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nificant enhancement and active
tuning of magnetic resonances in free-standing
plasmonic metamaterials

Eunice Sok Ping Leong,*a Yan Jun Liu,a Jie Deng,a Yih Ting Fong,b Nan Zhang,a

Si Ji Wua and Jing Hua Teng*a

We report significantly enhanced magnetic resonance by fluid infiltration in a free-standing metamaterial

that consists of metal–dielectric–metal films on an ultrathin Si3N4 membrane patterned with etched

through nanohole arrays. When different fluids are drop-casted on the structure, the magnetic

resonance has high sensitivities of 282 nm per RIU in peak shift and 12% per RIU in peak intensity

change, whereas the electric resonance has nearly no changes. This work shows a promising way of

using fluids to actively tune the magnetic resonance of metamaterial structures by combining with

micro/nano-fluidic technologies.
Introduction

Metamaterials are articially engineered materials that possess
special optical properties that natural materials do not have.
They are based on resonant elements, and therefore they exhibit
their desired properties only in a narrow frequency range. This
spectral range is generally determined by the geometry of the
structure and the properties of the constituent materials. While
the geometry of the composite structure is oen dened at the
manufacturing stage, tunability can be achieved through the
external change of the properties of the constituent materials or
the geometry. Thus far, various approaches for active tuning
and modulation have been explored, which include photo- and
electro-excitation of free carriers,1–4 mechanical movement of
elements,5,6 phase-change using chalcogenides,7 vanadium
dioxides8,9 and liquid crystals,10–12 as well as temperature control
of superconducting materials.13,14 A straightforward way to
achieve large tunability is to inltrate the metamaterial struc-
tures with uids of different refractive indices. The tunability of
metamaterial devices with uids is guaranteed by three
intrinsic characteristics of uid: mobility, recongurability and
a large range of index modulation, which can be enabled by
micro/nano-uidic technologies. We expect that combining
with micro/nano-uidic technologies, the uid-enabling active
metamaterial devices could play an important role in future
nanophotonics.

The split ring resonator (SRR) is the rst demonstration to
exhibit negative permeability in the microwave regime.15,16 The
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split gap in the SRR causes the induced circulating current,
which is a result of the varying magnetic eld, to build up
charges across the gap. When the frequency of the magnetic
eld increases, the gap causes the applied magnetic eld and
induced current to be out-of-phase and results in a negative
response.17 To push the negative response to the visible-near
infrared range, the SRR structure has been simplied to the U-
shape SRR or the cut-wire pair to reduce the periodicity and
dimensions of each structure.18–23 The perforated metal–
dielectric–metal (MDM) structure is a further simplied shnet
design that exhibits both negative permittivity and permeability
in the optical range.24 So far, the smallest structure that is
demonstrated has a period of 220 nm with a square hole of
length 80 nm.25 The structure is fabricated using the standard
li-off technique, which faces great challenges when the feature
size of theMDM structure goes down to the deep subwavelength
scale. Recently, we demonstrated a much simpler process to
fabricate the MDM perforated structures on a free-standing
Si3N4 membrane. The method involves fabricating a nano-
stencil using the etching method and directly evaporating the
multilayer lms on the stencil to form the MDM perforated
structure.26 Such a fabrication method has been widely adopted
for metallic nanohole arrays based on-chip sensing as it has the
additional advantage of ow through sensing from the perfo-
rated holes.27

In this paper, we will study the effect of the dielectric
surroundings on the optical properties of the free-standing
MDM metamaterial structures. The metamaterial structure is
formed by layered deposition of Au/MgF2/Au on a free-standing,
holey-patterned ultrathin Si3N4 membrane. By drop-casting
different uids of known refractive indices on the metamaterial
structures, signicant enhancement of magnetic resonances is
observed. In addition, the magnetic resonance red-shis with
This journal is © The Royal Society of Chemistry 2014
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the increase of the refractive index of the surrounding uids.
This method shows a promising way to develop uid-enabled
active metamaterial devices.

Methods
Sample fabrication

The details on fabricating the nanostencil, which is a free-
standing nanohole on the Si3N4 membrane, can be found in ref.
26 and the fabrication steps are illustrated in Fig. 1(a). Briey, a
100 nm thick free-standing Si3N4 membrane was rst fabricated
followed by e-beam lithography (ELS-7000, ELIONIX) and reac-
tive ion-etching (Plasmalab 80plus, Oxford) processes to create
holes of diameter 120 nm with a square period of 200 nm on the
membrane. The working size of the pattern was 20 � 20 mm2.
The nal step was to evaporate alternating Au and MgF2 layers
to form a MDM lm using an e-beam evaporator (Denton
Vacuum, Explorer). The thickness of Au and MgF2 layers was
40 nm and 45 nm, respectively. To minimize the roughness
introduced by metal and dielectric deposition, the evaporation
rate of both Au and MgF2 was set to be 0.5 nm s�1.

Spectral measurement

Unpolarized transmittance spectra at normal incidence were
recorded using a UV-Vis-NIR microspectrophotometer (QDI
2010™, Craic) with a 75 W broadband xenon light source. The
probe light beam was focused on the silicon nitride layer of the
sample through a condenser and the transmitted light was
collected from the Au surface through an objective lens
(magnication: 36�; numerical aperture: 0.5). The detection
area was 7.1 � 7.1 mm2 and the transmission spectra were
normalized with respect to unblocked, free-space (i.e., air)
transmission.
Fig. 1 (a) Fabrication steps of preparing free-standing MDM perfo-
rated structures on the Si3N4 membrane. (b) Illustration of optical
measurement with the drop-casted fluid.

This journal is © The Royal Society of Chemistry 2014
To vary the dielectric environment of the sample, different
uids of known refractive indices were drop-casted on the Au
side of the patterned region. A cover-slip glass was placed on the
uid so that it would slow down the evaporation of uid and
also prevent the uid to form a droplet on the pattern and affect
the transmittance data. An illustration of the measurement is
shown in Fig. 1(b). Aer measurement, the sample was rinsed
with deionized (DI) water and blown dry with a nitrogen gun.
The transmittance measurements were repeated until the
spectrum was stable and returned to nearly the original
peak position. The uids used for drop-casting were methanol
(n ¼ 1.328), DI water (n ¼ 1.333), ethanol (n ¼ 1.361) and iso-
propanol (n ¼ 1.377).

Optical simulation

To model the optical properties of the free-standing MDM
metamaterial structures, we carried out the nite-difference
time-domain (FDTD) simulation using a commercial soware
(Lumerical). The thicknesses of the Si3N4, Au and MgF2 layers
were 100 nm, 40 nm, and 45 nm respectively. Conical holes with
a diameter of 120 nm at the bottom Si3N4 layer and with a
diameter of 80 nm at the top Au layer with period 200 nm in the
x–y range were dened in the simulation. Periodic boundary
conditions were applied in the x–y plane and the perfectly
matched layer (PML) boundary condition was applied in the
z-direction. Plane wave was impinged from the bottom, reach-
ing the Si3N4 layer rst. A mesh of 1 nmwas used to simulate the
conical hole. The dispersion of gold was based on the Johnson
and Christy model in ref. 28 found in the material library of the
soware. To simulate the optical properties of the structure
under different refractive indices, the background index of the
simulation and the refractive index of the conical hole were set
to the index of the uid of interest.

Results and discussion

The SEM image of the nanohole pattern on the Si3N4 membrane
is shown in Fig. 2(a). The Si3N4 surface is smooth and the
nanoholes have a diameter of 120 nm. On the other side of the
membrane that is coated with the MDM layers, the size of the
nanoholes shrunk to 80 nm as shown in Fig. 2(b). It is a well-
known fact that when evaporating on a nanostencil, the
deposited material will tend to clog the hole, resulting in a
smaller hole size.29,30 Likewise, this phenomenon is also
observed in the fabricated sample. Tiny grains were also
Fig. 2 SEM images of the fabricated sample on (a) the Si3N4 surface
and on (b) the Au surface.

Nanoscale, 2014, 6, 11106–11111 | 11107
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Fig. 4 The magnetic field (Hy) distribution and the electric displace-
ment field vector (i.e., the electric current) plot indicated by the
colormap and arrows, respectively, for (a) T1 (l ¼ 510 nm) and (b) T2
(l ¼ 550 nm) in the simulated transmittance spectrum in Fig. 3(d).
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observed on the surface as metals tend to grow in Volmer–
Weber mode and is common in MDM stacks.31,32

The shrinking of holes and the presence of somematerials at
the inner edge of the holes suggest that a conical MDM hole is
formed. Fig. 3(a) shows a schematic of how the structure may
look like and Fig. 3(b) shows the measured transmittance
spectrum of the sample. Two Lorentzian spectra are observed
from the Lorentzian tting of the spectrum (a dotted green line
and a dotted blue line; the dotted red line is the summation of
the dotted green and blue curves). To have an in-depth under-
standing on the origins of these two peaks, we performed FDTD
simulation of the structure. Fig. 3(c) shows the index prole of
one unit cell in our simulation. The simulated transmittance
spectrum as shown in Fig. 3(d) is similar to the experimental
result, except that the simulated spectrum is narrower than the
experimental one. The broadening of the spectrum is mainly
due to the larger scattering loss caused by the rougher MDM
surface in the experiment as opposed to the ideally smooth
surface set in the simulation.

Our free-standing MDM perforated structures can be
considered as shnet metamaterials, which look similar to the
reported structures based on e-beam lithography.25 Such a
shnet structure usually has two optical resonances. One is the
electric resonance that is formed by the metallic strips aligned
in the direction of the electric eld. The other one is the
magnetic resonance that comes from the coupling of the upper
and lower layers in the magnetic strips.24 In our case, these two
resonances correspond to the two peaks, T1 and T2 denoted in
the spectra. This can be further conrmed by the mapped
magnetic eld distribution and electric displacement plot at
these two resonance wavelengths, as shown in Fig. 4(a) and (b).
The electric displacement, as represented by the arrows in the
gures, is predominantly aligned along the MDM layers at T1
Fig. 3 (a) Schematic of how the structure looks like based on the SEM
images. (b) Measured transmittance spectrum of the structure. (c)
Index profile of one unit cell of the simulated structure. (d) Simulated
transmittance spectrum.

11108 | Nanoscale, 2014, 6, 11106–11111
(l ¼ 510 nm). At T2 (l ¼ 550 nm), the electric displacement
forms a resonant loop in the highlighted region and induces an
articial magnetic moment. As a result, a strong magnetic eld
is observed in the MDM stack. Therefore the response at T1 is
attributed to the electric resonance whereas the response at T2
is due to the magnetic resonance of the structure. The retrieved
refractive index at T2 is calculated to be �0.6. We also note an
intense magnetic eld at the interface between the Si3N4 and
the Au layer. This is due to the SPPs propagating along the
metal–dielectric interface. As light is trapped at the interface, it
will not contribute to the transmission.

Fig. 5(a) shows the optical spectra when different uids were
drop-casted on the Au surface of the structure. The spectrum of
the structure in air was also plotted for comparison. Compared
to the as-deposited MDM structure in air, a distinct difference
in the spectrum is the emergence of the strong magnetic reso-
nance when immersing the structure in the higher refractive
index uids. From Fig. 5(a), it is clear that the magnetic
Fig. 5 Experimental (a) and simulated (b) transmittance of the sample
when different fluids are used. The insets in (a) show the CCD images
of the patterned region in air (I) and water (II). Plot of the wavelength
position (c) and intensity (d) of the peaks with respect to the refractive
index of the fluids derived from (a) and (b).

This journal is © The Royal Society of Chemistry 2014
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resonance peak shis with the changes of the refractive index
while the electric resonance peak position is almost unaltered.
For the magnetic resonance, in addition to the peak shi, we
also observed a dramatic increase in the peak transmittance.
The signicant transmittance increase is also conrmed under
a CCD camera. The inset of Fig. 5(a) shows the CCD images of
the patterned region before (inset I) and aer (inset II) water
drop-casting under the same observing conditions. We can see
that the CCD image shows a much brighter color aer the water
was drop-casted on the patterned region (picture II). We also
note that the captured CCD image aer water drop-casting is
saturated due to the strong transmission enhancement, which
does not indicate the expected reddish color. However, the
image appears more reddish along the pattern edges due to the
higher contrast, which gives the clue of the expected reddish
color. These changes in the peak position and transmittance
show that themagnetic resonance of themetamaterial structure
depends on not only the geometry of the structure and its
composite materials but also on the refractive index of the
surrounding medium. This agrees well with the fact that the
surrounding refractive index affects the coupling strength of the
top and bottom metallic layers. When uids are drop-casted on
the structures, it reduces the refractive index contrast and
thereby reduces the plasmonic losses. Hence, this boosts the
optical transmission. As for the electric resonance, it mainly
depends on the electric permittivity of gold. Furthermore, the
electric resonance for this structure is near the inter-band
transition of gold and therefore, its response to the surrounding
refractive index is small. Similar trends have been further
conrmed from the simulated transmittance spectra with the
same surrounding uids used in our experiment, as shown in
Fig. 5(b). It is worth mentioning that once the drop-casted uids
evaporate, the transmittance spectra will return to the original
state, indicating that one can actively switch/tune the magnetic
resonance by using the uids. Especially, by combing with the
micro/nano-uidic technologies, active metamaterial devices
can be further developed.

To have a closer look at how the peaks change with respect to
different uids, we plot the position and transmission intensity
of both electric and magnetic resonance peaks as a function of
the refractive index of the different uids. Fig. 5(c) and (d) show
the peak changes in terms of position and intensity, respectively,
where the data are retrieved from Fig. 5(a) and (b). On the peak
shi in Fig. 5(c), it is observed that experimentally, the wave-
length position of T1 is at 503 � 1.5 nm and does not shimuch
with the increase of the refractive index. As for T2, the peak
position changes from 630.4 nm to 644.2 nm when the uid is
changed from methanol to isopropanol. It is noted that this
change is linear with respect to the index, which corresponds to a
bulk refractive index sensitivity ofDl/Dn¼ 282 nm per RIU. Such
a sensitivity is comparable to the plasmonic sensors,33,34 indi-
cating that this free-standing MDM metamaterial structure is
also potentially useful for biosensing applications. The result is
similar to the one simulated whereby T1 does not change in
position and T2 red-shis linearly with the higher refractive
index. We believe that the sensitivity can be further improved by
reducing the loss and enhancing the magnetic resonance of the
This journal is © The Royal Society of Chemistry 2014
structure via structural24,35 and materials engineering.21–23 Upon
change of the peak transmittance in Fig. 5(d), experimental and
simulated results show that the transmittance of both electric
and magnetic resonant peaks is increased. However, the
magnetic resonance peak is much more sensitive to the
surrounding index change as compared to the electric one. We
also observe that the data on ethanol deviate from the line trend.
This is because ethanol has the lowest surface tension among the
solvents used. Hence it has the highest wetting ability and has a
higher tendency to seep through the holes. As a result, it is highly
possible that ethanol does not fully cover the patterned area and
results in a less-than-expected transmission enhancement in the
spectrum. From our experiments, the magnetic resonance has a
sensitivity of DT/Dn ¼ 12% per RIU, which is �5 times higher
than that of the electric resonance (2.3% per RIU). Such a
transmission-based sensitivity gives the fact that a variation in
the refractive index of the surroundingmediumprovides obvious
modication of transmittance at a certain wavelength, indicating
that it is also possible to develop single wavelength sensing
application using the magnetic optical resonance. Compared
with sensing congurations based on the measurement of the
spectral shi of a resonance, such a single wavelength detecting
scheme will be much simpler and less time-consuming.

It is worth mentioning that our free-standing metamaterial
with etched through nanoholes has a major advantage for the
transmission-based detecting/sensing applications compared
to those with dead-end nanoholes due to the signicant
enhancement of magnetic resonances. The etched through
nanoholes allow uids to seep through the perforated holes and
wet the outer surface, hence enabling signicant enhancement
and high sensitivities for the magnetic resonances. To further
conrm that the signicant enhancement of the magnetic
resonance is caused by the etched through nanoholes, we
therefore numerically compared our free-standing meta-
material structures with three cases of uid inltration: (I) uid
is only on top of the metal surface; (II) uid seeps inside
nanoholes; and (III) uid seeps through the nanoholes. The
insets in Fig. 6 illustrate the index proles of the assumed three
cases, in which DI water is taken as an example. Fig. 6 shows the
simulated transmission spectra of the corresponding three
cases. We can see that the magnetic resonance peak evolves
drastically when the DI water seeps from the top to the bottom
of the free-standing metamaterial. With the DI water just on the
top surface (case I), only a slight shoulder appears from the
original spectrum in the air. When the DI water seeps inside the
nanoholes (case II), a pronounced magnetic resonance peak
evolves from the shoulder with a clear red-shi. Aer the DI
water seeps through the nanoholes (case III), the peak intensity
is further enhanced although there is no clear red-shi. For
those similar metamaterials on a solid substrate with dead-end
nanoholes, the DI water can at most seep inside the nanoholes
like in case II. In contrast, the free-standing metamaterial with
the etched though nanoholes will allow the uids to seep
through easily and hence further enhance the magnetic reso-
nance. This could be a distinct advantage of the free-standing
metamaterials with etched through nanoholes for the trans-
mission-based detecting/sensing applications.
Nanoscale, 2014, 6, 11106–11111 | 11109
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Fig. 6 Simulated transmission spectra of three different cases of fluid
infiltration: (I) fluid is only on top of the metal surface; (II) fluid seeps
inside nanoholes; and (III) fluid seeps through the nanoholes.
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Conclusions

To summarize, we have achieved signicant enhancement of
magnetic resonances in a free-standing metamaterial with uid
inltration. Moreover, the magnetic resonance peak red-shis
linearly with the increase of the refractive index of the surrounding
uid. Both experimental and simulation results have conrmed
that the magnetic resonance is strongly sensitive surroundings'
index. We have demonstrated high sensitivities of 282 nm per RIU
in peak shi and 12% per RIU in peak intensity change for the
magnetic resonance in our free-standing metamaterial sample. A
major advantage of this free-standing shnet metamaterial is that
it has etched through nanoholes which allow uids to seep
through and hence enable signicant enhancement and high
sensitivities for the magnetic resonances. In addition, the fabri-
cation of such an MDM perforated structure on a free-standing
Si3N4 membrane is much simpler compared to the conventional
fabrication techniques that involve the li-off process. This
method only requires patterning on the thin Si3N4 layer which can
be easily etched using the standard reactive ion etching technique.
This work shows a promising way of using uids to actively tune
the magnetic resonance of metamaterial structures, in terms of
both the wavelength position and peak intensity, which can be
realized using micro/nano-uidic technologies.
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