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Abstract

The full-width at half maximum (FWHM) of lossy mode
resonances (LMRs) in the optical spectrum depends on the
homogeneity of the thin-film deposited. Here, a method for
improving the FWHM is applied for an LMR generated by a D-
shaped optical fiber in reflection configuration. To this
purpose, three samples with different attenuation were
deposited with DC sputtering thin-films of SnO,_, and a further
controlled immersion in water of the samples was performed. A
laser cleaner method was used to improve the FWHM
characteristics of one of the samples from 106 nm to 53 nm.
This improvement can be applied to thin-film based sensors
where there is a problem of inhomogeneity of the coating
thickness. Moreover, with this technique it was proved that a
coated length of just 3-4 mm permits to generate an LMR, with
what this imply in terms of miniaturization of the final device.

OCIS codes: (060.2430) Fibers, single-mode (310.0310) Thin-films,
(060.2370) Fiber optics sensors.

Both surface plasmon resonances (SPRs) and lossy mode
resonances (LMRs) are based on light coupling due to deposition of a
thin-film on a dielectric medium [1-5]. LMRs present some properties
that make them more versatile compared to SPRs: they can be
obtained in a wide range of materials that include mainly metallic
oxides and polymers [6-8], they can be excited both at TE and T™M
polarization, and multiple resonances in the same spectrum can be
generated [4]. On the other hand, because it is obtained with incidence
angles close to 909, it has been widely used in multimode fibers and
tapered fibers [9-13], and also recently by lateral incidence of light on
the edge of a glass coverslip or a microscope slide [14].

Regarding optical fibers, one of the most widely used structures for
generating LMRs is the D-shaped fiber in transmission [15, 16].
However, this configuration has the drawback that it is not as easy to
handle as a fiber in the reflection configuration, which allows the
device to be used as a catheter, [17, 18], a nasogastric probe [19], or
even for chemical mapping of surfaces [20].

Another interesting property of LMRs is that their central
wavelength is directly related to the coating thickness. Hence, it is easy

to tune their position in a broadband spectral range [4]. This also
explains their high sensitivity [3]. However, this versatility becomes a
drawback when the thickness of the nanocoating along the fiber length
is not uniform, which may occur due to the distance and inclination
with which the sample is positioned inside the sputtering machine or
to the parameters used for rotating the platform where the sample is
placed on [21-23].

Here it will be demonstrated that it is possible to improve the full
width at half maximum (FWHM) of the LMR, which is important for
obtaining a high figure of merit, one of the main parameters used for
assessing the performance of a refractometer and also a key parameter
to determine the limit of detection in chemical sensors and biosensors
[24]. Initially, this will be demonstrated by immersing different lengths
of the device in water, whereas a more robust procedure based on
laser ablation will be applied to confirm this idea.

In order to analyze this, three different D-shaped fiber samples from
Phoenix Photonics Ltd (Kent, UK) were used: S1, S2 and S3. The D-
shaped fibers consisted of a standard single mode fiber (SMF-28 from
Corning) with a side-polished length of 10 mm. The attenuation of light
transmitted through sample S1 was -0.3 dB in high index oil (refractive
index 1.45), whereas the attenuation of samples S2 and S3 was -0.7 dB.
In other words, the degree of polishing of samples S2 and S3 was
higher than in samples S1 in order to compare the results obtained
with two different degrees of polishing.

The samples were cleaved at a 90° angle after the polished region
for a further deposition of a gold layer that guarantees that all light that
reaches the tip of the fiber is reflected back. In this way, the
performance of the reflection configuration D-shaped fiber must be the
same as a transmission configuration D-shaped fiber but with the
exception that light passes two times through the same polished
region. In other words, a 10 mm long D-shaped fiber in reflection
configuration should perform like a 20 mm long D-shaped fiber in
transmission.

In order to guarantee the good adhesion of the 110 nm gold layer at
the end of the fiber, a titanium layer of 10 nm was initially deposited.
Both the titanium and the gold layer were deposited by means of an
Electron beam evaporator (Kenosistec CL400C, Binasco (MI), Italy). To
avoid the material deposition onto the lateral surface of the D-shaped
fiber, the samples were inserted into a loose tube leaving only the end
face of the optical fiber exposed to the evaporation process.



After the deposition of the mirror, the next step was to deposit a thin
film on the surface of the optical fiber D-shaped zone using a DC
sputtering machine (K675XD from Quorum Technologies, Ltd.) with a
black tin oxide (SnO2x) target from Loyaltarget Technology Co. The
deposition was monitored with a RIFOCS 575L power meter and
Pyroistech COB-840 light source as depicted in Fig. 1. When the power
from the light source reached a minimum, the deposition was stopped.
This permitted to position the resonance at about 900 nm in air and
1600 nm in water.
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Fig 1: Experimental setup for deposition of D-shaped fibers in
reflection configuration

Fig 2a shows a schematic of the D-shaped fiber in reflection
configuration, where the different parts can be distinguished: the
polished region (L1), the tapered regions (L2), the gold mirror region
(L3) the distance from the tip to the polished region (L4) and the
diameter of D-shaped (d), which is about 73 pm in the three samples.
In Fig. 2b-d, photographs of samples S1, S2 and S3 are shown, where
the values of the different regions can be observed in table 1. The
reflected optical spectrum was monitored during the immersion of
each D-shaped fiber in water. The setup consisted of several elements
described in Fig, 3.
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Fig 2: (a) Schematic of the fibers with the polished region (L1), the
tapered regions (L2), the gold mirror region (L3) and the distance from
the tip to the polished region (L4). (b-d) Photographs of samples S1, S2
and S3.

L1 L2 L3 L4
(mm) (mm) (mm) (mm)
S1 9.0 0.5 04 1.8
S2 9.0 0.6 0.4 1.05
S3 9.0 0.5 0.2 0.5

Table 1: Parameters of samples S1, S2 and S3.

A broadband light source (NKT SuperK COMPACT) was connected
to end 1 of a single-mode fiber 2x2 splitter (the polarization state of
light was controlled with a fiber-optic in-line polarizer and a
polarization controller). The end 2 of the splitter was connected to the

SMF pigtail with the D-shaped fiber, the end 3 was connected to an
Optical Spectrum Analyzer (Yokogawa AQ6370D, OSA 1) used for
monitoring the signal probe, and the end 4 was connected to another
optical spectrum analyzer (Yokogawa AQ6370D, OSA 2) used for
monitoring the reference signal.
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Fig 3: Experimental setup for monitoring the reflected optical
spectrum when the fiber is immersed in water in steps of 1 mm.

Initially, the LMR was located at about 900nm in air. After that, the
sample was immersed in water in steps of 1 mm, which led to the
progressive generation of an LMR in the infrared for each sample
analyzed: S1, S2 and S3 (see Fig. 4). For the first sample, S1 in Fig. 4(a),
the LMR starts to be visible at 3 mm of immersion in water and at 5
mm the LMR reaches the maximum depth. After that, the resonance
broadens and its shape progressively stabilizes until it is completely
immersed in water. The effect of wetting in the properties of the
material should be considered if the LMRs were due to both air and
water immersed regions. However, in the operating wavelength range
the LMR is due to the water immersed region (the first LMR in air is
very separated [3]). Therefore, this effect of the refractive index
difference between immersed and non-immersed regions is discarded.
Another important question is the meniscus height, which according
to [25] is 2 times de diameter of the fiber (2x80 micron=0.16 mm).
Therefore, the effect is not negligible but less than the resolution of the
measurement (0.16 mm vs 1 mm). The behavior of sample S2, Fig.
4(b), is similar to sample S1. The LMR starts to be observed in the
optical spectrum at 3mm of immersion in water and at 5 mm the
maximum depth is achieved. The same occurs for sample S3, Fig 4(c).

A first conclusion from the results obtained in Fig. 4 it is that in all
cases the LMRs start to be observed after 3 mm of immersion.
However, it must be highlighted that the L4 region is insensitive to
refractive index because it presents no polishing. Therefore, in view
that L4 region is around 1 mm, the minimum distance for generating
an LMR subtracting L4 is around 1 mm, while the length required for
attaining the maximum depths is around 3 mm, which is very
interesting in applications such as probes with short sensing head. In
addition, a clear difference is observed if we compare the results of S1
and S2 with respect to S3 in terms of FWHM in Fig, 5.

The S1 and S2 samples present a higher reduction of the FWHM as
a function of the immersion in water than S3 sample. This is due to the
placement of the fiber on the supporting platform during deposition
process, which produces a gradient in the coating thickness along the
fiber. There are some parameters that can affect the homogeneity of
the deposition, mainly the angle, position and distance with respect to
the target, and also to the optical properties of the specific materials.

The result is a widening of the LMR, which can be understood as
the overlap of several resonances due to each of the different thickness
values of the coating with gradient. As stated above, the position of the
LMR is closely related to the coating thickness [3], which explains a
broadening of the LMR when multiple thickness values exist in the
same coating. As an example, the green plot in Fig. 4a, b and c is very
smooth compared to the plots obtained after a higher immersion.



In order to support the previous idea, a theoretical analysis was
performed for a 10 mm long D-shaped fiber in reflection configuration,
which was coated with an SnO2z« thin-film of thickness ranging from
125 to 185 nm The refractive could have gradient and depends on the
deposition configuration from process to process. However, for the
sake of simplicity we used a constant value of 1.9+0.01i based on
ellipsometric measurements of [26]. The simulation tool used for the
analysis was FIMMPROP, a module integrated with FIMMWAVE, and
for the D-shaped region a finite-element method was used where 20
modes were analyzed.
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Fig 4: Reflection spectra corresponding to a progressive immersion in
water, in steps of 1 mm for samples: (a) S1; (b) S2 and (c) S3.

The results in Fig. 6 show the optical spectra corresponding to 0
mm of immersion (all the device is surrounded by air), 1 mm of
immersion (1 mm in water and 9 mm in air), 2 mm of immersion (2
mm in water and 8 mm in air) and so forth, up to 10 mm of immersion.
The results show that the LMR is obtained at 1 mm of immersion and
that a maximum depth is attained at 3 mm of immersion,
corroborating the experimental results of Fig. 4. Here it must be
pointed out that in the simulations there is an initial region of 1-2 mm
(segment L4 in Fig. 2). Therefore, 1 to 3 mm corresponds with 2 to 4
mm or 3 to 5 mm in the experimental results. In addition, the
experimental results of Fig. 5b also agree with the theoretical ones in
terms of the stabilization of the LMR shape after 6-7 mm of immersion
(in Fig. 6 this is achieved for 4 mm and it must be considered that in the
simulations the L4 segment of 1-2 mm is not considered). A good
agreement is also obtained with Fig. 5¢, while this is not the case for Fig.
5a, probably because there is a higher gradient in the thin-film. The
non-linear broadeding of the LMR obbeys to the fact that LMRs at short
wavelengths are shallower than LMRs located at longer wavelengths
[27]. Therefore, the contribution of the last part of D-shaped fiber

immersed in water is less important than the first ones, where the
coating is thicker.
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Fig 5. FWHM for different samples S1, S2, S3 and simulation.

The results observed with the different samples in Fig. 4 show that
S2 is the sample with the worst performance in terms of FWHM.
Consequently, it was decided to improve this parameter by removing
part of its coating. In addition, due to the fact that when S2 was
introduced in water the resonance reaches its best behavior at 5 mm of
immersion, it was decided to begin the ablation process from the side
of the fiber far from the tip, as described in Fig. 7 (a).
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Fig 6: Theoretical results obtained with a D-shaped fiber coated with
an SnO0z« thin-film whose thickness ranges from 125 to 185 nmina D-
shaped region of 10 mm.

To this purpose, the SnO2« coating was removed gradually using a
UV laser micromachining (OPTEC LB 1000, KrF, A = 248 nm). Initially,
4 mm of coating were removed in 2 steps of 2 mm, then 2 mm in 2
steps of 1mm, one step of 0.5mm, and, finally, another step of 0.2 mm.
Overall, 6.7 mm of the tin dioxide coating were removed. The final
distance after laser cleaning from the tip of the fiber to the end of the
SnO2x coating was 5.5 mm. This distance, corresponding with region A
in Fig. 7(a), agrees with the 5 mm immersion length of the S2 sample
where the most pronounced LMR peak was obtained in Fig. 4(b).

Fig. 7(b) shows the photograph with the coated and uncoated
regions A and B, and Fig. 7(c) the effect of laser ablation on the optical
spectrum respectively, can be distinguished. The existing resonances at
shorter wavelengths were removed until there was only one narrow
LMR whose -14dB losses has not been reduced and whose FWHM is
53 nm, which improves the 106 nm of the original sample (6.7 mm vs
0 mm uncoated in Fig. 7b). This demonstrates that it is possible to
optimize the quality of the sample in terms of FWHM.

Finally, the sensitivity to RI was analyzed by using solutions with
different concentration of ethanol in water. The results are shown in
Fig 8. The RI of the solutions was obtained at a wavelength of 589 nm
with a commercial refractometer Mettler Toledo® Refracto 30GS. The
sensitivity was 6396 nm/RIU (see Fig. 8).
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spectra; (b) Wavelength shift as a function of RI.

To conclude, it has been demonstrated to be able to generate
LMRs with thin-film coated D-shaped fiber in reflection configuration.
In addition, it was observed that by a progressive immersion in water
the FWHM of the structure can be optimized, which led to a further
implementation using a laser ablation technique to confirm the ability
to improve the FWHM by reducing the length of the coating. The non-
optimal initial performance, before reducing the length of the coating,
is attributed to the non-uniformity of the deposition, a presumption
that was confirmed with simulations. In addition, using both methods,
water immersion and laser ablation, it was observed that the optimal
length of the coated region is 3 mm, which is really interesting in terms
of using this structure with a short head in sensing applications. This
method for optimizing the performance of LMRs obtained with thin-
film coated D-shaped fiber can be used for applications such as
chemical sensors or biosensors, where a low FWHM is critical for
attaining a low limit of detection (LOD), and it can be applied for other
domains such as the design of optical filters or resonators, just to
mention a few.
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