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This study presents a sensitive and high-response microhole-pair (MP) hollow-core fiber (HCF)
Fabry-Perot (FP) interferometer (MPHCFFPI) by microdrilling two holes symmetrically on the sidewall
of the HCF via a femtosecond laser micromachining technique. The dimension of FP microcavity in the
MPHCFFPI is length of the HCF. Only 0.005 s is needed to completely fill the HCF cavity with alcohol
via the capillary action of the MP. The MPHCFFPI is developed to measure the thermo-optic coefficients

(TOCs) and refractive indices (RIs) of liquids to investigate its effectiveness and accuracy. The TOCs of
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the deionized water, ethanol, and acetone are accurately determined as —1.076x10~4, —3.11x 104, and
—4.28x1074°C1, respectively. The measured Rls of liquids ranging from 1.3 to 1.6 also highlight that the
proposed fiber sensor can achieve higher RI than the silica fibers.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction

Ultrafast laser processing with femtosecond (fs) lasers can be
used for the most challenging tasks, especially for fabricating high-
precision holes and lines without thermal damage. Various micro
or nanoscale machining techniques have been accomplished by
fs lasers to process advanced devices and materials. These tech-
niques are urgent and practical for the industry and technology
because fs laser processing can be performed for microdrilling,
writing, and cutting materials, such as metals, ceramics, polymers,
and dielectrics. For fiber optic applications, many fiber Fabry-Perot
interferometers (FFPIs) and fiber Mach-Zehnder interferometers
(FMZIs) have been fabricated by using fs laser micromachining
(FSLM) to achieve ultracompact and precise performance [1-12].
Precise material ablation can be realized with extremely high peak
power with minimized heat-affected zone, controlled cavity length,
and fast fabrication. Thus, many studies have been conducted on
the opening of micro-notch cavity on single-mode fibers (SMFs) and
photonic crystal fibers (PCFs) fabricated by FSLM [1-6].In 2007, Y.].
Rao et al. reported the novel demonstration of the direct machining
of a micro-FPI on an SMF and a PCF with a microrectangular notch
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structure by using fs laser [1]. Direct FSLM has been used to pre-
cisely fabricate air-gap microcavities on fibers to form FFPIs [2-5]
and FMZIs [6,7] for high sensing configurations. Here, the FPIs are
the most fabricated with a micronotch or a microchannel by fs laser,
and the MZIs are created by removing part of the fiber core near the
core and cladding interface by fs laser. The advanced FSLM can accu-
rately control the microhole length and micronotch depth on the
fibers. However, such direct micromachining by fs laser ablation
results in non-parallel walls of the microcavity/microhole, rough
surface of the cavity, and poor mechanical strength. In addition,
the micromachining process by removing the material layer-by-
layer is time consuming with certain complications. To overcome
these issues, a new method for making a smooth inner surface of
the air cavity is fabricated by FSLM combined with fusion splicing
technique [8-11]. A microhole is first drilled into the cleaved end
face of an SMF by fs laser. The hole-drilled SMF is then spliced to
another SMF to form an air cavity between the two fibers. After
the fusion splicing, the rough walls of the cavity are melted by the
arc, and a much smoother structure is obtained. The above stud-
ied sensors can achieve a smoother reflection surface. However,
the aspect ratio of the laser beam drilling still results in the fab-
rication of non-parallel walls (sphere surfaces) of the cavity/hole.
It should be noted that, C. R. Liao et al. have further inscribed a
micro-channel vertically cross the above mentioned cavity by fs
laser micromachining to allow the measured liquids to flow into
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Fig. 1. Schematic of the fs laser machining system.

the cavity for RI sensing [9]. The approach is novel and very effec-
tive for measuring the parameters of liquids, however the reflected
light beam from hollow sphere surfaces with large curvature would
be divergent, which leads to an extremely poor fringe visibility of
the corresponding fringe patterns [9]. To overcome this problem,
we first demonstrate a microhole-pair (MP) hollow-core fiber (HCF)
Fabry-Perot interferometer (MHCFFPI) by symmetrically drilling
two microholes on the sidewall of the HCF by FSLM. The FP micro-
cavity is obtained only by fusion splicing a tiny section of the HCF
between two SMFs. The length of the FP cavity is fixed by the HCF
section, and the cavity walls are the endfaces of the fused SMFs
that are flat and parallel. The proposed approach can completely
solve the problem of non-parallel mirrors in the FP cavity by FSLM.
Then, the surface of the HCF is straightly pierced with microholes
through the claddings of HCF by FSLM. Y. P. Wang et al. presented
the fs laser microdrilling of a hole on an HCF to fabricate a gas pres-
sure sensor [12]. However, their study is not focused on the flat
and smooth-processed surfaces of FP cavity. The microhole is only
used to diffuse the gas into the HCF core, and the HCF cladding
functions as an antiresonant reflecting guidance waveguide. Based
on our experience, fully filling gases or liquids into the HCF via a
single microhole takes a considerable amount of time. By contrast,
the duration of capillary action to fully fill liquids into the HCF with
the proposed microhole pair only takes 0.005 s to investigate the
high response and effectiveness of the sensor. Thus, the proposed
configuration with such a miniature FP cavity is effective and can
be applied to measure several physical and optical parameters of
microspecimens of liquids or gases.

2. Sensor fabrication

The studied device is initially based on an HCF FP interferome-
ter, which is only made by two SMFs and a tiny section of an HCF
with diameter of D =75 wm. The HCF interferometer is fabricated
by fusion splicing a section of the HCF (length of about L =50 wm)
between two flat cleaved SMFs. After the splicing of the HCF, the
end face of SMF is cleaved with a slant to prevent the undesired
Fresnel reflection from the fiber/air interface. Then, a section of the
HCF is processed by fs fiber laser machining. The HCFs are mainly
composed of fused silica, which are hard, fragile, and have a band
gap energy of 9eV. These characteristics may induce microcracks
or heat-affected zones when machined with long pulsed lasers.
The fs laser has an ultra-short pulse duration and very strong peak
power intensity that can induce nonlinear multiphoton absorption
to enable the photo-ionization and avalanche ionization of a mate-
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Fig. 2. Main steps in the formation of the hole-pair structure of the optical fiber
interferometer by fs laser machining system.

@

rial during fs laser irradiation. Given the nonlinear multiphoton
absorption, the fs laser can be used to precisely engrave optical
fibers.

The fs fiber laser machining system (Light Conversion, Model
CB5-85) in this study is shown in Fig. 1. The central wavelength of
the laser is 1028 nm =+ 5 nm, the pulse duration is less than 400 fs,
and the repetition rate is 1 MHz. The laser beam is a Gaussian
beam. In the machining process, the proposed HCF interferometer
is placed on the X-Y micropositioning platform. The laser power
is tuned by rotating the half-wavelength and polarization slides.
The laser beam spot is focused by a 10x objective lens (Mitutoyo,
Model M Plan Apo NIR) mounted on a Z stage. The fiber device is
fastened by a clamping apparatus. The machining path and rate are
controlled by programming the X-Y micro-positioning platform. An
optical microscope is used to examine the machined products. The
fabrication process is monitored in situ by a charge-coupled device.
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Fig. 4. Schematic diagram of the experiment setup.

The fs laser, with an average power of 2W and focal spot size
of about 20 wm, is focused on a spot on the surface of the HCF.
The scanning length (along the z-axis) and speed are 60 um and
0.01 mm/s, respectively. The following are the steps to form the
MP structure on the fiber interferometer. In step 1, the laser is
turned off, and the focal height is adjusted to the surface of the
HCF, z=0 (Fig. 2a). In step 2, the fs laser source is turned on, and
a scan is performed by sweeping the defined scanning length in
the HCF from top to bottom along the z-axis with the stated scan-
ning speed. As a result, a microhole is drilled on the cladding of the
HCF, as illustrated in Fig. 2(b). To fabricate another microhole in the
symmetrical side of the cylindrical HCF, the HCF device is rotated
by 180°, as displayed in Fig. 2(c). Then, steps 1 and 2 are repeated
until two microholes are obtained (Fig. 2d). Fig. 3(a) and (b) are the
micrographs of the fabricated sensor with the MP and top view of
the HCF surface, repectively.

After the sensor has been fabricated, the microholes are filled
with liquids by immersing the sensor into the liquids. Fig. 4 depicts
the experimental setup to measure the liquids. When a broadband
light source (BLS) is propagated to the device, the two reflective
beams from the r; and r, interfaces are combined and returned
to the SMF to produce interference patterns. Variations in the
interference spectra with the parameters of the liquids are readily
monitored and analyzed using an optical spectrum analyzer (OSA).

3. Experimental result and discussion

Fig. 5 illustrates that the proposed MPHCFFPI can achieve high
extinction ratio (approximately 15 dB) in the fiber FP interference.
The results also demonstrate that the optical interference spectra
of the device are very similar before and after laser micromachin-
ing. This finding verifies the stability of the FP microcavity, and the
drilling of microholes by the fs laser cannot affect the HCF cavity.
When the microcavity is immersed into liquids filled with deion-
ized (DI) water to test the effectiveness of the microcavity, HCF with
the two microholes can be quickly filled with water, and its optical
spectrum does not change immediately.

y microhole
e 15 um
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Fig. 5. Spectra before and after laser micromachining.

To evaluate the duration of capillary action, a laser diode (LD)
with wavelength of 1544 nm that is launched into the sensor and
its response can be detected and analyzed by a photodecector and
an oscilloscope. The duration of sidewall capillary action by the
microhole pair only takes respectively 3.12 and 0.005 s for water
and alcohol that is much shorter than that by one microhole on
the HCF, as shown in the Fig. 6(a) and (b). Based on our previous
experiment, it took much more time to fully fill liquids into the HCF
by one microhole condition (yellow line) [13]. As can be seen the
results in the Fig. 6, water with highly polar molecules would have
high cohesion to make high surface tension. It would make water
not easy to fill into the cavity through the microholes. However,
the alcohol with very high volatility would achieve much shorter
response time.

The proposed sensor can measure different kinds of liquids
with high effectiveness. The temperature (T) of the liquids can be
changed to evaluate the opto-thermal effects and determine the
thermo-optic coefficients (TOCs) of the liquids. In the TOC mea-
surement, the T of the liquids is increased from 25 °C to 55 °C, with
a step increment of 1°C. The interference spectra of the sensor
shift to short wavelengths to illustrate the decrease in the refrac-
tive index (RI) of the liquid. The fiber sensor must be rinsed with
99.99 % pure alcohol after each measurement. The pure alcohol
with very high volatility can remove the residual liquids effectively.
Fig. 7(a)-(c) display the detailed shift in the wavelength (AA) of
the interference peaks as T increases because of the thermal effect
on the liquids, namely, DI water, alcohol, and acetone. The wave-
length is blue-shifted, and the peak intensity is slightly increased
as the RI decreases with increasing T. These phenomena result in
the enhancement of the Fresnel reflection. The measured sensitiv-
ities (AA/AT) are negative and highly linear from 25°C to 55°C
in the three cases. These results indicate that the TOC values of
these materials are almost stable during the range of measured T.
The experimental results also indicate that a large slope of AX as a
function of T corresponds to a high estimated TOC.
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Fig. 6. Dynamic responses of filling different liquids through the microhole pair for (a) water and (b) alcohol.
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Fig. 7. Optical spectra and AA sensitivities of the sensor from 25°C to 55 °C for (a) water, (b) alcohol, and (c) acetone.

Based on the experimental results in Fig. 7, the TOC of the test
liquids can be calculated by analyzing the AA in the interference
peaks [14]. The TOC can be calculated as follows:

L aAT-1
AT + a AT?

where o« is the thermal expansion coefficient of silica fiber
(~5.5x 1076 °C1), and AX is the shift in the interference peak
defined as the shifting of wavelength A to A’ when T changes to
T. The latter indicates that A and A’ correspond to the interference
peaks at T and T'= T+AT, respectively. Eq. (1) indicates that the
measured TOCs are slightly correlated with operator A. Here, the
determined TOCs of the DI water, alcohol, and acetone at approx-
imately A = 1550nm are —1.076 x 10~4 °C-1, —3.11 x 10~ °C!,
and —4.28 x 10~4 °C~1, respectively. The results closely agree to
previously reported values [14-17], as shown in Table 1.

To determine the RIs (np) of the materials, the sensor head is
immersed in a series of standard RI liquids from ©Cargille Lab. The
RIs of the liquids are in the range of np=1.3-1.6. Here np is the
RI value measured at 25 °C, sodium D line, 589.3 nm. Many studies
have shown that the RI sensing based on the silica fibers are valid
only in the guided configuration [18,19]. That is, the external np
is lower than that of silica at approximately 1.46. The case of an
external index higher than that of the silica fibers shows a leaky
configuration, which is nonsensitive to high np greater than the RI
of the fiber (denoted as ny). To conceive a further sensitive fiber
sensor operating in a leaky configuration, an in-fiber MZI based
on the composed two 3 dB long-period gratings (LPGs) is used to
sense external RI higher than those of silica fibers [20]. Fig. 8(a)
shows the reflection spectra corresponding to the np from 1.3 to
1.6, which illustrates the extremely high sensitivity of the sen-
sor. The fringe visibilities (FVs) decrease as np increases from 1.3
to approximately 1.44 and increase as np increases from 1.47 to

TOC(A) = (1)

1.6. Good linear responses are observed with different np values
ranging from 1.3 to 1.45 and from 1.47 to 1.6, with determined sen-
sitivities of —53.62 dB/RIU and +46.47 dB/RIU, respectively. Given
the index matching in region II, interference patterns almost vanish
at approximately np = 1.45-1.47.

To analyze the characteristics of the measured reflection of the
interference spectra in the Fourier domain, we analyze the optical
spectral information in Fig. 8(a) by fast Fourier transform (FFT). We
also obtain the spatial frequency spectra, as presented in Fig. 9(a),
which exhibits the variations in the Fourier spectra corresponding
to the np values. The peak intensity is also highly decreasing as np
increases until np = 1.46 and increases as np increases to 1.6, as dis-
played in Fig. 9(b). Monitoring the amplitude of the autocorrelation
peak is efficient to measure the np values. The analytical results of
the Fourier spectral domain can also show that np is higher or lower
than that of the silicas by the location of the spatial frequency of
the resonances. The spatial frequency redshift of the materials with
high np can be ascribed by the long optical path difference in the
FP cavity with a slightly high optical phase. The periodicity of the
spectral fringes of the interference spectra can be expressed using
the free spectral range (FSR), FSR = A, — A as follows:

Ao
2I1D L’

FSR = (2)
where A, and A, are the wavelengths of two adjacent peaks in the
interference spectrum; L is the cavity length, and np denotes the RI
of the liquid filling cavity. Here, spatial frequency f; can be simply
expressed as follows:

1

=R

(3)

Based on Eq. (2), the cavity filled with liquids with large np val-
ues can have small FSRs that cause large spatial frequency fs. Thus,
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Table 1

Comparisons of measured TOCs of the used liquids.
Liquids DI Water Alcohol Acetone
TOC : K[°~1] at 1550 nm (measured in the study) —1.076x104 —3.11x104 —4.28x104

TOC : K[°~1] at 1550 nm
(reference data)

~7.657x1075 [14]
~1.128x10-4[15]

—3.688x1074[14]
~3.117x10-4[15]

—5.0747x10-4 [16]

—8x10-5 [17] ~3.99x1074 [17]
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the spectra of the spatial frequency with the almost same ampli-
tudes are observed at np = 1.36 (np < n¢), and np = 1.56 (np > ng).
However, these spectra can be well distinguished from those of the
spatial frequency of the Fourier domain (Fig. 10). The wide range of
measured np of the liquids from 1.3 to 1.6 can be demonstrated by
the proposed fiber sensor, especially achieving the measurement
of Rl values higher than that of the silica fibers.

4. Conclusion

An MPHCFFPI has been proposed and demonstrated for the rapid
and precise measurement of TOCs and RIs. The MPHCFFPI is formed
with a liquid-filled HCF and two microholes drilled through the
cavity of the HCF by an fs laser for fast capillary action. The dura-
tion of sidewall capillary action by the microhole pair only takes
respectively 3.12 and 0.005 s for water and alcohol that is much
shorter than that by one microhole on the HCF and demostrates
the advantages of the sensing configuration. The effectiveness of
the fs laser microstructuring on the HCF is verified, and the feasi-
bility of capillary action by microhole pair on the HCF sidewall is
demonstrated. The proposed MPHCFFPI can be used for the fast and
accurate determination of the TOC and the Rl values of gases/liquids
with picoliter volume. The wide range of measured RI values of the
liquids from 1.3 to 1.6 has been demonstrated, especially achieving
the measurement of RI values higher than that of the silica fibers.
We believe that the ultracompact in-line fiber optic sensor with
high response is very suitable to measure the other parameters of
micro-specimens in the biomedical and biochemical fields.
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