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Quantum plasmonics model of refractive index sensing using photon correlations
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The interaction between the electric dipole moments of a quantum emitter and a metal nanoparticle gives
rise to unique optical properties, such as interference-induced photon correlations, that could be useful for
enhanced intensity-based sensing. Using the quantum theory of photodetection, we propose a nanosensor system
comprising a quantum emitter and a metal nanoparticle that explores the possibility of utilizing higher-order
photon correlations for refractive index sensing. Both the refractive index sensitivity and resolution of the
nanosensor, whose scattering spectrum lies within the visible region, are predicted. The sensor is supported
by a substrate and driven weakly by a coherent field. By calculating the mean photocount and its second
factorial moment resulting from the scattered field of the system, the sensing performance of the intensity and
intensity-intensity correlation g(2)(0) are compared at optimal driving wavelengths. The mean photocount was
found to be inherently low, inhibiting the role of interference-induced photon antibunching in minimizing the
sensor’s intensity shot noise. However, a regime in which the noise could be reduced below the shot noise limit
is identified, leading to a quantum enhancement in the sensing performance.

DOI: 10.1103/PhysRevA.110.043506

I. INTRODUCTION

Quantum plasmonic sensing has gained considerable at-
tention recently within the plasmonics community due to its
potential to improve the resolution of plasmonic sensors [1,2]
beyond their classical limits [3,4]. Of particular interest to
researchers in the life sciences is plasmonic-based refractive
index sensing, for use in sensing viruses and proteins, in addi-
tion to measuring drug kinetics [5–7]. The minimum change
in the refractive index that leads to a detectable change in a
sensor’s output—the refractive index resolution, also known
as the limit of detection—depends on the sensitivity of the
sensor and to a large extent on the noise level in the sensor’s
output [2,8]. The output noise arises from fluctuations in
the intensity of the input driving light field used, as well as
statistical features of the scattered light reaching a photode-
tector from the sensing region, both of which are generally
Poissonian in nature. When combined, these sources of noise
are referred to as the shot noise in classical setups [2,3,8].
Additional noise stems from systematic elements, such as
detector noise [2], collectively known as technical noise [8].
Quantum plasmonic sensing strives to minimize the overall
noise through several means, including the use of specialized
quantum states of light to reduce intensity fluctuations below
that of the shot noise [4,9], designing highly efficient pho-
todetectors and measurement schemes [10–12], and utilizing
hybrid plasmonic systems that support scattered light with
nonclassical photon statistics [8].

A particular class of quantum plasmonic sensor relies on
the emitter-plasmon coupling effect in a hybrid system of
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a quantum dot (QD), or molecular dipole emitter, and a
metal nanoparticle (MNP) [8,13]. These emerging plasmonic
sensors exploit the sensitivity of different quantum effects
exhibited by the hybrid system to minute changes in the re-
fractive index [8,13–16].

Amongst the quantum effects in a hybrid plasmonic sys-
tem that have been investigated for plasmonic sensing are
coherent exciton-plasmon dynamics [13,14] and Rabi split-
ting [15,16], where theoretical models show some promising
results. However, an interesting quantum effect not yet ex-
plored for quantum plasmonic sensing is Fano interference
[17,18]—an interference phenomenon that occurs when two
or more resonators interact. Previous studies have shown that
Fano interference is exhibited by hybrid systems of single or
multiple QDs and single plasmonic nanostructures [19–29].
Another intriguing property of these hybrid systems is their
ability to support both Poissonian and sub-Poissonian photon
statistics in the scattered light, induced by the Fano inter-
ference between the resonance of the MNP, for instance,
and that of the QD [20,22–24]. The interaction between the
broad linewidth of the localized surface plasmon resonance
(LSPR) of the MNP supporting a continuum of energy and
the narrow absorption, or emission, linewidth of the QD sup-
porting a discrete energy gives rise to a Fano resonance and
a modification of the quantum statistics of the scattered light
[20,30]. The intensity-intensity correlation function g(2)(τ ) is
often used to characterize the photon statistics of the light
scattered by the MNP component of the hybrid system [20],
or by the entire hybrid system [22]. A rise in g(2)(τ ) with time
(τ > 0) indicates photon antibunching, i.e., the tendency of
the scattered photons to arrive at a photodetector in a near-
regular pattern, while the converse indicates photon bunching
[31–34]. In Refs. [20,23], it was shown that constructive Fano
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FIG. 1. (a) Two-dimensional schematic of the proposed quantum plasmonic nanosensor. It consists of a MNP and a quantum emitter—
shown here as a core-shell QD held by a linker attached to the MNP. The hybrid system is embedded in a medium whose refractive index
changes lead to changes in the scattered intensity or g(2)(0), and supported by a substrate. (b) A possible experimental setup for the realization
of the theoretical model in (a), with the driving electric field as the transmitted evanescent field from total internal reflection.

interference, which occurs within the Fano peak, is re-
sponsible for interference-induced photon antibunching and
sub-Poissonian statistics. A question then naturally arises
about whether the antibunching with sub-Poissonian statistics
found within the Fano peak could possibly be exploited to re-
duce noise and gain an advantage in refractive index sensing.

In this work, we seek an answer to the above question by
proposing a theoretical model of an emitter-MNP quantum
plasmonic sensor that makes use of the scattered intensity
of the constructive Fano interference and the second-order
correlation function at zero-delay time g(2)(0) within the Fano
spectrum for refractive index sensing. The use of g(2)(0) and
other higher-order intensity correlations has recently been
considered for improving image resolution in confocal mi-
croscopy and quantum imaging [12,35–37], thus providing
additional motivation for its study in our context. By calculat-
ing the sensitivity and the resolution of the sensor based on the
scattered intensity and g(2)(0), a comparison is made between
their sensing performance at driving wavelengths within the
plasmon and Fano spectra. Although the intensity has been
thoroughly investigated for refractive index sensing [1,38–42]
and applied to biosensing [43,44], the antibunching effect
could potentially minimize the shot noise component of the
intensity noise [45,46] and improve the resolution. Moreover,
the comparisons between the intensity and g(2)(0) drawn here
are necessary to investigate the possibility of an enhancement
in each of their respective sensing parameters—refractive in-
dex sensitivity and resolution—predicted by our model.

This paper is organized as follows. In Sec. II, we intro-
duce the model geometry of the quantum plasmonic sensor
and the input parameters used in the model. In Sec. III, the
equations of motion governing the expectation values of the
system operators and their steady-state solutions are derived
and discussed in the framework of cavity quantum electro-
dynamics (cQED), using an improved approach that takes
substrate effects and the refractive index of the emitter into
account, unlike in previous works [20,22,23]. In Sec. IV, we
introduce the photodetection theory following the approach

in Ref. [31]. The mean scattering rate of the system, the
mean photocount, its second factorial moment, the second-
order correlation function, and their standard deviations are
discussed. In Sec. V, the sensing performance of the proposed
sensor, using the scattered intensity and the intensity-intensity
correlation as signals, both within the plasmon and the Fano
spectra, are discussed. We conclude the paper in Sec. VI by
mentioning the key results as well as some challenges and
future directions.

II. MODEL GEOMETRY AND INPUT PARAMETERS

The system we consider is shown in Fig. 1(a). It consists
of an emitter—which we model as a core-shell QD as an
example—held by a linker attached to a spherical MNP. The
system is embedded in a background medium and supported
by a substrate. In the configuration shown, referred to as
the longitudinal coupling (LC) configuration [19,20,22], the
electric dipole moments of the MNP and QD are both parallel
to the MNP-QD axis in the direction of polarization of the in-
cident field, i.e., χ = χ êz and μ = μêz, respectively. We will
consider only the LC configuration, since it has been reported
as the optimal configuration for atomic cooperativity between
the MNP and the QD, as well as for interference-induced
effects in the hybrid system [19,20,22,23], though our model
can also be applied to the transverse coupling case. The pa-
rameter Sβ is the coupling factor of the MNP dipole moment
χ to the image dipole formed in the substrate (perpendicular
coupling: β = z, Sβ = 2, parallel coupling: β = x, y, Sβ = 1)
[47], and Sα is the coupling factor of the QD to the MNP
(longitudinal coupling: α = z, Sα = 2, transverse coupling:
α = x, y, Sα = −1) [19,20]. Here, we take Sα = Sβ = 2.

The QD is chosen to be a CdTe/CdS core-shell semicon-
ductor nanocrystal whose emission spectrum is tunable within
the visible region, as discussed in Ref. [48]. The core-shell
radius of the QD is denoted as a, where a = rc + ts, with
rc being the core radius and ts the shell thickness. The QD
is modeled as a two-level system with ground and excited
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states denoted as |0〉 and |1〉, respectively. Here, the dipole
dephasing rate of the QD is ignored and the nonradiative
decay rate of the QD is assumed to be negligible. The latter is
justified by their high intrinsic quantum yields [48,49], while
the former is valid within the semiclassical, weak-field limit
[20]. The refractive index, free-space radiative decay rate, and
emission frequency of the QD are denoted as nd , γex, and ωex,
respectively. The values of rc, ts, ωex, and γex are taken from
Ref. [48], while the value of nd is taken from Ref. [13]. In
Fig. 1(a), the surface-to-surface distance between the MNP
and the QD, which we denote as l , is occupied by a linker,
such that l � 3 nm, within which the dipole-dipole coupling
is valid [22], the atomic cooperativity is high [20], and charge
transfer between the MNP and the QD does not occur [50]. As
shown in Ref. [23], both Fano interference and antibunching
effects are supported by the hybrid system even beyond the
dipole-dipole coupling limit.

A gold nanoparticle is used as the model MNP whose ra-
dius, denoted as r, is large enough such that the local response
approximation is valid [20,22,29], but small enough to en-
sure a nonvanishing Fano profile, and subsequently, a sizable
photon antibunching effect, as previously shown in Ref. [22].
The center-to-center distance between the MNP and the QD is
denoted as d , where d = r + l + a. The nanosensor is driven
weakly by a z-polarized electric field, E(t ) = E0 cos(ωt )êz,
with driving frequency ω and amplitude E0 = (2I0/cnε0)

1
2 ,

where I0 is the incident field intensity, c is the speed of
light in vacuum, n is the refractive index of the background
medium, and ε0 is the permittivity of free space. The electric
field is propagating in the x direction with a wave vector of
magnitude k = ωn/c, as shown in Fig. 1(a). We have ignored
the spatial dependence of E(t ) since kx � 1 over the lateral
extent of the sensor (2r in the x direction)—the quasi-static
(long-wavelength) limit [51–54]. A weak-driving field ensures
that the Fano peak is not suppressed relative to the plasmon
resonance peak, since the Fano profile vanishes at strong-
driving fields due to the saturation of the QD excited-state
population [20,22].

The dielectric response of the MNP is modeled by a com-
plex Drude permittivity with free-electron damping rate γp,
bulk plasma frequency ωp, and high-frequency refractive in-
dex n∞. Here, ωp was adjusted such that the LSPR of the MNP
matches the experimental value for that of a MNP with the
same radius [40]. The background medium is water, and the
substrate support is modeled as a weakly reflecting glass slab
with thickness t � r and refractive index denoted as ns. In
Table I, the values of the input parameters used in our model
are shown.

In Fig. 1(b), as a basic example, we provide a potentially
more accessible experimental setting for the realization of
the theoretical model shown in (a) and discussed above. It is
based on a setup experimentally realized in Ref. [55], thus
making our scenario more realistic. Here, the driving electric
field E(t ) is the evanescent field produced by total internal
reflection. In this case, when the incident angle is greater than
the critical angle, the dominant component of the transmitted
field in the region above the substrate is in the êz direction. The
amplitude of the electric field would then be modified as E0 =
tp(2I0/cnsε0)

1
2 (ns/n), with tp obtained from the Fresnel equa-

tions at the boundary, as described in more detail in Ref. [56].

TABLE I. List of input parameters used in the model as an
example.

Sizes (nm) rc ts a r

0.8 0.7 1.5 25

Refractive
indices

n∞ nd ns n

3.16 2.45 1.5 1.3330 — 1.3334

Frequencies/
damping and
decay rates

ωp (meV) γp (meV) ωex (meV) γex (neV)

8579 71 2149 118

Others I0 (W/cm2) t (mm) l (nm) d (nm)

33.6 0.17 3.5 30

III. EQUATIONS OF MOTION

In order to determine the mean photon scattering rate of the
nanosensor as it is driven by the external field, we first write
down the total Hamiltonian of the MNP-QD system. After ap-
plying the rotating-wave approximation, the total Hamiltonian
of the coupled MNP-QD system in the dipole limit is obtained
as [23]

Ĥ = h̄	plâ
†â + h̄	exσ̂

†σ̂ − h̄g(σ̂ â† + σ̂ †â)

− h̄�ex(σ̂ + σ̂ †) − h̄�pl(â + â†). (1)

Equation (1) has been written in a frame rotating at the driving
frequency, i.e., with respect to the Hamiltonian h̄ω(â†â +
σ̂ †σ̂ ), where the exciton (ex) raising and lowering operators
of the QD, σ̂ † = |1〉〈0| and σ̂ = |0〉〈1|, respectively, and the
plasmon (pl) creation and annihilation operators of the MNP,
â† and â, respectively, are time-independent operators. The
first two terms in Eq. (1) are the free Hamiltonians of the
MNP and QD in the rotating frame, respectively. The third
term is the Hamiltonian of the dipole–dipole interaction, while
the fourth and fifth terms are the driving-field Hamiltonians
of the QD and MNP, respectively. In Eq. (1), h̄ is Dirac’s
constant; 	 = ωpl − ω is the plasmon-driving field detuning
frequency; 	ex = ωex − ω is the exciton-driving field detun-
ing frequency; �ex = E0μ/2h̄ is the Rabi frequency; μ = er0

is the magnitude of the dipole moment of the QD, where
e is the electronic charge; and �pl = E0χ/2h̄ is the driving
frequency of the MNP. The LSPR of the MNP, denoted as ωpl,
the magnitude of the MNP dipole moment χ , and the coupling
rate of the QD to the MNP, denoted here as g, in the presence
of a substrate, are obtained as (see Secs. 1, 2, and 4 of the
Supplemental Material [57])

ωpl =
√

ω2
p

ε∞ + f εb
− γ 2

p , (2a)

χ = 1

3
( f + 1)εb

√
12πε0 h̄ηr3, and (2b)

g = 1

3
( f + 1)

(
μSα

d3

)(
εb

ε′
b

)√
3ηr3

4πε0 h̄
, (2c)

respectively. The LSPR of the MNP is obtained by account-
ing for the geometric factor of the MNP in the presence
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of a substrate in the evaluation of the Fröhlich condition
[47]. Both the MNP dipole moment χ and the coupling
rate of the QD to the MNP g, due to the dipole-dipole
interaction, are derived by comparing the classical model
of the induced dipole field of the MNP in the presence
of the QD to the quantum formulation—an approach that
is prevalent in the literature [19,22,23,27,29]. In Eqs. (2a)–
(2c), ε∞ = n2

∞ is the high-frequency dielectric constant of
gold, εb = n2 is the dielectric constant of the background
medium, εd = n2

d is the dielectric constant of the QD,
ε′

b = (2εb + εd )/3 is the effective dielectric constant of the
medium, and f = (1 − L)/L, where

L ≈ 1

3

[
1 − Sβ

R
8

(
1 − (1 − R2)

(
1 + t

r

)−3
)]

, and (3a)

η = 1

2ωpl

(
ωp

ε∞ + f εb

)2

. (3b)

In Eq. (3a), L is the geometric factor of a spherical MNP
supported by a substrate [47]. This factor allows us to gener-
alize previous work to the case where the system is placed
on a substrate, which is more physically relevant. The re-
flectance of the substrate, denoted here as R, is calculated
from the quasi-static Fresnel reflection coefficient, R = (εs −
εb)/(εs + εb), as given in Ref. [47], where εs = n2

s is the di-
electric constant of the substrate. For a substrate whose refrac-
tive index is greater than that of the medium, f > 2, resulting
in a redshift in the LSPR according to Eq. (2a), while both the
dipole moment of the MNP and the coupling rate of the QD
to the MNP slightly increase, according to Eqs. (2b) and (2c),
respectively. In our model, this is the case for a glass substrate.
However, a substrate whose refractive index is less than that of
the medium will result in a converse effect. In the absence of a
substrate, or one closely matched to that of the medium, such
as Teflon, we have f = 2, and Eqs. (2a), (2b), (2c), and (3b)
reduce, respectively, to the previously reported expressions
derived in Refs. [22,23]. We have therefore extended the the-
ory to the more practical case where the system is supported
by a substrate, which is relevant to experimental setups.

In the presence of a driving field, the interaction of the
MNP with the local environment leads to energy dissipation
in both radiative and nonradiative forms. The latter is due to
Ohmic heating in the MNP, while the former is caused by the
scattering of light by the MNP dipole into the far field [20,29].
In addition, the decay rate of the QD due to an inevitable
absorption-spontaneous emission event has to be accounted
for. A complete description of the dynamics of the coupled
MNP-QD system at optical frequencies, including the afore-
mentioned dissipative pathways, is given by the following
phenomenological master equation for the MNP-QD system
in Lindblad form [23,29,52,53]:

˙̂ρ = i

h̄
[ρ̂, Ĥ] − γpl

2
Dpl[â, ρ̂] − γex

2
Dex[σ̂ , ρ̂], (4)

where

D j[ĉ j, ρ̂] = ρ̂ĉ†
j ĉ j + ĉ†

j ĉ j ρ̂ − 2ĉ j ρ̂ĉ†
j (5)

are the adjoint dissipators, with j = pl, ex, so that ĉpl = â,
ĉex = σ̂ , and ρ̂ is the density operator of the MNP-QD system
in the rotating frame. In Eq. (4), γpl = γnr + γr is the decay

rate of the MNP, where

γnr = γp

[
1 +

(
γp

ωpl

)2]
and (6a)

γr = 4

9
( f + 1)2ηn2(k|ω=ωpl r)3 (6b)

are the nonradiative and radiative decay rates of the MNP,
respectively, whose derivations are given in Secs. 1 and 4 of
the Supplemental Material [57]. The nonradiative decay rate
of the MNP is obtained from a Lorentzian approximation of its
quasi-static dipole polarizability in the presence of a substrate,
and the radiative decay rate is treated phenomenologically by
calculating it from the Wigner-Weisskopf formula [58], which
is consistent with a treatment using the radiation reaction
field [59].

The coupled equations of motion describing the evolution
of the system are obtained from the expectation values of
the MNP and QD operators [20,22,29]: 〈â〉 ≡ Tr[âρ̂], 〈σ̂ 〉 ≡
Tr[σ̂ ρ̂], and 〈σ̂z〉 ≡ Tr[σ̂zρ̂], where σ̂z = 2σ̂ †σ̂ − I is the
Pauli Z operator, and 〈σ̂ †σ̂ 〉 is the excited-state population
of the QD. In the case of 〈â〉 and 〈σ̂ 〉, the solution in the
laboratory frame is obtained by multiplying the expectation
value obtained in the rotating frame by the phase factor e−iωt .
The other expectation values of interest are invariant. The
equation of motion for the expectation value of the QD low-
ering operator σ̂ couples to higher-order expectation values,
leading to an infinite system of coupled equations. A semi-
classical approach that assumes that the expectation value of
the product of an MNP operator and a QD operator can be
factored [20,29] allows us to approximate the equations and
obtain the following Maxwell-Bloch equations using 〈 .

â〉 ≡
∂t 〈â〉 ≡ Tr[â

.

ρ̂], and similarly 〈 .

σ̂ 〉 ≡ ∂t 〈σ̂ 〉 ≡ Tr[σ̂
.

ρ̂], 〈 .

σ̂ z〉 ≡
∂t 〈σ̂z〉 ≡ Tr[σ̂z

.

ρ̂], and noting that the operators are time inde-
pendent, while their expectation values are not:

〈 .

â〉 = −(
i	pl + 1

2γpl
)〈â〉 + i(g〈σ̂ 〉 + �pl ), (7a)

〈 .

σ̂ 〉 = −(
i[	ex + F	pl〈σ̂z〉] + 1

2 [γex − Fγpl〈σ̂z〉]
)〈σ̂ 〉

+ i�
(
1 − 2〈σ̂ †σ̂ 〉), (7b)

〈 .

σ̂z〉 = −�(〈σ̂z〉 + 1) + 4
[�∗〈σ̂ 〉]. (7c)

Details of the derivation are given in Sec. 4 of the Supple-
mental Material [57]. The steady-state solution of Eq. (7a) is

〈â〉 = i[�pl + g〈σ̂ 〉]
i	pl + 1

2γpl
. (8)

Due to the short plasmon lifetime of the MNP dipole mode,
i.e., γ −1

pl (∼5.75 fs) � γ −1
ex (∼35 ns), 〈 .

σ̂ 〉 and 〈 .

σ̂z〉 have been
solved in the adiabatic limit. In the adiabatic approximation
[19,20], Eq. (8) is used to eliminate the dependence of 〈 .

σ̂ 〉
and 〈 .

σ̂z〉, respectively, on 〈â〉 to obtain Eqs. (7b) and (7c),
as well as the enhanced radiative decay rate of the QD, �,
responsible for the Purcell effect, and the modified Rabi
frequency, �, respectively, as

� = γex + Fγpl and (9a)

� = �ex

[
1 + igχ

μ
(
i	pl + 1

2γpl
)]

, (9b)
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where

F = g2

	2
pl + 1

4γ 2
pl

(10)

is the plasmon-induced term. In the weak-driving field limit,
� � �, we obtain 〈σ̂z〉 ≈ −1 from the steady-state solution
of Eq. (7c). Setting 〈σ̂z〉 ≈ −1 in Eq. (7b) leads to the
following steady-state expectation value:

〈σ̂ 〉 ≈ i�[1 − 2〈σ̂ †σ̂ 〉]
i	 + 1

2�
. (11)

Finally, in order to obtain an analytical expression for
the QD excited-state population 〈σ̂ †σ̂ 〉 that depends on
the driving field intensity, we substitute Eq. (11) for 〈σ̂ 〉
in the steady-state solution of Eq. (7c) to obtain

〈σ̂ †σ̂ 〉 ≈ P
1 + 2P , (12)

where P is the saturation parameter of the QD excited-state
population, similar to that of a driven two-level atom [51], but
with plasmon-induced terms, and 	 is the plasmon-induced
exciton shift, obtained respectively as

P = 2|�/�|2
1 + 2(	/�)2

and (13a)

	 = 	ex − F	pl. (13b)

The detailed derivation of the above analytical solutions is
given in Sec. 4 of the Supplemental Material [57]. They were
validated by performing simulations using the open-source
quantum simulation toolbox QUTIP [60,61]. The simulations
were performed within a cQED framework where the MNP
was treated as a cavity and the QD as a two-level atom
[51,53,61]. Using number states with up to ten photons to
truncate the infinite Hilbert space of the MNP field operator,
the optical response of the driven atom-cavity system was
found to agree with the analytical solution, as shown via the
scattered flux observable in Fig. 2(a) (see next section for
details). Besides saving computational time, the analytical so-
lutions are more insightful than simulations since they reveal
how the QD excited-state population 〈σ̂ †σ̂ 〉 and the coherence
〈σ̂ 〉 are modified by the presence of the MNP. As we show
in the next section, these modified terms are important in the
description of the photon statistics of the light scattered by the
system when operating as a nanosensor.

IV. PHOTODETECTION

Following the approach in Refs. [20,21], the scattering op-
erator for the far-field radiating spatial mode of the MNP-QD
system is given by

b̂ ≈ √
γr â, (14)

where we have ignored the contribution from the QD since
γex (∼ 2.86 × 107 s−1) � γr (∼ 2.33 × 1011 s−1). We note
that the QD has its decay rate enhanced by the Purcell effect
due to the presence of the MNP; however, its emission rate
into free space, γex, is an intrinsic property, and this is modi-
fied only slightly by the presence of the MNP, as described in
more detail in Ref. [62]. We also note that although Eq. (14)

FIG. 2. (a) Normalized scattered flux of the MNP-QD system
〈b̂†b̂〉. Inset shows the Fano profile. The agreement between the an-
alytically calculated spectrum and the simulated spectrum is shown.
(b) The second-order correlation function g(2)(τ ) at different regions
of the scattering spectrum, obtained from a QUTIP simulation.

has no direct contribution from the QD, the dynamics of the
QD are imprinted indirectly onto the MNP plasmon dynamics
and picked up in ρ̂, which gives a nontrivial time dependence
to the expectation value of the plasmon operator â, or a combi-
nation of it. The mean rate (flux) at which the incident photons
are scattered into free space is then [20,21]

〈b̂†b̂〉 ≈ γr〈â†â〉, (15)

with the steady-state mean photon number for any given time
in the near field of the MNP as (see Supplemental Material,
Sec. 5 [57])

〈â†â〉 = �2
pl + g2〈σ̂ †σ̂ 〉 + 2�plg�〈σ̂ 〉

	2
pl + 1

4γ 2
pl

. (16)

Alternatively, the polarization operator, given in
Refs. [22,23] as P̂+ = χ â + μσ̂ ≈ χ â (since χ � μ,
for example, in our model, χ ≈ 64μ and μ = 72 D),
can be used to calculate the scattered intensity, which is
proportional to the expectation value of P̂−P̂+, where P̂+
is the operator that corresponds to the radiative plasmon
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mode (since χ ∝ √
γr via the Wigner-Weisskopf formula

[20,58]—see Supplemental Material, Sec. 5 [57]). However,
the scattered flux in Eq. (15) is more useful, since in addition
to representing the radiative part, it can be converted to
the mean photocount—a dimensionless parameter that
allows us to calculate fluctuations in the scattered light via
photodetection theory [31].

It should also be mentioned that 〈P̂−P̂+〉 (cf. 〈b̂†b̂〉) is pro-
portional to the total scattering spectrum, comprising both the
coherent, |〈P̂+〉|2 (cf. |〈b̂〉|2), and the incoherent, 〈P̂−P̂+〉 −
|〈P̂+〉|2 (cf.〈b̂†b̂〉 − |〈b̂〉|2), scattering components [22,51,53].
For low light intensities, coherent scattering (scattered light
with the same frequency ωs as the driving frequency ω) domi-
nates [22], although the light is only coherent to first order as it
is monochromatic. At second order, this monochromatic light
can be bunched or antibunched [51], as we show shortly. Thus,
in the steady state, we can treat the radiating mode associated
with the operator b̂ as a single frequency mode (ωs = ω) for
each ω of the driving fields considered, and convert Eq. (15)
to the mean photocount 〈m̂〉 recorded by a photodetector with
a photon collection efficiency ξ (representing the solid angle
capture of the radiation and detection efficiency), within some
integration time Tint (see Supplemental Material, Sec. 5 [57]),
to obtain

〈m̂〉 = ξTint〈b̂†b̂〉, (17)

where m̂ is the photocount operator.
In the presence of the QD, a transparency region, where

the scattered flux approaches zero, appears in the scattering
spectrum at ∼577 nm, as shown in Fig. 2(a). This is referred
to as the Fano dip [22,30] and it is due to destructive inter-
ference between the broad plasmon scattering spectrum of the
MNP and the narrow QD emission line shape. The inset of
Fig. 2(a) shows the asymmetric Fano spectrum, which begins
at the Fano dip and reaches a peak at ∼577.038 nm, referred
to as the Fano peak [22,30], where the plasmon spectrum
interferes constructively with the QD emission. The driving
field intensity, I0 ∼ 33.6 W/cm2, is chosen in our analysis,
as it leads to a scattering spectrum in which the ratio of the
scattered flux at the LSPR, ∼535.5 nm, to the scattered flux at
the Fano resonance, ∼577.038 nm, tends to unity, as shown in
Fig. 2(a). This is useful in our plasmonic sensing model since
differences in intensity can lead to differences in the relative
noise (and thus the signal-to-noise ratio which influences the
sensor’s resolution) and we would like to draw an unbiased
comparison of the intensity-based sensing at driving wave-
lengths within the plasmon and Fano spectra. The scattered
flux of the Fano resonance is large and comparable to the
plasmon resonance here, mainly due to the size of the dipole
moment taken for the QD (μ = 72 D) and the driving intensity
I0 used, which keeps us in the weak-excitation limit.

The standard deviation in the mean photocount for a single
frequency mode is [31]

	m =
√

〈m̂(m̂ − 1)〉 + 〈m̂〉 − 〈m̂〉2, (18)

where

〈m̂(m̂ − 1)〉 ≈ (ξTint)
2〈(b̂†)2b̂2〉 (19)

is the second factorial moment of the photocount operator in
the steady state for small Tint and the two-photon scattering
probability density 〈(b̂†)2b̂2〉 is obtained as (see Supplemental
Material, Sec. 5 [57])

〈(b̂†)2b̂2〉 = γ 2
r

�4
pl + 4g2�2

pl〈σ̂ †σ̂ 〉 + 4�3
plg�〈σ̂ 〉(

	2
pl + 1

4γ 2
pl

)2 . (20)

As mentioned in Sec. I, in addition to the mean photocount
(intensity), we are also interested in utilizing the intensity-
intensity correlation as a sensing signal. The steady-state,
second-order correlation function with a delay time τ > 0
is independent of the detector efficiency and is given by
[20,31,60]

g(2)(τ ) = lim
t→∞

〈b̂†(t )b̂†(t + τ )b̂(t + τ )b̂(t )〉
〈b̂†(t )b̂(t )〉〈b̂†(t + τ )b̂(t + τ )〉 . (21)

Note that Eq. (21) is written in the Heisenberg picture for the
operator b̂. However, we are using the Schrödinger picture
where limt→∞〈b̂†(t + τ )b̂(t + τ )〉 = limt→∞〈b̂†(t )b̂(t )〉 =
Tr[b̂†V̂ (t, t )b̂ρ̂] and limt→∞〈b̂†(t )b̂†(t + τ )b̂(t + τ )b̂(t )〉 =
Tr[BV̂ (t + τ, t )Cρ̂A], with A = b̂†, B = b̂†b̂, C = b̂, and
V̂ (t2, t1) being the evolution operator between time t1 and t2
[60,61,63]. Then, for zero-delay time, τ = 0, we have V̂ = I
and Eq. (21) reduces to g(2)(0) = 〈(b̂†)2b̂2〉/〈b̂†b̂〉2, which,
when simplified using Eqs. (15), (16), and (20), leads to

g(2)(0) = �4
pl + 4�3

plg�〈σ̂ 〉 + 4�2
plg

2〈σ̂ †σ̂ 〉(
�2

pl + 2�plg�〈σ̂ 〉 + g2〈σ̂ †σ̂ 〉)2 . (22)

We now have expressions for 〈m̂〉, 	m, and g(2)(0) using
Eqs. (17), (18), and (22). The final parameter needed is the
noise in g(2)(0), i.e., 	g(2)(0), which we discuss soon. First,
we study the behavior of g(2)(0). The photon statistics of
the scattered light in terms of g(2)(τ ) is shown in Fig. 2(b),
where we have used QUTIP as we only have an analytical
formula for g(2)(0), as given in Eq. (22). Studying g(2)(τ )
provides additional information about the temporal behavior
of the second-order statistics of the scattered light from the
system, although ultimately we are interested in using g(2)(0)
only as a sensor signal. Note that due to the time delay τ ,
g(2)(τ ) depends on the intermediate dynamics of the MNP-QD
system, in which changes in ρ̂ can occur on a timescale as
small as γ −1

pl (∼5.75 fs), even though the radiative flux is
determined by the lifetime γ −1

r (∼4.29 ps).
Within the plasmon spectrum, and especially at the LSPR

in Fig. 2(a), the scattered light has the same second-order
statistics as that of the incident light, i.e., coherent light, and
g(2)(τ ) = 1 at all times, associated with a random arrival of
photons at the detector according to Poissonian statistics. At
the Fano peak and dip it is necessary to check the full time
dependence of g(2)(τ ) for the purposes of using g(2)(0) as a
sensor signal, as we must consider how the numerator and
the denominator in Eq. (21) are measured in an experiment.
Both are measured using photon counting within a finite time
period, or integration time Tint, which must be fixed at the
same value for the correct normalization. At the Fano peak,
g(2)(τ ) varies on the 5–10 ps timescale (∼γ −1

r ), as seen in
Fig. 2(b), and as we require a stable signal for sensing, the
integration time, Tint = 3 ps, is chosen such that Tint < γ −1

r ,
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within which g(2)(τ = 0) = g(2)(τ = Tint) ≈ 0.17 (see Sup-
plemental Material, Sec. 6 [57]). From τ = 0 to τ = Tint, the
scattered light is heavily bunched at the Fano dip, g(2)(τ ) > 1,
but approximately constant, and heavily antibunched at the
Fano peak, g(2)(τ ) ∼ 0.17. At longer delay times, τ > Tint,
the second-order statistics of the scattered light at the Fano
peak ceases to be uniform as it approaches that of the incident
light, while the scattered light at the Fano dip oscillates around
g(2)(τ ) = 1 before second-order coherent scattering finally
dominates, in agreement with the behavior found in Ref. [22].

For studying the noise in the mean photocount (intensity)
signal 〈m̂〉, it is useful to rewrite Eq. (18) in terms of the
detected second-order correlation function for zero-delay time
[31], g(2)

D (0), as

	m =
√

〈m̂〉
√

1 + (
g(2)

D (0) − 1
)〈m̂〉. (23)

Here, g(2)
D (0) = g(2)(0) if Tint is small enough such that

g(2)(0) = g(2)(τ = Tint), which is satisfied for Tint = 3 ps, as
discussed above. From Eq. (23), it can be seen that a value
of g(2)(0) < 1 reduces the value of 	m below that of the shot
noise, 	m = √〈m̂〉, if the photocount 〈m̂〉 is not too small.
Using Eq. (23), and ensuring Tint is the same for all quantities,
the photon statistics of the scattered light, as captured by the
different values of g(2)(0), can be used to investigate the wave-
length dependence of the intensity noise at different regions
of the scattering spectrum (from the LSPR to the Fano dip
and Fano peak), allowing us to deduce the following: at driv-
ing wavelengths within the plasmon spectrum, 	m = √〈m̂〉,
since g(2)(0) = 1, so that the noise is Poissonian and the same
as the shot noise in the driving intensity, while within the Fano
spectrum, 	m <

√〈m̂〉, since g(2)(0) < 1, characterized by a
near-regular photocount pattern on the detector, so that the
noise is sub-Poissonian and reduced below the shot noise. At
the Fano dip, 	m >

√〈m̂〉, since g(2)(0) > 1, so that the noise
is super-Poissonian and thus the refractive index resolution
cannot be improved at driving wavelengths within the Fano
dip using the intensity as the signal.

Before showing the results of the intensity as a signal and
its noise, we complete the derivation of the noise in g(2)(0).
When it is used as a sensing signal we have that fluctuations
in g(2)(0) will affect the resolution of the sensor. Though
g(2)(0) = 〈m̂(m̂ − 1)〉/〈m̂〉2 is independent of the detector ef-
ficiency, as both 〈m̂(m̂ − 1)〉 and 〈m̂〉2 are proportional to ξ 2,
the standard deviation in g(2)(0) is obtained via the propaga-
tion of uncertainties in both 〈m̂(m̂ − 1)〉 and 〈m̂〉2 using the
standard error propagation rule in Ref. [64], as (see Supple-
mental Material, Sec. 6 [57])

	g(2)(0) =
(

2g(2)(0)
	m

〈m̂〉
)√

1 +
(

	m2

2g(2)(0)〈m̂〉	m

)2

,

(24)

where

	m2 = 〈m̂〉2

[
g(4)(0) − [g(2)(0)]2 + 4g(3)(0)

ξ

〈m̂〉

+ 2g(2)(0)

(
ξ

〈m̂〉
)2]1/2

(25)

FIG. 3. The zero-delay-time steady-state correlation functions,
g(2)(0), g(3)(0), and g(4)(0), at wavelengths within the Fano spec-
trum. Here, the Fano spectrum is an enlarged version of the inset
in Fig. 2(a) showing only the Fano peak.

is the standard deviation in the second factorial moment of
the photocount, 〈m̂(m̂ − 1)〉, and g(3)(0) and g(4)(0) are the
third- and fourth-order steady-state correlation functions at
zero-delay time, obtained respectively as (see Supplemental
Material, Sec. 5 [57])

g(3)(0) = �6
pl + 6g�5

pl�〈σ̂ 〉 + 9g2�4
pl〈σ̂ †σ̂ 〉(

�2
pl + 2�plg�〈σ̂ 〉 + g2〈σ̂ †σ̂ 〉)3 and (26a)

g(4)(0) = �8
pl + 8g�7

pl�〈σ̂ 〉 + 16g2�6
pl〈σ̂ †σ̂ 〉(

�2
pl + 2�plg�〈σ̂ 〉 + g2〈σ̂ †σ̂ 〉)4 . (26b)

The second-, third-, and fourth-order steady-state correla-
tion functions within the Fano spectrum at zero-delay time are
shown in Fig. 3. Both g(3)(0) and g(4)(0) show that the scat-
tered light is antibunched at the Fano resonance and at driving
wavelengths near the Fano resonance, i.e., g(n)(0) < 1, n =
3, 4, in accordance with g(2)(0), where g(4)(0) < g(3)(0) <

g(2)(0) < 1, in agreement with previous works [65]. Note that
the narrow wavelength range in Fig. 3 is achievable with the
current state of comb laser technology [66].

Both 	m and 	g(2)(0) depend on the detector efficiency
ξ , and in what follows, we set ξ = 70%, a value that is
achievable by contemporary single-photon detection and col-
lection optics [10,11]. The standard deviations in Eqs. (23)
and (24), i.e., the signal noises, obtained within the integra-
tion time Tint, correspond to a single shot measurement and
can be large compared to the mean value of their respective
signal. The noise can be reduced by averaging a time series
of single measurements, referred to as temporal averaging
[2,3]. The time averaging of N measurements reduces the
noises as

σm = 	m√
N

and (27a)

σg(2) (0) = 	g(2)(0)√
N

, (27b)

043506-7



UGWUOKE, KRÜGER, AND TAME PHYSICAL REVIEW A 110, 043506 (2024)

respectively, where N = 1/Tint is the number of measure-
ments possible in one second, and for simplicity the role
of the detector recovery time in these measurements has
been ignored. In an experiment, Tint would be the col-
lection time for 〈m̂〉 using one single-photon detector and
the coincidence window for g(2)(0) using a pair of single-
photon detectors. For example, 〈m̂〉 ≈ 12.42 × 10−5 in Tint

at the LSPR (equivalent to 4.14 × 107 photon counts in one
second of measurements), as we show in Sec. V. This corre-
sponds to σm ≈ 〈m̂〉1/2(1/Tint)−1/2 = (12.42 × 10−5)1/2(3 ×
10−12)1/2 ∼ 1.93 × 10−8 in Tint. Thus, the use of repeated
measurements reduces the noise σm to below that of the signal
〈m̂〉.

We note that setting Tint ∼ 3 ps is challenging but achiev-
able with state-of-the-art detector technology where ∼ps
accuracy is possible [10,11]. Such a short measurement time
is necessary for improving both 〈m̂〉- and g(2)(0)-based re-
fractive index sensing resolutions, since both 	m and 	m2

depend on g(2)(τ ), which is neither uniform nor close to zero
beyond τ = Tint (as the probability of two-photon scattering
increases), as shown in Fig. 2(b). The time-delayed higher-
order steady-state correlations, g(3)(τ ) and g(4)(τ ), which
	m2 also depends on, vary more slowly than g(2)(τ ) beyond
τ = Tint, as shown in Fig. S2 of the Supplemental Mate-
rial [57]. We therefore use the values of g(3)(0) and g(4)(0)
over the period Tint in the calculation of 	g(2)(0). Finally,
we note that Tint can, in principle, be increased arbitrarily
for 〈m̂〉; however, the value of 	m is determined by g(2)(0)
within Tint according to Eq. (23) and g(2)(0) → 1 as Tint

increases. Thus, by increasing Tint any potential reduction
in noise due to antibunching is lost. This is the main rea-
son we set Tint to be 3 ps for both 〈m̂〉 and g(2)(0), and
use N to obtain the signals from these variables and their
noise over a total measurement period longer than a single
measurement time.

V. SENSING PERFORMANCE

We now use the method of intensity interrogation [2,3,8] to
determine the ratio of the change in the scattered intensity I
(since I ∝ 〈m̂〉), or the change in the second-order correlation
function for zero-delay time, g(2)(0), to the change in the
refractive index n of the local environment. With I replaced by
the mean photocount 〈m̂〉, we follow the approach in Ref. [8]
and define the intensity sensitivity and the intensity-intensity
sensitivity, respectively, as

SI =
∣∣∣∣
(

d〈m̂〉
dn

∣∣∣
λD

)∣∣∣∣ and (28a)

SI−I =
∣∣∣∣
(

dg(2)(0)

dn

∣∣∣
λD

)∣∣∣∣, (28b)

each of which is in units of RIU−1, where RIU stands for
refractive index unit. In Eq. (28a), the driving wavelength
(equivalent to the scattered wavelength) λD is a wavelength
within either the plasmon spectrum or the Fano spectrum in
Fig. 3, while the driving wavelength in Eq. (28b) is a wave-
length within the Fano spectrum in Fig. 3, since the g(2)(0)
values within the plasmon spectrum are independent of the

refractive index of the medium, i.e., g(2)(0) = 1 across the
plasmon spectrum, as shown in Fig. 2(b). It was reported
in Refs. [2,3,41] that driving wavelengths corresponding to
the inflection points on the plasmon spectrum are the opti-
mal wavelengths for plasmonic sensing. Mathematically, they
are points where the second derivative of the intensity with
respect to the wavelength is zero. In other words, they corre-
spond to the steepest points on the intensity curve. At these
fixed wavelength points, as the plasmon peak shifts left or
right with the refractive index, the intensity changes maxi-
mally. We therefore define the enhancement in the refractive
index sensitivity as

ESi = SI (λD=Fi )

SI (λD=Pi )
, (29)

where F (P) stands for Fano resonance (plasmon resonance),
and i = L, M, and R, corresponding to the inflection point
on the left-hand side, the middle point, and the right-hand
side on the Fano resonance (plasmon resonance), respectively.
The LSPR (the middle point, PM), and the plasmon inflection
points (PL and PR) are shown in Fig. 4(a), while the middle
Fano point (FM) and the Fano inflection points (FL and FR)
are shown in Fig. 4(b). Since g(2)(0) does not vary across the
plasmon spectrum, we cannot define a similar enhancement
factor for SI−I .

In either the plasmon or Fano spectrum, the inflection
points correspond to wavelengths where the second derivative
(with respect to λ) of the mean photocount is zero, while the
resonance corresponds to the wavelength where the second
derivative of the mean photocount reaches a minimum, as
indicated in the lower panels of Fig. 4. Due to the symmet-
ric [plasmon spectrum, Fig. 4(a)] versus asymmetric [Fano
spectrum, Fig. 4(b)] line shapes of the scattering spectrum,
the mean photocounts vary at the inflection points. However,
the driving intensity has been tuned so that the mean photo-
count obtained at the LSPR is approximately the same as the
value obtained at the middle point of the Fano resonance, i.e.,
〈m̂〉 ∼ 12.42 × 10−5 counts in Tint, in both Figs. 4(a) and 4(b),
which allows us to fairly compare the sensing performance
at the two regions. On the other hand, the system can be
driven such that the plasmon peak is enhanced relative to the
Fano peak (increase in I0), or such that the plasmon peak is
suppressed relative to the Fano peak (decrease in I0). Either
of these two approaches will lead to an unfair comparison
of the sensing performance at the plasmon and Fano reso-
nances since any definition of an enhancement factor will be
flawed. More information regarding the dependence of the
Fano resonance on the driving field intensity can be found in
Refs. [22,26]. In the top part of Table II, the wavelengths λD

corresponding to the inflection points have been listed, along
with the sensitivities SI and enhancement factors E at these
points.

In Fig. 5, the inflection point on the g(2)(0) curve is simi-
larly obtained by finding the wavelength corresponding to the
zero value of the second derivative of g(2)(0), where we have
restricted the driving wavelengths to those where the scattered
light shows antibunching photon statistics only. Although the
huge bunching effect near the Fano dip [see Fig. 2(b)] will
lead to high values of SI−I , plasmonic sensing within the
Fano dip is not realistic since 〈m̂〉 → 0 in this region, and
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FIG. 4. Optimal driving wavelengths for intensity sensing at n = 1.3330 within the (a) plasmon spectrum and (b) Fano spectrum showing
the Fano peak only. Upper panels: photocounts 〈m̂〉 obtained in Tint. Lower panels: second derivative (with respect to λ) of the photocounts
〈m̂〉′′.

as we mentioned earlier, the noise also increases at the Fano
dip. Compared to Fig. 4, there is only one inflection point on
the second-order correlation function at the right-hand side of
FR, as indicated in Fig. 5. Unlike the intensity sensitivity,
the inflection point on the g(2)(0) curve does not give the
highest sensitivity SI−I due to a lower gradient than on the
left-hand side of FM, and is therefore not the optimal driving
wavelength for refractive index sensing with a g(2)(0) signal.
The sensitivities at the different points FL, FM, and FR are
given in Table II.

Following the approach in Ref. [3], the resolution (or limit
of detection) of the sensor for a repeated series of mea-
surements lasting 1 s is calculated using the time-averaged
standard deviations and sensitivities, as

	nI = σm

SI
and (30a)

	nI−I = σg(2) (0)

SI−I
. (30b)

These resolutions are obtained by using a simple linear
error propagation formula [3]. However, a more rigorous ap-
proach is to calculate the Fisher information and obtain the
Cramér-Rao bound, which is a lower bound on the estima-
tion error, or resolution using our terminology. The Fisher
information for an unknown parameter θ measured using ob-
servable X with a Gaussian probability distribution is I (θ ) =
	−2, where 	 is the standard deviation of the probability
distribution for X [67,68]. For N independent and identically
distributed measurements we then have IN (θ ) = N I (θ ). The
Cramér-Rao bound is then [IN (θ )]−1/2 = 	/

√
N . Taking

the sensitivities SI and SI−I to be linear for small changes in
the refractive index (see Supplemental Material, Sec. 5 [57])
and the probability distribution for 〈m̂〉 and g(2)(0) to be Gaus-
sian with standard deviations 	m and 	g(2)(0), we have that
the Cramér-Rao bounds for the resulting refractive index mea-
surements are equal to Eqs. (30a) and (30b), respectively. The
sensitivities SI and SI−I therefore allow the propagation of the
bounds on the resolution of the photocount and second-order
correlation to bounds on the resolution of the refractive index.

TABLE II. Refractive index sensitivities, resolution, and enhancement factors obtained at the optimal driving wavelengths.

λD (nm) FL = 577.031 FM = 577.038 FR = 577.045
PL = 530.770 PM = 535.500 PR = 540.270

SI × 10−4 @ FL : 4.04 @ FM : 4.15 @ FR : 12.17
(RIU−1) @ PL : 5.87 @ PM : 3.93 @ PR : 11.37
ES ∼0.69 ∼1.06 ∼ 1.07

SI−I (RIU−1) @ FL : 3.85 @ FM : 1.05 @ FR : 0.50
	nI × 10−5 @ FL : 4.60 @ FM : 5.50 @ FR : 2.10
(RIU) @ PL : 3.90 @ PM : 6.90 @ PR : 2.10
E	n ∼0.84 ∼1.25 ∼ 1.00
	nI−I × 10−3 (RIU) @ FL : 1.3 @ FM : 2.8 @ FR : 7.6
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FIG. 5. Driving wavelengths for g(2)(0)-based refractive index
sensing within the Fano spectrum (wavelengths around the Fano
peak only) at n = 1.3330. Upper panel: g(2)(0). Lower panel: second
derivative of g(2)(0) with respect to λ, g(2)(0)′′.

The enhancement in the refractive index resolution is de-
fined as

E	ni = 	nI (λD=Pi )

	nI (λD=Fi )
, (31)

where, as before, we are unable to define a similar enhance-
ment for 	nI−I due to a constant g(2)(0) within the plasmon
spectrum.

In Fig. 6, the sensing performance of the scattered in-
tensity at driving wavelengths within the plasmon spectrum
[Figs. 6(a)–6(c)] is compared to the performance at wave-
lengths within the Fano spectrum [Figs. 6(d)–6(f)]. The
sensing performance was investigated using the refractive
index range n = 1.3330–1.3334 (corresponding to a typical
range in a biosensing context [2]), where the mean photocount
has a linear dependence on n, for each λD, as shown in Fig. S1
of the Supplemental Material [57].

The intensity sensitivities, Figs. 6(a) and 6(d), have a sim-
ilar dependence on the driving wavelengths—on the left-hand
side of the plasmon resonance (Fano resonance), PL (FL) is
the optimal driving wavelength, while PR (FR) is the optimal
driving wavelength on the right-hand side of the plasmon
resonance (Fano resonance). The dips show that intensity
sensing should not be carried out around the wavelength cor-
responding to the plasmon peak (and Fano peak), where the
intensity has a smaller variation with the refractive index, i.e.
the derivative of the intensity with respect to the refractive
index is small at a fixed wavelength near the initial peak
position. This is a common feature of intensity sensing at a
resonance peak in an intensity spectrum—the intensity at a

fixed wavelength near the initial peak does not vary signifi-
cantly with refractive index, while the intensity on either side
of the fixed wavelength varies more significantly (as the peak
red or blue shifts).

In each spectrum, the sensitivity is on the order of
∼10−4 RIU−1 and reaches a maximum value at PR (FR). As
summarized in Table II, there is no significant enhancement
in the sensitivity since ES ≈ 1 at the optimal driving wave-
lengths. Hence, the scattered intensity at the Fano spectrum
is not necessarily more sensitive to changes in the refractive
index than the scattered intensity at the plasmon spectrum,
given that the scattering peaks at the two regions lead to mean
photocounts with the same order of magnitude.

The dependence of the noise on driving wavelengths within
the plasmon and Fano spectrum are shown in Figs. 6(b) and
6(e), respectively. In each spectrum, the standard deviation in
the mean photocount σm is on the order of ∼10−8, and reaches
a maximum value at PM (FM). Hence, in order to minimize
the noise, the wavelengths, PM (FM), should not be used
as driving wavelengths. As shown in Fig. 6(e), the scattered
light within the Fano spectrum has the same first-order photon
statistics as the scattered light within the plasmon spectrum,
i.e., coherent light. This is because the low mean photocount
within Tint, 〈m̂〉 ∼ 10−4, renders the photon antibunching
effect on 	m, and thus σm, insignificant within the Fano
spectrum, i.e., (g(2)(0) − 1)〈m̂〉 ≈ 0 in Eqs. (23) and (27a),
so that the noise within the two spectra remains comparable.
As shown in Figs. 6(c) and 6(f), the sensing resolution is not
optimal near PM (FM) due to the combined effect of the low
sensitivity and high noise. However, the resolutions are on the
same order of magnitude, ∼10−5 RIU at the inflection points
(which is within the range of those of state-of-the-art plas-
monic sensors [8]), resulting in no significant enhancement,
since E	n ≈ 1, as shown in Table II. Finally, we note that the
sensing resolutions shown in Figs. 6(c) and 6(f) correspond to
1 s of measurements, and that both can be improved in prin-
ciple by simply performing temporal averaging over a larger
set of measurements. This, however, may lead to an increase
in other sources of noise in the signal, such as technical noise
in the setup (e.g., vibrations, equipment response, etc.), which
would impact the sensing resolution.

We now focus on using g(2)(0) as a signal for refractive
index sensing, with the results shown in Fig. 7. The observed
wavelength dependence of the sensing parameters is quite
different from that of the intensity-based sensing. As shown
in Figs. 7(a) and 7(c), FL rather than the inflection point
on the g(2)(0) curve is the optimal driving wavelength for
g(2)(0)-based plasmonic sensing. In terms of performance,
this is followed by the driving wavelength at FM, which now
minimizes the noise in contrast to intensity sensing. However,
this result is due to the noise being proportional to the sensing
signal [low for g(2)(0) or high for 〈m̂〉 at FM]. Note that
the sensitivity of g(2)(0), given by SI−I , is several orders of
magnitude higher than that of the intensity, SI . This is because
the latter is defined with respect to the time interval Tint, where
the signal 〈m̂〉 ∼ 10−4. The sensing resolution, given by the
formulas in Eqs. (30a) and (30b) and shown in Figs. 6(c) and
7(c), respectively, takes into account the time averaging of the
signal 〈m̂〉 and provides a more fair comparison between the
sensing performance of intensity- and g(2)(0)-based sensing.
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FIG. 6. Intensity sensitivity, standard deviation (noise) for 1 s of measurements, and sensing resolution (i.e., limit of detection) at driving
wavelengths within the plasmon spectrum [(a)–(c)], and Fano spectrum (wavelengths around the Fano peak only) [(d)–(f)], obtained within
the refractive index range, n = 1.3330 − 1.3334. The sensing resolution can be improved by taking measurements for more than 1 s, with the
results for the plasmon and Fano resonances scaling by the same factor.

Apart from the scale difference of the sensitivities, it can
be seen from Fig. 7 that similar to intensity-based sensing,
the sensing resolution of g(2)(0) is not optimal at the driving
wavelength where the sensitivity goes to zero.

Due to a low mean photocount 〈m̂〉 within Tint, and thus the
minor role of the antibunching effect in reducing the noise,
the uncertainty in the mean photocount σm is almost linearly
propagated in g(2)(0), i.e., σg(2) (0) ≈ 2g(2)(0)σm/〈m̂〉 ∼ 10−3 −
10−2 across the Fano spectrum [see Eq. (24) and Fig. 7(b)],
resulting in a relatively more noisy g(2)(0) signal than the in-
tensity. Hence, compared to intensity sensing, when including
noise, the resolution of g(2)(0)-based sensing is surpassed by
that of intensity-based sensing for the system. See Table II for
specific values for comparison.

In Fig. 8, we show, using Eq. (23), that the scattered light
at both the Fano and plasmon resonances has the same noise
level up to 〈m̂〉 ≈ 10−1, beyond which a significant reduction
in the noise level begins to occur at the Fano resonance.
The perfect emitter trend in Fig. 8 is similar to the behav-
ior of the intensity of transmitted light through a medium
and its noise for a fixed photon number of one probing the
medium [4]. A 1000-fold increase in the mean photocount
is needed in our hybrid system to achieve a decrease in the
signal noise at the Fano resonance that is similar to a perfect
emitter, regardless of the system being an efficient single-
photon source with g(2)(0) ≈ 0.17. We note that although a
perfect emitter can provide the needed 1000-fold increase in

the mean photocount, on its own it is not appreciably affected
by a change in the refractive index [8], as in our hybrid
system, and is therefore not a suitable candidate to use as a
sensor.

Finally, while fine-tuning of the model parameters in our
hybrid system can lead to an enhanced Fano profile relative
to the plasmon spectrum, resulting in an enhancement in
the sensing parameters at the Fano resonance, this cannot
be regarded as a quantum advantage in sensing since the
comparative performance is then biased. On the other hand,
replacing the MNP-QD system with other kinds of hybrid
plasmonic systems is a possible option to explore; however,
these approaches are beyond the scope of this work, which is
a starting point for such studies.

VI. CONCLUSION

We developed a quantum plasmonics model of a refrac-
tive index sensor operating at visible wavelengths, within the
framework of cQED. The model is formulated in the dipole
limit using the semiclassical, weak-field approximation. The
proposed model geometry is experimentally realistic, with
model parameters clearly defined. The semiclassical model
enabled us to obtain the sensing features of the steady-state
scattered intensity and intensity-intensity correlation of the
MNP-QD system. Using photodetection theory, our results
show that although the light scattered by the system could
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FIG. 7. (a) Intensity-intensity refractive index sensitivity,
(b) standard deviation (noise) in the g(2)(0) signal for one second of
measurements, and (c) sensing resolution (i.e., limit of detection) at
driving wavelengths within the Fano spectrum (wavelengths around
the Fano peak only), obtained within the refractive index range,
n = 1.3330–1.3334. The sensing resolution can be improved by
taking measurements for more than 1 s.

exhibit photon antibunching statistics within the Fano spec-
trum, the low mean photocount due to the small scattering

FIG. 8. Effects of the statistical property of the scattered light
on the noise level assuming that photocounts in the range 0.0–1.0
and g(2)(0) ≈ 0.17 [g(2)(0) = 1] at the Fano resonance (plasmon res-
onance) are obtainable within the integration time Tint.

efficiency of the MNP renders the quantum properties of
the scattered light too small for improving the sensing res-
olution, as the noise is not reduced below that of the shot
noise. Though we could increase the MNP size in order to
improve its scattering efficiency and enhance the photocount,
this approach suppresses the Fano profile, which subsequently
leads to a disappearance of the antibunching effect. There-
fore, in order to utilize the sub-shot-noise behavior due to
the constructive Fano interference in an MNP-QD hybrid
system to improve the refractive index resolution of a quan-
tum plasmonic sensor, the scattering efficiency or the mean
photocount has to be enhanced without significantly altering
the antibunching properties of the system. Future work in this
direction is needed to understand how a quantum advantage
may be obtained with such a system.
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