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Prism-Based Surface Plasmon Resonance
for Dual-Parameter Sensing
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Abstract— A simple method to construct a dual-channel in
a prism-based surface plasmon resonance sensor for dual-
parameter monitoring is proposed. The metal layer (sensing
area), attached to the prism, is half-covered with a polymer
in order to generate two individual sensing sections. In this
paper, eight different sensor structures (prism/metal/polymer)
were analyzed. The prisms are made of NSK16 or SF10 glass
and coated with gold or silver films. Half section of the metal
films is covered with Polydimethylsiloxane (PDMS) or Poly-
methyl methacrylate. The sensor is based on angle interrogation,
the laser beam is aligned to be incident upon the interface
of the bare and polymer sections. The resonance conditions
are different at each pad, due to the refractive index (RI)
mismatch, thus the intensity of the reflected signal presents a
pair of well-defined resonance dips in series. The sensitivity of
these dips to RI and temperature (T) changes was numerically
analyzed. Finally, to demonstrate the feasibility to monitor RI
and T, simultaneously, a surface plasmon resonance sensor was
constructed using a NSK16 glass prism coated with a thin gold
film, which was half-covered with PDMS.

Index Terms— Optical sensors, optical polymers, thin film,
plasmon.

I. INTRODUCTION

SURFACE plasmon resonance (SPR) phenomenon is unan-
imously considered as one of the most sensitive and

straightforward techniques to measure the RI of a sample,
no matter whether the sample is gaseous, liquid, or
solid [1], [2]. The remarkable advantages of the technique
have contributed to the successful utilization of this phenom-
enon in a wide range of chemical and biochemical analy-
sis including detection of pathogens trace in beverages and
food [3], measurement of the water content in ethanol-based

Manuscript received November 27, 2017; revised February 23, 2018;
accepted March 17, 2018. Date of publication March 21, 2018; date of
current version April 23, 2018. This work was supported by the Consejo
Nacional de Ciencia y Tecnología (CONACyT) from México under the
CIENCIA BÁSICA Project 257046. The work of J. S. Velázquez-González
was supported by CONACyT through a Post-Doctoral Scholarship. The work
of I. Hernández-Romano was supported by the project: “Cátedras CONA-
CYT 2015.” The associate editor coordinating the review of this paper and
approving it for publication was Dr. Ioannis Raptis. (Corresponding author:
D. Monzón Hernández.)

D. M. Hernández, J. S. Velázquez-González, and D. Luna-Moreno are
with the Centro de Investigaciones en Óptica A. C., León 37150, México
(e-mail: dmonzon@cio.mx; jsvelazquezg@gmail.com; jsvelazquezg@cio.mx;
dluna@cio.mx).

M. Torres-Cisneros is with the Electronics Department, DICIS, University
of Guanajuato, Guanajuato 36885, México (e-mail: torres.cisneros@ugto.mx).

I. Hernández-Romano is with the CONACYT-Electronics Department,
University of Guanajuato, Guanajuato 36885, México (e-mail: heriromano@
gmail.com).

Digital Object Identifier 10.1109/JSEN.2018.2818064

biofuels [4], or identification of proteins associated with early
stage of diseases [5].

The optical excitation of plasmons can be achieved through
a coupler (prism, grating, planar or a cylindrical waveguide),
coated with a proper thin metal film, or by the direct interac-
tion of light with nanoparticles. The bulky SPR sensors can
be credited for the successful exploitation of the phenomenon
in commercial and industrial applications. The well-known
intrinsic capabilities of the technique, the versatility and adapt-
ability of the setup to fit customer’s needs, and the possibility
to carry out multi-parameter sensing, have contributed to its
success.

The RI of some liquids is highly affected by tempera-
ture, this condition could be a serious drawback for highly
sensitive RI sensors such as those based on SPR. In order
to reduce or compensate the environmental temperature fluc-
tuations, which have been identified as the main source of
uncertainty in RI measurement [6]–[8], some authors have
proposed the use of dual-channel SPR schemes to generate
a self-referencing resonance dip [9]–[13]. In most of such
schemes, the outer thin metal film area is divided into two
independent and disconnected sections. One of the sections is
overcoated with a thin dielectric layer whose RI is higher than
that of the samples to be measured. The RI mismatch between
the two sections produce a pair of resonance dips in series.
The first one, at a shorter wavelength (λS), to monitor the RI
changes and the reference dip, at a larger wavelength (λR),
generated by the dielectric overlayer. Recently, in order to
deal with the adverse effects of temperature fluctuations,
novel SPR sensor schemes for the simultaneous measurement
of RI and T have been proposed [14]–[19]. However, in the
case of the prism-based SPR sensors the experimental setup is
complicated and mechanically unstable due to the presence of
several extra bulky elements [14], [15]. In the fiber-based RI
SPR sensors the T changes are monitored with an extra fiber
device such as Fabry-Perot cavity [16] or Bragg grating [17],
which increases the length of the sensor head. The temperature
sensitivities achieved with those schemes are far below the
0.5 nm/°C. Lately, a pair of compact dual-channel fiber-
based sensors, where RI and T changes were monitored by
a pair of SPR dips, have been reported [18], [19]. In [18],
Weng et al. proposed the creation of double-side polished
surfaces in the fiber, coated with gold and silver, respectively,
to produce two orthogonally polarized plasmons. The sensor
head was compact but the sensitivities, to RI as well as T,
were similar to that reported by conventional methods, more-
over the fabrication technique was quite demanding. In [19],

1558-1748 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



HERNÁNDEZ et al.: PRISM-BASED SURFACE PLASMON RESONANCE FOR DUAL-PARAMETER SENSING 4031

Fig. 1. Kretschmann configuration for SPR excitation.

we recently reported a SPR sensor based on a hetero-core
fiber structure where half of the single-mode fiber, coated
with a gold layer of 30 nm, was covered with a polymer. The
wavelength spectra exhibited a pair of resonance dips, where
one of them was exclusively sensitive to temperature changes.
This sensor is easy to fabricate, highly stable, and compact
since it is only 5 mm long. This simple idea for simultaneous
measurement of RI and T can be replicated in bulky SPR
scheme.

In this work, we propose a simple method to construct
a dual-channel SPR sensor in Kretschmann configuration,
by covering half of the metal layer, attached to the prism,
with a polymer. When laser beam struck at the metal-bare –
polymer interface, a pair of plasmon waves were excited.
The reflected intensity exhibited a pair of SPR loss dips,
located at different incident angles accordingly to the RI of
the external medium and polymer. The metal-bare section was
sensitive to RI changes of the external medium while the
polymer-pad was used for monitoring temperature changes.
The dual-pad SPR sensors for the simultaneous measurement
of RI and T are theoretically analyzed, and the structure
with better performance was fabricated and tested as the
experimental proof of the numerical analysis.

II. PRINCIPLE OF SPR IN KRESTCHMANN

CONFIGURATION

Surface plasmon waves (SPW’s) are charge-density oscilla-
tions at the interface of a metal and a dielectric, which can be
excited by electrons [20], [21], phonons [22] and photons [23].
In the case of photons, the SPW’s are excited when the phase
matching conditions between the optical and plasmon wave
vector are satisfied. In Krestchmann configuration the energy
of the incoming light is coupled to the plasmon, via the evanes-
cent wave generated by the total internal reflection [23]–[26],
as shown in Fig. 1.

The angle interrogation technique consists in measuring
the intensity of the reflected p-polarized beam with a pho-
todetector while the incident angle of the beam is chang-
ing, see Fig. 1. A simulation of this process was carried
out to evaluate the Reflectance (Rp) using the multi-layer
(N-layer) model described in [27] and [28]. This model

defines a stratified medium as a stack of thin homoge-
neous films (N-layer) of thickness dk, dielectric constant εk,
permeability μ k, and refractive index nk of the k-layer along
the Z-direction. In addition, this model assumes that all the
layers are uniform, isotropic, and non-magnetic where the
tangential components of the electric and magnetic fields at
the first boundary Z = Z1 = 0 are related to those at the final
boundary Z = ZN−1 by:[

U1
V1

]
= M

[
UN−1
VN−1

]
. (1)

In equation (1), U1(V1), and UN−1(VN−1) are the tangential
components of electric (magnetic) field at the boundary of the
first and (N-1)-th layer, respectively. Here, M is known as
the characteristic matrix of the combined structured, and it is
mathematically expressed as follows:

M =
N−1∏
k=2

Mk =
N−1∏
k=2

[
cos βk

−isinβk
qk−iqksinβk cos βk

]
, (2)

with, qk =
(√

εk − n2
1sin2θ1

)
/εk and βk = (2πdk/λ) ·√

εk − n2
1sin2θ1, where n1 represents the RI of the inci-

dent medium (prism); λ and θ1 are the wavelength of the
p-polarized laser beam and the incident angle measured respect
to the normal at the prism-metal layer interface, respectively.
While, βk is the propagation constant of the light at the kth

layer. Finally, the amplitude of the reflected wave (rp) and Rp

are given by:

rp = (M11 + M12qN ) q1 − (M21 + M22qN )

(M11 + M12qN ) q1+(M21+M22qN )
and Rp = ∣∣rp

∣∣2
.

(3)

III. THE STRUCTURE OF THE SPR SENSOR

The basic structure of the SPR sensor is depicted in Fig. 1,
consisting of a prism, a thin metal film, and an external
medium. In order to generate a dual-channel SPR sensor,
i.e. two SPR dips, the thin metal film is half-covered with
a polymer. The incident light beam is aligned to strike at the
boundary between the metal-bare and the polymer-pad produc-
ing two plasmon waves. The reflected signal exhibits a pair of
resonance dips at angles labeled as θBare and θPolymer, whose
relative position depends on the RI of the sample (nsample)
and polymer (npolymer), respectively. It is also assumed that
the polymer layer is thick enough (5 mm approximately) to
isolate the polymer plasmon wave from the influence of the
nsample. The polymer resonance angle (θPolymer) can be used
as a reference angle to detect, and eventually compensate,
external perturbations that could lead to errors during the RI
measurement. The structure of the proposed sensor is shown
in Fig. 2.

IV. THEORETICAL ANALYSIS OF THE

DUAL-PAD SPR SENSOR

Assuming that laser beam is incident exactly at the middle
of the interface between the metal-bare and the polymer-pad,
each section of the external medium equally contributes to the
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Fig. 2. The structure of the prism-based double-pad SPR sensor.

Fig. 3. Theoretical reflectance in a NSK16 prism coated with (a) silver and
(b) gold.

final reflectivity of the signal and this can be described as
follows,

Rdual−pad = 1

2

∣∣rp (Bare)
∣∣2 + 1

2

∣∣rp (Polymer)
∣∣2

. (4)

A numerical simulation of the reflected intensity of the dual-
pad SPR was accomplished by following the steps described
in the N-layer model [27], [28] and Eq. (4). In the analysis we
assumed that the emission of the laser used is centered at a
wavelength of 632.8 nm, two types of glasses (NSK16 and
SF10), metals (silver and gold) and polymers (PDMS and
PMMA) were considered. The refractive indexes (at 25 °C) are
nNSK16 = 1.6183 and nSF10 = 1.7232 [29]; nAg = 0.06656 +
i 4.0452 and nAu = 0.16195 + i 3.20991 [30]; n P DM S =
1.4118 [30], and n P M M A = 1.4889 [31]; and nH20 = 1.3328.
It is worth mentioning that the sensing area (metal layer) is
equally divided into two sections: sample and polymer.

The reflectance of the NSK16 prism coated with 50nm of
silver layer is shown in the graphs of Fig. 3 (a); when half
of the metal layer is covered with PDMS and the rest with
water (continuous red line), the angle separation between the
dips is 8°. The separation is two times larger (19° ) when
PDMS is substituted by PMMA (dashed blue line). When the

Fig. 4. Theoretical reflectance in a SF10 prism coated with (a) silver and
(b) gold.

NSK16 prism is coated with a gold layer and half-covered
with PDMS (continuous red line in Fig. 3 (b)), the angle
separation between the θBare and θP DM S is approximately 9°.
PMMA produces a notorious deformation in the second SPR
dip (dashed blue line of Fig. 3(b)), due to its high RI. Clearly,
the high RI of PMMA makes it not suitable for this structure.

The SPR reflectance of a prism fabricated with SF10 glass,
whose RI is higher than NSK16, coated with silver or gold film
and half-coated with PDMS (continuous red line) or PMMA
(dashed blue line), are shown in Fig. 4 (a) and (b). The angle
difference between θBare and θPolymer is 6° and 12° in the
case of silver-PDMS and silver-PMMA, respectively; and it
is 8° and 15° for gold-PDMS and gold-PMMA, respectively.
In all cases the dips are well-behaved.

As it is evident from Fig. 3 and Fig. 4, one of the dips
(θBare) is generated by the metal-bare section whose resonance
angel is tuned by nsample. The other dip (θPolymer) is produced
by the polymer and the resonance angle (θP DM S/P M M A)
depends on the RI of the polymer used. The SPR dips
generated by the thin silver film partially covered with PMMA
are sharper since the real and imaginary part of the dielectric
constant of silver are smaller than that of the gold [32]. The
separation between θbare and θpolymer increases due to the
increment of the RI difference between water and PMMA.
It is important to notice that the reduction of the separation
between resonance dips (bare and polymer) tends to distort its
shape.

The effect of the external RI change in the response
of the SPR sensor was analyzed. The SPR reflectance of
the NSK16/silver/PMMA and SF10/gold/PMMA are shown
in Fig. 5 (a) and (b), respectively. The resonance angle
θPolymer is unaltered due to the thickness of the polymer
considered in the analysis. The shape of the dips is not altered
due to its large separation. The RI dynamic range (DR) of the
NSK16/silver/PMMA is larger due to the large dips separation,
also its sensitivity is bigger than SF10/gold/PMMA, as can be
seen in graphs of Fig. 6. It is possible to conclude that the
increment (decrement) of the RI of the glass prism increases
(decreases) the DR but decreases (increases) the sensitivity of
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Fig. 5. Theoretical reflectance of (a) NSK16 prism coated with silver and
(b) SF10 prism coated with gold.

Fig. 6. Theoretical RI sensitivity of (a) the NSK16 prism coated with silver
and (b) SF10 prism coated with gold.

the SPR RI sensor. Besides the SPR dip of the bare section is
sensitive to the RI and T changes [6]–[8], but the dip generated
by the polymer section is exclusively sensitive to the T of the
surrounding medium.

Although the SPR signal of the silver-coated prisms exhibits
sharper dips, the gold films seem to be more appropriate for
a liquid RI sensor. The reason for this is that the silver films

Fig. 7. Theoretical reflectance of NSK16 prism coated with gold layer that
was half-covered with PDMS and covered with water (a) at three different
temperatures and (b) four different RI at 25°C.

could present a low chemical stability and are prone to oxi-
dation [33]. Regarding the temperature sensitivity, the PDMS,
whose thermo-optic coefficient (TOC) (−4.66×10−4/°C [35])
is higher than that of the PMMA (−1.3 × 10−4/°C [34]), is a
better alternative as covering polymer. The structure that shows
the better performance, for the simultaneous measurement of
RI and T, consists of a NSK16 prism coated with a gold film
and half-covered with PDMS. The effect of the temperature
changes in the theoretical response of the SPR sensor is shown
in Fig. 7 (a). It is assumed that the external medium is water
with a RI of 1.3328 at 25 °C (continuous red line). When
temperature is increasing the RI of the water and the PDMS
is decreasing, and both resonance dips are moving to smaller
angles. It is important to notice that the displacement of
θPolymer is approximately eight times larger than θBare. When
the external RI increases and the temperature is fixed at 25°C,
the θBare shifts towards greater angles as shown in Fig. 7 (b).
As the separation between the dips (θBare and θPolymer ) is
reduced, the shape of the dips is distorted.

The response of the proposed sensor to T and RI changes
is summarized in Fig. 8 (a) and (b), respectively. The
temperature sensitivities of bare section (ST −Bare) and
polymer-pad (ST −Polymer ) are −0.0074 and -0.0596 deg/°C,
respectively. The RI sensitivities of the bare (SRI−Bare) and
polymer (SRI−Polymer ) are 98.6797 and 0 deg/RIU, respec-
tively. Fig. 8 (b) shows that the RI sensitivity of the poly-
mer section (SRI−polymer ) is constant; thus, that section is
insensitive to RI changes. It is worth mentioning that in order
to ensure the insensitivity to RI changes, the thickness of
the polymer layer needs to be higher than 500 nm. On the
other hand, the changes of RI and T produce variations in the
resonance angles (θBare and θPolymer ), that can be numerically
expressed by the following set of equations:[

θBare

θPolymer

]
=

[−0.0074 98.6797
−0.0596 0

] [
�T
�n

]
, (5)

where, the sensing matrix can be expressed as:[
�T
�n

]
= 1

5.8813

[
0 −98.6797

0.0596 −0.0074

] [
θBare

θPolymer

]
. (6)
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Fig. 8. Theoretical resonance angle of the dips for: (a) different temperatures,
assuming that sensing section is covered with water, and (b) different RI,
assuming that the temperature is constant at 25 °C.

The angles (θBare and θPolymer ), the temperature
changes (�T ) and the RI changes (�n) are in units of
degrees, degrees Celsius, and RIU (Refractive Index Units),
respectively. Consequently, the total RI change can be
expressed now as:

�n = 10.1337 × 10−3θBare + 0.0750 × 10−3�T . (7)

The changes of θBare are the result of the combined effect
of the RI and T of the external medium. The second term of
Eq. (7) represents the uncertainty on the measurement and it
compensates the thermal perturbation on the RI of the external
medium. The presented theoretical SPR analysis predicts that
it is feasible to measure the RI and T simultaneously using
the dual-pad sensor proposed.

In the previous analysis we assumed that both sensing
sections are equally irradiated by the incident beam; however,
in a real experiment this position can be altered by mechanical
instabilities produced by relaxation of the different elements of
the experimental setup or due to external vibrations. In Fig. 9,
it is shown that theoretical reflectance when the incident
beam is perfectly centered (50-50 continuous red line) at the
interface air-PDMS, when it is misaligned by 80% and the
intensity strikes at the PDMS-pad (80-20 dotted green line)
and when 80% of the intensity strikes at the bare section

Fig. 9. Theoretical reflectance for three different positions of the incident
beam at the interface air-PDMS.

surrounded by air (20-80 dotted purple line). As the beam is
displaced from the central positon of the interface the intensity
of light increases and the loss level of the dip increases. The
displacement of the beam respect to its initial position can be
perfectly detected by analyzing the changes in the dip losses.

V. EXPERIMENTAL RESULTS

An experimental demonstration of the previous numerical
simulation was carried out by using gold and PDMS such
as thin metal film and polymer coating, respectively. The
gold film was selected instead of silver due to its chemical
properties such as stability and non-oxidation, whilst the
PDMS polymer was chosen rather than PMMA due to its
high TOC; moreover, it protects the gold film against dust
and scratches.

The structure consisting of a semi-cylindrical prism made
of NSK16 glass coated with a 50 nm gold-layer, which was
half-covered with PMDS. The fabrication of the prism as well
as the deposition of the thin metal film layer were carried out
in our optical workshop facilities, the PDMS was prepared
in our laboratory. The fabrication of each element and the
final structure of the experimental setup were discussed in
detail in [30] and [36]. After thin film deposition, a glass
cuvette was attached to the flat surface of the gold-coated
prism. Then PDMS was poured to cover half of the total
volume of the container and cured by heating it up at 60°C for
4 hours [37]. After curing, the beam was aligned to strike at
the air-PDMS interface. The experimental reflectance is shown
in Fig. 10, where a pair of almost symmetrical dips can be
noticed (continuous red line). The position of the laser beam
was displaced from air-PDMS interface producing a change in
the dips losses. It is important to notice the similarities with
the theoretical curves shown in Fig. 9.

Part of the remaining volume of the cuvette was filled with
distilled water. Three sections can be perfectly distinguished:
air at the top, water at the middle, and the PDMS at the bottom.
A schematic drawing of the final structure is shown in Fig. 11.
The vertical position of the prism was varied with respect
to the incident beam in order to obtain the SPR signal of
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Fig. 10. Experimental SPR reflectance for three different positions of the
incident beam respect to the air-PDMS interface.

Fig. 11. A schematic drawing of the proposed sensor.

Fig. 12. Experimental reflectance of the SPR sensor when external medium is
air (continuous red line), distilled water (dotted blue line), and PDMS (dashed
magenta line).

three independent mediums: air, distilled water and PDMS.
The vertical displacement was achieved by setting the prism
onto a translation stage that allows us to move it to different
positions, without the need of changing the detector’s place.

Fig. 12 shows the experimental reflectance for three external
media; air (continuous red line), distilled water (dotted blue

Fig. 13. Experimental reflectance of the SPR sensor when beam is incident
at the interface (a) air-PDMS and (b) water-PDMS.

Fig. 14. Experimental SPR reflectance of the sensor: (a) at three different
temperatures when laser beam is incident at the interface water-PDMS, and
(b) the displacement of the resonance angle at different temperatures.

line), and PDMS (dashed magenta line). The resonance angles
of the dips for air, distilled water, and PDMS (whose RI at
632.8 nm are 1.0002, 1.3328, and 1.4118, respectively) were
40°, 61.7°, and 71.1°, respectively. The width and the depth of
the dips increases as the RI of the substance increases. When
the upper part of the container is filled with water, the changes
in the external RI of the metal-bare section from 1.0002 (air)
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to 1.3328 (water) produced a displacement of the first dip
from a resonance angle of 40° to 62.1°, as can be observed
in Fig. 13 (a) and (b). Besides, in Fig. 13 (b), it is evident
that the proximity of the resonance dips generates a mutual
perturbation affecting the shape of the peaks.

In order to analyze the temperature sensitivity of the dual-
pad SPR sensor, the container was heated by means of an
electrical resistance attached to the external wall. A calibrated
thermocouple was previously inserted in the PDMS to mea-
sure the temperature. The experimental reflectance for three
different temperatures is shown in Fig. 14 (a). Since water and
PDMS possess a negative TOC the resonance dips shifted to
smaller angles while the temperature was increased, as can be
seen in the Fig. 14 (b). The total change of the resonance angle
was different for both dips because the TOC of the materials
was different.

The variation of experimental resonance angle as a function
of the temperature can be approximated by a linear fit, both
sensitivities are negative. Due to the higher TOC of PDMS
the sensitivity of the polymer resonance dip (−0.034 deg/°C)
was two times larger than that of the water (−0.0135 deg/°C).
The resolution of the mechanical mounts was 0.01°; thus,
the temperature resolution of the PDMS dip was 0.3°C. The
calculated sensitivity of PDMS is slightly higher than that
obtained experimentally.

VI. CONCLUSION

A novel and simple method to generate a dual-channel
prism-based SPR sensor was proposed, theoretically analyzed
and experimentally demonstrated. In our study we analyzed the
RI and T sensitivities of several structures. One of these struc-
tures was constructed and tested to demonstrate the feasibility
to measure the RI and T of a liquid sample simultaneously.
The SPR sensor structure was composed by a prism coated
with a thin metal film and a dielectric or external medium.
We proposed to cover half area of the metal layer (sensing
area) with a polymer to generate two adjacent sensing sections.
When the laser beam was incident at the metal-bare – polymer
interface, the intensity was divided between these two sections
producing a pair of independent plasmon resonances. The
sensor was based on angle interrogation of SPR, thus the
reflected intensity presented a pair of well-defined resonance
dips in series. One of them was generated at the metal-bare
section and was still used to measure the RI of a liquid samples
in contact with the metal. The other dip was directly related
to the RI of the polymer that is in contact with the thin metal
film, although the polymer was in contact with the liquid,
the polymer resonance dip was independent of the changes
of the sample RI as a consequence of its thickness. Finally,
the polymer dip can be used as a reference to compensate
undesirable perturbations, or for measuring another property
of the liquid.
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