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Cleaved Silica Microsphere
for Temperature Measurement

A. D. Gomes", B. Silveira
Abstract— A sensing structure based on a cleaved
silica microsphere is proposed for temperature sensing.

The microsphere was cleaved using focused ion beam milling.
The asymmetry in the structure introduced by the cut generates
not only new cavities but also random interferometric reflections
inside the microsphere. These two spectral components can
be separated using low-pass and high-pass filters, respectively.
The sensor response to temperature can be extracted from the
cavities’ component using a correlation method. The device
achieved a temperature sensitivity of —10.8 £+ 0.2 pm/°C
between 30 °C and 80 °C. The same effect is impossible to
be obtained in a normal uncleaved microsphere. The random
interferometric component did not provide any information on
temperature using the same analysis. However, when changing
the temperature, a new and completely distinct reflection
spectrum with no apparent correlation with others at different
temperatures was achieved.

Index Terms—Optical fiber sensor, microsphere, focused
ion beam, random interference, temperature measurement,
correlation.

I. INTRODUCTION

ICROSPHERES embedded in optical fiber-based
configurations have attracted much attention over the
last two decades. They have been explored not only as
a micro-resonator to excite whispering gallery modes [1],
but also as light focusing devices [2] or for laser applica-
tions [3]. Recently, a Fabry-Perot cavity based on a hollow
core microsphere was used for strain and pressure sensing,
with a low temperature sensitivity of 1.17 pm/°C [4].
Random signals have also been investigated due to their
unique characteristics and huge potential for application in dif-
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ferent fields. For instance, random signals have been studied
and applied for secure optical communications [5], random
number generation [6], fiber fault detection [7]-[10], or sens-
ing [8], [11]-[13]. In the field of sensing, a random correlation
fiber loop ring down was proposed as an improved alternative
to the well-known fiber loop ring down technique using optical
random signals in the time domain [12]. Random correlation
revealed to be a powerful tool to analyze more complicated
systems where traditional interrogation techniques cannot be
applied. For example, a cross-correlation method applied to
a random reference signal and a probe signal allowed to
interrogate a large network of chirped fiber Bragg gratings
for strain sensing and also to obtain the precise location of
each sensor [8]. The same technique was employed to analyze
weak fiber Bragg gratings by using a chaotic fiber laser as
an optical source [14]. The correlation method can as well
be implemented with random signals in the spectral domain.
One example of such application is a random fiber Bragg
grating interrogated using a spectrum correlation analysis [13].
The method allowed to obtain multiparameter sensing with this
structure. Moreover, a similar device with random spectrum
can be used to construct a random fiber laser [15].

In this letter, a new sensing structure based on a cleaved sil-
ica microsphere is proposed for temperature sensing. Focused
ion beam milling is used to create asymmetry in the
microsphere by cleaving it with a certain angle. The produced
structure presents not only new cavities, but also random
interferometric reflections. A spectral correlation method is
adopted to extract the sensor response to temperature.

II. SENSING STRUCTURE AND RESULTS

The microsphere was created at the end of a cleaved
single mode fiber using a fusion splicer Sumitomo Electronics
(TYPE-71C) in manual mode. The electric arc was centered on
the fiber, away from the fiber end. The following parameters
were used in the process: 0 ms pre-fusion time, 2000 ms
fusion time, standard arc power 4100 (absolute arc-power
was not possible to attain, only relative values). Four electric
arcs were applied, creating a microsphere with a diameter of
around 322 um. A scanning electron microscope image of the
microsphere is shown in Figure 1(a).

A Tescan (Lyra XMU) FIB-SEM (focused ion beam —
scanning electron microscope) was used to cut the top of
the microsphere with an angle of 21 degrees. A 50 nm-thick
tantalum film was deposited over the structure using a sputter-
ing chamber in order to eliminate charging effects during the
focused ion beam milling. The cut was performed using an ion
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Fig. 1. (a) Scanning electron microscope image of the microsphere.
(b) Focused ion beam image of the cleaved microsphere (cutting angle
of 21 degrees).
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Fig. 2. Random paths of 50 optical rays in the cleaved microsphere modeled
using Zemax.

beam current of 10 nA. Then, the cleaved surface was polished
using an ion beam current of 100 pA. A focused ion beam
image of the cleaved microsphere is presented in Figure 1(b).

In a conventional silica microsphere, as the one presented
in Figure 1(a), light is transmitted to the outwards and a
small ercentage is reflected at the microsphere interface. How-
ever, after creating asymmetry in the structure by cutting the
microsphere, part of the light is reflected in different directions
originating from random reflections inside the microsphere
that will interfere when collected back into the fiber.

In order to demonstrate the presence of random
interferometric reflections inside of the cleaved microsphere,
the path of 50 optical rays randomly distributed within a
cone of 5 degrees of aperture was simulated using Zemax
OpticStudio 16.5. The result is shown in Figure 2. Light
collected back into the fiber from different directions will
have different phases since they travelled through different
random paths. Therefore, the reflection spectrum presents a
random-like interferometric behavior.

The reflection spectra of a conventional and a cleaved silica
microsphere are depicted in Figure 3. A broadband optical
source, an optical circulator, and an optical spectrum ana-
lyzer (OSA) with a resolution of 20 pm were used to obtain the
reflection spectra. The optical source had a central wavelength
of 1550 nm and a bandwidth of 100 nm. The reflected signal
was previously normalized, taking as a reference the reflected
signal from a cleaved single mode fiber in air (4% Fresnel
reflection).

The normal uncleaved silica microsphere shows some losses
because only part of the 4% reflected light is collected back
into the fiber. It is not possible to perform temperature mea-
surements with this structure since the reflected signal does
not present any interferometric spectral modulation behavior,
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Fig. 3. Reflection spectra of a conventional and a cleaved silica microsphere.
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Fig. 4. Fast Fourier transform of the transmission spectrum at two different
temperatures.

as one can see from Figure 3. Therefore, conventional peak
wavelength-shift inspection methods cannot be used. However,
after cleaving the microsphere, the reflected signal presents
a random-like interferometric behavior with strong spectral
modulation of around 3 dB amplitude. Note that the reflected
signal intensity in the cleaved microsphere is lower due to the
presence of some tantalum coating which absorbs part of the
light.

A fast Fourier transform (FFT) was applied to the cleaved
microsphere reflection spectrum. The result is depicted
in Figure 4 for 2 distinct temperatures. The FFT exhibits two
different regions: a region with two peaks at low frequency
corresponding to cavities in the structure, and a region present-
ing a band of higher frequencies corresponding to the random
interferometric reflections. The two peaks at low frequency
(0.425 #/nm and 0.612 #/nm) result from two cavities with
cavity lengths of around 360 xm and 520 xm, respectively.
The estimate value for the cavity length was calculated from
the equation for a Fabry-Perot cavity [16]:

B A1do _ A2 X frequency
" 2xFSRxn 2n ’

where FSR is the free spectral range, n is the refractive
index of silica (1.444), the frequency is the inverse of FSR,
obtained in the FFT. To calculate the estimate values for
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Fig. 5. Filtered spectrum at 80°C. Upper spectrum: low-pass filter applied to
extract the interference between the two cavities. Lower spectrum: high-pass
filter applied to extract the random interferometric component.

the cavity lengths, 11 and 1, were considered 1530 nm and
1600 nm. Such cavities coincide with the reflection on the
microsphere edge and with a reflection on the cleaved region,
promoting part of the light to travel around the microsphere
before being collected back into the fiber, as displayed in the
schematics of Figure 4. The thermal expansion introduces
a small change in the cavities length, however in terms of
frequency this change is very small and not visible in the FFT
of Figure 4. The band of higher frequencies is a consequence
of the interference between multiple random reflections inside
the microsphere, which present different optical paths between
them. Thus, the thermal expansion caused by temperature
variation induces a change in these optical paths, causing
the interferometric signal to change randomly, producing a
different band of frequencies with no apparent relation to
the previous one at a different temperature. In Figure 4 the
difference between the bands of higher frequencies at different
temperatures is clearly visible.

The two regions of the reflection spectrum were separated
using a low-pass and high-pass filter, respectively, with cut-
off frequency of 1 #/nm. The filtered components are depicted
in Figure 5. The upper spectrum corresponds to the two cav-
ities pointed in Figure 4, and the lower spectrum corresponds
to the random interferometric part.

The structure was submitted to different temperatures, in air,
decreasing from 80.5 °C until 30 °C. The two components
of the reflection spectra were extracted in the same way as
in Figure 5. Regarding the two cavities’ component, due to
the presence of two interferences it is impossible to analyze
the spectral response of the sensor at different temperatures
by conventional peak wavelength-shift inspection methods.
Instead, a spectral cross-correlation analysis was used to obtain
the spectral shift information. The cross-correlation between
two reflection spectra is calculated using the equation [13]:

N—-1

Rey (1) = ~ 3" x(k) - y(n + ),
N

k=0

)

where N is the total sampling data points, x(n) and y(n) are the
two spectral data, and n is a value between —(N-1) and N-1.
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Fig. 6. Normalized autocorrelation (at 80.5 °C) and cross-correlation of the
reflection spectrum at two distinct temperature (51 °C and 30 °C).
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Fig. 7. Correlation wavelength shift, around 0 nm, as a function of
temperature variation.

Elements of x(n) and y(n) with negative indices or larger than
N-1 are assumed as zero. If x(n) and y(n) are the same signal,
the operation is called autocorrelation.

To better obtain the correlation spectrum, the DC component
(around 27 dB) was removed in all the reflection spectra,
centering them at 0 dB. The normalized autocorrelation and
cross-correlation of the reflection spectra for two distinct
temperatures are depicted in Figure 6. The multiple peaks
observed in the autocorrelation and cross-correlations means
that the signal is periodic. It is visible that the correlation
peaks shift when exposing the sensor to a different tem-
perature. In this case, the reflection spectrum at 80.5 °C
was used as a reference and the autocorrelation was calcu-
lated. Then, the cross-correlation was performed between the
reflection spectra at different temperatures and the reference
one. The correlation peak wavelength shift around 0 nm was
monitored as a function of temperature variation. The result
is shown in Figure 7. The sensor achieved a temperature
sensitivity of —10.8 £+ 0.2 pm/°C between 80.5 °C and
30 °C. This value of sensitivity is an average of the temper-
ature sensitivity across the considered wavelength range. To
have a more restricted value of sensitivity one can also perform
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the correlation analysis in different wavelength regions (shorter
wavelength, higher wavelength) and restrict the correlation
analysis to that wavelength region, since the sensitivity value
should depend on the wavelength [13].

Regarding the random interferometric component, no tem-
perature information can be obtained through the spectrum.
Using the same correlation analysis, there are no correla-
tion peaks that can be monitored to extract the temperature
response. As discussed previously, this band of frequencies
changes randomly with temperature, therefore producing a
new and completely different noisy spectrum with no apparent
relation with others at different temperature.

III. CONCLUSIONS

In conclusion, a novel structure based on a cleaved sil-
ica microsphere on top of a fiber tip was developed and
proposed for temperature sensing. With a normal uncleaved
silica microsphere, it is impossible to obtain an interferometric
behavior that allows to extract a response to temperature.
However, when introducing asymmetry in the structure by
focused ion beam cleaving the microsphere, not only new
cavities are formed but also random interferometric reflec-
tions are promoted inside the microsphere, originating a
random-like reflection spectrum. Two distinct regions can
be observed when a FFT is applied. The first involves two
cavities at a lower frequency formed by the reflection on
the microsphere edge and a reflection on the cut that guides
light through successive reflections across the bottom border
of the microsphere. The second region involves a band of
frequencies that is originated by the random interferometric
reflections. These two spectral characteristics can be separated
using low-pass and high-pass filters, respectively. The sensor
response to temperature can be extracted from the two-cavity
component using a correlation method. The device achieved a
temperature sensitivity of —10.8 & 0.2 pm/°C between 80.5 °C
and 30 °C, which is similar to a fiber Bragg grating [17].
The random interferometric component did not provide any
information on temperature using the same analysis. This is
in fact different from the random fiber Bragg grating proposed
by Xu et al. [13], where the obtained random spectra at
different temperatures are correlated, and therefore a cross-
correlation method can extract a temperature response. In the
case of the proposed cleaved microsphere, no correlation was
found between the different spectra at different temperatures.
The existence of the cut in the structure is crucial to create
asymmetry and introduce interferometric information in the
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spectrum that allows to extract a temperature response. Instead
of using a focused ion beam to cleave the microsphere, which
is an expensive technique, a similar cut can be obtained
by performing a controlled polishing of the microsphere.
In the future, a study should be done to find the best cutting
angle in order to obtain more random reflections inside the
microsphere. Such cut would provide more spectral compo-
nents to the reflection spectrum.
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