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Refractive index sensor based on tapered PCF in-line

interferometer
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A simple and compact refractive index sensor is demonstrated by tapering a photonic crystal fiber (PCF)
in-line interferometer. The PCF is spliced between two single-mode fibers and tapered via hydrofluoric
acid etching. Its sensitivity in liquid is more than an order of magnitude larger than the untapered one. By
optimizing the etching process, we can fabricate more uniformly and thinly tapered PCF interferometers
with higher sensitivity in the future.
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Refractive index sensing is very important for chemical
and biological applications because many substances can
be detected through refractive index measurements. Op-
tical fiber refractometers and refractive index sensors are
attractive because of their small size, design flexibility,
immunity to electromagnetic interference, network com-
patibility, and capability for remote and in situ measure-
ments. To detect analytes, we have to design and process
a fiber device to access the evanescent field. A consider-
able number of fiber-based refractive index sensors have
been developed based on different technologies, such
as D-shaped fiber devices[1,2], Bragg gratings based on
tapered fibers[3−5], long-period fiber gratings[6,7], fiber
Bragg grating[8], tilted fiber gratings[9−12], microfiber
resonators[13−18], metal cladding tapered fibers[19], and
photonic crystal fiber (PCF)-based interferometers[20].
PCF-based interferometers can be fabricated in many
ways, and their properties and applications have been
widely studied. Different types of PCF interferometers
are mostly used in typical applications such as strain
and temperature sensing[21−24]. Refractive index sens-
ing for biological and chemical applications can also be
realized using PCF interferometers. However, in most
of these techniques, the samples have to be infiltrated
into the holes of the PCF. Moreover, the PCF is tens
of centimeters long and has a poor response rate. Re-
cently, a simple and compact PCF interferometer built
via fusion splicing has been reported and has attracted
much attention[25,26]. This device is composed of a stub
of 125 µm large-mode-area (LMA) PCF spliced between
the same size standard single-mode fibers (SMFs)[25,26].
The air holes of the PCF are tapered because of the
high-strength fusion splices. Then, they are completely
converted into a solid piece of silica over a short region,
allowing the coupling and recombination of the PCF core
and cladding modes. This in-line PCF modal interfer-
ometer is fit for refractive index sensing measurements
through the interaction of the evanescent field and the
analyte samples in the outer region of the PCF section
because the cladding mode is sensitive to the outside
environment. Moreover, the device fabrication is very
simple because it only involves cleaving and splicing pro-

cesses, which can be performed in a standard fiber optics
laboratory[25,27]. The device is cost-efficient, highly sta-
ble over time, and needs only a small cheap commercial
LMA PCF of standard size[25,27]. It does not need com-
plex polarimetric devices using expensive polarization to
maintain the PCF[7]. In addition, the samples do not
need to be infiltrated into the holes of the PCF, which
is very short and whose response rate is good. However,
the limited evanescent field caused by the large fiber
size makes the refractive index sensitivity of this kind of
sensor low. To enlarge the available evanescent field and
increase sensitivity, we fabricated a miniature tapered
PCF interferometer with enhanced sensitivity via the
etching method[28]. We did not use the conversational
heat-and-draw technology[29] to taper the PCF because
it significantly elongated the PCF length. Moreover, pre-
venting the holes from collapsing while maintaining the
interference properties during the tapering of the small
PCF was difficult. We theoretically and experimentally
investigated the refractive index sensing properties after
and before the tapering process. After tapering, the size
decreased and the refractive index sensitivity increased
more than ten times. The entire sensor size was only
several millimeters in length and tens of micrometers in
diameter. By optimizing the tapering process, we can
fabricate more thinly tapered PCF interferometers with
higher sensitivity in the future.

A commercial endless single-mode PCF (LMA-8, NKT
Photonics) was used to fabricate the SMF-PCF-SMF
in-line interferometer. As shown in Fig. 1(a), this PCF
consists of a solid core surrounded by six rings of air holes
arranged in a hexagonal pattern. The core diameter was
∼8.4 µm, the average diameter of air holes was ∼2.2
µm, and the average pitch (hole-to-hole distance) was
∼5.3 µm. In contrast to other larger PCFs, the LMA-8
PCF has the same diameter as that of SMF-28 fibers.
Moreover, it is easier and cheaper to splice than SMF-28
fibers and has better repetition and higher stability.

To fabricate the PCF interferometer, we first spliced
the ends of the two SMF-28 fibers to a few millimeters
of the cleaved end of the PCF using a commercial fusion
splicer. The air holes of the PCF were tapered because
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Fig. 1. (a) Scanning electron microscope image of the cross
section of the PCF (LMA-8) used in the experiment; (b) splic-
ing region between the PCF and SMF after ∼30 min of etch-
ing; (c) schematic of the experimental setup for etching and
measuring the refractive index sensitivity.

of the high-strength fusion splices. Then, they were con-
verted completely into a solid piece of silica over a short
region about several hundreds of micrometers long. To
minimize the losses and achieve robust splices, we re-
duced the default (for standard SMF) heating time and
current of the electrodes of the splicer[27]. Thereafter, we
etched the PCF interferometer using hydrofluoric (HF)
acid. We dropped an acid microdroplet with 40% HF
onto the dish, and the dish was lifted by a translation
stage to immerse the fiber into the droplet and begin the
etching process. We can control the length of the waist
region by adjusting the immersion depth of the PCF. The
tapered PCF was monitored using a microscope in real
time and in situ during etching. In our experiment, the
device was held by two clamps across a HF-resistant dish
to keep the PCF straight. It was placed on an optical
table to maintain the mechanical stability, and the whole
experiment process was performed at room temperature.
The etching velocity was ∼2 µm/min for the thinnest
waist of the tapered PCF in our experimental environ-
ment. Figure 1(b) shows the splicing region between the
PCF and SMF after 30 min of etching. The thinner waist
of the tapered PCF was about ∼60 µm. The fabrication
reproducibility depended on the precise control of the
PCF length and splicing, which strongly relied on the
performance of the fabrication facilities, particularly the
splicer. Using the best splicer will achieve good repro-
ducibility.

The SMF fundamental mode began to diffract when
the light was transmitted from the SMF to the tapered
PCF (Fig. 1(c)) in the interferometer. It excited the core
and cladding modes in the PCF section with different
propagation constants upon entering the collapsed PCF
region[8,11,12]. After accumulating a phase difference
along the PCF, the modes further diffracted and re-
combined through the filtering of the subsequent SMF.
Therefore, the interference spectrum can be expressed us-
ing the following two-beam optical interference equation:

I = I1 + I2 + 2
√

I1I2 cos(2π∆neffL/λ), (1)

free spectral range (FSR) = λ2/(∆neffL), (2)

where I is the intensity of the total interference signal;
I1 and I2 are the intensities of the cladding and core
modes, respectively; ∆neff is the difference between the
effective refractive indices of the core (nco) and cladding
(ncl) modes, which depend on the local diameter D of
the tapered PCF if the taper is not uniform; λ is the
wavelength; L is the length of the PCF section.

The transmission spectra response of the PCF inter-
ferometer was measured in real time using a broadband
amplified spontaneous emission (ASE) source and an
optical spectrum analyzer (OSA, Ando AQ6317B), as
shown in Fig. 1(c). In our experiment, a PCF of about
1 cm was spliced between two SMFs. Then, we etched
the PCF with 40% HF acid. Before measuring the spec-
tra, we removed the HF acid and cleaned and dried the
PCF in air. Then, we measured the transmission spectra
in air, isopropanol, acetone, and mixtures of isopropanol
and acetone, respectively.

Figure 2 shows the measured transmission spectra of
the PCF interferometer before and after tapering in air.
The FSR was large (∼ 45 nm) before tapering because
of the ultra-short PCF. This result is similar to the the-
oretical result (∼ 48 nm from Eq. (2)). The extinction
ratio was ∼13 dB before tapering. Both the FSR and ex-
tinction ratio increased after tapering, possibly because
more energy was excited to the cladding mode with the
smaller ncl.

The stability of an interferometer over time is impor-
tant for sensing applications. Our sensor is only made of
silica, and the whole device is assembled by permanent
and strong splicing. Thus, high stability over time is
expected. In fact, the excellent stability of this kind of
PCF interferometer was tested and demonstrated in Ref.
[30], and it did not degrade over a long period of time.

Another important issue is temperature stability. The
temperature sensitivity of this is always very low as the
PCF is made of silica and air with low thermo-optic
and thermal expansion coefficients. The temperature
sensitivity is smaller than 10 pm/◦C. The excellent sta-
bility of this kind of PCF interferometer was tested and
demonstrated in Ref. [30], and it did not degrade at high
temperatures.

The interference pattern is not very regular possibly
because of the nonuniform mode excitation coefficient in
the splicing region and the leaky loss of cladding modes.

Fig. 2. Transmission spectra of the PCF interferometer before
and after tapering in air.
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The operational wavelength range of our ASE source is
only the C+L band. We can expect that the interference
pattern looks similar around 1 310 nm but with different
extinction ratios and FSRs. However, for our sensing
application, we only need to monitor one peak/valley.
Thus, the C+L band optical source is enough for our ap-
plication.

The performance of resonant or interferometer refrac-
tive index sensors can be evaluated using sensitivity S,
which is defined as the magnitude in the shift of the
resonant wavelength divided by the change in the refrac-
tive index of the analyte. When the untapered/tapered
PCF is surrounded by certain analyte samples (na), ncl

changes with na because of the interaction between the
evanescent field of the cladding mode and analyte sam-
ples. Then, the interference wavelength shifts. In our
experiment, nco is constant because the core mode is iso-
lated from the outside environment when D is large. The
refractive index sensitivity S is the interference wave-
length (λi) shift divided by the corresponding na change

S =
dλi

dna
=

λi

ncl − nco

∂(ncl − nco)

∂na
. (3)

The sensitivity of the device was measured by immers-
ing the PCF section into isopropanol and acetone mix-
tures. The refractive indices of pure isopropanol and ace-
tone at 1.55 µm were 1.3739 and 1.3577, respectively[31].
These solutions were chosen to simulate aqueous solu-
tions having a refractive index of around 1.33 in the
region at a wavelength of λ=1.55 µm. The aqueous so-
lutions were dropped on a plate, and the plate was lifted
by a translation stage to immerse the fiber. The ta-
pered/untapered PCF interferometer did not have to be
moved and re-fixed in the whole experiment, which was
very useful because it avoided the influence of bending
and twisting. The interferometer worked in transmission
and did not use any fiber optic circulator, as reported in
Ref. [32]. In addition, the device was easy to clean and
re-use compared with other fiber sensors with inside or
side open holes for liquid or gas access.

Figure 3 shows the spectra of the untapered PCF inter-
ferometer when immersed in the acetone and isopropanol
mixtures of 20%, 40%, and 80% isopropanol, respectively.
The extinction ratio was about ∼ 12 dB. They shifted to
red when the outer environment changed with increasing
isopropanol percentage.

Figures 4 shows the relationship between the outer liq-
uid refractive indices and the wavelength shift of the PCF
interferometer after and before tapering. The refractive
index sensitivity of the untapered PCF interferometer
was about ∼49 nm/RIU. After tapering, the sensitivity
reached ∼500 nm/RIU, which is an order of magnitude
larger than the result of the untapered PCF interferom-
eter and much higher than the previous results of this
kind of PCF interferometer. The thinner waist of the
tapered PCF was about ∼60 µm after 30 min of etching,
and several air holes at the edge of air rings were etched.
Higher sensitivity (∼100 times larger than an untapered
PCF interferometer) can be realized theoretically with
more uniformly and thinly tapered PCFs, which can be
achieved by optimizing the etching process.

In conclusion, we fabricate a highly sensitive tapered
PCF interferometer via HF acid etching. It is an in-line

Fig. 3. (Color online) Transmission spectra of the untapered
PCF interferometer when immersed in different liquids.

Fig. 4. Dependence of the measured wavelength shift on the
liquid refractive index (a) before and (b) after tapering. The
asterisk represents the measured results, whereas the solid
line indicates the linear fitting result.

modal interferometer based on the interference among
the core and excited cladding modes. We experimentally
investigate the refractive index sensing properties before
and after tapering. As the size decreased, the sensitivity
significantly increases (> 10 times; ∼500 nm/RIU) after
∼30 min of etching.
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