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Abstract: Metal-dielectric-metal metamaterial structures have enabled near-unity absorption with deep
sub-wavelength thickness. The high absorption and low mass volume, as well as the structure simplicity,
compactness and design flexibility, are important for many potential applications. They have attracted great
worldwide interest in the whole electromagnetic spectrum range, and may have special significance in the terahertz
regime. This paper provides a brief review on the development of terahertz metamaterial perfect absorbers,
particularly focusing on the design principle, thickness reduction, bandwidth broadening, and theoretical modelling.
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1. Introduction

Metamaterials [1, 2] are a new class of artificially structured effective media exhibiting exotic
properties and enabling emergent phenomena which are impossible or very difficult to realize
using naturally occurring materials. They are best represented by negative index of refraction
[1, 3], super-resolution optical imaging circumventing diffraction limits [4, 5], and
electromagnetic cloaking and transformation optics [6-8]. During the past decade, metamaterial
research has evolved from microwave [3] to terahertz (THz) [9, 10] and optical [11-13]
frequencies, from passive to active [14], from linear to nonlinear [15-17], from classical to
quantum [18], and from metamaterials to metadevices [19-21].

Metamaterials research is of special significance in solving the material issues encountered in
the THz frequency regime [22]. The far infrared or THz is considered one of the least developed
frequency regimes in the electromagnetic spectrum, though it is very attractive for numerous
promising applications [23, 24]. This “THz gap” is essentially due to the lack of both classical
electronic response (present for microwave and lower frequencies) and quantum photonic
response (present for infrared and higher frequencies) in the THz frequency range. A designed
and controllable metamaterial resonant response, both passive and active, or linear and nonlinear,
would dramatically enhance the interactions between THz radiation and materials. It becomes the
foundation for further development of many THz devices and components achieving novel
functionalities and unprecedented performance, a new opportunity that would not be possible
using solely naturally existing materials [22].
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Among many metamaterial functionalities is the accomplishment of near-unity absorption [25].
Perfect absorption is essentially a problem of impedance matching to free space. However,
natural materials rarely possess such electromagnetic properties to accomplish impedance

matching Z =\ u(w)/e(w) = Z,, where u(w) and &(w) are the magnetic permeability and electric

permittivity of the material, respectively, and Z, is the free space impedance. The design
flexibility of metamaterials provides an excellent opportunity to achieve perfect absorption
through minimizing the reflection [26] and simultaneously eliminating the transmission using
specifically designed metallic structure whose thickness is much smaller than the operational
wavelength. Metamaterial perfect absorbers are attractive in many applications such as imaging
[27, 28], selective thermal emitters [29], sensors [30], thin-film solar harvesting [31, 32], and
cloaking devices [33, 34]. While metamaterial perfect absorbers are scalable to operate at almost
any relevant electromagnetic spectrum [35], in this review paper, we largely limit our scope to
the development of THz metamaterial perfect absorbers.

2. Metamaterial perfect absorbers

2.1 Classical electromagnetic absorbers

Perfect absorption becomes possible only when the reflection at an interface can be completely
eliminated. As it is difficult to match the impedance between free space and an absorbing
material, classical electromagnetic absorbers typically employ an alternative approach by taking
advantage of multireflection and interference. For example, a Salisbury screen [36] as shown in
Fig. 1(a) consists of a thin resistive layer and a metal ground plane separated by a dielectric
spacer with a quarter-wavelength thickness, by which the direct and following reflections can be
equal in magnitude but out of phase, resulting in a destructive interference and cancellation of
reflection. The incident electromagnetic wave is therefore completely trapped in the structure and
dissipated in the resistive screen. However, the drawbacks of Salisbury screens are also obvious:
they are bulky and operate over a narrow bandwidth, restricting their use in many applications.
Broadening the bandwidth can be accomplished by using multilayered structures, forming the
so-called Jaumann absorbers [36]. In circuit analog absorbers [36], the top sheet not only contains
a resistive component but is also reactive, by using frequency selective surfaces loaded with loss.
The design however still requires a dielectric spacer of approximately a quarter-wavelength
thickness.

Incident Direct  Following

wave reflection  reflections
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Resistiye screen Metamaterial surface
Dielectric spacer /
Dielectric layer: Id—/l/4 \ l d<<
Metallic ground plane
Metallic ground plane 8 P
(a) (b)

Fig. 1 Sketches of a Salisbury screen (a) and a metamaterial perfect absorber (b).
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2.2 Metamaterial perfect absorbers

In classical electromagnetic absorbers, the reflection from the low-impedance ground plane
gives a phase shift of = and the quarter-wavelength thick dielectric layer provides an additional
propagation phase of m. The total phase change within a round-trip propagation path is then 2n
(or zero), satisfying the phase matching condition for constructive interference during the
multireflection process and destructive interference with the direct reflection. If we can convert
the low-impedance ground plane (electric conductor) to a high-impedance ground plane
(magnetic conductor) by adding a metamaterial surface above the ground plane separated with a
thin dielectric layer, as suggested by Engheta [37], the overall absorber thickness can be
dramatically reduced. Interestingly, such a metamaterial structure as shown in Fig. 1(b) itself can
serve as a perfect absorber, when we take into account losses in the metal and dielectric materials,
and employ appropriate metamaterial structures and thickness of the dielectric spacer.

The first metamaterial perfect absorber was demonstrated in the microwave frequency range
by Landy et al. [25]. The unit cell consists of an electric split-ring resonator (eSRR) and a
cut-wire (CW) with a thin dielectric spacer between them, as schematically shown in Fig. 2(a).
Reflectance R(w) and transmittance 7(w) of the structure were simulated and experimentally
measured, and the absorption was given by A(w) = 1 - R(w) - T(w). It was shown that R(w) and
T(w) could reach nearly zero simultaneously at about 11.5 GHz, thereby accomplishing
near-unity absorption. The simulated absorption 4(w) = 96% was in good agreement with the
experimentally measured value of 88%. It was also shown that the absorption decreases rapidly
with increasing incident angles, and the full-range of incident angle was measured to be 16° with
A(w) > 0.5. Obviously, this metamaterial perfect absorber is polarization sensitive.

(a) (b) (©) (d)

(e) ® (2) (h)

Fig. 2 Typical unit cells adopted in narrowband metamaterial perfect absorbers.
2.2 Terahertz metamaterial perfect absorbers

The design of metamaterial perfect absorbers [25] was soon translated to the THz frequency
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Fig. 3 (a) Experimentally measured (blue) and numerically simulated (red) absorptivity for the THz metamaterial
absorber unit structure shown in the inset. (b) Absorptivity for the structure when the incident electric field is
parallel (red) and perpendicular (blue) to the cut-wire. Figures reproduced with permission from ref. 38.
Copyright OSA.

range by scaling [38]. With the incident polarization shown in the inset to Fig. 3(a), the

experimentally measured absorptivity reaches 70%, in good agreement with the simulated value

of 68%. This metamaterial absorber operates at 1.3 THz with a 6 um thick polyimide spacer,
which is 1/40 of the free space wavelength. It should be noted that the spacer thickness plays an
important role in accomplishing best absorption performance. When the incident electric field is
perpendicular to the center stalk of the eSRR, the simulated absorptivity is only 27% as shown in

Fig. 3(b). The polarization dependence of absorption is directly due to the two-fold rotation

symmetry of the metamaterial structure. For polarization independent THz metamaterial perfect

absorbers, it is necessary to design metamaterial structures containing four-fold rotation

symmetry [39-43], such as those shown in Fig. 2(d, g, h).

It was demonstrated soon after that the CW array in Refs. [25, 38] could be replaced by a metal
ground plane [44, 45], making the metamaterial perfect absorbers similar to circuit analog
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Fig. 4 Numerically simulated absorptivity under various incidence angles for TE (a) and TM (b) polarizations.
Figures reproduced with permission from ref. 44. Copyright APS.
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absorbers [36] but with a much thinner spacer thickness. The use of a continuous ground plane
simplifies the sample fabrication process. Furthermore, it prevents the incident electromagnetic
waves from transmitting through, so only reflection measurements are necessary as 7(w) = 0
implies 4(w) = 1 - R(w). Many metamaterial structures have been employed to make narrowband
absorbers, including SRRs, CWs, and frequency selective surface (FSS) elements, with a few
typical ones shown in Fig. 2. They are either polarization dependent [Fig. 2 (a-c, e, f)] or
independent [Fig. 2(d, g, h)]. It was shown that the use of a ground plane enables wide-angle
operation [40, 44, 45]. As shown in Fig. 4, the metamaterial absorber is capable of near-unity
absorption at all incident angles ranging from 0° to 80° for TM polarization, whereas the
absorptivity decreases rapidly when the incident angle is above 40° for TE polarization [40, 44].

2.3 Multiband and broadband THz metamaterial perfect absorbers

There are mainly two approaches to expand the narrowband absorption into multiband or
broadband operation. One way is to combine two or more resonators with different sizes forming
a super-unit-cell, and the other way is to stack multiple layers of resonators with different
geometric dimensions separated by dielectric layers with appropriate thicknesses.
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Fig. 5 Dual-band THz metamaterial perfect absorbers. Figures reproduced with permission from ref. 47. Copyright
IOP.

The individual metamaterial structures with different geometric dimensions, eSRRs S1 and S2
shown in the insets to Fig. 5 (a), can be used to realize metamaterial absorbers operating at
different frequencies, with the absorption spectra shown in Fig. 5(a). When S1 and S2 are
combined together forming a new dual-band resonator [46], shown as D2 in the inset to Fig. 5(b),
the resulted metamaterial absorber exhibits dual absorption peaks corresponding to the spectral
superposition of S1 and S2 [47], as shown in Fig. 5(b). It turns out that the multiple resonances in
a metamaterial element can be used to realize a multiband metamaterial absorber [e.g. D1 in
Fig. 5(b)]. A similar design [48] was demonstrated by Wen et al. More dual-band and multiband
metamaterial perfect absorbers in the THz frequency regime have been demonstrated, mostly
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using a super-unit-cell containing several metamaterial elements resonating at distinct
frequencies [42, 49].

Fig. 6 (a) Schematic and (b) top view of a super-unit-cell for absorption bandwidth broadening. (c) Simulated
absorption spectra at normal incidence with three different configurations I, II, and III, which are indicated in
the insets. (d) Experimental absorption spectra of two metamaterial absorbers in configuration III with
slightly different end loading of side I-shaped resonator, /, = 16.5 um or 17.5 um.

Expanding the bandwidth around a specific frequency can be accomplished by using
resonators in a super-unit-cell with close resonance frequencies. For such a purpose, we used two
sets of [-shaped resonators in the super-unit-cell shown in Fig. 6(a, b). As shown in Fig. 6(c), the
center I-shaped resonator (Configuration I) and the two identical side I-shaped resonators
(Configuration II) exhibit distinct but close peak absorption frequencies. Combining them

Fig. 7 (a) Schematic of a metamaterial absorber unit cell consisting of three layers of cross-resonators. (b)-(d)
Simulated absorption spectra for one-layer, two-layer, and three-layer cross-resonator absorbers. Courtesy
of Y. Q. Ye and with permission. Copyright OSA.
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together into a super-unit-cell (Configuration III) results in a superposition of the absorption
spectra [50], shown in Fig. 6(c). The bandwidth of the absorption is effectively broadened as
compared to the individual ones. The flatness of the absorption top is improved using closer
resonance frequencies, but with the price of a slightly narrower bandwidth, as shown in Fig. 6(d).
Broadband THz absorption can also be achieved by simply stacking several layers of resonators
with different geometric dimensions and appropriate spacer thicknesses [51, 52]. Figure 7(a)
illustrates a metamaterial absorber structure consisting of three layers of cross-resonators. The
absorption bandwidth is significantly improved with increasing layers of cross-resonators with
appropriate geometric dimensions and spacer thicknesses, as shown in Fig. 7(b-d). The design of
this kind of metamaterial perfect absorbers is quite similar to the classical Jaumann absorbers [36]
for bandwidth broadening.

3. Modeling metamaterial perfect absorbers
3.1 Bulk effective medium model

The majority of works on metamaterial perfect absorbers follow the concept of bulk effective
medium as it was used to explain the impedance matching at the very beginning [25, 38]. This
theory considers the metamaterial absorber as an effective medium characterized by electric
permittivity e(w) and magnetic permeability u(w). The permittivity is attributed to the electric
resonant response of individual metamaterial elements, and the permeability is due to the
magnetic resonance resulting from anti-parallel surface currents between the two layers of
metallic metamaterial structures or between the top metamaterial element and the ground plane
[25, 38, 44]. They can be independently tailored through adjusting the geometric dimensions of
the metamaterial resonators and the spacer thickness. In such a way, impedance matching to free

space becomes possible, i.e., Z =,/ u(w)/e(w) =Z, can be satisfied at a specific frequency.

Consequently, there is no reflection and the incident electromagnetic wave is completely
absorbed in the metamaterial structure as the metal and the dielectric spacer are essentially lossy.

Note that effective medium theory is based on the assumption that the metamaterial absorber is
homogeneous. However, even for a freestanding metamaterial absorber, the structure is highly
asymmetric in the wave propagation direction. The metamaterial structure can completely absorb
the electromagnetic wave that is incident from the front; it functions as a near-perfect reflector
when the incident electromagnetic wave comes from the back. On the other hand, the excitation
of anti-parallel surface currents was used as the direct evidence of a magnetic resonance [30, 38,
44]. However, it was shown that such anti-parallel surface currents can be directly derived from
an interference model [53] where the metamaterial absorber was treated as a resonant cavity.

3.2 Interference model

In the interference model, the two metallic layers in a metamaterial absorber are treated as
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zero-thickness impedance-tuned surfaces that dramatically modify the amplitude and phase of the
reflection and transmission coefficients as compared to those for the original interfaces formed
by the two bounding media. The metal-dielectric-metal metamaterial absorber thereby forms a
cavity where multireflection occurs [26, 53], as shown in the inset to Fig. 8(c). The overall
reflection is then the superposition of the direct reflection and the following multireflection. With

Fig. 8 (a) An example metamaterial absorber unit cell structure and (b) its isolated air-cross-spacer interface for
numerical simulations. (c) Simulated amplitude and (d) phase of reflection and transmission coefficients at the
air-cross-spacer interface. Inset: schematic of the multireflection and interference model.

appropriate design of the metamaterial structure, it is possible to achieve a completely destructive

interference and cancellation of the reflection, similar to a classical Salisbury screen or

quarter-wave antireflection coating. In other words, the incident electromagnetic wave is trapped
in the metamaterial cavity and eventually dissipated, resulting in the near-unity absorption.

In an example metamaterial absorber schematically shown in Fig. 8(a), the incident
electromagnetic wave is partially reflected (direct reflection) by the air-cross-spacer interface,
and the rest is transmitted into the spacer. The latter then encounters the ground plane, which is a
perfect reflector and gives a phase shift of & for the reflection. This process continues as shown in
the inset to Fig. 8(c) and results in the following reflections. A completely destructive
interference between the direct and following reflections requires magnitude and phase matching.
So the reflection and transmission coefficients at the air-cross-spacer have to be tailored. In order
to realize ultrathin metamaterial absorbers, it is necessary to obtain a phase shift of ~t for the

33



Terahertz Science and Technology, ISSN 1941-7411 Vol.6, No.1, March 2013

reflection at the air-cross-spacer interface, which can be accomplished due to its highly dispersive
resonant response [53].

The reflection and transmission coefficients at the air-cross-spacer interface, denoted by 12, f12,
r1, and t1, and their corresponding phase shifts @12, 012, 21, and 6,1, can be obtained through
numerical simulations using the unit cell shown in Fig. 8(b). The results are shown in Fig. 8(c,d).
The overall reflection with the presence of the ground plane is given by [26, 53]:

7og b€ (1)
. 1+7,e?

The absorption A(w) is then obtained with A(w) =1-R(w) =1- |7(a))|2 . It was shown that the

theoretically calculated absorption exhibits excellent agreement with experimentally measured
and numerically simulated (the whole absorber structure was used) results, as shown in Fig. 9(d),
and they exhibit the same spacer thickness dependence [26, 53]. Furthermore, theoretical
calculations revealed the anti-parallel surface currents at the two interfaces, due to the

Fig. 9 (a) and (b) Increasing the width of the cross-resonator results in a reduced optimal spacer thickness. (¢) Metal
patches can be added at the position of ground plane to take into account the parasitic capacitance due to the
near field interaction. (d) Numerically simulated (black) and theoretically calculated (green) absorption
spectra for the metamaterial absorber with cross-resonator width w= 10 um and spacer thickness d = 8 um. (e)
After increasing the cross-resonator width to w = 40 um and reducing the spacer thickness to d = 4 um, the
numerically simulated (black solid) and theoretically calculated (green solid) absorption spectra show
different peak frequency. After adding small patches in (c), the improved calculation (green dashed) shows
good agreement.
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interference and superposition [53] rather than a magnetic response excited by the incident
magnetic field.

The simple interference model assumes that the near field coupling between the resonator
array and the ground plane is negligible. However, this coupling might become significant
particularly for an extremely thin spacer. It was demonstrated that the optimal spacer thickness
decreases when the width of the cross-resonator increases, as shown in Fig. 9(b), and
consequently the coupling becomes stronger [54]. In this case, as shown in Fig. 9(e), the
theoretically calculated peak absorption frequency is significantly higher than the numerical
simulations using the whole structure with cross-resonator width w = 40 um and spacer thickness
d =4 um. In order to take this strong coupling into account, we added four patches that are small
but sufficient to cover the cross-resonator ends, to simulate the reflection and transmission
coefficients of the air-cross-spacer interface [54], as shown in Fig. 9(c). These patches are
embedded in the semi-infinite spacer and located at the ground plane position for the whole
absorber structure. The improved theoretical calculations shown in Fig. 9(e) reveal excellent
agreement with simulations. Further theoretical modeling shows that the coupling has to be also
taken into account for the broadband THz metamaterial perfect absorbers [50].

3.3 Transmission line model

The transmission line model for metamaterial perfect absorbers is very similar to circuit analog
absorbers, where the metamaterial structure is equivalent to an RLC circuit [55]. It assumes
normal incidence and the coupling is negligible between the top eSRR and the bottom CW (or the
ground plane) when considering the metamaterial perfect absorber structure illustrated in
Fig. 2(a). Figure 10 shows the equivalent transmission line circuit [56]. The eSRR has two
resonance modes, represented by R;, L;, C; and R, L, C,, which couple to each other
represented by M [55]. The CW was equivalent to the R3, L3 and C; circuit, and the spacer layer
was treated as a propagating transmission line. The model calculations are in good agreement
with numerical simulations [56]. In fact, in many aspects the transmission line model is
equivalent to the interference model.

Fig. 10 Equivalent transmission line circuit model for the metamaterial perfect absorber structure shown in Fig. 2(a).
Courtesy of Q. Y. Wen and with permission. Copyright OSA.
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4. Conclusion and outlook

Much progress has been accomplished in the development and understanding of extremely thin
THz metamaterial absorbers with very high absorption over wide-angle operation. These
thin-film-like THz metamaterial perfect absorbers can be made freestanding and flexible, which
makes them easily applicable to complex surfaces. Further effort is necessary to develop practical
THz devices employing such exciting functionalities for various applications, e.g. THz sensing
and imaging. Actively tunable and reconfigurable THz metamaterial perfect absorbers can be
further accomplished through integration of active composite materials or devices into the
building blocks, which may extend their practical usage.
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