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Abstract: We report a fiber-optic sensor based on a silicon Fabry-Pérot
cavity, fabricated by attaching a silicon pillar on the tip of a single-mode
fiber, for high-resolution and high-speed temperature measurement. The
large thermo-optic coefficient and thermal expansion coefficient of the
silicon material give rise to an experimental sensitivity of 84.6 pm/°C. The
excellent transparency and large refractive index of silicon over the infrared
wavelength range result in a visibility of 33 dB for the reflection spectrum.
A novel average wavelength tracking method has been proposed and
demonstrated for sensor demodulation with improved signal-to-noise ratio,
which leads to a temperature resolution of 6 x 10™* °C. Due to the high
thermal diffusivity of silicon, a response time as short as 0.51 ms for a
sensor with an 80-pm-diameter and 200-um-long silicon pillar has been
experimentally achieved, suggesting a maximum frequency of ~2 kHz can
be reached, to address the needs for highly dynamic environmental
variations such as those found in the ocean.
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1. Introduction

It is of great importance to monitor the temperature in a variety of industries, such as food
inspection, pharmacy, oil/gas exploration, environment, and high-voltage power systems.
Fiber-optic temperature sensors have been the focus of intensive research owning to their
many advantages, such as small size, light weight, immunity to electromagnetic interference,
harsh environment tolerance, remote sensing capability, and capability for distributed or
quasi-distributed measurement. A number of sensor structures, including fiber Bragg gratings
(FBGs) [1-3], long period gratings [4], and various forms of interferometers [5-8], have been
developed and studied for temperature measurement with reduced cost, increased sensitivity,
or enhanced temperature range.

In addition to sensitivity and temperature range, temperature resolution and speed (or
response time) are another two important sensor parameters, which have not been fully
studied. Temperature resolution, defined as the minimum detectable temperature changes, is
determined by both the sensor sensitivity (defined as the sensor output from a given
temperature change) and the noise of the sensor system; while the response time is mostly
limited by the time constant of the heat transfer process between the sensing element and the
surrounding environment. The sensing element of many fiber-optic temperature sensors is
part of the fiber itself, which is made of fused silica. The temperature resolution and the speed
are limited by the relatively low thermo-optic coefficient (TOC) and thermal diffusivity of the
glass material that lead, respectively, to reduced sensor sensitivity and increased time for the
temperature of the sensing element to reach equilibrium with the surrounding environment.
For example, it is well-known that an FBG, whose reflection spectrum features a single
reflection peak, exhibit a temperature sensitivity of ~10 pm/°C. A fiber modal interferometer
based on a single mode-multimode-single mode fiber structure has been reported to have a
temperature resolution of 0.2 °C [5]. Obviously, many of the reported all-silica-fiber-based
temperature sensors possess relatively low sensitivity and relatively low temperature
resolution. As to the response time, the package of a FBG with a copper tube encapsulation
can greatly reduce the response time of the sensor from severa seconds to 48.6 ms in water
[2]. A response time of 16 ms in air was also demonstrated for a microfiber coupler tip
temperature sensor [9].

Compared to fused silica, crystalline silicon is a much more desirable sensor material for
high-resolution and high-speed temperature sensing. Silicon is highly transparent over the
infrared wavelength and has a TOC approximately 10 times larger than that of fused silica
used for the sensing element for most fiber-optic sensors, resulting in potentially much higher
temperature sensitivity. In addition, silicon-based temperature sensor also potentially has high
speed because of the large thermal diffusivity of silicon, which is comparable to many metals
(e.g., duminum and gold) and more than 60 times larger than fused silica. However, to date,
only afew papers have reported on the use of silicon as temperature sensing element [10-13]
and the potential of silicon has not been fully explored for high-resolution and high-speed
temperature sensing. In [10], the dependence of the absorption of a silicon film on
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temperature was used for temperature sensing and the sensor showed relatively low
temperature resolution of + 0.12 °C and a long response time on the order of 1 s. A simpler
structure with a thin silicon film (thickness < 1 um) deposited directly on the fiber end
through electron-beam evaporation was demonstrated in [11], with a temperature resolution of
only 3 °C. The radio-frequency sputtering was applied in [12] to simplify the deposition
process. The resolution was mainly limited by the small thickness of the silicon film that led
to broad spectral fringes. Instead of silicon film, a silicon micro-waveguide patterned on a
micro-electro-mechanical system (MEMS) was developed as temperature sensor [13]. Due to
the increased length of the Si sensing element, the temperature resolution was improved to
0.064 °C. However, it is a challenge to integrate the fiber and the MEMS into a single sensor
device and the large size of the sensing element also limits its temperature measurement
Speed.

In this paper, we propose and demonstrate a high-resolution and high-speed fiber-optic
temperature sensor by attaching a small double-side-polished silicon pillar to the fiber tip that
forms a Fabry-Pérot (FP) cavity. The diameter of the pillar is 80 um or 100 um, smaller than
the fiber diameter, leading to fast temperature response. The length of the pillar is ~200 um,
much thicker than the previously reported thin films deposited on the fiber endface, which,
together with the large refractive index (RI) of the silicon material, results in dense fringes in
the reflection spectrum of the FP cavity. Using this unique spectral characteristic of the
sensor, we developed a novel data processing method to significantly reduce the noise and
improve the measurement resolution. We also theoretically and experimentally investigate the
response time of the sensor. Our results show that the sensor described in this paper features a
high temperature resolution of 6 x 10 °C and a short response time of 0.51 ms. The
developed high-resolution and fast-response thermometer will serve as a promising tool in the
precise and real-time characterization of temperature structure in highly dynamic optical
turbulence, which is one of the key issues of underwater imaging in oceanography [14, 15].

2. Sensor system and sensor fabrication

Fig. 1. Schematic diagram of (a) the system and (b) the sensor head in detail.

The sensor system is schematically shown in Fig. 1(a). Through a fiber-optic circulator, a
white light source is injected into the sensor head and the returned signal is directed to a high-
speed spectrometer that is based on a transmission grating and a diode array operating in the
1550 nm wavelength window. The sensor head is schematically shown in Fig. 1(b), which
consists of a ~200 um long double-side-polished silicon pillar attached to the endface of a
signa mode fiber (SMF). The wavelength of the N™ fringe peak, 4, , of the reflection

spectrum is given as

(N+}/2)/1N =2nL, (1)
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where n and L are, respectively, the Rl and cavity length of the FP cavity. Both n and L
are dependent on temperature, due to the thermo-optic effect and the thermal expansion of the
silicon material. Therefore temperature change can be measured by monitoring A4, . From Eq.

(2), the temperature sensitivity is given by

JaT noT LoT

The sensitivity depends on the TOC and the thermo-expansion coefficient (TEC) of the
sensing material. The TOC and TEC for silicon are, respectively, 1.5 x 10 RIU/°C and 2.55
x 10°° m/(m-°C) at 25 °C. To estimate the sensitivity, these values are applied to Eq. (2) at the
pesk wavelength A4, around 1550 nm and the RI of silicon is assumed to be 3.4 [16]. From

this, the sensitivity of the temperature sensor proposed here is estimated to be 72 pm/°C. Asa
comparison to the all-fiber based sensor, the TOC and TEC for fused silica are, respectively,
1.28 x 107° RIU/°C and 5.5 x 10”" m/(m-°C) at 25°C, both of which are much smaller than
those for silicon. Assuming the RI of silica at 1550 nm is 1.5, the sensitivity of an al-fiber
based sensor is estimated to be 14 pm/°C, which is more than 5 times smaller than the silicon-
based sensor proposed here.

The high RI (~3.4) of silicon over infrared wavelength range produces a high reflectivity
at the interfaces between silicon and the surrounding environment and between silicon and the
fiber endface, which facilitates to obtain a large optical power and a high fringe-visibility of
the interferometric spectrum from the FP cavity for improving the sensor resolution. In
addition, the high RI and the relatively long FP cavity yield a large number of fringes within
the wavelength range of the spectrometer, which can be exploited to further increase the
temperature resolution. More details concerning the sensitivity and resolution are provided in
Section 3.

The proposed sensor also features a short response time. Due to the high thermal
diffusivity of silicon and the small size of the sensor head, the temperature within the FP
cavity can quickly reach equilibrium with surroundings. The response time is studied both
theoretically and experimentally in detail in Section 4.

Fig. 2. Sensor fabrication steps. (a) Manufacturing of upstanding silicon pillars through MEMS
technology. (b) Attaching a thin film of UV curable glue on the fiber endface. (c) Adjusting
and pressing the fiber endface against a silicon pillar and applying UV light to cure the glue.
(d) Lifting up the cured sensor head. () Removing the residual photoresist by rinsing it with
alcohoal. (f) Optical microscope of a fabricated sensor head with an 80-um-diameter and 200-
pm-long silicon pillar.
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The fabrication steps to construct a sensor head shown in Fig. 1(b) are described in Fig. 2.
The fabrication started with bonding a 200-um-thick double-side-polished silicon wafer on
top of another larger silicon wafer through a layer of photoresist. The larger silicon wafer was
used as a substrate to facilitate the fabrication and later as a support for the fabricated silicon
pillars. Then another layer of photoresist was coated on the top of the 200-pm-thick wafer and
patterned according. The patterned top silicon layer was etched all the way to the substrate
using deep-reactive-ion-etching, leaving the upstanding silicon pillars attached to the
substrate. A thin film of UV-curable glue was spin-coated on a piece of glass substrate and the
glue was transferred to the cleaved and cleaned endface of a piece of SMF by pressing the
fiber endface to the glue film on the glass substrate [17], as shown in Fig. 2(b). Then, under
optical microscope, the fiber endface with glue was adjusted and pressed onto one of the
upstanding silicon pillars, and the UV glue was cured by UV irradiation, as shown in Fig.
2(c). After the glue was cured, the fiber with a silicon pillar attached was lifted up from the
substrate, as shown in Fig. 2(d). Finally, the fabrication is completed by cleaning the residual
photoresist on the end of the pillar with alcohol, as shown in Fig. 2(€). Due to the ultra-thin
thickness of residual photoresist between SMF and silicon pillar, the reflection spectrum of
the silicon FP cavity was not affected. One of the fabricated sensor heads is shown in Fig.
2(f), in which the diameter and length of the silicon pillar are 80 um and 200 pm,
respectively.

3. Sensitivity and resolution
3.1 Experimental study of sensitivity to temperature

Figure 3(a) shows the reflection spectrum at wavelength around 1550 nm of the sensor
measured with a high-resolution optical sensor interrogator (Model: sm125, Micron Optics),
indicating a fringe visibility as high as 33 dB and a free spectrum range of 1.46 nm. The
temperature response of the sensor was experimentally studied by placing the sensor in a
furnace and the wavelength position of the fringe valey near 1550 nm in Fig. 3(a) was
monitored as the temperature increased. The results are shown in Fig. 3(b). The good linear
response of the wavelength to temperature suggests a temperature sensitivity of 84.6 pm/°C of
the sensor over the temperature range from 20 °C to 100°C, which is close to the theoretica
value of 72 pm/°C obtained in Section 2. The small discrepancy between the experimental
and theoretical values may be attributed to the potentially underestimated TOC and TEC and
the ignorance of the wavel ength-dependent RI of silicon.

Fig. 3. (a) Reflection spectrum of the sensor. (b) Relative wavelength shift versus temperature.
3.2 Wavelength noise and temperature resolution

In addition to the high sensitivity discussed in Section 3.1, low noise in determining the
wavelength positions of fringe valleysis also essential for high temperature resolution. In our
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experiment, the high-speed spectrometer (Model: I-MON 256 USB, Ibsen, Denmark), based
on a transmission grating that spreads the wavelength spectrum spatialy on a detector array,
is capable of measuring the spectrum at a line scan rate of 6 kHz over the wavelength range
from 1525 — 1570 nm. The detector array has 256 pixels; therefore each spectral frame
consists of 256 data points that are approximately evenly spaced over the wavelength range.
Due to the large RI of the silicon material and the large FP cavity length, the reflection
spectrum of the sensor consists of a large number of fringes, as shown in Fig. 4(a). For
sensors based on FBGs, FP cavities or other optical resonators [18], wavelength tracking
method is typically used for signal demodulation, where the wavelength position of a single
spectral feature, such as afringe valley, afringe peak, or a spectra notch, is used to gauge the
measurands. Here, making use of the large number of fringes of the sensor, we propose and
demonstrate an average wavelength tracking method that can significantly improve the noise
performance and the temperature resol ution of the sensor.

Fig. 4. (@) A frame of the reflection spectrum measured by the high-speed spectrometer. (b)
Wavelength noise of each peak shown in (@), the red line represents the noise level of the
average fringe peak wavelength. (c) Fitted pesk wavelength for pesks 17 and 18 and the
average wavelength versus time. (d) Three frames of data for peaks 17 and 18 that are used for
peak wavelength fitting. Inset is a close-up view of data fitting for peak 18. (€) Relative
wavelength evolution during natural cooling of hot water for five peaks and the average
wavelength. Note that the positions of peaks are moved vertically for clear comparison of noise
in (e).

For demonstration, 6000 continuous spectral frames are obtained in 1 s when the sensor is
under constant ambient temperature. The average peak wavelength tracking uses 22 fringe
peaks indicated in Fig. 4(a). For each peak on a spectral frame, the data point of local
maximum isidentified and Gaussian curvefitting is applied to atotal of 7 data points centered
at the local maximum to find the wavelength position of the fringe peak. While Lorentzian
and Gaussian curve fittings are two widely used methods for determining a single peak
position, Gaussian fitting is chosen in this work due to the low finesse of the FP
interferometer. However, the average wavelength tracking method is feasible no matter what
method is applied to do the peak finding. The noise for each fringe pesk, defined as the
standard deviation (SD) of the fitted peak wavelength positions from the 6000 spectral
frames, is shown in Fig. 4(b). It is seen that the fitted peak wavelengths have a small noise
except for some singular peaks, i.e. peaks 9, 14, and 18 shown in Fig. 4(a), whose noise levels
are approximately 10 times larger than those of the majority “normal” peaks. Instead of using
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the wavelength of any single peak, we use the arithmetic average wavelength of al the peaks
in a spectral frame to gauge the temperature. The noise of the average wavelength, shown as
the red line in Fig. 4(b), is comparable to the noises of the “normal” peaks. For more details,
the fitted peak wavelengths for peaks 17 (norma) and 18 (singular) and the average
wavelength obtained from all the 22 peaks are compared in Fig. 4(c). The noises for peak 17,
peak 18 and average wavelength are 0.219 pm, 4.021 pm and 0.453 pm, respectively. It
clearly shows that the average wavelength tracking method used here suppresses the
undesirable effect of the singular peaks and the noise is maintained at alow level.

To examine the cause of the large noise level of these singular peaks, Fig. 4(d) shows
three frames of data points that are used for Gaussian fitting of peaks 17 (normal peak) and 18
(singular peak). For peak 18, there are two adjacent data points at the top having very close
intensity values. As a result, the identification of the data point of local maximum is more
sensitive to the data noise and may vary from frame to frame between these adjacent data
points due to the data noise. It is found that the fitting peak wavelength shows a large
variation when the identified data point of local maximum changes, as in the case for peak 18
shown in more details in the inset to Fig. 4(d). It isimpractical to reduce the noise by simply
removing the singular peaks in practice because a singular peak at one temperature level may
become a norma peak at a different temperature level, and vice versa. The existence of
singular peaks is often unpredictable and unavoidable in practice, especially when the
resolution of a spectrometer is limited. To verify this, we placed the sensor in a cup of hot
water and Fig. 4(e) shows wavelength positions of several peaks of a sensor in response to the
natural cooling of the water within atime span of 12 s. It is seen that peaks 1, 10, and 15 are
normal peaks, whose fitted wavelengths did not show large variations throughout the
experiment. Peaks 5 and 20 experienced transitions between normal and singular as the
temperature varied and their noise behavior changed accordingly and significantly. However,
the average peak wavelength, also shown in Fig. 4(e), did not exhibit any large noise.
Therefore it is verified that the average wavel ength tracking method provides an efficient way
to suppress large noise from the singular peaks.

Fig. 5. (8) Wavelength noise with respect to integration time of the spectrometer. (c) Noise of
individual peaks when the sensor is placed in water (red) or air (black). The blue line indicates
the noise level of the average wavelength. (c) Variations in the average wavelength with time
for the sensor placed in water (red) or air (black). Note that the wavelengths are vertically
shifted for better view.

In addition to the average wavelength method, it was also discovered that the wavelength
noise could be further reduced by increasing the integration time of the spectrometer, as
illustrated in Fig. 5(a), which shows the noise of the average wavelength as a function of the
integration time. Compared to the noise with integration time of 10 us (the case for Fig. 4),
the noise at 100 ps was reduced by more than 10 times. The improvement of the noise
performance is due to the improved signal-to-noise ratio (SNR) of the spectrum obtained with
longer integration time. Furthermore, it was aso observed that a higher visibility of the
reflection spectrum helped reduce the noise. With improved SNR, the number of the singular
fringe peaks with large noise can be reduced or even eiminated under certain conditions.
However, even for the case where no singular peaks are present, the average wavelength
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tracking method can still reduce the measurement noise by approximately a factor of N ,
where M is the number of peaks that are used for calculating the average wavelength. As an
example, Fig. 5(b) shows the noises of individual peak wavelengths and the average peak
wavelength for a sensor with a visibility of 33 dB when the integration time of the
spectrometer was set to 100 ps. The wavelengths were measured when the sensor was placed
in both water and air. Compared with Fig. 4(b), no singular fringe peaks were observed as the
noise of individua peaks shows much smaler variations. The variations in the average
wavelengths with time are shown in Fig. 5(c), from which a noise level of 0.051 pm is
obtained for the sensor in air and 0.052 pm for the sensor in water. The noise levels of the
average wavelength are also indicated in Fig. 5(b), which is approximately four times smaller
than the noises of the individual peaks. Using the experimentally-obtained temperature
sensitivity of 84.6 pm/°C, a temperature resolution of ~6 x 10™ °C is reached for the sensor.
It is therefore demonstrated that the proposed average wavelength tracking method can also
improve the sensor resolution for the case of no singular peaks, which manifests it as a
universal method for wavelength tracking with reduced noise.

4, Responsetime

In addition to the high resolution discussed, fast response is another advantage of the
proposed sensor. The response time can be characterized by monitoring the temperature
transition when the sensor is quickly inserted into the medium of different temperature (warm
water in our test case). In this section, the response time of this sensor is first theoretically
studied via heat transfer analysis and then experimentally verified.

4.1 Heat transfer analysis

To give insights into how the sensor responses to the surrounding water temperature, the heat
transfer process is briefly analyzed with a simplified model. The heat conduction between the
surrounding water and the sensor as well as within the sensor is described by the heat
equation give by [19]
T =aV°T, (3)

ot
where o isthe thermal diffusivity of the sensor material and T istemperature. It can be seen
from Eq. (3) that a large therma diffusivity « is the key for temperature T to change
rapidly. As a comparison, the thermal diffusivity of silicon is 8.8 x 10> m?/s, which is more
than 60 times larger than that for silica (1.4 x 10° m?s). Therefore, the proposed sensor
based on silicon FP cavity in this paper will have a much faster response than those based on
al-silicafiber temperature sensor.

It is difficult to directly solve Eq. (3) for the heat transfer analysis of the proposed sensor
structure. However, the analysis can be greatly simplified using a lumped parameter model
(LPM), where the temperature is assumed to be spatially uniform inside the silicon pillar. This
assumption isjustified by the small Biot number, B, , of the sensor in water. The Biot number

is defined as:

B =——", (4)

where L, is the characteristic length of the sensor structure, K, is the heat conductivity of

silicon, and h is the heat transfer coefficient (HTC). A small Biot number (<< 1) implies that
the heat conduction inside the silicon pillar is much faster than the heat transfer between the
surrounding water and the pillar, resulting in negligible temperature gradient inside the silicon
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pillar. The HTC, which denotes the amount of hesat transfer from a unit temperature difference
between the surrounding water and the sensor surface, can be calculated from [19]

N, -K
h=—u w, 5
1 ©)

C

where N, is the Nusselt number for the water/silicon pillar surface, K, is the heat
conductivity of water. L. is calculated as the ratio of volume of the silicon pillar to its surface
areas that are exposed to the surrounding water. Using the experimental value N, =1.2 for
water/silicon surface [20], and K, = 0.6W /(m-K), Eq. (5) gives h = 3.96x10*W / (m? -K).
Taking K, =159W /(m-K) , it can be calculated that B = 4.5x10°° for the 80-um-diameter
and 200-um-long silicon pillar. Since B «1, it is verified that the LPM is valid for the

sensor proposed here and used in water. The temperature of the silicon pillar, T, can be
considered uniform within the silicon pillar and thus is only a function of time, as illustrated
in Fig. 6(8). The change with time of the uniform temperature T within the whole lumped
body is governed by a differential equation given as[19]

hAS(Tm _T)dt = pSCSVSdT’ (6)

where A, is the surface area that exchanges heat, T_ is the temperature at steady state and,
ps. C,, and V, are, respectively, density, heat capacity and volume of the silicon pillar. For
slicon, p, =2.329x10°kg/m® and C_,=712J/(kg-K) . Equation (6) indicates that the
change in total heat within the silicon pillar is equal to the heat penetrating into the pillar from
the silicon/water surface. Assuming the initial temperature of the silicon pillar is T,, the

solution to Eq. (6) isgiven as

_ B __hA
T@)=T.+(T, Tm)exp( pscsvstj. 7

Equation (7) demonstrates that the temperature of the silicon pillar increases exponentialy
from its initial value to the steady state value. To facilitate comparison, we define the
normalized temperature as

TO-T_, [ A

To demonstrate the influence of size of the silicon pillars on response time, the normalized
temperature as a function of time has been calculated for several sensors with different
parameters, the results are shown in Fig. 6(b). We define the response time (z) of the sensor as
the time when 63% (=1-1/€) of the overall signal change is reached. From Eq. (8), t is given
by
T= pSCSVS .
hA

Equation (9) along with the theoretical results in Fig. 6(b) indicate that a smaller and shorter
silicon pillar has a quicker response time. This is expected because the smaller pillar has a
larger surface-to-volume ratio that is advantageous for heat exchange. The response time of
0.76 ms for an 80-um-diameter and 200-pum-length silicon pillar is thus obtained.

(9)
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Fig. 6. (@) Lumped parameter model for heat transfer analysis of the sensor. (b) Simulated
normalized temperature versus time for silicon pillars with different parameters. D and L
denote diameter and length of the silicon pillar, respectively.

4.2 Experimental demonstration

The response time of the sensor was characterized by quickly inserting the sensor head at
ambient temperature into a cup of hot water, as shown in Fig. 7(a). The spectral response to
the heat transfer between the sensor head and the water was monitored by the high-speed
spectrometer which was set at a frame rate of 6 kHz. Two sensors were fabricated and tested.
The silicon pillar for one sensor has the diameter of 80 pm (red) and the other is 100 pm
(black); both of them are 200 um long. The average wavelength tracking method described in
Section 3 was used for sensor demodulation. Figure 7(b) shows the average fringe peak
wavelengths as a function of time for both sensors. It is evident that the response of each
sensor shows two regions of different patterns. The average wavelength first experiences a
relatively gradual wavelength increase followed by an abrupt and quick increase resembling
the theoretical curves shown in Fig. 6(b). As the heat transfer between silicon and air is
slower than that between the silicon and water, it is obvious that the region for the gradua
wavelength increase corresponds to the process when the sensor was dtill in the air but
approaching the water surface. Once the sensor was immersed in the water, the heat transfer
was more rapid and the wavelength shift showed an abrupt increase. In Fig. 7(b), the time at
the transition between the two regions is assumed to be 0. From these curves, the 63% rising
times are found to be 0.51 ms for the sensor with 80-pum-diameter silicon pillar and 0.70 ms
for the sensor with 100-um-diameter silicon pillar. The sensor with the silicon pillar of
smaller diameter has a faster response, which is consistent with the theoretical prediction
shown in Fig. 6(b). The shorter response time in experiments than the theoretical value may
arise from the underestimation of the HTC which is difficult to be accurately determined for
our case. As a comparison, the response time of our sensor is much shorter than the
experimental result of ~16 ms of a silica fiber coupler tip [9], in which the rising time is
defined as the time needed when only 37% (=1/e) of the overall signal change is reached.
Finally we note that the free spectral range (FSR) is ~1.46 nm, corresponding to a
temperature range of ~17 °C, which is sufficient for many applications involving high-
frequency temperature variations. By continuously tracking the fringe peaks during the
measurement, measurement range much larger than a FSR can also be achieved. For example,
in Fig. 7(a), the increase in temperature upon dipping the sensor into the hot water from air
was about 33 °C (a wavelength shift of ~2 FSRs). The smooth transition of the measured
temperature verifies that all peaks were successfully tracked even when the peak shift was
greater than a FSR of the silicon FP cavity. When any of the peaks moves out of the
wavelength range of the spectrometer, measurement error may occur due to the change in the
set of fringe peaks used for averaging. By reducing the number of peaks for average
wavelength tracking and using those peaks around the central wavelength of spectrometer, the
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temperature measurement range can be greatly increased. However, this will also lead to
reduced SNR because fewer peaks are being used for averaging.

Fig. 7. (8) The response time is measured by fast insertion into hot water. (b) Experimental
relative wavelength versustime.

5. Conclusion

This paper demonstrates a fast-response fiber-optic temperature sensor based on a silicon
pillar attached on the endface of a SMF that forms a FP cavity. Due to the high transparency
and large RI of silicon materia over infrared wavelength range, a fringe visibility as high as
33 dB around wavelength of 1550 nm was obtained for the FP cavity. The relatively long
length of the silicon pillar and the large RI of silicon aso lead to a short FSR and a large
number of fringes in spectral range of the demodulation system for the sensor.

Exploiting the availability of multiple fringes, we have proposed and demonstrated a novel
average wavelength tracking method for the sensor signal demodulation. This method is
shown to be capable of suppressing the potential singular fringe peaks that have extra-large
noise due to limited data points, which is often associated with high-speed spectrometers. For
spectral frames without singular fringe peaks, the method also significantly improves the
measurement resolution by reducing the random noise from the average effect. Using this
novel average wavelength tracking method, a wavelength noise as low as ~0.05 pmin both air
and water is experimentally obtained. Using the experimentally-obtained temperature
sensitivity of 84.6 pm/°C, the sensor has a temperature resolution of 6 x 107 °C.

The high thermal diffusivity of silicon and the small size of sensor head endow the sensor
with a fast response to the temperature change. A response time as short as 0.51 ms is
obtained for an 80-pm-diameter and 200-um-long silicon pillar in water, indicating a
maximum frequency of ~2 kHz can be reached for temperature sensing.
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