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We present the results of the ellipsometric characterization of thin layers of Bismuth (Bi)
and Aluminum Oxide (Al203) deposited over the waist of a tapered optical fiber by
Pulsed Laser Deposition (PLD). The characteristics of the deposits are studied by spec-
troscopic ellipsometry. From the effective thicknesses determined by the ellipsometric
characterization it is shown by simulations that surface plasmon resonances can occur in
the fiber device, and it is demonstrated experimentally. These results show the feasibility
of employing Bismuth as a plasmonic material in SPR fiber sensors based on Doubly-
deposited Uniform-waist Tapered optical fibers (DLUWTS), which show excellent per-

formance and versatility.
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|. INTRODUCTION

Bismuth is a semimetal that has attracted a continuous interest in research during
much of the 20th century due to its characteristic band structure that enables special proper-
ties including diamagnetism, Haas-Van de Alphen effect, low thermal conductivity, high
thermoelectrical coefficient, superconductivity and strongly coupled electron-plasmon
“plasmaron" features in the far infrared (IR) among others.>? Optical spectroscopy studies
have demonstrated to be essential to understand the electronic properties of Bi in bulk, thin
films and nanostructures such as nanocrystals and nanowires. The earliest data were reported
in the 60’°s by Cardona and Greenaway?® and consisted of reflectivity and absorption meas-
urements that were analized using the Kramers-Kronig relationship. A decade later, in 1975,
Hunderei reported the first ellipsometry measurements in the visible that enabled the first rel-
evant picture of the electronic structure of bulk Bi.* These early works were soon followed by
photoemision spectroscopy studies in the 90’s that helped to complete the information on its
energy levels.®> More recently in the 21st century the interest on the electronic properties of Bi
has broadened, in relationship with spintronics with the discovery of spin dependent proper-
ties of Bi surfaces, and within the area of plasmonics. In the latter case it has been demon-
strated that Bi nanostructures show surface plasmon-like resonances in the visible-UV spec-
tra region.®® Detailed spectroscopic ellipsometry investigations have suggested that in the
case of Bi the plasmonic behavior is induced by different elemental mechanisms in the ultra-
violet-visible and infrared range, namely by the excitation of interband transitions and the
excitation of free carriers, respectively. > The use of interband transitions is very attractive
because it opens the way to the achievement of visible-UV plasmonic properties without free
carriers that could be tunable through the tailoring of the band structure of the materials and

the occupation of electronic states.



As it is well known, plasmonics is a key technique to produce very sensitive optical
sensors, mostly based in the strong dependence of the mechanism of plasmon excitation with
the refractive index of the medium surrounding the sensing region in the so-called Surface
Plasmon Resonance (SPR) devices.'?!® Nowadays, plasmonic sensors have become a stand-
ard in the realm of chemical analysis and biosensors.* Among the many possibilities and va-
rieties of plasmonic optical sensors, those based on optical fibers add to the good perfor-
mance of SPR devices other aspects such as accessibility to remote or hazardous places for in
situ measurements, small size, robustness, multiplexing, etc. Many SPR fiber sensors have
been proposed.'® For years, we have been working in the so-called DLUWTS (doubly-
deposited uniform-waist optical fibers), structures in which a double deposit (metal plus die-
lectric) is deposited on a tapered optical fiber. The tapering makes the evanescent field acces-
sible and the fact that there are two layers permits not only the excitation of the plasmon but
also the tuning of its position in terms of resonance wavelength. We have proven that starting
with the same configuration and changing only the thicknesses of the materials employed we
can cover from the middle of the visible spectrum to the optical communications region.¢-18

Different materials for the dielectric layer have also been considered®.

DLUWTSs are powerful refractometers, with high values of sensitivity?. This fact can
be employed in the usual way, in chemical and biological sensors, or, as we have recently
proven, also in physical sensors to measure magnetic fields using ferrofluids as transduc-

ers.?1-22

In this work we combine the above depicted properties of Bi with the versatility and
proved good performance of DLUWTS, by producing a fiber sensor based on a tapered fiber
with a two-layered system formed by of Bismuth film and an Aluminum Oxide, AlsOs (die-

lectric). The Bismuth layer is a novelty for this kind of devices and provides us with the pos-



sibility of studying the performance of a different material, in this case a semimetal . The
coatings have been prepared by pulsed laser deposition (PLD), a technique that, given its
properties, and specifically the fact that it produces a plasma that is able to embed irregular

objects is suitable therefore for deposition of layers on tapered optical fibers.

As it will be shown in more detail later, the accurate determination of the thicknesses
of the deposited materials is very important, since the spectral region where the plasmon res-
onances appear is completely dependent on those. For that reason, to check if the theoretical
predictions are in accordance with the obtained experimental results, we need to measure the
layers with an advanced technique such as ellipsometry. This is especially important in this
case, because we are working with very thin layers of Bismuth (that can present discontinui-
ties and non-uniformity). For that reason, we have characterized the glass substrate used as

support for the optical fiber during the layer deposition.

In Section Il we depict with more detail the two most relevant aspects of the produc-
tion of the sensor, namely, the fabrication of the tapered fiber and the deposition of the layers
by PLD, starting from the nominal values obtained by the design program developed by us,
while in Section 111 we check the properties of the deposited layers by an ellipsometric study.
Finally, in Section IV we perform a refractometric characterization of the device, which
shows how plasmon resonances have appeared in the region where they were predicted by
the simulation when we take into account the results obtained in the ellipsometric characteri-

zation.



. SENSOR FABRICATION

A. Tapered optical fiber

To produce a DLUWT we use the so-called traveling-burner technique®. An opti-
cal fiber is gently stretched while heated to achieve a narrowing, thus constituting a taper.
The typical profile of a tapered optical fiber is shown in Fig. 1. On the narrowest region,
called waist, we deposit a double layer (one metallic, one dielectric) in which the surface
plasmon resonance is produced. The mode guided by the fiber enters the taper and is
transferred to modes in the newly produced waveguide formed by the air and the cladding
(the core almost collapsed and not being capable of supporting any mode). The fact that
this technique permits to produce uniform-waist tapers with smooth transitions between
regions guarantees that the losses are very low (they are usually called adiabatic tapers).
In the waist, the evanescent field is accessible, and can interact with the superstructure
that we have deposited. If we adequately calculate the thicknesses of the superimposed
materials according to their refractive indices we can achieve a phase-matching between
the evanescent field and the plasmon modes existing in the interface between the metallic
and the dielectric layers.?*

We have used a singlemode fiber Newport F-SF and the parameters of the tapers

were: waist diameter, 40 um; waist lenght, 6.34 mm; total length, 28.3 mm.



i
i

Double layer deposition: Bi + Al,O4

Unaltered region

Unaltered region

Transition regions

FiG. 1. Schematic representation of the doubly-deposited uniform-waist tapered fiber

(DLUWT).
B. Layer deposition

For this study the Bi has been deposited by pulsed laser deposition (PLD) because
recent studies have demostrated that this is a suitable technique to obtain Bi films with
excellent optical properties'l. In addition to this, in our PLD system there is an in-situ
reflectivity system that allows to follow the evolution of the reflectivity during deposi-
tion in order to control the sample thickness?. On the other hand, a 360° deposition on a
tapered fiber, which is easily obtained with PLD, is very convenient, for it makes plas-
mon excitation in the sensors independent of polarization.?* The PLD has been performed
using a UV laser ArF excimer (4 =193 nm, 20 ns pulse duration) and a vacuum chamber
equipped with a multi-target system that can accommodate up to four targets. The laser
beam is focused at an angle of incidence of approximately 45° onto the targets. BK7
glasses are employed as fiber holders and reference of the deposited films. To fix the fi-
bers to the BK7 glasses, adhesive tape was used. The laser ablation is performed in the

on-axis configuration, i.e., the center of the substrate is aligned with the plasma expan-



sion axis. The substrate is rotated during deposition in order to obtain large areas of ho-
mogeneous thickness. The films are prepared using an energy density of (1.8+0.2)
J-cm~2, a pulse repetition of 10 Hz, a target-substrate distance of 45 mm and at room
temperature. The experiments were carried out in vacuum at a base pressure of 2-10°
Torr. A schematic representation of the experiments is shown in Figure 2. To obtain the
deposition rates of Bismuth and Al20s, several calibration samples were previously de-
posited at the same experimental conditions. The rate of deposition depends on the laser
energy deposition. For the case of the present article, where the energy density is fixed at
(1.840.2) J-cm™, the deposition rates are 0.038 nm/s for Al20z and 0.12 nm/s for Bi. For
the fabrication of the films, two commercial Bismuth and Al203 pure (99.97%) targets
were used.

To select the wavelength region where plasmon resonances are going to appear
we must determine the adequate thicknesses for the two layers, given that we have ade-
quate knowledge of the refractive indices of the materials. We have been using a quite
simple simulation program to design DLUWTS, based on a multilayer matricial calcula-
tion, that has proven its effectivity during the years. In this case, as it is discussed in sec-
tion 1V, the challenge was to adapt this scheme to a material that has not been used before
for this purpose and that is deposited in a very thin layer. Also the technique of deposi-
tion, PLD, is not the usual one for these kind of devices, being PVD and sputtering the

most commonly used ones.
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FiG. 2. Schematic representation of the PLD experiments showing the fibers on BK7
glasses.

In this case we selected as nominal thicknesses 9 nm of Bismuth and 90 nm of
Al20s3 to produce resonances for wavelengths around 850 nm. However, Bismuth, when
deposited in thin layers of the order of few nanometers, in the limit of the ultra-thin re-
gion, present discontinuities®!! and it is more appropriate to speak in terms of effective
thickness. It is mainly for this reason that we need the feedback of the ellipsometric char-
acterization. As we will see later, in section 1V, when considering the real effective
thicknesses deposited, the agreement between the simulation results and the experimen-

tally locations for the resonances is quite good.

[ll. ELLIPSOMETRIC CHARACTERIZATION

The glass substrate used as support for the optical fibers during the layer deposi-

tion, as shown in Figure 2, was characterized using ellipsometry. It can be assumed that



the optical properties and thicknesses of the layers on this substrate are similar to the ones
over the optical fiber. Nevertheless, it should be noted that we found an appreciable non-
uniformity in their thicknesses across the substrate surface.

The ellipsometric measurements were carried out using a Variable Angle Spectro-
scopic Ellipsometry (VASE) from J.A. Woollam Co. We performed measurements at
three incidence angles (65°, 70° and 75°) and a spectral range from 400nm to 1600nm.

Single Bismuth layers deposited by the PLD technique using our setup have been
optically characterized in previous works® and these values were used for the analysis of
the ellipsometric measurements. In this way, we manage the fact that the refractive index
and the thickness in the ellipsometric models have a high correlation for thin layers (<100
A) in the fittings to the experimental data. For Bi the dispersion model is not simple, but
can be well described by a generalized oscillator model. The full information can be
found in Ref. 11. For the Al2O3 we have used a Cauchy dispersion model with k = 0 that
fits well according to the values of the Handbook of Optical Constants by Palik?.

The model is shown in Figure 3 and it consisted of a glass substrate (previously
characterized) with a Bismuth layer and a Bruggeman Effective Medium Approximation
layer with Al2O3 and voids. Also thickness non-uniformity was included in the model to
reproduce the depolarization effect found. This non-uniformity was checked performing
additional measurements in different areas of the sample and we found appreciable dif-
ferences in the ellipsometric parameters and, therefore, in the results from the fittings.
This thickness non-uniformity is explained by a bad adherence of the coatings that pro-

duced a degradation of the sample. Nevertheless, the results obtained are an enough good



estimation to provide the expected spectral location of a plasmon excitation in the SPR

fiber sensor as it will be shown in Section IV.

A|203 + void
Bismuth

Glass substrate

FiG. 3. Scheme of the ellipsometric model used for fitting the experimental measure-

ments.
The results obtained are shown in Table 1 and the fitting plots can be seen in fig-
ures 4 and 5.
Mean Squared Error 15.51
Layer 1 thickness: Bismuth (4.93 £0.04) nm
Layer 2 thickness: Al203 + void (67.8£0.4) nm
Layer 2 void fraction: Alz0s + void  (23.4+£0.7) %
Thickness non-uniformity (B39+1)%

TABLE 1. Fitting results from the ellipsometric measurements

10
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FIG. 4. Fitting plots for the measured Phi (a) and Delta (b) ellipsometric parameters at

three angles of incidence (65°, 70° and 75°).

11



30 ' T ' T ' T ' T ' T

250 —— Model Fit |
SO . 65°
- P ——-70° 7
0 20 - - 75° -
IS
N 7
& 15| _
[=)
o ¢ i
[
Q 10 -
O\ -
5 _
O 1 | 1 I 1 I 1 I 1 ---I_ ----|~----.
400 600 800 1000 1200 1400 1600

Wavelength (nm)

FiG. 5. Fitting plots for the measured depolarization at three angles of incidence (65°, 70°

and 75°). This effect is mainly caused by the non-uniformity of the layers.

IV.REFRACTOMETRIC (PLASMONIC) CHARACTERIZA-

TION

A plasmon resonance in this kind of sensors reveals itself as a dip in a transmit-
tance curve, at least in the usual treatment.?. This dip is then displaced in a characteristic
way when the refractive index of the surrounding medium is changed. That is, SPR sen-
sors are primarily refractometers and we need to perform a refractometric characteriza-
tion of the system to check if in fact a plasmon excitation has been produced. Since we
will be working with spectral interrogation, as it is usual with SPR fiber sensors, there
will be a wavelength associated to the plasmon and we are interested in this paper espe-

cially in seeing 1) that we have been able to produce SPR in a taper using Bismuth as

12



plasmonic material and 2) that the resonances are in the wavelength region corresponding
to the deposited layers and predicted by our model.

To achieve these goals, we have employed our usual characterization procedure?*
(a scheme of the setup is shown in figure 6): the device is submersed in a mixture of wa-
ter and ethylene glycol, whose index can be changed in a known way by changing the
concentration of ethylene glycol. Then, light from a wide-spectrum lamp Avantes Ava-
Light-Hal, is launched into the fiber and travels to the sensing region, there interacting
with the deposited layers and with the outer medium and eventually exciting plasmons.
Finally, light is collected by a spectrometer Avantes AvaSpec-2048-2 and we compute
spectral transmittance. As it has been said before, a minimum in transmittance can be as-
sociated to a plasmon when the dip is moved if the refractive index of the surrounding
medium is changed.

In figure 7 we show a representative result of the ones we obtained with different,
similar sensors. We see the whole curve, with different minima that do not displace when
the refractive index of the mixture is changed, and one that varies its position: this con-
firms that we have a plasmon resonance. This is better appreciated in Fig. 8 where we
have zoomed the region of the plasmon wavelengths. If we change the index backwards,
we observe the similar displacement in the opposite direction, thus making sure that this
transmittance minimum effectively corresponds to a plasmon excitation.

We should say that this is not an especially sensitive plasmon as compared with
others in the literature. such as the results reported for DLUWTSs working with Aluminum
as plasmonic material and dielectrics such as TiOz and InN. Sensitivity is usually deter-

mined as the slope of the curve that corresponds to the variation of the position of the

13



minima when represented against refractive index (that curve is shown in Fig. 9, where a
fitting line is drawn for the calculation of sensitivity).

Polarization control Sensor

Spectrometer + PC

Halogen
Lamp

Focusing
system

FIG. 6. Setup employed for the refractometric characterization of the sensor.
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FIG. 7. Spectral transmittance for the sensor when immersed in a medium of variable re-
fractive index. The appearance of values of Transmittance above 100% is a common oc-
curence in this kind of plasmon curves due to the definition of Transmittance, not as a

quotient between input and output fluxes, but as the ratio between the signals for the
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plasmon excitation and a reference with no plasmon excitation. A thorough discussion of

the problem of data processing in SPR sensors can be found in Ref. 27.
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FiG. 8. Zoom of the area of Fig. 7 that corresponds to the plasmonic resonance. The dis-

placement can be appreciated.

In this case we obtain 87 nm/RIU, far from the values of several thousands of
nm/RIU that we usually obtain with DLUWTSs. However this is an encouraging prelimi-
nary result, and further optimization, starting from a better knowledge of the dynamics of
deposition of Bi on the fibers, will for sure increase this sensitivity. The differerent capa-

bility of Bi as a plasmonic material, in comparison to other usual candidates, as Au or Al,
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must also be taken into account when comparing sensitivities. In any case, these results
prove the feasibility of employing the combination Bi + Al2O3 in a DLUWT structure to

generate SPR sensors.
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FiG. 9. Position of the minima of Fig. 8 that corresponds to the SPR wavelengths when
refractive index varies.

As it has been discussed before, and this is the one of the main subjects of this pa-
per, we needed to check that the obtained experimental results, in terms of plasmon reso-
nances, are in good agreement with the simulated ones. We see that in our spectra the
plasmons are shown around 580 - 590 nm, which was not the original region where they
were expected. However, if we use the values obtained in the ellipsometric characteriza-
tion, as depicted in Section 11l and introduce those thicknesses (around 5 and 68 nm) in
the simulation program the prediction of the region of the resonances is greatly improved,
as shown in Fig. 10. We see, however, a small deviation, that can obey to the fact that, as
it is stated in table 1, the layers thickness is non-uniform. As it has been noted in Section

I11, there is a significative difference in the values obtained in the different points of the
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sample, and that sample is not directly the fiber, so one can expect some deviation be-
tween the measurements and the real values experienced by the light travelling on the fi-
ber. Taking all this into account, one can say that there is a good agreement between the
simulated and the experimental results and that the ellipsometric characterization is of
great help for the study of the dynamics of plasmon excitation when using such thin lay-

ers of Bismuth.
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FiG. 10. Comparison between the theoretical predictions for the original intended deposi-

tion (dashed line, 9 + 90 nm) and the actual effective thicknesses (continuous line, ap-

proximately 5 + 68 nm).
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V. SUMMARY AND CONCLUSIONS

In this paper we report the experimental results obtained from a deposition by
PLD of a two-layer system formed by a Bismuth thin film and amorphous Aluminum Ox-
ide film over a tapered optical fiber. We show that producing a DLUWT using Bismuth is
feasible and that plasmon resonances appear. This is relevant because it opens a new pos-
sibility in the design of a novel kind of SPR optical fiber sensors. The use of PLD is suit-
able for deposition a non-flat surface, such as the curved surface of a fiber, because the
laser generated plasma fully embeds the surface. The interesting characteristics of Bis-
muth and the fact that tor this preliminary study we have only studied a single film thick-
ness suggest that a further study of the dynamics of the deposition and of the response as
a function of the film thickness should be performed. The ellipsometric characterization
has effectively delivered the necessary information to determine the effective parameters
that must be taken into account to evaluate the region of plasmon resonances. As a result
a good agreement between simulation and experiment of the fiber sensor response has
been achieved.

The incorporation of Bismuth as a plasmonic material to practical devices is a
process that it is only in the first stages. Hopefully, this work can contribute to the gen-
eration of a new family of SPR fiber sensors based on Bi and with other p-block elements

and compound that share common properties.®°
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