic abilities.

Copper (Cu), which is a transition metal, is the most com-
monly used metal in a plethora of electronic applications 
owing to its high conductivity and low cost. It possesses the 
second-best conductivity among metals (next to Ag). The 
imaginary part of the dielectric function of Cu is comparable 
to that of Au from 600–750 nm [1]. Different approaches of 
versatile protection against oxidation have been successfully 
demonstrated using Cu nanoparticles (CuNPs) which hold 
promise for the potential use of CuNPs to replace the more 
expensive AgNPs and AuNPs [1, 27].

Aluminium (Al), which is a post transition metal, is a 
cheap and abundant metal compared to noble metals such as 
Ag and Au. Al shows a reasonably strong interband transition 
localized in a narrow range of energy around 1.5 eV (800 nm) 
which causes a large imaginary dielectric function resulting 
in high losses in the visible wavelength range [1, 30]. In the 
ultra-violet wavelength range, the real part of the dielectric 
function of Al is negative and the imaginary part is relatively 
low, even at wavelengths smaller than 200 nm. Therefore, 
Al behaves as a better plasmonic material than both Au and 
Ag in the blue and UV ranges. Therefore, Al nanoparticles 
(AlNPs) are expected to support LSPRs with high optical 
cross sections tunable over a wide range of energy, deep into 
the UV [31].

The high reactivity of alkali metals in atmospheric condi-
tions has resulted in a very limited amount of experimental 
attention [29, 32] towards them despite of the availability 
of some theoretical examinations of their LSPRs [28, 33]. 
However, some alkali metals such as sodium (Na) have shown 
losses much smaller than those of Ag (which is the material 
of choice for many plasmonic applications), giving rise to 
comparatively better plasmonic properties [34]. Moreover, 
Na and K nanoshells have shown high absorption efficien-
cies over both Ag and Au nanoshells (up to 86% increase over 
Au and 240% increase over Ag) [28], suggesting that further 
investigation of their abilities as plasmonic materials may be 
worth the additional inconveniences of handling these reactive 
metals. Therefore, alkali metal based nano devices, protected 
using inactive environments, should be investigated for their 
potential to replace conventional metals in plasmonic applica-
tions requiring higher efficiencies.

Even though we discussed the plasmonic properties of our 
selected materials above, the plasmonic behaviour solely is 
insufficient to describe the suitability/goodness of spectra 
resulting from MNP-QD hybrids comprising of these mat-
erials due to the complexity of the response. As it would 
become evident in our results section, QD also plays a major 
role in determining the fano-like interference pattern. Thus a 
method of assessing the goodness of the MNP-QD spectrum 
is needed. In the next section, we introduce our RFoM and 
then outline the GNOR based cavity QED model used in the 
subsequent numerical results section to analyse nanohybrids 
based on the above different plasmonic materials.

J. Phys.: Condens. Matter 30 (2018) 054006
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3. Formalism

3.1. Proposed RFoM for the MNP-QD nanohybrid

Although various figures of merit (FoMs) appear in literature 
to assess the performance of the MNPs [7, 24], a FoM usable 
to compare the fano-like spectra of the MNP-QD nanohy-
brids is yet unavailable. When designing sensors using highly 
tunable entities, it is vital to have a method to select the best 
candidate out of a set of different configurations usable for a 
given application.

For the purpose of the comparison of scattered intensity 
spectra resulting from a set of candidate MNP-QD nanohy-
brid configurations for a given sensing application, we intro-
duce an RFoM which focuses on maximizing the scattered 
intensity (near MNP and QD resonances where the MNP and 
QD have a small detuning from each other) and the refrac-
tive index sensitivity of the nanohybrid. We build the RFoM 
as follows: suppose a set of n fano-like MNP-QD scattered 
intensity spectra for n different MNP-QD configurations that 
we aim to compare against each other are contained in the set 
SI = {I1(ω), I2(ω), ..., Ii(ω), ...In(ω)}, where each scattered 
intensity curve Ii(ω) is a function of the angular frequency ω. 
Similarly, let the corresponding isolated MNP scattered inten-
sity spectra (in the absence of the QD) be denoted by the set 
SM = {M1(ω), M2(ω), ..., Mi(ω), ...Mn(ω)}. We define a nor-
malizer for this set as; ‖I‖ = max{[max(Ii(ω))]i=1,...,n} which 
is the maximum out of the maximum intensity values of all 
spectra in the set SI.

Using the defined normalizer, we obtain the two nor malized 
sets, (SI)N = {IN1(ω), IN2(ω), ..., INi(ω), ...INn(ω)} and 
(SM)N = {MN1(ω), MN2(ω), ..., MNi(ω), ...MNn(ω)} where the ith  
normalized nanohybrid spectrum is denoted by 
INi(ω) = Ii(ω)/‖I‖ and the ith normalized isolated MNP 
spectrum is denoted by MNi(ω) = Mi(ω)/‖I‖, respectively. 
Let the height of the kink in the normalized fano-like curve 
INi(ω) caused by the quantum dot’s interference (in the 
vicinity of the QD resonance frequency) be denoted by hNi.

For each MNi(ω), let the two angular frequency values 
corresponding to MNi(ω) = MNi(ωm)/2 (where ωm is the 
MNP resonance frequency) be denoted by ω1i and ω2i, where 
ω1i < ω2i. We define the full width at half maximum (FWHMi) 
of the spectrum MNi(ω) as, FWHMi = ω2i − ω1i. Using the 
above definitions, we define the RFoM for the ith fano-like 
spectrum as

RFoMi = Ai/FWHMi + hi, (1)

where Ai =
∫ ω2i

ω1i
MNi(ω)dω. The components of RFoMi are 

graphically illustrated in figure 2.
RFoMi is a measure of the scattered intensity within 

FWHMi, with Ai/FWHMi being representative of the 
MNP’s scattered intensity and hi being representative of 
the QD’s scattered intensity. We can form a set of RFoMs, 
SRFoM = {RFoM1, RFoM2, ..., RFoMi, ..., RFoMn}, the ele-
ments of which correspond to, and can be used to compare 
the set of n different MNP-QD configurations of our interest. 

A higher RFoMi value suggests a better suitability of one con-
figuration over another, for the application considered.

The mathematically defined RFoMi is intuitive, and the 
rationale behind it is as follows; we consider the area under 
the FWHMi of the isolated MNP, as we are concerned of 
the near-resonant behaviour of the nanohybrid. Division by 
FWHMi (of the MNP) is carried out on the basis that a narrow 
MNP spectrum is preferred for higher refractive index sen-
sitivity [35]. Large Ai/FWHMi values therefore ensure easy 
detection of submerging refractive index changes at high reso-
lution, by tracking the MNP resonance point. A tall kink (high 
hi value) shows a high level of enhancement of the QD scat-
tering spectrum in the presence of the MNP making the nano-
hybrid easily detectible at the QD resonance which would be 
useful in applications such as tumour imaging, especially at 
parallel polarization conditions. We consider only the single 
value, kink height, instead of the area here as the QD spectrum 
is much narrower than the MNP spectrum [9].

We observed that the suggested metric gives a meaningful 
result for a known special case which compares the scattered 
intensities of isolated Au and Ag spheres (when QDs are not 
turned on). It ranked the performance of the Ag sphere above 
Au, agreeing with the widely accepted MNP figure of merit 
indicators [24].

In this paper, we use this relative measure as the primary 
metric for comparing MNP-QD hybrids comprising of dif-
ferent types of metals. However, it can be used to compare 
many other variants of MNP-QD hybrids as it will be demon-
strated in our results and discussion section. In the following 
section, we outline the GNOR based cavity QED model we 
use to demonstrate the proposed FoM.

Figure 2. Illustration of the parameters used in the proposed 
relative figure of merit of the ith candidate MNP-QD configuration 
(RFoMi) given by equation (1). Here we illustrate the calculation of 
RFoM for a set comprising of two configurations for demonstration 
purposes. Plots are normalized by the maximum intensity in the set. 
For a given normalized configuration, FWHMi stands for the full 
width at half maximum of the relevant (normalized) isolated MNP 
curve MNi. Ai depicts the area of the isolated MNP curve falling 
within FWHM, whereas hi depicts the maximum kink height of 
the normalized nanohybrid spectrum INi in the vicinity of the QD 
resonance frequency.

J. Phys.: Condens. Matter 30 (2018) 054006
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3.2. Estimation of RFoM using GNOR based CQED  
approach

The MNP-QD hybrid molecule of our concern takes the form 
depicted in figure 1. It comprises of a spherical, non-magnetic 
MNP of radius rm coupled to a QD of negligible radius rqd 
with a given detuning from the surface plasmon resonance 
frequency of the MNP. The dielectric response of the MNP 
is denoted by εm(ω). The hybrid molecule is embedded in 
a homogenous dielectric bath with a real positive relative 
permit tivity εb. The resonance frequencies of the MNP and QD 
are denoted by ωm and ωqd , respectively. The centre-to-centre 
separation between the MNP and QD is R, with a surface 
separation greater than 2 × 10−9 m allowing no direct tun-
neling [36]. Thermal effects [37] are assumed to be negligible 
in the model. An external electric field Edrive = E0e−iωt + c.c. 
(where E0 is the field amplitude, c.c. denotes the complex con-
jugate of the preceding expression, i is the imaginary unit and 
ω is the angular frequency) is incident on the hybrid molecule, 
allowing a dipole–dipole coupling between the MNP and the 
QD. All distances within the system are assumed to be small 
enough for the retardation effects to be ignored and the quasi-
static approximation is used [12].

We model our QD as a two level quantum emitter with 
a dipole moment operator element µqd  and state lowering 
operator σ̂. The dipole response electric field operator of the 
MNP Êm  is approximated by a ring cavity mode [36] with 
an amplitude coefficient, E, and its positive frequency comp-
onent relates to the plasmon field annihilation operator â as 
Ê+

m ≈ iE â. Note that σ̂, â and Ê+
m  here denote operators in 

the Schrödinger picture, the expectation values of which cor-
respond to the slowly varying amplitudes of the expectation 
values of the corresponding interaction picture operators.

The MNP-QD hybrid system couples with the environ-
ment forming an open quantum system with irreversible 
dynamics. This interaction is modelled as a Markovian pro-
cess using the master equation for the interaction picture den-
sity operator ρ̂  as

∂

∂t
ρ̂ =

i
�
[
ρ̂, ĤInt

sys

]
+ L̂qd + L̂m, (2)

where the Liouvillian terms L̂qd  and L̂m are given by  
L̂qd =

γqd

2

(
2σ̂ρ̂σ̂† − σ̂†σ̂ρ̂− ρ̂σ̂†σ̂

)
 and L̂m = γm

2

(
2âρ̂â†− 

â†âρ̂− ρ̂â†â
)
, where γqd  and γm  are the decay rates for the 

QD exciton and the MNP surface plasmon, respectively 
[38, 39]. The reduced Planck constant is denoted by �. The 
MNP decay rate is denoted by γm ≈ 2ηIm [εm(ωm)], where 
η = ((d/dω)Re [εm(ω)])

−1
ω=ωm

 [24, 36].
Let ∆m = (ωm − ω) and ∆qd = (ωqd − ω) denote the 

two detunings of the MNP and QD with ω, the angular 
frequency of the incident field Edrive, respectively. The 
MNP-QD coupling is denoted by g = µqdE

/
�  whereas 

d̂qd = µqd
(
σ̂ + σ̂†) and d̂m = µ∗

mâ + µmâ† denote the dipole 
moment operators of the MNP and QD respectively, with 
µqd ∈ R+ and µm being the respective QD and MNP dipole 
moment elements. Using these definitions, the system 
Hamiltonian in the interaction picture can be obtained as, 

ĤInt
sys = �∆mâ†â + �∆qdσ̂

†σ̂ + i�g(â†σ̂ − âσ̂†)− E0

(
d̂m + d̂qd

)
 

[12].
We solve the system for weak fields where the excitonic 

populations are minute (〈σ̂†σ̂〉 � 1) and obtain the steady 
state operator expectation values as [12]

〈â〉 ≈
MmDqd + gMqd

DmDqd + g2 , (3)

〈σ̂〉 ≈
MqdDm − gMm

DmDqd + g2 , (4)

where Dm =
(
i∆m + γm

/
2
)
, Mm = iµmE0

/
�, Dqd =

(
i∆qd + γqd

/
2
)
  

and Mqd = iµqdE0
/
�.

A given material should satisfy the condition 
Re [εm(ω)] ∈ R− [23] for the existence of surface plas-
mons and it shows good plasmonic properties when 
Im [εm(ω)] � −Re [εm(ω)] [24] with the plasmonic losses 
being minimum. In this study, we pick the environmental 
permit tivity such that the plasmonic peak of each metal lies in 
a minimal loss wavelength range, where it maximally satisfies 
the good plasmonic conditions.

We take nonlocal effects into account by modeling the 
dipolar polarizability of the MNP using the GNOR based 
approach as [40]

αNL = 4πr3
m
εm(ω)− εb(1 + δNL)

εm(ω) + 2εb(1 + δNL)
. (5)

The nonlocal correction δNL is given by

δNL =
εm(ω)− εcore(ω)

εcore(ω)

j1(kLrm)

kLrmj′1(kLrm)
, (6)

where the spherical Bessel function of the first kind of angular-
momentum order 1 is denoted by j1 with j′1 being its first order 
differential with respect to the argument. The response of the 
bound electrons of the MNP is denoted by εcore [40]. The lon-
gitudinal wave vector k2

L = εm(ω)/ξ
2
GNOR (ω) where

ξ2
GNOR(ω) =

εcore(ω)
[
κ2 + D (γ − iω)

]
ω (ω + iγ)

. (7)

The diffusion parameter of the GNOR model is 
D = 4γv2

f

/
15

(
ω2 + γ2

)
, κ2 =

(
3
/

5
)

v2
F  for ω � γ  and vF is 

the Fermi velocity and γ denotes the bulk damping rate [40].
We define an orientation parameter sα such that sα = 2(−1) 

when the external field polarization is parallel(perpendicular) 
to the axis connecting the centres of the MNP and QD. For good 
plasmonic materials when Re(1 + δNL) � |Im(1 + δNL)|, 
polarizability can be approximated by a complex Lorentzian 
resulting in [12],

E ≈ sα
R3

√
3�ηr3

mRe(1 + δNL)

4πε0
, (8)

µm ≈ −iεb

√
12πε0ηr3

m�Re(1 + δNL), (9)

where ε0 represents vacuum permittivity. The condition 
Re(1 + δNL) � |Im(1 + δNL)| is readily satisfied by all five 
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metals in their selected good plasmonic frequency regions. 
When δNL → 0 the relevant quantities in the conventional 
local response approximation can be retrieved.

To assess the performance of the nanohybrid, we calcu-
late elastic Rayleigh scattering which is dominant for small 
objects in the weak field limit as

I ∝ |µqd〈σ̂〉+ µ∗
m〈â〉|

2. (10)

Let the coherent scattered intensities of the isolated 
MNP and QD be denoted by M and Q respectively where 
M ∝ |µ∗

m〈â〉m|2 and Q ∝ |µqd〈σ̂〉qd|2 where 〈â〉m = Mm/Dm 
and 〈σ̂〉qd = Mqd/Dqd  are the expected values of the plasmon 
annihilation and QD lowering operators of the isolated MNP 
and QD respectively.

4. Results and discussion

In this section, we numerically analyse and discuss the behav-
iour of hybrid nanoparticles made of different plasmonic mat-
erials with the aid of results generated using the GNOR based 
cavity QED model we presented earlier. Unless specified 
otherwise, the following parameters are used in the numer-
ical analysis: incident field amplitude of 100 V m−1, sα = 2 
(parallel polarization), MNP-QD detuning of 20 meV, R = 15 
nm, rm  =  8 nm, εb = 6.5, γqd = 50 meV and µqd = 33.62 D. 
The bulk damping rates (γ) are: 0.071 eV, 0.025 eV, 0.07 eV, 
0.6 eV and 0.16 eV [1, 40] and the Fermi velocities are 1.39  ×   
106 m s−1, 1.39 × 106 m s−1, 1.57 × 106 m s−1, 2.03 × 106 m s−1  
and 1.07 × 106 m s−1 [40, 41] for Au, Ag, Cu, Al and Na, 
respectively. The experimental permittivities for Au, Ag and 
Cu are obtained from [42] whereas Al and Na permittivities 
are from [43] and [44], respectively.

We first confirm the suitability of MNP-QD nanohybrids 
for sensing application over the individual constituents using 
figure 3. It can be clearly seen that, although the scattering 
intensity of the isolated QD is much smaller compared to the 
MNP, it is sufficient to dramatically modify the scattering 

spectrum of the nanohybrid. This modification produces an 
enhanced scattered intensity at the frequency of the exci-
tonic transition, rendering MNP-QD nanohybrids superior 
to conventional QD only sensors. When the polarization of 
the incoming field aligns with the axis connecting the MNP 
and QD centres, the scattered intensity at the QD resonance 
was often observed to exceed both isolated MNP and isolated 
QD peak intensities. Moreover, the plasmonic peak of the 
nanohybrid spectrum is sensitive to the changes of the permit-
tivity of the surrounding dielectric medium, hence the detec-
tion of shifts of the plasmonic peak reveals information about 
the composition of the submerging medium. Therefore we 
believe that MNP-QD hybrid holds promise for superior and 
more informative scattered intensity based sensing applica-
tions compared to conventional isolated MNP and QD based 
sensors.

Figure 4 depicts normalized scattered intensity for 
MNP-QD nanohybrids based on different metals when sα = 2. 
If these five MNP-QD nanohybrid configurations are poten-
tial candidates of a sensing application, they can be compared 
using the RFoM to pick the best option. The RFoM values 
obtained for this scenario are given in the second column of 
table 1. They can be arranged in the order of their scattering 
prowess as Na > Ag > Au > Cu > Al. The third column 
gives the RFoM values calculated for the sα = −1 case, for 
the set of spectra depicted in figure 5. For this case, the order 
of goodness remains the same, except for the swap of Cu and 
Al. However, the RFoM values shown in table 1 are separately 
normalized for the sα = 2 and sα = −1 cases hence cannot 

Figure 3. Scattered intensity spectrum (red curve) of an Ag based 
nanohybrid representing the modification of the MNP spectrum 
(pink curve) due to the interference with the QD spectrum (blue 
curve). The right insert depicts an enlarged version of the QD 
spectrum for better visibility.

Figure 4. Normalized scattered intensity for MNP-QD nanohybrids 
based on different metals when sα = 2 (parallel polarization). Plots 
for Au, Cu and Al are scaled by a factor of six for better visibility.

Table 1. RFoM results for curves depicted in figures 4 (sα = 2 
case) and 5 (sα = −1 case).

RFoM sα = 2 sα = −1

Au 0.106 0.105
Ag 0.981 0.856
Cu 0.064 0.064
Al 0.057 0.079
Na 1.643 1.31
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be directly compared. If we use a common normalizer for all 
ten curves or separately normalize for each material, it can 
be observed that RFoMsα=2 > RFoMsα=−1 due to the dimin-
ished kink height in the perpendicular polarization (sα = −1) 
case. This feature of prominent and diminished kink heights in 
the respective sα = 2 and sα = −1 cases makes the MNP-QD 
nanohybrid usable as an orientation sensor to determine the 
relative locations of the QD and MNP or to observe polar-
ization-dependent photon statistics of light scattered from 
the QD-MNP nanohybrid [10]. When assessing candidate 
MNP-QD hybrid configurations for orientation or polarization 
sensing purposes, we suggest comparison of the spectra based 
on parallel (sα = 2) polarization.

MNP-QD nanohybrids can be utilized to improve mini-
mally invasive, nanoparticle based tumour detection and 
targeting applications which manipulate the enhanced per-
meability retention (EPR) effect [45] of the tumour tissue. 
Due to the EPR effect caused by the leaky vasculature and 
diminishing lymphatic vessels at the solid tumours, intra-
venously injected nanoparticles localize at tumour sites, 
and not in healthy tissue [46]. This makes the detection of 
the accumulated nanohybrids the same as detection of the 
tumour, which can be done by illuminating the accumulated 
nanoparticles with deeply tissue penetrating radiation in the 
NIR region [47]. AuMNPs and fluorophores such as QDs 
have separately been considered for this purpose [8, 47]. 
However, we claim that the use of MNP-QD nanohybrid 
has added advantages. The enhanced scattering intensity at 
the QD resonance due to the presence of the MNP enables 
easier detection of the tumour. Moreover, tracing the change 
of the resonance peak of the MNP gives information about 
the underlying refractive index changes, hence the composi-
tion of the tumour.

Figure 6 depicts two MNP-QD nanohybrid configurations 
based on Au, first with 20 nm interparticle distance and 1 e.nm 
QD dipole moment, and the second with 15 nm interparticle 

distance and 0.8 e.nm QD dipole moment, which could be 
candidates for a tumour detection application. RFoM values 
calculated for configurations 1 and 2 are RFoM1 = 1.30 and 
RFoM2 = 0.88, respectively, which encourage the use of con-
figuration 1 for the application. Although the choice seems 
trivial for the example picked, this method is pivotal when 
comparing a large set of potential configurations for a similar 
MNP-QD based sensing application.

Figure 7 depicts the variation of scattered intensity spectra 
of MNP-QD nanohybrids based on different metals with 
MNP radius rm. It can be observed that the scattered intensity 
is highly sensitive to rm. Moreover, the LSPR for each metal 
displays blue-shifts with decreasing rm, which are captured 
in the model due to the usage of the GNOR based approach 
[12]. The conventional local response approx imations based 
analyses fail to capture such resonance shifts [40].

Figure 8 shows the bahaviour of MNP-QD nanohybrids 
based on different metals when the permittivity of the sur-
rounding non-absorbing bath is varied. All five metal based 
spectra show a general increase of intensity with increasing 
bath permittivity.

By obtaining the RFoM factors for each set of curves in the 
sub-figures of figures 7 and 8 it can be observed that RFoM 
generally increases with MNP radius rm and εb for a given 
metal.

It can be observed from figures 4, 5, 7 and 8 that the behav-
iour and shape of Na based nanohybrid curves resemble those 
of Ag, whereas Cu based curves behave similar to Au. To con-
firm our observation, we obtained the surface plot figure 9 that 
displays the behaviour of spectra in response to the variation of 
the QD dipole moment element µqd . Thus, we propose that Na 
and Cu should be further analysed for their ability to replace 
Ag and Au respectively, retaining the plasmonic behaviour 
of the nanohybrids, in permissible applications. This could 
result in large cost reductions in applications which require 

Figure 5. Normalized scattered intensity for MNP-QD nanohybrids 
based on different metals when sα = −1 (perpendicular polarization). 
All plots are normalized by the maximum intensity in the window. 
Plots for Au, Cu and Al are scaled by a factor of six for better visibility.

Figure 6. Comparison of the scattering spectra of two MNP-QD 
configurations based on Au. In the first configuration, MNP-QD 
separation (R) is 20 nm and the QD dipole moment element (µqd) is 
1 e.nm. In the second configuration, R = 15 nm and µqd   =  0.8 e.nm.
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the plasmonic material in abundance. From the above figures, 
it was evident that both Au and Cu occupy nearly the same 
plasmonic frequency ranges under similar conditions which 
makes Cu further suitable to replace Au. However, Au based 
nanohybrids outperform Cu based nanohybrids according to 
table 1. On the other hand, Na based nanohybrids outperform 
the Ag based nanohybrids, highlighting themselves as better 
candidates for Ag based plasmonic applications requiring 
high plasmonic efficiency.

5. Conclusion

In this paper, we encouraged the investigation of the possi-
bility of using MNP-QD nanohybrids for scattered intensity 
based sensing applications by highlighting their advantages 
over individual MNPs and QDs. We proposed a simple, ele-
gant RFoM metric to compare a set of candidate MNP-QD 
nanohybrids for a given sensing application, and to rank 
them in their order of scattering prowess to select the best 

Figure 7. Variation of coherent Rayleigh scattering spectra obtained using the GNOR based cavity QED method for MNP-QD nanohybrids 
based on different metals with MNP radius rm (in nm). The subplots (a)–(e) represent spectra for Au, Ag, Cu, Al and Na based nanohybrids 
respectively. All other nanohybrid parameters are kept identical for all the curves. Curves are normalized by the maximum intensity in the 
respective subplot.

Figure 8. Variation of coherent Rayleigh scattering spectra obtained using the GNOR based cavity QED method for MNP-QD nanohybrids 
based on different metals with bath permittivity εb. The subplots (a)–(e) represent spectra for Au, Ag, Cu, Al and Na based nanohybrids 
respectively. All other nanohybrid parameters are kept identical for all the curves. Curves are normalized by the maximum intensity in the 
respective subplot.

Figure 9. Top view of the surface plots of coherent Rayleigh scattering spectra obtained using the GNOR based cavity QED method for 
MNP-QD nanohybrids based on different metals with QD dipole moment element µqd . The subplots (a)–(e) represent spectra for Au, 
Ag, Cu, Al and Na based nanohybrids respectively. All other nanohybrid parameters are kept identical for all the figures. Intensities are 
normalized by the maximum in the respective subplot.
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candidate. We evaluated the effectiveness of our novel RFoM 
concept using the scattering spectra calculated by the QED 
assisted GNOR method. We used the proposed RFoM to 
compare various optical spectra generated by noble, alkali, 
transition and post transition metal based MNP-QD nanohy-
brids, using Au, Ag, Cu, Al and Na as the representative plas-
monic materials. In the process, we suggested how the usage 
of MNP-QD nanohybrids could improve the conventionally 
studied tumour targeting applications. We finally suggested 
Cu and Na as potential substitute plasmonic materials for con-
ventional Au and Ag respectively, for MNP-QD nanohybrid 
based applications.
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