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Surface Plasmon Resonance-Based Optical Fiber
Embedded in PDMS for Temperature Sensing
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Abstract—A compact, simple-to-fabricate, low-cost, and highly
sensitive optical fiber temperature sensor based on surface plas-
mon resonance (SPR) is reported. The sensor consists of a core
mismatch fiber structure fabricated by splicing a small piece of
single-mode fiber (SMF) between two multimode fibers (MMF).
SPR is generated when evanescent field interacts with the gold
layer deposited over the SMF cladding. Then, the sensor was em-
bedded in polydimethylsiloxane (PDMS), which acts as a tempera-
ture to refractive index transducer. Due to PDMS high thermooptic
coefficient, the SPR dip underwent a noticeable wavelength shift
when a variation of temperature occurred. The device was tested
in the 20–60 °C range showing a linear response and a sensitivity of
2.60 nm/°C. This sensor is appealing for temperature monitoring
in microfluidic devices made of PDMS due to its high performance
and simply fabrication process.

Index Terms—Fiber optics sensors, polydimethylsiloxane
(PDMS), surface plasmon resonance (SPR), temperature measure-
ment.

I. INTRODUCTION

THE use of microfluidic devices for biological applications
has been growing up in the last two decades. One tech-

nique that is extensively used to fabricate microfluidic chips is
soft lithography and the most commonly employed material for
this purpose is PDMS. Microfluidic chips have been used for
many biological studies such as sorting, counting, and cell anal-
ysis, the delivery and processing of biochemical reactants for
protein analysis, development of biomimetic three-dimensional
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jsvelazquezg@gmail.com).

D. Monzón-Hernández and D. A. May-Arrioja are with the Centro de Inves-
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tissue, [1], etc. In most of these applications, temperature mon-
itoring is mandatory to control the evolution of these processes
during the experiment. Fiber optic temperature sensing is a re-
ally promising solution for this purpose since fiber sensors are
compact, biocompatible, and chemically inert.

Fiber optic temperature sensors for monitoring ambient
temperature in biological applications have been investigated
and developed using a variety of fiber optic structures such
as photonic crystal fibers (PCF) [2], Fabry-Pérot cavities [3],
Mach-Zehnder interferometers [4], Bragg gratings [5], and
Long period fiber gratings (LPFGs) [6]. These devices are at-
tractive for their performance; however, most of them require a
special packaging in order to be inserted into a microfluidic
chips made of PDMS.

On the other hand, surface plasmon resonance (SPR) phe-
nomenon has been exploited to fabricate highly sensitive fiber
optic refractive index sensors. The optical fiber devices that have
been employed include etched fiber, tapered fiber, D-shaped
fiber, core-mismatch structured fibers, arrayed fiber end-face,
LPFGs, and Tilted fiber Bragg gratings (TFBGs) [7]. Using
these devices, it is feasible to develop temperature sensors by
simply covering the sensing parts with a material whose opti-
cal properties can be modulated with temperature, for example
materials with a high thermo-optic coefficient (TOC). In this
case, when a device undergoes a temperature variation, the re-
fractive index (RI) of the surrounding material is also changed
and the SPR dip in the transmission spectrum is displaced to a
new position. The wavelength position of the SPR dip can be
used to monitor the temperature changes. Nonetheless, to our
knowledge, only two works related with fiber optic temperature
sensor based on SPR have been reported. The first one used a
core-exposed multimode fiber inserted in a capillary filled with
ethanol and its sensitivity was around 1.575 nm/◦C. The fabri-
cation process of this sensor is complicated, the capillary tube is
a big, rigid and fragile container so final sensor must be handle
with care [8]. The second one is a capillary fiber filled with liquid
crystal and its sensitivity was around 4.72 nm/◦C. The construc-
tion process is cumbersome since specialty fiber and a meticu-
lous method should be used in order to assemble the sensor [9].

In this work, we propose and demonstrate a simple, low-cost,
and accurate optical fiber temperature sensor. The sensor is
based on the excitation of the SPR, by the interaction of evanes-
cent field with the gold layer deposited over a core-diameter
mismatch fiber. In order to tune the SPR dip by thermal ef-
fects the gold-coated fiber section was embedded in PDMS.

1077-260X © 2016 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.
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Fig. 1 Fabrication process of the sensor: (a) splicing MMF to SMF then
cleaving to keep only a SMF section of length L, (b) splicing SMF end-face to
another MMF, (c) Coating the SMF with Cr/Au thin layer, (d) Pouring PDMS
on the sensor, (e) Curing the polymer.

The structure of this sensor is sturdy by itself and is reinforced
by adding the polymer, which also acts as a protective barrier
for the thin gold layer against dust and scratches that could
deteriorate the performance of the device. This sensor demon-
strated a high sensitivity (2.60 nm/◦C) in the 20–60 °C range
owing to the high RI sensitivity of the SPR-based fiber structure
combined with the high TOC (−4.66 × 10−4 /◦C) of the PDMS
[10]. Not only the performance of the sensor is appealing but
also the possibility of integration inside a microfluidic chip. We
believe that this sensor can be used in biological applications
where high temperature sensitivity is required.

II. PRINCIPLE OF OPERATION AND FABRICATION PROCESS

The fiber optic sensor proposed here is based on a core-
mismatched scheme that has been used for sensing refractive
index [11]. This structure was fabricated by inserting a seg-
ment of single-mode fiber (SMF) between two multimode fibers
(MMF), see Fig. 1(a) and (b), where the core diameter of the
inserted fiber is smaller than the MMF. Here, a segment of a
commercial SMF-128e (core diameter of 9 μm) was cleaved and

spliced between two MMF whose core diameter was 62.5 μm,
and the sensing region is formed by the SMF. Since there is a
core diameter mismatch, leaky light propagates in the cladding
region of the SMF. This yields evanescence field at the bound-
ary of cladding that interacts with the surrounding media and if
a thin metal layer is deposited on this interface SPR would be
excited [11]. Eight sensors were implemented using different
SMF lengths (1, 5, and 10 mm). Then, the sensing region was
coated with a chromium/gold (Cr/Au) thin layer; covering the
SMF with this material has demonstrated good RI sensitivity
[12]. Nonetheless, the coating process that has been reported
was really cumbersome since a fiber sample was fixed in a rota-
tion mount that was placed inside an evaporation chamber. The
fiber was rotated at a constant speed in order to obtain a uniform
thin layer [12]. Here we propose an easy and simple way to sort
out this problem by using a mechanical plate. This aluminum
plate had eight v-grooves where the fiber could be fixed and it
also had a window where the SMF should be positioned. The
eight samples were fixed on the aluminum plate and were placed
in the evaporation chamber to deposit a layer of chromium (Cr)
whose thickness was 5 nm, at a speed of 0.02 nm/s. The SMF
was covered with this material to improve the adhesion of the
Au to the fiber. Then, the Cr-layer was coated with a 30 nm-thick
Au at a speed of 0.05 nm/s, see Fig. 1(c). Once this process was
over, the evaporation chamber was opened and the aluminum
plate was rotated 180° in order to cover the other half of the
SMF, the thickness of the films was the same as the films on the
other side. In this coating process two films of Cr and Au were
evaporated at different times to cover the cylindrical shape of
the SMF. These two layers showed stability and adhesion, and
mechanical strain was good during the experiments. The fabri-
cation process of the temperature sensor is shown in Fig. 1(d)
and (e). An acrylic slice (3 mm × 20 mm × 20 mm) was placed
on a hot plate and two vertical stages were used to hold the fiber
in such way that SMF was set one millimeter above this layer.
The PDMS polymer was used to cover this sensor not only be-
cause it has a high TOC but also because the sensor become
more robust. In order to cure the polymer, it was mixed with the
curing agent (10%) and then this mixture was allowed to stand
for few minutes until all air bubbles were completely removed.
The polymer was poured on the acrylic layer and eventually cov-
ered the sensing region (see Fig. 1(d)). Due to surface tension,
the polymer did not spill from the acrylic, see Fig. 1(e). Then
the sample was heated up at 60 °C for 4 hrs.; once the polymer
was cured, it was peeled off from the acrylic. By following this
process, the gold-coated SMF was embedded in a PDMS film
and ready to be used as a temperature sensor.

The uniformity of the thin metal films around the SMF is
an issue in this fabrication process, the main concern is in the
horizontal axis where the fiber is rotated. By using a scanning
electron microscope (SEM) and EDS (Energy-dispersive X-ray
spectroscopy) characterization it was possible to analyze the
uniformity of the metal layers. The EDS mapping of Fig. 2
reveals the presence of (a) silica, (b) chromium, and (c) gold. A
dark fringe in Fig. 2(b) and (c), also observable in SEM image
Fig. 2(d), reveals that metal films are very thin in this section,
then, the layers around SMF are not uniform.
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Fig. 2. The EDS characterization reveals that in the metal-coated fiber section
(a) silica, (b) chromium, and (c) gold are presented. (d) SEM image of the
longitudinal view of a metal-coated fiber.

Fig. 3. Experimental setup for testing the optical fiber sensor.

III. RESULTS AND DISCUSSION

A. Device Characterization

A transmission setup was implemented to characterize the
output of our device, see Fig. 3. Light from a broadband white
light (400–1700 nm) was coupled to the sensor and the out-
put light was detected by an optical spectrum analyzer (OSA).
Two experiments were carried out to characterize the device
without the PDMS; in the first one the sensors with different
SMF lengths (1, 5, and 10 mm) were immersed in Cargille oil
whose refractive index was 1.385. Fig. 4 shows the normalized
transmission spectra of three different sensors that were evalu-
ated; the wavelength of the minimum value of the three spectra
was 692 nm and from them it was easy to realize that the res-
onance wavelength of the SPR is not correlated with the SMF
length. On the other hand, the dip width and the dip losses are
raised as the SMF length is increased. The symmetry of the dip
is also affected by the increment of SMF length. The aim of
this work was to develop a compact sensor capable of detect-
ing minor variations in temperature, therefore, the fiber device
with the sensing region with a length of 1 mm was chosen. In
the second experiment, a sensor with a length of 1 mm was

Fig. 4. Normalized transmission spectra for different lengths of SMF im-
mersed in Cargille liquid.

Fig. 5. Normalized transmission spectra of a sensor immersed in different
Cargille oils. The SMF length was 1 mm. Inset: Experimental SPR resonance
wavelength shift versus refractive index variation.

dipped into different Cargille oils to determine the RI sensi-
tivity of the sensor. Plasmon resonance conditions are changed
when the external RI around the SMF is modified, and the res-
onance wavelength of the dip in the transmitted spectrum is
shifted as can be seen in Fig. 5. By monitoring the wavelength
of the dips in the transmission spectra it was feasible to sense
the variation of the RI, see inset of Fig. 5. The sensitivity of
this device was 3315 nm/RIU. This value demonstrated that our
sensor had a high RI sensitivity. Nevertheless, the gold layer
around the SMF was not uniform, Figs. 4 and 5 show that SPR
phenomenon was observed by employing this device. This char-
acterization helped us to understand the operation of our device
as well as to design it for a better performance. In the following
section a numerical simulation is presented for estimating the
temperature sensitivity.
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B. Simulation of a SPR-Based Fiber Optic Sensor

A theoretical simulation of the SPR on a MMF was accom-
plished by following the steps described in the Multi-layer
model [13]. Applying this model to our fiber sensor gave us
a good approximation of the expected sensitivity. In this model,
the optical fiber is covered by N-layers which are assumed to
be isotropic, uniform and non-magnetic. The tangential electric
(U1) and magnetic (V1) fields at the first layer are related with
the corresponding fields at the Nth layer, UN −1 , VN −1 by[

U1

V1

]
= M

[
UN −1

VN −1

]
. (1)

The characteristic matrix of the combine structure can be
written as:

M =
N −1∏
k=2

Mk, (2)

with

Mk =

⎡
⎣ cos βk

−i sin βk

qk

−iqk sin βk cos βk

⎤
⎦ , (3)

where

qk =

(
εk − n2

1sin
2θ1

)1/2

εk
(4)

and

βk =
2πdk

λ

(
εk − n2

1sin
2θ1

)1/2
, (5)

where βk and εk are the propagation constant and the dielectric
constant of the k-layer, respectively.

The expression for the amplitude reflection coefficient for
p-polarized wave can be found by the following equation:

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

. (6)

The reflectance is expressed by

Rp = |rp |2 . (7)

The output power of the optical fiber, dP , is determinate by
the incident angle θ and θ + dθ of the input light and it is given
as

dP ∝ P (θ)dθ, (8)

where the modal power can be written as

P (θ) =
n2

1 sin θ cos θ

(1 − n2
1cos2θ)2 , (9)

where n1 is the RI of the SMF cladding and the normalized
transmitted power of p-polarization light can be calculated by
using the reflectance value for a single reflection at the cladding-
metal layer, as it shows in the next equation

Ptrans =

∫ π/2
θc r

R
N ref (θ)
P P (θ) dθ∫ π/2

θc r
P (θ) dθ

, (10)

Fig. 6. Theoretical simulation of transmission spectra of the device for
different temperatures. Inset: Resonance wavelength shift as a function of
temperature.

where

Nref =
L

Dtgθ
, (11)

and

θcr = sin−1
(

ncl

nco

)
. (12)

When an optical ray enters into the sensor with an angle θ
from the normal of the interface between the cladding and the
metal layer, the total number of reflections is represented by
Nref . Where L and D are the length of the sensing region and
the diameter of the SMF cladding (125 μm), respectively. The
critical angle is calculated for the MMF where ncl and nco are
the RIs of cladding and core, respectively.

Using the previous equations and taking into account the
length of the SMF, the thickness of the Au layers, the TOC of
the PDMS and the Sellmeier equation of SMF cladding [14]
and PDMS [15], besides the plasma and collision wavelength of
gold [16]; the normalized transmission spectra of the device for
different temperatures were plotted in Fig. 6. The behavior of the
spectra in Fig. 6 can be explained by the fact that temperature
increment (decrement) produces RI decrement (increment) in
PDMS that in turn produces a wavelength blue (red)-shift in
the SPR resonance conditions. The calculated sensitivity of the
device was 3 nm/◦C that is one of the highest reported to date
for a sensor fabricated with standard fibers, see inset of Fig. 6.

C. Experimental Results

The setup shown in Fig. 3 was used for monitoring the
transmission spectrum of the device. By varying the temper-
ature from 20 °C to 60 °C the dip of the spectrum moved
to shorter wavelengths since the TOC of PDMS is negative
(−4.66 × 10−4/◦C), see Fig. 7. The relationship between the
dip position and the temperature variation is linear, as shown the
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Fig. 7. Normalized transmission spectra of the sensor for RI variation. Inset:
Resonance wavelength shift as a function of temperature.

Fig. 8. Resonance wavelength shift for different RIs of PDMS calculated from
experimental data.

inset of Fig. 7. The sensitivity of our sensor was 2.60 nm/◦C,
very close to that calculated from theoretical simulations.

Determining the RI of the PDMS as the temperature increases
gives us an idea of the sensitivity of the device in that variation
interval. By using the Sellmeier equation and the wavelength of
the dip it is feasible to calculate the RI of PDMS.

As in the previous case, a linear relationship between the
position of the dip and RI variation can be established, see
Fig. 8. The sensitivity of our sensor was −5787.354 nm/RIU,
by changing the RI from 1.407 to 1.426. The sensitivity of our
device increases as the RI value is raised, thus, this value is
different from the mention above, see Ref. [12].

IV. CONCLUSION

In summary, we have proposed and demonstrated a simple-
to-fabricate, low-cost, and highly-sensitive optical fiber temper-
ature sensor based on SPR. The sensor consists on a gold-coated

core mismatched fiber structure whose sensing section of 1 mm
length was embedded in a PDMS layer. Variation in the RI of
the PDMS caused by temperature changes produce a shift in
the wavelength resonance dip of the SPR signal. Although, the
gold thin film is not uniform around the SMF, a stable SPR is
experimental observed with this fabrication method. A temper-
ature sensitivity of 2.60 nm/◦C was estimated in the range of
temperatures from 20 to 60 °C. PDMS plays two leading roles
in this sensor, as a high performance transducer element due to
its high TOC, and as a protective cover for the gold thin layer
against dust, humidity and scratches. We believe that this sensor
can be easily integrated in a microfluidic chip for biological
applications where high temperature sensitivity is required.
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the Instituto Politécnico Nacional (IPN—ESIME Zacatenco and SEPI-ESIME
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