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In this paper, we theoretically investigate the sensing characteristics of a metallic grating-coupled surface
plasmon resonance sensor with the objective of showing their in�uence on the grating parameters. For
comparison, the optical responses of silver (Ag), gold (Au), and copper (Cu), as plasmonic material
layers, are separately adopted in the Kretschamann approach. The re�ectivity of each plasmonic layer
coated on top of a glass prism is analyzed using the wavelength interrogation method. The optical
responses of the considered con�gurations are analyzed, where the impact parameters are related to
the grating parameters (height, width, and periodicity) and layer thickness that have been suitably
optimized. Additionally, the excitation angle of incident light is �xed in the range from 26◦ to 66◦,
and the outer medium refractive index is assumed in the range from 1.33 to 1.34. Thus, the obtained
results reveal that the proposed structures allow for a remarkable coupling between surface plasmon
resonance and localized surface plasmon resonance, whose functionality as e�cient refractive index
sensors is characterized by improved wavelength sensitivity in the range λ ≃ 400�100 nm, high �gure of
merit, and the narrowest spectral full width at half maximum of the resonant plasmonic response. Such
preferential limits of the performance parameters should make the suggested multilayer approaches
based on Ag, Au, and Cu a suitable choice for detection applications.

topics: surface plasmon resonance (SPR), metallic grating, wavelength interrogation method, refractive
index (RI) sensor

1. Introduction

Surface plasmon resonance (SPR) phenomenon
is important in the development of many optical
devices, including chemical and biochemical sen-
sors such as surface-enhanced Raman spectroscopy
(SERS) [1], data storage and solar cells, waveg-
uides, and surface enhancers that depend on nonlin-
ear mixers [2, 3], etc. From a historical standpoint,
such resonant optical interface phenomenons were
initially observed in 1902 by Wood as anomalies on
the light spectrum re�ected from a metallic grat-
ing. The speci�city of such Wood's anomalies is the
apparition of dark bands [4]. Later, the anomalies
were proved to be correlated with electromagnetic
surface waves [5]. After that, a series of research
appeared explaining the loss of energy in metal-
lic surfaces [6�9], and then the anomalies ended up

being called surface plasmon polariton by Cunning-
ham et al. [10]. Therefore, we �nd a major trend to-
wards using nano-thin �lms that are cost-e�ective
and have excellent optical properties, in order to
improve performances of SP biosensors [11]. Many
researchers have proposed more advanced plasmon
coupling techniques, such as the nanoparticles and
molecules mixes [12], di�raction multiplexing [13],
and coupling in a helical layer [14]. However, these
methods, which are based on angles, contain tech-
nical parameters that we cannot control, and for
this reason, researchers resorted to a method of
connecting surface plasmons (SPs) using a periodic
network with only a wavelength for a speci�ed an-
gle, which leads to the integration of light into sur-
face plasmon polaritons (SPPs). We mention here
recent works, including a comparison of rectangu-
lar and sinusoidal periodic lattices [15] and fabri-
cating the aluminum (Al) metasurface interspersed
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with an elastomer nanosheet with a �lm thick-
ness of 400 nm [16, 17]. H. Fasseaux et al. [18]
ran the Jones formula on gold-coated tilted �ber
Bragg gratings (TFBG) to recover the polarization
that gives optimal plasmonic excitation for phase
and amplitude measurements. Transverse magneto-
photon transport e�ect (TMPTE) can be investi-
gated in comb-like lattices [19], and surface geom-
etry in the form of a superposition of harmonic
Fourier components [20]. Also, researchers are still
pursuing the path of using the prism to provide
coupling between nanostructure and SPP for SPR
sensors. It is the most commonly used way due to
its high sensitivity and ease of use [21�29]. Using
these devices, we �nd the plasmonic refractive in-
dex (RI). Therefore, there is a competition between
researchers to design an RI�plasmonic sensor with
the highest sensitivity and �gure of merit (FOM)
and an easy manufacturing process in various ap-
plications, which would lead to meeting the future
needs of the refractive index (RI) sensor.
In this study, we report the analysis of the opti-

cal response of a plasmonic structure, which makes
it possible to study the e�ects in wavelength inter-
rogation of the spread of the media, and we use
the refractive index sensing medium based on no-
ble metal grating in the Kretschmann approach to
evaluate performance parameters of the structure-
based surface plasmon generation and clarify addi-
tional associated phenomena of SPs. We study the
dispersive properties of Ag, Au, and Cu gratings as
active materials coated on prism coupling to sig-
ni�cantly reduce the full width at half maximum
(FWHM), thus improving the FOM, and compare
their respective results.

2. Design parameters of SPR sensor and

method

Material properties in the frequency domain
should be considered because they essentially gov-
ern fundamental processes such as dispersion, scat-
tering, and absorption during the propagation of an
external electromagnetic wave. Thus, as illustrated
in Fig. 1, the optical-system-based SPR sensor com-
prises three layers, namely glass prism, metallic
grating, metallic �lm, and sensing medium. Here,
the �rst incident medium is the glass prism of RI,
np = 1.5. For the metallic �lm, i.e., Ag/Au/Cu, the
complex dielectric permittivity is described by the
Drude model. The formula is given as [30�33]

εM (ω) = 1−
ω2
p

ω2 − γ2
+ i

γω2
p

ω2 − γ2
(1)

with ωp, γ, and ω representing the plasma fre-
quency, collisional frequency, and angular frequency
of operating light, respectively. The parameters
of the metallic grating are noted as length (df ),
periodicity (A), and width (w). When certain

Fig. 1. (a) The Kretschmann con�guration and
(b) the Otto con�guration.

conditions are met, excitation of the species occurs.
There are two methods to examine surface plasmon
excitation, namely wavelength interrogation of in-
cident light and incident angle interrogation. Each
method is characterized by certain restrictions and
changes depending on the optical and geometric pa-
rameters of the metal surface. Prism coupling is one
of the most common techniques (see Fig. 1a and b),
where total internal re�ection is used to transfer
the propagation of a wave at a metal/ephemeral SP
interface to the brown surface, which leads to an
increase in its parallel vector to the refractive in-
dex of the prism, so the SPs at the metal/dielectric
interface are excited by an evanescent optical �eld
that is created. When total internal re�ection of an
incoming light wave occurs, we observe two types
of multilayer con�gurations for surface plasmon ob-
servations, which are the con�gurations proposed
by Kretschmann�Raether [6] and Otto [7]. In the
�rst con�guration, a metal layer is in contact with
an optical coupler, such as a prism, semi-cylinder or
two prisms. In the second con�guration, the metal-
lic layer is separated from the coupler by a dielectric
gap of an order of wavelength thickness [25]. In this
case, the surface plasmons at the metal/dielectric
interface can be excited by an evanescent optical
�eld, which is obtained when the total re�ection of
an incident light wave occurs. The optical responses
of the above valuable con�gurations are based on
Fresnel theory and the boundary conditions of elec-
tric �elds for incident wave propagation on the in-
terfaces in di�erent environments media.
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3. Results and discussions

In the Kretshmann con�guration, SPs are excited
in a fully diluted ATR re�ector. A rectangular metal
nanosheet is located directly above the prism in our
approaches. Otherwise, no intermediate metal layer
is included between the nanostructured metal �lm
and the prism. We assume that the nanostructured
Ag/Au/Cu grating �lms are irradiated at a �xed in-
cident angle and illuminated by a light beam with
transverse magnetic polarization. The wavelength
of the light beam is considered in the range from
400 to 1100 nm. The geometry is oriented in the
x, z-plane and has an in�nite dimension according
to the x direction. Symbols of the three-layer sys-
tem is seen in Fig. 2 (layer 1 � prism, layer 2 �
Ag/Au/Cu grating �lms). Light falls on the nanos-
tructured metal layer through a prism with a high
refractive index. The thickness of the nanostruc-
tured metal �lm is df . We use the properties of the
e�ective medium for one-dimensional (1D) gratings,
which describe well the grating metallic structures
through general materials and geometric parame-
ters. They are de�ned as

εf (λ) =
A

Aε−1
M + w

(
n−2
S − ε−1

M (λ)
) ,

µf (λ) = 1,
(2)

where the periodicity A is the parameter of the
nanostructured metal �lm, and w is the slit
width [34]. An insulating material is used to �ll the
cracks; in the case of this con�guration, the SPR
response occurs at an incidence wavelength, λSP ,
which can be predicted from the re�ection behav-
ior. We try to reach a clear understanding of the
in�uence of physical phenomena in the case of rect-
angular metal nanograting, and their implementa-
tion is analyzed through three main parameters:
re�ection intensity, half-height width, and detection
accuracy, where the electromagnetic wavelength is
located by the index prism. To generate a resonant
excitation observable on the re�ectivity, the inci-
dent wave of transverse magnetic (TM) polariza-
tion undergoes total internal re�ection at the prism-
metal interface.

3.1. SP change with incidence angle θi and the
wavelength λ

The electromagnetic wave is incident on a lat-
tice of the dielectric layer of the geometric interface
in this geometric mode, where the incident (prism)
medium of the structure is quasi-in�nite (the term
�quasi-in�nite emergent medium� refers to a dielec-
tric medium with a variety of optical properties).
Analytically using the theoretical technique for light
re�ection at the prism�Ag/Au/Cu lattice interface
of the structure by adopting di�erent incidence

Fig. 2. The Kretschmann con�guration � a
nanostructured 1D grating layer between the prism
of a high index and the sensing medium with an
index of refraction of 1.3325.

angles, θi [
◦] (see Fig. 3), we show how wave re�ec-

tivity and structure change interact with the change
in incidence angle. Otherwise, refraction over a wide
spectral range of 400�1100 nm was used to produce
successful coupling with the di�erence of two con-
secutive values equal to 0.023 nm. We can see that
all re�ectance spectra present spectral resonance
under the conditions and shift from right to left,
which even mimics the e�ect of a change in the min-
imum re�ectance. The resonance condition (λSPR)
versus the incidence angle θi for Ag, Au, and Cu,
respectively, is given by the following polynomial
equations:

� for Ag,

λSPR (θi) [nm] = (−0.10986 θ2i−2.2466 θi+1021.4)

±0.91029, (3)

� for Au,

λSPR (θi) [nm] = (−0.11031 θ2i−2.1523 θi+1014.1)

±1.1738, (4)

� for Cu,

λSPR (θi) [nm] = (−0.1174 θ2i−1.5714 θi+1006.8)

±2.585. (5)

We also notice a change with a decrease in the
minimum re�ection from left to right for the Ag
and Au grating, i.e., from the resonance of visible
to infrared wavelengths, in contrast to the copper
grating. In this work, we are interested in copper
grating, which is less expensive than other plas-
monic metals, and we compare it with them, as
we said previously. The minimum re�ectance is the
smallest at infrared wavelengths for a copper grat-
ing, and for this reason, we �x the incident angle
to correspond to one of these wavelengths, for ex-
ample, θi = 28◦, and we obtain SPR wavelengths
of 872.1 nm, 867.7 nm, and 872 nm. The minimum
re�ectance, MR, is 6.794%, 8.947%, and 2.747%,
corresponding to Ag grating, Au grating, and Cu
grating, respectively.
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Fig. 3. Re�ectance curve of Ag/Au/Cu grating as a function of incidence angle, θi, with the Ag/Au/Cu
grating �lm thickness of df = 41 nm, periodicity of A = 500 nm, and slit width of w = 2 nm. The refractive
indices used are: nP = 1.5, nf =

√
εf µf and nS = 1.3325; εf = µf = 1.

Fig. 4. Minimum re�ectance MR and resonance wavelength λSPR as a function of the thickness of �lm df
for Ag/Au/Cu with: df ∈ [35, 55] nm, A = 500 nm, w = 2 nm, nd =1.3325, and θi = 28◦.

3.2. Changes in SP e�ect on the thickness of the
grating �lm

Figure 4 shows the calculated di�erent val-
ues of the minimum re�ectance intensity and the
SPR wavelength at the wavelengths previously
distinguished for each structure while changing the
thickness of the grating layer from 35 to 55 nm,
while maintaining the values of the other variables
same as in Fig. 3 and θi = 28◦. Note that the re�ec-
tion intensities with continuous curves are identical
in terms of variation, each decreasing as a function
of the thickness of the grating layer up to values
of dAg = 47 nm, dAu = 49 nm, and dCu = 45 nm,
which correspond to Ag grating, Au grating, and Cu
grating, as small as 0.005%, 0.001%, and 0.003%, re-
spectively. Then the trend changes with an increase
at the resonance wavelengths of 872.1 nm, 867.7 nm,
and 872 nm, respectively.

3.3. In�uence of periodicity and slit width

Next, we examine the e�ect of each periodic-
ity A. The slit width w depends on the intensity
and the wavelength of the SPR mode resonance
maintained by the structure while maintaining the
previous characteristic magnitudes for each struc-
ture. So when we change value w (see Fig. 5a), we
�nd that the peak re�ectance decreases to the values
ofMRAg = 5.369×10−4%,MRAu = 1.345×10−4%,
and MRCu = 3.742 × 10−4% at wAg = 2.4 nm,
wAu = 2.2 nm, and wCu = 2 nm, which corre-
sponds to the resonance wavelengths of 872.8 nm,
868.4 nm, and 872.2 nm for Ag grating, Au grating,
and Cu grating, respectively. For structures based
on the three types of metal-gratings previously de-
scribed, the minimum of their re�ected intensities
reaches a value close zero. Then, after choosing
the appropriate thicknesses for slit width, w, and
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                    (a)

                    (b)

Fig. 5. Minimum re�ectance, MR, and resonance wavelength, λSPR, as a function of slit width, w, and
periodicity, A, for Ag/Au/Cu with: (a) w ∈ [1.4, 3] nm, dAg = 47 nm, dAu = 49 nm, and dCu = 45 nm, (b)
A ∈ [440, 520] nm, wAg = 2.4 nm, wAu = 2.2 nm, and wCu = 2 nm; the other parameters are the same as in
Fig. 4.

other characteristic quantities mentioned previ-
ously, the extent of the e�ect of periodicity, A, is
considered (see Fig. 5b). The re�ectance peak de-
creases to the value of MRAg = 2.679 × 10−4%,
MRAu = 1.086 × 10−4%, and MRCu = 1.287 ×
10−4%, which corresponds to the SPR wavelengths
of 872.1 nm, 867.7 nm, and 872 nm at AAg =
510 nm, AAu = 500 nm, and ACu = 480 nm, which
also corresponds to the resonance wavelengths of
872.76 nm, 868.36 nm, and 872.32 nm for Ag grat-
ing, Au grating, and Cu grating, respectively. For
both quantities, we �nd that they have a clear im-
pact on the structural results, in contrast to what
some researchers have found in the visual �eld.

3.4. SP variation with the refractive index of
sensing medium

Figure 6 shows simulated spectra transmitted for
di�erent RI and detection media. It can be seen
that varying the RI in the wide range from 1.32
to 1.35 causes: (i) a linear change in the resonance
wavelength, (ii) a slight change in the FWHM of the
resonance mode with two ranges of 8�10 nm and

8�9 nm in the cases of Au grating and Cu grating,
respectively. In contrast to Ag grating, we �nd a
noticeable change in the 6th-degree polynomial with
ranges of 6.14�6.15 nm, and (iii) the intensity of
the re�ection decreases and increases with the limit
depth of each structure.
It should be noted here that the intrinsic prop-

erties associated with di�erent types of resonance
modes are closely related to the nature of the
medium and the geometric quantities constituting
the structure in question.
Based on the previous data, analytical dependen-

cies between the intrinsic characteristics retrieved
from p-re�ectivity curves versus in�uence parame-
ters can be derived as follows:

(i) Dip depth of p-re�ectivity (MR [%]) versus
the RI (nS) of sensing environment re�ects

MRAg(×10−4) = 14.02 sin (102.25nS+0.92)

+14.823; (6)

(ii) Resonance condition (λSPR [nm]) versus the
RI of sensing environment re�ects

λSPR (Ag) = (−653.76nS+1744.6)± 1.2363, (7)
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Fig. 6. (a�c) Re�ectance spectra with changing RI (1.33�1.34) with grating �lm at periodicity AAg = 510 nm,
AAu = 500 nm, and ACu = 480 nm; the other parameters are the same as in Fig. 4b. (d�f) Variation of minimum
re�ectance (MR), resonance wavelength, and larger FWHM, respectively, as a function of RI (1.32�1.35) of
the sensing medium; the other parameters are the same as in Fig. 5.

TABLE I

Variation �gure of merit as a function of the RI (1.32�1.34) of sensing medium; the other parameters are the same
as in Fig 6a; RIU is the refractive index unit.

nS [RIU]

1.32 1.3225 1.325 1.3275 1.33 1.3325 1.335 1.3375 1.34

FoMAg [RIU−1] 103.91 103.75 103.42 103.14 103.14 106.31 107.17 123.86 123.79

FoMAu [RIU−1] 78.37 70.22 70.82 70.80 70.71 70.47 70.51 78.26 69.36

FoMCu [RIU−1] 86.19 86.19 85.94 85.78 85.93 85.52 84.74 85.19 84.96

λSPR (Au) = (−688.47nS+1785.9)± 1.1473, (8)

λSPR (Cu) = (−693.52nS+1796.6)± 0.9383; (9)

(iii) The full width at half maximum (FWHM) of
a re�ectance dip (∆λ0.5 [nm]) versus the RI
of the sensing environment re�ects

∆λ0.5 (Ag) =
∑i=7

i=1
Pi n

i−1
S ± 0.48081. (10)

Here, P1 = −3.32 × 1012, P2 = 1.496 × 1013, P3 =
−2.81×1013, P4 = 2.812×1013, P5 = −1.584×1013,
P6 = 4.756× 1012, and P7 = −5.952× 1011.
As such, a small �uctuation in the RI of the

sensing environment re�ects how precisely the
sensor detects the resonance condition and its
shift. This value allows the determination of re-
sulting sensitivity, Sλ = δλSP/δnS [35], and
the �gure of merit is FoM = Sλ/FWHM [36].
As displayed in Fig.6a�c, for the three SPR sensors
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analyzed, the increasing variation from 1.33 to 1.34
of the analyte refractive index, produces a substan-
tial decreasing shift in the spectral position, λSPR of
the SPR mode. According to the analytical expres-
sions in 7�9, Cu grating presents the highest spec-
tral sensitivity compared to that achieved with Ag
grating and Au grating. If we take into account the
selectivity, regarding the limit value of FoM shown
in Table I, Ag grating as an SPR sensor refrac-
tive index is preferable than Cu grating and Au
grating.

4. Conclusions

Through the theoretical study, we found that
plasmonic lattice devices can open a new path for
developing sensing applications based on the ability
to exhibit a remarkable coupling between SPR and
localized surface plasmon resonance (LSPR) gen-
eration. A comparative study with Ag, Au, and Cu
grating sensing at infrared wavelengths is presented.
We determined the geometric quantities according
to the fundamental plasmonic mode and in line with
practical devices. The possibility of using multilay-
ers as a refractive index sensor for aqueous solutions
has been largely demonstrated. The sensitivity of all
three metals was calculated, and Cu was found to be
the most e�cient. It should be noted that a compro-
mise of a few nm/RIU is needed for a more stable
and less expensive 1D grating device, early sensing,
and e�cient sensing using Cu grating. Moreover, it
is less expensive for others. However, one can use
an Ag grating as well with little compromise on the
sensitivity and the best �gure of merit for the de-
signed sensor.
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