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Abstract: An ultracompact, cost-effective, and highly accurate fiber optic 
temperature sensor is proposed and demonstrated. The sensing head 
consists of Fabry-Perot microcavity formed by an internal mirror made of a 
thin titanium dioxide (TiO2) film and a microscopic segment of single-mode 
fiber covered with Poly(dimethylsiloxane) (PDMS). Due to the high 
thermo-optic coefficient of PDMS the reflectance of the fiber-PDMS 
interface varies strongly with temperature which in turn modifies the 
amplitude of the interference pattern. To quantify the changes of the latter 
we monitored the visibility of the interference pattern and analyzed it by 
means of the fast Fourier transform. Our sensor exhibits linear response, 
high sensitivity, and response time of 14 seconds. We believe that the 
microscopic dimensions along with the performance of the sensor here 
presented makes it appealing for sensing temperature in PDMS microfluidic 
circuits or in biological applications. 

©2016 Optical Society of America 
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1. Introduction 

In the last twenty years lab on a chip (LOC) devices have emerged as a feasible technology 
for a number of applications such as analytical chemistry [1], point-of-care diagnostics [2], 
genomic research [3], etc. One of the most promising LOC devices addresses the integration 
of microfluidics [4] technology and optical interrogation techniques. The popular material to 
fabricate such optofluidic devices is PDMS (Polydimethylsiloxane) [5,6] since it is 
biocompatible, nontoxic, optically transparent, inexpensive, and easy to fabricate in not 
controlled nor specialized facilities. In these devices the presence of the targeted agent 
involves a change in the refractive index (RI) of the fluid. Different approaches to measure 
the tiny RI changes associated to biological reactions have been successfully demonstrated in 
controlled lab conditions [5]. Especial attention has been paid to temperature stability since it 
is well known that RI of most polymers varies with temperature. However, in real world 
applications where temperature is difficult to control, one option is to measure RI and 
temperature simultaneously. In this sense an alternative is the integration of a temperature 
sensor in the PDMS microfluidic circuit. To this end, optical fiber sensors are good candidates 
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since they are lightweight and compact, biocompatible, chemically inert, can be easily 
integrated in a telecommunication network for remote and real-time sensing [7]. 

 

Fig. 1. (a) Schematic diagram of the sensing head, S1 provides the reference beam and S2 the 
probe beam. (b) Image of the cavity composed by an internal mirror and the cleaved end of a 
SMF. (c) The interrogation of the device involves a light source (LS), a fiber optic circulator 
(FOC) or coupler and a power meter (PM). 

Fiber sensors in a Fabry-Perot configuration are the simplest and easiest to fabricate [7]. A 
number of fiber Fabry-Perot interferometers have been studied and fabricated due to their 
capability of measuring physical quantities such as refractive index (RI) [8], pressure [9], 
strain [10], and temperature [9]. The implementation of Fabry-Perot cavities (FPCs) on the tip 
of an optical fiber, for sensing temperature for example, is appealing since they combine low-
cost fabrication, microscopic size and high sensitivity. Among the techniques used to build 
compact cavities (~100 µm) we can mention thin films embedded in single mode fiber (SMF) 
[9], hollow core fiber spliced to SMF [11], femtosecond laser micromachining [12], polymer 
cavities formed by dip coating [9, 13–15]. In the majority of such interferometers the thermo-
optic properties of the cavity is exploited. Therefore, in such sensors, temperature induces a 
shift of the interference pattern. Since the thermo-optic coefficient (TOC) of is small 
(6.3x10−6/°C) [12], thus, in most FPCs a large temperature change is needed to produce a 
measurable interference pattern shift. The low thermal sensitivity is a disadvantage for 
measuring temperature changes in the range between 20 to 60 °C which is the range of 
interest for biological applications or in LOC devices. To overcome this limitation, FPCs 
made of polymer with a high TOC that exhibit high sensitivities in the aforementioned 
temperature range have been fabricated [9, 13–15]. Three commercial polymers have been 
used for this purpose, PDMS, NOA61, and NOA65 whose TOCs are −4.66x10−4/°C [16], 
−1.17x10−4/°C [14], and −1.83x10−4/°C [9], respectively. One drawback of temperature 
sensors reported in [9, 13–15] is that they need to be calibrated when a physical variable, for 
example RI or pressure. 

In this work, we propose and demonstrate a simple, cost-effective, and highly accurate 
temperature sensor based on a single mode fiber FPC covered with PDMS, see Fig. 1(a). The 
interferometer was built by depositing a 169 nm-thick film of TiO2 over the cleaved face of a 
standard SMF. The TiO2 coated fiber was then fusion spliced to another SMF which was 
cleaved at a distance of 20 or 230 µm from the TiO2 film. The cleaved face of the SMF was in 
direct contact with PDMS. To do so, the device was placed inside a capillary tube filled with 
PDMS. In our configuration, the mirrors of the cavity are the TiO2 film and the cleaved SMF-
PDMS interface, see Fig. 1(a). 

In our device, temperature alters the RI of PDMS, and thereby, the reflectance of the 
interface between fiber core and the PDMS. As a consequence, the amplitude of the 
interference pattern is changed. To quantify the changes in amplitude of the interference 
pattern two signal processing techniques were used. In one of them the extinction ratio (ER), 
i.e., the difference between maxima and minima of the interference fringes, was monitored. In 
the other case the peak amplitude of the Fast-Fourier-Transform (FFT) of the interference 
pattern was monitored. The latter technique was used to demonstrate the real-time 
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temperature measurement capabilities of our device. We chose PDMS polymer for building 
our sensor because it is nontoxic [17], it has low absorption at 1550 nm [18], and it is 
biocompatible [19]. Due to its biocompatibility, it has been employed for cell-based studies 
[20] and tissue engineering [21]. Additionally, PDMS is the most commonly used material in 
the standard microfluidics devices [22]. 

2. Design and principle 

The proposed device is shown in Fig. 1(a). To fabricate a Fabry-Perot microcavity in SMF we 
first coated the cleaved end of the SMF with a dielectric material (TiO2 in our case). The 
evaporation of TiO2 was carried out in a high vacuum chamber. The thickness of the film was 
was 169 nm, it was measured with a crystal quartz monitor. We chose TiO2 as it has good 
stability and high mechanical strength; moreover, it can withstand the elevated temperature 
during the fusion splicing of the optical fibers [23]. The dielectric film on the SMF works as a 
partially reflecting internal mirror and provides the reference beam for the Fabry-Perot 
interferometer. Then, the TiO2-coated fiber was fusion spliced to a segment of SMF which 
was cleaved from distance of 20 or 238 µm from the dielectric mirror, see Fig. 1(b). The 
interface between the cleaved SMF end and air (or a polymer) provides the probe or sensing 
beam. The recombination between the reference and probe beams is what produces an 
interference pattern. It is interesting to note that the excitation and recombination of the beams 
is carried out inside a conventional optical fiber. 

The reflectance of the TiO2 film was measured by launching light (wavelength 1550 nm) 
from a highly stable tunable laser to the coated fiber end through an optical circulator, see Fig. 
1(c). The reflected light was detected by a power meter. Without any deposited film the 
reflectance at the interface between the fiber core and air was −14.81 dB. However, when the 
cleaved SMF end was coated with a 169 nm-thick TiO2 film the reflectance reached −7.87 dB. 
As it is know that the reflectance of a TiO2 film decreases drastically after a fusion splicing 
process, several tests were carried out until we achieved an internal mirror (TiO2-coated SMF 
fusion splicing to and non-coated SMF) with reflectance of −36.58 dB which is higher than 
the reflectance of the interface formed by the fiber core and PDMS polymer (−40.46 dB, at 24 
°C). The next step in the fabrication of the microcavity involves a cleaving process under an 
optical microscope. The cavity had a length of 20 or 238 µm, although other lengths are 
possible as the cavity length does not affect the performance of our temperature sensor as we 
will see later on. 

It is convenient to point out that in a thin film evaporation chamber hundred of cleaved 
SMFs can be coated in the same evaporation process. In addition, state-of-the-art fusion 
splicing machines allow developing ad hoc or optimized splicing and cleaving programs 
which ensures reproducibility and low fabrication cost. The final step in the fabrication of the 
sensor involves coating a surface of the FP cavity with a thermo-optic material. To do so, the 
fiber tip was placed inside a capillary tube whose inner diameter, wall thickness, and length 
were 1.1 mm, 0.2 mm, and 13 mm, respectively. The tube was filled with PDMS by capillary 
action. PDMS polymer was cured following the curing process provided by the manufacturer. 
The interface between the PDMS polymer and the cleaved SMF face provides the 
temperature-sensitive beam. 

The behavior of the device shown in Fig. 1(a) can be explained as follows. Light reflects 
from two interfaces, denoted as S1 (TiO2 film) and S2 (interface between fiber core and 
PDMS). If light with intensity 0I  is launched into the fiber, then the surface S1 will reflect 
part of the light and the rest will be transmitted. The intensity of the reflected light from S1 is 
denoted as 1I . Similar effect occurs at the surface S2. The reflected intensity from the surface 
S2 is denoted by 2I . The intensities 1I  and 2I  are collected and combined by the SMF core. 
As the reflectance of the surfaces S1 and S2 is low, multiple reflections can be neglected. 
Therefore, our device can be treated as a two beam interferometer. The intensities 1I  and 2I  
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can be written as 1 0 1I I R=  and ( ) ( )2 2

2 1 2 01 1I A R R I= − − , respectively, where A  is the 
transmission loss factor of the surface S1. R1 and R2 are the reflectivities of the surfaces S1 and 
S2, respectively. The intensity RI  of the light reflected from the cavity that will reach the 
power meter can be expressed by [5] 

 ( ) ( ) ( )( ) ( )2 2

1 0 1 2 0 1 1 2 01 1 2 1 1 cosRI R I A R R I A R R R I ϕ= + − − + − −  (1) 

where 4 effn dϕ π λ=  is the phase difference between the reference and the sensing beams. 

effn  is the effective refractive index of the fundamental mode propagating in the SMF core, 
d  is the cavity length, and λ  is the wavelength of the optical source. Therefore, if one 
launches light from a broadband source to the device and analyzes the reflected spectrum a 
sinusoidal (interference) pattern can be expected. 

Our device is highly sensitive to temperature because the PDMS polymer has a high TOC. 
A minute variation in temperature will modify the polymer refractive index, and 
consequently, the reflectance of the surface S2, this means 2R . As a result, the maxima and 
minima of the interference pattern will change. Temperature will also alter effn  and d , hence 
ϕ , giving rise to a shift of the interference pattern. The optical fiber has a low TOC 
(6.3x10−6/°C) [12], and a low thermal expansion coefficient (0.55x10−6/°C) [12]. Therefore, 
the shift of the interference pattern will be minimal for a small temperature change. In our 
case, we do not monitor the shift of the interference pattern but the changes of the visibility or 
fringe contrast (difference between maxima and minima of the interference pattern). To 
predict such changes we used the Sellmeier equation [6], the TOC [16] for the PDMS, and the 
equation ( ) ( ) 2

2 eff PDMS eff PDMSR n n n n = − +  , where PDMSn  is the RI of the PDMS and 
1.44630effn = . Figure 2(a) shows the interference patterns at temperature between 22 to 60 

°C. In such temperature range the the RI of PDMS goes from 1.42039 to 1.40268. 

 

Fig. 2. (a) Simulation of the reflection spectra of the device shown in Fig. 1(a) at difference 
temperatures. (b) Interference patterns observed in a 20 µm-long Fabry-Perot cavity in PDMS 
at different temperatures 

3. Results and discusison 

The experimental setup that was used for testing the proposed devices is shown in Fig. 1(c). 
Light from a Super-Luminescent Light Emitting Diode (SLED), center at 1550 nm, was 
launched to the cavity by means of a fiber optic circulator. The reflected light was detected by 
an optical spectrum analyzer (OSA). The sensor was placed on a thermoelectric cooler, inside 
a closed box, and the temperature was increased from 22 °C to 60 °C. Figure 2(b) shows the 
spectra observed at different temperatures. The extinction ratio (ER) of the interference 
patterns was correlated with temperature [15]. The ER can be calculated by using Eq. (1) as 
follows, 
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Fig. 3. (a) Variation of the ER at different temperatures. (b) Variation of the ER at different RIs 
of the PDMS. The dots are experimental values and the solids lines fitting lines to the 
experimental data. The length of the cavity was 20 μm. 

The observed variation of the ER as a function of temperature is shown in Fig. 3(a). The 
corresponding variation of the ER as a function of the RI of the PDMS is shown in Fig. 3(b). 
The temperature sensitivity was found to be 0.13 dB/°C. 

The method described above suggests a high temperature sensitivity of our device, 
however, the monitoring of ER is not very accurate because it depends on which peaks and 
dips are selected. A more accurate method is by analysing the interference patterns by means 
of the Fast Fourier Transform (FFT) as this provides information of the phase [24], frequency 
[11] and amplitude [25] of such patterns. It has been shown that the FFT method provides 
higher resolution [24]. Figure 4(a) was obtained by applying the FFT to the fringe interference 
patterns shown in Fig. 2(b). The normalized FFT peak as a function of temperature is shown 
in Fig. 4(b). In order to show that the cavity length is not an issue a large cavity was 
constructed (238 µm, reflectance of the internal mirror −37.16 dB), following the fabrication 
steps mention above, and it was also analyzed by the FFT method. The calculated FFT of the 
spectra and the normalized amplitudes of the FFT peaks as function of temperature are shown 
in Figs. 4(c) and in (d), respectively. By comparing the Figs. 4(a) and (c), one can observed 
that the FFT peak of Fig. 4(c), i.e., of the longer device, is sharper that the peak shown in Fig. 
4(a), or shorter device. Since the spectra of the larger cavity have more periods, the shape of 
the FFT is smoother which is easier to track. It can be noted from Figs. 4(b) and 4(d) that the 
behavior of our devices is linear. 

An important parameter of any temperature sensor is its response time. In our case we 
define it as the time required for our sensor output to go from 10% to 90% of the maximum 
amplitude change. To measure such a time a simple experimental setup was implemented; it 
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Fig. 4. Cavity length 20 µm: (a) Calculated FFT of the spectra shown in Fig. 3, (b) Normalized 
amplitude of the FFT peak as a function of temperature; Cavity length 238 µm: (c) Calculated 
FFT of the spectra, the inset shows higher span, (d) Normalized amplitude of the FFT peak as a 
function of temperature. 

consisted of a personal computer, a spectral interrogator, and the sensor device mounted in a 
translation stage. The spectral interrogator (sm125, Micron Optics), which had a tunable laser 
emitting from 1510 to 1590 nm with a 20 Hz repetition rate, was connected to the sensor with 
a sampling rate of 1 sample/s. A program in LabView was developed to acquire the peak 
amplitude of the FFT and to store it in personal computer. A more detailed description of this 
scheme can be found elsewhere [16]. In order to determine the heating up and the cooling 
down response time of our sensor an automatic system with translations stages was 
developed. Such system held the sensor in the air, for 5 min, at room temperature (26 °C) and 
then it was dipped into a container with water at 60 °C for another 5 min. Such process was 
repeated several times. Figure 5 shows the peak amplitude of the FFT for the two 
temperatures mentioned above as a function of time. The oscillations observed in the FFT 
peak are due oscillations in temperature of the hot water because it was heated with a hotplate. 
It is worth noting that the sensor is capable of following the small temperature variations of 
the hotplate we used. The heating up and the cooling down response time were found to be 14 
s and 31 s, respectively. These times are comparable to those of a sensor based on a fiber 
Bragg grating reported by D. Barrera et al. [26]. 

 

Fig. 5. Temperature cycling test to determine the response time of the proposed devices. The 
length of the cavity was 20 µm. 

4. Conclusions 

In conclusion, we have proposed and demonstrated an ultracompact, simple-to-fabricate, and 
highly accurate temperature sensor based on a single mode fiber Fabry-Perot cavity embedded 
in PDMS polymer. In our device, the maxima and minima of the reflected interference 
spectrum depend on the RI of the PDMS which has a high thermo-optic coefficient. Small 
variations in temperature (in the 22 to 60 °C range) can cause a detectable change in the 
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interference pattern. By monitoring the extinction ratio of the interference pattern a 
temperature sensitivity of 0.13 dB/°C was observed. Two FPCs with different lengths were 
constructed and tested by the fast Fourier transform technique and similar results were 
obtained. In this case, temperature is codified in the FFT peak which can be monitored easily. 
The interrogation of our device is simple as an LED and a low-resolution spectrum analyzer 
can be used. In addition, the materials, components, and tools needed to fabricate the device 
are widely available. Due to the extensive use of PDMS in biological and microchannel 
applications we believe that our microscopic device can be employed for monitoring the 
temperature in those structures. In fact, the fiber tip can be inserted in the PDMS substrate or 
mold during the fabrication process to sense temperature or refractive index. 
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