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in high-resolution terahertz imaging and 
detection for security and biomedicine. 

 By defi nition, perfect absorbers can 
absorb EM waves with near-unity absorb-
ance, which are promising for applications 
in terahertz imaging and detection via 
enhanced contrast and sensitivity. Meta-
materials are candidates for creating per-
fect absorbers owing to the possibility of 
tailoring the response of the structure with 
great fl exibility. [ 5,6 ]  Landy et al. [ 7 ]  fi rst dem-
onstrated the perfect metamaterial absorber 
concept in the microwave range, and since 
then great interest in EM absorbers has 
extended toward optical frequencies in 
recent years. [ 8–22 ]  Metamaterial absorbers 
typically consist of two coupled metallic 
layers separated by a dielectric spacer to 
create electric and magnetic responses for 
impedance matching with free space. [ 23 ]  

The electric response can be obtained from excitation of the top 
metal layer readily coupled to an external electric fi eld, while 
the magnetic response is provided by pairing the top layer with 
a metal ground plane or metal wire for an external magnetic 
fi eld. In the microwave and terahertz regions, these metamate-
rial absorbers obtain high absorption through dielectric loss and 
impedance matching at resonance. [ 23 ]  The absorption frequency 
range and amplitude can be tuned by adjusting the shape, size, 
thickness, and properties of the metallic structure and dielectric 
spacer. Due to the nature of resonance response, these metama-
terial absorbers usually exhibit narrowband absorption that has 
advantages in applications such as fi ltering, sensing, and modu-
lation. [ 24 ]  Broadband perfect absorbers are desirable for other 
applications such as high-effi ciency signal detection and commu-
nications. This has necessitated signifi cant research effort toward 
extending the absorption bandwidth. A straightforward approach 
is to cluster multiple resonating structures with different sizes in 
each unit cell to create a number of absorption bands. [ 9,22 ]  

 Graphene has been introduced to construct broadband tera-
hertz absorbers due to its exceptional properties, such as optical 
transparency, fl exibility, and tunability. [ 25–27 ]  However, the struc-
ture is demanding in terms of cost and complexity. Another 
alternative promising material for terahertz absorption is a mod-
erately doped semiconductor, which can be readily fabricated 
using conventional micro-fabrication techniques. At terahertz 
frequencies, doped semiconductors have desirable conductive 
loss, enabling them to sustain surface plasmon polaritons (SPPs) 
and correspondingly localized surface plasmon resonances 
(LSPRs) via periodic structures. [ 28–30 ]  Recently, we have demon-
strated that doped silicon can be engineered to attain highly 

 Perfect absorbers that exhibit broadband absorption of terahertz radiation are 
promising for applications in imaging and detection due to enhanced contrast 
and sensitivity in this relatively untapped frequency regime. Here, terahertz 
plasmonics is used to demonstrate near-unity absorption across a broad 
spectral range. The absorber comprises a planar array of cross-shaped struc-
tures defi ned by surface etching of doped silicon. Absorbance of over 90% is 
observed numerically with a relative bandwidth of 90% from 0.67 to 1.78 THz, 
in reasonable agreement with experimental observation. This ultrabroadband 
absorption is attributed to two resonance modes supported by plasmonic cav-
ities that are defi ned by the etched cross structure. This terahertz absorber is 
single-layered, polarization-insensitive, and exhibits consistent performance 
across a wide range of incidence angles. The plasmonic-based approach for 
enhancing absorption is a potential precursor to the realization of effi cient 
bolometric imaging and communications at terahertz frequencies. 

  1.     Introduction 

 Terahertz (or T-ray) radiation typically refers to the electromag-
netic (EM) spectrum spanning 0.1–10 THz, and is a largely 
untapped frequency regime between microwave and optical fre-
quencies. A number of unique characteristics make terahertz 
radiation suited to imaging for security and material analysis, 
medical diagnostics, chemical and biological sensing, and ultra-
high data rate short-path wireless communications. [ 1–4 ]  While 
the last two decades have seen increased research efforts and 
understanding of terahertz phenomena, high-performance 
terahertz devices are still lacking. An example is the need for 
a perfect absorber of terahertz waves, which has applications 
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effi cient narrowband perfect absorption with a plasmonic coaxial 
mode. [ 31 ]  In this work, we show that distinctive plasmonic modes 
in silicon-based cavities can serve to greatly enhance the absorp-
tion bandwidth for ultrabroadband operation. Our single-layered 
structure is more attractive than prior broadband multilayered 
absorbers in terms of fabrication simplicity, cost, and allows for 
possible integration into silicon-based systems.  

  2.     Design 

 The plasmonic absorber is in the form of a 2D array of cross 
structures etched into a doped silicon substrate.  Figure    1  a illus-
trates an optimal design, together with the fi eld directions. Either 
of the two dotted areas in the 2D array can be regarded as a unit 
cell of the plasmonic absorber. Particularly, the unit cell defi ned 
by the etched middle region, as shown by the red-dotted box, can 
be seen as a resonant cavity, which can support different LSPRs 
in the terahertz frequency range. The depth of the cavity,  t  b , is 
65 µm, which is comparable to a quarter of the free-space wave-
length at 1 THz. To obtain strong LSPRs for this cross structure, 
a phosphorous-doped (n-type) silicon wafer of (100) orientation 
is utilized. Specifi cally, the material resistivity of this wafer is 
between 0.02 and 0.05 Ω cm. [ 30 ]  To study its effi ciency and gain 
insight into the mechanism of the enhanced absorption, fi nite 
element method (FEM) simulations are performed by using the 
frequency domain solver in CST Microwave Studio for the unit 
cell structure with a Drude model for the silicon. 

  Microfabrication as a combination of photolithography and 
plasma-assisted DRIE was undertaken to realize the structures 
in Figure  1 a. Samples 35 × 35 mm 2  in area were produced, con-
taining 30 625 identical cross structures. Figure  1 b,c presents 
scanning electron images of the fabricated unit-cell structure 
and the cross array, respectively. Relatively smooth and straight 

sidewalls of the crosses are apparent in the images. Following 
microfabrication, refl ection-mode terahertz time-domain spectros-
copy (THz-TDS) is performed on the sample at normal incidence.  

  3.     Results and Discussion 

  Figure    2  a shows the results for the designed and fabricated plas-
monic absorber. It can be seen that the numerical and experi-
mental results are in good agreement, with a slight blue shift 
in the spectral response observed in the experiment. A small 
deviation between the numerical and experimental results is 
caused by tolerances in fabrication and measurement and the 
limit of the system dynamic range at higher frequencies. From 
the measurement, the refl ectance reaches minima of 1.78% and 
0.15% at the frequencies of 0.86 and 1.49 THz. These refl ec-
tance minima correspond to the absorbance of 98.22% and 
99.85%, respectively. The simulated absorbance is more than 
90% from 0.67 to 1.78 THz, and hence, the relative bandwidth 
is 90%. As for the bare silicon in Figure  2 b, the absorbance 
determined from the simulated refl ectance increases with an 
increase of the frequency and up to a maximal value of 78% at 
around 2.7 THz, where the material becomes dielectric. Hence, 
it can be deduced that the two absorption peaks observed in the 
absorber are associated with two plasmonic resonances, which 
can be excited by incident linearly polarized terahertz waves. 

  The current densities and fi eld distributions on the absorber 
are shown in  Figure    3  , for both of the resonances at 0.80 and 
1.44 THz. From Figure  3 a,b, we fi nd that the current density 
for the lower resonance at 0.80 THz is mainly on the top and 
bottom arms, while that for the higher at 1.44 THz concentrates 
on the left and right arms. The current distribution at the lower 
frequency suggests that the cross structure does not resonate by 
itself as in the case of metallic resonators, for which the current 
is relatively strong in the middle region. [ 32 ]  From the fi eld distri-
butions in Figure  3 c,d, it is clear that at the lower resonance the 
electric fi eld is localized in the small cavity formed between the 
top and bottom arms, while at the higher resonance the fi eld con-
centrates in the large square cavity formed by the four adjacent 
resonators. Further observation of the fi eld distributions (not 
shown) suggest that the lower and higher resonances originate 
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 Figure 1.    The plasmonic absorber. a) Schematic of a 2D array carved from 
a doped silicon substrate. The geometric parameters are:  p  x  =  p  y   = 200 µm, 
 t  b  = 65 µm,  a  = 60 µm,  l  = 160 µm, and  t  s  = 200 µm. b,c) Scanning electron 
images of the fabricated cross structure viewed at a 35° from the normal.
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 Figure 2.    Numerically and experimentally resolved spectra. a) Refl ectance 
 R (ω) and absorbance  A (ω) for the 2D cross array absorber. 
b) Refl ectance  R (ω) and absorbance  A (ω) for the bare, doped silicon 
substrate. The shaded area marks the limit of the system dynamic range
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from cavity modes in the small and large cavities, respectively. 
These cavity modes are responsible by terahertz SPPs propa-
gating along the cavity walls in the  z  direction, and coincide with 
the decay lengths of SPPs perpendicular to the walls. At 1 THz, 
the decay length into the silicon resolved analytically and numer-
ically is merely around 12 µm, much shallower than the silicon 
wall thickness. On the other hand, the decay length into air is as 
far as 330 µm, spanning the cavity air gaps  d  1  = 40 µm and  d  2  = 
140 µm to establish SPP-coupled modes there. 

  The resonance frequencies of the observed cavity modes 
can be analytically determined from the dispersion behavior of 
equivalent plasmonic waveguides made of the doped silicon. 
For the lower resonance, the small cavity formed between the 
top and bottom arms of the adjacent crosses can be consid-
ered by using a plasmonic parallel-plate waveguide, i.e., a con-
ductor–insulator–conductor heterostructure, with a separation 
of the plates of  d  1  = 40 µm. Since the cavity is excited by linearly 
polarized incident waves, the mode of coupled SPPs in this 
waveguide is the odd mode with the  E x  ( x ) component being 
even function, and can be explained by: [ 28 ] 
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0β ε= − . In this expression, 
mε  and ε0  represent the relative permittivity of the doped 

silicon and free space, respectively; k c/0 ω=  is the free-space 

wave vector; and  β  is the SPP-wave vector along the propagation 
axis. For the higher resonance, the large square cavity formed 
by the four adjacent resonators can be approximately mod-
eled by a rectangular plasmonic waveguide [ 33 ]  with a width and 
height equal to  d  2  = 140 µm. The mode of interest in this wave-
guide is a TE 10 -like mode, namely a SPP even mode, which can 
be characterized by the even  E x  ( x ) component. 

  Figure    4   shows the dispersion curves for both the parallel-
plate and rectangular plasmonic waveguides with different 
dimensions. It can be seen that the waveguide dimensions can 
strongly infl uence the SPP wavenumbers. Additionally, owing 
to the fi eld confi nement, the wavenumber of the rectangular 
plasmonic waveguides is greater than the TE 10  wavenumber in 
the equivalent PEC waveguide. Likewise, the wavenumber of 
the parallel-plate plasmonic waveguides lie to the right of the 
light line (TEM wave). The condition for the plasmonic reso-
nance can be approximated to

    
N m tbβ π( )= +2 / 2N   (2) 

 where  β  N  is the SPP wavenumber inside the cavity for the 
 N th-order resonance ( N  = 0, 1, 2,…),  t  b  is the cavity depth, and 
 m  = 0.9 for the plasmonic boundary. [ 30 ]  By using Equation  ( 2)  , 
together with the dispersion curves of the waveguides, we can 
estimate the resonance frequencies of the plasmonic cavity. From 
the resonance condition, the cavity with the depth  t  b  of 65 µm is 
expected to exhibit the fundamental resonance  N  = 0 at the wave-
number of  β  0  = 2.17 × 10 4  rad m −1 . Thus, as depicted in Figure  4 , 
the plasmonic resonance frequencies are estimated to be around 
0.89 and 1.36 THz for this cavity, in reasonable agreement with 
0.80 and 1.44 THz from the simulation, and 0.86 and 1.49 THz 
from the experiment, respectively. The inaccuracy of the analyt-
ical results is likely due to the fringing fi elds at the top and side 
openings of the cavities, not accounted for in the analysis. 

  From the dispersion diagram and resonance condition, it can 
be expected that the fundamental resonances and the absorp-
tion band of this plasmonic absorber can be readily tuned by 
changing the cavity depth  t  b  and the gap sizes  d  1  and  d  2.  More 
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 Figure 3.    Field distributions of the plasmonic absorber at resonance 
frequencies. Results for both resonance frequencies are presented: 0.80 THz 
(left column) and 1.44 THz (right column). Shown are the a,b) Current 
density distributions on the cross structure, c,d) the instantaneous 
electric fi elds between the adjacent cross structures, and e,f) power loss 
density distributions.
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 Figure 4.    Dispersion diagram of the coupled surface plasmon polaritons 
in the equivalent parallel-plate and rectangular plasmonic waveguides. 
The vertical-dotted line indicates the wavenumber  β  0  where the funda-
mental resonance is expected for cavity with a depth of 65 µm. The thin 
dash-dotted line section for the rectangular plasmonic waveguides indi-
cates the region where the loss is larger than the propagation constant, 
i.e., Im( β ) > Re( β ).
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specifi cally, by increasing the cavity depth  t  b , the two plasmonic 
resonances will be shifted to lower frequencies, and from the 
dispersion diagram in Figure  4 , the relative absorption band-
width will be slightly increased. In addition, by increasing the 
length  l  of the cross structure, the small gap width  d  1  will be 
reduced, resulting in a redshift of the lower resonance. Like-
wise, decreasing the width  a  of the cross increases the gap 
width  d  2  and effectively redshifts the higher resonance. The 
effects are further confi rmed by numerical simulation (not 
shown). Although the bandwidth can be increased by fi ne 
tuning the lower and higher resonances, the high level of 
absorption between the two resonances will be compromised. 

 It should be noted that the carrier concentration in silicon 
affects the resonances and the observed power loss behavior. 
By decreasing the carrier concentration, the silicon will become 
a lossy dielectric, and no longer support LSPRs. As a result, the 
absorption will be decreased signifi cantly, and the power loss den-
sity will be evenly distributed across the unit cell. On the other 
hand, increasing the carrier concentration will decrease the fi eld 
penetration into silicon. In this case, the geometry of the structure 
has to be modifi ed to maintain the resonances, while the dissipa-
tion loss and the resonance  Q  factor will be signifi cantly reduced. 

 We further investigate the origin of the loss in our design 
by studying the power loss density distributions. Confi rmed in 
Figure  3 e,f, the majority of energy dissipation originates from 
the Ohmic loss inside the silicon walls through the strong 
LSPRs. Corresponding to the current density distributions, the 
power loss density for the lower resonance is mainly concen-
trated inside the top and bottom branches of the cross, while 
the one of the higher resonance is mainly concentrated on the 
left and right arms. The Ohmic loss origin of this plasmonic 
absorber stands in contrast with the losses due to the interlayer 
dielectric in conventional terahertz metamaterials absorbers 
composed of the metal/dielectric/metal structure. [ 23 ]  

 Since the structure is fourfold symmetric, it can be expected 
that the absorber is polarization insensitive for terahertz waves of 
normal incidence. We further characterized the angle-dependent 
response of the designed plasmonic absorber.  Figure    5   
presents the absorbance as a function of frequency and angle of 
incidence. It is clear that the proposed absorber can operate over 
a wide range of incidence angles for both the TE and TM polari-
zations. For the TE wave at oblique incidence angle in Figure  5 a, 
the broadband absorption performance is maintained up to 
45°. Beyond 45°, the absorption is degraded because the phase 
front of the electric fi eld makes a large angle with the surface 
in the  H  plane, resulting in a fi eld imbalance in the cavity. 
For the case of TM polarization in Figure  5 b, the absorbance 
is minimally affected with an increasing incidence angle, 
since the phase front of the electric fi eld is always parallel to 
the surface in the  H  plane. It is noteworthy that Figure  5  also 
reveals additional resonance modes associated with the cavities 
and diffraction orders associated with the structural periodicity. 

  We now discuss the benefi ts and potential applications of the 
plasmonic absorbers based on the 2D cross array. First, the fab-
rication technology to create this structure is well established, 
and this aspect is also readily integrated into silicon-based 
optical systems. Compared with existing terahertz absorbers, [ 23 ]  
our device is ultrabroadband, is also polarization insen-
sitive, and can sustain absorption at large incidence angles. 

Furthermore, the plasmonic resonances are readily tunable, 
since the terahertz properties of the silicon strongly depend 
on the free-carrier concentration and mobility that can be con-
trolled by optical pumping. [ 34 ]  These benefi ts for our plasmonic 
absorber are ideal for constructing focal plane array detectors 
allowing room-temperature high-resolution imaging at tera-
hertz frequencies range. In addition, due to its ability to capture 
nearly the entire incident EM energy at terahertz frequencies, 
the plasmonic absorber can serve as a useful component in ter-
ahertz communications for suppressing multipath refl ections.  

  4.     Conclusion 

 We have designed and experimentally validated a plasmonic 
perfect absorber for terahertz waves. We achieve an experi-
mental absorbance of 98.22% and 99.85% at resonance fre-
quencies of 0.86–1.49 THz, and over 90% absorbance from 
0.67 to 1.78 THz, which corresponds to a relative bandwidth 
of 90%. Overall, the results demonstrate that our design yields 
broadband near-perfect absorption over a wide range of inci-
dence angles for both TE and TM waves. The bandwidth can 
be extended further with alternative designs to accommo-
date mode resonance modes. Our plasmonic absorber can 
potentially be implemented in many applications, such as in 
bolometric imaging and terahertz communications.  

  5.     Numerical and Experimental Section 
  FEM Simulations : Full wave electromagnetic simulations are 

performed using the frequency domain solver in CST Microwave Studio 
based on a fi nite element method (FEM). In the simulation, the dielectric 
properties of the silicon wafer are described via the Drude model as 
shown in the literature: [ 35 ] 

     
ε ε

ω
ω γω

= −
+ im c

p
2

2
 

 (3) 

 where the plasma frequency  ω p   is 2π × 7.87 THz; the collision frequency 
 γ  is 2π × 1.78 THz, and the permittivity at the high-frequency limit  ε  c  
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is 11.68. These values are determined from the carrier concentration 
and mobility, which are obtained through terahertz refl ection 
spectroscopy. [ 30,35 ]  In the simulation, the unit cell boundary condition is 
applied for the transverse boundaries to replicate an infi nite planar array 
of the cross structures. A plane-wave excitation with a linear polarization 
is incident on the unit cell along the + z  direction, and the transmission 
and refl ection are monitored. The frequency-dependent transmittance 
 T (ω) = | S  21 (ω)| 2  and refl ectance  R (ω) = | S  11 (ω)| 2  obtained from the 
simulation are used to calculate the absorbance according to  A (ω) = 1 – 
 T (ω) –  R (ω). Since the silicon substrate is thick enough to suppress fi eld 
transmission to the other side, the transmittance is negligible across the 
entire frequency range for the present design. Thus, both the simulated 
and measured absorbance can be calculated using  A (ω) = 1 –  R (ω). 

  Fabrication : We fabricate the plasmonic absorber by using 
conventional microfabrication techniques involving photolithography 
and deep-reactive ion etching (DRIE). [ 30,31 ]  Note that DRIE was 
performed using the Bosch process, where a mixture of SF6 (to etch 
silicon) and C4F8 (to passivate sidewalls to enable deep etching) gas 
was alternatively permitted into the high vacuum chamber and ionized 
by applying RF power. The etch rate of the silicon wafer using the Bosch 
DRIE process was approximately 0.4 µm per cycle, with process timed 
to etch 65-µm deep trenches into the doped silicon wafer. The quality, 
including the depth and smoothness, of the fabricated structure is then 
examined using a FEI Nova fi eld emission gun SEM. 

  Measurement : The absorber characterization was carried out by the use 
of refl ection-mode THz-TDS at normal incidence. The generated linearly 
polarized terahertz beam propagates through a beam splitter and is 
then focused by an off-axis parabolic mirror onto the sample at normal 
incidence. The refl ected beam from the sample is then collected by the 
same mirror and back to the beam splitter that partially refl ects the energy 
into the photoconductive antenna (PCA). A gold-coated mirror replaces 
the sample for reference measurement. The total scanning duration time 
is 55 ps and is digitized with a step size of 0.067 ps.  
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