PUC-RIo - Certificacdo Digital N° 1112914/CA

2

Bibliografia

10.

11.

12.

13.

14.

15.

GOUVEA, P. M. P. et al. Internal Specular Reflection from Nanoparticle
Layers on the End Face of Optical Fibers. Journal of Applied Physics, 109,
2011. 103114,

DAL LAGO, V. et al. Size-selective silver nanoparticles: future of biomedical
devices with enhanced bactericidal properties. Journal of Materials
Chemistry, 21, 2011. 12267 — 12273.

FAVERO, F. C. Sensores a Fibras Opticas Microestruturadas, Rio de Janeiro,
Marcgo 2012. http://www2.dbd.puc-rio.br/pergamum/tesesabertas.

FAVERO, F. C. et al. Spheroidal Fabry-Perot microcavities in optical fibers
for high-sensitivity sensing. Optics Express, 7, 2012. 7112 — 7118.
MARKOS, P.; SOUKOULLIS, C. M. Wave Propagation. Princeton: Princeton
University Press, 2008.

BOHREN, C. F.; HUFFMAN, D. R. Absorption and Scattering of Light by
Small Particles. New York: Wiley - VCH, 1998. 544 p. ISBN
9780471293408.

FONTANA, J. P. Self-assembly and Characterization of Anisotropic
Metamaterials, 29 Marco 2011. http://www.e-lc.org/dissertations/.

KELLY, K. L. et al. The Optical Properties of Metal Nanoparticles: The
Influence of Size, Shape, and Dielectric Environment. J. Physical Chemistry
B, 107, n. 3, 2003. 668 — 677.

KALKVRENNER, T.; ULF, H.; SANDOGHDAR, V. Tomographic Plasmon
Spectroscopy of a Single Gold Nanoparticle. Nano Latters, 4, n. 12, 2004.
2309 — 2314.

ROMANI, E. C. et al. Gold nanoparticleson on the surface of soda-lime glass.
Optics Express, 20, n. 5, 2012. 5429 — 54309.

JACKSON, J. D. Classical Electrodynamics. 3% Edi¢do. ed. New York:
Wiley - VCH, 1998. 832 p. ISBN 9780471309321.

PEDROSO, C. B. Propriedades Opticas de Materiais Compostos: Modelo de
Maxwell-Garnett e Modelo de Lorentz, Campinas, 29 Outubro 1993.
MERIAUDEAU, F. et al. Fiber Optic Sensor Based on Gold Island Plasmon
Resonance. Sensors and Actuators B, 54, 1999. 106 — 117.

LIN, T.-J.; LOU, C.-T. Reflection-Based Localized Surface Plasmon

Resonance Fiber-Optic Probe. Journal of Supercritical Fluids, 41, 2001. 317
— 325.

ANDRADE, G. F. S.; FAN, M.; BROLO, A. G. Multilayer Silver
Nanoparticles-Modified Optical Fiber Tip for High Performance SERS
Remote Sensing. Biosensors and Bioelectronics, 25, 2010. 2270 — 2275.


DBD
PUC-Rio - Certificação Digital Nº 1112914/CA


PUC-RIo - Certificacdo Digital N° 1112914/CA

Bibliografia 53

16. YOSHINO, T. et al. Fiber-optic Fabry-Perot Interferometer and its Sensor
Applications. IEEE Journal of Quantum Electronics, 30, 1982. 1612 —
1621.

17. HECHT, E. Optics. 2% ed. Reading: Addison-Wesley, 1987. ISBN
0201116111.

18. KUMARI, G.; NARAYANA, C. New Nano Architecture for SERS
Applications. Journal of Physical Chemistry Letters, 2012. 1130 — 1135.


DBD
PUC-Rio - Certificação Digital Nº 1112914/CA


PUC-RIo - Certificacdo Digital N° 1112914/CA

8
Anexo: Artigo Publicado em Periddico Internacional

F. C. Favero, L. Araujo, G. Bouwmans, V. Finazzi, J. Villatoro e V. Pruneri,
“Spheroidal Fabry-Perot microcavities in optical fibers for high-sensitivity

sensing”’, Optics Express, vol. 20, n°. 7 (2012).


DBD
PUC-Rio - Certificação Digital Nº 1112914/CA


PUC-RiIo - Certificacéo Digital N° 1112914/CA

Anexo 55

Spheroidal Fabry-Perot microcavities in optical
fibers for high-sensitivity sensing

F. C. Favers,"” L. Araujo,' G. Bouwmans,” V. Finazzi," J. Villatoro,™" and V. Proneri™
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Absiract: All-optical-fiber Fabry-Perot  interferometers  (FPIs)  with
microcavities of different shapes were investigated. It was found that the
size amnd shape of the cavity plays an important role on the performance of
these interferometers. To commoborate the analysis, FPIs with spheroidal
cavities were fabricated by splicing a photonic crystal fiber (PCF) with
large voids and & conventional single mode fiber (SMF), using an ad hoc
splicing program. It was found that the strain sensitivity of FPIs with
spheroidal cavities cam be controlled throough the dimensions of the
spheroid. For example, a FPl whose cavity had a sime of ~10x60 pm
exhibited strain snsitivity of -10.3 pmipe and fringe contrast of -38 dB.
Such strain sensitivity is - 10 times larger than that of the popular fiber
Bragg gratings (~1.2 pm/ps) and higher than that of most low-finesse FPIs.
The thermal sensitivity of our FPs is extremely low (- 1pm™C) due o the
air cavities Thus, a number of Eemperatore-independant ulire-sensitive
micToscopic sensors can be devised with the interferometers here proposed
since mamy parameters can be comverted to strain. To this end, simple
vibration sensors are demonstrated.

©2012 Oplical Society of America
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1. Introduction

The Fabry-Perot interfarometer (FPI) is one of the most versatile interferometers since it can
be implemented in many different ways, see for example [1]. In its simplest configuration the
quoted interferometer can be implemented with Fresmel meflections from two airglass or
glass-dielectric inerfaces sparated by a microscopic distance [2-5]. To avoid alignment
elements and minimize the fabrication steps, monolithic fibker FPIs have been proposad in
which a cavity is made by means of chemical etching [6-8], femio-second laser machining
[, 100, or by inserting a short segment of hollow fiber or tube between optical fibers [11-13]
Another possibility to make alignment-free FPIs is by fusion splicing a photonic crystal fiber
{PCF) and a standard optical fiber together [14-16]. All the aforementioned FPIs can be good
choices for optical snsing since a minute change of the cavity size or index leads to a
detectable shift of the inerference patiern. The sensitivities achieved with most low-finesse
FPls eported until now are comparable to that of the popular fiber Bragz gratings (FBG). To
ihe authors' best knowledge, no mechanism to enhance the sensitivity of FPIs while keeping
their main advantages (microscopic size, robusiness, minimal fabrication steps, etc.) has been
proposad so far.

Here, we show that the shape and dimensions of the cavity help to substantially enhance
the performance of a fiber FPL Inferferometers with cavities of spherical and spheroidal
shapes are analyzed theometically but the analysis of inerferometers with cavitles of other
shapes i= straightforward. We demonstrate a FPl with sphercidal cavity of sire —10x60 pm
that exhibited fringe contrast of 38 dB (visibility of 0.99984). We believe that such visibility
is the highest one ever mported for a low-finesse FPL In addition to the high visibility, the
meferred device exhibited a straim sensitivity of —10.3 pm/pe which is - 10 times higher than
that of the popular FRG (-1.2pm/pue) [17] and higher than that of most low-finess FPIs
previously reporied. To achieve FPIs with sphercidal cavities we fusion spliced a properly-
salecied PCF o a single mode optical fiber (SMF) with an on-purpose splicing program,

2, Theoretical analysis

Let us assume a FPl whosa cavity is made of air, has quasi-spherical ir =d) or spheroidal
shape and that is completed embedded in an optical fiber whose diameter is 2K, see Fig. 1. In
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Fg 1. Dhzgram of a Fabry-Perol interferometer with (a) spherical and (b) sphemidal air
cavities wirich ane assurmed 1o be at the end of 2 sngle mode: fer (SMF), in front of its cone

the following analysis an oblate spheroid, ie., an ellipse rotated around its minor axis, with
size of 2dx2r (r> d) will be assumed, where 24 is the polar diameter and r the equator radinos.
MNote that the spheroid polar axis (equator plane) is assumed to coincide with the direction of
light propagation. Light reflected from the SMF air interface and that reflected from the air
glass interface can be coupled back into the SMF and imterfere. The accumulated phase
difference between the two Fresnel reflections is ¢ adzad’i+n, wher & is the wavelength of
the optical source and s the refractive index of the medium inside the cavity. Thus, if one
launches light from a broadband source to the cavity and the reflection is analyzed with a
spectrometer a series of maxima and minima (interference pattern) can be expected The
maxima will appear whenever ¢ = Iam, with m a strictly positive integer. This means, at
wavelengths that satisfy the condition: i, = 2ad (m- 1/2).

Like a FPI with flat reflecting surfaces, a FPI with spherical or spheroidal cavity can be
used for sensing physical parameters such as strain (64/d) and any other parameder that can be
transduced to strain, €.g., pressure, load, vibration, tilt, etc. Any of these parameters will
induce solely a minuie change of the cavity size since the cavity is assumed to be made of air
{n = 1). The changes experienced by the interferometer cavity will esult in a shift in the
position of the interference maxima (or minima) by &, To comelate the shifi of the
interference pattern with the change of the cavity size hence o estimate the sensitivity, it is
nece ssary to differentiate 1 This leads to the simple expression: &4, = J_{&d'd). Most authors
assume that the strain sensitivity of a FPI is independent of the cavity size and that it can be
enhanced solely by choosing longer wavelengths. Recent results reported by our group in [15]
and [16] suggest that the cavity size and shape of a FPI plays an important role in the
interferometer performance and motivated the work heme presented.

If a FP1 with cavities like those described in Fig. 1 is subjecied to axial strain, force or
pressume it will experience the so-called Poisson effect which states that if d changes by &d
then r will change by dr. Thus, an axial sirain (g, = éd/d) applied to the cavity will induce a
transver=al sirain (g = 4] to the same. The axial and the transversal sirains ame e lated to
each other by means of the Poisson's ratio (v = —/g,). Thus, the shift of the inerference
pattern of a FP1 with quasi-spherical or spheroidal cavity depends on v which in tom is
proportional to drééd. To calculate the Poisson's ratio we need to analyze the volume (V) of
the section of optical fiber that contains the cavity and its microscopic changes (8V). If BV is
cauwsed for example by changes of pressure and e mperature, then the follow ing expression is
fulfilled:

ar o -l

v K-:EF+;|!IT. (1)
In Egq. (1), K is the bulk modulus and y is the coefficient of thermal expansion. Let us

assume that the change in pressum is due to axial strain applied to the optical fiber. Thus,

pressure and strain are relaed by means of the Young's modulus E = o, = &P, (whem &

is the tensile stress and &, is the axial strain). The volumetric changes cansed by temperature

can bhea
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Fig 2 {a) Theomtical value of Gn'Gd as 2 funciion of & of a quasi-spherical cvity and (h)
obilate spheroidal canvity for differst valses of v bl cases roed.

neglecied since y of an optical fiber made of silica is extremely low (~5.5x 107 /°C). In these
circumstances Eq. (1) can be rewritien as:

& E
—E——5,. (2)
Vv K

The total glass volume of the section of optical fiber that contains the cavity is simply the
volume of the glass cylinder of radius K and lkength 4 minus the volume of the cavity which
depends on the cavity size and shape. In the case of an oblate sphercidal cavity of size 2dx2r
the quoted volume can be ex pressed as:

p—r —%n’d. (3)

The volumetric changes &V can be obtzined by simply differentiating Eg. (3. By
substituting ¥ and &V, £, = &d'd and neglecting changes in fiber radius (ie., &K =) we armive

o the following expression:
ar 1 E R 2r
— ==+l =-= |~ 4
d a[x*][f’ 3].& @

Thus, &3, hence the sensitivity of a FPI with sphercidal cavity, depends on r and d It is
mot difficult to show that briad depends also on r, d, or on both, when the cavity of the FPI has
other shapes, ket us say spherical or cylindrical omes.

3. Results and discussion

In Fig. 2 we plot the term &rfbd as a function of 4 considering a quasi-spherical cavity {r =d)
and a spheroidal one. In the latter case, three values of r were assumed, but in all cases r = d.
The optical fiber radios &, the silica Young's {E) and bulk (K) modulus were assumed to be,
respectively, 62.5 pm, 70.3 GPa and 36.8 GPa. Noee from the figure that when the cavity has
spheroidal shape the term &r/bd increases as the cavity becomes smaller. However, the
opposite occurs when the cavity has spherical shape. In a practical situation neither d mor r
can be arbitrary small or large. The values allowed for d and r range between =10 pm to ~50
jum, £, between values that are larger than the core diameter but smaller than the radius of &
stam-
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dard single mode optical fiber. The results shown in Fg. 2 supgest that the sensitivity of a FPI
can be controlled with the shape and dimensions of the cavity. The theoretical analysis her
presned is consisent with the experimental results mpored inm [15], where it was
demonstrated that FPIs with larger spherical cavities exhibited higher strain sensitivities. Mote
also that FPIs with sphercidal cavities are more appealing for optical sensing since the
sensitivity can be tailored with an adequate combination of r and 4.

To fabricate FPIs with spheroidal cavities we fosion spliced an SMF to a PCF whose cross
section is shown in Fig. 3. The dimensions of the PCF wem the following: core size diameaber
of 12 pm, voids with average diameter of 5.6 pm, pitch of 7.5 pm and outer diameter of 130
pm A comventional splicing machine (Ericsson FSU 955) was used. The parameters of our
splicing program are shown in Table 1 along with the parameters of the default program set in
the machine for splicing SMFs. The PCF was pressurized with pure nitrogen as described in
[16]. Under these splicing conditions the PCF air holes collapse completely over a length of a
few hundred micrometers and it makes possible the formation of a microscopic air cavity at
the SME-PCF interface [14-16]. Spheroids with large d and r can be achieved by increasing
the pressure in the PCF voids during the splicing process [16]. To achieve spheroids with
s=mall  and large r we adjusted the overlap between the fibers to compress the spheroids. For
example, Fig. 3 shows the micrographs of two spheroids whose sizes (2dx2r) were - 1060
pm and -29%40 pm We wouold like to point out that our technigue does mot allow the
fabrication of cavities with any arbitrary shape or dimensions.

To analyze the performance and sensing properties of cur FPIs with spheroidal cavities we
laumched light to the FPI cavity from a broad-band source through a fiber optic circulstor, as
sketched inm Fig. 3. The eflected light was fed to an optical spectrom analyzer. Figure 4 shows
the reflection spectra at different strains of a device whose cavity had a size of 10x60 pm
Note the high fringe contrast which reaches 3BdB (visibility of 0.99984) and the prominent
shift of the peak The high visibility is doe to the short distance the beam travels and also due
it the spherical shape of the mflecting surfaces which minimize the diffraction of the beam
inside the cavity. The figure also shows the shift of the inerference pattern as a function of
ithe applied sirain observed in the FPIs with cavities of sizes of 10x60 pm and 29x40 pm. The
strain sensitivity of our FPI with large d and small r was found to be 3.5 pm/pe, while that
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Fig 4 ({a) Reflection spectra af different sirxins ohserved in a FM whose cavity had sphenoidal

shape and dimensions of 10uS0um. (h) The cormespending shifi of the interEerence pattern as a
function of simin is also shrem (dots) as well & the shifi v= simin obeerved in 2 AP with

cavity of 20x 80y {stars)

with small o and large r was -10.3 pmips. Again, the resulls are consisent with the
theoretical analysis of spheroidal cavities presenied above. The sirain semsitivity of our FPI
with a 10x60 pm-size spheroidal cavity is circa 10 times higher than that of an FBG [17], and,
ito the best of our knowledge, higher than that of most low-finese FPl meported until mow.
Higher strain sensitivities are theoretically possible, however, with the technigue hem
meported it is mot possible to have momre control over the sphercid dimensions; nevertheless, it
helped us to comoborate the aforementioned theoretical analysis.

The intrinsic temperature sensitivity of FPI with air cavities embedded within the optical
fiber is extremely Jow (0,95 pm/=C}) [5, 15]. This means that the temperature-induced strain
emor in our FPl with cavity of 10x60 pm is only 0,09 pe/"C which is 100 times Jower than
that of a FBG {10 perC) [17]. Thus, a temperature change of 100°C wouold be meeded to
induce an ermor of only 9 pe; therefore, temperature compensation may nol be necessary.
However, in practical applications the FPI will be packaged and mounted on an object or
surface. In these cases the emperature-snsitivity will be governed by the thermal expansion
of such an object or surface.

4. Potential applications

The microscopic dimensions of our FPIs along with their low thermal sensitivity and high
sirain sensitivity can be advantageous for sensing physical parameters of practical ineest
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Fig 5 5hifi of the interference patiers as a function of time when 2 hammer blow (2) and
perindic vibration (b was applied o a FPl whose cavity had & sie of 10oS0um.

Heme, we demonstraie that highly-sensitive vibration sensors cam be devised with our
interferometers. To do =0 a FPl was pre-strained and placed inside a 10 cm-long oylindrical
metal tube whose innerouier dismeters were 250F 1000 pm. The profected interferometer was
then =cured on a metallic frame as shown in Fig. 3, thus dynamic strain caused by vibrations
could induce a shift of the interference pattern. A hammer blow was applied to the frame,
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close o the twbe end. The shift of the imterference patem was recorded with a FBG
interrogator with maximom measurement frequency of -970 He (FMON 512E, Ibsen
Photonics). The mecorded signal is shown in Fig 5(a). It can be seen that the shift is mone
prominent immediately afier the hammer blow and decreases with time as the vibration is
damped. In a second experiment our packaged FPl was placed in close contact with a metallic
piece which was subjected to perindic vibration caused by a motor. The recorded signal is
shown in Fig. 5(b). Note that both signals presented in the figure ar affecied by the mlatively
slow (=<1 kHr) speed of the inferrogator available for recording these data. However, our
interferometer exhibited good performance. It can compete with other optical vibration
sensors reporied in the literature, se for example [18-21].

The um of our FPlIs in real-world applications is promising since miniature, strain and
vibration sensors are vital for monitoring structure health, condition in process and production
machinery, earthquakes, etc.

&, Conclusions

In conclusion, we have reported on Fabry-Perot interferometers with microcavities embedded
in an optical fiber. The theoretical analysis here presented suggests that the shift of the
interference pattern, hence the semsitivity of a FPI, depends nmot only on the separation
between the two reflecting surfaces and wavelength but also on the shape and dimensions of
ihe cavity, the diameter of the optical fiber and other constants. To corroborate the theometical
analysis, FPIz with spheroidal shapes were fabricated by fusion splicing a PCF to a SMF with
an on-purposed splicing program. High strain s nsitivity (- 1003 pmiue) and fringe contrast
{-38 dB) were achieved with a FPI whose cavity had spheroidal shape and size of - 10x60
pm. Highly-sensitive vibration sensor= were also demonstaied We believe that the
interferometers here proposed are appealing for optical sensing since they exhibit ex tremely
low thermal sensitivity (less than 1 pmfC), high sirain sensitivity, have microscopic size and
their fabrication process is really simple.
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