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Abstract
We report on microscopic polymer spherical caps bonded onto the cleaved end of a

single-mode fiber (SMF) for fast, accurate, and sensitive temperature sensing. The microcaps
were fabricated by dispensing sub nano-liter amounts of UV-curable polymer onto the end face
of a standard SMF that was cleaved at a small angle. A reflection from the SMF-polymer
interface combined with a reflection from the polymer-external medium interface gives rise to
a well-defined interference pattern. The high thermal expansion coefficient of the polymer used
to build the micro-caps allowed us to achieve temperature sensitivity up to 270 pm/°C,
resolution of 0.04 °C, and thermal response time of around 2.5 s. The simple fabrication process
and the broad operating wavelength (from 800 to 1600 nm, approximately) of our devices along
with the diversity of polymers currently available, make the concept and approach proposed

here appealing for diverse sensing applications.

Keywords: Optical fiber sensors, Fabry-Perot interferometers, polymer cavity, temperature

SENSors, MiCcrosensors.

1. Introduction
As part of safety and quality control in industrial production, temperature is a crucial parameter

that must be monitored or controlled. In environmental and bio-medical applications,
temperature is also a parameter that is monitored constantly. As optical fiber temperature
sensors (or thermometers) are capable of operating, hence to gather data, in environments where
electromagnetic, radio frequency, or microwave radiation is present, they have gained

considerable attention in the industrial and bio-medical sectors.
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The fiber optic sensor community has exploited different methods and techniques to
devise point optical fiber thermometers that include mode interferometers [ 1-4] and long period
gratings (LPG) [5-8]. Such temperature sensors are robust and highly sensitive but their
response time is slow, typically of several seconds. Moreover, in most cases, the sensitive
segment of such thermometers is several millimeters, and even of centimeters, long. This makes
them unsuitable for applications where space is small. To the authors’ best knowledge, point
thermometers based on mode interferometers or LPGs have not reached commercial level yet.

Other fiber optic temperature sensors reported so far are based on Fabry-Perot
interferometry. The cavity, i.e., the sensitive element of the interferometers, can be made with
a short segment of glass [9-11], polymer [12-15], or silicon [16,17]. These types of sensors are
compact and highly sensitive. However, elaborated or multistep fabrication processes are
required to achieve highly uniform cavities, hence high performance Fabry-Perot
interferometers or thermometers.

To the authors’ best knowledge, the most accurate fiber optic thermometers exploit the
temperature dependence of fiber Bragg gratings (FBGs) [18-23], fluorescent materials [24-29],
or GaAs semiconductor crystals [30,31]. The level of maturity of such techniques is high to a
point that they have reached commercial level [32]. The main characteristics of thermometers
based on FBGs include a sensitive segment of several millimeters in length (the length of the
grating); thermal response time of several seconds, and temperature sensitivity of around 10
pm/°C [18-23]. FBG thermometers tend to be expensive as their interrogation requires a pico-
meter resolution detection system. On the other hand, thermometers based on fluorescent
materials or semiconductor crystals are characterized by a fast response time, a sensitive
material of few hundred micrometers in length or diameter attached to the end of a multimode
optical fiber. The assembly of thermometers based on the aforementioned materials is complex.
In addition, they can operate in short distances (a few tens of meters) as the fluorescent signal
is low because they operate in non-telecommunications wavelengths.

As an alternative to the fiber optic thermometers discussed above, in this paper we
propose an accurate interferometric thermometer that has the following remarkable features: 7)
microscopic dimensions, i7) simple fabrication and interrogation, and iii) operation over a wide

wavelength range, from 800 to 1600 nm, approximately. Our device can sense temperature

from -25 to 125 °C with high sensitivity (up 270 pm/°C) and fast response time (2.5 s). The
sensitive section of our microthermometer is made of a UV curable polymer that is deposited
onto the end face of a single mode fiber (SMF) that is cleaved at a small angle. As a result, an

off center spherical microcap is formed. Light reflected from the SMF-polymer interface is
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combined with that reflected from the polymer-external-medium interface. Due to the
asymmetry of the two reflecting surfaces, the interference pattern exhibits a well-defined series
of maxima and minima. We found that our sensors are as accurate as commercial electronic
thermometers. Thus, we believe that the temperature sensors here proposed can be used in a
variety of practical applications that require high sensitivity, fast thermal response, and

miniature dimensions.

2. Sensor fabrication and operation principle

Our device consists of a microscopic polymer spherical cap formed on the end face of a standard
single mode fiber (SMF) which is cleaved at a small angle. It is depicted in Fig. 1(a). The
experimental set-up used to create such a microscopic spherical cap is shown schematically in
Fig. 1(b). The fabrication steps are as follows. Firstly, two SMFs are cleaved with a
conventional fiber optic cleaver. In our case, we used a cleaver from Fujikura, model CT-32.
The typical cleave angle, i.e., the most probably angle, that is achieved with such a cleaver is
~0.5°. The cleaved optical fibers were cleaned with alcohol in an ultrasonic cleaner, and then
they were clamped in separate 3-axis optical fiber alignment stages (ULTRAlign™, Newport).
In our arrangement, the SMFs were placed in vertical position for the reasons explained below.
One of the SMFs was the sensing fiber and the other one was used as a dispensing fiber. Our
set up had also a CMOS USB camera to monitor the deposition of the polymer on the SMF
face. To optimize the alignment between the SMFs, as well as to monitor the interference
pattern of the samples, light from a super luminescent diode (SLD) was launched to the sensing
SMF; the reflected light was sent to a mini-spectrometer by means of a suitable optical fiber
coupler, see Fig. 1(b). The interference patterns were observed, stored, and analyzed, in a
personal computer.

The dispensing SMF was dipped into a liquid polymer and then, it was gently
withdrawn. The polymer we used is commercially known as NOAS81 (from Norland Products
Inc.). We used such polymer because it is cured in seconds and has excellent adhesion to glass.
However, other polymers that can be bounded to glass can be used. After withdrawing the
dispensing fiber from the liquid polymer, the fiber tip and the sides were coated with polymer,
see the photograph shown in Fig. 1(c). The polymer-coated SMF was placed beneath, and in
close proximity, to the sensing SMF. Immediately after that, the fibers were aligned with the
3- axis stages. The alignment between the SMFs was stopped when a well defined interference
pattern was observed. Such an interference pattern was due to an air cavity formed between the

facet of the sensing SMF and the liquid polymer covering the dispensing SMF. Afterwards, the
3
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Figure 1. (a) [llustration of the temperature microsensor, d is the height of polymer microcap
and O the fiber cleave angle. (b) Schematic representation of the set-up used to monitor the
fabrication process and to interrogate the devices. (c), (d) and (e) Sensor fabrication steps.
SLD is superluminescent diode, SMF, single mode fiber, FOC, fiber optic coupler, and PC,
personal computer. (f) Micrograph of an as-fabricated sample where d was 20 pm.

polymer-coated SMF was moved towards the sensing SMF until the polymer touched the end
face of the sensing SMF, see Fig. 1(d). The dispensing SMF was then displaced far away from
the sensing SMF; see Fig, 1(e).

It can be noted from the photograph that, due to surface tension, a microscopic polymer
spherical cap is formed only onto the end face of the sensing SMF. The small angle of the SMF
face makes the polymer microcap to be off center. In the final step of the fabrication process,
the polymer was cured by illuminating it with UV light, with peak emission at 365 nm (CS2010,
UV Curing LED System from Thorlabs), during 30 seconds. Under these conditions, the
polymer spherical microcap becomes solid, and it is strongly bonded to the SMF. As

recommended by the polymer manufacturer, for an optimum adhesion, the microcap was aged

at 50 °C during 12 hours. If other polymers are used, probably such an aging process is not

necessary.

The interference patterns of our devices were analyzed after the fabrication process. The
samples were also inspected under an optical microscope. After a single deposition process, d
was found to be ~20 um. This suggests that the volume of the spherical microcap, or the volume

of polymer deposited on the SMF facet was on the order of ~ 0.15 nano-liters.



The operating principle of our sensor is explained as follows. Let us assume that a wave
with amplitude £y propagates without attenuation in the core of the SMF, see Fig. 1(a). When
such a wave reaches the SMF-polymer interface, it is partially reflected, the rest is transmitted
to the polymer. The amplitude of the reflected wave (£:1) can be expressed as:

E, =nhE,, (1)
where 7, is the amplitude reflection coefficient which depends on the refractive indices of the
polymer (np) and the fiber core (nc), as r1 = (np-nc)/(np+nc). It is important to point out that the
expression for 1 is valid for quasi-perpendicular incidence and random polarized light. The
wave that propagates in the polymer reaches the polymer-external-medium interface with an
accumulated phase of ¢ = 2nn,d/A, with d is the height of the polymer microcap and A is the
wavelength of the optical source. Such a wave suffers Fresnel reflection from the polymer-
external-medium interface if the index of the polymer, n,, and the refractive index of the
external medium (n.) are different.

The amplitude of the reflected wave (E,2) can be expressed as Er = Eor2(1-r1)exp(-i @)
where 7 is the amplitude reflection coefficient which is expressed as 72 = (ne-np)/( netnp). In
our experiments, the external medium was air (n. = 1). In our devices, not all the reflected
wave from the polymer-external medium interface is coupled into the SMF core. Due to the
small angle of the SMF face, the fiber facet and the curved surface of the polymer microcap are

not parallel. That is the reason we do not treat our devices as a Fabry-Perot interferometer.

The reflected wave that is coupled back to the SMF core be expressed as:
E, =n1,E (1-1,)" exp(~i2¢). 2)

In Eq. (2), n1s the coupling coefficient that can be calculated from Egs. A7 and A8 given in
Ref. [33]. According to the latter reference, 77 depends on the angle of the SMF face, d, np, A,
spot size of the output beam of the SMF, etc.

The amplitude of the total reflected field (E7) is the sum of £ and E¢:

E, = Ey[r +1r,(1- 1) exp(=i24) . (3)



Thus, the total reflected intensity that can be measured is (E1)2. By defining I = (E1/E0)? we
get

I =r’+0°r (1-1)* + 2mr,(1- 1) cos(2¢). 4)

From Eq. (4), it can be deduced that /, will be maximum when ¢ =2mz and minimum
when ¢ =(2m+1)x, m being a positive integer. Thus, the peaks of the interference pattern

(maximum values of /,) are found at wavelengths that satisfy the condition:
A =(2n,d)/m. (5)

Note also from Eq. (4) and (5) that 7, that depends on the cleaved angle of the SMF, d, np, etc.,
will affect only on the contrast (or visibility) of the interference pattern but not the position of
the maxima.

The temperature effect on our devices can be obtained by differentiating Eq. (5) with

respect to temperature (7). We obtain:

0
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The terms, dn, /0T and dd /0T, in Eq. (6) are, respectively, the thermo-optic coefficient (TOC)
and the thermal expansion coefficient (TEC) of the material the microcap is made of. The
refractive index of the polymer depends also on the wavelength of the optical source. According
to the manufacturer, for the case of the NOAS1 polymer, n, = 4 + B/A> + C/A*, with 4 = 1.5375,
B =8290.45, and C = —2.11046X10%; the TOC value is -1.83X10#/°C and the TEC value is
2.4x10™/°C.

From Egs. (5) and (6), it can be concluded that the position of A, (a parameter that is
easy to monitor) and the thermal sensitivity depend only on the TEC and TOC of the polymer
used to fabricate the microcap. As the TEC value is higher that the TOC value of the NOAS81
polymer, A, will shift to longer wavelengths when temperature increases. It should be point out
that if other polymer is used to fabricate the sensor where the TOC be higher than the TEC, the

shift of the interference pattern will be to shorter wavelengths when temperature increases.



Regardless the direction of the shift, temperature will be codified in wavelength, an absolute

parameter, similar to FBG-based or semiconductor-based temperature sensors [18-23], [30,31].

3. Experimental results and discussion
To evaluate our devices as temperature sensors, they were first encapsulated with

miniature stainless steel tubes (from Omega Solutions Inc.). Then, they were placed inside a

temperature calibrator (LTR-25/140. from Kaye) that operates from -25 °C to 140 °C. However.,

according to the manufacturer, the NOA&1 polymer, once cured and aged, can withstand

temperatures from -150 °C to 125°C. Thus, the calibration was carried out from -25 to +125 °C.

As a reference, a precision and calibrated commercial RTD -resistance temperature detector-

(Pt100 HH&04U from Omega®) was placed inside the temperature calibrator, together with our

devices. The interrogation of our devices was carried out with the components described in

Fig. 1.
In Fig. 2(a), we show the observed spectra at different temperatures of a sample with a
polymer cap where d ~20 um. The red shift of the interference pattern is evident. The calibration

curve is shown in Fig. 2(b). The theoretical fitting was carried out by considering a coupling

factor 7= 0.18. It can be seen that the device does not show any hysteresis. From Fig. 2 we

calculated the relationship between Am and 7T as
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Figure 3. (a) Comparative between our sensor and the RTD of temperature pulses in the range
of interest in medical applications. (b) Response time of the temperature sensor.
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Figure 2. (a) Spectra of the temperature sensor at different temperatures. A is the maximum
of each spectrum. (b) Plot of Ay versus temperature; the asterisks show the theoretical value
of Am vs temperature and the squares and dots are experimental values. (c) Comparative of
our temperature sensor with a commercial thermometer during several temperature cycles in
steps of ~ 25 degrees.



From the calibration curve, the temperature sensitivity in the linear range, i.e., from 15 °C to

125 °C, was found to be 270 pm/°C. Such sensitivity is an order of magnitude higher than that
of FBG temperature sensors. With our interrogation system, the position of A, could be monitor
with 10 pm precision. This means that our microthermometers can reach a resolution of
0.04 °C.

An additional test to our samples consisted in exposing them repeatedly to several
temperature cycles during more than 8 hours. The temperature was increased from — 25 °C to

+125 °C in steps of 25 degrees. Then, the temperature was decreased from +125 °C to -25 °C in

steps of 25 °C. The results of our experiments are shown in Fig. 2(c). From the figure, it can be
seen that our devices are as accurate as a commercial RTD.

Another test that we carried out consisted in the assessment of the response of our
devices to temperature pulses, from 20 to 70°C. Such a temperature range was chosen because
it is the range of interest in bio-medical applications. In Fig. 3(a) we show the results of our
experiments. Again, we can see that our sensor provides accurate information as an RTD but
the results suggest that our microthermometers respond faster than an RTD.

The response time of our devices was experimentally measured. For that, a

microthermometer was encapsulated with a short segment of silica capillary of 150 um and
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Figure 4. (a) Spectra at around 850 nm at different temperatures of a sample where the
polymer microcap had a d =20 um. (b) Experimental and theoretical values (asteriks) of Am
as a function of temperature. (c) Comparative of our temperature sensor with a commercial
thermometer during several temperature cycles in steps of 25 degrees.

300 pum of inner and outer diameter, respectively. Our device was attached to an RTD, and
then, they were immersed in hot water. The temperature of the hot water was monitored with
the RTD. The temperature of the external environment was monitored with another RTD.
Figure 3(b) shows the wavelength shift of our device under study as a function of time when
the temperature increased from 24 to 37.9 °C. From the figure, we calculated the thermal
response time of our device. It was found to be 2.5 s. Such a response time is faster than that of
other fiber optic temperature sensors, as for example, FBG-based thermometers.

We also fabricated and characterized some samples that operated at shorter
wavelengths. To do so, we used an SMF at 850 nm (HP780, from Thorlabs). The deposition of
the microcaps was carried out with the same steps described above. The height of the microcap
was again ~20 um. At shorter wavelengths, the refractive index of the polymer is higher. The
combination of shorter wavelengths and higher index makes the period of the interference
pattern larger at 850 nm. Figure 4(a) shows the output spectra of the quoted device at different

temperatures. Again, a shift to longer wavelengths as the temperature increased was found. The

calibration curve is shown in Fig. 4(b). Note the linear dependence of Awm_on temperature in the

range from 15 to 125 °C. In that range, the temperature sensitivity was found to be 210 pm/°C.

This suggests that there is no loss of temperature sensitivity at shorter wavelengths.
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We also exposed the samples repeatedly to several temperature cycles during 10 hours

approximately. The temperature was increased from -25°C to +125 °C: and then it was

decreased to -25 °C. The steps were also 25 °C. The results of our experiments are shown in

Fig. 4(c). It can be noted from such a figure that our devices provide information of temperature

as a well-calibrated RTD. An advantage of fiber optic thermometers that operate at 850 nm is

the fact that light sources and spectrometers are less expensive. Hence, cost effective

microthermometers can be developed.

4. Conclusions

We have reported on a micrometer-size fiber optic temperature interferometric sensors that is
fast and accurate. The fabrication of our devices is simple and reproducible. An important
advantage of our devices is that they operate at the well-established telecommunications
wavelength bands. In our devices, the temperature sensitive region is a microscopic polymer
spherical cap bonded onto the facet of a single mode optical fiber, which is cleaved at a small
angle. Our devices have high temperature sensitivity and resolution and respond fast to
temperature changes.

The performance of the sensors here proposed can be further improved. The science and
technology of polymers is mature. Currently, polymers with tailored optical and physical
properties can be synthesized. This may allow to tailor the thermal response time, temperature
sensitivity, or operating temperature range of our devices.

We believe that the devices here proposed can be useful in several applications that
demand miniature thermometers. For example, they can useful to explore temperature inside
micro-fluid channels or other small spaces or to monitor temperature of tiny objects. Their fast
thermal response time makes them attractive to monitor temperature in environmental or
biomedical applications. Due to their passive nature, the microthermometers reported here can

be attractive in industrial applications.
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