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Abstract: A surface-enhanced Raman scattering fiber sensor  with
chesshoard nanostructure on a cleaved fiber facet is studied by finite-
difference time-domain method. Surface plasmons a the metal coated
nanostructured fiber facet can be effectively excited and strong local electric
field enhancement is obtained. Studies on the influence of light polarization
demongtrate a large polarization dependence of the field enhancement factor
while the polarization effects on the plasmon resonance wavelength are
relatively small.
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1. Introduction

Surface-enhanced Raman scattering (SERS) opens up exciting opportunities in the fields of
vibrational spectroscopy of chemical and biological objects. SERS can provide ultrasensitive
detection [1-3] and extremely high spatia resolution [4-5] and even combine both features for
identification of molecules as well as detailed studies of chemical and biological processes
[6]. Inthe last few years, there has been alot of interest in developing the SERS sensors based
on optical fiber. Examples include angled tip fiber sensor [7-9], D-shaped fiber sensor [10-
11], nanorod arrays fiber sensor [12], and hollow core photonic crystal fiber [13-15]. Using
optical fibers as a SERS platform provides a number of advantages. First, optical alignment is
easy and the confinement of light to the fiber core is assured once the light is coupled into the
fiber. Second, the detection location is well-defined and easy to control. Third, there are a
number of ways to make the SERS active surfaces on the fiber tip, including UV lithography,
nanosphere lithography, e-beam lithography, and focused ion beam (FIB) [16-19].

Recently, there has been particular interest in the use of patterned structures on the distal
end of SERS fiber sensors [19-22]. Patterned structures have been fabricated by lithography,
FIB method or chemical methods and many different patterns can be realized. Often, the
parameters of the fabricated structures and structures are chosen rather arbitrarily in previous
papers [19-21]. As aresult, the resonance wavelength of the nanostructures is not consistent
with the pump wavelength and, therefore, the pump light may not couple efficiently to
intrinsic plasmon excitations of the nanostructures.

The large variety of possible structures combined with time and effort to be spent in fiber
nanostructure fabrication emphasizes the utility of appropriate theoretical studies with
predictive capability. For instance, while the important role played by polarization in the
SERS process has been recognized in the case of nanoparticles, such as nanorods and
nanocubes [2, 12, 23-26], to the best of our knowledge it has not been studied for SERS
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sensors with patterned fiber facets. Polarization effects will certainly be aso important to
understand the local field enhancement on fiber facets with embedded nanostructures.

In this paper, we present a novel design of a SERS fiber sensor with a chessboard
nanostructure that could be fabricated on the tip of an optical fiber. Electromagnetic fields and
local field enhancement is studied theoretically using a three-dimensiona finite-difference
time-domain (FDTD) algorithm. With our study we try to accommodate the need for an
optimization process for fiber integrated SERS sensors. We demonstrate that in the proposed
chessboard structure surface plasmon (SP) excitation is very effective and strong local field
enhancement can be achieved. We also study and show the impact of polarization effects on
the SERS enhanced factor and the SP resonance.

2. Structureand simulation

The basic geometry of chessboard nanostructure on the distal end of optical fiber is shown in
Fig. 1(a), and Fig. 1(b) shows atop view of a unit cell of the smulated structure. A nanoscale
chessboard landscape could be fabricated at the tip of an optical fiber by lithography and
chemical etching or FIB. After nanofabrication the fiber tip should be coated with gold. The
planar scale (side length of each square) and the thickness of the gold layer are about several
hundred nanometers and ten nanometers, respectively. We assume that there are many unit
cells fabricated at the position of the core of a multimode optical fiber. Most likely there will
be a little overlap between adjacent squares, a fact that we would define as a negative gap in
our simulation.

The polarization effects and SP resonance of the SERS chessboard nanostructure sensor is
studied through three-dimensional FDTD electromagnetic simulations, using spatial mesh size
of 1 nm or 2 nm along the x and y directions, and 2 nm along the z direction. The total

simulation volume is the area of a unit cell equal to 2(Length+Gap)x2(Length+Gap) (see Fig.

1(b)) times 400 nm in the z direction. The incident pump light propagating in z direction is
generated by atotal field/scattering field technique. Perfectly matched layers (PML) are used
at the top and bottom of the simulation domain to completely absorb waves leaving the
simulation domain in the direction of propagation. Periodic boundary conditions are used in
the x-y directions. The permittivity of gold is expressed by a modified Deybe model which
agrees well with experimental data in the spectral region between 600 nm and 1100 nm. The
polarization of the pump light is defined as the angle ¢ with the x-axis in the x-y plane. To
determine the local intensity enhancement, we set four monitoring points as illustrated in Fig.
1(b), which are at the top surface of the gold.

Polarization=90"

| eeeeees Polarization=0"
Length

Length/2

v
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Y X
@) (b)
Fig. 1. (8). The basic geometry of chessboard nanostructure on the distal end of optical fiber.
(b). The simulated structure viewed from the top.
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A single mode fiber only supports two degenerate fundamental HE;; modes, or LPy;
modes. Different superpositions of the two modes can lead to almost linearly polarized (LP)
fields (modes) with arbitrary polarization directions or elliptically polarized modes. A unit cell
in our chessboard structure has a size of about 200 nm in the transverse directions, which is
much smaller than the mode field diameter of a typical single mode fiber, e.g., about 10
micrometers for SMF-28. So a unit cell sees a HE;; mode or any combination of two HE;;
modes like a plane wave with different polarizations. In our simulation, our incident field is a
plane wave with a specific polarization. As a result, we can analyze a single unit cell with
periodic boundary condition for the latera boundaries. The situation becomes more
complicated for multimode fibers, which support higher order modes, such as TM, TE, EH,
and higher order HE modes. For weakly guiding multimode fibers, these aforementioned
modes can form higher order LP modes. If a LP mode of a multimode fiber is incident on the
chessboard structure, the incident field can again be simplified as a plane wave. In this case,
the beam size is even larger, and the plane wave assumption holds even better.

3. Results and discussion

In the first simulation a 785 nm plane wave linearly polarized at a 45° angle with respect to
the x-axis was launched in the +z direction. Near infrared excitation by a 785 nm
semiconductor laser is often used in vibrational molecule spectroscopy due to its limited
damage to molecules. In order to make our simulation practical, we varied the length of the
chesshoard squares to keep the plasmon resonance at 785 nm. When the chessboard structure
is resonantly excited, the electric field localization around the gap is maximized. Figure 2
gives the normalized electric field intensity for the chessboard nanostructure fiber sensor,
where the length, thickness and gap of the chessboard geometry are 108 nm, 10 nm and 0,
respectively. In this case, the spatial mesh sizes are 1 nm in both x and y directions. We can
see that the SP can be effectively excited and strongly enhanced electric field is obtained in
this sensor. Moreover, there are only two peaks at monitor 2 and monitor 4. It is because the
electric field is in phase a& monitors 2 and 4 when the polarization of the incident light is 45°.
However, it is out of phase a monitors 1 and 3. Figure 1(b) indicates the electric field vectors
for different monitor positions.

Fig. 2. (8). The intensity enhancement distribution for the chessboard nanostructure. Inset: the
largest intensity enhancement. (b). The intensity enhancement distribution at the top surface of
the chessboard nanostructure.
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Fig. 3. The extinction spectra of the chessboard nanostructure. (a). Gap=-10 nm, Thickness=10
nm; (b). Length=196 nm, Thickness=10 nm; (c). Length=196 nm, Gap=-10 nm;
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Fig. 4. The polarization effects on local field enhancement at different monitor positions in a
polar diagram.

To afirst approximation, the electromagnetic enhancement factor Gg-rg can be expressed
by the fourth power of the ratio of the total electric field g(r,,,,v) at the molecule location r,,,
to the incident excitation field E,.(V), where v is the laser frequency [27]. The calculations
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indicate that the maximum theoretical electromagnetic enhancement factor can reach almost
10" in our chessboard nanostructure fiber sensor.

Next we studied the effect of several structural parameters on the resonance wavelength.
The gpatial mesh sizes are set to 2 nm in the x and y directions and the gap is -10 nm in the
following simulations. Figure 3 shows the extinction spectra of several chessboard structures
with different lengths (Fig. 3(a)), gaps (Fig. 3(b), and thicknesses (Fig. 3(c)). The incident
light isa 5 fs (FWHM) Gaussian pulse with a central wavelength of 785 nm. The extinction
spectra are obtained by the Fourier transforming both the incident and transmitted pulses. The
plasmon resonance wavelength (maximum extinction) is exactly 785 nm when the length,
thickness, and gap are 196 nm, 10 nm, and -10 nm, respectively. We can see that the
resonance shifts to longer wavelength with increasing length or increasing negative gap size
corresponding to a larger overlap between adjacent gold squares. Decreasing the gold layer
thickness aso results in a red shift and the influence of the thickness to the resonant
wavelength is in fact larger than that of the other parameters. Meanwhile, the extinction
efficiency will slightly increase with increasing length or decreasing gap or thickness. The
higher the extinction efficiency, the more efficient isthe SP excitation.

Previous investigations of polarization effects on nanorods and nanocubes [24, 26]
indicated that the polarization of the incident light plays an important role in the SERS
process. Therefore, to optimize the electromagnetic enhancement factor, one must take into
account the vectorial nature of the fields involved. The intensity enhancement at 785 nm for
different incident linear polarizations is shown in Fig. 4. Again, the magnitude of the intensity
enhancement is obtained by the Fourier transform method as in Fig. 3. Results show that the
intensity enhancement of monitor 1 and monitor 2 reach minimum or maximum values when
the incident light is polarized along the diagona of the chessboard structure. However, the
intensity enhancement of monitor 1 and monitor 2 are equal and about half of the maximum
value when the incident light is polarized along the x-axis or y-axis. Although there are twice
as many positions of the highest local field enhancement when the polarization is 0° compared
to a 45° polarization, one should choose 45° polarization and maximum enhancement to
obtain the largest SERS signal. The maximum electromagnetic enhancement factor is
determined by the largest SERS signal .

151(3)

15(B)

Amplitude (a.u.)

30x10°  32x10°  34x10°  36x10°  38x10°  4.0x10°
Time (ns)
Fig. 5. Thetime history of electric field for different monitors when the polarization is 90°. The

olive line represents propagation in the vacuum. (). Monitor 1 and monitor 2; (b). Monitor 3
and monitor 4;
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In order to understand the physics behind the polarization effects shown in Fig. 4, we plot
the time evolution of the electric fields at different monitor positions after launching 785 nm
light polarized along the y-axis. Figure 5 demongtrates that the electric fields at different
monitor locations have different phases with respect to the electric field propagating in
vacuum. The amplitudes of the local electric fields in Fig. 5 are not absolutely equal to each
other. This is a numerical artifact because the mesh in our simulations is not symmetrical
regarding the four monitor positions during the auto-meshing process. However, this
asymmetry will not influence the respective phases of the loca electric fields and the
underlying physics. Table 1 lists the phase differences of the electric field for different
monitors in the case of an incident 90° linear polarization. Using the listed phase differences,
we plot the electric field vectors for different monitor positions as red arrows in Fig. 1(b). We
also plot the electric field vectors for an incident polarization of 0° as blue dotted arrows
according the symmetry of the chessboard nanostructure. The electric field vectors for the 45°
polarized incident field are the linear superposition of the electric fields of the 0° and 90°
polarized incident fields. When the polarization is 45°, the electric field of the 0° polarized
incident light is out of phase with respect to that of the 90° polarized incident light at monitors
1 and 3, while these fields are in phase at monitors 2 and 4. This explains that the field
enhancement shown in Fig. 2 is maximum at monitors 2 and 4.

Table 1. The phase differences of the eectric field for different monitors when the polarization is 90°.

Phase difference

M onitor
Ex Ey
Monitor 1 312 —xf2
Monitor 2 _,;/2 —71'/2
Monitor 3 -31/2 -7/
Monitor 4 _7;/2 —7r/2
16
] o=0° 145
14 ¢=15° 14.0
1 —— ¢=30°
12 o5’ 135

13.0

104
1 125

120 A
770 780 790 800 el

Extinction Efficiency
[e0]

600 650 700 750 800 850 900 950 1000 10501100
Waveength (nm)
Fig. 6. The extinction spectra of the chesshoard nanostructure for different polarizations, where

length, gap, and thickness are 196 nm, -10 nm and 10 nm, respectively. Inset: zoom in the
extinction spectra around the resonant wavel ength.
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Figure 6 shows the extinction spectra for different polarizations. Because the chessboard
structure has a perfect symmetry and the local field enhancement will repeat every 45°
according to Fig. 4, we only need to take into account the polarizations from 0° to 45°.
Although the polarization dependence of the maximum intensity enhancement is striking, the
polarization effect on the resonance wavelength is amost negligible. Therefore, we don’t need
to worry about the shift of the resonance wavelength when we adjust the polarization of the
incident light to obtain the maximum el ectromagnetic enhancement factor.

4, Conclusions

In conclusion, we presented a novel chessboard nanostructure design that can be used as an
effective SERS fiber sensor when fabricated directly on the tip of an optical fiber. Using
FDTD simulations, an effective resonant excitation of SP and strong local field enhancement
has been demonstrated. Our studies also showed the dependence on structura parameters and
the polarization of incident light. Our results can be used to optimize the nanostructure
geometry and understand the polarization properties of the proposed fiber integrated SERS
sensor. This work is instructive and brings predictive capabilities to the design of SERS
experiment based on nanostructured fiber tips.
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