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ABSTRACT: Gold nanoparticles have been used since antiquity —
for the production of red-colored glasses. More recently, it was

determined that this color is caused by plasmon resonance, which
additionally increases the material’s nonlinear optical response,
allowing for the improvement of numerous optical devices.
Interest in silica fibers containing gold nanoparticles has increased
recently, aiming at the integration of nonlinear devices with ="'
fionvtentg)lna%1 .o}[l)tical ﬁbe:s. Howev.er,dfe;brlcz.alt.lon is chal.lengng1 AU’ Gold Nanoparticles
ue to the high temperatures required for silica processing an ; :

fibers with gfld nanoparticles were solely demonstrated gusing (Luminescence) (Plasmon Absorption)
sol—gel techniques. We show a new fabrication technique based
on standard preform/fiber fabrication methods, where nanoparticles are nucleated by heat in a furnace or by laser exposure with
unprecedented control over particle size, concentration, and distribution. Plasmon absorption peaks exceeding 800 dB m™" at
514—536 nm wavelengths were observed, indicating higher achievable nanoparticle concentrations than previously reported. The
measured resonant nonlinear refractive index, (6.75 + 0.55) X 107" m* W™, represents an improvement of >50X.
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Bl INTRODUCTION frequency conversion and amplification through four-wave
mixing.” Dispersive effects can be minimized in shorter pieces
of fiber with higher nonlinearity.®

Alternative materials such as chalcogenide glasses have been
investigated for nonlinear optical fiber applications and exhibit
nonlinear coefficients 2 orders of magnitude higher than that of
silica.” These materials are, however, incompatible with
standard silica-based fibers in terms of splicing and refractive
index mismatch and also show losses that are hundreds of times
larger than those of silica, particularly in the near-infrared and
visible regions.”

A promising approach for the envisioned applications is the
use of silica glass fibers with nonlinear response increased by
the addition of metallic nanoparticles.® The increased non-
linearity in glasses containing metallic nanoparticles is well-
known,” "¢ and silica glasses with resonant nonlinear refractive
indices as high as n, ~ 107> m> W™, which is 8 orders of
magnitude larger than pure silica, have been reported.'" This
increased nonlinearity is strongest near the surface plasmon
resonance (SPR) frequency, where the incident optical electric

Nonlinear optical effects are essential to numerous optical
devices, such as modulators, switches, amplifiers, pulse shapers,
frequency converters, and broadband sources."* The develop-
ment of such devices based on optical fibers may improve their
integration with conventional transmission fibers, reducing
insertion loss and improving the ruggedness of optical systems.
Nonlinear effects are highly favored in the optical fibers
geometry due to the high intensity of light confined to small
areas in long interaction lengths. Conventional optical fibers®
and photonic crystal fibers (PCFs) have been successfully used
for nonlinearity-based applications."”* These fibers are usually
made up of silica glass, which provides good mechanical and
linear optical properties but has the disadvantage of a relatively
low nonlinear refractive index,” n, ~ 2 X 107 m> W™, This
drawback can be partially compensated for by designing optical
fibers with small cores to increase the light intensity, for
instance, exploiting the tight confinement possible in PCFs.
However, those microstructures reduce the compatibility with
standard fibers, causing higher coupling losses due to the
difference between fiber cross sections.” The search for higher

nonlinear materials for optical fibers is also motivated by the Received: September 16, 2014
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Figure 1. Preform before and after nanoparticle formation. (a) Preform luminescence spectrum due to gold ions before nanoparticle growth and
(inset) side view of the preform under UV illumination. (b) Preform absorption spectrum after annealing and nanoparticle growth and (inset) side

view of the preform with a red-colored core.

field excites collective harmonic oscillation on the surface of the
nanoparticles. For spherical gold nanoparticles embedded in
silica with diameters much smaller than the light wavelength,
SPR occurs at around 530 nm excitation wavelength. At
plasmon resonance, the electric field increases locally, which
improves the material nonlinear response.*” Other contribu-
tions to the increase in nonlinearity come from electron
transition from d valence to the s-p conduction band, with a
femtosecond response time and a slower thermal contribution
with a nanosecond response time. The response time for SPR is
in the picosecond time-scale,* '>"> which is suitable for fast
switching applications.

The growth of gold nanoparticles in silica glass is, however,
challenging due to the high temperatures required for
manufacturing silica-based fibers (~2000 °C) and the poor
solubility of gold. For this reason, gold nanoparticles in silica
are usually obtained in thin layers, produced by sputtering or
ion implantation;'>'* in softer glasses such as sodium- or lead-
doped silicate glasses;'>'” or by sol—gel fabrication processes
for silica glass,'®'> a nonconventional technique for optical
fiber fabrication that is more prone to contamination in the
final glass.

The fabrication of silica optical fibers containing nano-
particles has attracted attention recently.'®>° Ju et al.
demonstrated a fiber containing gold nanoparticles fabricated
using sol—gel followed by solution doping techniques in a
germanium-doped core fiber.'® It is pointed out that the
tetraethyl-orthosilicate used in the sol—gel process plays an
important role in reducing the gold and forming gold
nanoparticles.”' The resulting fiber presented an SPR peak at
490 nm with 1.7 dB m™" absorption. The observed blue-shift in
plasmon resonance relative to the expected wavelength is not
clearly explained, as also pointed out by Bigot.'* The nonlinear
refractive index was measured to be n, = 1.27 X 107¢ m*> W™!
at 488 nm wavelength.”'

Also using a sol—gel technique, Bigot et al. fabricated a
photonic crystal fiber containing gold nanoparticles.” This
fiber showed an SPR peak at 522 nm with § dB m™
attenuation. The maximum attenuation was estimated to be
300 dB m™' by accounting for the small overlap between the
optical field and the gold nanoparticles’ doped region. The
nonlinear absorption coefficient was measured to be = 0.84 X
107 m W,
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Halder et al. described germanium- and aluminum-doped
silica fibers containing silver nanoparticles® fabricated by
MCVD and solution doping techniques and made use of a He-
rich environment to avoid silver oxidation during both drying
and preform sintering steps. The fiber presented an SPR peak
at 395 nm with 36 dB m™" attenuation. However, nonlinearity
was not characterized, and applications were focused on the use
of the luminescence for lasing and optical amplification.

All the processes described above give little control over
particle size and distribution, because particles are grown during
the preform fabrication, but the nanoparticle characteristics are
ultimately determined by the temperatures associated with fiber
drawing. Here, we present a technique to fabricate optical fibers
where the gold nanoparticles can be nucleated and grown in the
fiber after the drawing process, allowing for unprecedented
control over nanoparticles size, density, and distribution. The
nanoparticles can also be formed in the preform before fiber
drawing, resulting in larger particles than those demonstrated
with sol—gel based techniques. The choice of gold over silver
was due to the advantage of having the SPR at longer
wavelengths where silica has lower loss and lasers are more
readily available. The fiber nonlinear response was characterized
in the continuous wave and slow transient regimes.

B PREFORM FABRICATION

The fiber fabrication started with a pure silica preform tube
where a layer of porous silica was deposited on the inner wall
by MCVD. This layer was soaked at room temperature for 2 h
in a solution containing the dogant precursors, in the standard
technique of solution doping.'**® The preform was doped in
two steps: first, with a solution of Au(OH); (Aldrich, 99.9%) in
concentrated nitric acid (Merck, 65% HNO,;, p.a. grade),
aiming at a 300 ppm concentration of gold in glass; and second,
with AIN;O0,-9H,0 (Aldrich, 99.997%) dissolved in ultrapure
water (Milli-Q), aiming at ~7 mol % of aluminum in glass.
After each soaking step, the preform was dried at 400 °C for 2
h. After soaking and drying, the preform was collapsed in 100%
oxygen, and the optical fiber was drawn.

Aluminum was used to increase the refractive index of the
core and to favor the dissolution of gold ions in glass. Without
aluminum, the gold precursor decomposes to metallic gold
during the preform collapse, creating large gold clusters that
obstruct the collapse. Gold dissolution is favored by aluminum
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codoping because aluminum atoms substitute silicon atoms in
the glass structure and form negative sites in the glass matrix
due to their lower oxidation state. Gold ions (Au") locally
coordinate to AlO,” sites for charge compensation.'®

After the doping and subsequent collapse, the preform is
transparent throughout the visible and near-infrared spectra. A
strong yellow luminescence centered at 557 nm was observed
in the preform when excited by a mercury UV-lamp. The
luminescence spectrum is shown in Figure la, and the
corresponding optical image of the yellow glowing preform in
the inset; the sharp peak observed in the spectrum at ~367 nm
is reminiscent of the excitation light. Although previously
unreported for gold dissolved in glass, this luminescence can be
attributed to Au* ions.”>*> The luminescence was also observed
in the cladding, outside the doped core region, due to the high
diffusivity of gold ions in the silica glass during the high
temperatures used in the final steps of preform processing
(1800—2000 °C). This diffusion has little impact on the final
fiber profile because most of the gold stays in the core.

B NANOPARTICLE GROWTH BY THERMAL
ANNEALING

At this point, the nanoparticles can be nucleated through
annealing the preform in a furnace at reducing atmosphere
conditions. Annealing at 850 °C for 24 h in an atmosphere of 5
vol % H,/95 vol % N, resulted in gold nanoparticles in the
preform that exhibited the characteristic red color shown in the
inset of Figure 1b. The red color in the core region is due to the
nanoparticles’ plasmon absorption spectrum, which peaks at
527 nm, as shown in Figure 1b. At this point, the yellow
luminescence is no longer observed due to the reduction of the
gold ions by the hydrogen. The presented technique is very
robust and reproducible; five preforms were fabricated with
different concentrations of gold (100—1000 ppm) and
aluminum (7—10.1 mol %) and those variables have proven
noncritical to the nanoparticle formation process, allowing the
control of the nanoparticle concentration and fiber core
refractive index from the initial dopant levels.

Nanoparticles with a spherical shape are expected due to the
isotropic structure of the glass and to the uniform temperature
and atmospheric conditions used for their formation; the
nanoparticle’s shape was later confirmed by transmission
electron microscopy (TEM) images captured in similarly
produced preforms. Mie’s theory,”* which relates the plasmon
absorption peak in spherical particles to their diameter, was
used to estimate the mean nanoparticle size. This theory is
usually based on bulk gold’s permittivity values, which are not
valid for particle diameters smaller than ~20 nm*~>’ due to
the proximity with the electron mean free path value® and to
quantum effects becoming more significant in the particle.”>
These effects were considered in a model using a size-
dependent gold’s permittivity calculation that is based on that
reported by Scholl et al.>> (Supporting Information). According
to the model the observed peak wavelength at 527 nm in the
preform corresponds to a nanoparticle diameter of 18 nm. This
model is used to estimate the particle size in all cases shown in
this paper.

The preform containing gold nanoparticles was drawn to an
optical fiber with dimensions similar to those of standard
telecom fibers (125 um outer diameter and ~10 um core
diameter). The resulting absorption spectrum is shown in
Figure 2 and identified as Fiber 1. A red shift in the plasmon
absorption peak (centered at 536 nm) can be noticed relative
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Figure 2. Normalized plasmon resonance absorption spectra for fibers
with nanoparticles nucleated via different processes. Fiber 1:
nanoparticles nucleated in the preform stage (peak at 536 nm).
Fiber 2: nanoparticles nucleated in the fiber. Fiber 3: one-step
nucleation with a CO, laser (peak at 526 nm). Fiber 4: two-step
nucleation with a CO, laser (peak at 514 nm).

to the preform spectrum, which is due to the particle growth in
the high temperatures, near 2000 °C, required for fiber drawing.
The mean particle size was estimated to be around 40 nm in
diameter (Figure S1, Supporting Information). However,
fluctuations related to the preform process resulted in lengths
of fiber with higher concentrations of gold clusters that were
highly scattering, in which light was expelled from the core to
the cladding within a few centimeters of propagation. Fine
tuning of the doping and collapsing procedures are required for
obtaining fibers with a more consistent distribution of
nanoparticles.

Better control over particle growth can be achieved by
creating nanoparticles directly in the drawn fiber. To this end,
the preform is drawn before the annealing stage, creating a fiber
with dissolved gold ions. At this point, no spectral features were
observed and the attenuation was measured to be 1 dB m™" at
1510 nm. The gold ions in the fiber can then be reduced to
nucleate and grow nanoparticles in a similar way as for the
preform in the earlier case. This method allows for a better
control of the particle size because the subsequent ~2000 °C
heating is not required. One fiber was annealed in reducing
atmosphere for 3 h at 780 °C and the resulting particle size was
estimated to be ~15 nm, which is similar to the case for
nanoparticles formed in the preform because the reduction and
growth conditions are similar in both cases and considering the
lower temperature used in the fiber. The high gold
concentration resulted in fibers with much higher absorption
compared to previously reported in the literature; with peak
absorptions well in excess of 800 dB m™" (the exact value could
not be determined with our cut-back measurement setup).
Figure 2 shows the absorption spectrum identified as Fiber 2
down to 550 nm, beyond which the absorption exceeds 750 dB
m~". Assuming that the particle growth process is similar to that
taking place in the preform annealing process, the absorption
peak is expected to be around 525 nm (Figure 1b). The
attenuation at 1510 nm was measured and increased to 6 dB
m™" after gold nanoparticle growth, a small penalty given the
high concentration of nanoparticles. In all cases, the fiber was
fully spliceable to conventional fibers using a standard fusion
splicer.
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B NANOPARTICLE GROWTH USING A CO, LASER
BEAM

Besides annealing in a furnace before or after the fiber is drawn,
an alternative nanoparticle growth process was developed,
which consists of exposing a hydrogenated fiber to local heating
using a CO, laser. This technique allows for better control over
particle size, concentration and, most importantly, the spatial
distribution of the nanoparticles can be controlled by the laser
beam spot. Particle growth over longer sections can be achieved
by scanning the laser along the fiber, thus enabling fiber
customization for each application. The fibers were preloaded
with hydrogen at 90 °C under a 120 bar for 10 h to provide
reducing conditions. Fiber sections were subsequently heated
by focusing the CO, laser beam on the fiber side and by
scanning the beam along a 25 mm length at a ~1.3 mm s~
speed. For further nanoparticle nucleation and growth, the scan
could be repeated several times. This technique allows a
resolution for nanoparticles nucleation of ~100 ym in fiber
length. The temperature in the heated fiber section was
calibrated using the spectral shift of the reflective peak of
thermally stable Bragg gratings.”®

Figure 3 shows the SPR spectra for a fiber heated to 1250 °C
by the CO, laser. The absorption peak increases for each scan
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Figure 3. Absorption spectra for a 25 mm section of fiber heated by a
scanned CO, laser beam. The concentration and size of the gold
nanoparticles increase gradually with the number of scans along the
fiber. (Inset) Absorption peak position as the scan number function.

along the 25 mm fiber length, indicating, according to Mie’s
theory, a gradual growth of the nanoparticle concentration and
size. After the ninth scan, the absorption peak reached 450 dB
m™! attenuation and after the 14th scan (not shown) the peak
absorption exceeded 800 dB m™". The absorption peak shifted
from 505 to 532 nm from the second to the twelfth scan which
is believed to indicate particle size growth (Figure 3, inset). The
normalized absorption spectrum after the ninth scan is shown
in Figure 2 and is identified as Fiber 3. The peak around 526
nm indicates a particle diameter of ~16 nm, and the peak at
532 (not shown in the graph) indicates a mean particle
diameter close to ~30 nm (Figure S1, Supporting Informa-
tion).

Heating the hydrogen loaded fiber provides energy for the
reduction of gold ions, as well as increases the mobility of gold
ions and atoms. We believe that in each scan of the CO, laser
both processes of reduction and coalescence occur, resulting in
the controlled growth of the nanoparticles’ size and
concentration per scan. However, the temperature ranges that
favor particle growth and nucleation are not the same. Gold
reduction and particle growth tend to increase as temperature
increases, while the nucleation rate tends to decrease.
Furthermore, higher temperatures also favor hydrogen out-
diffusion, effectively terminating the reduction process. To
improve the efficiency of the nucleation step, we split the
process into two stages. First, the temperature (ie., the laser
power) was lowered to enhance the nucleation rate. A
temperature of 850 °C was used, and three scans were
performed. No nanoparticle formation could be observed. After
this first heating stage, a second heating was performed at a
higher temperature (1350 °C) to grow the nanoparticles.
Because the gold ions were already efficiently reduced and
nucleated in the first step, the gold nanoparticles grew rapidly,
and after a single scan, the plasmon absorption peak reached
800 dB m™! at 516 nm, with an estimated particle size of ~6
nm. The shorter peak wavelength position compared to a
similar absorption level in the previous case is due to the
formation of a higher number of smaller particles in such
conditions. When the temperature was reduced to 800 °C in
the first heating stage, the SPR absorption peak wavelength
(after the second stage) was shifted to S14 nm, meaning that
even smaller particles of ~5 nm were formed after a single scan.
The absorption spectrum for this case is shown in Figure 2 and
is identified as Fiber 4.
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Figure 4. Nonlinear optical response. (a) Mach—Zehnder interference spectrum in the NP fiber around 1550 nm and spectral shift due to nonlinear
effects with a 60 mW pump at 650 nm. (b) Temporal response when the signal is fixed at 1550 nm and a 30 mW pump is modulated by a chopper.
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Controlling the temperatures in the two-stage heating
process allows for the control of the particle size, creating
conditions for faster growth of smaller nanoparticles (shorter
plasmon absorption wavelengths) compared to the single stage
heating, using only a single high-temperature step. The single
stage method, on the other hand, allows for a finer control over
the particle concentration (because the nucleation is slower)
and for the formation of larger particles (longer plasmon
absorption wavelengths). With both techniques, highly
concentrated gold nanoparticles with resonances ranging from
514 to 532 nm were achieved in optical fiber sections, which
correspond to particles estimated from 5 to 30 nm in diameter.

Bl NONLINEAR OPTICAL CHARACTERIZATION

The optical nonlinearity of fiber sections containing gold
nanoparticles was characterized usin% a technique similar to
that used by Ju et al. and Kim et al.*"*” The experimental setup
is detailed and shown in Figure S2 (Supporting Information).
An interferometer formed between core and cladding modes in
a 12 cm long section of Fiber 2 (Figure 2) was used. A
broadband amplified spontaneous emission (ASE) around 1550
nm from an erbium-doped fiber was coupled into the NP fiber
and the output spectrum was monitored in an optical spectrum
analyzer (OSA). The obtained interference pattern is shown in
Figure 4a. A continuous wave (CW) laser at 650 nm near the
plasmon resonance peak was used as the pump source. At its
wavelength, which is close to the plasmon absorption, the fiber
attenuation was 76 dB m™'. The pump induces a nonlinear
change in the refractive index that shifts the interference pattern
as shown in Figure 4a, for a 60 mW coupled pump power.
From the spectral shift one can calculate the nonlinear
refractive index of the fiber*?® to be n, = (6.75 + 0.55) X
107" m*> W™, which is S orders of magnitude higher than that
of pure silica and 50 times higher than previously reported for a
fiber containing gold nanoparticles using CW pumping.”' The
higher nonlinear refractive index achieved in our case can be
explained by a higher concentration of gold nanoparticles, and
the improvement is even higher considering that in the
measurement reported by Ju et al.>' the pump wavelength was
closer to the plasmon absorption peak.

The time response of the optical nonlinearity was measured
using a chopper to modulate the pump, creating square pulses
of 220 ps duration. In this case, the signal was a tunable laser
with wavelength set to 1550 nm, corresponding to the
quadrature point with maximum derivative in the interference
spectrum. The nonlinear response was found to be dominated
by a slow response in the microsecond (us) time scale, as
shown in Figure 4b. This feature is expected because the
thermal response is known to dominate when nanoparticles are
excited under CW or quasi-CW conditions.”™"" Although the
thermal diffusion in nanoparticles is in the nanosecond
scale,'”"" the time response is determined by heat diffusion
in the silica matrix>® A characterization with a picosecond
duration pump would be required for inferring the fast,
electronic, nonlinear component because the surface plasmon
dynamics occurs in this time-scale when the thermal response is
minimized.'>"!

B CONCLUSIONS

Optical fibers containing metallic nanoparticles are promising
components for future nonlinear optical devices, in which
plasmonic effects can be exploited. Here, we show a new
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technique for the fabrication of such fibers, through doping
with gold ions and the subsequent ion reduction and growth of
gold nanoparticles. The fiber is silica based, allowing for
complete integration with standard telecommunications optical
fibers. Particle nucleation and growth could be achieved via
annealing the preform before drawing or by postannealing the
fiber. In the latter case, the annealing could be obtained in a
furnace or locally, with ~100 pm resolution, through heating
with a CO, laser beam. Such a variety of particle growth
methods in optical fibers allows for unprecedented control over
particle size and concentration, with the corresponding
plasmon resonance peaking at wavelengths ranging from 514
nm up to 536 nm. The nonlinear optical response was
characterized in a regime favorable to its thermal component,
with a nonlinear refractive index measured that is 50X higher
than those previously reported. Further investigations using a
picosecond pulse pump laser will determine the fast nonlinear
response component that is also expected to be increased
relative to conventional fibers.

B ASSOCIATED CONTENT

© Supporting Information

Model used for nanoparticle plasmon resonance calculation and
experimental setup for nonlinear characterization. This material
is available free of charge via the Internet at http://pubs.acs.org.
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