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Split-ring resonators (SRRs) have been the subject of investigation as plasmonic sensors that

operate by sensing plasmon resonance shift dk when exposed to a medium with a refractive index

change dn. However, conventional planar SRRs have their plasmon fields spread into the

substrates, reducing accessible sensing volume and its sensing performance. Such a limitation can

be eradicated with vertical SRRs in which the plasmon fields localized in SRR gaps are lifted off

from the substrate, allowing for greatly enhanced sensitivity. Here, we demonstrate the highest

sensitivity among reported SRR-based sensors in optical frequencies. VC 2014 Author(s). All article
content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0
Unported License. [http://dx.doi.org/10.1063/1.4891234]

Plasmonic metamaterials are artificially constructed

media with extraordinary properties that are derived from

periodical sub-wavelength constituent elements typically

involving metal with hosting dielectric.1 These properties of

the metamaterials are often times intrinsically connected to

the localized surface plasmon (SP) resonances (LSPR) aris-

ing from the collective oscillations of free electrons which

induce strong electromagnetic fields adjacent to the artificial

sub-wavelength metallic elements in the metamaterials.2–4

The resonance wavelengths are determined by feature

geometries of metamaterial elements and their surrounding

environment, and thus can be tuned by either changing the

element dimensions or the surrounding dielectric.5–7 Such a

property can be explored for a variety of applications,8–13

one of which is sensing based on the following general

design principle. Depending on the wavelength range of

interest, a metamaterial consisting of subwavelength metal

elements of specific shape and sizes is fabricated on a given

substrate. These metal elements exhibit different resonance

shifts when exposed to media of different indexes of refrac-

tion, and by optically probing the shift, the media to which

the metamaterial is exposed is then identified.14 The motiva-

tion of exploring metamaterials for the sensing application is

the potential for achieving high sensitivity.15–18 To this end,

metamaterials require to possess strong plasmon resonance

features that are sensitive to environment change.19,20 The

split-ring resonator (SRR) is such a metal structure that is

typically used as a building block for metamaterials because

of its strong resonance accompanied with strong field

enhancement within the SRR gap.21–23 One important mea-

sure of a metamaterial sensor is its sensitivity characterized

as the ratio of LSPR shift to the change in refractive index of

its nearby sensing medium (dk/dn), or spectral shift per

refractive index unit (RIU).24 Obviously, in order to obtain

high sensitivity, it is important to have significant portion of

the localized fields associated with the plasmon excitation

exposed to the sensing medium for a greater resonance

shift.19 Unfortunately, a majority of the metamaterials

reported so far have planar SRRs that lie flat on substrates,

resulting in a rather appreciable fraction of the plasmon

energy distributed in the dielectric substrate below as shown

in Fig. 1 which limits the effective sensing volume as well as

the sensing performance. This reality is the direct conse-

quence of significant technical challenges in the fabrication

because metamaterials are far more easily constructed with

planar sub-wavelength elements on substrates. Although a

couple of published works show that the sensing volume can

be increased by raising up the plasmonic elements on dielec-

tric pillars, a fraction of the localized fields still leaks into

the dielectric material underneath.19,25,26 In this work, we

report the fabrication of vertical SRRs (VSRRs) capable of

lifting essentially all of the localized fields above the sup-

porting substrate they stand on as illustrated in Fig. 2(a).

It has been theoretically predicted that the sensitivity

FIG. 1. (a) Schematic diagram of gold planar SRR structure sitting on the

top of a fused silica substrate. (b) Electric field distribution in a gold planar

SRR under plasmon excitation. The observation screen is marked as a trans-

parent plane in (a). A significant field penetrates into the substrate in the

planar SRR configuration, causing a reduced sensing volume.
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approaching 1400 nm/RIU can be achieved with VSRRs.27

Using Fourier transform infrared spectroscopy (FTIR) mea-

surement and numerical simulation software (COMSOL

Multiphysics), we demonstrate that plasmonic refractive

index sensors constructed of VSRRs deliver significantly

improved sensitivity over their planar counterparts reported

in the literature.

Figure 2(a) shows the schematic concept of our designed

VSRR structure standing up vertically on a fused silica sub-

strate under normal illumination. This upright configuration

strongly confines the electromagnetic field within the gap as

the magnetic plasmon is excited, suspending the enhanced

field entirely in the free space away from the dielectric sub-

strate and thus increasing the sensing volume. Electron-beam

lithography combined with our recently developed alignment

technique is used to fabricate the plasmonic metamaterial

composed of VSRRs. The fabrication involves the following

steps, (1) Two cross alignment marks with 100 nm thickness

are deposited by electron-beam lithography on a fused silica

substrate; (2) a layer of 495k PMMA (polymethyl methacry-

late) of 180 nm thick is spin-coated and then baked at 180 �C
for 3 min; (3) the conductive polymer Espacer (Kokusai

Eisei Co., Showa Denso Group, Japan) is spin-coated over

the PMMA to eliminate the charging problem during the

electron-beam exposure process; (4) an electron-beam

system (Elionix ELS-7000) at the acceleration voltage of

100 keV with 30 pA current is used for defining the patterns;

(5) the sample was rinsed with de-ionized water to remove

Espacer and then developed in solution of methyl isobutyl

ketone (MIBK) and isopropyl alcohol (IPA) of MIBK:

IPA¼ 1:3 for 60 s; (6) after the development, a gold thin

film was deposited on the sample by thermal evaporation

and then the base rod of VSRR structure was defined after

the lift-off process; (7) the two prongs of VSRR are fabri-

cated by a second e-beam exposure and lift-off process.

Figure 2(b) shows the schematic diagram of the VSRR array

standing upright on a substrate with their structural dimen-

sions given in the caption. In order to excite the magnetic

plasmon resonance, we use normal incident wave with its

electric field (in x direction) polarized in parallel to the SRR

base rod and the magnetic field (in y direction) perpendicular

to the SRR plane (in y direction). Under this excitation con-

dition, both the incident electric and magnetic fields provide

the required component for creating magnetic dipolar

response of the VSRRs that generates strongly localized

fields within the SRR gaps.28 Figure 2(c) shows the top and

45� oblique (inset) views of SEM images of the fabricated

sample. The enlarged SEM image clearly shows that the two

prongs that form the vertical arms of a SRR sit precisely on

the two ends of the SRR base rod. Our comparison of sensi-

tivity using simulation as described below has revealed that

while dk/dn¼ 645.7 nm/RIU can be obtained for planar

SRRs that lie flat on the fused silica substrate, the slope can

be increased to about 800 nm/RIU for the same SRRs but

standing up vertically (Fig. 2(d)).

The transmittance spectra of the VSRRs obtained by

measurement and simulation are shown in Fig. 3(a) where a

pronounced plasmon resonance at k� 1050 nm is present.

Simulation results are obtained by solving three-dimensional

Maxwell equation with COMSOL Multiphysics software

package. The refractive index of fused silica substrate is

fixed at 1.4584. The permittivity of gold in the optical re-

gime is described by the Drude-Lorentz model with plasmon

frequency xp¼ 8.997 eV and damping constant

Cp¼ 0.14 eV. Because of the surface defect scattering and

grain effects of real samples, the damping constant we used

is two times larger than the bulk value. Transmittance spec-

tra are measured using Bruker VERTEX 70 Fourier-

transform infrared spectrometer with Bruker HYPERION

1000 infrared microscope (15� Cassegrain objective, numer-

ical aperture NA¼ 0.4, near-infrared polarizer, and an

InGaAs detector). An iris is used to collect the incident light

to a square area of about 75� 75 lm2. The small resonance

shift and broader resonance dip observed in the measurement

reflect the result of VSRR size variation and roughness of

the fabricated sample that deviate from the exact dimensions

and boundary condition of perfectly smooth structures used

in the simulation. The desirable situation for achieving high

sensitivity by exposing more SRR sensing volume to air is

clearly illustrated in Fig. 3(b) by the simulation of electric

field intensity distribution around the VSRR. From the side

and top views of the intensity distribution in Fig. 3(b), it can

be seen that the electric field associated the magnetic plas-

mon excitation is largely localized within the VSRR gap

closer to the top of the structure, raising the sensing volume

away from its substrate where the medium to be detected can

easily displace the air to cause a refractive index change sur-

rounding the VSRR and thus causing a resonance shift to be

recorded. To present a complete picture, Figs. 3(c) and 3(d)

show the side and top views of the magnetic field intensity

and Poynting vector around the VSRR, respectively. Both

confirm the fact that the electromagnetic energy and flow are

strongly confined within the VSRR gap away from the

dielectric substrate.

To demonstrate and examine the sensing performance of

the VSRR structure, we have performed the sensitivity

FIG. 2. (a) Illustration of the field distribution in the VSRR gap and its

advantage for increasing sensing volume. (b) Schematic diagram for the

VSRR array with feature sizes: length of base rod L¼ 110 nm, thickness of

base rod H1¼ 20 nm, prong length of VSRR structure H2¼ 60 nm, prong

width W¼ 40 nm, and period P¼ 200 nm. (c) The top and 45� oblique

enlarged (inset) SEM images of the fabricated structure. (d) Comparison of

sensitivity between VSRRs and planar SRRs of equal dimensions sitting on

the same fused silica substrate.
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analysis by experiment and simulation. Figure 4(a) shows

the transmittance spectra when the VSRRs are emerged in

liquids of two different refractive indexes. All the refractive

index matching liquids used here are the commercial prod-

ucts purchased from Cargille Labs. As the refractive index of

the SRR environment is changed from air to 1.32 and 1.33,

the resonance dip of measured spectrum is shifted from

1058 nm to 1236 nm and 1254 nm, respectively. The simula-

tion result is in good agreement with the measurement,

showing resonance shift to longer wavelength with the

increase of surrounding refractive index as shown in Fig.

4(a). In order to see clearly the spectral shift of magnetic res-

onance with the various refractive index liquid, a zoom-in

simulation transmittance spectrum is performed (Fig. 4(c)).

Using a linear fit, the simulation has predicted a sensitivity

of about dk/dn¼ 797 nm/RIU, while our measurement has

produced a less value of 603 nm/RIU. It is interesting to

point out that our transmittance measurement has yielded

spectral resonance shift between the two different liquids

greater than what was predicted by the simulation.

The sensitivity produced from the simple isolated VSRR

sample, that is, by no means optimized is better or on par

with those obtained from planar SRR structures that are more

complex and require more elaborate design. Combining a pla-

nar SRR structure with a nanodisk, Zhang et al. have demon-

strated that the coupling between sharp high-order magnetic

mode and broad electric dipole mode gives a sensitivity of

about 282 nm/RIU.29 The sensitivity of planar SRR based

plasmonic sensor has been further improved to 636 nm/RIU

under appropriate design and arrangement of a unit cell that

contains four rotationally symmetric SRRs.21 By using a

cylindrical SRR-like cross section structure, sensitivity of

nearly 600 nm/RIU has been demonstrated due to the larger

sensing cross section and field enhancement.30 While higher

sensitivities around 1000 nm/RIU in other non-SRR plas-

monic structures with a dielectric lift have been reported,25,26

the result presented here is the highest sensitivity among

SRR-based plasmonic sensors in the optical region to date

and we believe further improvement can be obtained by

optimizing the VSRRs.

Our recently developed alignment technique has

allowed us to fabricate VSRR structures capable of lifting

localized plasmon fields off of the substrates. Such a feature

is desirable for developing refractive index sensors based on

plasmonic structures that respond to environment change

with LSPR shift. By reducing the fraction of the plasmon

field diffused into substrates, we effectively increase the

sensing volume and therefore the sensitivity. We have

experimentally demonstrated the sensitivity of 603.3 nm/

RIU, while our simulation predicts about 800 nm/RIU from

this simple VSRR based sensor. Further improvement is

achievable with optimized VSRRs or coupled structures.

The employment of VSRR structures in refractive index

sensors for biosensing applications is a promising method

for achieving ultrahigh sensitivity and label-free properties

at low cost.

FIG. 3. (a) Experimental and simulation transmittance spectra of the VSRRs sitting on a silica substrate exposed to air. (b) Intensity of electric field in arbitrary

unit for the side and top views at the plasmon resonance. (c) Magnetic field intensity distribution of the side and top views at resonance with the arrows pointing

in the direction of induced current at a particular moment. (d) Surface charge distribution of the side and top views at resonance. The purple arrows represent the

Poynting vector. All side views of the simulation results are obtained at the x-z plane in the middle of VSRR, all the top views are in the x-y plane (z¼ 20 nm) right

on top of the SRR base rod.

FIG. 4. (a) Experimental and simulation transmittance spectra of the VSRRs

immersed in liquids of refractive indexes of n¼ 1.32 and 1.33. The optical

spectrum for air (n¼ 1.00) is also plotted (dashed line) for comparison. (b)

Enlarged simulation transmittance spectra for magnetic resonance dip in the

spectral region indicated with the dashed box in (a). (c) The resonance wave-

length associated with the plasmon resonance of experimental (orange dots)

and simulation (purple dots) results as a function of the surrounding

refractive index.
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