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Near-field scanning optical microscopy was used in collection mode to examine the optical field
distribution on the surface of tilted fiber Bragg gratings (TFBGs) coated with a layer of randomly spaced
silver nanocubes. The nanocubes disturb the periodic pattern of the near field visible light distribution
arising from counterpropagating cladding modes excited by the TFBG. Spots with more than two orders
of magnitude enhancement of the near field light intensity were observed around the nanocubes, as well
as an average enhancement over the whole surface of about an order of magnitude relative to uncoated
fibers. The near field speckle pattern associated with nanocubes showed a 180-degree periodicity with
respect to the linear polarization of the input excitation light launched in the fiber core. The observed
phenomena are explained in terms of the plasmonic properties of silver nanocubes. The enhancement
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Introduction

Localized (nanometer scale) and strong (several orders of
magnitude) enhancement of electric field provided by plas-
monic nanostructures, for example gold or silver nanoparticles,
helps amplify various physical and chemical processes and
phenomena. As a result, today such nanomaterials find use in
numerous applications including surface-enhanced optical
techniques,"* photovoltaics®* and photo-catalysis.** Different
sensing methods and platforms can benefit particularly from
such enhancement, leading often to a single molecule detection
limits.*® One sensing platform that was proposed recently relies
on refractive index sensitivity of photonic modes in tilted fiber
Bragg grating (TFBG).° Extremely narrow half-width of peaks in
transmission spectra measured with such platform enables very
small changes of the surroundings refractive index to be
detected.® Yet, further optimization and improvement of the
platform is possible through coupling of the TFBG with high
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refractive index dielectric or plasmonic nanomaterials.*** For
example, in our recent studies of TFBG over-coated with a
plasmonic layer we observed an order of magnitude enhance-
ment of the refractive index sensitivity,”> as well as an
improvement in the detection limit for the avidin-biotin pair by
several orders of magnitude.” In addition, these fiber based
devices can be used for efficient excitation of optical signals,
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Fig. 1 Experimental setup used. A tilted fiber Bragg grating (TFBG, 1)
containing fiber was mounted on a glass slide and positioned in the
NSOM instrument. Silver nanocubes (2) with edge length 40-100 nm
and plasmon resonances between 350 and 700 nm were deposited on
half of the TFBG length. NSOM probes (3) fabricated by chemical
etching were used to collect the near-field signal further detected with
a photomultiplier tube (PMT). Excitation was provided by a continuous
wave ion laser at 647 nm and 20 mW. A half-wave plate was used to
control polarization.
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such as in surface enhanced Raman scattering."* The
phenomena mentioned rely on the enhancement of the inter-
rogating light intensity near the surface of metal nanostructure
because of plasmonic excitations. In the case of TFBG devices, it
is the evanescent field component of optical modes guided by
the cladding that is enhanced by plasmonic nanostructures.
Yet, although such explanation of the observed fiber sensor
improvements is reasonable no supporting experimental
evidence has been provided so far. To address the issue, in this
work near-field scanning optical microscopy (NSOM) was used
to probe directly the intensity and spatial distribution of the
plasmon-enhanced optical near fields of the evanescent modes
on the surface of TFBG devices coated with silver nanocubes

(Fig. 1).

Results and discussion
Description of experimental platform

TFBG. TFBG provides a way to excite a large number of
waveguide modes in the cladding of the optical fiber with the
ability to probe directly the fiber-surroundings interface.® By
controlling the polarization of the light launched in the fiber,
the modes excited by the TFBG can be selected to have
predominantly azimuthal or predominantly radial electric field
orientation at the cladding boundary,” and hence across any
coating deposited on the fiber. While some of the modes are
radiative in nature and exit the fiber at a particular angle
dependent on the grating period as well as the incident wave-
length, many modes excited remain guided with the majority of
the mode energy confined inside the fiber. In order to make use
of such guided modes to either excite the signal from a sample
near the fiber surface (analogous to total internal reflection or
dark field microscopy) or to probe the changes in the local
environment due to sensing events, it is necessary to maximize
the mode fraction protruding outside the fiber-essentially to
extract it from the fiber.

To achieve this goal, local perturbations of the refractive
index just outside the fiber can be used, such as thin high index
coatings,'™'* but the largest improvements are obtained when
metal coatings allowing the excitation of surface wave plasmons
are used.’

In particular, even sparse layers of metal nanoparticles have
led to significant sensitivity enhancements.”> The effect of
nanoparticles on light extraction from optical fibers can be seen
even for light coupled to radiation modes by TFBGs.'*"” The far
field image shown in Fig. 2 has the left hand side of the TFBG
coated with silver nanocubes and the right hand side left bare.

Nanocubes. Nanocubes of 40-100 nm edge length (Fig. 1,
inset 2) were chosen in the study to provide enhancement of the
photonics modes outside of the fiber. Unlike spherical particles
of the same size, nanocubes allow excitation of a larger number
of localized surface plasmon resonances.’*?*’ In addition, for
supported silver nanocubes plasmonic resonances can be rep-
resented in terms of hybrid modes: lower energy hybrid dipole
(D) and higher energy quadrupole (Q).>* Of particular impor-
tance is the fact that the hybrid dipolar resonance is associated
primarily with oscillations of electrons at the nanocube facet
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Fig. 2 Far field light microscopy image of light diffracted by a tilted
fiber Bragg grating at a wavelength of 647 nm. (A) Light distribution on
the TFBG with the left half of the grating covered with silver nano-
cubes. (B) A zoom of the area indicated in panel A showing the period
of ~1 micrometer in the diffracted light measured in the far field.

close to the supporting surface. Therefore, such dipolar reso-
nance can be excited by the stronger electric field of the
evanescent component of a cladding guided mode leading to
potentially more efficient light extraction from the fiber. Addi-
tionally, a strong polarization dependence of the nanocube
extinction spectra,* and particularly of the Q resonance can be
investigated using the cladding mode polarization selection
features of the TFGB.

The radiation (far field) pattern from the uncoated part of the
fiber is periodic with a period near 1 micrometer (Fig. 2). The far
field period results from the interference between pair of nearly
collinear radiated beams emitted by the interaction between the
incident core-guided light and the grating. The fact that two
beams directions are radiated comes from very minute inac-
curacies in the TFBG writing process that result in the super-
position of nearly identical gratings in the fiber core with
periods corresponding to radiative mode couplings.** The
coated TFBG however shows a completely different intensity
distribution with essentially the entire circumference of the
fiber brightly illuminated due to scattering of the radiated light
by the nanocubes (Fig. 24, left side).

NSOM. The near field properties of the bare and coated
TFBGs were measured with the collection mode NSOM (also
known as photon scanning tunneling microscopy).>* Unlike the
far field microscopy NSOM allows collecting not only the radi-
ative modes coming out of the TFBG but also to observe directly
the evanescent tail of guided modes extending outside of the
cladding. We use high efficiency NSOM probes prepared by a
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chemical etching process* in shear force mode to maximize the
collection of the near field signal. To eliminate possible plas-
monic artifacts no metal coating combined with focused ion
beam milling was applied to form the aperture.>*** At the same
time, although the absence of coating on the probe reduces the
signal to noise (near to far field) ratio, the tip is sharp enough to
act as a sufficiently good yet small disturber of the refractive
index and to tunnel the evanescent light away from the cladding
surface.

In order to confirm the near-field nature of the signal and to
estimate the far field contribution NSOM measurements were
regularly performed with the feed-back turned off, thus
removing the probe from the surface. Usually, the far field
contribution did not exceed 10% of the total measured near-
field signal. Additionally, the loss of the lateral resolution in
NSOM measurements was an indication that the experimental
conditions (most often condition of the probe) no longer
allowed measuring the near-field signal correctly. In such case
the probe was inspected and if necessary replaced. As a rule, at
least three independent measurements with different probes
were performed with each sample before drawing any
conclusions.

Bare fiber imaging. The pattern of near field light distribu-
tion on the surface of bare TFBG (Fig. 3) qualitatively resembles
that of the far field (Fig. 2B): stripes of high and low intensity
can be observed perpendicular to the TFBG axis. At the same
time, in addition to the 1 micrometer period observed in the far
field, some fine structure can be resolved in the stripes with the
smallest feature detected on the order of 150 nm (Fig. 3 inset B)
and a period of ~220 nm (Fig. 3 inset A). The near-field nature of
this fine structure is confirmed by its disappearance when the
NSOM probe is withdrawn from the surface (feedback is turned
off), or is damaged or contaminated. The origin of the shorter
period pattern in the near field is attributed to a standing-wave
interference between counter-propagating guided cladding
modes, including those arising from the back propagating light

Fig.3 Typical NSOM image obtained for a bare TFBG overlaid with the
fiber topography. Stripes of varying intensity perpendicular to the
TFBG axis can be observed. Inset (A) shows a fast Fourier transform of
the image with corresponding shortest period of the stripes of ~220
nm and the longest period of ~1 micrometer. Inset (B) shows the
typical optical resolution of 150 nm of the NSOM system.

This journal is © The Royal Society of Chemistry 2014

View Article Online

RSC Advances

reflected by a gold mirror reflector located downstream from the
TFBG.>**

Nanocube coating modifications of the NSOM pattern. The
comparison of the near field pattern between a bare TFBG and
one coated with silver nanocubes (shown on Fig. 4 with the
same colour mapping of the measured intensity for the two
cases) shows a similar trend as the far field images: the regular
pattern on the bare fiber (Fig. 4A) becomes an irregular speckle
pattern on the coated fiber (Fig. 4B). The minimum size of the
speckles observed is likely limited by the spatial resolution of
the NSOM probe to about 150 nm. Nevertheless it is obvious
that not only is the signal modified laterally but also the
intensity of the NSOM images is significantly greater for the
coated plasmonic TFBG. On average an enhancement of one
order of magnitude is observed (2.76 vs. 37.3 mV signal detected
by photomultiplier tube).

Dispersed in the images, occasional bright (hot) spots are
seen with an instrument-limited lateral dimension of about 150
nm and about two orders of magnitude greater than the average
bare fiber signal. The significantly enhanced near field in deep
sub-wavelength sized regions of the coated TFBG compared to
the bare fiber provides experimental evidence to support our
previously suggested hypothesis for the origin of the enhanced
light-matter interactions at the surface of plasmonic fiber
devices.

The laser wavelength of 647 nm used in our measurements
can excite hybrid dipolar resonance only** and as such the
observed enhancement of light at the TFBG surface can be
mediated by this resonance. Theoretical calculations performed
using finite element™ or finite difference time domain®®
methods predicted enhancement of electric field near the top
facet of such supported nanocubic structure for the D mode to
be around 5-10 times. This level of electric field enhancement is
of the same order as our observations of 10-60 times enhanced
light at the fiber surface (Fig. 4).

The conclusion that this is a silver nanocube plasmon
mediated process is also confirmed by experiments with
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Fig. 4 Typical NSOM images of a bare (A) and coated with nanocubes
(B) areas of the same TFBG obtained in the same set of experiments
with the same NSOM probe. Laser light was temporarily blocked (dark
vertical stripes) to determine the optical signal zero intensity. Average
intensities of the optical signal are indicated at the top. About 13 times
enhancement on average was observed from the area of the TFBG
coated with nanocubes. A maximum signal enhancement of ~60
times was observed.
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nanoparticles of different sizes and therefore lacking plasmonic
signatures at the excitation wavelength (647 nm in our experi-
ments). For instance, 1-5 pm-long silver nanorods showed no
detectable near-field enhancement and sometimes even signal
attenuation.

Polarization dependence. Finally, the spatial distribution
and intensity of the bright spots on the surface of the plasmonic
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TFBG were found to depend on the polarization of the input
excitation light and on the location relative to nanocube
agglomerates. The Fig. 5 images show such dependence for four
different polarization states. More detailed results are pre-
sented as ESL.f

The images overlay the near field signal over the topography.
It is clear that the optical pattern changes with changing the

Fig.5 Polarization dependence of the NSOM signal on the TFBG with randomly deposited nanocubes. Optical 15 x 15 pm? images (left column)
overlay the topography. Two 3 x 3 um? areas (A and B) were selected to demonstrate a 180 degrees periodicity in the position and intensity of
characteristic features. Detailed NSOM images for 12 different polarizations are presented in ESI.¥
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Fig. 6 Dependence of cladding modes polarization on the relative
orientation of the entrance beam electric field vector and the Bragg
grating tilt plane (left). Schematic showing charge distribution for
supported silver nanocube hybrid dipolar (D) and quadrupolar (Q)
resonances and relative orientation of TM and TE polarized modes
(right).

polarization and repeats itself after a 180 degrees rotation.
Slight differences in the images taken at 180 degrees of each
other reflect the level of reproducibility of the NSOM over
successive scans, as the input light intensity was not changed
during the experiments. It is also worth noting that these bright
spots are always located near nanocubes seen as irregular
domains in the topography images due to the limited topog-
raphy resolution of the NSOM. Such polarization dependence
and location near particular topographic features further
confirm the plasmonic nature of the signal enhancement as the
excitation of plasmonic resonances responsible for those hot
spots is strongly dependent on polarization.**>*°

The relationship between the input light polarization and
the orientation of the electric field of the evanescent mode is
described in Fig. 6. When core-guided light is incident on a
TFBG with a linear polarization aligned in the plane of the tilt
(p-polarized or TM) it couples to predominantly radially polar-
ized cladding modes while s-polarized (TE) light incidence
results in azimuthally polarized cladding modes.>** Therefore,
on the scale of the nanocubes and the wavelength, TE light is
polarized in the plane of the nanocube substrate support while
TM light is polarized perpendicular to that plane.

Hybrid plasmonic D and Q resonances excited in supported
silver nanocubes correspond to oscillations of electrons at the
facets close to (D) and away from (Q) the substrate (Fig. 6,
right).** In addition, we recently demonstrated strong polari-
zation dependence of these modes.* Therefore, the orthogonal
response shown in Fig. 5 results most likely from excitation of
the different plasmonic resonances by TE and TM light sources.
In particular, hotspots occur at different locations for the two
orthogonal polarization states and reflect different local
arrangements of the randomly distributed nanocubes.

The relatively low enhancement factors observed of “only”
two orders of magnitude can be rationalized by several factors.
On one hand, the NSOM probe must not approach the nano-
cubes too closely, in order to prevent any nanocube layer or
probe damage and as such does not measure the strongest light
intensity. On the other, the main field enhancement predicted
for the nanocube structure at the wavelength used here should
be at the nanocube/fiber interface,' i.e. hidden from view by the

This journal is © The Royal Society of Chemistry 2014
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NSOM (but still available to help increase sensitivity or
nonlinear processes), especially since the dipolar resonance
excited by the most intense part of the cladding mode evanes-
cent fields is associated primarily with the charge oscillations at
the nanocube/fiber facet. However, the fields that were observed
occurred at the top of individual or aggregates of nanocubes
oriented randomly. It is likely that much stronger field
enhancement and therefore extraction from the fiber takes
place between pairs of nanocubes at the nanocube/fiber inter-
face which unfortunately cannot be measured using this
approach. While it is likely that precisely ordered arrays of
identical nanocubes could yield higher enhancement factors,
this would require much greater fabrication cost and difficulty,
especially on the highly curved surface of an optical fiber.
Nevertheless, the localized enhancement of the evanescent
optical field of guided modes on the surface of a plasmonic
TFBG was demonstrated and provides evidence for the
enhanced performance of sensing devices based on such
structures.

Experimental
Tilted fiber Bragg grating (TFBG)

The uniform, 1 cm-long TFBG with a tilt angle of 10° and period
of 556 nm are inscribed in the core of a standard single mode
telecommunications optical fibre (CORNING SMF-28) in less
than two minutes of irradiation at 248 nm and 100 pulses per s
(approximately 40 mJ cm ™2 per pulse) from a pulsed KrF exci-
mer laser in fibers that had been hydrogen-loaded at 2500 psi
for about 10 days to enhance their photosensitivity.” A phase
mask was used to generate a periodic, permanent refractive
index pattern in the fibre core.’

Deposition of nanocubes on TFBG

The bare TFBG was cut ~1 cm from the end of the grating and
then submerged in piranha solution (H,SO,/H,0,) for 20
minutes followed by a 1% (v/v) solution of 3-amino-
propyltrimethoxysilane in methanol for an additional 20
minutes. The fiber was then left in the solution of silver nano-
cubes (synthesized according to the procedure reported previ-
ously®') with only half of the grating immersed for 1-24 hours,
the duration depending on the desired density. After the
immersion, the TFBG was rinsed in methanol, and dried under
a stream of nitrogen. A 200 nm thick gold coating was deposited
on the cleaved end by electroless plating® to form a reflecting
mirror. The mirror eliminates light scattering from the free
fiber end and increases the amount of light incident on the
grating. The fiber was secured onto a glass slide, centered on the
TFBG, and positioned for NSOM measurements.

Near-field scanning optical microscopy

NSOM measurements were performed in collection mode using
the Ntegra (NTMDT, Russia) scanning probe platform with a
50 x 50 pm? scanner. NSOM probes were prepared from high
GeO,-doped single mode optical fiber (Mitsubishi Cable
Industries SSP5155, 5 um core diameter, 125 um cladding, 1.45
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pm cut-off wavelength) by using the buffered oxide etching
method.” Light and scanning electron microscopy images were
used to monitor the formation of the probes with length of 3.83
=+ 0.24 um on average. The fabricated uncoated fiber probe was
glued along one of the prongs of a tuning fork designed for the
use in the instrument. The resonance frequency of the probes
was around 190 kHz and the quality factor 400-500. The
distance control relied on the damping of the tuning fork
oscillations amplitude. The set point for the measurements was
chosen at 90-95% of the free probe amplitude to provide
reproducible imaging without damaging the sample or the
probe. The near-field signal collected by the NSOM probe was
measured at the opposite end of the fiber with a Hamamatsu
photomultiplier tube (PMT). NSOM and corresponding topog-
raphy images were collected simultaneously by scanning the
TFBG attached to a glass slide with light from a continuous
wave mixed gas ion laser (Coherent, Innova 70 Spectrum)
coupled into TFBG. A half-wave plate was used to rotate the
linear polarization state of the input laser light relative to the tilt
plane direction of the grating. Typically 20 x 20 pm” images
were recorded using scanning frequencies between 0.1-0.5 Hz,
and 512 x 512 or 1024 x 1024 points per image. The direction
and the origin of scans were varied to check for any possible
artifacts. Optical and topography resolutions were estimated by
using the full width at half maximum for the smallest features
in one of its respective scans. Loss of the optical or topography
resolution was used as an indicator of probe contamination or
damage. Images were processed with Nova and WSxM software.
Conclusions made in this work are based on results of several
independent experimental series with at least three different
TFBG samples and at least five NSOM probes.

Conclusions

In the present work, we experimentally measured the polariza-
tion selective enhancement by two orders of magnitude of the
near-field of optical fiber cladding modes. The enhancement
results from plasmonic properties of silver nanocubes and
explains the enhanced performance of plasmonic fiber based
devices reported previously.
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