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Abstract: We demonstrate a self-assembly strategy for fabricating three
dimensional (3D) metamaterials. This strategy represents the desired 3D
curving prongs of the split ring resonators (SRRs) erected by metal stress
force with appropriate thin film parameters. Transmittance spectra and field
patterns corresponding to each resonance modes are calculated by finite
element method (FEM). The eigen-modes of the SRRs can be excited by
normal illumination with polarization state parallel to the erected SRRs,
which are unlike for the cases of planar SRRs. This method opens a
promising fabrication process for the application of tailored 3D SRRs.
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1. Introduction

The metamaterials are the artificial structures which exhibiting unconventional engineered
responses, such as artificial magnetism [1-3], negative index of refraction [4-6], sub-
wavelength imaging [7, 8], field enhancement [9-13], and toroidal response [14]. Recently,
metamaterials have attracted intense interests for a wide range of advanced applications [15,
16]. These tailored meta materials reveal their specific optical properties which are primarily
dependent on the dimensions and configurations. The split ring resonators (SRRs) are the
most common meta-molecule adopted in constructing the sub-wavelength structures [17, 18].
In particular, the behavior of a single SRR can be approximately considered as a LC circuit, in
which the capacitor is contributed by the charges accumulating near the gap and the inductor
is contributed by the surface current flowing inside the split ring [2, 19, 20]. The LC
resonances can be excited by an incident light with electric field component parallel to the gap

of the SRRs ( E // X ) resulting in capacitance response or magnetic field component
oscillating through the plane of the SRRs (H // §) leading to inductance response, as shown

in Fig. 1(c). In previous works, most of the SRR structures were focused on the planar types,
i.e. the SRRs plane is lay on the substrate, due to the limited fabrication methods and the LC
resonance mainly obtained through capacitance response. The induction response in planar
SRRs can be performed only with the applied external light having an off-normal direction
with respect to the SRRs plane, which thus lowers the coupling efficiency. So far, a few
works were reported because of the challenge on fabrication processes for making three
dimensional (3D) SRRs [21-25].

On the other hand, self assembly method utilizing residual thin film stress force had been
demonstrated to form 3D devices, especially for curving structures [26-29]. The intrinsic
stresses in thin films result from the lattice mismatch, grain boundaries, thermal expansion
coefficient difference, impurities in the thin film, and deposition methods during film
deposition. The 3D structure could be constructed by means of well arranging the material
and dimensions of the deposited thin films.



In this paper, we demonstrate a relative simple method by adopting metal stress driven
assembly strategy to fabricate the 3D SRRs. This strategy is simply combined with electron
beam lithography (EBL) and reactive ion etching (RIE) processes, providing a promising way
for the applications of 3D SRRs.

2. Fabrication procedures

A standard EBL (Raith 50, Raith GmbH) process is employed for pattering the 2D templates
of the 3D SRRs with a total area of 200 x 200 pm? on fused silica substrate. Figure 1(a)
represents the dimensions of a unit cell of the 2D templates with Al 15-nm-thick thickness.
The arm length L and width W are 3 m and 125 nm, respectively. The length (L;) and width
(L,) of connection pad are 250 nm and 300 nm, respectively. Note that, the connection pad
plays a role as a connection point between 3D SRRs and substrate, which is used to prevent
the SRRs to be free standing structure after dry etching, as shown in Fig. 1(b). To avoid
charging problem during e-beam exposure process, the Espacer (Kokusai Eisei Co., Showa
Denso Group, Japan) is spin-coating above the PMMA-950K layer. After e-beam exposure,
the sample is rinsed with de-ionized water to remove Espacer, and then developed in a
solution of methyl isobutyl ketone (MIBK) and isopropyl alcohol (IPA) of MIBK:IPA = 1:3
for 75 seconds, and then in IPA for 25 second.

Fig. 1. The schematic diagram with the feature sizes of 3D SRRs before (a) and after (b)
released from the substrate by dry etching method. The parameters of our designed SRRs are
L, =250 nm, L,=300nm, W=125nm,H=2 m,D=2 m,G=600nm,P,=8 mandP,=
3 m, respectively. (c) The fabricated sample is illuminated by an x-polarized light at normal
incidence.

The aluminum film is deposited on the patterned resist by thermal evaporation (DMC 500,
Dah Young Vacuum Technical Co., Ltd). The thickness of deposited aluminum film is
monitored by ULVAC MDEL CRTM-6000 Quartz Crystal Deposition Controller and the
deposition rate is about 0.5 A/sec with stable pressure of 5 x 10 ° Torr. Subsequent to the lift-
off process, the sample with 2D templates are transferred into the dry etching machine
(Plasmalab System 100-ICP 380, Oxford Instruments Plasma Technology) to etch the fused
silica which is underneath the arms and then release the arms from substrate. As the arms of
2D templates released from the substrate, the intrinsic stress force pulls up the arms leading to
3D SRRs simultaneously, as shown in Fig. 1(c).

3. Results and discussions

The bending results in our experiment depend on the arm dimensions and film thickness.
Therefore, in the first stage, we pattern 2D arms with different arm width W and length L to
clarify the influence of geometric factors corresponding to the same thickness of metallic
film. The 2D arms pattern is defined and etched as shown in Fig. 2(a). Note that, to obtain
continuous Al film, the thickness was firstly deposited with 15 nm for all 2D patterns in this



paper. The left and right column corresponding to the case W = 125 nm and W = 250 nm,
respectively. The arm length L varies from 3 um to 9 pm in a step of 2 pm. The bending
results shown in Fig. 2(b) manifest that, with the same L, the radii of curvature are increased
with increased W. In contrast, with the same W, the curving structures exhibit similar radii of
curvature.

Based on the above-mentioned phenomena, we thus turn our attention to film thickness
effects on the bending. In the Fig. 3, the bending effect is studied by varying the thickness of
thin film. The radii of curvature are strongly dependent on the film thickness. The 2D unit cell
is designed with L = 2 pm and L = 3 pm, respectively, corresponding to the same width W =
125 nm. After C4F; dry etching process, the arms are released from the substrate. Figures 3(a)
and 3(d) show the arm length L = 2um and L = 3um with the same 8-nm-thick Al film,
respectively. The thickness is estimated by comparing the etching rate between fused silica
and Al. We then apply Ar plasma to gently mill the Al for obtaining the thinner Al film.
Figures 3(b) and 3(e) show the SRRs with estimated film thickness about 5 nm for the case of
gap G =500 nm, L =2 pumand G =400 nm, L = 3um, respectively. In the case of 4-nm-thick
Al film, the smaller G about 250 nm and 50 nm corresponding to L = 2 ymand L = 3 um is
observed, as shown in Figs. 3(c) and 3(f). Moreover, regarding the thermal expansion of metal
films, we perform the live images of SEM as well, as shown in Media 1, presenting that the
gap of SRR could be tuned by thermal expansion in response to temperature changes from
electron beam scanning. This result demonstrates that the fabricated stress-driven SRRs may
be an excellent candidate for developing the temperature controlled reconfigurable
metamaterial.

Fig. 2. (a) The schematic diagrams of test arms before and after dry etching process. (b) The
oblique view of SEM micrographs with tilting angle of 40pfor the test arms. The pattern is
designed for four kinds of arm lengths with two different arm widths, respectively.

To illustrate the electromagnetic resonance modes of the fabricated erected SRRs, we
employed COMSOL Multiphysics to calculate the transmittance spectra and field patterns of
different resonance modes by solving the 3D Maxwell equations on the basis of finite element
method. The dimensions of a simulated unit cell are shown in Fig. 1(b) and with the same
geometric parameters of the fabricated sample. To simulate a SRRs array, periodic conditions
are used at the boundaries of the unit cell. The optical parameters of aluminum in the near and
middle infrared regime were taken from the optics handbook [30] and refractive index of the
substrate is set as 1.4584.






