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P
lasmonics has attracted considerable
interest over the past decades due to
its capabilities in manipulation and

concentration of light into subwavelength
volume based upon the surface plasmons
(SPs).1 SPs are collective charge oscillations
on the surface of conductor in the presence
of a two-dimensional (2D) boundary.2 In the
view of quantum mechanics, SPs are one
type of quasi-particles or waves that propa-
gate along the surface. When the phase
velocity of SPs is comparable to the velocity
of light, SPs resonantly couple with the free
electromagnetic field and forms a new sur-
face plasmon polaritons (SPPs).2�4 Conse-
quently, the SPPs bridge a gap between
photons and collectively charge oscillations,

since SPPs can convert light into intense
and localized field distributions with SPs
propagated over tens of micrometers, or
convert back to the freely propagating light.
Therefore, the SPPs can serve as a basis for
constructing nanoscale photonic circuits
that will be able to carry optical signals
and electric currents.3 Second, the use of
SPPs and SPs can concentrate light in sub-
wavelength structures stemming from the
different (relative) permittivities of the me-
tals and the surrounding nonconducting
media.3,5�8 Concentrating light in this way
leads to an electric field enhancement that
can be used to manipulate light�matter
interactions or boost nonlinear phenomena,
enabling superior applications in sensing.3
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ABSTRACT Tailoring optical properties of artificial metamaterials, whose optical properties go

beyond the limitations of conventional and naturally occurring materials, is of importance in

fundamental research and has led to many important applications such as security imaging, invisible

cloak, negative refraction, ultrasensitive sensing, and transformable and switchable optics. Herein, by

precisely controlling the size, symmetry, and topology of alphabetical metamaterials with U, S, Y, H,

U-bar, and V shapes, we have obtained highly tunable optical response covering visible-to-infrared

(vis-NIR) optical frequency. In addition, we show a detailed study on the physical origin of resonance

modes, plasmonic coupling, the dispersion of resonance modes, and the possibility of negative

refraction. We have found that all the electronic and magnetic modes follow the dispersion of surface

plasmon polaritons; thus, essentially they are electronic- and magnetic-surface-plasmon-polaritons-like (ESPP-like and MSPP-like) modes resulted from

diffraction coupling between localized surface plasmon and freely propagating light. On the basis of the fill factor and formula of magnetism permeability,

we predict that the alphabetical metamaterials should show the negative refraction capability in visible optical frequency. Furthermore, we have

demonstrated the specific ultrasensitive surface enhanced Raman spectroscopy (SERS) sensing of monolayer molecules and femtomolar food contaminants

by tuning their resonance to match the laser wavelength, or by tuning the laser wavelength to match the plasmon resonance of metamaterials. Our

tunable alphabetical metamaterials provide a generic platform to study the electromagnetic properties of metamaterials and explore the novel

applications in optical frequency.

KEYWORDS: alphabetical metamaterials . optical frequency . tunable optical response . plasmonic coupling .
surface plasmon polaritons . surface enhanced Raman spectroscopy (SERS)
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For instance, metallic structures that are much smaller
than the wavelength of light can be used as substrates
for surface-enhanced Raman spectroscopy (SERS),
which can now detect a single molecule.9�12

The properties of SPs and SPPs strongly depend on
the optical parameters and morphology of plasmonic
structures. In the past 15 years, metamaterials have
been gradually emerging as a material of choice for
designing functional plasmonic structures because
their optical properties can be tailored almost at will
frommicrowave to optical frequency.13�17Metamater-
ials are artificial materials consisting of self-similar and
periodically arranged metallic nanostructures which
act as “artificial atoms” analogous to their natural
counterparts in solid state physics. Therefore, optical
properties of the metamaterials are strongly depen-
dent on their size, periodicity, structural symmetry of
the unit cells, and coupling between the metallic
“atoms”. Especially, the coupling effects play an im-
portant role in the understanding of the plasmonic
modes from individual metallic elements to the bulk
metamaterials.18,19 It is similar to the molecule hybri-
dization effects in solid state physics, in which the
electronic states are evolved from individual electronic
level in atoms to continuum band in bulk; the plasmo-
nic coupling effect between the subwavelength
metallic elements also dominates over the evolution
of resonant modes in metamaterials.20,21 Besides the
electronic surface plasmons (ESPs) induced by charged
oscillation, some metamaterials structures, such as
“split ring resonator”, also show a magnetic surface
plasmons (MSPs), essentially analogous to a small
LC circuit consisting of an inductance L and a capaci-
tance C.17,22 Near the resonance of MSPs, the current in
the inductance produces a magnetic field opposing
the external magnetic field of the light, hence enabling
a negative magnetic permeability. Furthermore, the
coupling between light and both of ESPs andMSPs will
form two types of polaritons: electronic surface plas-
mon polaritons (ESPPs) and magnetic surface plasmon
polaritons (MSPPs) that are analogue of the magnon-
polaritons in antiferromagnetic materials.23 By prop-
erly designing these parameters, one can tailor optical
properties of metamaterials and exhibit unprece-
dented properties that the materials in nature cannot
have, such as negative refraction, controllable optical
illusions (e.g., invisibility cloak), control of the polariza-
tion and spin of light, and enhanced nonlinear effect,
as well as extreme light concentration for ultrasensitive
sensing.1,7,16,17,22,24�26

Although much effort has been dedicated in this
field over the past 15 years, a detailed study on the
tunability and control of the SPs and SPPs in metama-
terials is needed, especially on pushing the optical
resonance into the visible-near-infrared (vis-NIR)
wavelengths.15,27,28 Herein, we use alphabetical meta-
materials as a model to present a systematic study on

the tailoring of optical response in vis-NIR frequency.
First, we show the fabrication of alphabetical metama-
terials, physical origin of resonance modes, and the
plasmonic coupling effects induced by symmetry and
size of resonators. Then, we discuss the dispersion
relationship of resonance modes which follow the
dispersion curves of 2D surface plasmon polaritons;
thus, they have SPP-like properties. On the basis of the
dispersion properties, we conclude that the SPP-like
modes and SPs in our alphabetical metamaterials have
low group velocity, which means that those metama-
terials should have good capabilities in coupling the
localized field (surface plasmon) and the propagation
field (light), leading to strong field confinement and
enhancement.2,7 Finally, we use SERS techniques to
demonstrate that those metamaterials have very good
potential in the ultrasensitive bio/chemical sensing.

RESULTS AND DISCUSSION

Identification of Resonance Modes and Coupling Effect in
Alphabetical Metamaterials. Figure 1 shows a series of
alphabetical metamaterial structures (Figure 1a), their
optical responses (Figure 1b), andmode identifications
(Figure 1c). The fabrication details and structure para-
meters can be found in Methods and Supporting
Information (Figure S1). In order to obtain the tunable
optical response from visible to NIR range, we shrink
the whole unit cell along with the dimension of
resonators from 100% to 37.5%, which reduces the
corresponding bar width (w) from w = 80 to 30 nm
(Figure S1). Figure 1b shows the transmission spectra
for various alphabetical metamaterials with different
widths, w. The solid curves are spectra taken under Px
polarization configurations, while the dashed curves
are obtained from Py polarization configurations. Each
valley in the transmission spectra represents one re-
sonance mode of metamaterials. The induced electric
dipoles due to the alternating field of light lead to two
distinct resonance modes: one is electric mode arising
from oscillation of the electric dipoles, while the other
is the magnetic mode due to the circular currents
induced by head-to-end electric dipoles configura-
tion.18,29 For all six shapes, the weak short-wavelength
resonances around 550 nm exhibit independence on
the width, which are actually attributed as the dipole
excitation along the width of arms and their frequency
depend on the ratio of arm length to arm width.14,16,30

In our experiments, we change the size of metamater-
ials by shrinking the size of whole unit cell; thus, the
ratio of arm length to armwidth is constant. As a result,
the modes around 550 nm exhibit no dependence on
the apparent resonator arm. The other resonance
modes exhibit a systematic blue shift as the width
decreases, labeled with color lines as guide to eye. This
can be explained as follows. For the electric modes,
resonance frequency is proportional to the coupling
strength of electric dipoles.29,31 With a decrease in the
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metamolecule width, the coupling strength and, thus,
the resonance frequency increases. Themagneticmode
can be seen as the analogy of inductor�capacitor
circuit (LC) resonance.16 With the decrease of the
metamolecule size and bar width, the capacitance C

and inductance L decrease and the resonance fre-
quency increases. Figure 1c shows the schematic dia-
gram of the current distribution at the resonance
wavelength based on the simulation of finite-differ-
ence-time-domain (FDTD) and dipole�dipole coupling
theory.18,29 The black arrows in Figure 1c indicate the
dipole�current direction. The detailed FDTD simula-
tion results of 30 nmwidth are shown in Figure S3. The
simulated mode numbers, polarization, and relative
energy are in good agreement with experimental
results within 10% deviation (Supporting Information).

Next, we identify the physical origin of the labeled
modes. TheU-shaped resonator is a typical SRR and has
been extensively studied due to its negative refraction

properties.22,32 It has three resonancemodes fromhigh
to low energy as shown in Figure 1c: the higher order
magnetic resonance (Mh‑order modes, highlighted by
the solid blue line in Figure 1b), fundamental electric
resonance (E(y) modes, highlighted by dash green line
in Figure 1b, y represents the polarization direction of
incident light), and fundamental magnetic modes
(M(z), highlighted by solid red line in Figure 1b, z
represents the direction of magnetic dipole moment).
Here, we identify the highest frequency mode as the
higher order magnetic resonance14 rather than electric
plasmon mode.33 From the dipole current distribution
simulated by FDTDas shown in Figure 1c and Figure S2,
one can see that the Mh‑order modes have a partial
circular current, which leads to a magnetic-dipole
moment normal to the SRR plane. This is because the
electric field of horizontally polarized incident light can
couple to the capacitance of the SRR and induce a
circulating current in the coil.14 On the basis of the

Figure 1. SEM images, transmission spectra and schematic diagramsof theplasmonhybridization. (a) A typical SEM imagesof
U, Y, S, H, U-bar, andV shapedgoldmetamaterialswithw=40 nm fabricatedon a flexible PENor ITO/glass substrate. The scale
bar is 100 nm in the figure. (b) Transmission spectra of SRRs with different widths ofw = 80�30 nm for U, Y, S, H, U-ba,r and V
shapes. The solid curves correspond to the Px polarization, while the dashed curves correspond to the Py polarization. The
color lines highlight the trends of resonance depending on the size of unit. (c) Dipole current distribution of the plasmon
hybridization modes for different shapes. For each shape, the modes are arranged by the order of wavelength (energy), with two
degenerate cased for Y andU-bar shapes. The corresponding simulated results can be found in Figure S2. For electronicmodes, the
label in thebrackets correspond thepolarizationdirectionof incident light; formagneticmodes, it is directionofmagneticmoment.
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simulation results shown in Figure S2, we conclude that
Mh‑order and M(z) modes can only be excited at the Px
polarization configuration (electric field vector of in-
cident laser is along the x-direction), while E(y) mode
can only be excited at the Py polarization configuration.

The analysis of U-shaped resonator can be applied
to interpret the other shapes. For instance, the
Y-shaped resonator can be regarded as two connected
U-shaped resonators rotated by 90�. The modes in the
isolated U shape will couple together and lead to new
modes in the combined shapes. The solid blue line
highlights the size-dependent evolution of the
coupled higher order magnetic mode Mh‑order, which
is induced by Px polarized light and shows more
complex current distribution as shown in Figure 1c
and Figure S3b. The Px and Py polarizations of incident
light induce a couple of degenerated electric modes
Esym(x) and Esym(y) corresponding to the valleys high-
lighted by the green solid and dashed lines in
Figure 1b, respectively. This is supported by our simu-
lation (Figure S3). However, experimentally we have
observed themode splitting as the Y-shaped resonator
size increases, which are highlighted by the green solid
and dashed lines in Figure 1b. We speculate that as the
size increases the degeneracy is lifted due to non-ideal
symmetry of the two U-shaped resonators. For mag-
netic modes, the fundamental magnetic dipole modes
in each U-shaped resonator couple together, resulting
in the two degenerate symmetrically coupled mag-
netic dipoles modes (Msym,x(z) and Msym,y(z)) and one
asymmetric modeMasym(z). As there is a phase retarda-
tion between two 90�-rotated U structures in the Y
shape, the coupling between two magnetic dipoles
leads to the spectral splitting of resonance.35 On the
basis of the dipole�dipole coupling theory,32 the north
and the south poles of the two neighboring magnetic
dipoles repel each other in the symmetric mode,
leading to the longer wavelength Masym,y(z) mode
(highlighted as the dashed red line in Figure 1b under
a Py excitation) further red-shifted to beyond the
spectral range of our spectrometer, particularly to
those resonator with size larger than ∼60 nm. In a Px
polarization excitation, onlyMsym,x(z) mode is observed
(solid pink line in Figure 1b). With a similar argument,
the spectra of coupled magnetic modes (Msym,x(z) and
Msym,y(z)) also split into two as the size increases.

Once we understand the physical pictures of those
two resonators, we can readily address the mode
identifications for other four resonators. The S- and
H-shaped resonators can be considered as two 180�-
rotated U-shaped resonator configurations connected
side-by-side and back-to-back, respectively. The elec-
tric (magnetic) dipole�dipole coupling can also form
new coupled electric (magnetic) modes. In the S shape,
we observed four resonance modes as highlighted by
solid blue, dash green, dash pink and solid red lines
in Figure 1b, which are respectively identified as

higher-order magnetic resonance mode Mh‑order, sym-
metrically coupled electric modes Esym(x), asymmetri-
cally coupled electric modes Easym(x), and asymmetri-
cally coupledmagneticmodeMasym(z) as subsequently
shown in Figure 1c. The Easym(y) mode is very weak and
even unresolved when the bar-width is smaller than
50 nm; however, it becomes pronounced for larger size
resonators (highlighted by pink dashed line). In the H
shape, besides Mh‑order, Esym(y), and Masym(z) modes,
we also observed an asymmetrically coupled electric
mode of Easym(y) in the Py polarization excitation, which
is completely dark and decoupled from the normal
incident light if the metamolecule exhibits spatial
inversion/reflection symmetry, such as the U shape,
in the plan of structure.1 Here, we propose that the
observation of Easym(y) in the H-shapedmetamaterial is
due to the coupling effects between two 180�-rotated
U-shaped resonators in one H shape. As there is no
phase retardation between the two 180�-rotated
U pairs, only a single asymmetric magnetic reso-
nance can be observed in the S and H shapes.18

The U-bar structure, which consists of a SRR and a
bar, is also known as asymmetric split ring resonators
(ASRRs).3 The higher order magnetic resonance
Mh‑order shows asymmetric alignment of electric di-
poles in both of two vertical arms of SRR, and in both of
the bar and the bottom arm of SRR. The electric
resonance mode is contributed from two degenerated
modes of Esym(x) and Esym(y) with parallel alignment of
electric-dipoles along x- and y-direction, respectively.
Circulating currents induced by Px-polarized incident
light lead to the magnetic resonance M(z). For the V
shape, two resonance modes come from the coupling
of two dipoles in the angled arms. The Py-polarization
of light induces symmetric aligned electric dipoles in
two arms, resulting in an electric mode E(y). Similar
with asymmetric coupling in two noncontacted
nanowires,2 the displacement current of asymmetric
coupled dipoles between two arms of the V shape also
has partial circulating features along the V shape,
leading to a resonant excitation of magnetic dipole
moment M(z).

Dispersion of ESSPs-like Modes and MSSPs-like Modes. On
the basis of Drudemodel, the frequency of bulk plasma
ωp is depending on the electron density n and effective
mass me of electrons:

2 ωp = (4πne2/me)
1/2. In metals,

the plasma energy is on the order of 10 eV. For
instance, it is 9 eV in perfect crystalline gold, 9.2 eV in
perfect crystalline silver, and 15 eV in perfect crystalline
aluminum.2,7,34 The dispersion of bulk plasma has the
format of2,34

ω2 ¼ ω2
p þ c2k2 (1)

where c is velocity of light in free space, and k is wave
vector of light. Equation 1 leads to two results: The first
is that there is a threshold frequency at zero wave
vector, and the second is that light cannot propagate in
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themetal when the frequency is belowωp. For the light
with frequency higher thanωp, usually in the UV range,
the metal became transparent. In the presence of a
planar boundary, there is a new mode, i.e., surface
plasmons, of which the frequency is ωsp = ωp/(2)

1/2 at
the wave vectors k that is much higher than ωsp/c. In
the retardation region, where the phase velocity ωsp/k
of SPs is comparable to the velocity of light, the surface
plasmons couple with the free electromagnetic field
and form the surface plasmon polaritons following the
dispersion relationship:2

ω2
spp(k) ¼ ω2

sp þ v2k2 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ω4

sp þ v4k4
q

(2)

where v is the effective velocity of light in the interface
between metal surface and surround dielectrics, k is
the wave vector of SPPs. Equation 2 means that the
SPPs propagate along the metal surface with frequen-
cies ranging from zero (k = 0) toward the cutoff
frequency corresponding the classical nondispersive
surface plasmon ωsp. Since v e c, the dispersion
relation ωspp(k) always relies on the right part of the
light dispersionωl(k) = ck. Therefore, thewave vector of
SPPs is always larger than that of pure light waves of
the same frequency. Hence, the SPPs in an ideal surface
are nonradiative in nature, which means that it cannot
decay by emitting a photon, and vice versa, light
incident on an ideal surface cannot excite the surface
plasmon. Nevertheless, there are twomechanisms that
allow light to be coupled SPPs by providing the
momentum mismatch between light and SPPs. The
first is attenuated reflection (ATR) whichmakes use of a
prism coupling to increase themomentumof light.35,36

The second makes use of a periodic surface roughness
in metals surface, which can provide the required mo-
mentum via umklapp processes just like a diffraction

grating.37 Metamaterials have very good periodic sur-
face structure and can easily couple the SPs and light to
form SPPs-like modes. In Figure 2, we plot the disper-
sion relationship of all resonance modes in alphabe-
tical metamaterials. For certain size of metamaterials
with a given lattice constant ai, the resonance energy
of corresponding resonance modes can be obtained
by measuring the transmission spectra. When we
change the size of lattice unit, we obtained the data
points of resonance modes energy versus lattice con-
stant and, thus, data of the resonance modes energy
versus vectors. The 2D wave vectors along the surface
of metamaterials are inversely proportional to the
lattice constant, i.e., ki = π/ai (i = x, y), where the ai
the lattice constant of metamaterials which can be
calculated from the structure parameters as show in
Figure S1. For a comparison, we also plot the dispersion
of light (black line) and classic nondispersive surface
plasmons (colored horizontal line). We found that all of
electronic and magnetic modes show the dispersion
feature of SPPs and can be perfectly fitted by SPPs
dispersion function in eq 2. It suggests that those
resonance modes result from coupling between the
2D localized surface plasmon and the free propagating
light, leading to the coupling modes of SPP-like. There
are two types of SPP-like modes, electronic-surface-
plasmon-polaritons-like modes (ESPP-like modes) and
magnetic-plasmon-polaritons-like modes (MSPP-like
modes). In the coupling process of the ESPP-like
modes, the light energy scattered by one metamole-
cule can be collected by neighboring metamolecule
as localized plasmons and are called lattice
plasmons.38�40 For the magnetic modes, it is propa-
gating wave via magnetic dipoles for wave propaga-
tion along the magnetic-dipole direction. These

Figure 2. Dispersion of resonance modes. Panels show the dispersion of light (black line), electronic modes (solid spheres),
magneticmodes (solid stars), and nondispersive classical surface plasmons (horizontal color lines) along thewave vector of kx
and ky direction for six alphabetical metamaterials, respectively. The same color corresponds to the same type of resonance
modes as shown in Figure 1. The color curves are the fitted results by eq 2. Perfect consistence of all fittings between theory
and experiments shows all of modes are surface plasmon polaritons.
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magnetization waves are the classical analogue of
spins. When these magnetic waves in the 2D structure
are coupled with the incident electromagnetic waves,
the resonance modes show 2D polaritons-like proper-
ties.18,41,42 Figure 2 indicates that we almost push the
frequency of ESPP and MSPPs into the cutoff limit,
which covers nearly the entire range of visible to near-
infrared optical frequency.

Analysis of dispersion of SPPs provides more in-
sights in advanced applications, such as negative
refraction and enhanced sensing capability. The refrac-
tive index n depends on the electronic permittivity ε
and magnetic permeability μ: n2 = εμ. If both permit-
tivity and permeability are negative, the resulting
refractive index is negative as well. The permittivity is
usually negative in any metals from zero frequency to
the plasma frequency; however, a negative permeabil-
ity at optical frequency, in particular, does not occur in
naturematerials. The permeability can bewritten as2,43

μ(ω) ¼ 1þ Fω2

ω2
mspp �ω2 (3)

where F is the filling factor defined by F =
(lxlytz)/(axayaz), lx and ly are the length of individual
metallic “atom” along x- and y-direction, respectively, tz
is the thickness of individual metallic “atom”, and ax,y,z
is the lattice constant along x-, y-, and z-direction. In our
2D alphabetical metamaterials, there is tz = az. On
the basis of parameters listed in Figure S1, we have
calculated F to be ∼50%. To substitute F into eq 3,
we obtain that the negative permeability requires
ω > (2)1/2ωmspp. Our metamaterials can push the
magnetic response of high order magnetic modes to
564 nm and fundamental magnetic modes to 668 nm
in visible; therefore, in principle, we can push the
negative permeability down to 564 nm, with a band-
width up to (2)1/2λmspp, where λmspp is the MSPP-like
mode wavelength. Besides, the negative refractive
index is strongly dependent on the polarization
because magnetic mode is necessary. For U, H, U-bar,
and V shapes, the negative refraction exists in the
x-polarization, while it is in the y-polarization for S
shape. The Y shape structures should exhibit negative
refraction in both of the polarizations.

Verification of Enhanced Light-Matter Interactions by Tuning
the Laser Wavelength. Alphabetical metamaterials oper-
ated in visible-IR exhibit abundant electric and mag-
netic dipole modes, and their coupling effect gives
further degree of freedom to tune the plasmonic
resonance to optimize the SERS effect. The versatile
tunability enables the maximization of the strength of
local electromagnetic field hot-spots, which dominate
the electromagnetic enhancement in sensing. Next, we
will use SERS to test the sensing capability of this
tunable alphabetical metamaterials. We first show
how to obtain the highest SERS signal by tuning the
laser wavelength for the H-shapedmetamaterials as an

example. Panels a and b of Figure 3 display the typical
SERS spectra of a monolayer 2-naphthalenethiol
bound to H40 sample excited by a tunable laser
with Px and Py polarizations, respectively. Considering
that laser wavelength (660�840 nm) is far from
the first electronic transition (∼242 nm) of
2-naphthalenethiol,37 we propose that the enhance-
ment of SERS signal is entirely contributed by the
electromagnetic enhancement. We chose the Raman
peak around 1380 cm�1 originated from the ring�ring
stretching mode to investigate the resonant SERS
profile depending on the laser wavelength.44 Its inte-
grated area intensity is plotted in Figure 3c,d along
with the compared data from a H50 sample. By tuning
the laser wavelength and polarization to match the
corresponding resonant modes in the metamaterials,
the enhancement was obtained about 20 times as
compared to that of the off-resonance case. On the
basis of the Mie scattering theory5 and resonant
SERS effects in nanoparticles,45 the electromagnetic
enhancement factor (EF) is the product of incident
light and scattered light enhancement, i.e., EFtotal =
EF(λlaser) � EF(λscatt), where EF(λ) has the same disper-
sion relationship with the extinction spectra of meta-
materials. In the case of Px polarization, the Mh‑order

(∼730 nm for H40, and∼820 nm for H50) andMasym(y)
(∼1561 nm for H40, and ∼1898 nm for H50) were
excited (as show in Figure 1b). Because the Masym(z)
mode is far from the excitation laser and the corre-
sponding Stokes shift (1380 cm�1), the stronger signal
at higher energy excitation shown in Figure 3c is due to
the Mh‑order resonance, while in the Py excitation, two
other modes of Esym(y) (∼780 nm for H40, and
∼900 nm for H50) and Easym(y) (∼860 nm for H40,
and ∼1150 nm for H50) are excited. As shown in
Figure 3d, two resonant peaks are observed in the
H40 sample. One resonant peak is very sharp at around
790 nmwith a fwhm of∼10 nm.We propose that it is a
double resonant process, in which the incident laser at
∼785 nm resonates with Esym(y), while the scattered
light at ∼887 nm (∼1380 cm�1) is also within the
resonance of the Easym(y) mode. The other peak around
710 nm is much broader because only the scattered
light around 787 nm (1380 cm�1) can resonatewith the
Esym(y) mode. For the H50 sample, the double-reso-
nance is relaxed, which results in one broad resonant
peak around 700 nm because its Easym(y) mode is too
broad and far from the scattered light.

Effect of Shape and Size of Metamaterials on Selectively
Enhanced Electromagnatic Field. For a given laser wave-
length, for instance 785 nm, the enhancement can be
maximized by tuning the size and shape of the alpha-
betical metamaterials. Here, the chosen patterns are U,
V, H, S, and Y shaped metamaterials with bar-width
ranging from 30 to 50 nm, also functionalized with a
monolayer of 2-naphthenethiol molecules. Figure 4a
shows a 2Dplot of the SERS spectra under twodifferent
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polarizations. Bar charts in Figure 4b statistically sum-
marize the simulated and experimental intensities for
all different shapes and sizes. It becomes pronounced
that the U40, V30, H40, S40, and Y30 samples show
much stronger intensities than their other counter-
parts under a certain polarization. This suggests the
versatility and tunability of metamaterials for a known
laser excitation in order to gain the highest SERS effect.
The explanation can be supported by the simulation of
the local electric field distribution (or saying the hot-
spots) as shown in Figure 4c. One can see that both
experimental data and simulation agree very well with
each other. By comparing the Raman spectra of
2-naphthalenethiol powder and the SERS spectra of a
covalently self-assembled monolayer of 2-naphthale-
nethiol, we could also estimate the average enhance-
ment factors (averaging all area of metamaterials
pattern) of experimental SERS spectra which are
∼106 to ∼108, respectively (see Supporting Informa-
tion and Figure S4). These enhancement values are
strong enough for detecting a few molecules located
within proximity of the hot-spots.

Application of Alphabetical Metamaterials for Single Mole-
cule Detection. To demonstrate a specific application in
food security, we have detected extremely diluted
concentrations of two plasticizers: benzyl butyl

phthalate (BBP, C19H20O4) and bis(2-ethylhexyl)-
phthalate (DEHP, C24H38O4). The plasticizers are known
as endocrine disrupters that produce reproductive and
developmental toxicity, such as miscarriage, fewer
motile sperm, and external sex organs malformation
of infant.46 Figure 5 shows the SERS spectra for the
ultrasensitive detection of BBP and DEHP with concen-
trations from nanomolar to femtomolar level. The
femtomolar detection ismuch lower than the exposure
limit of 6 ppb (10�9 M/L) in drinking water allowed by
Environmental Protection Agency of the United States.
In a typical measurement, 40 μL of sample solution was
dropped and spread over a 2 � 2 cm2 area of the
metamaterials. SERS measurements were conducted
after the chip was dried in air. As shown in Figure 5a,
the overall SERS fingerprint intensity is quantitatively
increasedwith the concentrations of BBP from1 fM to 1
nM. The Raman peaks at 1066, 1580, and 1618 cm�1

correspond to the ring�ring stretching vibration of
ortho-phenyl group, and the peaks at 598, 639, and
766 cm�1 are from ring deformation. The peaks at 844,
1378, and 1450 cm�1 have been assigned to the
aromatic C�H twisting vibration, the CH3 symmetric
deformation, and the C�H in plane bending of alkyl
group, respectively.44,47,48 We also conducted DEHP
detection from nanomolar to femtomolar level and

Figure 3. Excitation wavelength dependence of experimental SERS spectra and simulated enhancement spectra at Px and Py
polarization. Panels a and b are the selectedmeasured SERS spectra, which depend on the laser wavelength for H40 at Px and
Py polarizations. Panels c and d are laser energy dependence of the integrated intensity (peak area) of ring�ring stretching
mode of benzene functional groups at 1380 cm�1 for H40 and H50 pattern at two polarization configuration.
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Figure 5. Ultrasensitive SERSdetectionof plasticizers. (a) TheSERS spectra of BBP (benzylbutyl phthalate) and (b)DEHP (bis(2-
ethylhexyl)phthalate) molecules for femto- (10�15), pico- (10�12), and nanomolar (10�9 mol L�1) levels. Approximately 40 μL
of three different concentration of BBP and DEHP was deposited onto 2 � 2 cm2 H40 metamaterials wafer for SERS
measurements. The excitation laser is 785 nm and power is∼1 mW. The acquisition time is 400 s. The laser spot size is about
1 μm2 for 100� objective.

Figure 4. Shape tunable SERS spectra and simulation results at 785 nm excitation. (a) The experimental SERS spectra
depending on the shape andwidth (w = 30 nm for red line,w = 40 nm for blue line,w = 50 nm for pink line) of the alphabetical
metamaterials at 785 nm laser with two cross-polarization configurations. The solid lines and the dash lines represent the
laser polarizations, which are parallel and vertical to the gap of the alphabet metamaterials, respectively. (b) The statistics
results of integrated intensity (area) of experimental SERS spectra at 1380 cm�1 peak in (a) and simulated average
enhancement factor |E|4 of U, V, S, H and Y shapes from w = 30 nm to w = 50 nm with two polarization configurations.
The enhancement factor was calculated based on averaging the |E|4 at 0.5 nm above the structure. The shifting was about
20 nm different-Stoke shift. (c) The simulated contour plot of electronic field intensity of |E|2 for the pattern with the
highest enhancement. The black arrows correspond to the laser polarizations. The right corner values are the widthw of the
SRRs unit.
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obtained good signals as shown in Figure 5b. Consid-
ering the area ratio of laser spots (∼1 μm2) to meta-
materials chip, we can unambiguously conclude that
single molecule detection has been obtained (see
Supporting Information). Nevertheless, it is still a big
challenge to increase the throughput since a handful of
molecules spread through all over the substrate. One
possibility is to employ superhydrophobic substrate49

incorporated with metamaterials, which could be a
potential solution to concentrate the very low number
of molecules onto the active SERS surfaces.

CONCLUSION

In conclusion, by using tunable alphabetical meta-
materials operated in the optical frequency, we have
demonstrated a detailed study on plasmonic coupling,
dispersion of ESPPs and MSPPs, and negative refrac-
tion, as well as the ultrasensitive SERS sensing. The
optical responses can be readily tailored in vis-NIR
range by controlling the size, symmetry, and topology

of the unit cell. The dispersion analysis shows that all of
resonance modes are 2D surface plasmon polaritons
due to the grating-like structures and comparable
wave vectors with lights. Hence, the light can be
coupled very easily with electronic and magnetic sur-
face plasmons, and thus, the alphabetical metamater-
ials exhibit a potential negative refractive index in
visible optical frequency and an enhanced confine-
ment and concentration of electromagnetic fields in
vis-NIR frequency. A series of tunable SERS experi-
ments by tuning the laser wavelength and resonance
frequency confirm the ultrasensitive capability and can
readily detect the mononlayer molecules and ultradi-
lute plasticizer solution as low as femtomolar concen-
tration. Our study on the tunable alphabetical meta-
materials will open a wide range of possibility for the
fabrication of visible plasmonic metamaterials to ben-
efit potential applications in invisible cloaking, non-
linear optics, negative refraction, transforming optics,
and sensing.

METHODS

Fabrication of Alphabetical Metamaterials. The metamaterials
with different bar widths from 30 to 80 nm were fabricated
on 0.7 mm-thick ITO/glass substrates over an area of 40 μm �
40 μmby electron beam lithography (EBL). Commercial electron
beam resist poly(methyl methacrylate) was spin-coated at
4000 rpm for 1 min on the ITO/glass and baked at 180 �C for
20 min. The metamaterials patterns (geometrical parameters
and periodicity of the unit cell are described in the Supporting
Information Figure S1) were produced using a JEOL 7001 F SEM
equipped with a nanometer pattern generation system (NPGS),
and then developed in 1:3 methyl isobutyl ketone/isopropyl
alcohol (MIBK/IPA) developer for 90 s. After the development,
30 nm Au film following a 2 nm Cr as an adhesive layer was
deposited using thermal evaporation deposition (Elite Engi-
neering, Singapore) at a base pressure of 3 � 10�7 Torr. Finally,
the sample was immersed in acetone for at least 3 h for
separation and washed thoroughly with IPA and water.

Transmission and SERS Measurements. To evaluate the resonance
modes of alphabetical metamaterials, the transmission spectra
were conducted using a microspectrophotometer (Craic 20) in
the range of 400�2100 nm. The laser tunable SERS spectros-
copy was performed in a back scattering geometry using a
Jobin-Yvon HR800 Raman system equipped with a liquid nitro-
gen-cooled charge-coupled detector (CCD). The laser excitation
wavelengths are selected from a Ti-Sapphire laser (Coherent).
We use a continually tunable Notch filter to reject the laser
line, and thus, there was no need to change the filters for
different wavelengths we used. For pattern tunable experiments
(Figure 4), Jobin-Yvon T64000 was used in a back scattering
geometry excited by a diode laser (λ = 785 nm). For all SERS
experiments, the laser power was kept bellow 1 mW unless
otherwise stated. For the laser tunable SERS spectroscopy
(Figure 3), an important step is to calibrate the wavelength-
dependent laser flux and the system response.We used a silicon
wafer with Æ111æ orientation as a standard sample for the
calibration of the laser flux, while we used a standard tungsten
halogen light source (HL-2000, Ocean Optics) to calibrate the
system response.

DDA and FDTD Simulation. The transition spectra of alphabe-
tical metamaterials is simulated by discrete dipole approxima-
tion (DDA) method using the DDSCAT program (version
7.0).34,35 Two nanometer grids were used for all simulations.
The shape involved in the experiment is too complex. For the

effective medium, we tried to avoid the complexity by using a
simple box with dimensions of 30 � 120 � 120 nm (height �
width � length) put on top of ITO (refractive index of 1.9). The
effective medium is equivalent to the total of each surface in
relative to the refractive index (air or ITO) divided by the total
amount of box surface. Figure S3a is calculated using FDTD
method; the geometries of each structure were directly im-
ported based on the SEM micrograph, which allows us to
simulate a closer shape available in experiment. Subsequently,
the same structure of alphabetical metamaterials was used to
calculate the dipole current distribution at their respective
resonance peak, which is shown in Figure S3b.
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