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Abstract: Terahertz (THz) perfect absorber, as a useful functional device, 
has attracted considerable attention. Traditional metamaterial perfect 
absorbers are usually in response to single-frequency or multi-frequency 
owing to the resonance features of the metal-based sub-wavelength 
structure. In this paper, a simple double-layered doped-silicon grating 
structure was designed to realize an ultra-broadband and polarization-
independent THz perfect absorber. Both theoretical and experimental 
results demonstrate that the incident THz waves ranging from 0.59 to 2.58 
THz can be efficiently absorbed with an absorptivity of more than 95% and 
a bandwidth of about 2.0 THz. The excellent characteristic of this broad-
bandwidth THz perfect absorber is mainly resulted from the air gap mode 
resonance together with the first-order and the second-order grating 
diffractions. 
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1. Introduction 

In the past few years, perfect absorber as one of the most exciting issues has aroused great 
interest due to its wide applications in spectrum imaging system, sensor, thermal emitter and 
so on [1–3]. Based on metamaterial technology, Landy et. al., proposed the first perfect 
absorber in micro-wave regime [4]. In their work, a splitting ring resonator (SRR)/loss 
dielectric spacer/metal-wire sandwich ‘fishnet’ structure was designed to couple electric and 
magnetic fields, separately, leading to a single-frequency and polarization-dependent perfect 
absorber. Subsequently, another sandwich structure consisting of a symmetrical metal-based 
electric ring resonator (ERR), loss dielectric spacer, and a metal mirror substrate was 
proposed to realize the polarization-independent single-frequency perfect absorber [5]. By 
adding more ERR with different sizes or shapes in an absorption unit cell, dual-band, triple-
band, and multi-band perfect absorbers were also demonstrated in microwave, THz, and 
optical regimes [6–18]. Tunable perfect absorber, as a research hotspot, has also attracted 
much attention [19, 20]. Broadband perfect absorber, as a pursuit goal of many researchers, 
can be obtained by introducing multi-layered (much more than two layers) gradually varied 
ERR structure [21–24]. All of the resonance absorption peaks induced by multi-layered 
gradually varied ERR are close to each other, thereby forming a broadband perfect absorber. 
Although wideband perfect absorber has been verified by virtual of multi-layered gradually 
varied ERR structure, it is suffering from the difficulties of either alignment or fabrication, 
leading to the impracticality in practical application. Therefore, the development of a simple 
structured broadband perfect absorber is one critical problem that needs to be solved urgently. 

In order to realize such a broadband perfect absorber with simple structure, a 
semiconductor photonic-crystal, which can be fabricated by etching periodical air pillars in a 
doped-silicon slab, was proposed by R. Kakimi et. al. It can capture THz waves with high 
efficiency and broad-bandwidth [25]. By optimizing the lattice parameters, the guided-mode 
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resonance and the Fabry–Pérot resonance (by introducing a metal mirror underneath the 
photonic-crystal slab), can be combined with each other, obtaining a THz absorber with the 
bandwidth of 50 GHz (absorptivity≥90%). In addition, a doped silicon-based grating array 
was theoretically reported by M. Pu et. al., and was experimentally verified by our previous 
work [26, 27]. This kind of broadband THz absorbers were realized based on the destructive 
interference (antireflection effects) and the first-order grating diffraction. According to the 
above logic, one may ask that is it possible to broaden the absorption bandwidth by exciting 
high-order grating diffraction? 

In this paper, motivated by the above problem, a double-layered doped silicon grating 
array was fabricated to excite the second-order grating diffraction. Different from the exciting 
of guide-mode resonance and the Fabry–Pérot resonance in Ref [25], our double-layered 
grating array is proposed to excite the air-gap mode resonance, the first-order grating 
diffraction, and the second-order grating diffraction. By optimizing the doping density, the air 
gap mode resonance (non-antireflection effects), and the first- and second-order grating 
diffractions can be broadened and then merge with each other, resulting in an ultra-broadband 
THz absorber with an absorptivity of 95% and a bandwidth of about 2 THz. To the best of our 
knowledge, such an absorption bandwidth obtained in this study is much broader than that of 
the previously reported THz absorbers. 

2. Results and discussion 

The schematic of ultra-broadband THz absorber is shown in Figs. 1(a) and 1(b), respectively. 
It is a typical three-layered structure consisting of double-layered grating structure and 
substrate. The double-layered gratings structure is composed of periodical square pillars, but 
with different widths. In Figs. 1(a) and 1(b), each of the unit cells has a square lattice with 90 
degree rotational symmetry, which means that our THz absorber is insensitive to the 
polarization of the incident THz wave. In this paper, both the double-layered grating and the 
substrate are consisting of boron-doped silicon with resistivity of 0.54 Ω·cm, and the 
corresponding permittivity can be written as follows: 

 
2

,
( / )

p

i

ω
ε ε

ω ω τ∞= −
+

 (1) 

where 11.7ε∞ = , τ = 0.571 ps is the carrier relaxation time and ωp = 19.1 THz is the plasmon 

frequency. The detailed geometry parameters of this ultra-broadband THz absorber are p = 
100 μm, a1 = 80 μm, and a2 = 45 μm. The heights of the double-layered grating and the 
substrate are hgrating = 40μm (h1 = h2 = 40μm) and hsubstrate = 420μm, respectively. 
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Fig. 1. Configuration and principle of the broadband THz absorber. (a) and (b) Schematic 
diagram of the sample. (c) and (d) SEM of the fabricated sample. (e)The fundamental principle 
of the ultra-broadband THz absorber 

Figures 1(c) and 1(d) depict the scanning electron microscope (SEM) images of the 
double-layered doped-silicon grating structure. The fabrication process consists of two parts: 
the traditional photolithography and the inductively coupled plasma (ICP) etching on a 0.54 
Ω·cm p-type silicon wafer (with thickness of 500 μm). First, a 1 μm AZP4620 image reversal 
photoresist layer was spin-coated on the doped-silicon substrate. The first-layer of grating is 
patterned based on the standard photolithography. By etching for a proper time, the first-layer 
of grating with height h = 80 μm and width a1 = 80 μm is formed on the surface of the doped 
silicon. By repeating the above steps, the second-layer of grating with height h = 40 μm and 
width a2 = 45 μm can also be formed by etching the first-layered grating. Figure 1(e) shows 
the fundamental principle (the idea of the wave trapping) of our designed ultra-broadband 
THz absorber. These three peaks in Fig. 1(e) (the upper image) are corresponding to the air-
gap mode resonance, the first-order grating diffraction, and the second-order grating 
diffraction, respectively. The air-gap mode resonance is excited by the bottom grating array, 
while both the first-order grating diffraction and the second-order grating diffraction are 
excited by the double-layered grating array. In our paper, the carrier density is N = 1.6 × 1016 
cm−3 (with the resistivity of 0.54 Ω·cm), and thereby such a heavily doped silicon-based 
grating structure have metallic characteristic. In this case, the imaginary component of the 
index is very large (For example, at f = 1.294 THz, the index of the heavily doped silicon is n 
= 3.28 + 0.33i). Therefore, when the incident THz waves resonated with the high loss doped-
silicon grating, these resonance peaks are broadened. For example, at f = 1.294 THz, the peak 
induced mainly by the first-order grating diffraction can be broadened in such relatively low 
Q-factor (Q = 8.25) silicon-based grating structure [see the inset in Fig. 2(a)]. Similarly, the 
other two peaks at f = 0.789 THz, and f = 2.083 THz can also be broadened. As a result, the 
doped-silicon grating array can reduce the quality-factor at these three resonance frequencies, 
and then these three resonance peaks are broadened and thus overlapped with each other as 
shown in Fig. 1(e) (the bottom image), resulting in the broadband wave trapping. 

Figures 2(a) and 2(b) show the calculated results of this ultra-broadband THz absorber. 
For TE (transverse electric) THz wave, as shown in Fig. 2(a), the incident THz waves ranging 
from 0.59 to 2.58 THz can be efficiently absorbed with the absorption efficiency of more than 
95%, and the absorption bandwidth is nearly about 2 THz. For TM (transverse magnetic) THz 
wave, the absorption spectrum shown in Fig. 2(b) is the same as that in Fig. 2(a), which 
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means that our THz absorber is polarization-independent of the incident THz waves. To 
measure the absorbance characterizes of this THz absorber, THz time-domain spectroscopy 
(THz-TDS) system ranging from 0.2 THz to 2.8 THz with a 4.85 GHz spectral resolution is 
used to measure the transmission and reflectance spectra. The absorption efficiency is 
characterized as A = 1-R-T, where A is absorptivity, R is the reflectivity and T is the 
transmissivity. The corresponding results are presented in Figs. 2(c) and 2(d), where the 
absorption efficiency is over 95% with bandwidth more than 2 THz for both TE and TM 
incident waves. By comparing Figs. 2(a) and 2(c) [or Figs. 2(b) and 2(d)], we can also find 
that the measured spectra agree well with the calculated spectra, except for a slight 
discrepancy in the resonant frequency. This can be attributed to the difference between the 
calculated models and the fabricated structure. Additionally, all of them have three peaks in 
the absorption spectra. Therefore, such an ultra-broadband THz absorber is closely linked 
with these three peaks, as labeled by three arrows in Fig. 2. 

 

Fig. 2. Calculated ((a), (b)) and measured ((c), (d)) absorption spectra of the THz absorber. (a) 
and (c) for TE incident THz wave, (b) and (d) for TM incident THz wave. The inset in (a) is 
the corresponding quality factor of the THz absorber. 

We analyze the mechanism of these three peaks nearly at f = 0.789 THz, f = 1.294 THz, 
and f = 2.083 THz, respectively. The calculated absorption spectra of the double-layered 
array, with h1 = h2 = 40μm, together with single-layered arrays with h1 = 40μm and h2 = 40μm 
are plotted in Fig. 3(a). The broadband absorption [see the red line in Fig. 3(a)] of the double-
layered array can be considered as the absorption superposition of these two single-layered 
arrays, as shown in Fig. 3(a) by blue and yellow lines. For f = 0.789 THz, by comparing the 
red and blue line in Fig. 3(a), the double-layered grating resonance frequency is nearly 
overlapped with the single-layered grating with width of 80 μm, which demonstrate that the 
left absorption peak of the double-layered array structure is mainly attributed to the bottom 
grating array. The corresponding field distributions of both the double-layered and the single-
layered array are depicted in Figs. 3(b) and 3(c), respectively. For the double-layered 
structure, the electric field is mainly located in the air gap between the bottom grating array. 
This also verifies that the left peak at f = 0.789 THz is caused by the air gap in the bottom 
grating array, which can be considered as local air gap resonance mode. In this case, the 
incident THz wave is transmitted into substrate and the grating structure [see the electric field 
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distribution of Fig. 3(b)]. Hence, the incident energy is dissipated in substrate and the grating 
structure. In addition, the left absorption peak of the double-layered grating array appears red 
shift as comparing with the case of the single-layered grating [by comparing the red line 
(0.789 THz) and the blue line (0.858 THz) in Fig. 3(a)]. Here, this small red shift can be 
explained qualitatively as follows: although most of the incident THz wave at 0.789 THz is 
trapped in the air gap of the bottom grating array, the impact of the upper grating array cannot 
be completely ignored. As shown in Fig. 3(b), the incident THz wave is mainly captured in 
the bottom air gap, and meanwhile a small fraction of THz wave is located in the interface 
between the upper and bottom grating array [see the field distribution in elliptic region of Fig. 
3(b)]. In Fig. 3(d), we can see that although there is no air gap resonance mode in the upper 
single-layered grating array at 0.789 THz, part of the incident THz wave energy is still 
gathered in the interface between the grating and the substrate [see the field distribution in 
elliptic region of Fig. 3(d)]. Therefore, this part of incident THz wave located in the interface 
between the upper and the bottom grating is determined by the upper grating array. 
Meanwhile, the trapped field located in interface couples with the air-gap resonance mode (in 
the bottom grating), and thus the bulk resonance frequency (the left resonance peak in double-
layered grating array) is modulated by the interaction between the located field (in interface 
between the upper and bottom grating) and the air-gap resonance mode, resulting in the red 
shift of the first resonance frequency in the double-layered grating array. 

 

Fig. 3. (a) The calculated absorption spectra of the double layered grating array (red line) and 
the single-layered grating array with width of 80 μm (blue line) and 45 μm (yellow line). (b), 
(c), and (d)The field distributions of the double layered grating array (a) and the single-layered 
array with width of 80 μm (c) and 45μm (d) at 0.789 THz, respectively. 

Furthermore, there are another two peaks at f = 1.294 THz, and f = 2.083 THz, as shown 
in Fig. 3(a). In this frequency range (1.0 ̴ 3.0 THz), the period of the structure is larger than 
the wavelength in the doped-silicon but still smaller than that in free space (λ/n<p<λ) [26]. 
Thereby, in this case, the air gaps between the double-layered grating arrays can be 
considered as waveguides to diffract THz wave into the substrate. In Fig. 4(a), based on two-
dimensional rigorous coupled-wave analysis (2D-RCWA) method, we calculate the grating 
diffraction of this double-layered grating structure. These two peaks at f = 1.294 THz, and f = 
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2.083 THz are mainly resulting from the [ ± 1, 0]-order and [ ± 2, 0]-order grating 
diffractions, respectively, as shown in Fig. 4(a). Here, we want to emphasis that although the 
two peaks at 1.294 THz and 2.083 THz are mainly attributed to the first and second grating 
diffractions, respectively, other orders of grating diffraction cannot be ignored completely. 
For example, at 2.083 THz, the resonance peak is the combined effect of the zero-order, first-
order, and second-order grating diffraction (in which the second-order grating diffraction has 
the most obvious effect). Figures 4(b) and 4(c) show the corresponding field distributions of 
these two peaks, and we can see that some energy is transmitted into the substrate through the 
air gap [labeled by the arrows in Figs. 4(b) and 4(c)]. The residual energy is consumed in the 
process of the grating diffractions in the double-layered grating. Therefore, by choosing the 
properly geometrical parameters of the double-layered grating structure, the [ ± 1, 0]-order 
and [ ± 2, 0]-order grating diffractions and the air gap mode resonance can be combined to 
form an ultra-broadband THz absorber. 

 

Fig. 4. (a) The diffraction efficiency (DE) of different diffraction orders. (b) and (c) The field 
distributions of the double layered grating array at 1.294 THz and 2.083 THz, respectively. 

As practical applications, for non-normal incident radiation, the absorption at different 
incidence angles for TE and TM polarizations are illustrated in Fig. 5. For TE incident THz 
wave, as presented in Fig. 5(a), the absorption efficiency is above 95% with bandwidth 2 THz 
for oblique angle as large as 45°. For TM incident THz wave, although the oblique angle is 
larger than 55°, the absorption efficiency is still above 95% with bandwidth 2 THz. 
Therefore, this kind of broadband THz absorber can work in a large oblique incident angle. 
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Fig. 5. The absorption spectra with different incidence angles for (a)TE polarized THz wave, 
and (b)TM polarized THz wave. 

3. Conclusion 

In summary, we have proposed a double-layered grating structure to realize an ultra-
broadband polarization-independent THz absorber by combing the air-gap mode resonance, 
the first- and second-order grating diffractions. The double-layered grating structure can be 
fabricated on the surface of the doped silicon by using the ICP etching. The measured results 
demonstrate that the incident THz waves can be 95% absorbed with a bandwidth over 2 THz. 
Both the theoretical simulations and the experimental results agree well with each other. Such 
an ultra-broadband THz absorber may be applied into THz imaging system, anti-radar 
cloaking, sensor and so on. 
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