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Abstract—Metamaterials provide a means to tailor the spec-
tral response of a surface. Given the periodic nature of the
metamaterial, proper design of the unit cell requires intimate
knowledge of the parameter space for each design variable. We
present a detailed study of the parameter space surrounding
vertical split-ring resonators and planar split-ring resonators,
and demonstrate widening of the perfect absorption bandwidth
based on the understanding of its parameter space.

I. INTRODUCTION

Split-ring resonators (SRRs) have become a common el-
ement in metamaterial structures [1]–[8]. However, conven-
tional fabrication techniques at infrared and visible frequencies
often include a combination of lithography and plating [2,9]
or deposition. These techniques bind the SRRs to the top
surface of the substrate, precluding them from being vertically
displaced. Membrane Projection Lithography [10,11] removes
this constraint, enabling vertical SRRs (VSRR) to be verti-
cally displaced from the substrate surface [12]. In doing so,
additional degrees of freedom are added to the design space
of the unit cell, including rotation of the VSRR about the
axis perpendicular to the face of the SRR and the addition of
multiple resonators within a single unit cell. We explore intra-
cell electromagnetic coupling between a VSRR and planar
SRR (PSRR) within a single unit cell. Without increasing the
area occupied by the PSRR in the XY plane, placing the VSRR
and PSRR on orthogonal surfaces within the unit cell enables
spectral broadening of the perfect absorption bandwidth of the
device under plane wave illumination. While multiple planar
resonators have been used to increase the absorption band
[8,13], no previous work has demonstrated the use of vertical
resonators for this purpose.

II. STRUCTURE UNDER ANALYSIS

Computer Simulation Technology (CST) Microwave Studio
software [14] was used to perform full-wave simulations in
support of this investigation and compute absorption as A =
1−R−T , where R and T are the reflectance and transmittance,
respectively. In each simulation, the unit cell (illustrated in Fig.
1) is treated as an infinitely periodic structure along the X and
Y directions.

The SRR is defined by the gap width wg , trace width wt,
SRR width ws, SRR height hs, and SRR thickness ts. The unit

cell is defined by a lateral width wl, front-to-back width wftb,
wall height hw, and total wall thickness tw. The structure is
supported by a silicon nitride membrane with thickness tm
and gold layer with thickness tau. The gold layer decreases
the transmittance to T = 0.

Fig. 1. Parameters defining a split-ring resonator and unit cell are illustrated.

III. RESULTS

We first consider a unit cell containing a single VSRR,
defined by the parameters tabulated in Table 1. All units are
in µm.

Table 1. Unit cell and VSRR design parameters (µm).
wg wt ws hs ts wl wftb hw tw

0.60 0.30 1.60 2.12 0.05 2.30 2.30 2.90 0.16

The membrane and gold layer have thicknesses of 1.0 µm
and 0.5 µm, respectively. As illustrated in Fig. 2, three distinct
absorption resonances are produced by this geometry.

Fig. 2. Absorption is plotted against frequency for the case of a single VSRR.
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The characteristics of each resonance will change as a
function of the incident plane wave (angle of incidence and
polarization), as well as the design parameters of the unit cell
and SRR. For instance, changes in wl will alter the spectral
absorption profile based on inter-cell coupling.

Similarly, a unit cell containing a single PSRR may be
considered as in the inset of Fig. 3. With the exception of
hs,PSRR, the unit cell and SRR dimensions are identical to
those in Fig. 2; for the single PSRR geometry, the value
of this parameter is 1.50 µm. As illustrated in Fig. 3, this
geometry produces two absorption peaks, and has a spectral
profile significantly different from the previous case.

Fig. 3. Absorption is plotted against frequency for the case of a single PSRR.

Plots of the electric field profiles of the resonant SRRs
(not shown) indicate that the largest field concentration for
both resonators occurs near or across the SRR gap. Intra-
cell coupling between the VSRR and PSRR is investigated
by considering a unit cell containing both the previous VSRR
and PSRR as shown in the inset of Fig. 4, with the SRR gaps
placed near each other.

Fig. 4. Spectral absorption is plotted against frequency for the case of a unit
cell containing both a VSRR and PSRR.

Strong intra-cell coupling is indicated by the spectral ab-
sorption (Fig. 4). The coupled SRR pair produces a strong,
near-unity resonance at 21.85 THz, a spectral location where
both previous designs experience a dip in absorption. This
coupling between the two SRRs gives rise to bandwidth
widening of the spectral absorption to 14.17 THz, as well
as a near-unity peak absorption amplitude of 98.3%.

IV. CONCLUSIONS

Our investigation indicates that intra-cell coupling between
multiple resonant structures can be exploited to enhance the
spectral response of a device, and in particular widen its per-
fect absorption band. However, further investigation is required
to better understand the inter-cell and intra-cell coupling, given
the complexity of the parameter space.
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