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Abstract: Self-similar fractals provide a degree of freedom 
for varying the resonance frequency due to the multiscale 
geometric features involved and are an ideal candidate for 
ultrabroadband absorbing devices – especially in the tera-
hertz (THz) band where there is a lack of natural absorbing 
materials. Metasurface-based THz absorbers often suf-
fer from poor broadband performance, whereas strongly 
absorbing broadband devices are typically complex mul-
tilayer structures. Here, we numerically demonstrate an 
ultrabroadband, ultrathin, polarization-insensitive, wide-
angle, single-layer planar metasurface THz absorber by 
integrating different Cayley tree fractal resonators into 
one supercell based on the frequency shifting and mul-
tiresonance bands of different fractal orders. In terms 
of physics, we have exploited the self-similar nature 
of fractal geometry to engineer the multimodal spec-
trum of this system. With increasing fractal order N, an 
increasing number of modes can be excited with certain 
degeneracies where each mode corresponds to plasmon 
oscillations at different geometric scales inside fractal. 
As a result, broad, multipeaked spectra with large degen-
eracy numbers can be achieved with larger N. Finally, by 
placing fractals of different order N into one supercell, 

the coupling and superposition of the neighboring reso-
nances exhibit the desired ultrabroadband response. The 
proposed absorber provides a wide incident wave angle 
with a full-width half-maximum absorption bandwidth 
of more than one octave, i.e. 3.88 THz. Greater than 80% 
absorption is achieved over a frequency range of 3 THz. 
Owing to its performance, this work is a step forward in 
realizing perfect blackbody absorbers that can be easily 
integrated with bolometric sensing technology to make 
high-efficient THz-sensing devices.

Keywords: metasurface; absorber; Cayley tree fractals; 
degeneracies.

1   Introduction
There is a lack of naturally occurring materials with valua-
ble electromagnetic (EM) properties in the terahertz (THz) 
region of the EM spectrum lying between millimeter waves 
and the infrared band, known as “terahertz gap,” ranging 
from 100 GHz to 10 THz [1, 2]. Technological advance-
ments in the THz domain have given rise to many poten-
tial applications such as medical and security imaging  
[3, 4], explosive detection [5], biological sensing [6], wire-
less communication [7], and spectroscopy [8]. Although 
a lot of research has been centered on THz materials and 
novel techniques for the construction of devices, the 
demand of broadband and highly efficient devices is still 
unsatisfied owing to the limitations of natural materials.

Metamaterials (MMs) came into limelight in the past 
decade and have ever since become a perfect candidate for 
THz high-performance devices owing to their exotic behav-
ior in response to EM radiation that could not have been 
observed via conventional materials [9, 10]. These artifi-
cially engineered materials have overcome the problem 
of poor interaction of THz radiation with naturally occur-
ring materials. Research conducted on two-dimensional 
(2D) planar MMs, called meta-surfaces, has illustrated 
many intriguing phenomena and useful applications of 
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MMs, in nearly every spectral range from microwave to 
optical, such as perfect lensing [11], invisibility cloaking 
[12], negative refractive index [13], and many more [14–18]. 
Most of these applications have centered around the real 
part of effective medium parameters; however, there are 
many applications where material loss characterized by 
imaginary part of effective parameters is also important. 
One example of such application is resonant absorber. 
Landy et al. [19] proposed the first MM absorber in 2008 
based on split ring resonators. Since then, various MM 
absorbers have been designed in every frequency regime 
from microwave to optical [19–21]. These MM absorbers 
are of significant importance at THz frequencies where 
it is hard to discover conventional materials with high 
absorption coefficients. Although single-band [19], dual-
band [22–24], triple-band [25], and multiband [26–31] 
perfect absorbers with narrow operation bandwidth have 
been proposed, there is a dire need for structures with 
unity absorption over larger bandwidth for applications 
such as high-efficiency detectors [32], sensing [25, 33–36], 
THz imaging [37, 38] and stealth technology [39]. To over-
come this problem, a sophisticated design approach has 
been adapted by stacking multiple layers of metal reso-
nators and dielectrics [30, 40–42], but such designs are 
complex, costly, and difficult to fabricate. Instead of mul-
tiple layers, another way is to make a 2D planar arrange-
ment by combining resonant structures of various sizes 
with different resonant frequencies into one unit cell  
[43–51]. Such an arrangement is much better because of 
their simplistic ultrathin design, but there are still imper-
fections in it due to the trade-off between maximum 
bandwidth and peak absorption. An alternative approach 
is to increase effective parameter of absorbing layer by 
introducing self-similar fractal resonant structures. The  
advantage of employing fractals is that it gives multiple 
resonances from the same element structure due to the 
multiscale nature of its geometry [48, 52–54]. The concept 
of fractals and fractional dimensions in EMs has been a 
focal point of a few contemporary studies. In the recent 
literature, fractal geometry–based dual-band [55–57], tri-
ple-band [58, 59], and wideband [60] metasurface absorb-
ers, not limited to THz band, have been studied for their 
multiresonance and bandwidth enhancement advan-
tage. In THz regime, recently a broadband absorption of 
greater than 80% from 2.82 THz to 5.15 THz is achieved 
by  combining different fractals levels into one supercell, 
having relative absorption bandwidth of 65% [48]. The 
potential of various other fractal resonators in the design 
of single-layer MM absorber still needs to be investigated. 
In this article, we propose an ultrathin,  single-layer, 
broadband, polarization-insensitive, wide-angle THz 

absorber based on Cayley tree fractal resonators on top 
of the dielectric layer with metallic ground plate. We are 
able to achieve ultrabroadband absorption by combin-
ing unit cell of different fractal orders into supercell. The 
full-width half-maximum (FWHM) bandwidth of device is 
3.88 THz (ranging from 2.24 to 6.13 THz), which is more 
than one octave along with 80% above absorption band-
width of 3 THz (from 2.4 to 5.4 THz). The performance of 
our proposed design has been compared with the state of 
the art. Our proposed design methodology for ultrathin, 
ultrabroadband THz absorber can be used in important 
applications such as a metasurface-based microbolometer 
sensor for THz imaging [32, 37, 38], where broadband MM 
absorbers are needed to be coupled with microbolometer 
sensors to have a complete THz detector.

2   Design and simulation
Our proposed device is a metal–insulator–metal (MIM) 
absorber with a Cayley tree metal resonator as a top layer, a 
dielectric interface, and a bottom layer of metallic ground 
plane for perfect reflection as shown in Figure 1. The Cayley 
tree resonator [52] is a Y-shaped structure formed by a joint 
connection of three microstrip-line branches. The length 
and width of each branch are constant, i.e. L1 = 12 μm and 
w = 1 μm, respectively. Each branch is spaced apart with 
120° rotation angle maintaining the threefold rotational 
symmetry ensuring polarization insensitivity. The resona-
tor structure is symmetric along y-z plane. To introduce 
fractals into our design, with every terminal branch of 
previous fractal order two separate arms are included. The 
angle between each arm and the arm widths are the same 
as that of level 1. The arm lengths in subsequent levels are 
L2 = 6 μm, Figure 1B, and L3 = 5 μm, Figure 1C. However, 
in level 3, the outermost arm lengths were shortened to 
L3/2 to prevent overlapping between neighboring struc-
tures. All these fractal order arm lengths are optimized in 
such a way that when combined they give a broadband 
response. The period of unit cell is P1 = 34 μm. The absorp-
tion is also dependent on thickness of the substrate “h,” 
which controls the narrowband and broadband absorp-
tion response. Polyimide is used as a dielectric layer with 
refractive index of n = 1.68 + 0.06i [48]. The metal used for 
resonator and ground plane is gold (Au) with frequency-
independent conductivity of σ = 4.07 × 107 S/m. The height 
of the top and bottom layers is t1 = t2 = 100 nm, as shown in 
Figure 1E.

The numerical simulations are performed at normal 
incidence using the commercially available full-wave 
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solver CST Microwave Studio [61]. In simulations, unit-cell 
boundaries are applied in x and y directions, while open 
(add space) is set in z direction. The absorption A(ω) is 
calculated by A(ω) = 1–R(ω)–T(ω), where R(ω) = | S11 | 2 is 
reflectance and T(ω) = | S11 | 2 is transmission. S11 and S21 are 
coefficients of reflection and transmission, respectively. 
As transmission is zero due to the presence of metallic 
round plane with greater thickness as compared to the 
skin depth of incident THz wave, the absorption can be 
obtained only by reflectance, A(ω) = 1–R(ω). To maxi-
mize the absorption, the impedance of MM device must 
match to that of free space [19], i.e. μ ε= =/ 1Z  where μ 
and ε represent complex permeability and permittivity, 
respectively.

3   Results and discussions

3.1   Narrowband absorption of different 
fractal levels

The optimized thickness of substrate “h” for the near-
unity narrowband absorption is 6 μm. Figure 2 shows the 
absorption spectra of the first, second, and third iteration 
of the proposed Cayley tree resonating structure. For each 
fractal level, a narrowband absorption can be observed, 

with absorption exceeding above 95%. The absorption 
peak for first-order (6-μm polyimide thickness) Cayley tree 
occurs at 3.83 THz with absorption efficiency of 99.7%, and 
this frequency has shifted to 3.32 THz along with another 
resonance frequency, which occurs at 6.6 THz with effi-
ciencies of 99% and 98%, respectively, as we move to 
second order (6-μm polyimide thickness). Significantly, 
this red shifting was achieved just by increasing the effec-
tive perimeter of the structure. For third order (6-μm poly-
imide thickness), the resonance occurs at 2.7, 4.9, and 7.6 
THz having absorption efficiency of above 95% for each 
peak. So, it follows that, for Nth-order fractal geometry, 
we can have N distinct resonance peaks or dipolar modes 
with the shift in resonance mode to a lower frequency 
than the previous level, which means we can have broad-
band response just by adding additional iterations to the 
fractal geometry.

3.2   Surface Currents and E-field explanation

To gain insight into the resonance phenomena, the E-field 
profiles at corresponding peaks for two orthogonal polari-
zations for each fractal order are shown in Figure 3. Figure 3 
shows that the electric field is mostly concentrated at the 
terminal ends of the arms along the polarization axis in 
each level. The red areas correspond to the concentrations 
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Figure 1: Fractal broadband absorbers.
(A) Fractal level 1, (B) fractal level 2, (C) fractal level 3. (D) Supercell arrangement obtained by combining all three fractal orders. (E) Side view 
of supercell design. The arm length of level 1 is L1 = 12 μm, level 2 is L2 = 6 μm, and level 3 is L3 = 5 μm, whereas the outer arm length of level 3 
is L3/2. The arm width w = 1 μm. The period of supercell is P = 68 μm.

Unauthenticated
Download Date | 1/22/20 4:04 PM



4      A. Zubair et al.: Cayley tree fractal metasurface for ultrabroadband terahertz absorption

of positive charges, while the areas with less magnitude 
(blue regions) indicate the negative charges. This accu-
mulation of opposite charges at the edges excites a local-
ized surface plasmon giving rise to the dipolar resonance 
response under the influence of incident electric field. 
Figure 3A1 and B1 show the E-fields of first-order Cayley 

tree at 3.83 THz for transverse electric (TE) and transverse 
magnetic (TM) polarization, respectively. Figure 3A2 and 
B2 show the E-field of second-order Cayley tree at lower 
resonance mode (3.32 THz) for TE and TM polarization, 
respectively, whereas Figure 3A3 and B3 show the E-fields 
of second-order structure at higher-frequency resonance 
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Figure 3: Electric field maps of first-, second-, and third-fractal-order Cayley tree structures at each resonance peak.
The structure is illuminated with linearly polarized plane waves propagating in the z direction with the electric field vector in the x-y plane. 
(A1, B1) First-order Cayley tree for TE and TM polarization, respectively. (A2, A3) Second-order Cayley tree for TE polarization. (B2, B3) 
Second-order Cayley tree for TM polarization. (C1–C3) Third-order Cayley tree at various extinction peaks for TE polarization.
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Figure 2: Absorption spectrum.
(A) absorption of fractal order 1 Inset: first-order Cayley tree structure, (B) absorption of fractal order 2. Inset: second-order Cayley tree 
structure, (C) absorption of fractal order 3. Inset: third-order Cayley tree structure.
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mode (6.6 THz) for vertically and horizontally polarized 
excitations, respectively. For higher frequency, i.e. 6.6 THz, 
the field is mainly concentrated at the tips, whereas 
for lower frequency, i.e. 3.32 THz, the field spreads out 
from center to outermost tips. For third-order Cayley 
tree, only vertically polarized E-field maps are shown in  
Figure 3C1–C3. It follows the similar trend as that of level 
2. At lower frequencies, the field is distributed from center 
to outermost tips. Meanwhile, going toward the higher-
frequency resonance mode, the field is concentrated only 
at the tips and is diminished in the center.

We further investigate the surface current distribution 
in each fractal level at their lowest resonant frequencies 
only. As shown in Figure 4A1–C1 and Figure 4A2–C2, the 
surface currents on the top and bottom layers of unit cell of 
fractal Cayley tree structure are mostly antiparallel. These 
different antiparallel currents induce strong magnetic reso-
nance response. It can be seen from Figures 3 and 4 that the 
electric resonance response is more dominant at these fre-
quencies, as a result of which we are able to achieve perfect 
absorption of greater than 95% at each resonant frequency 
for first, second, and third iteration of Cayley tree.

3.3   Mechanism of multiple resonance peaks

From the qualitative analysis done by Gottheim et  al. 
[52] for mode degeneracies and origin of distinct peaks 

in Cayley tree fractal geometry, there are 3*2N−1 tips in 
each Nth-order Cayley tree fractal that corresponds to 
Ntips-1 resonance modes. As seen in Figure 3, the charges 
induced upon plasmon excitation are largely concen-
trated at the tips of the structures, whereas the induced 
charge density in the center of each structure remains 
very small. In Figure  5, the distribution of the charges 
is shown for the first, second, and third fractal orders; 
these distributions show the types of mode degeneracy. 
In the first-order structure, two alternatives are pos-
sible as reported in Figure 5A and C. Mode 1 shows the 
interarm oscillation of charges. For the first-order struc-
ture, there are two resonance modes, but only a single 
mode can be observed as both modes are degenerate 
because of symmetry. Similarly, the symmetric second-
order structure consists of 5  modes, where the higher-
frequency mode (mode 2, Figure 5D) is triply degenerate, 
whereas the lower-frequency mode (mode 1, Figure 5B) 
is doubly degenerate. In mode 2, there is an interbranch 
oscillation of charges as shown in Figure  5D. For the 
symmetric N = 3 case, there exist 11 modes, but because 
of symmetry, only three resonances show up, as shown 
in Figure 2C. The mode degeneracies are 2, 3, and 6 from 
low to high frequency. The first and second mode will be 
the same as appeared in fractal orders 1 and 2, whereas 
mode 3  will be more like a global plasmon, where the 
charges oscillate between the branches as shown in 
Figure 5E.

Figure 4: Surface current distribution.
(A1–C1) Front of first-, second-, and third-fractal-order Cayley tree, respectively. (A2–C2) Bottom layer of the unit-cell structure at first 
resonance frequency for each fractal order under TE polarized incident wave: (A1, A2) first-order Cayley tree, f1 = 3.83 THz, (B1, B2) second-
order Cayley tree f1 = 3.32 THz, (C1, C2) third-order Cayley tree f1 = 2. 7 THz, respectively. The solid arrow indicates the direction of E-field.
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3.4   Broadband absorption

The broadband absorption is achieved by combining 
these fractal orders into one supercell as shown in Figure 
1D. The structures are arranged in fourfold symmetry 
offering polarization insensitivity. Figure 6A shows the 
simulated absorption spectrum for supercell with sub-
strate thickness of 6 μm. It can be seen that although the 
absorption efficiency is low, we are able to achieve broad-
band spectra. The thickness of substrate has significant 
impact on the absorption magnitude; hence, we have sim-
ulated the supercell for multiple thicknesses, and the best 

optimized thickness for near-unity absorption broadband 
spectrum comes out to be 11 μm.

Figure 6B shows the broadband absorption of super-
cell at 11 μm. Peak absorption magnitude of above 99% 
is observed at multiple frequencies, i.e. 3.24, 4.58, and 
4.85 to 5.1 THz. The numerically evaluated absorption 
spectrum shows broadband operation in the frequency 
range of 2.4 to 5.4 THz with above 80% absorption. The 
calculated average absorption of the device is 91.04%, 
defined by the mean value of above 75% minima in this 
broadband range. The figure of merit of an absorber is 
characterized by the layer thickness expressed in terms 

Figure 5: Schematic depicting the configuration of charges for different resonance modes of a Cayley tree fractal for the first, second, and 
third order.
In the first-order structure, (A) and (C), two cases with the charges being localized to the corners exist. For the second order, modes 1 and 2 
both exist. (B) Highest-frequency dipole mode with charges concentrated only at the outermost tips. (D) Lowest-frequency mode where the 
charges are no more localized at the tips and are instead spread out. (E) Third-order structure with mode 3 where the charges are distributed 
over the whole structure and act like a global plasmon. This pictorial explanation is based on [52].
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Figure 6: Absorption spectrum of broadband supercell design.
(A) Polyimide thickness h = 6 μm, (B) polyimide thickness h = 11 μm.
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of wavelength with respect to lowest or center working 
frequency and by the relative absorption bandwidth, 
also known as fractional bandwidth (FBW), which is 
defined by the ratio of FWHM bandwidth “∆f” to that of 
center frequency “fc.” For our absorber, the FWHM band-
width of ∆f = 3.88 THz (from 2.24 to 6.13 THz) with center 
frequency fc = 4.185 THz is achieved, which gives FBW of 
92.7%. We compared the performance of our proposed 
design of metasurface absorber with some recently 
reported planar, single-layer absorbers. The absorption 
efficiencies of some already existing single-layer meta-
surface absorber in the literature and our Cayley tree 
design are given in Table 1.

Our proposed design covers a larger relative band-
width as compared to other planar, single-layer metas-
urface absorbers shown in Table 1. Moreover, the device 
FWHM bandwidth is more than one optical octave, i.e. 
1.45, where number of octave is log2 (fmax/fmin). According to 
the Rozanov ultimate thickness limit [62] for a broadband 
absorbers, the thickness “h” of a proposed design must 
be larger than the theoretical limit. Equation (1) defines 
the relation between the thickness and bandwidth of the 
absorber:

 

∞
λ λ

π
≥ ∫2 0

1 | | ( ) | |
2

h ln R d  (1)

The calculated theoretical limit comes out to be 5.16 μm, 
and the thickness of our designed absorber is larger than 
this limit, i.e. 11 μm. The corresponding electrical thick-
ness of our device with respect to center frequency of 

broadband operation is <λ/6. Thus, our proposed absorber 
design is ultrathin and acquires larger broadband band-
width relative to other reported planar and multilayer THz 
absorbers [43–51].

3.5   Impedance matching

In order to characterize our thin single-layer broadband 
absorber, we retrieved the effective impedance using the 
coefficients of reflection and transmission achieved by 
numerical simulations given by [63]:

 

( )
ω

+ ω + ω′ ′
= ±′

− ω − ω′ ′

22

2 2

(1 r ( )) t
( )

(1 r ( )) t ( )
z  (2)

where z′(ω) is the complex effective impedance, and r′(ω) 
and t′(ω) are complex reflection and complex transmis-
sion coefficient, respectively. The effective impedance 
normalized to free space impedance is shown in Figure 7. 
The solid green lines in Figure 7 indicate the frequencies 
with maximum absorption magnitude. To maximize the 
absorption, impedance must match that of free space; 
i.e. the real and imaginary parts of complex impedance 
should be equal to 1 and 0, respectively. It can be seen 
from Figure 7 that our proposed absorber design results 
in a nearly perfect impedance match to free space, and 
thus we obtained high absorption amplitude at fre-
quencies 3.24, 4.58, and 4.85 to 5.1 THz as observed in 
Figure 6B.

Table 1: Absorption performances of recently reported THz broadband, multilayer and single-layer MM absorbers.

Reference   Resonating structure   Layers   Thickness 
(approx.) 
with respect 
to center 
wavelength

  Relative 
absorption 
bandwidth 

>50% or FBW

  Bandwidth absorption 
>80% THz

[40]   Multiple stacked bars resonators   Multilayer   λ/11   48%  0.8–1.38 (0.58 THz)
[41]   Nested circle rings   Multilayer   λ/12   61.2%  1.6–2.6 (1 THz)
[42]   Stacked cross resonators   Multilayer   λ/4   97.7%  7.1–8 (0.9 THz)
[43]   Multiple I-shaped resonators   Single layer   λ/37   19.1%  0.88–0.98 (0.1 THz)
[44]   Multiple square patches resonators   Single layer   λ/34   17.9%  6.23–7.08 (0.85 THz)
[45]   Multiple circular patches resonators   Single layer   λ/22   25.2%  5.3–6.4 (1.1 THz)
[46]   Sectional asymmetric structure   Single layer   λ/36   14%  (0.55 THz)
[47]   Circular dishes   Single layer   λ/26   11.3%  13.6–14.79 (1.19 THz)
[48]   Fractal crosses resonators   Single layer   λ/6   65.1%  3.01–4.84 (1.83 THz)
[49]   Hybrid structure (rhombus and circular patches)  Single layer   λ/12   56%  (0.13135 THz)
[50]   Multiple square rings resonators   Single layer   λ/6   77.6%  0.6–1.25 (0.65 THz)
Our design   Fractal Cayley tree resonators   Single layer   λ/6   92.7%  2.4–5.4 (3 THz)
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3.6   E-fields of broadband absorption

To better understand the broadband absorption of the 
supercell design at 11 μm, we further investigate the 2D 
electric field profiles at six prominent resonance peaks of 
absorption spectra as shown in Figure 8. To provide an 
immediate correlation between resonance strengths, all 
electric field profiles were normalized on the same scale. 
In Figure 8A–F, it can be seen that for peak P1 (2.54 THz) 

and peak P6 (5.1 THz), the dipolar resonance occurs solely 
because of third-order Cayley tree and is near the first res-
onance frequency of level 3 unit cell. Similarly, for peak 
P2 (2.87 THz) (Figure 8B), second-order structure appears 
to resonate strongly as its E-field strength is stronger than 
the others. Figure 8C shows that first-order structure reso-
nance appears to dominate at peak P3 (3.24 THz), whereas 
for peaks P4 and P5 as shown in Figure 8D and E, respec-
tively, the electric response is complex because no single 
fractal level is dominant in these peaks. Therefore, they 
are assumed to be due to the coupling and superposition 
of the neighboring resonances. In conclusion, strong reso-
nance frequency is mainly due to the fractal orders first, 
second, and third or because of the interaction between 
two levels.

3.7   Interference theory

So far, we have analyzed our MM device as a coupled 
system considering only the impedance matching and 
the local EM resonances between the resonators and the 
ground plane. However, we may also employ a quantitative 
analysis method known as interference theory to further 
analyze the physical mechanism for high-level absorp-
tion. The interference theory treats the MM absorber as a 
Fabry–Perot resonance cavity. We decoupled our system 
into two tuned interfaces, where the top resonators and 
ground plane are taken as nonthickness surfaces, and the 
coupling and near-field magnetic interactions between 
them are neglected. Top and bottom metal layers are 
only linked through multiple inner reflections, which 
then destructively interfere with the air–spacer reflection 
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Figure 7: Normalized effective impedance spectrum of the 
broadband supercell at 11 μm.
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Figure 8: Numerically simulated E-field profiles for broadband peaks.
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resulting in minimum total reflection and maximum 
absorption [64].

As shown in Figure 9A, when light is incident at air–
spacer interface, it is partially reflected by the top metal 
layer into air with a reflection coefficient ∅=′ 12

12 12 ,  ir r e  and 
remaining is transmitted into the spacer with transmis-
sion coefficient ∅=′ 12

12 12 ,  it t e  which keeps on traveling 
until it meets the ground plane with complex propagation 
phase β ε= − ,r ok h  where ko is the free space wavenumber. 
After its interaction with the ground plane, the wave com-
pletely reflects back into the spacer with reflection coeffi-
cient −1 and again undergoes reflection and transmission 
with coefficients ∅=′ 21

21 21  ,ir r e  and ∅=′ 21
21 21 ,  it t e  respectively. 

These multiple inner reflections constitute a phase shift 
that results into destructive interference with the reflec-
tion of incident wave from air–spacer interface and thus 
traps the waves inside our MIM structure giving us the 
high absorption amplitude. The total reflection is written 
as [64]:

 

β

β

′ ′
= −′

+ ′

2
12 21

12 2
211

i

i

t t e
r r

r e
 (3)

The absorption is then calculated through A = 1– | r | 2. The 
magnitude and phase of reflection and transmission coef-
ficients obtained by simulation are shown in Figure 9B. 
The corresponding calculated absorption spectrum is in 
good consensus with the simulated results as shown in 
Figure 9C. Thus, the interference theory model adequately 
explains the reason for high-level absorption of our MM 
absorber device. Our simulated design takes into account 
the physical limitations (feature size, thickness, and mate-
rial selection) of a typical fabrication process and provides 
improved efficiency in comparison with state of the art. In 
light of the published literature discussing planar metas-
urface absorbers [43, 48, 50, and references therein], the 
full-wave simulations are expected to match experimental 
results with minimal tolerance once fabricated.

3.8   Polarization and incidence angle 
dependence

Apart from matching impedance, another metric of a 
good absorber is its polarization and incidence angle 

Figure 9: Multiple reflection and interference theory mechanism.
(A) Fabry–Perot cavity model of our proposed supercell design at h = 11 μm based on interference theory. (B) Simulated magnitude of the 
complex coefficients of transmission and reflection at the interface. (C) Numerical results of absorption of broadband supercell design 
obtained from simulation and Fabry–Perot interference theory.
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insensitivity. Therefore, we also study the absorption 
characteristic of our device for different polarization and 
incidence angles. Figure 10A and B show the numeri-
cally simulated absorption spectrum of supercell over 
different polarization angles (ϕ). It can be seen that 
when ϕ changes from 0° to 90° the absorption remains 
unchanged for both TE and TM modes. This is due to the 
rotational fourfold symmetry of our device. It means that 
the absorber is insensitive to polarization angles. The 
absorptivity of supercell at oblique incidence angles for 
TE and TM polarizations is displayed in Figure 10C and D, 
respectively. The results show that our structure is highly 
optimized for wide angle of incidence for both TE and TM 
polarized waves. The broadband absorption spectrum 
remains unchanged for angle as high as 50°. Beyond that, 
the magnitude of the absorption starts to decrease gradu-
ally for TE polarization due to decrease in induced mag-
netic flux with increase in incidence angle. Thus, we can 
say that our proposed broadband THz absorber is polari-
zation insensitive and has good absorption performance 
over wide incident angle.

4   Summary
In summary, we have proposed an ultrabroadband, 
thin metasurface absorber, based on fractal geometry 
resonators. Utilizing the intriguing property of fractals 
of frequency shifting and having N resonant peaks for 
the Nth-order structure, we designed a broadband THz 
absorber by integrating different fractal orders into one 
supercell. All the levels of Cayley tree fractal geometry 
individually at polyimide thickness 5 μm exhibit narrow-
band near-unity absorption response due to strong EM 

resonances and when merged into supercell of thickness 
11 μm give broadband absorption with maximum absorp-
tion magnitude of above 99% at various frequencies. The 
simulated FWHM absorption bandwidth of our proposed 
device is more than one octave, i.e. 3.88 THz. Greater than 
80% absorption is achieved over the bandwidth of 3 THz. 
The numerically calculated relative absorption bandwidth 
of the device is 92.7%. The broadband simulated spectra of 
a supercell with 11-μm polyimide thickness agree well with 
the theoretical results established on the basis of interfer-
ence theory, which shows that the strong absorption at a 
thickness of 11 μm is due to multiple inner reflection and 
destructive interference that traps the wave reflection into 
the air. Furthermore, supercell absorber design is polari-
zation insensitive due to its fourfold rotational symmetry 
and provides wide incident wave angle of about 50° for 
both TE and TM waves. We have shown that fractal reso-
nators give a considerable degree of freedom in frequency 
shifting and broadband response. It is a step forward to 
design perfect THz blackbody absorbers to meet different 
applications such as sensing (by integrating them with 
bolometric sensing technology). A preliminary version of 
this work was presented in [65].
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