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Localized Surface Plasmon Resonance
Sensing of Nanoparticles
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Localized surface plasmon resonance system using a glass prism and a multi-layered chip is proposed as a

detection of silver nanoparticles. The model is robust and very general. It can be used to alter different parameters
of the sensor in a way that enables us to optimize its response for a particular analyte. We show that the use
of chromium adhesion layers with a graphene layer at the silver-sensing interface leads to the detection of silver
nanoparticles from their plasmonic amplitude (self-sensing).
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1. Introduction

Since the first observation of surface plasmon reso-
nance (SPR) sensor by Wood [1], a large number of ap-
plications have been found in areas of medical sciences,
biochemistry, and biology, due to its real-time, label-free
and noninvasive nature. Recently, there has been a great
interest in the use of magnetic and plasmonic nanopar-
ticles as active materials for biomolecule detection [2].
The optical sensor that is based on SPR [3, 4] has been
widely used to detect biomolecules due to their sensi-
tivity, label-free assay, and real-time detection [5]. This
detection method is very sensitive to size and shape of
nanoparticles, and is relied on the changes of the refrac-
tive index of the medium surrounding the metal thin film.
A biomolecule coming into contact with the thin metal
film is adsorbed onto its surface. This leads to increase of
the refractive index at the interface and hence the change
of the resonance angle. Through this change it is possible
to detect the presence of an analyte and its concentration.
Many detection techniques have been used, such as mea-
surement of the resonant angle of incidence of light [6, 7],
measurement of the intensity of the reflected light [8, 9],
and measurement of the resonant wavelength of the inci-
dent light [10].

In this paper, we propose a sensor that mechanism is
based on localized surface plasmon resonance, and use
for it a glass prism and a combination of different metal
layers as tool elements. To calculate the attenuated total
reflection (ATR) of the proposed configuration we apply,
the so-called, angular interrogation method. It is worth
noting that other methods based on wavelength, phase,
and intensity can be used as well [11].
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2. Model

The Kretschmann configuration (KC) is one of the first
setups, with which surface plasmon polariton (SPP) reso-
nances were observed [12]. This configuration along with
the Otto configuration was used for measuring dielectric
permittivities. In the KC, shown in Fig. 1, a metal film
and the material under investigation (analyte) are de-
posited on the base of a dielectric prism. A beam of
p-polarized light is transmitted through the prism. Since
the dielectric permittivity of the prism εp, is greater than
that of the analyte, there is a critical angle at which to-
tal internal reflection occurs. At angle greater than the
angle of total internal reflection, a sharp minimum is ob-
served in the reflection coefficient due to losses in the
metal. This phenomenon is commonly referred to as at-
tenuated total reflection (ATR) [13]. To calculate the
ATR, we use a mathematical model based upon transfer
matrix method (TMM) [14]. Since the wave propagation
is described by p- and s-polarized modes for homogeneous
materials, the transfer matrix is of rank 2 in this case.

Fig. 1. The Kretschmann setup. Blue lines show pro-
files of resonantly excited fields.
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Fig. 2. Parameters of the numerical model: E+
0 and

E−
0 are the incident amplitude of light’s wave in the for-

ward direction and the amplitude of light’s wave propa-
gating backwards from the system, respectively. E+

m+1

and E−
m+1 are the forward transmitted amplitude of

light’s wave and the backwards propagating amplitude
of light’s wave, respectively. In most systems E−

m+1 is
assumed to be 0. If the layer index j becomes j = 0,
then j = m+ 1 is assumed to be air.

The proposed numerical model uses the TMM and is
based on complex amplitudes of Fresnel for the transmis-
sion and reflection at the boundary (interface). It would
give an efficient prediction of the sensor response and will
help to optimise the resolution of detection as well as the
sensitivity.

Figure 2 shows the parameters used to model multi-
layered system. Each layer j is described with an
incidence angle θj and a thickness hj , and can be char-
acterised by the complex refractive index nj = n + ik.
The incidence angle θj is related to the incidence angle
in the system by relation

sin (θj) =
n0
nj

sin (θ0) , (1)

where n0 is the refractive index of the ambient medium.
For each layer one deals with a 2 × 2 matrix, which is
needed to find. One can use for it parameters βi and pi,
defined as:

βj =
2π

λ
hjnj cos (θj) , (2)

pj =
cos (θj)

nj
. (3)

The transfer matrix is derived directly from the
Maxwell equations for macroscopic electromag-
netism [14], where specific boundary conditions are
used at each interface. To justify the use of the TMM in
our model, some assumptions should be made. Firstly,
each layer is considered infinitely wide as only its height
will be taken into consideration. The interface only is
assumed to be perfectly flat, while the transfer matrix
method considers only homogeneous and isotropic films,
we consider only plane waves which we assume incapable
of handling diffusion between two adjacent layers. With
these settings the transfer matrix of layer j is written as

M̂j =

[
cos(βjhj)

i
pj

sin(βjhj)

ipj sin(βjhj) cos(βjhj)

]
. (4)

The full characteristic matrix of the system is constructed
by multiplying the matrices M̂j :

M̂ =

N−1∏
j=2

M̂j . (5)

The Fresnel coefficients for reflection r and transmission t
for the whole system can then be extracted from[

1 + r

(−1 + r)p0

]
=

[
t

−tpm+1

]
. (6)

In general, the characteristic matrix is described by its
individual elements

M =

[
M11 M12

M21 M22
.

]
(7)

The conversion from the transfer matrix to the scattering
matrix can be found from (6) and (7). The ATR is then
the difference between the reflected energy E−

0 and the
incident energy E+

0 . This can be easily see from the ma-
trix elements S and the total transmission given by [15]:

S =

[
S11 S12

S21 S22

]
=

[
−M21

M22

1
M22

M11 − M12M21

M22

M12

M22

]
, (8)

[
E+

0

E−
0

]
=

[
S11 S12

S21 S22

]
=

[
E+

m+1

E−
m+1

]
, (9)

where E+
0 , E−

0 , E+
m+1, and E

−
m+1 relate to the energies

shown in Fig. 2. This describes the internal scattering
energies of the multi-layered system for which the reflec-
tion and transmission coefficients are

Rtot = |r|2 =

∣∣∣∣E−
0

E+
0

∣∣∣∣2 =

∣∣∣∣S21

S11

∣∣∣∣2 , (10)

Ttot = |t|2 =

∣∣∣∣∣E−
m+1

E+
0

∣∣∣∣∣
2

=

∣∣∣∣ 1

S11

∣∣∣∣2 . (11)

Therefore, using this method for a set wavelength, layer
thicknesses, and refractive indices, it is possible to sweep
through the incident angle and reveal local minima in
the spectra when the SPP conditions are met. This en-
ables us to explore different structures to determine the
response in each case. We begin from calculation of the
change in refractive index of the sensed layer and the
intensity of reflected light is plotted as function of the in-
cidence angle. The angle corresponding to the minimum
ATR changes when the refractive index changes indicat-
ing the plasmon resonance. The corresponding relative
change in the refractive index is given by [16]:

ε =
δn

n
. (12)

The scheme of the structure under consideration is shown
in Fig. 3. A beam of light is transmitted through a prism
of glass to the sensed layer (last medium). In between, a
number of different layers of chromium, silver, gold, and
graphene are used in order to realize a plasmon resonance
and optimize the system sensitivity.

The complex refractive indices of different films used
in the proposed configuration are summarized in Table I.
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Fig. 3. The proposed configuration used to realize
a surface plasmon resonance (SPR) sensor. The wave-
length of the incident light is 750 nm.

TABLE IComplex refractive indexes of used films [17].

Cr Ag Au Gr
3.84 + 4.37i 0.146 + 4.908i 0.164 + 4.35i 3 + 1.361i

3. Plasmonic layers

An active plasmonic layer is required to enable the
plasmon resonance in SPR based sensor systems. The
most common materials used as active plasmonic layers
are gold and silver and this is due to their SPR appearing
within the visible spectra [18].

Figure 4 shows the SPR response for configurations of
glass/gold (BK7/Au) and for glass/silver (BK7/Ag) at
a wavelength of 750 nm. The configuration with silver
shows a much narrower plasmon response (higher reso-
lution) compared with gold, thereby, improving the sen-
sitivity of the sensor [19]. Many studies have used gold
for SPR biosensors [20, 21] due to its stable chemical and
optical characteristics. Although, silver is not chemically
stable but it can easily oxidize to form AgO2 which re-
sults in a degradation of the ATR signal [22].

Despite its stable chemical and optical characteristics,
gold films have not proved to be efficient in developing
highly sensitive SPR sensors, like silver films. To over-
come the chemical instability of silver and develop a sta-
ble system with higher sensitivity, several attempts were
made, including the insertion of a very thin layer of gold
with the silver film [23]. However, this will modify the
optimal thickness of silver film to obtain the best sensing
sensitivity.

Figure 5 shows the ATR spectra obtained for the con-
figuration BK7/Ag(x nm)/water. We can see that in-
creasing the Ag film thickness x from 50 nm to 60 nm
decreases the depth of the resonance peak. This means
that the coupling efficiency of light into the surface plas-
mon mode on the silver film is reduced. It is due to the
fact that the metal begins to act as a reflectance plane
when its thickness increases to a point where light cannot
couple to the surface charge oscillations which makes up

Fig. 4. Reflection intensity response for SPR system
for BK7/Ag/water (solid) and BK7/Au/water (dashed)
at a wavelength of 750 nm. The thickness of the film is
40 nm for both cases.

Fig. 5. The ATR as function of incidence angle for the
configuration BK7/x/water at a wavelength of 750 nm,
where x [nm] indicates different thickness values of the
silver film.

the plasmon mode. However, when the silver film thick-
ness is very thin (30–35) nm, the coupling efficiency of
light into the surface plasmon mode is more important.
In this case, the sensitivity of the SPR system is reduced
because the amplitude of the evanescent wave that pene-
trates into dielectric materials on the metal layer is higher
than that of the surface plasmon that is generated from
metal. Taking into account these effects, we find a com-
promise to build a satisfactory SPR system. Here, the
optimal thickness to support an SPR system is around
40 nm. For more convenience, Fig. 6 shows the varia-
tion of the ATR with incidence angle and the silver film
thickness for the SPR configuration of Fig. 5.

It has been already reported [24–26] that group 1B
metals like copper, silver, and gold have very poor ad-
hesive properties in comparison to dielectric materials
such as silicon dioxide (SiO2), and therefore, they have
a poor adhesion to glass substrates. To form a strong
adhesion a transition metal such as chromium (Cr) or
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Fig. 6. The ATR as function of thickness x of
silver Ag layer obtained for SPR configuration
BK7/Ag(x nm)/water at a wavelength of 750 nm.

Fig. 7. The ATR spectra for a
BK7/Cr(2 nm)/Ag(x nm) system at a wavelength
of 750 nm. Values of Ag layer thickness x are given in
the legend.

titanium (Ti) can be used. A thin layer of chromium
(2–5) nm has shown to form covalent oxide bonds at the
surface with the hydroxyl groups causing much stronger
adhesion [24, 26].

We introduce into our system a 2 nm chromium layer
that the use changes the optimal thickness of the silver
film. Figure 7 shows the ATR spectra for a configura-
tion BK7/Cr/Ag(x nm) for a range of different thick-
nesses values x of Ag layer. Note that as the thickness
of Ag layer increases, the SPR resonance peak becomes
narrower (smaller FWHM). For a thickness greater than
50 nm, the ATR signal becomes smaller.

Now we investigate parameters of the structure as the
gold layer is introduced. Figure 8a and b shows the ATR
spectra for the following configuration BK7/Cr(2 nm)/
Ag(40 nm)/Au(x nm)/water. The thickness of Cr and

Fig. 8. The ATR spectra for the system
BK7/Cr(2 nm)/Ag(40 nm)/Au(x nm) at a wave-
length of 750 nm. (a) Results are performed for
selected x values of gold layer thickness. (b) Results
are a continuous function of x values.

Ag layer is set to 2 nm and 40 nm, respectively, while
the thickness of gold layer, marked by x, is changed. As
mentioned above in case of silver, the best thickness of
gold is given by the deepest attenuation total reflection
and narrowest FWHM of the resonance peak, which will
result in high sensitivity and resolution of the system.
The optimal thickness of gold film is around 5 nm. It im-
proves the sensor response when compared to just having
the silver layer. This shows that the resonant angle and
the ATR signal changes when the thicknesses of Ag layer
changes.

It is known that molecules and particles at the sensing
interface do not have a high affinity to gold. To avoid this
problem and improve the affinity, an additional immobi-
lization layer such as graphene is used at the interface.
The addition of graphene significantly reduces the oxidi-
sation of the metallic surfaces and provides a protective
surface for the plasmonic layer [27]. One of the most
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Fig. 9. The ATR signal obtained for the configuration
BK7/Cr(2 nm)/Ag(40 nm)/Au(5 nm)/graphene(L lay-
ers), where L is the number of graphene layers.

important parameters concerning the use of graphene in
sensing applications is the complex refractive index. It
determines the optical response and changes in the SPR
conditions according to the number of graphene layers L.
It can be calculated from the equation [28, 29]:

ñ = n+ ik = 3 +
i

3
Cgλ, (13)

where Cg = 5.446 µm−1 is given by the opacity measure-
ments [30] and λ is the wavelength in meter.

Another parameter that is needed for the simulations
is the thickness of the graphene layers which is given by
d = L×0.34 nm [28]. The percentage absorption per layer
can also be estimated using the fine structure constant
a, where the opacity is given as [30]:

(1− T ) = πa =
πe2

~c
= 2.3%, (14)

where e is the charge of the electron, ~ is the Planck
constant h divided by 2π, and c is the speed of light.

The corresponding ATR signal is shown in Fig. 9 where
configuration glass/Cr/Ag/Au(x nm)/graphene/water is
considered. The thickness of Cr, Ag, Au layer is 2 nm,
40 nm, x nm, respectively, and L is the number of
graphene layers. The introduction of graphene layer
slightly increases the FWHM of the ATR and the res-
onance peak and also changes its depth. The SPR re-
sponse is strongly dependent on the number of graphene
layers and an optimum number of graphene layers can be
used in order to get the highest sensitivity. The obtained
results are very promising and highly encouraging. It is
seen that for a given Ag thickness a deeper resonance re-
quires an optimal number of graphene layers. In the case
of 40 nm silver plasmonic layer the optimum number of
graphene layers is L = 6.

4. Localized surface plasmon resonance sensor

Localised surface plasmons (LSPs) are quantized
plasma oscillations formed near the surfaces of metal
nanoparticles. In contrast with propagating surface

Fig. 10. (a) SPR response (ATR) as function of silver
nanoparticles concentration for a 40 nm Ag silver plas-
monic layer and 6 layers of graphene at a wavelength of
750 nm. (b) Resonance angle (minimum of reflectivity)
as a function of nanoparticles (Np) concentration.

plasmons, which often require carefully-constructed opti-
cal arrangement for phase matching, LSPs can be excited
easily by direct irradiation of light.

The curved surface of the particle effectively exerts
a restoring force on the electron cloud, giving rise to a
resonance. This implies that for frequencies close to the
resonance frequency the optical response, i.e., the am-
plitude of the electron cloud, will be much larger than
that away from the resonance. Additionally, since the
electron cloud is charged and accelerating charges radi-
ate, the fields both inside and outside the particle will
be greatly amplified when the LSP is excited. This is
because of the strong optical response and the large lo-
cal field enhancement that the LSP resonance of metal
nanoparticles has been the subject for a large applica-
tion in surface-enhanced Raman scattering [31], fluores-
cence enhancement [32], refractive index (RI) measure-
ment [33], biomolecular interaction detection [34], and so
on. In particular, LSP can be used to sense individual
particles without using plasmonic layers. However, if the
particle size is much smaller than the wavelength, LSPR
condition will not be satisfied. Yet, using the previous
plasmonic system low concentrations of silver nanoparti-
cles can be sensed since these particles change the refrac-
tive index of the sensed layer. Since we are interested in
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diluted systems, the permittivity of particles in aqueous
solution can be evaluated within the effective medium
theory [35]:

εN = εd + 4πV α, (15)
where εd is the permittivity of the aqueous solution, V is
volume of the particle, and α is its dielectric polarizabil-
ity which depends on the shape, size, and material of the
used particle. Figure 10a shows the reflected intensity
as functions of Ag particle concentration for plasmonic
system 40 nm Ag/6 layers of graphene. If the angle cor-
responding to the ATR minimum is plotted as a function
of Np concentration the response is linear with a slope
of 200◦/concentration (Fig. 10b).

5. Discussion

In this study, we proposed a robust and applicable
model to detect metallic (conducting) nanoparticles. The
particles of interest are silver nanoparticles, that are in-
creasingly used in consumer products in spite of being
highly toxic to aquatic life. The proposed model calcu-
lates the SPR response numerically using gold or silver
as the plasmonic layer. It is shown that silver produces
a sharper resonance response, however, to grow silver or
gold onto glass requires a (2–3) nm adhesion layer which
is in our case chromium (Cr). This model investigates
also the influence of the adhesion layer. To overcome
the instability of silver, we use a 5 nm protective gold
layer. Gold does not have a high affinity and the use of
an optimum number of graphene layers is required due
to its inherent electronic and optical as well as mono-
atomic thickness. The results are encouraging and shows
that graphene layers have no effect on the sharpness of
the SPR response. The thickness of the silver layer that
produces the minimum reflectivity changes when we in-
troduce graphene layers (without graphene, the thick-
ness was 40 nm, and with graphene it was reduced to
35 nm). The numbers of layers of graphene were also
varied and it was shown that increasing the number of
layers has an important influence on the SPR response.
Finally, we explored the detection of silver nanoparticles.
It is well known that metallic nanoparticles with sizes
much smaller than the wavelength are able to support
localized plasmonic resonance. This property usually en-
hances SPR sensitivity, but here it was used to detect the
particles themselves. The effective permittivity of water
and small percentage of Ag particles were modeled and
used to explore the response to increasing concentrations
of Ag particles. The outcomes of this simulations re-
vealed that there is a linear response to reflectivity with
particle concentration.

6. Conclusion

A theoretical model for multiple layers of metals has
been developed for SPR sensing. This analysis shows
that silver offers better sensitivity than gold, but the lat-
ter is not reactive and therefore, is the material of choice
in plasmonic sensing. We have also presented simulation
results which demonstrate that functionalised graphene

offers higher sensitivity and biomaterial affinity, due to
its inherent electronic and optical as well as mono-atomic
thickness. In addition, a new approach to improve sen-
sitivity has also been proposed using a lock-in amplifier
technique to measure intensity as well as the phase of the
reflected optical signal. This, combined with the theoret-
ical models detailed here, may potentially offer a route
to single molecule detection.
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