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Abstract: The properties of the high order cladding modes of standard
optical fibers are measured in real-time during the deposition of gold
nanoparticle layers by chemical vapor deposition (CVD). Using a tilted
fiber Bragg grating (TFBG), the resonance wavelength and peak-to-peak
amplitude of a radially polarized cladding mode resonance located 51 nm
away from the core mode reflection resonance shift by 0.17 nm and 13.54
dB respectively during the formation of a ~200 nm thick layer. For the
spectrally adjacent azimuthally polarized resonance, the corresponding
shifts are 0.45 nm and 16.34 dB. In both cases, the amplitudes of the
resonance go through a pronounced minimum of about 5 dB for thickness
between 80 and 100 nm and at the same time the wavelengths shift
discontinuously. These effects are discussed in terms of the evolving
metallic boundary conditions perceived by the cladding modes as the
nanoparticles grow. Scanning Electron Micrographs and observations of
cladding mode light scattering by nanoparticle layers of various thicknesses
reveal a strong correlation between the TFBG polarized transmission
spectra, the grain size and fill factor of the nanoparticles, and the scattering
efficiency. This allows the preparation of gold nanoparticle layers that
strongly discriminate between radially and azimuthally polarized cladding
mode evanescent fields, with important consequences in the plasmonic
properties of these layers.
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1. Introduction

The interaction between propagating light waves and nanometer-sized gold particles presents
many interesting features that have been studied in several contexts [1,2]. It is therefore
expected that depositing gold nanoparticles on the cladding of an optical fiber will have an
impact on the cladding-guided modes of such fibers and may lead to new applications in
sensing, all optical switching, and nonlinear optics. Tilted fiber Bragg gratings (TFBGs) are
ideally suited for such studies because of their capability to excite a number of cladding
modes whose properties can be probed very precisely by measuring the wideband spectral
response of the grating transmission [3,4]. Furthermore, due to the breakup of the circular
symmetry caused by the tilted grating planes, the polarization state of the incident core mode
controls the orientation and polarization of the excited cladding modes at the cladding
boundary [4]. This is of utmost importance for metal coatings as the boundary conditions for
metal-dielectric interfaces depend very strongly on the polarization state of the light. For
example, cladding modes with radial polarization at the cladding boundary can be excited
selectively and be used to couple light into surface plasmon waves on metal coated fibers. A
gold-coated TFBG refractometer based on Surface Plasmon Resonance (SPR) was
demonstrated using this technique [5], and shown to yield a great enhancement in the
minimum surrounding refractive index (SRI) detection level [6], compared to non-TFBG
fiber SPR devices [7,8]. In all these fiber-based SPR configurations the quality and
uniformity of the (typically) 50 nm thick metal layer is critical but also difficult to control;
especially to make it uniform around the circumference of the fiber. The gold coatings in the
papers mentioned above were fabricated by sputtering or evaporation techniques, which
require fiber rotations to obtain approximately uniform films. Better uniformity gold films are
expected from conformal coating approaches such as electroless plating and chemical vapor
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deposition (CVD) which have been demonstrated for gold and copper respectively [9,10].
Recently, a new precursor for gold CVD was developed [11] and the present work deals with
an investigation of the effect of this new CVD coating process on the properties of the
cladding modes of such coated fibers. As shown in Fig. 1, we used single-ended 10° tilt
TFBGs inserted in the CVD process chamber and monitored their transmission spectrum from
the input side by using the reflection from a gold mirror deposited on the fiber end. This
avoids having to loop back the fiber inside the chamber. The wavelengths and amplitudes of
resonances associated with cladding modes of different polarization states were obtained
throughout the CVD process. The observations obtained from inside the fiber using the TFBG
resonances were compared with scanning electron microscope images of the films at various
stages of deposition, and with infrared camera images of the light scattered out of the fiber by
the nanoparticles. The results indicate three different regimes according to the density and
thickness of the CVD gold nanoparticle coatings. In particular, during the coating process we
observed a well-defined transition between isolated nanoparticles and a semi-continuous film
that has a strong impact on the optical properties of the optical fiber cladding modes.

Gold nanoparticles

N 4—’ Gold_

mirror

Fig. 1. Schematic diagram of TFBG coated by gold nanoparticles (the arrows show how the
incident core guided light (red) goes through the grating twice, each time coupling light to
cladding modes). The light remaining in the core (straight green arrow) returns to the
interrogation system.

2. Principle and sensor fabrication

In order to clarify how nanoscale metal coatings influence cladding mode resonances, a brief
review of TFBG properties is required before the description of the experiments. A periodical
refractive index perturbation with tilted grating planes along the core axis couples the
forward-propagating core mode to a number of backward-propagating cladding modes in
addition to a backward-propagating core mode (the “Bragg” mode). The wavelength of the

resonance of the Bragg mode, Ag.qg, and of the ith order cladding mode resonance A/, in

the transmission spectrum of TFBG can be expressed as [12]

Asruge = 2NEff pge N/ COSO €))

Bragg

/lcilt/dd[ng = (NeffBimgg + Neffcjadding )A / cos 0 (2)

where Neffp,qq, is the effective index of core mode at the Bragg wavelength, A is the grating
period, @ is the tilt angle of the grating planes, Neff ., and Neff ;.. are the effective

indices of the core mode and ith cladding mode at the wavelength of the ith cladding
resonance. The guiding properties of these cladding modes and hence of Neff.44ine depend on
the permittivity of the medium in which the cladding is located. Therefore we expect the
wavelengths of the cladding mode resonances to shift during the deposition of gold
nanoparticles on the fiber. The amplitudes of these cladding resonances would also change
under the influence of the imaginary part of the complex refractive index of gold (as shown
for LPGs in [13]) and of the loss due to scattering by the nonuniform layer of nanoparticles
on the surface of the TFBG.
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We further expect these effects to depend strongly on the polarization state of the cladding
modes at the cladding boundary. The tilted grating planes break the azimuthal symmetry of
the fiber and two orthogonal polarization states of the electrical field input light can be
defined relative to the tilt plane: S-polarized light with the electrical field perpendicular to y-z
plane and P-polarized light with the electrical field parallel to y-z plane (as shown in Fig. 1).
In previous reports, we showed that when the polarization state of the light at the TFBG
contains only S- or P-polarized light (two extreme cases), the electrical field of the excited
high order cladding modes also has radically different polarization properties [5,14].
Simulations obtained with a finite difference mode solver [15], and shown in Fig. 2, indicate
that S-polarized light can only couple into high order cladding modes that have their electrical
field tangential to the cladding boundary, while P-polarized light excites cladding modes with
predominantly radial electrical fields. This difference is highlighted in Fig. 3, where two
transmission spectra of the same grating under S- and P-polarized light interrogation
(measured in air without coating) show clearly different sets of resonances that occur in
closely spaced pairs. Similarly to TFBGs with uniform thin metal layers, we use this
polarization selectivity to obtain additional information about the gold nanoparticle coating as
it grows.
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Fig. 2. Simulated electrical fields of a high-order cladding mode excited by P- (left) and S-
(right) polarized light. The figures represent a small area of 4 by 4 um?” close to cladding
boundary (indicated by a horizontal line at Y = 142.5 um). All results were calculated with
FIMMWAVE.

The TFBGs were written in hydrogen-loaded photosensitive CORNING SMF-28 fiber
with a pulsed KrF excimer laser using the phase-mask method. The Bragg wavelength is
around 1610 nm so that important cladding modes are observed in the middle of the C-band
(near 1550 nm). The length of TFBG is only 4 mm long in order to minimize the impact of
eventual coating thickness non-uniformities on the grating response. A tilt angle of 10° leads
to a large number of strong, high order cladding mode resonances that have larger evanescent
field penetration outside the cladding. In order to have a single entry port in the furnace used
for the CVD process and to avoid bending the fiber, a reflective sensing configuration of
TFBG was implemented by cleaving the fiber 1.5 cm downstream from the TFBG and
coating the end with a sputtered gold mirror (Fig. 1). This configuration further enhances the
response of the TFBG since core-guided light goes through the grating twice. The gold mirror
at the downstream end was prepared separately by conventional sputtering, and its thickness
(several microns) is such that the addition of more gold on the fiber end (during the
nanoparticle deposition process) has no effect on its reflectance. There is unavoidable growth
on the fiber end but it has no influence on the properties of the cladding modes at the location
of the grating (a few cm away).
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Fig. 3. Experimental transmission spectra of 10° TFBG with S- and P-polarized input light in
air, inset: detailed spectra from 1550 to 1556 nm.

3. Experiment and results

Figure 4 illustrates the experimental setup of the gold CVD system and the in situ spectral
measurement system. The fiber was fixed on a metal boat and the end containing the TFBG
was inserted into a vial filled with a single-source gold precursor ([Au(NiPr),CNMe,],) [11].

Vacuum port I- -

Chamber

Furnace

Sensing 3-dB Coupler
Analyzer I(
TN

Fig. 4. Schematic diagram of gold CVD system and spectral monitoring setup. The optical
sensing analyzer includes a scanning laser source with a wavelength range from 1520 to 1570
nm and a synchronized photodetector.

The fiber and vial were located in a deposition chamber made of stainless steel, the
chamber itself being located within a heating furnace. At the beginning of the experiment the
chamber was pumped down to a base pressure of 30 mTorr and then the furnace temperature
ramp (11 °C/min) program was set to 255 °C. Since the reaction chamber is situated far from
the main thermocouple, temperature measurements were collected on a second thermocouple
fitted further down the furnace tube to account for any thermal lag. As the temperature
increases, it reaches the vaporization and decomposition point of the highly volatile precursor
(~220 °C) and the gold nanoparticles begin to nucleate on all exposed surfaces including the
cladding of the TFBG. EDS analysis performed on the fibers and planar samples with this
gold compound showed no significant or detectable impurities (only signals for Si, O, and
Au). The process self-terminates when the precursor has fully reacted and the furnace is then
allowed to cool down. The whole process takes about 10 minutes and the onset of the
deposition itself occurs after approximately 8 minutes, as corroborated by changes in the
TFBG response. With this methodology, the final thickness of the gold nanoparticle coating
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on the fiber is determined by the amount of precursor in the vial. For instance, the film
thickness from a 30 mg sample of precursor was typically ~200 nm. In other experiments
wherein the mass was varied, a linear relationship was found with respect to the film
thickness, and a nominal growth rate of 5 nm/s (starting from onset of deposition) was
calculated from ex situ thickness calculations using WSXM 5.0 image processing software
[16]. Finally, the impact of the strong temperature changes on the spectral positions of the
resonances was removed from the data analysis by recording the wavelength shift of the
Bragg mode and subtracting it from the shifts of the cladding modes. The Bragg mode is well
isolated from the cladding boundary (therefore from any effect resulting from the deposition)
and it has been verified that all cladding mode resonances have the same intrinsic temperature
dependence as the Bragg mode [12]. It must be noted that this deposition configuration yields
coatings that vary in thickness as a function of distance from the precursor source. We usually
work with longer TFBGs (between 10 and 20 mm long) in order to have narrower resonances
to enhance the Q-factor and thus the minimum detectable level of sensors, but if the coating
thickness varies over this length, the net effect is a chirp of the grating properties and
widening of resonances. Also, we need only to deposit the particles on the fiber sections
where the grating is located, because these are the only locations where light is emitted into
the cladding.
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Fig. 5. TFBG spectral evolutions of during gold nanoparticles deposition under S- (a) and P-
polarized (b) light (the color scale represent the amplitude of the resonances). Spectra are
acquired every second and temperature-corrected with reference to the Bragg mode shifts.
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Before the deposition, the polarization of the incident light was adjusted to the exact S- or
P-polarization state using an electronic polarization controller (PC) (JDS Uniphase) that
contains one polarizer, a half-wave plate and a quarter-wave plate. This combination allows
the preparation of arbitrary polarization states at the fiber input, which can compensate for
any change of polarization state induced by fiber loops and twists in the optical path leading
to the TFBG. The optimum launch polarization is simply determined by observing the
transmission spectrum and maximizing either one of the two sets of transmission resonances.
The spectral evolution was recorded continually during the deposition by an optical sensing
analyzer (Micron Optics Si720) with a measurement frequency of 5 Hz. Even though S and P
polarized spectra were obtained during separate experiments, it was verified that the results
were reproducible for identical process parameters.

Figure 5 shows the evolution of the TFBG reflective transmission ranging from 1550 to
1560 nm (where the cladding modes have the largest amplitudes for 10° TFBG) with S- and
P-polarized light. The origin of the time scale in Fig. 5 is determined by the moment when the
precursor begins to evaporate, as indicated by a small pressure rise in the chamber (near 8
minutes into the process, as mentioned above). Basically, both the S- and P-polarized spectra
go through a similar evolution in that all cladding modes become much attenuated at first, and
then re-grow back to a shape very similar to the original one measured in air. There are subtle
differences however: the initial attenuation occurs faster and lasts longer for P-polarized light,
but most importantly the re-appearance of the resonances as the thickness increases is
accompanied by a strong wavelength shift for S-polarized light but hardly any at all for the P-
polarized case. This is further clarified in quantitative terms by plotting the amplitude and
wavelength of one pair of resonances near 1559 nm as shown in Fig. 6.

S A —

A\ (nm)

-0.45
0

Fig. 6. Normalized amplitude (a) and wavelength (b) evolutions versus time of gold deposition
under S- and P-polarized light. The vertical dashed lines bound the minimum amplitudes for
each polarization, highlighting the simultaneous occurrence of the corresponding wavelength
change discontinuities.

The results indicate that the amplitudes of S-resonances decrease by 15 dB in the first 25 s
of deposition and recover completely after 60 s. Still in the first 25 seconds, the resonance
wavelength red-shifts by about ~0.08 nm. Most importantly, near the minimum amplitude
point the wavelength discontinuously blue-shifts by ~0.4 nm and stays relatively constant for
the remainder of the deposition, as the resonance gradually regains its full amplitude. The P-
resonances also decrease in amplitude but by a slightly smaller amount and about 10 seconds
later than the minimum of the S-resonance. The most significant difference however is that
the wavelength shift of P-resonances is completely antagonistic to that of the S-resonance: it
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first increases slowly by about 0.06 nm, then decreases by 0.05 nm and when the amplitude
minimum is reached near the 35 second point, jumps discontinuously upward by 0.14 nm.
The net result is that there is an interchange of the S- and P-resonances during the deposition.
This confirms our previous finding, obtained for continuous, 50 nm-thick sputtered gold films
[6] that the S- and P- resonances were interchanged between air-clad and metal-clad fibers.

In order to further investigate the origin of the results obtained, we obtained scanning
electron microscopy (SEM) images of the surface morphology of the gold nanoparticles
deposited on three TFBG samples with different amounts of precursor in the vial (yielding
different thicknesses and shorter process durations). Figure 7 shows the surface morphology
of the growing gold film at beginning (a), middle (b), and end (c) of the whole TFBG spectral
evolution, as determined by comparing the final TFBG spectra with those of the “full”
process shown in Figs. 5 and 6. Also included (Fig. 7(d)) is an image of one of the fiber cross
sections that were obtained to estimate the average coating thickness for each case. This
correlation yields average thicknesses of 50, 100, and 200 nm for films equivalent to process
durations of 20, 35, and 80 seconds on Fig. 7 (i.e. before the point of maximum attenuation,
near the maximum and, finally later in the deposition). Average grain sizes were measured
from SEM images to grow linearly with time from 55+/=3 nm at 21 seconds, to 122+/-10 nm
at 50 seconds. Individual grains become difficult to identify beyond that time. The films are
all quite rough but the metal coverage increases from very sparse (46.41%), to relatively
dense (72.92%) (but with gaps remaining), and finally to complete, although with a rough top
surface. Finally, two further TFBGs were prepared with thicknesses corresponding to
deposition times of 20 s and 40 s, i.e. when the coated TFBG have the largest amplitude
differences between S- and P-resonances according to Fig. 6.

The last two gratings were used to investigate how much of the cladding guided light was
scattered by the coatings under these circumstances. We used a broad band source (BBS),
polarization controller, and optical spectrum analyzer (OSA) to achieve spectra with precise
S- and P-polarized input light, and then imaged the IR-scattering emitted at right angle from
the fiber axis with an infrared camera. The measured spectra and associated IR-scattering

E
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Fig. 7. SEM images of gold nanoparticles deposited on the TFBG surface with different
deposition times (with a scale of 500 nm). (a) Beginning, (b) middle, and (c) end of TFBG
spectral evolution. (d) Sectional image of gold film in a small area with an inset of coated
TFBG sectional view.
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Fig. 8. Reflective transmission spectra and IR-scattering images under S- and P-polarized
lights of the coated TFBG with spectral response times of ~20 s (a), (b) and 40 s (c), (d).

images with S- and P-polarized light are shown in Fig. 8. By comparing the spectra and the
images of the two TFBGs, it is very clear that there is a strong correlation between the
scattered light intensity and attenuation of the TFBG resonances (the brightest scattering
occurring for Fig. 8(c), P-polarization, that also shows the strongest resonance amplitude
attenuation). In comparison, uncoated TFBGs with similar grating periods look totally dark at
these wavelengths because the evanescent field of cladding modes is non-radiative in the
direction away from the fiber surface.

4. Discussion

It is now clear that the attenuation of the amplitudes is mostly due to scattering by the metal
nanoparticles rather than absorption of light by the metal. Furthermore we can extrapolate this
finding by claiming that the full recovery of the resonance amplitudes (both S- and P-
polarized) arises when the coatings “fill up” and no longer allow the light to leak out (this
spectral recovery was also observed for thick electro-plated gratings in [9]. The almost full
recovery of the resonance amplitudes also confirm that very little energy is dissipated in the
metal itself, otherwise the resonances would remain lossy, losing amplitude and increasing in
spectral width as a result.

The peculiar wavelength shift differences observed between the two polarization states
can be explained by the granular nature of the films grown. Based on previous reports about
the anomalous permittivity of thin metallic film [10,17,18], the real part of the complex
refractive index of a thin film composed of gold nanoparticles increases significantly above
the value for bulk gold (a value near 0.55 at these wavelengths) when the particle densities are
sparse and the sizes are small. So during the initial growth of the nanoparticles, a thin material
layer with a relatively large average refractive index is formed on the cladding, resulting in a
red-shift of both kinds of cladding mode resonances. Recalling from elementary
electromagnetic theory that tangential fields cannot penetrate high-conductivity metals, S-
polarized light (tangential to the cladding surface) can only exit the cladding through the gaps
in the coating, while P-polarized light (normal to the interface) can tunnel across the gold
particles and also exits from the air gaps. In order to confirm this idea and get a deeper insight
into the experimentally observed process, the solution of the full problem of the interaction of
the evanescent field of various cladding modes with the films shown in Fig. 7 will require
exhaustive additional investigations. In the meantime, in order to validate some of the
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hypotheses brought forth to explain our experimental results, 2D-finite difference time
domain (FDTD) numerical simulations of a much simplified configuration were carried out
(with software from Lumerical Solution, Inc.). We modeled a linear array of conducting disks
with a diameter of 40 nm and a center-to-center spacing of 50 nm (Fig. 9). The disks were
surrounded with air and had a complex refractive index (n + ik) of 0.51 + i10.8. The
simulation domain was meshed with cells on a 0.2 nm grid. The incident electromagnetic
field was a plane wave pulse centered at wavelength of 1.5 um with its electric field vector E
lying in the plane of the simulation domain. Two orthogonal cases were investigated: a) wave
incident from the bottom of the image with the vector E oriented horizontally (corresponding
to azimuthally polarized modes, from S-polarization coupling); b) wave incident from the left
with the vector E oriented vertically (approximating a radially polarized evanescent field, i.e.
a mode generated by P-polarized light).

The optical intensity distributions around the metal disks under these two excitation
conditions are shown in Fig. 9. It is very clear that the light with the electric field tangential to
the nanoparticle layer (S-polarization) is strongly localized between the metal particles but is
forbidden to go through the particles themselves. On the other hand, light associated with P-
polarized excitation of the TFBG (case b) has strong electric field maxima on the top and
bottom of the nanoparticles while being “forbidden” in between because it is polarized
tangentially to the metal there (and the gap is too narrow). Given these simulated results, we
can infer that as the particles grow and the air gaps decrease, light from S-polarized
resonances reaches a point, when most of the gaps between particles close, where it can no
longer penetrate the nanoparticle coating and becomes bounded by what appears from the
inside of the fiber as a continuous (i.e. bulk) metal film with a low refractive index of 0.5,
hence the large sudden blue shift of the resonances. On the other hand, when the air gaps
close the P-resonances continue to probe deeply into the metal and to continue to red shift
slowly as long as their evanescent field can tunnel across the whole layer thickness (apart
from some irregular behavior in the transition zone where the gaps become small before
closing). The net result is that the presence of the nanoparticles introduces loss for the
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Fig. 9. Simulated intensity distributions of electric fields on single layer gold nanoparticles
interacted by S- (a) and P-polarized (b) light in free space. The incident light propagates along
Y-axis in S case, while along X-axis in P case.

#178022 - $15.00 USD Received 15 Oct 2012; revised 4 Dec 2012; accepted 18 Dec 2012; published 3 Jan 2013
(C)2013 OSA 14 January 2013 / Vol. 21, No. 1/ OPTICS EXPRESS 254



cladding modes propagating underneath. This loss is reflected in the attenuation of the
cladding mode resonances (they become less pronounced, as seen on Figs. 5, 6, and especially
Fig. 8(c)). Figure 8 clearly shows that most of the attenuation arises because of scattering, by
opposition to absorption by the metal. If absorption was involved, the resonances would not
recover their full amplitudes (see Fig. 6(a)) as the films become continuous and thicker.
Finally, for the most strongly attenuated cladding modes (and strongest scattered light), the
total net loss of the core guided mode for P-polarized light (as determined by its transmission
spectrum) is only about 5 dB: this means that about 70% of the light is extracted from the
core and transferred to the nanoparticles and their surroundings.

Regardless of the validity of these hypotheses, the main conclusion remains that we have
identified, from the TFBG spectral signature, the conditions where the HE (and TE) cladding
modes become isolated from the fiber surroundings while allowing EH (and TM) modes to
tunnel across and scatter efficiently off the nanoparticles.

5. Conclusion

We have demonstrated that there is a significant correlation between the near infrared
polarized transmission spectra of 10° TFBG inscribed in standard single mode fibers and the
optical properties gold particle coatings with thicknesses ranging from zero to ~200 nm, and
formed using a recently developed chemical vapor deposition process. In particular we
identified spectral signatures corresponding to coatings yielding different states of light
confinement, scattering, and polarization. For instance, for films with particle sizes near 50
nm and 100 nm respectively we can selectively scatter out of the fiber light polarized
predominantly azimuthally or radially and thus control the plasmonic enhancement properties
due to these disordered nanostructured metal films [19,20]. However, the optimum film
thickness and uniformity will vary from application to application and the scattering
properties further depend on the size of individual nanoparticles and the porosity of the films,
parameters that cannot be controlled independently at the present time with this method. What
we show here is that the film thickness can be controlled by stopping the deposition before
the precursor is exhausted and that several film conditions can be obtained as a result. Further
experiments with different process temperatures, residual pressure in the chamber, or
additional reactants would provide a richer parameter space but the results obtained so far are
sufficient for developing interesting devices. It is to be pointed out that the purpose here was
not to control the polarization of the guided light, as can be done very efficiently using un-
coated TFBGs with large tilt angles [21], or by using graphene coatings on side polished
fibers for instance [22], but rather to excite coatings on fibers with radially or azimuthally
polarized light at infrared wavelengths. As a side benefit, we have also confirmed the
usefulness of the TFBG as a process monitor for thin film coatings of CVD gold on other
substrates in the same process chamber, in situ and in real time.
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