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An array of ring-shaped holes is prepared from silver thin
films using electron beam lithography. The optimal conditions for high performance as a surface-enhanced Raman scattering (SERS) substrate are investigated. Either
the diameter of the hole (0.5, 1.0, 2.0, 3.0 and 4.0 μm) or
the slit width (200, 300, 400, 500 and 600 nm) is varied.
4-Aminothiophenol (ATP) adsorbed on the structures as a
self-assembled monolayer (SAM) is used as probe to evaluate the SERS performance of the generated structures.
It is found that there is an optimal configuration for ringshaped holes with a 3.0-μm diameter and 200-nm slit
width. The SERS activity on this optimal lens configuration is found to be 13 times greater than that of the activity
on the silver thin film. An array of these structures at this
optimal configuration can easily be constructed and used
in a range of SERS-based sensing applications.

1 Introduction
Surface plasmons are collective oscillations of conduction-band electrons on a noble-metal surface excited by
electromagnetic light. The interaction of light and noblemetal surfaces is known as “plasmonics”, which is a growing field of research and an emerging branch of nanophotonics. The nanophotonics research mainly focuses on
understanding and manipulation of surface plasmons
generated on metal surfaces. The field has attracted great
attention due to the potential application of optical devices by controlling, manipulating and amplifying light
on the nanometer scale, constructing novel sensors, and
building photonics circuits [1–8]. Furthermore, biomedical applications of plasmonic structures such as medical diagnostics and therapeutics are a rapidly growing research area [9–16].
The investigation of use of optical properties (scattering and absorption) of noble-metal nanostructures has
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been pursued by several groups [17–22]. The study of
interactions of molecules or molecular structures with
plasmonic nanostructures is another rapidly growing research area having significant impact on other applications such as surface-enhanced Raman spectroscopy,
nanoscale optical spectroscopy and surface plasmon resonance spectroscopy [23–27]. Depending on the noblemetal structure used, the surface plasmons can be classified into two groups. The SPPs occur on smooth thin
films with thicknesses in the range of 10–200 nm of noble
metals such as silver and gold. The localized surface plasmons (LSPR) are excited on isolated nanostructures such
as nanoparticles or lithographically prepared nanostructures [27–29]. The properties of surface plasmons depend on the thickness of metal film, type of metal and
roughness of the metal surfaces and dielectric constant
of the adjacent medium. However, the LSPR occur on silver and gold nanoparticles in the range of 10–200 nm particle sizes and its properties mostly depend on size, type,
and shape of nanoparticles [30–33].
When a Raman-active molecule is subject to intensified electromagnetic fields (surface plasmons), the magnitude of the induced dipole moment increases. Thus,
the intensity of Raman scattering obtained from the active molecule increases [34]. This phenomenon is known
as surface-enhanced Raman scattering (SERS) and has
emerged as a powerful technique used for detection,
identification and characterization of biological mole-
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cules and structures such as proteins [35, 36], DNA and
RNA [37, 38], bacteria [39, 40], yeast [41], and living
cells [42, 43], and a variety of nonbiological molecules
[44, 45]. The two separate processes are considered to
contribute to the enhancement mechanism; electromagnetic and chemical enhancement [46–49]. Electromagnetic enhancement is strongly related to surface plasmons (SPs) of noble-metal nanostructures and considered as the principal component of the enhancement
mechanism. However, the contribution of chemical enhancement is rather limited (up to two orders of magnitude) and its magnitude depends on the chemical structure of the molecule [34, 50]. Since the electromagnetic
enhancement through the surface plasmons is the major contributing to the SERS enhancement mechanism,
the construction of plasmonic structures for the optimization and manipulation of the surface plasmons is
the focal point for the preparation of optimally performing SERS substrates [29, 51, 52]. Substrate eﬀects on SERS
enhancement for the case of milled metal nanoparticles
were investigated by Rosa et al. [53]. The electromagnetic
mechanism of SERS predicts an SERS enhancement factor, which is determined by the fourth power of the field
(|E |4 ) enhancement in the local optical fields of metal surfaces [29, 50, 54].
An incident electromagnetic field can be enhanced
and localized in the slit region of a metal film [55]. This localized field couples surface plasmons on the surface of
the metal. Surface plasmon polaritons propagate along
the metal surface. The propagation length of surface plasmon polaritons can be expressed by [56]:
  2  
3/2
εm
εm + εd
,
(1)
d SPP = λ0
2πεm εm εd
where λ0 is wavelength of free space, εm and εm , are
real and imaginary parts of relative permittivity, respectively, and εd is the permittivity of the dielectric medium.
This formula suggests which metal is favorable in terms
of propagation length at a given frequency. For the case
of a circular slit structure, propagating surface plasmon
polaritons focus at the center of the circle and create
standing waves, thus they can operate like a plasmonic
lens [57]. It was also shown that field enhancement and
focusing of surface plasmon polaritons at the center is
possible by circular slits into a silver film [58]. The dependence of the circle diameter on the enhancement at the
center was reported to increase almost linearly with radius r for the cases where the propagation length of surface plasmon polaritons is much smaller than the radius
of the ring [57].
In this study, circular plasmonic lens with diﬀerent
ring diameter and slit width were prepared by EBL and
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the influence of plasmonic lens structure on SERS enhancement was investigated using self-assembled p-ATP
molecules on the plasmonic lenses. The SERS enhancement performance of the lenses was evaluated by comparing the enhancement between planar silver thin film
and circular plasmonic lenses. The optimal configuration is easy to prepare and use as a SERS substrate in variety of sensing applications.

2 Experimental
2.1 Preparation of circular plasmonic lenses
Circular slit structures were fabricated by using electron
beam lithography. First, samples were spin coated by
positive-tone electron beam resist. Then, a circular area,
excluding the slit region, was exposed on a Raith electron beam lithography system. 100-nm thick silver was
deposited on the samples by electron beam evaporation.
After the standard lift-oﬀ process, ring-shaped holes with
diﬀerent width and radii were obtained, as shown in
Fig. 1. The results obtained from the unpatterned part
of the metal in order to calculate the SERS enhancement
were compared to those obtained from the slit structures.
Various rings have been fabricated with diﬀerent inner
and outer radii. Table 1 shows the details of the fabricated lens arrays. The plasmonic lens arrays were characterized using a Karl Zeiss EVO 40 model scanning electron microscopy (SEM) instrument.

Figure 1 SEM image of ring-shaped hole on silver film.
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Figure 2 SEM images of plasmonic lens of same slit width with
different ring sizes (0.5 (A), 1.0 (B), 2.0 (C), 3.0 (D) and 4.0 μm (E).

Table 1 Plasmonic lenses with different ring diameters and
slit widths used in the study.
Sample number

1

2

3

4

5

Ring diameter (μm)

0.5

1.0

2.0

3.0

4.0

Slit width (nm)

200

300

400

500

600
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2.2 Self-assembly of Raman-active molecule on
plasmonic lens arrays
4-aminothiophenol (p-ATP) is used to study the SERS enhancement property of the prepared lenses. Since this
molecule has a free thiol (-SH) group, it forms a quite uniform monolayer, which is called a self-assembled monolayer (SAMs), on the noble-metal surfaces [59]. There-
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fore, the prepared plasmonic lens chips were immersed
in an ethanolic solution of 4-aminothiophenol (p-ATP)
(1 mM) for 2 h to form SAM. Then, the surface was
washed with ethanol to remove the nonspecifically adsorbed molecules from the surface.

2.3 Raman instrumentation
All measurements were performed using a completely
automated Renishaw InVia Reflex Raman microscopy
system equipped with an 830-nm diode and 514-nm
argon-ion lasers. Laser with a wavelength of 514 nm was
used to excite the surface plasmons on the plasmonic
lenses prepared as the silver thin film with e-beam deposition. The laser power was 25 mW for all experiments unless stated otherwise. A 50× microscope objective (NA =
0.75) was used to focus the laser beam to obtain the SERS
spectra from the self-assembled ATP molecules on the
plasmonic lenses.

and size [57, 58, 60, 61]. Although near-field optical microscopy (NSOM) has generally been used for the optical
characterization of plasmonic lenses, we have used SERS
for the optical characterization and evaluation of plasmonic lenses for their performance as SERS substrate.
p-ATP as a Raman-active molecule was self-assembled
on silver plasmonic lenses to compare the SERS performance of them depending on their ring diameters and
slit widths. An average of ten SERS spectra obtained from
each lenses was used for the comparison.
The spectral reproducibility from lens to lens was first
investigated by collecting one spectrum from each lens
on the ten-lens array. Figure 3 shows the SERS spectra obtained from the array composed of a 2.0-µm ring diameter and 150-nm slit width. As seen, the reproducibility of
SERS spectra is satisfactory for comparison purposes.

3 Results and discussion
3.1 Characterization of plasmonic lenses
The silver plasmonic lenses with diﬀerent diameters and
slit widths on a 25-µm circular silver thin film with a
100 nm thickness were prepared and characterized with
SEM as seen in Fig. 1. Figure 2 shows the SEM images
of plasmonic lenses having the same slit width (400 nm)
but diﬀerent inner ring diameters (0.5, 1.0, 2.0, 3.0, and
4.0 µm). When the SEM images were examined, the ring
diameters were about ten percent larger and the slit
width of plasmonic lenses was about ten percent smaller
than the theoretically targeted structures.

3.2 Influence of plasmonic lens structure on SERS
enhancement
The electromagnetic enhancement component whose
relationship with the surface plasmons is now well established has a major role in SERS enhancement. The
enhancement factor in SERS experiment is the fourth
power of the electromagnetic field of surface plasmons
generated on nanostructure surfaces [29, 50, 54]. This
means that the higher the intensity of surface plasmons,
the greater the SERS enhancement. Plasmonic lenses
have the capability of focusing the surface plasmon depending on their structural properties such as shape
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Figure 3 Ten SERS spectra obtained from the equivalent plasmonic
lenses on the same array.

The number of the Raman-active molecules under
the microscope objective is assumed to be the same since
p-ATP forms a SAM on the silver surfaces. The SERS
performance of the constructed lenses was found to be
lens diameter and slit width dependent. The SERS spectra obtained from the plasmonic lens with 0.5-µm diameter and 200-nm slit width and regular planar silver
film, which was a part of the array system, was compared. When the most intense peak at 1435 cm−1 on the
SERS spectra was chosen to make the comparison, it was
found that the intensity of this peak was about 2 times
higher than the peak on the SERS spectra obtained on the
regular silver thin film. As an example, Fig. 4 also demonstrates the SERS spectra obtained from plasmonic lenses
with 2-µm diameter and 200-nm slit width (a) and a regular thin film (b). The intensity of the chosen peak is about
4 times higher on the plasmonic lens than that of the silver thin film. This means that when the ring diameter increases, the intensity of SERS spectra increases.
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Figure 4 SERS spectra of p-ATP obtained from a plasmonic lens (a)
and a silver thin film (b).

Figure 6 SERS intensity ratio depending on slit-width changes.

Figure 5 SERS spectra obtained from plasmonics lenses with different slit widths.

The influence of slit width on SERS activity was investigated next. While the diameter of ring-shaped holes is
kept constant at 2 µm, their slit widths are varied. Figure 5 shows the SERS spectra obtained on the structures
with increasing slit width. It is clear that as the slit width
increases, the intensity of SERS spectra decreases. The
same results were observed from the other plasmonic
lenses having diﬀerent ring diameters prepared in the
study (data is not shown).
Figure 6 shows the graph of the I lens /I film ratio for
the lens with 3-µm diameter with increasing slit width
as an example. As is seen, the ratio of the intensity decreases with plasmonic lens having larger slit width. All
ring-shaped lenses with diﬀerent diameters show that
the 200-nm slit widths is the optimal. The intensity at the
center I of the ring is expressed with the following formula [57]:


−R
2R
I = C I0
exp
.
(2)
λSP
2dSPP

Next, the influence of the inner-ring diameter on
SERS was investigated using plasmonic lenses with a 200nm slit width and increasing ring diameters. The SERS
spectra obtained from the plasmonic lenses having ring
diameters of 0.5, 1.0, 2.0, 3.0, 4.0 µm are shown in Fig. 7.
Figure 8 shows the change of I lens /I film ratio with the increasing diameter. The SERS intensity obtained from the
plasmonic lens is 13.18 times higher compared to a planar silver thin film.
Figure 9 illustrates the FDTD simulation result for the
case, where the diameter of the ring is 3 µm and the slit
width is 200 nm. The electric field is localized inside the
slit region. The reason for this localization is that the electromagnetic wave is enhanced due to the slits, which are
smaller than the wavelength of the incident light [63].
The simulations were carried out by using TM-polarized
Gaussian beam, where the electric-field component of
the electromagnetic wave is in the X -direction. Surface
plasmon polaritons are excited normal to the slits. Therefore, the electric-field intensity becomes higher in the slit
region along the Y = 0 line, which is supported by the
simulation in Fig. 9. The electric-field distribution on the
surface of the structure was monitored. It is also seen
that the field is focused in the center of the circle. The
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In this expression, C is the coupling coeﬃcient, I 0 is the
intensity of the incident beam, and R is the radius of the
inner circle. λSP is the surface plasmon polaritons wavelength, which is excited on the surface of the metal. The
coupling coeﬃcient C is a critical parameter, which is
related to the slit width. It was shown by Mehfuz et al.
that the coupling coeﬃcient C decreases as slit width increases [62]. As a result, when the ring diameter is kept
constant, the intensity at the center decreases as the slit
width increases. Consequently, the results shown in Fig. 6
coincide with this theoretical approximation.
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Figure 7 SERS spectra obtained from plasmonic lenses having the
same slit width with different ring diameters.

Figure 9 (online color at: www.ann-phys.org) Electric-field intensity |E |2 distribution on the plasmonic lens.

Figure 8 SERS intensity ratio depending on ring-diameter changes.

propagation loss is proportional to exp[−Im(k SP )r ], as
the surface plasmons polaritons propagate towards the
center of the ring [58]. Therefore, it is observed that the
field intensity at the slit region is higher than the center of the rings. We integrated the square of the electricfield intensity on the surface for both patterned and unpatterned metal, and took the ratio of the integrations
for the comparison. The intensity of electric-field ratio
(|E lens |4 /|E film |4 ) was calculated and found to be 12.9.
The FDTD simulation results also demonstrate that
when the inner ring diameter is increased with a constant slit width, the electric-field intensity on plasmonic
lenses increases. As the diameter of the ring increases,
the area of the slit region increases, as well. This provides focusing of the excited surface plasmon polaritons
towards the center more intensively. The results can also
be explained by Eq. (2). In this case, C is constant, since
the slit width is kept constant. The intensity at the center should increase monotonically with r up to surface
plasmon propagation length d SPP (Eq. (1)). The theoretical calculation is consistent with the experimental result
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and the literature [57] up to 4.0-µm inner diameter. This
is due to the size of the laser spot used for the SERS experiment. The electromagnetic radiation is necessary for
the excitation of surface plasmons on the nanostructured
metal. When the 50× objective is used, the laser spot size
is much smaller than 4.0 µm and cannot excite plasmons
in the large area. Thus, the ratio of the electric-field intensity decreases.

4 Conclusion
The results show that when the slit width is increased, the
SERS performance of plasmonic lenses decreases. The
maximum SERS performance was obtained with the plasmonic lens having a 200-nm slit width for all plasmonic
lenses with diﬀerent ring diameters. The slit width was
kept constant at 200 nm to investigate the influence of
ring diameter on SERS. The SERS intensity obtained from
plasmonic lens having 3.0-µm inner diameter is 13.18
times higher compared to a planar silver thin film, which
is consistent with the theoretical calculations. Since the
preparation of the optimal configuration is very easy and
can be done in an array format, we believe these structures have a pronounced potential as a SERS substrate
for routine high-throughput chemo- and biosensing applications.
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