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Abstract: Wideband absorption with high efficiency has attracted much attention due to the potential applications in 

imaging, anti-radar cloaking devices, sensors, detectors, and so on. Recently, meta-based periodical resonance 

structure (metamaterials) is proposed to realize perfect absorber. However, it suffers from the absorption of terahertz 

(THz) waves just in the single-frequency or narrow band width owing to its resonance features. Here, in this review, 

we discuss various THz broadband absorbers by fabricating gratings on heavily boron-doped silicon substrate. By 

optimizing the grating structure, the absorption bandwidths are 1 THz, 1.5 THz, and 2.0 THz, respectively with 

absorbance above 95%. 
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1. Introduction 

In the past few years, one of the most hot-topics of perfect absorber has attracted much 

attention. As a useful functional device, it can be applied into imaging, sensors, detectors, 

modulator, anti-radar cloaking devices, etc [1-8]. A perfect absorber means that all incident 

radiation is almost absorbed at the operating frequency. And, the first perfect absorber is 

proposed by N. I. Landy in 2008 [9]. It is a typical sandwich structure which is composed of a 

split electric resonant ring (ERR) and a metal-strip substrate separated with a loss dielectric 

spacer. The ERR and the metal-strip can individually absorb the electric and magnetic 

components of an incident electromagnetic wave. By optimizing the structure of the SRR and the 

metal-strip, the unit cell can achieve zero reflection because it can have an impedance equal to 

the free space value / 1Z    . The fundamental principle of this micro-wave perfect 

absorber is similar to the perfectly matched layer absorbing boundary condition, which splits 

wave incident upon a boundary into electric and magnetic components to obtain a near unity 

absorber. And, such a structure is quickly extended to THz regime by using slight smaller 

dimensions to achieve THz absorber [10-11]. The physical mechanism of such THz perfect 

absorber is quite the same as the above microwave perfect absorber: the incident electric field 

and magnetic field are strongly coupled to the ERR and split wire, leading to antiparallel currents 
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in the split wire and ERR. Meanwhile, based on perfectly impedance matched negative index 

material and the resonance wires, the near-infrared (NIR) absorber consisting of a cut wire 

surrounded by two continuous wires was proposed [12]. Different from the above 

polarization-dependent perfect absorbers, polarization-independent perfect absorbers are 

proposed in micro-wave, THz, NIR and optical wavelengths [13-26]. Furthermore, the 

multi-band such as dual- band and triple-band absorbers are also investigated [27-30].  

In addition to the above single-frequency and multi-frequency absorbers, ultra-compact, 

polarization-independent and wideband absorbers are now pursuit goals of many researchers 

[31-34]. For example, Huang et al., reported a wideband THz absorber which consists of two sets 

of structures resonating at different but close frequencies [31]. So, the overall absorption 

spectrum is the superposition of individual components and becomes flat at the top over a 

significant bandwidth. Wu et al., proposed a broadband absorber by introducing three subunits 

with various sizes in a unit cell, resulting in nearly 100% absorbance at multiple adjacent 

frequencies and high absorbance over a broad frequency range [32]. Multiplexed plasmonic 

metal-based and dispersion engineering-based broadband absorbers are demonstrated in Ref [33, 

34]. And, multi-layered and no- coplane meta-based ultra-broadband are also studied [35-38]. 

Recently, as a practical solution, R. Kakimi et. al., proposed a photonic-crystal slab, which can be 

easily fabricated with doped silicon, to capture of THz waves [39]. The incident THz waves can 

be coupled into the photonic-crystal slab because of the guided resonance (in-plane resonant 

modes). In addition, a mirror was introduced underneath the photonic-crystal slab to induce 

Fabry–Pérot resonance. By optimizing the lattice parameters, the guided resonance and the 

Fabry–Pérot resonance can be combined with each other, leading to a 50 GHz broadband THz 

absorber. Pu et al., theoretically designed another simple structure i.e., doped silicon with 

square-shaped grating array, to realize a much wider bandwidth of THz absorption by virtue of 

the anti-reflection effects and the first-order diffraction [40]. And, Ma et al., demonstrated such a 

broadband THz absorber by fabricating square gratings on heavily boron-doped silicon substrate 

[41]. Here, in this paper, we review various THz broadband absorbers based on the heavily 

boron-doped silicon [42-44] . 

 

2. Broadband THz absorber based on [±1, 0]-order diffraction   

In this section, we discuss the broadband THz absorber based on the anti-reflection effects and 

the [±1, 0]-order diffraction. The realized absorber is designed by fabricating periodical square 

gratings on the heavily boron-doped silicon, as shown in Figs. 1(a) and 1(b). According to the 

Drude model, the complex permittivity of the Boron heavily-doped silicon can be represented as 

follows: 

app:ds:researcher
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where j is the imaginary unit, ε∞ =11.7 is the permittivity of the non-doped silicon, τ is the carrier 

relaxation time, and 𝜔p is the plasma frequency. For a 0.54 Ω·cm Boron-doped silicon which we 

choose in our experiment, τ equals to 0.571 ps with ωp=19.1 THz. The fundamental principal of 

such broadband THz absorber is shown in Fig. 1(c). In the low frequency regime, the incident 

THz waves cannot see the square grating clearly. So, in this case, the square doped-silicon 

grating can be considered as an effective medium coating on the substrate, and the absorption of 

THz waves is mainly attributed to the anti-reflection effect (destructive interference) between the 

incident and the reflected THz waves. In the high frequency regime, the grating should no longer 

be treated as a dielectric film, but instead as a periodic grating array, and in this situation, the [±

1, 0]-order grating diffractions are contributed to the absorption of THz waves. By choosing the 

proper structure parameters, the anti-reflection effect and the [±1, 0]-order diffractions can be 

combined into each other, leading to a wide-bandwidth of THz absorber. 
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Fig. 1 Schematics illustrating the (a) periodical structure and (b) unit cell of the THz wave absorber. (c) The basic 

principal of THz wave absorption for broadband operation. (d) and (e) SEM of the fabricated periodical array 

slab. 

We fabricate the THz absorber by utilizing the traditional photolithography and ICP etching 

process on a 0.54 Ω·cm p-type silicon wafer, as shown in Figs. 1(d) and 1(e). A 1μm AZP4620 

image reversal photoresist film was spin-coated and patterned using standard photolithography. 

Because there is an etch rate difference between the heavy-doped silicon and photoresist, the 

remained photoresist will perform as a mask to prevent the certain areas from etching. By etching 

for a proper time, the square grating structure is formed on the surface of the silicon. The 

structure parameters of the THz absorber are as follows: p=88 μm, w=45 μm and h=42 μm (the 

thickness of the grating). 
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Now, we investigate the transmission, reflection and the grating diffraction of our designed 

structure. Here, transfer matrix method [45] is used to demonstrate the high absorption 

characteristics of the substrate. Based on transfer matrix method, the transmittance and 

reflectance of a single layer will be calculated as: 
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where t is the thickness of the bare substrate, k=nk0 is the wave vector of THz wave in the 

dielectric layer with refractive index of n. the transmission and reflection spectrum for the 

substrate layer with different thickness are shown in Fig. 2(a) and 2(b). Obviously, over more  
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Fig. 2 The simulated results to illustrate how to control the transmission and reflection rate and frequency of the 

designed absorber: The transmission-spectrum (a) and the reflection- spectrum (b) of the substrate layer with 

different thickness. (c) The reflectance spectrum of the absorber. (d) The reflection spectrum of the absorber 

caused by the effective medium coating on the substrate. (e) The nine combinations of different diffraction 

orders for a 2D grating. (f) The diffraction efficiency of the absorber. 
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than 99% of the incident THz waves cannot propagate through the silicon substrate when the 

thickness exceeds 300 μm (Fig. 2(a)). However, the reflectance of the bare substrate is about 28% 

from 1 to 2.5 THz, and it is independent on the thickness of the substrate. So, we should design 

the periodic array on the substrate to further reduce the reflection (as shown in Fig. 1(a)). Here, 

two antireflection mechanisms are designed for the grating layer to decrease the reflection：the 

destructive interference(anti-reflection effects) and the [±1, 0]-order grating diffraction. The 

destructive interference happens on low frequency THz wave (f<4p/c) while the grating 

diffraction will affect the high frequency THz wave (f>4p/c) absorption. In the low THz regime, 

the grating layer is functioned as a thin dielectric layer since the wavelength of the low frequency 

THz wave is much larger than the scale of the grating structure. And, according to the effective 

medium theory (EMT) [46], the effective permittivity of a one-dimensional grating can be 

calculated as: 
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where r=w/p is the filling factor of the grating structure. We can calculate the effective refraction 

index of the two-dimensional isotropic grating structure as introduced in Ref [47]. Hence, the 

structure of the absorber can be viewed as the heavily doped silicon substrate coating with a thin 

dielectric film which has a refractive index of neff. The reflection waves from the top and bottom 

surface of the thin film will cause the Fabry-Pérot interference at certain frequency. In this case, 

the destructive interference occurs at the frequency f = c×(2k+1) / (4neffd)=1.17 THz (k is integer), 

as shown in Fig. 2(d). This is matched with the left dip at f=1.17 THz shown in Fig. 2(c). So, in 

the low frequency regime, the high-absorption of the THz absorber can be attributed to the 

anti-reflection due to the destructive interference effects. In a high frequency region, effective 

medium theory no longer works. The grating should no longer be treated as a dielectric film, but 

instead as a periodic grating array. And, the grating of the absorber with the same parameters is 

analyzed by using the two dimensional rigorous coupled-wave analysis (2D-RCWA) method. 

Nine combinations of diffraction orders ( [-1, -1], [-1, 0], [-1, 1]; [0, -1], [0, 0], [0, 1]; [1, -1], [1, 

0], [1, 1] ) are investigated (Fig. 2(e)). Fig. 2(f) illustrates the diffraction efficiency of different 

diffraction orders for the transverse magnetic (TM) polarization incident THz wave. The results 

(Fig. 2(e)) demonstrate that the [±1, 0]-order diffractions play a dominant role from 1.6 THz, 

and the maximum diffraction efficiency is at f=1.73 THz, which is matched with the right dip at 

f=1.73 THz shown in Fig. 2(c). The simulation results demonstrate that the effective medium 

plays a decisive role in the lower THz frequency while the grating diffraction behavior will 

gradually take more effect with the increasing of the frequency. Therefore, these two reflection 

dips (shown in Fig. 2(c)) will lead to two absorption peaks since the substrate can be regarded as 

a non-transmission layer. 

The absorber is tested by the THz-TDS under both transmission-type mode (Fig. 3 (a)) and 

reflection-type mode (Fig. 3(b)). Such a THz-TDS system works from 0.2 THz-2.8 THz with a 

javascript:void(0);
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Fig. 3 The THz-TDS system used to test the transmittance and reflectance of the absorber: (a) the transmission-type 

mode, (b) the reflection-type mode. 

4.75 GHz spectral resolution. The transmission-type system consists of two pairs of off-axis 

parabolic mirrors. The first two mirrors are able to focus the THz wave on the sample while the 

other two mirrors collect the wave which passes through the sample, and focuses on the detector. 

For the reflection-type system, a 50/50 THz beam splitter is added to collect the wave reflected 

from the sample. The behavior of the absorber is experimentally demonstrated by measuring the 

transmission and reflection of the sample. The transmission spectrum is shown in Fig. 4(a), while 

the reflection spectrum is shown in Fig. 4(b) (red lines). Both the measured results are good 

agreement with the simulation results (black lines) where the absorption efficiency can reach 

over 95% from 1 THz to 2 THz. In addition, the absorber is polarization-independent due to the 

two-dimensional symmetrical (Fig. 4(c)). Furthermore, the absorption spectrum of our terahertz 

absorber with different incident angles is also demonstrated, as shown in Fig. 4(d). The 

absorption is still greater than 90% for over a 1 THz bandwidth, when the incident angle is even 

close to 600. 
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Fig. 4 The simulation and measurement results of the polarization-independent THz absorber: the transmission (a) 

the reflection (b) and the absorption (c) spectrum. (d)the absorption spectrum under different incident angle.  
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3. Broadband THz absorber based on orthogonal diffraction 
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Fig.5 Schematics of the (a) periodical structure and (b) unit cell of the THz wave absorber. (c) The fundamental 

principal of the wideband THz wave absorber. (d) and (e) SEM of the fabricated periodical array slab. 

In section 2, we study the broadband THz absorber by virtue of the anti-reflection effects and 

the [±1, 0]-order diffraction by fabricating square grating array on the substrate. However, the 

square-shaped grating array can just utilize the [±1, 0]-order grating diffraction, which suppresses 

the bandwidth of the absorber. In this section, the [±1, 0]-order and the [0, ±1]-order diffractions 

are all excited simultaneously to further enhance the absorption bandwidth. We design the two 90 

degree crossed dumbbell-shaped doped-silicon grating arrays on the heavily-doped silicon-based 

substrate, as shown in Fig. 5(a) and 5(b). The basic principal of such broadband THz absorber is 

shown in Fig. 5(c). It is attributed to the anti-reflection effects (which is the same as the square 

grating in section 2), and especially the [±1, 0]-order and the [0, ±1]-order diffractions excited by 

the dumbbell-shaped doped-silicon grating arrays. In high frequency regime, the 

dumbbell-shaped strip arrays can be considered as two 90 degree crossed grating (the horizontal 

stripe and the vertical stripe grating array). So, the [±1, 0]-order and [0, ±1]-order grating 

diffractions are separately contributed to the absorption of THz waves. And, by optimizing the 

structure parameter, the resonance absorptions induced by the anti-reflection effects, the [±1, 

0]-order, and the [0, ±1]-order diffractions can be jointed into a broadband absorption. Here, in 

this section, the optimized structure parameters are as follows: p=96 μm, l=27 μm, s=17 μm, and 

w=25 μm. The thickness (h) of each dumbbell-shaped strip (pattern) and substrate are 38 μm and 

462±10 μm, respectively. Such a kind of broadband THz absorber is also fabricated by the 

traditional photolithography and ICP etching process on a 0.54 Ω·cm p-type silicon wafer (see 

Figs. 5(d) and 1(e)). 
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Fig. 6 The simulated (red line) and measured (blue line) results of the broadband THz absorber with (a) TE incident 

THz wave, and (b) TM incident THz wave. (c) The calculated reflection spectrum in the case of that the 

periodical array on top of the substrate is equivalent as an effective medium. (d) The diffraction efficiency (DE) 

of different diffraction orders. The inset in (a) is the quality factor of such periodical structure. 

The calculated and measured absorption spectra for TE (transverse electric) and TM (transverse 

magnetic) incident THz wave are shown in Figs. 6(a) and 6(b), respectively. The measured results are also 

tested via the THz-TDS. For TE incident THz waves (see Fig. 6(a) of red line), the peak absorbance is 

about 99.3%, with the bandwidth ̴ 1.5 THz and absorbance ≥ 95%. The measured result in Fig. 6(a) (see 

the blue line) also appears over 1.5 THz bandwidth of trapping THz waves with absorbance ≥ 95%. And, 

both the calculated spectrum and the measured spectrum show good agreement, except for a slight 

difference in resonance frequency. Such discrepancy can be attributed to the structural difference between 

the fabricated sample, and the calculated model. When compared with Figs. 6(a) and 6(b), it is found that 

the absorption spectra are consistent with each other for both TE and TM normal incident THz waves. It 

means that the absorption of THz wave is insensitive to the polarization of the incident waves (for the 

normal incident), due to the symmetrical periodic structure. From Figs. 6(a) and 6(b), we can also find that 

there are three peaks in the absorption spectra at 1.265 THz, 1.72 THz, and 2.155 THz, respectively. Such a 

broad bandwidth trapping is closely combined with these three peaks. For f=1.265 THz, the wavelength of 

the incident THz wave is larger than the period of the structure, making the periodic array interpret as an 

effective medium, and, in this case, it can be considered as an effective medium coating on the substrate. 

So, we calculate the reflection spectrum of a doped-silicon substrate coating with such effective medium 

on its upper-surface, as shown in Fig. 6(c). It is a typical Fabry–Pérot shaped spectrum, and a dip nearly at 

f=1.265 THz with small reflection which is caused by the destructive interference between the reflected 

waves (In this situation, the incident THz wave is mainly absorbed in the grating array, and a little of the 
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incident THz wave transmits into the substrate (see Figs. 7(a1) and 7(a2))). But, at high frequency regime, 

the reflection spectrum of Fig. 6(c) still shows a high reflection which is mismatched with the absorption 

characterizes in Figs. 6(a) and 6(b). So, the effective medium theory cannot be applied to the high 

frequency region. Based on 2D-RCWA method, we calculate the grating diffractions of the 

dumbbell-shaped grating, as shown in Fig. 6(d). The two peaks at f=1.72 THz and f=2.155 THz are mainly 

due to the [±1, 0]-order, [0, ±1]-order, and [0, 0]-order grating diffractions, respectively. The peak at 

f=1.72 THz is caused by the [±1, 0]-order grating diffraction through the smaller air gap between the 

horizontal doped-silicon strips (see Figs. 7(b1) and 7(b2)), and the [0, 0]-order grating diffraction through 
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Fig. 7 The electric field distribution at the interface between the periodical arrays and the substrate for f=1.265 

THz (a), f=1.688 THz (b) and f=2.135 THz (c), respectively. The inset in (c) is the electric field 

distribution at y=38 μm. 

the vertical doped-silicon strips. The peak at f=2.155 THz is mainly caused by the [0, ±1]-order grating 

diffractions through the bigger horizontal air gap between the vertical dumbbell-shaped doped-silicon 

strips, and the [0, 0]-order grating diffraction through the horizontal dumbbell-shaped doped-silicon strips 

(see Figs. 7(c1) and 7(c2)). When we compare with Figs. 7(a2), 7(b2), and 7(c2), significant field 

distributions transmit into the substrate (see Fig. 7(b2) and 7(c2)), which demonstrate that in the 

high-frequency regime, the periodical arrays can be considered as grating arrays and much of the incident 

waves is absorbed in substrate due to the grating diffraction. 
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Fig.8 The absorption spectra under different incidence angles for (a)TE THz wave, and (b)TM THz wave. 

In practical case, the incident THz wave isn’t always incident normally to the THz absorber. 

Therefore, we should investigate the detailed absorption characterizes of this THz absorber at 

various incident angles, as shown in Fig. 8. For TE polarization, the maximum absorption is also 

above 90% with corresponding bandwidth of 1.5 THz even for incident angle as large as 450 (Fig. 

8(a)). The absorption efficiency of TM polarization is over 95% with bandwidth of 1.5 THz, 

when the incident angle up to 450. All of these results illustrate that our designed THz absorber is 

insensitive to incident directions. 

 

4. Ultra-broadband THz absorber by exciting high-order grating diffraction 

In this section, we study the ultra-broadband THz absorber further by exciting the second-order 

grating diffraction. We propose a double-layered doped-silicon square grating array to realize 

such an ultra-broadband and polarization-independent THz absorber. Figures. 9(a) and 9(b) show 

the schematic of ultra-broadband THz absorber. It is a three-layered structure consisting of 

double-layered square grating array and substrate. And, we also use the traditional 

photolithography and ICP etching to fabricate the sample (see Figs. 9(c) and 9(d)). Figure 9(e) 

shows the fundament principle of the designed ultra-broadband THz absorber. Here, the 

ultra-broadband THz absorber is due to the air-gap mode resonance, the first-order grating 

diffraction, and the second-order grating diffraction (three peaks in the upper image of Fig. 9(e)). 

When the carrier density is N=1.6×1016 cm-3 (with the resistivity of 0.54 Ω.cm), such a heavily 

doped silicon-based grating structure can have metallic behavior, which means that the loss of the  
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Fig. 9 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 fundament principle of such ultra-broadband THz absorber. 
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Fig. 10 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. 
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doped-silicon is very high and the corresponding quality factor is very low (see the inset in Fig. 

10(a)). These three peaks can be broadened in such relatively high-loss material. So, all of these 

three broadened peaks can be combined into each other, resulting in an ultra-broadband THz 

absorber. The structure parameters are p=100 μm, a1=80 μm, and a2=45 μm. hgrating=40 μm 

(h1=h2=40 μm, thickness of the up and down gratings) and hsubstrate=420 μm, respectively. 

For TE and TM THz wave, the incident THz waves can be efficiently absorbed over 95% (see 

the simulated results in Figs. 10(a) and 10(b)) from 0.59 to 2.58 THz, with the absorption 

bandwidth nearly about 2 THz. The experimental measured results are presented in Figs. 10(c) 

and 10(d), where the absorption efficiency is over 95% with bandwidth of more than 2 THz for 

both TE and TM incident waves. It can be found that the measured and the calculated results 

show good agreement, except for a slight discrepancy in the resonant frequency, due to the 

difference between the calculated models and the fabricated structure. In addition, both of them 

have three peaks at f=0.789 THz, f=1.294 THz, and f=2.083 THz, respectively in the absorption 

spectra. Therefore, such an ultra-broadband THz absorber is attributed to these three peaks, 

which are labeled by three arrows in Fig. 10. 
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Fig. 11 (a)The field distributions of the double layered grating array at f=0.789 THz. (b) The diffraction efficiency 

(DE) of different diffraction orders. (c), (d) The field distributions of the double layered grating array at 1.294 

THz and 2.083 THz, respectively. 



Terahertz Science and Technology,  ISSN 1941-7411                                      Vol.8, No.4, December 2015 

 141 

Now, we study the mechanism of these three resonance peaks. Figure. 11(a) shows the electric 

field distribution of the double layered grating array at f=0.789 THz. In this case, the incident 

THz wave is mainly located in the air gap between the bottom grating array, and there is a little 

incident THz wave transmitted into the substrate. This is verified that the left peak at f=0.789 THz 

is caused by the air gap in the bottom grating array, and it can be defined as local air gap 

resonance mode. In the high-frequency regime, the grating diffractions can be utilized to explain 

these two peaks at f=1.294 THz, and f=2.083 THz, respectively. We also calculate the grating 

diffraction of such double-layered grating structure, as shown in Fig. 11(b). Obviously, these two 

peaks at f=1.294 THz, and f=2.083 THz are mainly caused by the [±1, 0]-order and [±2, 0]-order 

grating diffractions, respectively. The corresponding field distributions of these two peaks are 

shown in Figs. 11(c) and 11(d), and we can find that part of power is transmitted into the 

substrate through the air gap (see the arrows in Figs. 11(c) and 4(d)). Therefore, we can conclude 

that such an ultra-broadband THz absorber is caused by combining the air gap resonance mode, 

the [±1, 0]-order and [±2, 0]-order grating diffractions. 
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Fig. 12 The absorption spectra with different incidence angles for (a)TE THz wave, and (b)TM THz wave. 

For non-normal incident wave, our designed ultra-broadband THz absorber can 

also produce effect adequately, as shown in Figs. 12(a) and 12(b). For TE THz wave, the 

absorption efficiency is also above 95% with bandwidth 2 THz, when the oblique angle as large 

as 45º. For TM THz wave, the absorption efficiency can still maintain above 95% with 

bandwidth 2 THz, when the oblique angle is larger than 55º. Therefore, our ultra-broadband THz 

absorber can be operated in a larger oblique incident angle. 
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5. Conclusions  

In summary, we have reviewed three kinds of grating structure to realize broadband 

polarization-independent THz absorber. The first is a square-shaped grating which can cause the 

anti-reflection effects (destructive interference) in the low frequency regime and the [±1, 

0]-order diffraction in the high frequency regime. By optimizing the structure parameters, both of 

the anti-reflection effects and the [±1, 0]-order diffraction can be jointed into each other, leading 

to a broadband THz absorber with bandwidth of 1 THz. The second is a dumbbell-shaped 

broadband THz absorber (the absorption bandwidth is 1.5 THz), which is caused by the 

anti-reflection effects, the [±1, 0]-order and the [0, ±1]-order diffractions. The last is 

double-layered square grating-shaped ultra-broadband THz absorber (the absorption bandwidth is 

2.0 THz), which is mainly attributed to the air gap resonance mode, the [±1, 0]-order and [±2, 

0]-order grating diffractions. Our proposed broadband THz absorber may be applied into THz 

imaging system, anti-radar cloaking, filter, sensor and so on. 
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