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Abstract—We report the development of a temperature 

sensing probe created as a result of the combination of an optical 

fiber and a porous silicon microcavity (PSMC). After 

determining the physical parameters of the PSMC to achieve the 

required porous sensing structure, it was fabricated by 

electrochemically etching a silicon wafer. A 1 mm2 PSMC piece 

was attached to the tip of an optical fiber so that temperature 

variations can be monitored in real-time exactly on that point. 

Firstly, the performance of the PSMC sensor probe was 

characterized in a stable environment as water, obtaining a 

sensitivity around 110 pm/ºC and a resolution in the 10-4 ºC 

range. Afterwards, the temperature transmission dynamics in air 

environment were studied.  

 
Index Terms— Fiber-optic sensor, porous silicon, Bragg 

reflector, microcavity, temperature monitoring 

 

I. INTRODUCTION 

IBER-OPTIC SENSORS (FOSs) have been widely 

studied and exploited becoming one of the principal 

optical sensing technologies [1]. Nowadays, FOSs are applied 

in several sensing applications such as for the measurement of 

refractive index, strain, temperature, pressure, vibration or 

bending [2]. This sensing versatility is due to the possibility of 

developing different types of FOSs where the selected 

parameter affects the intensity, frequency, polarization or 

phase of the light travelling through the fiber [3]. Furthermore, 

they offer several advantages including high sensitivity, 

immunity to electromagnetic interferences, small dimensions, 

cost effectiveness and the ability to operate in a wide range of 

environments [4]. One of the most important applications 

where FOSs have found a great success is temperature sensing 

[2, 5]. In fact, temperature is a crucial parameter in several 

fields, especially research laboratories, food industries, 

environmental monitoring, monitoring of biochemical 

reactions or military and aerospace uses [6, 7]. Presently, 

many FOS configurations can be found, the majority of which 
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are based on fiber interferometers and on fiber Bragg gratings 

(FBGs) [1-3, 5, 8]. Despite most fiber-optic temperature 

sensors make use of the fiber itself as sensing element, this 

fact entails two main limitations. The first one consists in the 

relatively complex fabrication of the sensor, since the optical 

sensing structure has to be directly fabricated on the fiber 

itself. The second one is related with the thermal properties of 

the fiber-based sensors, namely, the thermo-optic coefficient 

(TOC), i.e., the variation of the refractive index (RI) as a 

function of the temperature, and the thermal diffusivity, i.e., 

the temperature transfer rate of the material. Since the optical 

fiber is made of silica, it is characterized by relatively low 

TOC and thermal diffusivity. A low TOC determines a low 

sensitivity towards temperature changes, whereas a low 

thermal diffusivity implies a larger time needed by the 

structure to reach the required temperature. As a matter of 

fact, regarding the temperature sensitivity, FBGs exhibit low 

values in the range of 10 pm/ºC [2, 9], since the sensitivity is 

determined mainly by the material of the FBG. Several 

techniques have been used to enhance the sensitivity and 

reduce the response time. Among them, a widely used 

technique is using a metal package for the FBGs, leading to a 

sensitivity in the range of 27 pm/ºC and a real-time response 

[10]. However, this process increases the complexity and the 

cost for the development of such a temperature sensor. An 

alternative to FBGs are fiber long period gratings. These 

sensors reach a sensitivity in the range of 100 pm/ºC, but their 

high bending sensitivity may give rise to variations of the 

spectral response not related with the temperature variations 

[11, 12]. Furthermore, this type of configuration also presents 

the limitation of a complex fabrication. 

To overcome such limitations, novel configurations have 

been developed in the last years as a result of the combination 

of optical fibers with an additional optical sensing component. 

For example, Liu et al. reported a fiber-optic sensor based on a 

silicon Fabry-Pérot cavity fabricated by attaching a silicon 

pillar to the tip of a single-mode fiber [9]. This configuration 

presented an experimental sensitivity of 84.6 pm/ºC and a real-

time response, due to the larger TOC and thermal diffusivity 

of the silicon.  

Within this context, we propose in this work the 

development and the experimental study of a real-time and 

high resolution FOS based on its combination with a porous 

silicon microcavity (PSMC) and its application for 

temperature sensing. The use of a porous silicon (PS) structure 
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as sensing element is justified by the advantages provided by 

this material platform. Firstly, PS can be formed simply, 

quickly and inexpensively since it is the result of the 

electrochemical etching of a silicon substrate [13, 14]. 

Moreover, the porous configuration of PS is highly beneficial 

for sensing purposes since it allows the infiltration of the 

target substances to be analyzed [15-17]. Furthermore, such 

material platform can be used for the creation of a wide range 

of configurations of photonic structures for sensing 

applications. Typically, layer-based optical structures based on 

PS have been developed, as for example single layers, like 

Fabry-Perot (FP) filters [18, 19], multilayers, like Bragg 

reflectors (BRs) [20, 21], or optical microcavities (MCs) [22-

24]. More recently, PS-based integrated photonic structures 

have also been proposed, as for example Mach-Zehnder 

interferometers [25] or ring resonators (RRs) [26, 27]. 

The design, fabrication and characterization of the PSMC-

based sensing probe proposed in this work, as well as the 

experimental opto-thermal setup developed to perform the 

experiments, are described in section 2. In section 3, the 

results obtained for the temperature variation experiments are 

reported and discussed. First, experiments in water 

environment were carried in order to study the performance of 

the sensor. A sensitivity value around 110 pm/ºC and a 

resolution in the 10-4 ºC range were obtained. Then, 

experiments in air environment were carried out in order to 

compare the results with those obtained in water environment 

and study how the temperature increases affect to the noise. A 

level of noise higher than that achieved in water environment 

was observed and the real-time response of the sensor was 

demonstrated. 

II. MATERIAL AND METHODS 

A. Sensing mechanism 

Our sensing structure consisted of an optical microcavity 

(MC) created between two Bragg reflectors. A Bragg reflector 

is a periodic structure formed by alternating layers of high (nH) 

and low (nL) refractive index (RI) that provides a reflectivity 

spectrum characterized by the presence of a photonic band gap 

(PBG) centered on the Bragg wavelength, λB. The thickness of 

the layers, dH and dL, satisfy the relation 2(nH·dH+nL·dL) = 

m·λB, where m is the order of the Bragg condition. The 

microcavity structure can be obtained by placing a λB/2 layer 

between two Bragg reflectors. The reflectivity spectrum of the 

MC is characterized by the presence of a narrow resonance 

peak inside the PBG, whose position depends on the RI and 

the thickness of the layers. Those two parameters will depend 

on the temperature, since the RI will change due to the 

thermo-optic effect and the thickness will vary due to the 

thermal expansion. So, temperature variations will be 

determined by monitoring the shift of the resonance position 

that is produced due to the variation of those parameters.  

B. PSMC modelling 

A model based on the Transfer Matrix Method (TMM) [28, 

29] was used to determine the structure parameters nH, nL, dH, 

and dL in order to obtain a resonant peak located at 1550 nm. 

This model allows to calculate the transmission and the 

reflection spectra of a one-dimensional structure consisting of 

an arbitrary number of alternated porous silicon (PS) layers 

with different porosities and thicknesses. These spectra are 

obtained from the contribution of the transmitted and reflected 

waves produced at each boundary between two layers.  

In our study, we considered that the MC was created using a 

nL porous layer having a thickness of 2hL. Therefore, our 

PSMC consisted of two Bragg reflectors, BR1 and BR2, 

having the MC layer between them, as described by the 

sequence [nH, nL]×7, nH, nL-MC, nH, [nL, nH]×7. A scheme of the 

PSMC structure is shown in Fig. 1(a). The refractive indices 

and the corresponding thicknesses obtained in the design 

process were nH=1.70, nL=1.40, dH=228 nm and dL=278 nm. 

The Bruggeman equation was considered to relate refractive 

indices and porosities [30]. In this respect, the theoretical 

porosities for the nH and nL layers were 65% and 77%, 

respectively. The calculated reflectance spectrum of the 

simulated structure is shown in Fig. 1(b). 

 

Fig. 1.  (a) Scheme of the PSMC used in this work. (b) Simulated reflectance 

spectrum of the designed PSMC, having a cavity peak located at 1550 nm. 

C. PSMC fabrication 

The PSMC was fabricated by electrochemical etching a 

single side 20×20 mm2 polished boron doped <100> oriented 

c-Si wafer, with electrical resistivity of 0.01–0.02 Ωcm. The 

Si wafer thickness was 725±15 µm. The solution used to 

produce the PS was composed by 48% hydrofluoric acid and 
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99% ethanol, in a 1:2 volume. Before the etching process, the 

silicon wafer was cleaned by using a piranha solution (volume 

ratio H2SO4:H2O2 = 3:1) at room temperature, to remove 

possible organic residues in the surface. Afterwards, the wafer 

was rinsed with deionized water. In order to remove residual 

surface impurities after the etching process, the wafer was 

cleaned with acetone and isopropyl alcohol, and rinsed in 

deionized water. The most important parameters to be taken 

into account associated to the etching process, carried out at 

room temperature, were the HF concentration [HF], the 

current density D, and the etching time T, as summarized in 

Table I. In order to obtain the layered structure, the current 

density was alternated between two values during the 

electrochemical etching process, 16 and 45 mA/cm2, in order 

to obtain the two different porosities corresponding to the nH 

and nL layers. The wafer etched area had a diameter of 11 mm. 

The total time required for the creation of the PSMC structure 

was just around 4 minutes. 

TABLE I 

ELECTROCHEMICAL ETCHING PROTOCOL USED TO PREPARE THE PSMC 

Layer [HF] J (mA/cm2) T(s) 

nH 16% 16 10.3 

nL 16% 45 6.9 

D. PSMC physical and optical characterization 

Figure 2(a) shows a scanning electron microscope (SEM) 

cross-sectional image of the fabricated PSMC, where the light 

and dark grey layers are the nH and the nL layers, respectively. 

The thicknesses measured with SEM of the nH and nL the 

layers were 215 nm and 265 nm, respectively. The overall 

thickness of PSMC was 7680 nm. The experimental RIs of the 

layers were obtained by adjusting the FTIR (Fourier transform 

infrared) reflectance spectrum of the PSMC, which is shown 

in Figure 2(b), with a mathematical model based on the TMM. 

The estimated values are nH=1.92 and nL=1.42, whereas the 

relative porosities were 57% and 75%, respectively. Such 

experimental results are in a good agreement with those 

calculated in the design stage. As it can be observed, the 

spectrum presents a resonance peak in 1566 nm, very close to 

the position expected from the design stage. The positive 

outcome of the PSMC spectrum was due to the correct 

configuration of the calculated etching process parameters. 

 

Fig. 2.  (a) SEM cross-sectional image and (b) FTIR reflectance spectrum of 

the fabricated PSMC sample. 

E. PSMC sensing probe preparation 

The preparation of the PSMC sensing probe is 

schematically shown in Fig. 3. Firstly, the PSMC sample 

created by electrochemical etching was diced into square 

pieces of size 1 mm2 by using a DAD3350 Disco automatic 

dicing saw. This small size will allow us to measure the 

temperature variations at a very specific point. The dicing 

process required around 6 minutes. In this way, considering 

the electrochemical etching and the dicing processes, around 

90 PSMC sensors were obtained in 10 minutes. One of these 

square pieces was selected and attached to the tip of an optical 

fiber connector with the porous side facing it. To this aim, 

epoxy glue was used since it is transparent at 1550 nm. 

 

Fig. 3 Illustration of the development of the PSMC sensing probe. 

F. Experimental setup and procedure 

An opto-thermal setup was developed to carry out our 

experimental measurements. Such setup was composed by an 

optical part and a thermal part, which can operate at the same 

time, in order to change the temperature of the system and 

simultaneously monitor the spectrum evolution. Figure 4 
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shows a schematic illustration of the experimental setup. The 

PSMC sensing probe was connected to a National Instruments 

PXIe-4844 optical interrogator in order to acquire its 

reflectance spectrum. Such optical interrogator is an optical 

measuring apparatus able to obtain one spectrum every 0.1 

seconds in a wavelength range of 1510-1590 nm with a 

resolution of 4 pm. This apparatus provides the advantage of 

analysing the reflected light spectrum in real-time. A 

LabVIEW program was developed to examine the evolution 

of the reflectance spectrum. More in detail, a Lorentzian 

fitting of the spectrum was implemented in order to enhance 

the accuracy of the resonance peak tracking. 

Concerning the thermal setup, a Peltier cell was used as 

heater (or cooler). In order to control the Peltier cell, a LDC-

3744C Precision Laser Diode Controller was used as 

temperature controller (TC). Finally, a thermocouple was used 

as temperature sensor to close the loop of the instrument 

internal controller. Using thermal paste, the Peltier cell and the 

thermocouple were attached and thermally connected to a 

heatsink. The Peltier cell heated or cooled the heatsink until 

the thermocouple reached the input temperature. In order to 

know the temperature being perceived by the PSMC sensing 

probe, a metallic stick temperature sensor was used as 

reference sensor. 

Two different configurations were considered to detect 

temperature changes, first in water and then in air 

environment. In the sensing-in-water configuration, the PSMC 

sensing probe was immersed in a water-filled beaker. This 

beaker was placed on the heatsink where it was thermally 

connected with thermal paste. In the sensing-in-air 

configuration, the sensing probe was placed above the 

heatsink, close to the thermocouple, at a distance of 2 mm. 

 

Fig. 4.  Illustration of the opto-thermal setup used in the experiments. 

III. RESULTS AND DISCUSSIONS 

A. Thermal setup performances analysis 

Before carrying out the temperature sensing experiments 

with the sensing probe, the performances of the thermal setup 

were studied. As shown in Fig. 5, the TC input temperature 

was increased from 24 ºC to 25 ºC and the temperature 

perceived by the thermocouple was monitored in real-time and 

in-continuum. The average observed noise was 6·10-3 ºC. Such 

noise was produced by the constant correction of the TC to 

keep the temperature at the input value. The time needed by 

the thermocouple to reach the increment of 1 ºC was around 

30 seconds. This value represents the time needed by the 

Peltier cell to heat the heatsink and thus the thermocouple. 

 

Fig. 5. Time evolution of the temperature perceived by the thermocouple. The 

inset (a) depicts the noise of the system, whereas the inset (b) depicts its 

response time. 

B. Water environment experiments 

Since water provides a more thermally stable system than 

air, experiments in water environment were carried out first, in 

order to characterize the sensitivity and the resolution of our 

PSMC sensing probe. The experiments were performed by 

constantly controlling the heatsink temperature and its 

variation in a degree-by-degree basis. At the same time, the 

evolution of the temperature perceived by the reference sensor 

was monitored in real-time. The evolution of the PSMC 

resonance peak was monitored in real-time. 

The temperature changes applied to the heatsink were from 

24 ºC to 25 ºC, from 26 ºC to 27 ºC, from 28 ºC to 29 ºC and 

from 30 ºC to 31 ºC. As a result of each temperature change, a 

temperature variation of 0.2 ºC was measured by the reference 

sensor; so, that will be the temperature variation being really 

measured by the PSMC sensing probe (i.e., not the 1ºC 

variation applied to the heatsink). Figure 6 shows the PSMC 

resonance peak time evolution relative to the temperature 

changes previously indicated, whereas Fig. 7 depicts the 

wavelength shift obtained for that 0.2 ºC variation depending 

on the initial heatsink temperature. A resonance peak shift of 

22±1 pm was observed in all the cases for the temperature 

change of 0.2 ºC that was measured by the metallic reference 

sensor, thus leading to a sensitivity of 110±5 pm/ºC of the 

PSMC sensing probe. The average measured experimental 

noise was 0.6 pm, what considering the sensitivity of our 

sensor, corresponds to a temperature resolution of 6·10-3 ºC. 

That was the noise level previously measured for the TC, what 

indicates that the measured resolution for the PSMC sensing 

probe is being limited by the thermal setup performance and it 

will probably be higher. Such results demonstrate that our 

PSMC temperature sensing probe was able to measure very 

small temperature variations at a very specific point. Note also 

that the noise level can be further reduced by around an order 

of magnitude by using a Discrete Fourier Transform (DFT) 

filtering algorithm in order to eliminate the high frequency 

components not related with the sensing (see Fig. 6). Thanks 

to such noise reduction process, a noise value of 0.07 pm was 

calculated, what leads to a temperature resolution of 6.3·10-4 
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ºC. 

Finally, note that the time required to reach the plateau for 

each temperature change (around 90 seconds) is determined 

by, firstly, the time needed by the Peltier cell to reach the 

required temperature and, then, by the time needed by the 

water environment to achieve such temperature. This means 

that water took around 60 seconds to reach the required 

temperature. As a matter of fact, in this case, water acted like a 

second heatsink: as the heatsink warmed up and transferred 

the heat to the thermocouple, the water warmed up and 

transfer the heat to the sensing probe. 

 

Fig. 6. Resonance peak time evolutions of the PSMC sensing probe relative to 

the heatsink temperature change (a) from 24ºC to 25ºC, (b) from 26ºC to 

27ºC, (c) from 28ºC to 29ºC and (d) from 30ºC to 31ºC. Note that these 1ºC 

changes of the heatsink correspond to a 0.2ºC change in the sensor position. 

The experimental evolution is represented in red, whereas the evolution after 

the noise filtering process is represented in blue.  

 

Fig. 7: Relationship between the resonance wavelength shift obtained for a 0.2 
ºC temperature variation and the initial heatsink temperature value used in the 

water environment experiments. 
 

C. Air environment experiments 

Once the PSMC sensing probe performance was 

characterized using water environment, experiments in air 

environment were carried out. The temperature changes 

applied to the heatsink were from 23 ºC to 24 ºC, from 24 ºC 

to 25 ºC, from 26 ºC to 27 ºC and from 28 ºC to 29 ºC. Figure 

8 shows the PSMC resonance peak time evolutions relative to 

these temperature changes. Analyzing the evolutions, it is 

possible to observe that the average value of the noise was 

considerably higher than that observed in water environment 

experiments. Moreover, the noise increased for higher initial 

temperature values. In Table II, the noise values of the 

experiments in air environment are reported and confirm what 

is observed in Fig. 8. The higher level of noise was due to the 

perturbations produced by the air environment, which is a less 

stable system than water. The air environment constantly tries 

to take the system to the room temperature, as shown in Fig. 9. 

As it is known, the farthest from the room temperature is the 

temperature perceived by the sensing probe the largest is the 

interference produced by the environment. This means that 

when the temperature perceived by the sensing probe is close 

to the room temperature, the influence of the environment is 

low. Otherwise, when temperature perceived by the sensing 

probe is far from the room temperature, the influence of the 

environment is larger, affecting the experimental signal 

evolution and thus producing a high level of noise. 

 Finally, the average time needed to reach the plateau is 

around 30 seconds, the same time needed by the thermal setup 

itself to heat up the thermocouple. Such results demonstrate 

that our temperature sensing probe was able to measure very 

small temperature variations in real-time. 

 

Fig. 8. Resonance peak time evolutions of the PSMC sensing probe relative to 
the heatsink temperature change (a) from 23ºC to 24ºC, (b) from 24ºC to 

25ºC, (c) from 26ºC to 27ºC and (d) from 28ºC to 29ºC. Note that these 1ºC 
changes of the heatsink correspond to a 0.2ºC change in the sensor position. 

The experimental evolution is represented in red, while the evolution after a 

noise filtering process is represented in blue. 

TABLE II 

VALUE OF THE NOISE OF THE AIR EXPERIMENTS 

Temperature change (ºC) Noise (pm) 

23-24 1.1 

24-25 1.4 
26-27 2.1 

28-29 3.4 
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Fig. 9. (a) Schematic illustration of the environment thermal influence on the 

sensing-in-air configuration system. (b) Relationship between the measured 
noise with the initial heatsink temperature value used in the air environment 

experiments. 

IV. CONCLUSIONS 

In this paper, we reported the development and the 

experimental study of a real-time and highly sensitive 

temperature sensing probe based on the combination of an 

optical fiber and a PSMC. The PSMC sensor was obtained 

easily and rapidly. The PSMC sensing probe behavior was 

studied by measuring, in real-time, temperature changes in 

water and in air environments. In water environment 

experiments, the performance of the PSMC sensing probe was 

characterized, obtaining a sensitivity around 110 pm/ºC and a 

resolution in the 10-4 ºC range. In air environment 

experiments, it was observed that, first, for equal temperature 

changes, higher noise levels were measured at higher 

temperatures due to the temperature transmission dynamics 

through the environment and, then, the response was in real-

time. In summary, the experiment results obtained in both 

environments demonstrate that a temperature sensing probe 

able to measure very small temperature variations in real-time, 

with a very high resolution and at a very specific point was 

developed. 

In comparison with other FOSs previously reported, our 

sensor presents a higher sensitivity. Furthermore, due to the 

fact that the sensing element was the PSMC sensor, the 

development of the sensing probe was cheaper, faster and 

easier to carry out. 

In conclusion, the reported fiber-optic porous silicon 

temperature sensing probe constitutes the ideal combination of 

high-sensitivity, easy, rapid and low-cost fabrication and real-

time response. 
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