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An optical fiber was modified at the tip with a self-assembled plasmonic metamaterial that
acts as a miniature surface-enhanced Raman spectroscopy (SERS) substrate. This optical
fiber-based device co-localizes the laser probe signal and the chemical analyte at a
distance remote from the spectrometer, and returns the scattered light signal to the
spectrometer for analysis. Remote SERS chemical detection is possible in liquids and in
dried samples. Under laboratory conditions, the analyte SERS signal can be separated
from the background signal of the fiber itself and the solvent. An enhancement factor
greater than 35,000 is achieved with a monolayer of the SERS marker 4-aminothiophenol.
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INTRODUCTION

Plasmonic metamaterials obtain their unique optical properties from the combined action of
plasmonic and dielectric components of sub-wavelength dimensions [1]. Plasmonic
metamaterials are useful in a variety of surface-enhanced spectroscopy techniques, enabling
detection of chemicals through their spectral signatures with lower detection limits and higher
spatial resolution compared to the standard spectroscopy techniques[2–4]. Among the most studied
surface-enhanced spectroscopy techniques is surface-enhanced Raman scattering spectroscopy
(SERS) [5,6,7]. In SERS, the plasmonic metamaterial increases the scattering cross-section of the
probedmolecule by a large factor (called the SERS enhancement factor), allowing for the possibility of
single molecule detection [8]:[9].

Remote chemical sensing by optical methods has many applications in health care, oil and gas
exploration, environmental monitoring, and law enforcement [10]:[11]. A number of these
applications allow for the installation of a plasmonic metamaterial at the detection site for signal
enhancement [12]:[13]. Of particular interest is addressing said metamaterial via an optical fiber
such that (1) optical sensing is possible even without a direct line-of-sight between the spectrometer
and the site of interest, and (2) the measurement can be performed through scattering media such as
biological tissue, smoke, and soil. Techniques for localizing a plasmonic metamaterial on the optical
fiber tip involve self-assembly methods and/or nanolithography tools [14–24].

Previously, a plasmonic metamaterial consisting of a non-close packed monolayer of metallic
nanospheres with controllable inter-particle gaps was demonstrated as a reliable and reproducible
SERS substrate [25]. That SERS substrate had been investigated using laser light propagating in free
space. Here we report on the implementation of said metamaterial as a component of an optical fiber-
based SERS spectroscopy system for remote sensing. The merits of this approach include facile and
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economic fabrication based on self-assembly techniques, and
quantitative evaluation of the SERS enhancement factor.

MATERIALS AND METHODS

The metamaterial was produced on the polished tip of an optical
fiber (Edmund Optics, 200 μm core diameter 0.22 NA VIS/NIR
fused silica fiber, polyimide coating) to demonstrate remote sensing
by sending and receiving the optical signals through the fiber. The
fiber was ∼0.5 m in length. A detailed procedure of the fabrication
of the metamaterial was reported elsewhere [26]. Briefly, the optical
fiber was equipped with SMA905 connectors and the tips were
polished. A drop of solution of the block-copolymer polystyrene-b-
poly(4-vinylpyridine) (PS-b-P4VP) in propylene glycol methyl
ether acetate was spin coated on one polished tip of the optical
fiber for 60 s at 3,000 rpm using a custom-designed holder. The
block-copolymer film was annealed in THF vapor for 3 h. The
P4VP blocks were crosslinked by exposure to 1,4-dibromobutane
(DBB) vapor for 4 h. The fiber tip was immersed in a gold
nanoparticle solution (BBI Solutions, citrate-capped, 15 nm) for
12 h, resulting in a non-closed packed monolayer of nanoparticles.
The diameter of the nanoparticles was adjusted from ∼15 to
∼32 nm by soaking the fiber tip in an electroless gold plating
solution (prepared by mixing solutions of CTAB (6 ml, 0.2 M),
HAuCl4 (0.384 ml, 0.04M), AgNO3 (0.228 ml, 0.01M), ascorbic
acid (0.96ml, 0.1 M), and deionized water (11ml)) for 8 min[25].
The metamaterial was characterized by optical microscopy
(Olympus BX60 microscope with an Olympus UMPlanFI 20X/
0.46 BD objective lens), by scanning electron microscopy (Hitachi
SU-70 Schottky FE-SEM working at 10 kV accelerating voltage)
and by atomic force microscopy (DI Nanoscope III multimode
AFM, tapping mode, TESP tip (42 N/ m)).

Raman and SERS: The measurements were carried out using a
LabRAM ARAMIS Horiba Yvon-Jobin micro-Raman
spectrometer, operating at a wavelength of 633 nm and
equipped with an Olympus BX41 microscope. The proximal
bare tip of the fiber was placed near the focal point of the
objective lens (Olympus MPlan, ×10 NA � 0.25 WD �
10.6 mm) of the Raman microscope. For SERS, the
metamaterial functionalized tip of the fiber was soaked in the
analyte solution for 15min. Measurements were taken with the
functionalized distal tip immersed in the solution in the dark, or for
quantitative determination of the enhancement factor, the tip was
soaked in a solvent to remove excess analyte, and was let dry in the
dark prior to the measurements. Reference spectra were collected
using normal Raman spectroscopy with the optical fiber. For
normal Raman spectroscopy, no metamaterials were constructed
on the optical fiber, and measurements were taken with the distal
tip of the fiber immersed in the analyte solution in the dark.

RESULTS

The SERS system consisted of the 633-nm CW laser, the
spectrometer, and the silica optical fiber modified on its distal
end with the metamaterial (Figure 1A). The laser light was

guided through a beam-splitter to a lens that focused the light
into the proximal end of the optical fiber. After traveling through
the fiber, the light coupled to the metamaterial and the surface-
enhanced Raman scattering process took place. A portion of the
Stokes-shifted (back-scattered) light was collected by the fiber and
was guided back towards the lens and the beam-splitter, making
its way to the notch filter and the detector in the spectrometer.
The structure of the functionalized distal end of the optical fiber is
shown schematically in Figure 1B. Over the polished tip of the
silica fiber is a thin (<50 nm) film of PS-b-P4VP. This polymer is
typically not involved in the Raman process. It is chosen because
the P4VP and the PS components microphase separate upon
solvent-vapor annealing and self-assemble into hexagonally-
ordered P4VP cylindrical domains in a PS matrix, serving as a
template for the nanoparticle adsorption process. Over the
polymeric film is a monolayer of gold nanoparticles of
uniform diameter (d∼32 nm) arranged in a hexagonal pattern
at the microscale. Because the center-to-center distance of the
hexagonal pattern (d+δ, δ∼8 nm) is slightly larger than the
nanoparticle diameter, nanoscale gaps are present between
pairs of adjacent nanoparticles. This metamaterial of evenly-
spaced metallic nanoscale particles and dielectric nanoscale
gaps of controlled dimensions generates strong, localized
optical fields that give rise to the enhanced Raman signal.

The SERS optical fibers were characterized during
fabrication by optical microscopy, SEM and AFM in order
to confirm and evaluate the formation of a hexagonal array of
gold nanoparticles on the polished surface at the distal end of
the fiber. The optical images in Figure 2 show that the block
copolymer film and the nanoparticle metamaterial covered
almost the entire cross-sectional area of the fiber and
displayed good uniformity, particularly at the center of the
fiber core. SEM imaging of the tip of the fiber confirmed the
presence of a layer of gold nanoparticles on the entire circular
area of the silica core, however, due to the poor electrical
conductivity of the sample the resolution and quality of the
images were compromised (Figure 3A). High-resolution height
profile images were obtained by AFM (Figure 3B), scanning the
AFM tip over a few square-microns of the fiber core in tapping
mode. The AFM images indicated that the silica surface and the
polymer film on top of it were smooth and that the gold
nanoparticles were dispersed as a monolayer over the film.
Most nanoparticles were separated from their neighbors by a
nanoscale gap (∼25 nm), and were locally arranged in
hexagonal patterns, as expected for 15 nm nanoparticles
adhering to the hydrophilic columnar domains of the (PS-b-
P4VP) polymer film[26]. Some sites were not covered by
adsorbed nanoparticles. These locations appear to have not
formed cylindrical P4VP domains normal to the surface. These
defects may be remedied by a longer annealing time and/or a
longer immersion time in the nanoparticle solution.

SERS spectra of 4-aminothiophenol (4-ATP) were collected by
immersing the functionalized optical fiber in an ethanoic solution
of the thiol. To quantify the SERS enhancement factor, the
number of molecules probed needs to be known. This was
achieved by rinsing the analyte off the fiber, such that only a
monolayer of chemisorbed thiol molecules is present on the

Frontiers in Physics | www.frontiersin.org January 2022 | Volume 9 | Article 7529432

Zhang et al. Rabin 2021 Remote Chemical Sensing

https://www.frontiersin.org/journals/physics
www.frontiersin.org
https://www.frontiersin.org/journals/physics#articles


surface of the gold nanoparticles. The SERS spectrum of “dry” 4-
ATP is shown in Figure 4A. This spectrum was obtained by
subtracting the signals collected before and after exposing the
fiber to the chemical solutions. Six peaks associated with the SERS
spectrum of 4-ATP can be identified. The SERS spectra obtained
in “wet” conditions are qualitatively the same. In Figure 4B, the
reference Raman spectrum of 4-ATP obtained with the same

spectrometer using an optical fiber without the metamaterial is
shown. Here, the distal end of the fiber was immersed in a
200 mM solution of 4-ATP in 1,5-pentanediol, and the spectra
were collected with the fiber end in the liquid. The spectrum has
been baseline-corrected by subtracting the signal collected from
pure pentanediol under the same experimental conditions. In the
Raman spectrum, the two strong peaks associated with 4-ATP

FIGURE 1 | (A) Schematic of the SERS remote spectroscopy system. (B) Schematic of the structure of the metamaterial-functionalized optical fiber tip.

FIGURE 2 | Optical images of the silica core of the optical fiber at different stages of the SERS optical fiber fabrication. (A) Polished tip fiber mounted on SMA905
connector. (B) Same fiber as in (A) after spin-coating the block copolymer. (C) A different fiber with the block-copolymer film and a monolayer of gold nanoparticles. The
metamaterial structure appears uniform at the center. Irregularities are more common toward the edge of the silica core, likely due to height differences between the silica
core and the polyimide coating.

FIGURE 3 | (A) Low-magnification SEM image of the fiber mounted on the SMA905 connector, after 15 nm gold nanoparticle absorption and before electroless
plating. The arrow points at the silica core surface where the metamaterial is located. Inset: High magnification SEM image of the fiber core surface. (B) AFM topography
image of the gold nanoparticle array self-assembled on the block-copolymer film on the fiber tip. Short-range hexagonal ordering is observed. There are nanoscale gaps
between the nanoparticles.
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can be recognized, however, four peaks of pentanediol also
remain in the spectrum due to imperfect background subtraction.

The SERS enhancement factor EF is calculated using Eq. 1
where Ni is a function of the number of molecules probed and the
signal collection efficiency of the fiber (see Supplemental Material
for calculation details), ti is the data acquisition time, and Ii is the
intensity of the peak near 1070 cm−1. The subscript i corresponds
to either the SERS experiment or the Raman experiment. The
number of molecules probed in the SERS experiment is estimated
using the known surface density of the nanospheres in the array,
the diameter of the nanospheres and the density of 4-ATP in
monolayers on gold surfaces (5 molecules/nm2). The number of
molecules probed in the Raman experiment is estimated using the
known analyte concentration in the solution.

EF � ISERS
IRaman

NRaman

NSERS

tRaman

tSERS
(1)

The SERS enhancement factor of the metamaterial-
functionalized optical fiber was determined to be ∼37,000. This
value is comparable to the SERS enhancement factors obtained for
large-area (>1 cm2) versions of the metamaterials on glass slides.

The raw data showed a strong Raman and fluorescence signal
originating from the fused silica fiber (inset in Figure 4). For the
purpose of the experiments described above, this signal remained
constant throughout the measurements, and was satisfactorily
removed using standard background subtraction techniques.

DISCUSSION

There are a number of technical considerations specific to SERS
measurements through optical fibers. First, the optical fiber can
channel photons that originate from light sources other than the
incident laser (e.g. sunlight, room lighting) back to the spectrometer.
Therefore, samples must be measured in the dark. Second, the fiber
itself is a source of fluorescence and Raman scattering. These features
must be recognized in the recorded spectra and not mistaken for

analyte signals. Therefore, the method is limited to analytes with
Raman signals that do not overlap with the Raman signals of fused
silica (420, 485, 600, and 790 cm−1). The method also necessitates
post-measurement analysis, such as background subtraction, peak
fitting and principal component analysis. The fused silica background
signal can be mitigated by employing a Raman spectrometer that
operates at a longer wavelength (e.g. 785 nm), or by using specialty
optical fibers such as hollow-core photonic crystal fibers [27]. Third,
the sensitivity of the optical fiber-based SERS measurement may be
limited by losses associated with inserting the incident laser light into
the fiber and near-field coupling the light scattered by the molecules
in the metamaterial back into the fiber. Interestingly, using
macroscopic samples of the metamaterial on quartz slides, we
have determined that more photons back-scatter inelastically
when the sample is illuminated from the quartz side than from
the air side[28]. The permittivity contrast at the interface may be
responsible for this effect, as has been previously theorized [29].
Consequently, optical fiber SERS of dry samples (i.e. in air) often
results in better sensitivity than SERS performed with solutions.

Despite the technical challenges listed above, remote detection of
SERS-active molecules through the optical fiber is practical thanks to
the tremendous enhancements in the Raman scattered light intensity
by the plasmonicmetamaterial, estimated to be of the order of 105 for
this metamaterial using a 633-nm input laser light. Through the
analysis of the spectrum in Figure 4A, it is possible to unambiguously
assign 6 SERS peaks (1070, 1140, 1180, 1390, 1435 and 1580 cm−1) to
4-ATP adsorbed on the gold nanoparticles at the fiber tip. In contrast,
only 2 Raman peaks were recorded in the spectrum collected without
the assistance of themetamaterial despite the very-high concentration
of 4-ATP in the sample, with 2 other peaks possibly masked by the
solvent Raman peaks and the baseline noise.

Optical fiber-based plasmonic sensors using the SERS effect gain
their sensitivity from the co-localization of the optical field and the
molecules at the surface of the plasmonic nanostructures. The
metamaterial-functionalized optical fiber used in this study
distinguishes itself from other optical fiber-based plasmonic
sensors. The whole diameter of the silica fiber tip surface is

FIGURE 4 | (A) SERS spectrum of 4-ATP using themetamaterial functionalized optical fiber. (B)Raman spectrum of 4-ATP using a bare optical fiber. The spectrum
contains also residual signals from the solvent: three peaks in the range 1300–1500 cm−1 and a broad peak at 2850–2940 cm−1. Inset: Raw Raman spectra of the bare
fiber in pentanediol (black) and in pentanediol with 0.2 M 4-ATP (red). In the measurements, the laser power incident on the proximal end of the fiber was 2 mW. The
acquisition time was 45 s for the SERS spectrum, and 60 s for the Raman spectrum.
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covered with the gold nanoparticle array, providing a maximal
functional surface. At the same time, the structure of the
metamaterial is sufficiently uniform that, for practical purposes,
the enhancement factor is homogenous across the device, without
local hot-spots dominating the plasmonic response. The fabrication
process can be standardized such that the enhancement factor of all
the fibers in a batch is the same, as was achieved with macroscopic
SERS substrates. This combination of a predictable SERS
enhancement factor and a large functional area is highly desirable
among SERS users. The metamaterial functionalized optical fiber is
expected to be biocompatible, and operational in aqueous
environments, where SERS-based chemical sensing benefits from
water molecules being Raman inactive and SERS inactive.
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