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Abstract Circular and bow tie-shaped Au nanoholes arrays
were fabricated on gold films deposited on the tips of single-
mode optical fibers. The nanostructures were milled using
focused ion beam with a high quality control of their shapes
and sizes. The optical fiber devices were used for surface-
enhanced resonance Raman scattering (SERRS) measurements
in both back- and forward-scattering geometries, yielding
promising performance in both detection arrangements. The
effect of the hole shape on the SERRS performance was
explored with the bow tie nanostructures presenting a better
SERRS performance than the circular holes arrays. The results
present here are another step towards the development of
optical fiber tips modified with plasmonic nanostructures for
SERRS applications.

Keywords Nanoplasmonic structures . Surface-enhanced
Raman scattering . SERRS sensing . Single-mode optical
fibers

Introduction

Optical fibers are one of the greatest technological break-
throughs of the last 50 years. They are widely used in the
transport of light for many applications that directly impact
our everyday life, such as in telecommunications. The use of
optical fibers in analytical chemistry has also grown strong-
ly in the last few years due to their great flexibility as either
light carriers or analytical platforms [1]. The use of optical
fibers for remote sensing has been explored, which allows
for a much more flexible sensor when compared to planar
optical platforms.

Applications of optical fibers coupled to surface plasmon
and Raman-based techniques have also been reported [2, 3].
Surface plasmon is the collective movement of electrons in a
metal surface that can be excited by light and result in an
enhancement of the local electromagnetic field at the metal–
dielectric interface. Enhanced optical spectroscopic methods,
such as surface-enhanced Raman scattering (SERS), are
among the important consequences of the enormous field
enhancement observed at metallic nanostructured surfaces.
The SERS effect was discovered almost 40 years ago [4–6],
and it consists of a large increase in the Raman cross section
for molecules in contact to those nanostructures that support
surface plasmon resonance (SPR). Chemical applications of
SERS range from spectroelectrochemistry [7, 8] to biosensing
[9–12]. The SERS technique is actually one of the few optical
spectroscopic methods able to detect single molecules [13,
14]. Such great flexibility and sensitivity make SERS a very
interesting tool for both qualitative [15] and quantitative anal-
ysis [16, 17]. As mentioned above, the most significant con-
tribution to the enhancement of the Raman cross section in the
SERS effect is the excitation of surface plasmons [18, 19],
which causes great localization of the electric field in very
small regions [20]. However, when the laser line (used as
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excitation source in Raman measurements) matches an
internal electronic transition of the adsorbed molecule,
there is an additional enhancement of the Raman signal
due to the resonance Raman phenomenon; the resulting
effect combines both SERS and resonance Raman and it
is named surface-enhanced resonance Raman scattering
(SERRS) [21, 22].

The integration of SERS with optical fibers has been
receiving an important amount of attention in the last
few years [23–28]. There is a wide variety of reports on
approaches to use optical fibers in SERS. These include
the use of optical fibers simply as light carriers for
SERS measurements from nanoparticle suspension, the
etching of the cladding of optical fibers and modifica-
tion with metallic films in order to take advantage of
the evanescent field that is produced during light prop-
agation, and the use of optical fiber tips modified with
sensing layers [23–28]. The modification of the tip
of optical fibers with metallic nanostructures for SERS
have been achieved by several methods, including the
immobilization of alumina particles covered with Ag
layers [29], sol–gel deposition of Ag-NPs [30], photo-
chemical reduction of Ag on the optical fiber tip [31],
nanoimprinting using cicada wings as templates [32],
and nanolithographic fabrication of Au nanostructures [33].
The common objective of the preceding works was to build a
very flexible platform for remote sensing, with a smaller
sensing area and optimized performance relative to the typical
planar substrates.

Our group has previously reported on the use of
arrays of nanoholes on Au (AuNHA) films as SPR and
SERS substrates [34, 35]. The AuNHA proved to be
very useful for the detection of biologically significant
species by SPR [36], and it was also possible to show
that the SERS performance can be enhanced by changing
the geometric parameters of the nanostructures, including
the shape of the nanoholes [37, 38]. Recently, Au
nanoislands were milled on gold films deposited on
cleaved optical fiber tips and the use of that device as
SPR sensors for bulk refractive index of solvents was
reported [39]. The integration of AuNHA with optical
fiber detection is an important step forward in SERS
research because this procedure may allow a higher
degree of reproducibility than any previously reported
device. In addition, AuNHA may result in new levels
of stability of the SERS substrate, allowing for applications in
harsh environments.

In the present work, AuNHA were milled on the tips
of single-mode (in the visible range) optical fibers
(AuNHA-OFT). Arrays with holes with two different
shapes, circular and bow tie-shaped, were milled. The
performances of the resulting devices as SERRS substrates
were evaluated.

Experimental Section

Chemicals

Ultrapure water with a resistivity of 18.2 MΩcm (Barnstead
NANOpure Diamond water purification system) was
used throughout the experiments. Methanol and ethanol
were obtained from Calderon and they were used without
further purification. Oxazine 720 (Oxa) was obtained
from Lambdachrome.

AuNHA-OFT Fabrication

The fabrication of the AuNHAwas described in details else-
where [34]. Briefly, samples of arrays of nanoholes were
fabricated on the tips of optical fibers by focused ion beam
(FIB) using two equipment: a FEI 235 dual beam focused ion
beam and field emission scanning electron microscope and a
FEI Nova 200 Nanolab Dual Beam focused ion beam and
scanning electron microscope. The gallium ion beam was set
to a typical applied voltage of 30 keV and 100 pA of beam
current for milling. The nanoholes were milled on a 100-nm
gold film deposited on a 3-nm Cr adhesion layer. Both Cr and
Au were deposited by thermal evaporation on the tip of a
single-mode optical fiber (Newport, F-SA, core diameter
3.4 μm). The circular nanoholes were 200 nm in diameter,
and the array periodicity was 480 nm. The bow tie nanoholes
were 200 nm in height, 420 nm in the bottom side, and the
separation between the triangles was 95 nm. Each circular
nanohole array contained 30×30 nanoholes and occupied an
area of ca. 16×16 μm2 with a fill factor of 13 %. Each bow tie
nanoholes array contained 40×40 bow tie nanostructures in an
area of ca. 20×20 μm2 and a fill factor of 23 %. The spot of
the laser used in the SERS experiments had a diameter of
2 μm, and the Raman mapping technique was used to obtain
the spatial distribution of SERS intensities from the whole
arrays, as it has been done in previous works [30]. It is worth
noticing that the area of the fiber core was around 9.1 μm2,
considerably smaller than the area occupied by the array of
nanoholes. Hence, with the correct positioning, the arrays of
nanoholes completely covered the core area, whichmeans that
the light transmitted by the fiber had to go through the arrays.
The nanohole arrays were characterized by white light trans-
mission. The transmission spectra of the fibers with a circular
hole array presented a maximum at 638 nm, which is in
agreement to previous reports from our group. Figure 1 pre-
sents the SEM images of the circular and bow tie nanoholes
arrays milled on the optical fiber tips.

SERS Experiments

The SERS measurements were performed in a Renishaw
inVia Raman microscope system equipped with a He-Ne
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laser source with excitation at 632.8 nm. The laser power on
the sample was 0.4 mW, and the laser spot area was ∼3 μm2.
The SERS probe used was Oxa, a laser dye resonant with
the He-Ne laser line at 633 nm. Therefore, all the spectra
had an additional contribution from the resonance Raman
effect and the acronyms SERRS will then be used through-
out the text. It should also be noticed that the 633 nm laser
line is also in resonance with the LSPR resonance of the
AuNHA. An ethanolic solution of 10 μMOxa was drop cast
on the AuNHA-OFT and allowed to dry, and then the de-
vices were thoroughly washed with deionized water. The
SERRS measurements were then made in two different
acquisition geometries, forward-scattering and back-
scattering. Figure 2 presents a scheme for the experimental
setups. In the forward-scattering measurement (left hand
side in Fig. 2), the laser light was coupled to the unmodified
distal tip of the fiber, and the scattered light was collected
with the Renishaw microscope at the AuNHA-modified tip.
In this arrangement, the excitation light must be transmitted
through the nanoholes to excite the adsorbed molecules. In

the back-scattering experiment, the AuNHA-OFT was
mounted in the microscope stage of the spectrometer, and
the exciting light hit the arrays of nanoholes directly. The
scattered light was collected back into the spectrometer with
the same objective used for excitation. The back-scattering
data (right hand side in Fig. 2) were acquired by SERRS
mapping to compare the enhancement of the Raman inten-
sity in and out the area containing the AuNHA. In mapping
experiments, the computer-controlled stage was scanned in
1 μm steps (in both horizontal and vertical directions), so
the excitation laser can probe a predefined area of the optical
fiber tip. SERRS spectra were taken from each point in the
predetermined area spatially defined by the size of the laser
beam. After these spectra were obtained, the SERRS inten-
sity of the band at 594 cm−1 of the Oxa dye was arranged in
a 2-D plot correlating with the position from where each
spectrum was obtained. A third experimental arrangement,
called optrode mode, was also attempted. This configuration
consists of excitation similar to the forward-scattering ge-
ometry but with the scattered light measured at the same
(unmodified) tip. However, the signal obtained using the
optrode geometry was heavily contaminated with Raman
scattering contributions from the glass matrix of the fiber
and the results obtained using that geometry are not presented
in this work.

Finite-Difference Time-Domain Calculations

The theoretical electric near-field spectra of the nanohole
arrays were calculated using the 3D FDTD method. The
calculations were performed using the commercially
available Lumerical® software. The nanostructures were
placed on a glass substrate with the same refractive index
of the fiber optics core (n=1.53). The refractive index
of gold and Cr were from the sources indicated in the
Lumerical software.

Results and Discussion

AuNHA-OFT Characterization

The fabrication of the Au nanoholes array on the optical
fiber tip (AuNHA-OFT) was performed by FIB milling of
an Au layers thermally deposited on freshly cleaved fiber
tips. The arrays of nanoholes were milled on the geometrical
center of the fiber cross section, where the fiber core is
found. Figure 1a presents the SEM image at low magnifi-
cation of an AuNHA-OFT device; in the figure, one can
notice the dark spot on the middle of the optical fiber tip, on
top of the fiber core that corresponds to the AuNHA.
Figure 1b, c shows the typical SEM images of circular and
bow tie arrays of nanoholes with a higher magnification.

Fig. 1 Scanning electron micrographs (SEM) of optical fiber tips
modified with arrays of nanoholes on Au films. a Low magnification
SEM of an optical fiber tip containing an array of circular nanoholes at
the tip center; b high-magnification SEM of an array of circular holes
on an optical fiber tip; c high-magnification SEM of an array of bow tie
nanoholes on an optical fiber tip
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It is important to clarify that the SEM images reported in
Fig. 1 are from a subset that are representative of several
other fabricated samples (more than 10 samples for either
circular and bow tie-shaped holes). The SERRS mappings
and spectra reported in the following sections are also taken
to be representative of several samples, in order to assure
that the well-known reproducibility of AuNHA-based
surfaces [36–38] (around 10 % sample to sample variation)
are adequately met.

SERRS from AuNHA-OFT

The plasmonic properties of the arrays of nanoholes on
gold enable enhanced spectroscopy, including the
SERRS effect [35]. The SERRS intensity is dependent
on the size and shape of the nanoholes, on the period-
icity of the arrays and on the thickness of the Au film
[35, 37, 38].

Figure 3a presents a SERRS mapping of Oxa on the
circular AuNHA-OFT, obtained using the back-scattering
geometry, superimposed to the optical microscopy image
of the sample. Figure 3b presents two spectra from different
points in the mapping shown in Fig. 3a. The brighter colors
in the SERRS mapping in Fig. 3a indicate higher Raman
intensities. The mapping was set to partially cover the
AuNHA and to also probe the surrounding Au film.
Figure 3c provides then a comparison between the spatially
averaged SERRS intensities obtained for surrounding Au
film. The averages and the standard deviations of the spatial
distribution of SERRS intensities associated with the two
sets of data are also presented in Fig. 3c. It is noticeable that
SERRS intensity is consistently more intense on the
nanoholes array than for the Au film surrounding the array.
The average SERRS intensity measured in the circular
AuNHA in Fig. 3c is 2.7 times larger than the average in
the Au film. The spatial variation of the intensities was

Backscattering
Forward scattering

HeNe
laser

SERS
spectrometer

Au layer

Optical fiber

NH array

HeNe
laser

SERS
spectrometer

Notch
filter

Fig. 2 Schematic
representations of the
experimental configurations
for SERRS measurements
from AuNHA-OFTs. Forward-
scattering configuration: the
excitation laser enters the
proximal end of the fiber and
SERRS detection is achieved at
the distal end. Back-scattering
configuration: the excitation
laser is directed to the optical
fiber tip containing the
AuNHA, and the back-scattered
light (SERRS signal) is
collected
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around 15 % for both the patterned and unpatterned regions.
The fact that significant SERRS intensities were observed
from the unpatterned Au film is attributed to the roughness
of the thermally evaporated Au combined to the intrinsic
resonance Raman effect of Oxa [40]. The patterned region
of the arrays should allow a controllable enhancement of the
SERRS performance. Although the increase for circular
hole arrays seems modest, it is important to point out that
the enhancement is relative to a rough Au surface, which is
known to provide an increase in Raman efficiency of about
106. On the other hand, the ca. 3× increase could be attrib-
uted just to an increase in roughness introduced during the
preparation of the circular nanohole patterning. It should be
pointed out that a previous work indicated that the actual
enhancement that arises solely from the AuNHA is in the
order of 10 [2, 3, 41].

In order to try to improve the SERRS efficiency and
confirm that the relative enhancement was indeed the effect
of the nanostructure, the SERRS measurements were also
performed on a designed bow tie AuNHA-OFT device. It
can be noticed that the bow tie AuNHA-OFT is an aniso-
tropic structure, so the polarization of the excitation laser
relative to the orientation of the nanostructure is expected to
result in different SERRS performance [37]. This polariza-
tion effect should be absent if the relative enhancement on
the nanostructured area originates only from an increase in
regular roughness of the film. Therefore, polarization mea-
surements allow the quantification of the effect due solely to
the nanostructure on the SERRS performance.

Figure 4a, b presents the mapping of a bow tie AuNHA-
OFT device for two perpendicular laser polarizations, and
Fig. 4c presents the spatially averaged SERRS intensity on
the bow tie AuNHA-OFT and on the Au thin film for both
polarizations. The insert in Fig. 4c presents the orientation of
the bow tie structures for these measurements, and one can
notice that the laser polarization is parallel to the triangle basis
in Fig. 4a and perpendicular to the basis in Fig. 4b. The
SERRS intensity map in Fig. 4a (laser polarization parallel
to the triangular basis of the bow tie structures) presents a
small difference in intensities moving from the bow tie
AuNHA-OFT to the Au thin film, as can be clearly seen in
Fig. 4c, which shows that, for this polarization, the region on
the bow tie AuNHA-OFT is 1.8 times higher than for the Au
thin film, but both values present high standard deviation. On
the other hand, Fig. 4b presents the SERRS intensity map for
the bow tie AuNHA-OFTobtained using the laser polarization
perpendicular to the basis of the bow tie structures. The
mapping in Fig. 4b shows that the SERRS intensity from the
bow tie AuNHA is considerably stronger than on the Au film.
Figure 4c shows that the spatially averaged intensity on the
bow tie AuNHA region for perpendicular polarization is 3.6
times larger than on the Au film, a 40 % improvement com-
pared to the circular AuNHA.

5 µm
A

B

C

Fig. 3 a SERRS mapping of the Oxa 594 cm−1 band superimposed to
the optical image of an AuNHA-OFT; b SERRS spectra corresponding
to two points in the SERRS mapping indicated by the arrows. c The
average SERRS intensity on the circular AuNHA and on the surround-
ing Au film. The averaging was over 228 samples for the AuNHA and
134 samples for the Au film. The error bars in the figures corresponds
to twice the standard deviation of the measurements
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The dependence of the SERRS intensity on the laser
polarization occurs because the bow tie nanostructures are

anisotropic. For anisotropic nanostructures, the local field
localization will depend on the polarization of the light
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Fig. 4 a Mapping of the Oxa 594 cm−1 SERRS intensity on the bow
tie AuNHA-OFT using the laser polarization indicated; b SERRS
mapping for the polarization perpendicular to the first one, as indicat-
ed; c histograms with average SERRS intensity on the bow tie AuNHA
and on the surrounding gold film for the polarizations in the items a
and b. The error bars correspond to the standard deviation in the

average intensity. The insert shows the orientation of the bow tie
structures in these experiments; d, e near-field strength distribution
obtained by FDTD for arrays of bow tie-shaped holes excited at
633 nm with polarizations parallel and perpendicular to the bow tie
basis, respectively; f SERS enhancement factor, calculated as
(E(ω)2E(633 nm)2), plotted against the wavelength
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relative to the regions with sharp regions [37, 38]. For the
bow tie structures, the sharp apex of the triangles are sepa-
rated by 95 nm, and the electric field will be strongly
enhanced in this region for the polarization parallel to the
inter-triangles axis, but the enhancement will be much lower
for the perpendicular polarization. FDTD simulations were
carried out to confirm both the polarization dependence and
the central role of localized surface plasmon resonances on
the SERRS results. Figure 4d, e shows the distribution of the
electric near-field strength for the bow tie structures from
both polarizations. The field localized at the tips of the
structures excited with laser light polarized perpendicular
to the bow tie basis is clearly stronger, leading to more
efficient SERRS. SERS enhancement factors, evaluated as
the product of the field intensity at the laser (633 nm)
and at arbitrary Raman scattering frequencies (ω)
(E(ω)2E(633 nm)2), obtained for both polarization by
FDTD, are plotted against the wavelength in Fig. 4f (the
shadowed area highlighted the range of wavelengths that
encompass the Stokes scattering bands of the molecular
probe Oxa). The calculations predict a fourfold more efficient
scattering for the polarization perpendicular to the basis of the
bow tie. The results from Fig. 4d–f match well with the
experimental findings (Fig. 4c) that shows a 3.6 polarization
ratio for Oxa adsorbed on the bow tie structures.

Reilly et al. showed that the SERS enhancement by the
NHA on Ag is about 2 orders of magnitude higher than
the enhancement observed from the thermally deposited
metal film for the forward-scattering geometry (using a
planar Ag substrate rather than optical fibers) [41]. The
smaller enhancement of the nanostructure relative to the
rough gold film observed here might be related to the
additional resonance Raman contribution expected from
our molecular probe (Oxa). The SERRS enhancement
factor calculated relative to the resonance Raman effect
is generally lower than the SERS enhancement factor
calculated relative a species without the resonance effect
[42]. The underestimated SERRS enhancement factor
compared to the non-resonant situation has been attributed
to the intrinsically large Raman cross section under reso-
nance Raman conditions and to contributions due to the
light absorption since the excitation energy is close to an
intrinsic electronic transition in this case.

An additional contribution to the smaller difference be-
tween the patterned and unpatterned film than observed
before in the literature might come from the relatively high
roughness of the thermally deposited film on the optical
fiber tip. An introduction of an annealing step to smooth
the film before the fabrication of the arrays could minimize
this contribution. This is certainly a parameter that needs to
be optimized in future experiments.

The second measurement geometry for the SERRS ex-
periments using optical fibers was the forward-scattering

(Fig. 2). Figure 5a presents SERRS spectra from an
AuNHA-OFT in forward-scattering geometry with and
without modification with Oxa. A broad feature centered
around 460 cm−1 is present in both spectra, and it can be
assigned to the normal Raman scattering from the glass
material of the optical fiber [43]. The spectrum of the
AuNHA-OFT modified with Oxa, presented in Fig. 5a,
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as indicated; b difference spectrum between an AuNHA-OFT before and
after modification with Oxa; c time-dependent photodecompostion of an
Oxa-modified AuNHA-OFT
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shows the broad features from the glass and an additional
band at 594 cm−1, which is the most intense SERRS band of
the phenoxazine ring of the dye [21]. In order to eliminate
the glass background, the difference between the spectra
from Fig. 5a was computed and is presented in Fig. 5b. In
order to further demonstrate that the feature in Fig. 5b is due
to Oxa, the laser power was increased to 4 mW and the
dependence of the SERRS spectra with time was recorded.
In these conditions, the SERRS intensity of the band at
594 cm−1 decreased with time, as shown in Fig. 5c. It can
be noticed that the band at 594 cm−1 is virtually unchanged
for the spectra between 20 and 160 s, but for the spectra at
200 s, the intensity of the band decreases, and for 240 s the
band at 594 cm−1 cannot be observed anymore. Oxa absorbs
in the region of the laser excitation and the decrease in the
SERRS intensity is attributed to the photodegradation of the
dye. The local photodegradation (only at the tip of the
fiber) was further confirmed by Raman mapping in back-
scattering mode, which showed that the SERRS signal of
the Oxa disappeared at the fiber core region after this treat-
ment (not shown). Similar results were obtained for the bow
tie-shaped nanoapertures.

The observation of SERS spectra in the forward experi-
ment for the AuNHA-OFT device is an interesting result
because just the light that actually goes through the AuNHA
due to extraordinary optical transmission excites the
adsorbed molecules [36]. The SERRS data presented in
Fig. 5 are encouraging, but the quality of the SERS signal
reflected through the fiber was not very high and presented a
low S/N ratio. SERRS experiments in optrode mode, where
both the excitation and the scattering are measured at the
distal (unmodified) fiber tip, were also attempted, but the
quality was too low, due to the strong normal Raman from
the glass that overwhelmed the SERRS signal from the
probe molecule. The optrode configuration is the ultimate
goal for applications of this type of fibers as remote SERS
sensors in analytical chemistry. Although this configuration
has been achieved for SERS in optical fibers modified with
random nanostructures [30], further work in the direction of
optimizing geometric parameters [35, 37, 38], such as tip-to-
tip separation and structure dimensions, are required to
obtain a similar level of enhancement from organized
nanofabricated structures. In addition, further optimization
of the thickness and smoothness of the Au layer might be
required to improve both the coupling of the excitation with
the adsorbed molecules at the tip of the fiber and the back-
coupling of the scattered light into the fiber for detection.

Conclusions

Au nanoholes arrays were milled on gold films deposited on
the tip of single-mode optical fibers. The device have been

used as a SERRS substrate in both back- and forward-
scattering, showing promising performance for both detec-
tion geometries. The effect of the nanoapertures shape was
explored by using arrays of bow tie-shaped holes. This
anisotropic structure allows the polarization dependence of
the enhancement to be demonstrated both experimentally
and numerically. The enhancement factors relative to the
probe molecule adsorbed on the unpatterned region of the
fiber tip was not very high. However, it is important to point
out that the Raman signal from the unpatterned film was
already orders of magnitude larger than expected from nor-
mal Raman, due to the roughness of the gold film and the
resonance Raman effect.

Future work on this class of substrates will include the
optimization of the nanostructures shape, size, tip-to-tip
separation, and film thickness. The work on this direction
would require a systematic optimization of fabrication con-
ditions, which may take the substrate reported in this proof-
of-concept manuscript to a new level of SERS/SERRS
performance. The main goal is to produce a device that will
provide enough enhancement from the adsorbed species that
will allow optrode SERS measurements.
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