Broadband and tunable bandgap guidance based on
the ring-pattern liquid-filled photonic crystal fibers
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A ring-pattern liquid-filled photonic crystal fiber (R-LPCF) scheme, which the first-ring holes (the six holes adjacent to the
core) are filled with high index inclusions, has been experimentally demonstrated to extend over a wide-guided spectral
range. In such new fiber the bandgap-like core mode is investigated, among which the telecommunication bandgap
exhibits confinement losses 5 orders of magnitude smaller than those of the corresponding fully liquid-filled photonic
bandgap fibers. Besides, the R-LPCF serving the thermal tunability when filled with index-matching liquid, enables the
guided bandwidth switching from 1.5-pm-band to 1.3-pm-band communication window. Moreover, the structural
parameters for two commercial PCFs are quantified to confirm the feasibility of the proposed method. © 2021 Optical

Society of America

Photonic crystal fibers (PCFs), which consists of an array of glass
capillaries running along an entire fiber length, allow for the
accessibility of the air channels for microscale functionalization
(eg, filling the index matched liquids [1], liquid crystals [2-3],
metals [4], ferrofluids [5-6], polymers [7], glasses [8] into the air
channels). Such infiltrating actions [9-12] can lead to the switch
from the modified total internal reflection (MTIR) guidance to the
photonic bandgap (PBG) guidance, then providing an attractive
playground for in-fiber optical sensors. Wang et al. [ 11] investigated
an invertible fiber-type transformation from a PBG fiber into an
unideal waveguide and then into an index-guiding PCF via the
thermo-optic effect of the fluid. Recently, we demonstrated a liquid-
crystal-filled PCF and investigated its temperature response nearby
a unique liquid crystal’s clearing point [12]. It's undoubted that the
fully fluid-filled PCFs are usually involved with large insertion loss,
seriously limiting their performance. For instance, Zu et al. [6]
reported a magnetic field sensor based on the bandgap tunability of
the PCF by filling magnetic fluid with high refractive index while the
insertion loss of this sensor is more than 50 dB.

As an alternative, many selective infiltration techniques (e.g,
focused ion beam (FIB) milled microchannels [13], femtosecond
laser-assisted (FL) technique [14-16], direct manual gluing (DMG)
[17-19]) are used for decreasing the insertion loss, improving the
fiber tunability, and then enhancing the sensitivity. Taking the DMG
method as an example, typically under a microscope, a glass tip of

submicrometer scale was used to drop UV curable polymers into air
holes before blocking. The different glass tips were required for
different air-hole sizes and when the diameter of the air-hole
changes greatly in the cross-section of the PCF, substantial
operation inconvenience was created. Referring to the FIB and
femtosecond laser-assisted techniques, long milling time, expensive
apparatus or sophisticated technologies were required. Besides, the
fiber structures fabricated by the aforementioned selective-
infiltration techniques just support finite spectral windows, leading
to very unusual dispersive and spectral properties. By contrast, the
PBG-guidance fibers are particularly interesting since they
associate the advantages of bandgaps with the amazing optical
properties of these fibers.

In this Letter, we propose a very simple, inexpensive selective
infiltration technique to develop a ring-pattern liquid filled photonic
crystal fibers (R-LPCF) against two commercial PCFs, where only
the first-ring holes adjacent to the core exhibits inclusions with
refractive index higher than the silica matrix while other outer rings
still being composed by air holes. In contrast to the fully liquid filled
PCF (F-LPCF), i.e, all air holes are filled with liquid, the proposed R-
LPCF present a bandgap-like guided core mode strongly analogous
to the fundamental mode of the F-LPCF however, serving wide
spectral ranges and low confinement losses. Moreover, the R-LPCF
corresponds to an analyte volume of approximately one sixth, it
consequently contributes to a low insertion loss, which is no more
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than 2 dB. Finally, properties of the R-LPCF by using two
commercial PCFs of appropriate lengths and of different
temperature environment are further investigated.
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Fig. 1 (a) Cross sections of the R-LPCF and the corresponding F-LPCF and the 7D-
IGF. (b) Bandgap maps of the R-LPCF.

As outlined in Ref. [20], there would be no true bandgap defined
in the R-LPCF but inducing a bandgap-like mode over a large
spectral range with relatively low loss, the features of which
presents significantly analogous to the true PBG fibers or other
hybrid fibers. Conceptually similarly, the proposed R-LPCF can be
decomposed into the F-LPCF with infinite periodic lattice and an
index-guiding fiber with 7-defect core (7D-IGF). As shown in Fig.
1(a), we take advantage of the equivalent PBG model to evaluate the
location of bandgap-like modes guided in the cladding unit cell, i.e,,
effective-index curves in the R-LPCF by means of a full-vectorial
plane wave method. The material dispersion of the silica is
considered using the Sellmeier equation [21]. The infiltrated liquid
possesses a refractive index of 1.60 for 589.3 nm at 25°C and a
negative thermal coefficient of -4.38x104/°C. Thus, the material
dispersion of the liquid is fitted by the Cauchy equation [22-23] as
Nyguia = A + B/A? + C/A*, where constants 4, B and C are
1.570434, 87857 and 5.1460912 x108, respectively. The operation
of photonic bandgaps in the F-LPCF has been widely reported,
where individual high-index inclusions forming isolated
waveguides become resonant and finally strongly coupled
waveguides at frequencies, whereas forbidden regions appear for
spectral ranges, as a result, the fiber is capable of confining and
guiding light in the core. It can be seen from Fig. 1(b) that several
bandgaps, i.e., G1-G10 are separated by super-modes of the high
index inclusions in the F-LPCF [20] while G1-G3 are beyond the
spectral width under study, though which would help to identify the
bandgap number. The lower-order bandgaps (e.g, G5, G6) are
located at wide spectral ranges, whereas, the higher-order
bandgaps, i.e, G9, G10 present much narrower spectral ranges at
shorter wavelengths. According to the Refs. [24, 25], the mode fields
supported in the lower-order bandgaps feature more deformation
resistant than those of higher-order ones, therefore it is desirable to
investigate the first bandgap in the R-LPCF.
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Fig. 2 Schematic diagram of the fabrication process of the proposed R-LPCF.
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As illustrated in Fig. 2, one end of a conventional PCF is spliced
with a hollow silica tube (HST), and then a thin segment of the HST
away from the splicing region has been held back by means of a
precision cleaving technique. Our simply motivation implies that
other air holes of the spliced end of the PCF is fully blocked by the
appropriate ring cladding size of the HST except leaving only the
first-ring air holes of PCF open. Thus, one end of the selectively
opened PCF is sealed in a pressure tube connected to an injection
syringe and the other end of the PCF isimmerged in a vessel holding
for liquid. It's worth noting that our designing scheme just employs
a splicer compared with the previously reported method.
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Fig. 3 (a) Scanning electron micrograph (SEM) of the commercial PCF and the HST.
The lower-left section depicts the enlarged view. (b) The home-made precision
cutting setup. (c) The micrographic procedure.

Followed by the schematic manufacturing procedure of Fig. 2, an
index-guiding PCF (PC SM, http://www.yofc.com), and a HST
(TSP025150, http://www.innosep.com) are employed, the
geometry sizes of which are illustrated in Fig. 3(a). The first-ring
holes of the PCF is effectively inside the HST since the holes are
located between rmin = 6.93 - 4.53/2 = 4.66 pm and rmx = 693 +
4.53/2 = 9.19 pum, which are lower than 10 pm (the radius of the
inner hole of the capillary). In that case some holes in the second
ring, which are seated with rmin=2 x 6.93 x cos(pi/6) - 4.53/2=9.74
um, are probably filled. Such size mismatch (9.74 vs. 10 pm) can be
addressed through the air holes collapse technique [26], which
needs be accomplished in prior to the fabrication of the R-LPCF.
Given the specifications and models provided from the HST, the
proposed method is applicable to the PCFs with the pre-designed
ratios (d/A). Thus, the manufacturing procedure requires a
sophisticated splicing condition and a home-made setup for
precision cleaving (Fig. 3(b)). Our previous work [15] in detail
illustrated the similar fabrication except the fact that the single
mode fiber is replaced with the HST. For instance, the thickness of
the residual HST is approximately 15 micros (shown in Fig. 3(c)),
which is necessary and convenient for liquid filling.
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Fig. 4 Measured transmission spectra for the fundamental mode of the F-LPCF
(Top) and the bandgap-like mode of the R-LPCF (Bottom) are plotted in green

solid and gray dot lines, respectively. The bandgaps are also indicated.
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We employ a supercontinuum source and an optical spectrum
analyzer to measure transmission spectra of the R-LPCF within the
wavelength ranging from 800 nm to 1700 nm. Asillustrated in Fig.
4, the transmission spectrum of the R-LPCF shows, in general, good
qualitative agreement in accordance with that of the F-LPCF at short
wavelengths. Nonetheless, other new guided windows for the R-
LPCF occur with the wavelength range of ~1320 to ~1350 nm,
~1427 to ~1517 nm, respectively. It can be explained from the
literature [20] that an extra guided core mode for the R-LPCF (the
contribution of the 7D-IGF) is obtained at long wavelengths, by
contrast, the intensity pattern for the F-LPCF core mode begins to
couple to cladding modes since the energy begins to locate itself in
some high-index inclusions, thereupon this F-LPCF core mode
disappears in favor of strong coupling with the cladding modes.
Furthermore, the transmission spectrum in the R-LPCF can give rise
to relatively low insertion losses, which are approximately -1.5 dB
in the short wavelength (around 900 nm) and -3.2 dB in the long
wavelength (around 1500 nm). By contrast, the insertion losses for
the F-LPCF are higher than -10.8 dB in the 1600-band wavelengths
and -4.6 dB in shorter wavelengths. Note that the proposed scheme
is quite distinct from the literature [14] since the gold nanoparticles
in the aqueous gold colloids play a key part in the loss spectra.
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Fig. 5 Intensity patterns of the F-LPCF core mode at points (A-G) and the R-LPCF
bandgap-like core mode at points (H-Q) marked in Fig.4.

fundamental core mode of the F-LPCF, also shares the low CL of the
core mode guided by the MTIR in the 7DIGF [20].
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Fig. 6 (a) Schematic diagram of the R-LPCF with the infiltrated length L.
Transmission spectra correspond to (b) L=1 cm, (c) L=4 cm, (d) L=8 cm,
respectively.

In Figs. 5 are also plotted the electric field distributions both for
the fundamental mode in the F-LPCF and the bandgap-like mode in
the R-LPCF, which corresponds to the marked points indicated in
Fig. 4, respectively. The mode profiles of both fibers are very similar,
whereas the bandgap-like mode in the R-LPCF exists over a wider
spectral range (see the points 4, C, E, G in the F-LPCF, and the points
H,],L, M, O, Pin the R-LPCF, respectively). According to the Ref. [20],
the bandgap-like mode in the R-LPCF continue to be guided and
extended toward longer wavelength. Besides, the profiles of other
points (B, D, F, I, K, N, Q) are strongly coupled into the high-index
inclusions as a result, energy leaks in the cladding. The point M is a
mode probably guided in G6 for the R-LPCF and does not exist in the
F-LPCF because only 6 high-index rods exist in the R-LPCF, limiting
coupling into the cladding. In the F-LPCF, edges of bandgaps are too
close to the guided mode effective index so in practice there exists
high coupling in the cladding and no experimental bandgap
probably exists. Moreover, the bandgap-like core mode in the R-
LPCF exhibits confinement losses (CL) at least 5 orders of
magnitude smaller than those of the F-LPCF. For instance, the CLs in
G and P points are estimated to the order of 101 dB/m and 10-3
dB/km, respectively [27]. It can be attributed to the fact that the
bandgap-like core mode in the R-LPCF behaves like the

Thus, the R-LPCFs by employing different infiltrated length (S1, Sz
and $3) are fabricated, the scheme of which is illustrated in Fig. 6(a).
It can be seen from Figs. 6 (b-d) that the transmission spectra with
different length present the same bandgap locations, except that the
depth of the bandgaps are decreased with the shortened infiltration
length due to the fact that the shorter infiltration length does
inefficiently match the coupling length of rod modes [15]. In
addition, the contrasts between the guided band and the forbidden
band are increased with the infiltration length while the insertion
losses are reduced with the infiltrated length. In this way, the
bandgap contrasts and the insertion losses of the R-LPCFs are
dependent on the infiltrated length, thus, it requires attaining a
balance in the case of our experimental parametric optimization.

Table I Optimized splicing parameters for a commercial fusion
splicer (Fujikura-80s)

Parameters Units  Values
Prefusion power bit standard-25
Prefusion time ms 180

Overlap um 6

Fusion power bit standard-30
Fusion time ms 300

Offset um -30

It should be noted that the splicing between the R-LPCF and the
SMF is challenging so that it requires a sophisticated technique, to
conclude a low insertion loss. As shown in Table 1, the parameter
‘Offset’ plays a key role since the liquid would boil and evaporate
under ultrahigh temperature during the fusion splicing, which
eventually results in bad physical strength and great splice losses. In
our previous works [12, 15, 28], the optimized splicing conditions
were grasped through weighing the effects of these parameters
after multiple attempts for measuring the transmission spectra. As
a result, the splicing losses between the R-LPCF and the SMF are
probably reduced to be no more than 1.5 dB. On the other hand, the
proposed R-LPCF corresponds to an analyte volume of
approximately one sixth of the F-LPCF, as a result, it will further
contribute to alow insertion loss as liquids are generally absorptive.
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Fig. 7 Transmission spectra and bandgaps (a), the focused guidance spectra (b)
and the guided window (c) of the R-LPCF in response to the temperature.

Furthermore, as shown in Fig. 7(a), the whole bandgaps shift
gradually toward the shorter wavelength with the rising
temperature. We mainly focus on investigation of the bandgap (G1)
as it covers a broad wavelength, particularly in the 1.5-um-band
communication window, which is shown in Fig. 7(b). It's obviously
observed that the guided window (G1) shifts with the temperature
without any additional insertion loss, switching from 1.5-um-band
to 1.3-um-band communication window. And the bandwidth of the
window shows no change with the temperature (as shown in Fig.
7(c)), indicating the excellent tunability. Besides, another new low-
order bandgap occurs in the long wavelength as the temperature
increases.
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Fig. 8 The measured transmission spectra of another commercial PCF (ESM 12)
considered as the ring-pattern selective infiltrated scheme.

As an alternative, a large mode area PCF (ESM-12,
http://www.nktphotonics.com) is used to verify the adaptable R-
LPCF platform. The size of air holes, the period and then the
arrangement are obtained from the SEM, which is in the inset of Fig,
8. Here we selected a liquid with a very high refractive index of 1.7
in order to compare with our previously proposed liquid-filled PCF
[1]. Obviously, the insertion loss can be reduced to be
approximately 3.5 dB while the extinction ratios of bandgaps are
more than 40 dB. And the 1500-nm window covers more than 100
nm, which is much wider than those of the previously reported
structure [1]. Moreover, the temperature responses of the R-LPCF
are also investigated, showing a high wavelength tuning sensitivity.

In summary, the proposed R-LPCF scheme is employed with two
commercial PCFs. Note that only a commercial fusion machine is
involved in the fabrication procedure. More significantly, this
method can be considered as another selective infiltration
technique to develop optical tunable devices.
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