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1 Abstract: Metamaterials research has developed perfect absorbers from microwave to optical
:  frequencies, mainly featuring planar metamaterials, also referred to as metasurfaces. In this paper,
s we investigate vertically oriented metamaterials, which make use of the entire three dimensional
s space, as a new avenue to widen the spectral absorption band in the infrared regime between 20 — 40
s THz. Vertically oriented metamaterials, like those simulated in this work, can be experimentally
¢ realized through membrane projection lithography, which allows a single unit cell to be decorated
»  with multiple resonators by exploiting the vertical dimension. In particular, we analyze the cases of a
s unit cell containing a single vertical split-ring resonator (VSRR), a single planar split-ring resonator
s (PSRR), and both a VSRR and PSRR to explore intra-cell coupling between resonators. We show that
1o the additional degrees of freedom enabled by placing multiple resonators in a unit cell lead to novel
1 ways of achieving omnidirectional super absorption. Our results provide an innovative approach for
12 controlling and designing engineered nanostructures.

13 Keywords: metamaterial; split-ring resonator; micro-structure; absorption; vertical metamaterial

1« 1. Introduction

15 Metamaterials play a crucial role in the development of micrometer-scale devices for a wide variety
1s of applications, including electromagnetic cloaking [1], perfect absorption ranging from microwave to
ww optical frequencies [2-14], and ultrasensitive terahertz sensing [15]. Among the numerous resonator
1= geometries that have been explored, the split-ring resonator (SRR) is frequently used [10,15-24].

10 For this investigation, SRRs were studied based on their straight-forward fabrication, simple
20 geometry, and strong absorption features. The infrared regime is of particular interest, based on the
z abundance of vibrational modes supported by the resonators, as well as the breadth of applications,
22 such as sensing [25,26], detection [27], tunable devices [28], and imaging [29].

23 While a planar SRR (PSRR) can be fabricated using conventional lithography, fabrication of
2« a vertical SRR (VSRR) is challenging, often requiring the combination of lithography and plating
2 [10,18,30], deposition, or metal-stress driven self-folding [31]. However, these techniques require that
26 the SRRs be bound to the top surface of the substrate, preventing any vertical displacement. Moreover,
2z fabrication and design of VSRRs become increasingly difficult as the application wavelength, and
2s therefore SRR dimensions, decreases.

20 Membrane Projection Lithography (MPL), an alternative fabrication technique, alleviates the need
30 to bind the vertical SRR to the substrate surface [32,33]. Using this method, additional degrees of
51 freedom are unlocked for the VSRRs, including rotation of the VSRR about the axis orthogonal to
»2 the broad face of the SRR — a parameter crucial to intra-cell coupling between the VSRR and PSRR.
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Additionally, MPL allows multiple resonators to be placed in a given unit cell in a dense array [34].
While the dimensions and distance between SRRs in neighboring unit cells undoubtedly impacts
inter-cell electromagnetic coupling between SRR, it is not discussed in detail here.

Motivated by the applicability of vertically-oriented metamaterials to sensing and filtering, this
paper explores electromagnetic coupling between multiple SRRs in a single unit cell. In doing so,
we demonstrate the role intra-cell coupling plays in enhancing the spectral response from a periodic
metamaterial layer. Specifically, SRRs on orthogonal surfaces inside a unit cell are utilized to widen the
bandwidth of the device’s spectral absorption under plane wave illumination, without increasing the
area occupied by the resonators. In contrast, previous investigations to widen absorption bandwidth
examined purely planar resonant structures, including multiple crosses [35,36], dual band absorbers
[37], planar I-shaped resonators [38], and double split-ring resonators [39]. Similarly, much work has
been done to understand coupling between planar split ring resonators [39-42], but no attention has
been given to vertical SRRs as we do here. Opening up the fabrication space to the vertical dimension
enables new optical devices, such as lenses and polarizers, to be compact and introduce less aberration.

2. Achieving super absorption with vertical metamaterials: Structure under analysis

Full wave simulations in Computer Simulation Technology (CST) Microwave Studio [43],
Lumerical FDTD [44], and COMSOL Multiphysics [45] were performed to explore the coupling
between VSRR and PSRR geometries. Since the results from the three software packages are in perfect
agreement, only one set of data, obtained using Lumerical, is reported for brevity. A mesh convergence
study was performed to ensure computational accuracy and solution stability.

A general device geometry is illustrated in Figure 1. In each simulation, the unit cell is considered
infinitely periodic along the X and Y directions. The incident field is perpendicular to the plane of the
supporting membrane, and the electric field is polarized parallel to the SRR gap. In this paper, we
focus on spectral absorption as the figure of merit for comparing device behavior within the unit cell’s
parameter space. Absorption is defined as A =1 — R — T, where R and T represent reflectance and
transmittance, respectively. This investigation considers three cases: a unit cell containing a single
VSRR, a unit cell containing a single PSRR, and a unit cell containing a VSRR and PSRR. The first of
these cases is illustrated in Figure 1.

Figure 1. The parameters used to define (left) a SRR and (right) unit cell are illustrated.
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An individual SRR is defined by its height (h,), width (ws), thickness (t;), arm width (w,), and
gap width (wg). Additionally, rotation of the SRR about the Y-axis could also be considered, but is not
shown. The unit cell is defined by its periodicity along X- and Y- directions (A, and Ay, respectively),
wall height (h,,), total wall thickness (f,,), membrane thickness (¢,;), and thickness of the bottom gold
layer (t;,). The SRR material is gold, and the walls and membrane are silicon. Due to the bottom gold
layer, T = 0 and the absorption is simply A = 1 — R. Dispersive optical constants for all the materials
modeled were acquired using variable angle spectroscopic ellipsometry. The unit cell geometry is the
same in each configuration, and is defined as Ay = 2.30um, Ay = 2.30um, hw = 2.90um, t, = 0.16um,
tm = 1.00um, and t4,;, = 0.50um.

3. Unit cell containing a single VSRR

Although the unit cell geometry is relatively straight forward, SRRs demonstrate a rich absorption
spectrum due to the several resonant modes they support [46—48]. Consider a unit cell containing a
single VSRR, defined by parameters in Table 1, centered on a wall.

Table 1. Dimensions of the VSRR. Units are in micrometers.

hs Ws ts Wy We

&

257 1.08 0.056 0.10 0.088

Inserted in an empty unit cell, a single VSRR produces a large absorption peak under a normally
incident plane wave, polarized with the electric field parallel to the VSRR gap (Figure 2, top). Note this
VSRR is driven by both electric and magnetic fields of the illuminating plane wave, and this condition
would not be possible in planar metasurfaces.
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Figure 2. (Top) Spectral absorption and (bottom) electric and magnetic field profiles (magnitudes) are
shown for a unit cell containing a single VSRR.
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The absorption peak (A = 0.96) is located at 30.21 THz, and demonstrates a full-width at
half-maximum (FWHM) of 6.96 THz. Figure 2 (bottom) shows the electric and magnetic field profiles
(magnitudes) at the peak absorption frequency. The large absorption peak is being driven by the
fundamental resonance of the VSRR, as indicated by the electric and magnetic field plots. The spectral
absorption profile of the geometry is heavily dependent on parameters illustrated in Figure 1. Many of
these dependencies have been explored as a part of this study but, for brevity, are not included here.

4. Unit cell containing a single PSRR

In a similar manner, we now consider a unit cell containing a single PSRR. The PSRR dimensions
are defined in Table 2.

Table 2. Dimensions of the PSRR. Units are in micrometers

hs Ws ts Wq wg
2.055 085 0.05 0124 0.03

Under normal incidence with the electric field polarized parallel to the PSRR gap, a plane wave
excites a narrower absorption peak, as illustrated in Figure 3 (top). Note this PSRR is driven only by
the electric field of the illuminating plane wave. The absorption peak (A = 0.988) is located at the
same spectral location of the single VSRR (30.21 THz), and demonstrates a FWHM of 3.278 THz. This
result already shows the inherent advantages of using vertical metamaterials enabled by MPL, as the
absorption bandwidth of the VSRR is more than double of the one exhibited by the PSRR. The electric
and magnetic field magnitudes are plotted at the resonance frequency (Figure 3, bottom). Similar to
the single VSRR, the fundamental resonance is driving the absorption for this geometry.
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Figure 3. (Top) Spectral absorption and (bottom) electric and magnetic field profiles are shown for a
unit cell containing a single PSRR.
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5. Unit cell containing both a VSRR and PSRR

In a unit cell containing dual split-ring resonators (DSRR), the resonator gaps are, at first,
intentionally placed near each other to strengthen intra-cell coupling. This condition is further ensured
by the matching spectral locations of the peak absorption for the individual resonators. In the DSRR
unit cell, the geometric dimensions of the unit cell, VSRR, and PSRR remain the same as in the previous
geometries. The unit cell geometry, as well as the plot of spectral absorption for all geometries, are
illustrated in Figure 4.
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Figure 4. (Left) The DSRR unit cell geometry is illustrated. (Right) Spectral absorption is plotted for
the case of an empty unit cell, a unit cell containing a single PSRR, a unit cell containing a single VSRR,
and a unit cell containing both a VSRR and PSRR. Note the widening of the absorption band.

As with the single resonators, the spectral response is heavily dependent on the geometric
parameters of the unit cell and resonators. In the case when two resonators are coupled, however,
the parameter space gains complexity from parameters that effect the intra-cell coupling (ex. relative
distance between the SRRs), which arises as a result of MPL's capability to place SRRs on multiple
surfaces within a single unit cell.

In this case, a normally incident plane wave produces an absorption curve characterized by a
peak absorption (A = 0.91) of the DSRR geometry located at 31.00 THz, with a FWHM value of 9.549
THz. The shift of the peak absorption and increased FWHM clearly indicate coupling between the
SRRs. Furthermore, the DSRR response demonstrates that the absorption of the coupled resonators is
not simply the cumulative sum of the individual resonators.

Similar to previous cases, electric and magnetic field profiles are shown in Figure 5. Specifically,
Figure 5(a,b) are the electric and magnetic field profile for the VSRR (similar to those shown in Figure
2), and Figure 5(c,d) show the electric and magnetic field profile for the PSRR (similar to those shown
in Figure 3). At peak absorption, the field magnitudes appear similar to those in the single SRR cases.
When compared to the single SRR geometries, however, a significant decrease in peak field amplitude
can be seen for both resonators. Additionally, the field profile near the point of highest concentration
is noticeably altered due to the presence of the other resonator, further demonstrating the intra-cell
coupling between them.
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Figure 5. The (a) electric and (b) magnetic field profiles of the VSRR are plotted at peak absorption.
The (c) electric and (d) magnetic field profiles of the PSRR are plotted at peak absorption.

The performance of metamaterials as a function of the incidence angle of the source, 0, is also
of great interest[3,39,49-51]. In Figure 6, spectral absorption is plotted as 6 is swept from 0° to 70°.

Polarization of the source is unchanged as the angle of incidence varies in the YZ plane.
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Figure 6. (Left) The DSRR unit cell geometry is shown, also illustrating variation of the angle of
incidence, 6. (Right) Spectral absorption is plotted as a function of frequency and angle of incidence.
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Similar to individual resonators, the coupled resonators continue to demonstrate intolerance to
changes in angle of incidence. As 6§ increases, the spectral location of the peak remains constant; the
lowest value of the absorption peak experienced over this range is A = 0.886.

6. Control of intra-cell coupling

The ability to deactivate intra-cell coupling is of great interest, since this would increase both
versatility of the DSRR geometry as well as control over the parameter space. Due to the high field
concentration at the gaps in each resonator during peak absorption, three additional geometries are
investigated, in which the VSRR and PSRR gaps are spatially separated. All three geometries and their
optical responses are illustrated in Figure 7.
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Figure 7. The DSRR geometry is shown with (top) a VSRR rotated 180°, (middle) a PSRR rotated 180°,
and (bottom) both VSRR and PSRR rotated 180°.
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In the first case, the VSRR is rotated about the Y-axis by 180, placing the SRR gap near the top of
the walls; the PSRR orientation remains constant. In this configuration, the absorption profile strongly
resembles that of the single PSRR unit cell, indicating that intra-cell coupling between the SRRs can
be deactivated. This is due to interactions of the SRR with the unit cell membrane and gold layers as
a function of VSRR orientation. For example, if the VSRR in Figure 1 (right) is placed in the rotated
180° orientation, a much weaker absorption peak is produced (A < 0.25). In the DSRR geometry, this
enables the PSRR resonance to dominate the absorption response, yielding an absorption spectrum
similar to Figure 3 (top).

In the second case, the VSRR orientation remains unchanged, and the PSRR is rotated about the
Z-axis by 180°. In this configuration, the absorption profile resembles that of the DSRR geometry in
Figure 4. Although the spatial distance between the SRRs is unchanged, the coupling is strongly based
on the presence of strong absorption in the VSRR.

In the third case, the VSRR is rotated about the Y-axis by 180, and the PSRR is rotated about the
Z-axis by 180°. In this configuration, the absorption profile resembles that of the single PSRR unit cell,
again indicating that intra-cell coupling between SRRs has been deactivated.

7. Discussion of parameter optimization

Maximum coupling between individual SRRs occurs when their peak absorption lies at the same
frequency. For this reason, the parameter space of each single-SRR unit cell was investigated. This
section provides a brief discussion of the sensitivity of each SRR to some of its geometric parameters.
Since the spectral location of the peak PSRR absorption resonance was made to match that of the
VSRR, the parameter space of the single-PSRR unit cell was more thoroughly explored, covering the
ws, Wg, and hs parameters. For brevity, only the height of the VSRR is discussed here. In both cases,
the thickness of the SRRs were constrained by fabrication tolerances to 0.05um.

The height of the VSRR was swept from 1.7um to 2.8um. As the height of the VSRR increases,
peak location moves towards lower frequencies (ranging from about 30 THz to about 40 THz), and the
absorption peak broadens. Peak absorption amplitude remains > 90%.

Values for the height of the PSRR were swept from 1.3um to 2.1um. As the height of the PSRR
increases, the amplitude of the absorption peak increases and the FWHM broadens, shifting to lower
frequencies (ranging from about 33 THz to about 40 THz).

Values for the width of the PSRR gap (wq) were swept from 0.03um to 0.55um. At low gap width
values, the absorption peak maintains an amplitude of A > 0.95, and shifts to lower frequencies
(ranging from about 32 THz to about 34 THz). As the PSRR gap widens, the absorption peak decreases
in amplitude, undergoing a decrease in FWHM.

Values for the width of the PSRR (w;) were swept from 0.5um to 1.2um. A very weak absorption
peak is present even for low values of ws. As the PSRR widens, the absorption peak increases in
amplitude, reaching a maximum, then decreasing again for larger values of ws. The spectral location
of the absorption peak shifts to lower frequencies as ws is increased.

8. Conclusion

Based on our investigation, it is evident that the use of multiple resonator geometries within a
unit cell is key to enhancing and manipulating the spectral response of metamaterial devices. Unit
cells containing a single VSRR, single PSRR, and multiple SRRs were examined to better understand
inter-cell and intra-cell coupling. While inter-cell coupling is not discussed, intra-cell coupling between
the orthogonal SRR components can be switched on and off based on the orientation of the vertical
split-ring resonator.

The parameter space for a single SRR (not to mention two or more SRRs within a single unit
cell) remains large and complex. Additional work is needed to gain deeper insight into parameter
sensitivity for a single SRR, as well as the electromagnetic coupling between orthogonal or back-to-back
resonators [24].
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