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Temperature-insensitive fiber-optic
refractometer based on immobilization of
polydimethilsiloxane film

Bing Sun*, Member, IEEE, Fei Li, Kandi Xu, Kaiming Zhou, and Zuxing Zhang

Abstract—A temperature-insensitive fiber refractometer, which
consists of a simple single-mode-multimode-single-mode fiber
optic scheme, is theoretically proposed and experimentally
demonstrated. The multimode section is involved with a segment
of D-shaped no core fiber (Ds-NCF) while the surface of the Ds-
NCEF is partially coated with a thin layer of polydimethylsiloxane
(PDMS) film. Owing to the opposite thermo-optic coefficients
(TOC) of the silica and the PDMS, a compact structure with nearly
zero temperature dependence is fabricated. Moreover, such
refractometer benefits from simplicity and low-cost and achieves
competitive refractive index sensitivities of 140.1 nm/RIU in the
range of 1.32 to 1.37, and_1147 nm/RIU over a RI range from 1.38
to 1.44. These excellent characteristics would find wide potential
applications, such as chemical, biological, medical detection, and
other fields.

Index Terms—Optical fiber sensors, Interferometers, Coatings,
Refractive index, Temperature sensor

I. INTRODUCTION

O date a variety of solutions have been developed for the
fabrication of highly sensitive fiber-optic scheme,
including offset-core fusion [1, 2], tapering [3, 4], chemical
etching [5-6], side polishing [7-9], etc. For instance, Luo et al.
reported a high RI sensitivity of 10777.8 nm/RIU when the fiber
taper was working with the diameter of 4.6 pm around the RI
of 1.3334 [10]. Additionally, multimode interference-based
fiber RI sensors were reported in different structures [11-16].
However, the abovementioned fiber-optic refractive index
sensors both involve a high temperature dependence with
dozens of pm/°C, a corresponding temperature correction is
required to overcome potential temperature fluctuation during
RI sensing measurement.

Consequently, a periodically tapered photonic crystal fiber-
based refractometer can obtain a significantly reduced
temperature dependence of 8.4 pm/°C [17]. Wang et al.
developed a low temperature cross-sensitivity RI sensor by
exploiting the small thermal expansion coefficient of the

This work was supported in part by the Outstanding Chinese and Foreign
Youth Exchange Program of China Association for Science and Technology, in
part by the Jiangsu Province Science and Technology Association Youth
Science and Technology Talent Promotion, in part by the 1311 Talents Program
of Nanjing University of Posts and Telecommunications (Dingxin), in part by
National Postdoctoral Program for Innovative Talents (BX201600077), and in
part by China Postdoctoral Science Foundation (2017M611877).
(Corresponding author: Bing Sun).

simplified hollow-core photonic crystal fiber [18]. As an
alternative, Li et al. present an intensity-modulated refractive
index sensor based on an in-fiber Michelson interferometer,
which the dip shifted toward a longer wavelength with a
sensitivity of 0.048 nm/°C [19]. In addition, the hybrid LPG—
FBG structures have been utilized for the RI sensing [20].
Although it shows low thermal sensitivities among these
refractometers multiple disadvantages limit their applications.
For instance, the flame-brushing technique or the offset-core
fusion either require cost apparatus or show vulnerability,
especially which the hydrofluoric is a corrosive and toxic
material, easily leading to harm.

By contrast, D-shaped fibers that could be fabricated by
means of removing the cladding entirely or partially maintains
advantages of low manufacturing cost and easy fabrication,
benefitting it to be a promising candidate to construct fiber-
optic devices. Amid consisting of a flat polished surface can
provide unlimited degrees of freedom for integrating various
optical materials. Bao et al. observed a TM pass polarizing
effect in metal-clad plasmon-assisted D-shaped fiber polarizers
[21]. Lee et al. reported electrically manipulable in-line
graphene devices by integrating graphene-based field effect
transistors on a D-shaped fiber [22].

Here we take advantage of a conventional single-mode—
multimode—single-mode fiber (SNS) structure to implement a
temperature-insensitive refractometer, where the multimode
section consists of a segment of D-shaped no core fiber (Ds-
NCF), whereas a length of thin polydimethylsiloxane (PDMS)
film (L) is immobilized on the polished surface of the Ds-NCF.
It’s worth noting that the PDMS film serves as a highly
sensitive transparent material with a large negative thermo-
optic coefficient (TOC, dn/dT of PDMS = -4.66x10* K'') and
a refractive index of 1.4204 [23], whereas the original Ds-NCF
share a positive TOC with the silica (dn/dT of silica = 9.2x10°
K"). Thus, with an optimized thicknesses and lengths of the
PDMS film, the platform can be functioned in a temperature-
insensitive response. In order to verify the true action in our
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proposed scheme, an optimization procedure has been carried
out in the two samples (sample #1 and sample #2). By taking
the sample #2 as an example, the refractometer, accompanied
with zero temperature response, has been experimentally
fabricated with a maximal RI sensitivity of 1971 nm/RIU over
a Rl range from 1.40 to 1.44, respectively.

II. THEORETICAL SIMULATION AND EXPERIMENTAL DESIGN
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Fig. 1. Schematic diagram of the proposed structure.

Figure 1 schematically shows the three-dimensional structure
that consists of three sections: lead-in single-mode fiber (SMF),
lead-out SMF, and the main multimode section. Here, the
residual thickness of the Ds-NCF (see the inset in Fig. 1) is
referred hereinafter as ¢, which can be decreased by prolonging
the duration of polishing process. Thus, a length of the PDMS
film (L) with a few microns thickness splits the Ds-NCF into
two MMFs (e.g., the Ds-NCF coated with the PDMS film and
the bare Ds-NCF) of appropriate lengths (L, and L) in series
and of opposite temperature sensitivities. Initially, the incident
light propagating in the fundamental mode along the lead-in
SMF is efficiently coupled into the Ds-NCF, and the high-order
modes, i.e. TEo, » or TMy, » modes are mainly excited through
the coreless flat section due to the symmetry properties of the
input field Ei, (r, 0) [24]. Whereas, the total phase difference
(O(T, ) = LiABITL2AB,) developed between the dominant
modes, i.e. the j-th and k-th modes would be given by the
following equation [25]:

(4, T) = LAB + LAB! (M

where Af is the propagation constant. Thus, the condition for
achieving zero temperature sensitivity is given by
o0, T) _ ALAB " +L,AB) @)
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where S; represents the temperature sensitivities, # denotes the
length ratio (Li/L,), and o; are the coefficients of thermal
expansion (CTE) corresponding to the two MMFs. It’s worth
noting that the bare Ds-NCF and the fused silica share the same
CTE (e.g., 22=5.7x1077 K'! over the temperature range of 0-200
°C), which can be omitted in contrast with its TOC. On the other
hand, the contribution of the phase accumulation for the MMF1
originates from its TOC rather than its CTE (e.g., a1) since the
coating thickness of the PDMS film is thinner than several
microns.
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structure on top view and side view.

In our experiment, we utilize a commercial arc fusion splicer
(Furukawa S178) to fabricate the SNS structure, where the NCF
employed is with a cladding diameter of D, = 125 um and a RI
of 1.444 at A = 1.55 um. Thus, we take advantage of the home-
developed fiber polishing system to obtain various Ds-NCFs
with controllable residual thickness (#) and length (L). During
the polishing process [26], the side view of the polished fiber
was monitored by use of a microscope, and the residual
thickness (#) of the D-shaped fiber was measured along the
whole polished region. As shown in Fig. 2(a), a thin PDMS film
has been immobilized on the flat surface of the Ds-NCF by the
dip coating method, and then the whole fiber structure is rapidly
solidified by means of placing it at 80 °C for 4 hours. It should
be noted that the PDMS solution is prepared by means of
mixing two precursors of silicone elastomer and curing agent
with a 10:1 ratio, then leave it in a vacuum for 10 minutes to
remove the bubbles. As a result of optimizing the dipping
condition, i.e. the speed and the dipping time a well-designed
PDMS film with thickness of a few microns can be immobilized
on the flatness of the Ds-NCF. It can be seen from Fig. 2(b) that
the coating region was speckled with particles, whereas the bare
Ds-NCF shows smooth surface. In addition, we further verify
thickness of the PDMS film was approximately 4 microns from
the side view of the microscopy images. Thus, the film under
various parameters would be considered and the appearance of
the concerning film would be characterized by other techniques
in the future work.

III. THEORETICAL SIMULATION AND EXPERIMENTAL DESIGN

A. Temperature characteristics
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Fig. 3. (a) Measured transmission spectrum of the sample #1. (b) The spatial
frequency spectrum. (c) Beam propagation simulation.

Initially, the sample #1 with the residual thickness # = ~85
pm and the length L= ~5 mm has been fabricated. Thus, a
PDMS film with thickness of several microns and length (L)
of ~2.5 mm, corresponding to a ratio of 1, has been achieved.
Thus, light from a broadband source with a low polarization
spectral range of 1250 to 1650 nm, which the degree of
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polarization is smaller than 10%, is launched and its
transmission spectrum is recorded using an optical spectrum
analyzer with a resolution of 0.02 nm. As shown in Fig.3 (a),
the spectrum demonstrates a fringe pattern with multiple peaks
and dips, indicating the power reaches minima and maxima
along the transmission.

The operation involved in the proposed scheme can be
described by means of the modal interference theory and
expressed as

T=1,,+1,+2I, 1, cos® 5)

where I, and I, are the intensities of the core mode and

cladding mode, respectively. And the phase difference can be
considered through the differential modal group index [27] as

27rAﬂ (6)

OrP-—F—
where the deviation from the center wavelength Ao is AA= - Ao,

the effective index difference is defined as An,, =n" —nf’” .

Am, L, with Am,, =An,,— 4 6% An,,

The output light intensity presents minimums in the spectrum
At the wavelength of 1306.4 nm (see point I), where ® =
(2m+1)w, m=0, 1, 2...., the destructive interference occurs, as a
result, the power reaches minimums while the wavelength of
1530.0 nm (see point II) corresponds to the constructive
situation. Thus, its field evolution is also numerically simulated
by a full-vectorial beam propagation method, as shown in Fig.
3(c). The spatial frequency spectrum, which is obtained by
taking the FFT on the spectrum, is shown in Fig. 3(b).
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Fig. 4. (a) Measured transmission spectra of the sample #1. (b) Wavelength
shifts of the three dips.

Furthermore, the spectra of the sample #1 placed in an oven
with the temperature in the range from 30 to 90 °C with an
interval of 10 °C is measured, where the three resonant dips
(e.g., dip 1, dip 2 and dip 3) are particularly tracked in Fig. 4(a).
It can be easily noticed from Fig. 4(b) that it yields temperature
sensitivities of -6.9 = 1.0 pm/°C, -12.2 = 1.1 pm/°C and -7.3 +
0.8 pm/°C corresponding to the dip 1, dip 2 and dip 3. By
contrast, we fabricated a bare Ds-NCF while its temperature
dependence showed a ‘red’ shift of +63.8 + 2.8 pm/°C due to
the positive TOC of silica, which is shown in Fig. 5. For
comparison, sensitivities of the bare Ds-NCF and the proposed
scheme are shown in the same ordinate, indicating the PDMS
coated film plays parts. Moreover, the sensitivities are lower
than that of the previously reported all-fiber refractometer with
periodical tapers on a photonic crystal fiber [17]. This scheme
is destined to accomplish the temperature-insensitivity response
according to Eq. (4), and the structural optimization would be
discussed in the next Section.

B. Refractive Index (RI) Measuring

In order to study the RI sensing response of the sample #1,

transmission spectra under analytes (standard RI liquids,
Cargille Lab Inc.) with the RI from 1.30 to 1.44 are plotted in
Fig. 6(a). We can easily observe that the whole spectra show
changes while the three resonant dips move toward longer
wavelengths, i.e. ‘red’ shift as the surrounding RI increases. As
expected from the literature [28], the shifts follow a linear law
in the low RI range, then an exponential trend in the whole RI
range, the details of which is demonstrated in Figs. 6(b) and (c).
For instance, the resonance (e.g., dip 1) demonstrates an
average sensitivity of ~140.1 nm/RIU in the range of 1.32 to
1.37, thus, the sensitivity is significantly increased to be ~1147
nm/RIU at n=1.44. The RI sensitivity can be further improved
along with the enhanced evanescent field as a result of
optimizing the structural parameters, i.e. the residual depth.
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Fig. 6. (a) Measured spectral response at different surrounding RI. The dips
wavelength shift versus the surrounding Rls ranging from 1.31 to 1.37 (b) and
the Rls ranging from 1.38 to 1.44 (c).

The improved characteristics for temperature insenstivity
and RI sensing can be developed by choosing the thickness of
the residual depth and the coating length. As a result, another
platfom (the sample #2) with #, = ~68 pm and L = ~10 mm while
the coating length (L) is approximately of 4 mm corresponding
to a ratio of 0.67 has been employed. It’s intuitively understood
that the residual depth involving with the sample #2 allows for
more contribution to the enhanced evanescent field, and then
the improved RI sensitivities. As shown in Fig. 7(a), this
sample also share the well-known interferometric theory,
namely presenting multiple minimums and maximums along
with the transmission spectrum. And there are also three similar
resonance dips that can be found out for the sample #2. Here
one of the dips (e.g., dip 2) is traced for the purpose of
describing the relationship between the resonance dip and the
surrounding RIs, which is plotted in Fig. 7(b). The
corresponding RI response is exponentially fitting in the range
of 1.38 to 1.44 RIU, and the maximal sensitivity can reach to
be 1971 nm/RIU, resulting in a sensor resolution of 3.04x107°
RIU condiering three times the maximum standard deviation
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obtained among all the experimental points [28].
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Fig. 7. Measured dependencies of dip 2 wavelength corresponding to sample
#2 with the surrounding refractive index.

Furthermore, such ratio (0.67) would solve the overloading
suitation (e.g., the negative temperature sensitivity) involved in
the sample #1. The dynamic balance with this length ratio
could be artificially constructed due to the opposite
temperature response of the PDMS film and the silica
substrate. It can also be verified from Fig. 8 that the dips
surely yield tiny temperature sensitivities of 0 = 0.4 pm/°C, -
2.6 £ 1.9 pm/°C and -7.0 £ 3.0 pm/°C, respectively. We
acknowledge that the dip 3 belongs to higher temperature
sensitivity than another two dips (dip 1 and dip 2) as the longer
wavelengths allow for more evanescent field enhancement.
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sample #2.

IV. CONCLUSION

In summary, a compact refractometer consisting of the Ds-
NCF coated with the PDMS film is theoretically proposed and
experimentally investigated. A sensitivity of 140.1 nm/RIU in
the range of 1.32 to 1.37. Significantly, the temperature-
induced variations in the RI measurements can be very low. We
believe that such low temperature dependence will find useful
applications in fiber-optic refractometers.
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