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A B S T R A C T

The sensitivity of plasmonic nanostructures based refractive index sensor can be improved by free-standing three-dimensional (3D) configuration. Here, by means of
focused-ion-beam (FIB) induced folding technique, we fabricated arbitrary spatially oriented double-flake 3D metamaterials (MMs). The experimental measured
sensitivity can reach 2703 nm/RIU, and based on the symmetry breaking configuration, the figure of merit (FoM) reaches 37.2 RIU−1 in simulation results. What's
more, the different coupling mechanisms in our MMs enable the independent modulation of each resonance. This work opens up new avenues for near-field coupling
modulation, holding great potential applications in multi-resonance differential sensing, switch devices and optical communication.

1. Introduction

Metamaterials (MMs), composite artificial materials structured on
the subwavelength scale, are powerful means for wave manipulation
[1–3]. Plasmonic nanostructures are one of the most common elements
to construct MMs, and many fascinating optical properties have been
explored based on them [1,4–8]. Optical sensor for refractive index
measurement has long been a promising application for plasmonic
MMs, due to most of their resonances are largely affected by the re-
fractive index variation. In order to characterize the sensing perfor-
mance, two important criteria, sensitivity and figure of merit (FoM), are
used [9]. The refractive index sensitivity refers to the ratio of the
change in resonant wavelength caused by refractive index variation,
and the FoM normalizes the sensitivity to the width of resonance curve.
Numerous attempts have been made to enhence them, and obtaining a
resonance with sharp spectral line-shape is an efficient approach
[10–13]. Fano resonance, generated by the interference between a
narrow discrete state and a broad continuum state, has an asymmetric
and steep spectral line-shape [14,15], which is very useful to enhance
the FoM. Conventional method for Fano-type MMs is adopting sym-
metry breaking structures in unit design [16–18], e.g. asymmetrically
split-ring resonators (ASRs) [16,17], which brings access to the asym-
metric line-shape resonances with narrow curve width. However, it is
hard to get a satisfactory sensitivity, because most of the Fano MMs are
two-dimensional configuration, thus the resonators can't be fully ex-
posed to the environment, which limits the effects of the refractive
index variation on the resonance. Recently, focused-ion-beam (FIB)

irradiation induced folding technique can provide us with solutions. By
it, the fabricated three-dimensional (3D) MMs can be implemented. The
vertical free-standing split ring resonators (SRR) and metallic holes
(MHs) composite MM can provide the out-of-plane near field couplings
[19,20], and the generated Fano resonance offers a high sensitivity
approaching 2040 nm/RIU [19]. In fact, the folding angle of the FIB
induced folding technique is the flexible, so that the spatially oriented
nano-resonators can be easily implemented [21]. However, most of the
designed units in related works only focused on vertical 3D construc-
tion, while the flexibility in orientation modulation is underutilized.

In this work, the FIB induced folding technique is used to design and
fabricate arbitrary spatially oriented double-flake 3D MMs. By tuning
the angle of inclination, the symmetry of structure unit can be broken,
resulting in a new Fano resonance at lower frequency. The sensitivity of
the new resonance can reach 2703 nm/RIU and FoM 24.5 RIU−1 by
measurement. Besides, the coupling mechanisms of these two Fano
resonances are completely different, which gives the possibility to in-
dependently modulate each resonance. The distance variation between
two flakes results in a much significant change of peak width for the
resonance at high frequency than that at low frequency. On the con-
trary, by changing the width of flakes, the resonance at higher fre-
quency remains unchanged, while the sensitivity of the one at lower
frequency is modulated from 1600 nm/RIU to 2703 nm/RIU in near-
infrared region. Our work enriches the approach of near-field coupling
modulation and is promising in applications such as optical switches
and differential multi-resonance sensing.
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1.1. Material and method

The schematic of main fabrication steps is shown in Fig. 1(a). First,
an FIB system (FEI Helios 600i) is used for ion-beam nano-patterning on
the self-supporting gold film with a thickness of 60 nm. This film was
deposited on a 1.2 μm layer of S1813 photoresist and then suspended in
acetone when the resist is dissolved. A transmission electron micro-
scope copper grid was used to pick up the released gold film from the
solution [19]. The pre-designed sophisticated patterns are firstly etched
by ion-beam to get suspended gold flakes. Next, the ion-beam direction
is readjusted to a specific angle to irradiate on the root of the flakes,
which makes the flakes fold towards the direction of ion-beam. The
acceleration voltage of Ga+ was 30 kV. An ion-beam current of 40 pA
was used for the present work.

Fig. 1(b) is the schematic diagram of spatial-symmetry-breaking
Fano MM, which consists of double flakes and MHs. Fig. 1(c)–(g) are the
SEM images of flakes with folding angles varying from 0° to 60°, and the
fabricated samples are of high homogeneity in large area. Fig. 1(h)
shows the MM that is scaled down and operates in near-infrared region.
The width (w) and length (l) of the flake are chosen as w = 600 nm and
l = 300 nm. The distance between two flakes (d) is chosen as
d = 200 nm. Other parameters are chosen as hx = 450 nm,
hy = 700 nm, px = 1200 nm, py = 800 nm and the folding angle θ is
chosen to be 0° and 30°. The transmission spectra of the scaled-down
MMs were simulated by finite-difference time-domain (FDTD) method,
and measured by Fourier-transform infrared spectrometer.

2. Results and discussion

The MMs are illuminated by x-polarized light and the transmission
spectra are shown in Fig. 2. When θ = 0°, there's only one resonance in
Fig. 2(a) at 1.63 μm (mode I), which shows an asymmetric feature of
Fano resonance. As θ switches from 0° to 30°, a similar resonance (mode
II) remains at this position while a new resonance (mode III) appears at
around 2.7 μm which can be seen in Fig. 2(c), by symmetry breaking of
the structure in x direction. Compared with mode I (1.63 μm) and II
(1.52 μm), mode III has a narrower line-shape but lower modulation
depth (the difference between the maximum and minimum value of the
resonance). When the refractive index of environment changes from 1
to 1.36, the sensitivity (calculated by S = Δλ/Δn) of mode III is
2417 nm/RIU, which is much higher than mode I (1611 nm/RIU) and II
(1492 nm/RIU). Besides, the FoM value of mode III is 37.2 RIU−1,
which is nearly five-fold of mode I (8.1 RIU−1) and II (7.5 RIU−1). The
results of experimental measurement in Fig. 2(b) and 2(d) show that,
the double-flake MM at θ = 30° does bring a new resonance mode,
which exhibits a higher sensing sensitivity of 2703 nm/RIU and a larger
FoM of 24.5 RIU−1 compared to mode I and II. The measured results
basically consistent with the results of the simulations, where the slight
differences in the resonant wavelength and resonant strength primarily
arises from imperfections in the fabrication process.

To reveal the underlying mechanism of resonances, the surface
current distributions of these three modes are presented by the com-
mercial software CST Microwave Studio. As illustrated in Fig. 3 (a), the
circulating currents inside the two flakes have contributed most to

Fig. 1. (a) Illustration of main steps of FIB folding technique. (b) Schematic of double-flake MMs. (c) to (g) SEM images of flakes with folding angle varying from 0° to
60°. (h) Double-flake MM that operates in near-infrared region.
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mode I which is a magnetic response excited by y-component of mag-
netic field, and the currents on the edges of periodic MHs from surface
plasmon polaritons (SPPs) are relatively weak. When the flakes are
tilted to 30°, mode II has almost the same current distribution (Fig. 3(a)
II) and wavelength compared to mode I while a new resonance mode III
appears, with hardly any current circulation inside the flakes (Fig. 3(a)
III). Instead, currents can be found on the edges of MHs and outside of
flakes. The currents on MHs comes again from SPPs, while the Ez

components of SPPs contribute to current on the outside surfaces of
flakes (i.e., localized surface plasmon (LSP)), and the coupling between
SPPs and LSP contribute to this new resonance [20]. To clearly illus-
trate the transition among the three modes, a colormap of simulated
transmission spectra versus the folding angle are shown in Fig. 3(b).
When θ = 0°, only mode I can be found in the spectrum, while mode III
is hidden due to the symmetric configuration. As the angle increases,
mode III appears immediately, with the modulation depth becomes
deeper and the peak width goes larger, which results in a decrease of
FoM. Therefore, the folding angle should be appropriately chosen to
meet the trade-off between modulation depth and FoM.

To further demonstrate the difference between mode I/II and mode
III, the two elements for optical coupling of each mode are separately
studied. For mode I and II, the 3D MM is divided into two parts, U-
shaped double flakes (the bottom part of the U-shape is included to
introduce the circular current) and MHs, as shown in the inset of
Fig. 4(a). The red curve (magnetic response on U-shaped double flakes)
in Fig. 4(a) has a symmetric line-shape, which can serve as a discrete
resonance state, while the blue curve coming from the extraordinary
optical transmission (EOT) [20] of MHs serves as a continuum state.
When the two parts are combined together, the near-field coupling
results in the Fano resonance which can be seen from the yellow curve.

It should be emphasized that the two states are independent with each
other, which has a different coupling mechanism compared to mode III.

For mode III, the resonance is generated from the coupling between
the near-field of surface currents on the outside of flakes from LSP and
MHs from SPP. As discussed above, the LSP is excited by evanescent
wave from SPP instead of incident light. In this case, the LSP intensity is
highly depended on the near-field coupling strength. This can be proved
by the simulation result in Fig. 4(b) where the double flakes are lifted
up from MHs with different heights (the distance from the top-surface
of MHs to the bottom of the flakes, picked as 0, 50, 90, and 190 nm).
There's a prominent resonance when the two parts are connected (0 nm
height), but as the height increases, the resonance intensity reduces
rapidly due to the fast attenuation of evanesce wave. This indicates a
different coupling scheme of mode III that the two states of Fano re-
sonance are highly correlated.

Due to the different coupling mechanisms between mode II and III,
the behavior of each resonance can be modulated independently. As
shown in Fig. 5(a), by increasing the distance d between two flakes, the
resonance linewidth of mode II broadens, but it has a minor effect on
mode III. That's because d is a key parameter of the U-shape resonator
of mode II, but for mode III the currents concentrate on the MH edges
and the outside of the flakes which has limited relation to distance d.
Similarly, mode III can be modulated independently through flake
width w, as shown in Fig. 5(b). When w varies from 100 nm to 600 nm,
the resonance wavelength of mode III red-shifts from 1.72 μm to
2.75 μm, while mode II remains unchanged. That is because the surface
currents of mode III partially move diagonally on the flakes (in Fig. 3(a)
III), thus the increasing w effectively elongates the LSP route. But for
mode II, the flake width has nothing to do with the perimeter of U-
shaped current loop from magnetic response in the x-z plane. When

Fig. 2. Simulated and experimental transmission spectra of double-flake MMs in the environment with refractive indices of 1 and 1.36 respectively. (a) and (b)
Spectra of MMs folded to 0°. (c) and (d) Spectra of MMs folded to30°.
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length l and distance d is fixed, mode II stays unchanged. What's more,
the sensing sensitivity of mode III can also be modulated in this process,
as shown in Fig. 5(c), that when the flakes broaden, the sensitivity
difference between mode II and mode III increases rapidly, which could
be used to implementing multi-resonances differential sensing.

3. Conclusion

In summary, by means of FIB folding technique, we have designed
and implemented an arbitrary spatially oriented double-flake 3D MMs.
The near-field coupling between double flakes and MHs generates ob-
vious Fano resonance in near-infrared region. The 3D self-standing
configuration enables the high sensitivity of Fano resonance for re-
fractive index sensing. By further breaking the structure symmetry, a

new resonance with a very high sensitivity of 2703 nm/RIU and FoM of
24.5 RIU−1 has been observed. What's more, the behavior of each re-
sonance can be modulated independently. This work provides new
prospects for near-field coupling modulation, holding potential appli-
cations in multi-resonances differential sensing, switch devices, color
displays and optical communication.
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