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ABSTRACT
Although graphene's THz absorption rate increases with number of graphene layers, the absorbance is limited and unsatisfactory as a 
practicable absorber. Patterned graphene or graphene-based surface plasmon resonance has been proved to enhance THz absorption, 
but the performance is prone to be affected by graphene defects and local multilayer stacks. In this paper, we proposed to use a double 
circular metal ring (DCMR) array to enhance both the graphene's THz absorption with an ultrawide bandwidth and the tolerance 
of graphene's physical impurities. A DCMR array is patterned on the top surface of graphene layer with dielectric substrates, which 
excites a broadband spoof surface plasmons polaritons (SPPs) in the THz frequency range. The broadband spoof SPPs locally confine 
and strengthen THz wave interaction with graphene, and further enhance graphene's THz absorption, which is confirmed by nu-
merically simulated dispersion relations. A four-layer graphene composite structure is fabricated to validate the scenario, which con-
sists of graphene, a SiO2-capped doped-silicon substrate covered by graphene, and the DCMR array on the top surface of graphene. 
Time domain spectroscopy test shows that the THz absorption enhancement of the graphene composite with DCMR array covers 
the frequency range from 0.3 to 1.1 THz with 110% bandwidth. The THz absorption of the proposed graphene composite increases 
to more than 70% over a wide bandwidth of 77% at 0.65 THz compared with the graphene composite without DCMR array.

1   |   Introduction

Various terahertz (THz) applications, including imaging, sens-
ing, and wireless communication, require high-end THz build-
ing blocks. THz absorber is one of the key components of these 
applications. Therefore, the search for materials and design 
solutions with broadband and high-absorption properties is 
becoming a research focus. The traditional terahertz absorber 

typically employs a three-layer structure consisting of a metallic 
resonator layer, a dielectric spacer layer, and a metallic reflector 
layer, achieving high absorptivity by capturing terahertz waves 
with the patterned top metal and realizing zero transmission 
with the continuous bottom metal [1, 2]. To realize tunability, 
an additional tuning layer is introduced [3]. This tuning layer 
is usually made of surface plasmons polariton (SPP) materials, 
including noble metals (e.g., gold, silver) and two-dimensional 
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materials (e.g., graphene), where the former exhibit strong field 
confinement and low loss in the visible to near-infrared range, 
while the latter support highly tunable plasmons in the terahertz 
and mid-infrared ranges. Among these, graphene's wideband 
electromagnetic behavior makes it a promising nanomaterial 
for THz absorbers. However, despite extensive research into the 
electromagnetic properties of graphene, its intrinsic terahertz 
absorption remains very limited [4–7]. Many researchers aim 
to improve graphene's THz absorption. In general, two different 
routes have been investigated to enhance the absorption.

The first approach involves patterning graphene on a layered 
dielectric substrate to create graphene metamaterials. Such 
method uses the resonant effects of the metamaterials along 
the graphene normal direction to enhance terahertz absorption. 
Studies have reported various patterned graphene structures 
with different geometries, achieving dual-band, multiband, and 
even ultrabroadband terahertz optical absorption enhancement 
[8–14]. For example, patterning single-layer doped graphene 
into periodic nanodisk arrays enables 100% optical absorption at 
the resonance frequency [15]. Similarly, metamaterials based on 
sinusoidally patterned graphene can achieve impedance match-
ing with incident waves in free space, leading to broadband and 
exceptionally high terahertz absorption [16]. The absorption 
performance of the graphene metamaterials with patterned 
graphene above largely relies on graphene's quality. By electron-
ically doping graphene, graphene metamaterials show tunable 
light absorption property and reconfigurable frequency [17–19]. 
However, an extremely high bias voltage has to be exerted on 
the graphene to achieve high THz absorption ability, which 
modulates its chemical potential to a high level. A 90-nm-thick 
graphene metamaterial absorber is reported with approximately 
85% absorptivity of unpolarized light across the visible and 
near-infrared spectra, covering the entire spectrum from 300 
to 2500 nm [20]. The downside is that this broadband, high-
absorption performance requires a complex fabrication process 
involving multiple layers of graphene and a dielectric substrate.

The second approach utilizes graphene surface plasmons res-
onances to locally trap THz light, enhancing the interaction 
between THz waves and graphene and thereby increasing THz 
absorption [21–29]. Graphene cut-wire arrays are used to real-
ize tunable metasurfaces responding in the terahertz regime. By 
optimizing the geometry of graphene cut-wire, a maximum 50% 
absorption can be achieved [23]. Gali et al. designed a broadband 
tunable terahertz absorber by constructing a subwavelength 
grating from a single-layer graphene metasurface with one-
dimensional periodic doping. This design achieves the theoreti-
cal absorption limit and an ultrawide bandwidth of up to 185%, 
demonstrating strong light–matter interaction at subwavelength 
scales [28]. By reshaping the flat graphene into complex three-
dimensional (3D) pillars, Song et al. observed strong high-order 
plasmonic modes verified by numerical calculations and exper-
imental results [29].

The graphene designs mentioned above require high-quality 
monolayer graphene, which is hard to obtain in practice. State-of-
the-art fabrication methods, such as chemical vapor deposition 
(CVD), produce graphene samples with local defects and multi-
layer overlaps. These imperfections severely degrade graphene-
based THz absorbers, especially those with patterned graphene 
structures. A 3D graphene foam prepared through the solvother-
mal method shows 95% bandwidth with 90% THz absorption, 
and is also able to tolerate local defects. However, the thickness 
of the graphene foam reaches 4 mm, which is very thick com-
pared with other graphene absorbers [30]. We previously used a 
double circular metal ring (DCMR) array patterned on a mono-
layer graphene to enhance modulation depth of graphene-based 
THz modulators [31]. With further investigation, we observed 
that the scenario of the DCMR array on graphene design can 
mitigate the defects and overlaps of graphene samples while 
achieving high THz absorption ability with ultrawide band-
width. In this paper, we discuss the physical mechanism behind 
this THz absorption enhancement and experimentally validate 
the concept.

FIGURE 1    |    Schematic diagram of THz light interaction with the DCMR array: (a) 3D view of the schematic diagram; (b) top view of two adjacent 
DCMR units.
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2   |   Methods and Experiments

Figure 1 shows the schematic diagram of THz light interaction 
with the DCMR array. The geometrical parameters of the DCMR 
shown in Figure  1b are chosen as Rin = 34 μm, Rout = 44 μm, 
w = 2 μm, and de = 4 μm. The details of structure optimization 
process are discussed in Supporting Information.

The dispersion relation of the DCMR has been numerically 
calculated by employing the eigenmode solver of commercial 
software CST Microwave Studio, and is presented in Figure 2. 
It shows that the DCMR excites the spoof SPPs. The slow wave 
behavior of the DCMR SPPs is activated at d/λ = 0.247. A broad-
band dispersion property is observed in the whole Brillouin zone 

form X to M, reaching the maximum at M, and disappears in the 
middle period of M to Г.

To prove the broadband SPP properties of the DCMR, the inten-
sity of electric field z-axis component distribution on the DCMR 
array is presented in Figure 3 at different frequencies from 0.30 
THz to 1.10 THz for the chosen DCMR size. The incident THz 
wave impinging on the DCMR array excites the spoof SPPs. 
The electric field intensity increases with frequency from 0.30 
to 0.90 THz and reaches the maximum at 0.90 THz. When the 
frequency rises over 0.90 THz, the electric field intensity grad-
ually weakens, and can be observed at 1.10 THz as is shown in 
Figure  3i. It illustrates that the DCMR loses the confinement 
of the SPPs' surface waves. The broadband DCMR SPPs con-
fine the incident THz waves on its surface of the DCMR array. 
The local THz wave confinement of the DCMR SPPs shows the 
potential of enhancing interaction between graphene and THz 
wave, thus further increasing graphene's THz absorption ability 
by depositing the DCMR array on the top surface of graphene.

Two multilayer graphene samples bought from Graphenea 
Company are chosen for the experiments. The graphene sam-
ples are substrated by SiO2 and highly doped silicon layers, 
which forms a graphene composite. One of the graphene sam-
ples is patterned with DCMR array by using the evaporator 
deposition technique with designed pattern masks as is illus-
trated in Figure S3. In order to guarantee accurate alignment 
between the masks and graphene samples, boundary marker is 
added on the four corners of the masks. Gold is chosen as the 
metallic material of the DCMR array on the graphene compos-
ite attributing to the excellent conductivity and easy to pattern 
on the graphene. The minimum metallization pattern size is 
below 0.5 μm, which makes the DCMR array with the min-
imum size 2 μm as shown in Figure  1 realizable. The thick-
nesses of the SiO2 and silicon layers are 300 nm and 500 μm, 

FIGURE 2    |    Dispersion diagram normalized to the unit cell dimen-
sion d of the DCMR.

FIGURE 3    |    Electric field z-axis component distribution of the DCMR SPPs on the DCMR array versus frequency: (a) 0.30 THz; (b) 0.40 THz; (c) 
0.50 THz; (d) 0.60 THz; (e) 0.70 THz; (f) 0.80 THz; (g) 0.90 THz; (h) 1.00 THz; (i) 1.10 THz.
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respectively. Raman spectroscopy is used to characterize 
the samples, which exhibited multilayer and nonuniform 
graphene distributions. Figure 4 shows the Raman spectrum 
of the basic graphene composite and graphene composite with 
DCMR array. The two obvious Raman spectrum peaks are G 
band at 1585 cm−1 and 2D band at 2686 cm−1. The IG/I2D in-
tensity ratio of multilayer graphene is larger than that of the 
monolayer graphene, and increases with layers of graphene 

[32]. As depicted in Figure 4d, the smallest IG/I2D intensity 
ratio of the graphene sample with SiO2 and silicon layers is 
1.19, and the largest ratio is 1.76, which demonstrates that the 
sample owns multilayer graphene and the distribution of the 
graphene layers is nonuniform. For the graphene sample with 
integrated DCMR array, the maximum and minimum IG/
I2D ratios are 1.21 and 1.17, as are shown in Figure 4b. The 
graphene layers of the sample without DCMR array are more 
than the one with DCMR array.

A THz time-domain spectroscopy (THz-TDS) system TAS7500 
from Advantest Company is employed to measure the wide-
band THz absorption of the proposed designs by reflection 
configuration as is shown in Figure  5. The TAS7500 THz-
TDS system covers the frequency from 0.2 to 2.0 THz with 
frequency resolution 7.6 GHz and peak power 50 mW. Highly 
doped silicon is chosen as the bottom layer of the graphene 
substrates to almost fully reflect THz wave on the interface 
between SiO2 and silicon layer, and further isolate the ab-
sorption test influence of the thick silicon layer. The trans-
mission coefficient of the two graphene samples, as is shown 
in Figure 1 of Appendix, is lower than −90 dB and is close to 
zero, which validates the full reflection of the highly doped 
silicon substrate.

FIGURE 4    |    (a) Top view of graphene composite with DCMR array, inset: Schematic diagram of graphene with DCMR; (b) Raman spectroscopy of 
graphene composite with DCMR array; (c) Top view of graphene/SiO2/Si sample; (d) Raman spectroscopy of graphene/SiO2/Si samples.

FIGURE 5    |    Schematic diagram of measuring graphene sample's 
THz reflection by using THz-TDS system.
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First, measure the empty metal sample holder to obtain the 
total reflection signal Гref of the test system, and use it as a 
reference for calibrating the measurements of graphene sam-
ples. Reflection coefficients of two graphene samples with and 
without DCMR array are measured, respectively. The measured 
reflection coefficients of two graphene samples are shown in 
Figure  6 with reference reflection. The reflection of the basic 
graphene composite is very close to the reference reflection, 
which demonstrates very limited absorption of THz wave as 
shown in Figure  6b. However, the reflection of the graphene 
composite with DCMR array is lower in a broad frequency range 
from 0.3 THz to 1.1 THz, which shows obvious difference as 
shown in Figure 6a.

The THz absorption of graphene sample is calculated with for-
mula Ags = Гref –Гgs, where Ags and Гgs are the THz absorption 
and reflection of graphene samples, respectively. The THz ab-
sorbance of the graphene composite with DCMR array is much 

higher than that of the basic graphene composite in the full 
frequency range from 0.3 to 1.1 THz, as is shown in Figure 7. 
It proves that the DCMR array is able to enhance THz absorp-
tion ability of graphene effectively, with ultrawide fractional 
bandwidth of about 110% at its center frequency 0.7 THz. 
Over 70% THz absorption in the frequency range from 0.40 
THz to 0.9 THz is achieved in the experiment. Moreover, the 
graphene composite with DCMR array absorbance achieves 
the highest value at around 0.85 THz. It is well consistent with 
the THz wave local enhancement of the DCMR array over 
frequency as is shown in the Figure 3, except for a frequency 
offset about 0.05 THz. The above experiments validate the 
simulated ultrawideband local confinement of THz wave on 
the DCMR array and ultrawideband high THz absorption en-
abled by DCMR array. For reference, Table 1 presents a com-
parison of the absorber performance between this work and 
other studies.

3   |   Conclusion

In this work, we use the DCMR array to excite spoof surface 
plasmon polaritons (SPPs), which enhance both the graphene's 
THz absorption with an ultrawide bandwidth and the tolerance 
of graphene's physical impurities. The proposed DCMR array 
excites broadband spoof surface plasmon polaritons, increasing 
graphene's terahertz absorption to over 70% in the 0.40–0.90 THz 
range. The scheme is insensitive to graphene defects and layer 
nonuniformities, while the metal ring deposition process is sim-
ple and compatible with mass production.

A limitation lies in the passive nature of the current design, 
where the operating bandwidth and absorption rate are fixed 
by geometric parameters, lacking dynamic tunability. Future 
efforts will integrate electrically tunable graphene or phase-
change materials for reconfigurable absorption, to advance 
practical applications in terahertz imaging, communication, 
and sensing.

FIGURE 6    |    Measured THz reflections of graphene samples with reference reflection: (a) graphene/SiO2/Si with DCMR array; (b) graphene/SiO2/Si.

FIGURE 7    |    Measured THz absorption of graphene samples with 
and without DCMR array.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Simulated transmission 
and reflection coefficients versus frequency for the inner radius of the 
small metal ranging from 10 to 100 μm: (a) transmission coefficient; (b) 
reflection coefficient. Figure S2: The simulated transmission and re-
flection coefficients versus frequency for the width of metal ring varying 
from 0.5 to 10 μm. (a) Transmission coefficient; (b) reflection coeffi-
cient. Figure S3: Measured THz transmission of graphene composite 
samples. DCMR-Graphene represents the graphene composite with 
DCMR array, and graphene represents the graphene composite sample 
without DCMR array. Figure S4: Schematic diagram of the transfer of 
graphene from the metal to the substrate. Figure S5: Schematic dia-
gram of the DCMR array fabrication: (a) the mask is utilized to etch the 
DCMR array pattern; (b) the DCMR array is deposited on the graphene. 
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