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The coherent perfect absorber (CPA), a time-reversed counterpart to the laser emission, could cause all
energy fed to the system to be absorbed. It can also be used as an absorptive interferometer, which could
provide applications in controllable optical energy transfer. Here, in order to achieve a terahertz CPA, we
propose a designed metasurface and experimentally demonstrate that it can serve as a polarization-
insensitive CPA at a one-frequency channel under normal symmetric excitation, while a transverse-electric
CPA at two-frequency channels around oblique 40° symmetric incidence. Such phenomena in this system
can be attributed to Fano resonance consisting of interacting one bright and one dark mode under normal
incidence and an additional operative dark mode under oblique symmetric excitation. The experimental
results find good agreement with the fitted coupled-mode theory. Moreover, we show that the output
amplitude can be effectively tuned from O to 1 only by varying the relative phase between the two input
waves. The designed CPA could find potential application in effectively controlling absorption for terahertz

imaging and terahertz switches.

DOI: 10.1103/PhysRevApplied.9.054018

I. INTRODUCTION

Besides refraction and reflection, absorption is a general
phenomenon among the interaction between light and
matter, which underlies diverse applications, such as
photodetectors, photovoltaic cells, and optical filters [1].
To realize efficient and compact optical absorbers, there are
numerous approaches across the electromagnetic spectrum
from microwave to visible light [2-12]. In a metamaterial
system, perfect absorption can be achieved by impedance
matching between a vacuum and a designed metamaterial
with losses [2]. Since the experimental demonstration of
a resonant absorber by Landy et al. [2], similar absorbers
have been proposed and demonstrated to increase the
incident-angle range and working bandwidth, and the
working frequency range has also been changed from
microwave to visible light [3-8,12]. Beside resonant
absorbers, absorbers based on strong interference in lossy
films have been proposed recently [9-11]. Typically, such
an absorber can be viewed as a one-port system, where the
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incident light is delivered only to one side of the designed
absorber. And once the absorber is designed, it is difficult to
tune the absorption performance. Recently, inspired by the
laser concept, the time-reversed counterpart of a laser, i.e.,
the coherent perfect absorber (CPA), has been theoretically
proposed and experimentally demonstrated [13-25]. The
CPA refers to a device that can completely absorb coherent
input light due to the destructive interference between the
transmission and reflection on a resonator with critical
coupling. In a general scattering context, CPA coincides
with a zero eigenvalue of the scattering matrix S from the
mathematical perspective, which can be understood as the
time-reversed counterpart of a laser at the threshold [13].
By carefully tuning the phase difference between the
transmitted and reflected waves, the absorption can be
dynamically controlled. It is worth noting that the concept
of coherent absorption can also be transferred to explore the
physics of the parity-time symmetric Hamiltonian [22,24]
and achieve perfect polarization conversion [26]. So far,
the CPA has been theoretically proposed in several syn-
thetic systems, including photonic crystal, graphene, and
metasurfaces [15-19,22,23,25], but few experimental dem-
onstrations are available [14,20,21,24]. To overcome the
narrow bandwidth, a broadband CPA has been theoretically
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proposed; however, the composed material should have
a specific dispersion with a very large loss, such as heavily
doped silicon, which is not always available [18].
Meanwhile, Fano-type resonance has also been observed
in a great number of synthetic systems, including photonic
crystals, plasmonic nanostructures, and metamaterials,
and promises many potential applications due to its steep
dispersion [27-36]. Based on the Fano-type resonance, a
polarization-dependent Fano-type plasmonic metasurface
CPA was experimentally demonstrated [21], whose physi-
cal mechanism can be understood, and the design can be
optimized with the help of the coupled-mode theory (CMT)
[25]. Subsequently, a polarization-independent CPA that is
composed of simple dipolar resonators was theoretically
proposed, which implies that the balance between scatter-
ing and dissipation loss rates at the resonant frequency is
critical [23]. Such a working mechanism in the metasurface
system is quite challenging when the working frequency
scales down to the terahertz (THz) and microwave fre-
quency regions due to the very small dissipation loss rate
from the metallic structures, leading to a huge difficulty in
meeting the CPA requirement. One possible approach is to
adopt a lossy substrate. From the perspective of application,
it is still desirable to obtain effectively tunable absorption
for imaging and switches to fill the so-called THz gap,
where many materials do not effectively interact with THz
radiation [37].

Here, to address the challenge of realizing the CPA in a
metasurface system around the terahertz frequency region
and overcome the narrow-band limit of the CPA, we propose
and experimentally demonstrate a controllable dual-band
CPA-supporting metasurface in the terahertz frequency
region. The designed structure utilizes only a single structure
that can support Fano resonances. The Fano resonances are
composed of interacting one bright and two dark modes,
which can be understood with the help of the CMT. In detail,
under normal symmetric excitation, the designed metasur-
face can lead to a polarization-insensitive CPA due to
isotropic Fano resonance. Under oblique transverse-
magnetic (TM) symmetric excitation, the performance of
the CPA almost remains unchanged, while under oblique
transverse-electric (TE) symmetric excitation, another oper-
ative dark mode in this metasurface emerges and, thus,
brings about double CPAs in the investigated frequency
range. The experimental results are in good agreement with
the CMT, which provides the steps for designing such a
system. The absorption of the designed metasurface can be
effectively tuned from O to near 100% only by varying the
input wave phase delay. The designed CPA could find
potential application in effectively controlling absorption for
imaging and switches.

II. THEORETICAL MODEL

For a metasurface thatis symmetrically illuminated by two
identical beams under oblique incidence, as schematically

depicted in Fig. 1(a), without mode conversion, the scattering
matrix S is defined by

b Sa— ( f) (1)

o, r_

where a and b are the complex amplitudes of the input and
output ports, respectively. The subscripts + and — identify
the region above and below the metasurface, respectively.
Thus, r, . (r__) indicates the reflection coefficient, and 7_
(t,_) indicates the transmission coefficient when the incident
wave to the metasurface is from a region above (+) and below
(—) the metasurface. If the metasurface structure is composed
of reciprocal media and its geometric structure exhibits
mirror symmetry as well as C4 rotational symmetry along
the z direction, wecanfindr, , =r__ =r,t,_ =1t_, =1.
Here, we assume that the designed metasurface is a Fano-
type metasurface. In this case, the microscopic resonant
behavior and the relations between the input and output ports
can be described by the coupled-mode equations [38,39]:

Qq = Ka, (2a)
K7q + Ca=b, (2b)
where
—i6) =y =7 iK12 iKi3
Q = iK]z —l62 - ]/Lzl 0 N (3&)
iK13 0 —i53 - )/gl
C- (0 1) (3b)
~\1 o)
K= 0 0 (3¢)
0 0

q is the amplitude of the resonant modes. For the response
matrix €, 6; 5 3,7}, and y‘]’l 5 indicate the frequency detuning
for each resonant mode, scattering loss rate, and dissipation
loss rate of the bright (indicated by subscript '1') and dark
(indicated by subscript 2" and '3') modes, respectively, k1, 13
describes the coupling strength between the bright and dark
modes. The metamaterials described by such a response
matrix € accompanied by ki, =0, k13 #0 or x, #0,
k13 = 0 are typical Fano-like systems [28-32]. K (K”)
represents the coupling between the resonant system and the
input (output) port, and C indicates the direct coupling
between the input and output ports. By substituting the
microscopic response [Eqs. (2) and (3)] into the scattering
matrix S [Eq. (1)], S can be formulated by

t
S = (r >:C+KTQ‘1K. (4)
t r
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Because of the constraint of mirror symmetry, the trans-
mission coefficient satisfies the relation = 1 + r. The two
eigenvalues of the scattering matrix S are ¢+ r for the
symmetric eigenvector (1,1) and r — ¢ = —1 for the anti-
symmetric eigenvector (—1,1). So the CPA can be traced
only to the zero eigenvalue of the symmetric eigenvector
of S, which possibly supports a zero eigenvalue, i.e.,
t + r = 0. Thus, the occurrence of CPA can be described by

61 = i(r{ = r}](62 = ir§) (85 — ir§) — k7, (83 — ir5)
2 i) =0 ®

When xj, =0, k13 # 0 or k15 # 0, k13 = 0, only one dark
mode is excited through coupling, the investigated system
indicates a typical Fano system, and the response matrix of
the system can be reduced to a 2 X 2 matrix, in which the
appearance of the polarization-insensitive CPA can be
realized. When k1, # 0, k13 # 0, an additional dark mode
emerges. Such a hybridized configuration could provide
more freedom than the typical Fano system and can be used
to realize dual-band CPAs.

III. EXPERIMENTAL RESULTS

Based on the above-mentioned controlling strategy, an
ultrathin metasurface to generate such a hybridized picture
in the THz region is designed, which can transit from a

(a) Scattering setup (b)

()

FIG. 1. Schematic of the hybridized metasurface design and the
scattering response. (a) Schematic of the input and output wave
amplitudes a and b under oblique incidence. (b) Unit cell of the
proposed freestanding CPA metasurface consisting of a metallic
Al structure layer sandwiched in the middle of an isotropic
polyimide layer. (c) Top view of the metallic Al structure.
(d) Image of a fragment of the fabricated metasurface. The TE
incident wave indicates the incident electric field oscillates along
the y axis, while the TM incident wave indicates the incident
magnetic field oscillates along the y axis.

single-band CPA to a dual-band CPA depending on the
incident angle. The metasurface is designed as a freestanding
sandwiched structure. Its unit cell is schematically shown in
Fig. 1(b). The thickness of the aluminum metallic structure is
only ¢ = 400 nm, which is sandwiched in the middle of an
isotropic polyimide layer with a thickness of 20.4 um. The
permittivity of the polyimide we use in the numerical
simulation is 3.2, and the loss factor is 0.055. The detailed
geometrical parameters of the metallic structure are
b=158um, w = 10 pm, and a = 150 um, respectively, as
shown in Fig. 1(c). The unit cell of the structure is in a square
lattice with a side length d = 200 ym, which implies that
there are no diffracted orders to be measured below 0.75 THz
even if the incident angle is 90°. Figure 1(d) is a microscope
image of a fragment of the sample fabricated by using a
conventional photolithography and metallization process.

Here, a broadband fiber-based angle-resolved terahertz
time-domain spectroscopy system is employed to measure
the transmission coefficients of the proposed metasurface
from 0.4 to 0.7 THz at different incident angles from 0° to
50° with a step width of 1° [40], as shown in Fig. 2(a). The
terahertz pulses are generated and detected by a pair of
fiber-integrated photoconductive transmitter and receiver
(TERA15, Menlo Systems). The generated terahertz wave
is first collimated by polymethylpentene (TPX) lens L1.
After passing through the sample, it is then focused to the
receiver by another TPX lens L2. A wire-grid linear
polarizer (LP) is used before the sample to improve the
incident polarization state. To measure the terahertz trans-
mission spectra under different incident angles, the trans-
mitter, receiver, L1, L2, and LP are fixed on a rail which is
further mounted on a motorized rotator for allowing an
angle scan, while the sample is placed in the center of the
rotator and kept still.

The experimental transmission amplitude for TE polari-
zation incidence under different incident angles is shown in
Fig. 2(b), and the numerical transmission amplitude using
the finite-difference time-domain method is shown in
Fig. 2(c), which are consistent well with each other.
The small differences between them may be due to the
inaccurate setting of the permittivity of the used polyimide
in the simulation and the fabrication error in the experi-
ment. In our structure, the interaction between the metallic
square ring and the sideward strips results in these
hybridized resonances and, thus, the complex transmission,
which is similar to Fano-type plasmonic nanostructures and
metamaterials [21,25,30]. When the metasurface is excited
under normal incidence, our designed structure supports
both in-phase and out-phase surface-current oscillations
between the square ring and the sideward strip, as indicated
by mode 1 (in phase) and mode 2 (out phase) in Fig. 2(d).
The in-phase mode 1 around 0.55 THz can strongly couple
to the free space, which can be viewed as a broader bright
mode. But the out-phase mode 2 around 0.49 THz is a
magnetic dipole and cannot couple to the free space, which
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FIG. 2. (a) Experimental setup for
measuring the transmission of the
proposed metasurface. (b),(c) Experi-
mental and numerical transmission
amplitudes for TE at varied incident
angles from 0° to 50°. (d),(e) Surface
current distribution around each mode
frequency when the incident angle is
0° and 41°. The bright (dark) mode
position is also marked by a dark (red)
ring in the transmission spectra.

0.6

Frequency (THz)

can be viewed as a narrow dark mode. The interaction
between these two modes results in a Fano-type trans-
mission, which shows a clear peak with two dips in the
investigated frequency range. Such a hybridized picture can
be understood with the help of the CMT by considering the
interaction between the bright mode and the dark mode.
When deviating from the normal incidence, for the TE
polarization incidence [Fig. 2(b)], another resonance dip
gradually emerges in the higher-frequency band, which
implies that another dark mode gradually takes effect. For
example, when the metasurface is excited by 41° oblique
incidence, besides the in-phase mode 1 around 0.52 THz
and the out-phase mode 2 around 0.49 THz, there is an
additional new out-phase mode (mode 3) around 0.63 THz,
as illustrated in Fig. 2(e). This additional mode 3 results in
another transmission peak in the investigated frequency
range. Such a hybridized picture can also be understood
through the help of the CMT by considering the interaction
between the bright mode and the two dark modes. The
relationships between each resonance frequency and the
structural geometric parameters are complicated. Generally,
as a or b increases, the resonance frequencies of mode 1
and mode 2 will exhibit a slight redshift, while as w
increases, the resonance frequencies of mode 1 and mode 2
will show a slight blueshift.

As discussed above, CPA originates from the eigenvalue
of the symmetric eigenvector of the scattering matrix S,
t+r=2t—1=0, so we can preliminarily characterize the
performance of the CPA by only measuring the single-
beam transmission coefficients under different incident
angles. Then, the coherent-output amplitudes under TE
symmetric incidences are obtained using the symmetric
eigenvalue of the scattering matrix S, as shown in Fig. 3(a).
Under normal symmetric incidence, there is an obvious dip
with an amplitude of 0.1 around 0.49 THz, which implies

that coherent absorbance can achieve up to 99%. Therefore,
the hybridized system can serve as a polarization-insensitive
CPA due to the design symmetry, which is obviously
different from our previous polarization-dependent CPA
[25]. When deviating from the normal symmetric incidence,
for the TE polarization [Fig. 3(a)], another dip gradually
emerges in a higher-frequency band, which implies that
another dark mode is gradually working. The dip is as low as
0.01 at 0.63 THz under 41° symmetric incidence.
Meanwhile, the dip at the low-frequency band can still tend
to be 0.13 around 0.48 THz, indicating a good dual-band
CPA around 41° symmetric incidence. The coherent-output
amplitude under TM symmetric incidence is also included,
as shown in Fig. 3(c). For measuring the TM incidence, we
can simply rotate the linearly polarized terahertz transmitter,

Simulation

)
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0 - -
0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.7
Frequency (THz) Frequency (THz)
FIG. 3. Experimental and numerical output amplitudes for TE

(a),(b) and TM (c),(d) symmetric incidence at varied incident
angles from 0° to 50°. These results are deduced only from the
transmission due to the symmetry constraint.

054018-4



INTERFEROMETRIC CONTROL OF DUAL-BAND ...

PHYS. REV. APPLIED 9, 054018 (2018)

Normal coherent incidence

i _

NN

/ / —_SWZ

, X
\l\/’SampIe \ \
~

Sample /%
<
Receiver

FIG. 4. Experimental setup for measuring the coherent absorp-
tion of the proposed metasurface. Ln (n = 1, 2) indicates lens,
and SW1 is a high-resistance silicon wafer to split the incident
beam into B1 and B2. There are some mirrors in the experimental
setup to control the direction of the propagating THz wave.
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receiver, and LP from 90° to 0°. However, no additional dip
is observed for the TM polarization case in the same investi-
gated frequency range, as the incident angle varies synchro-
nously. Figures 3(b) and 3(d) are numerical simulation
results using the finite-difference time-domain method,
which also indicate the main results we discuss above.

To directly characterize the performance of the CPA at
different incident angles, we build a fiber-based terahertz
interferometer, as illustrated in Fig. 4(a). The generated
THz wave is first collimated by lens L1 and then split into
two beams (B1 and B2) by a high-resistance silicon wafer
SWI1. Next, Bl and B2 are guided to illuminate the
metasurface at the same incident angle from opposite
sides. The incident angles of the Bl and B2 beams can
be symmetrically controlled by the gold mirrors R4 and R9.
Either one of the two output beams can be directly detected
by carefully adjusting the angle and position of lens L2 and
the receiver. To enable continuous control over the phase
delay at the interested frequency between the optical paths
of B1 and B2 in both cases, gold mirrors R6 and R7 in B2
are mounted on a 2D translation stage (the dashed rec-
tangular box). For normal incidence, as shown in Fig. 4(b),
B1 and B2 are adjusted to coincide with each other, and the
sample is placed in the middle of the beam-overlapping
region. So, we need to insert another silicon wafer SW2 at
one side (right side here) of the metasurface to guide the
coherent output into the receiver.

The coherent-output amplitudes for TE incidence are
experimentally measured at several representative incident
angles, including 0°, 30°, 40°, and 50°. The corresponding
results are illustrated in Fig. 5. Under normal incidence,
there is only one CPA resonance, and the measured
coherent-output amplitude at the dip is 0.1 around
0.496 THz, which implies coherent absorbance can be
up to 99%. The almost-unitary coherent absorption can
be fitted according to the CMT using Egs. (3) and (4).

Amplitude

f (THz)

FIG. 5. (a) Experimental output amplitude (symbol line) for
several representative incident angles under oblique TE sym-
metric excitation. (b) Experimental (scatter) and analytical fitting
(solid line) output amplitude under normal incidence. (c) Exper-
imental (scatter) and analytically fitted (solid line) output
amplitude under oblique TE mode incidence with 40°. The
experimental output amplitude under oblique TM mode inci-
dence with 40° is also included.

The detailed fitted parameters are f; = 0.5287 THz,
f2 =0.4939 THz, yj = 0.2911 THz, y{ = 0.03491 THz,
y‘zi = 0.0162 THz, and x;, = 0.06795 THz. In this case,
actually only one dark mode can be worked due to the
constraint of incident symmetry, which leads to ki3 = 0.
The fitted CMT result agrees well with the experimental
result, as shown in Fig. 5(b). Under oblique TE symmetric
incidence, another dip in the output amplitude appears in a
higher-frequency band when the incident angle increases.
The amplitudes of the two dips are 0.15 around 0.477 THz
and 0.07 around 0.639 THz at 40° incidence, which imply
97.8% and 99.5% coherent absorptions, respectively. The
difference between the output amplitudes that are calcu-
lated from solely the transmission coefficient and measured
by the interferometer can be attributed to the deviation
of the experimental incident angle and the inaccurate
balance between the two input beams in amplitude and
phase. Physically, the induced dip in the higher-frequency
band is contributed from an additional worked dark
mode, which makes ki3 # 0. The corresponding fitted
CMT parameters are f;=0.5095THz, f, = 0.4814 THz,
f3 =0.6398 THz, y{ = 0.7256 THz, y¢ = 0.04482 THz,
v§ = 0.01177 THz, y{=0.0145THz, k;, = 0.09202 THz,
and k3 = 0.0999 THz. It can be seen in Fig. 5(c) that the
fitted result finds good agreement with the experimental
result, indicating the contribution of the additional dark
mode at 40° symmetric incidence. But, under oblique TM
symmetric incidence, except the dip around 0.5 THz, no dip
is observed in the higher-frequency band, which implies
that the hybridized system cannot realize CPA simulta-
neously in two frequency bands for the TM mode. As a
result, the transition from single-band CPA to dual-band
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FIG. 6. Measured (scatter) output amplitude for different phase
delays. (a) (0°, 0.496 THz), (b) (40°, 0.477 THz), and (c) (40°,
0.639 THz). The solid curve is the analytical output amplitude
with the varied phase delay.

CPA can be obtained for the TE mode only by changing the
symmetric incident angle.

At a fixed CPA frequency, the output amplitude of the
hybridized system can be dynamically manipulated by
tuning the phase difference between the two input beams.
Figure 6 illustrates the measured output amplitudes at each
CPA frequency channel with different phase delays.
Figure 6(a) shows that the output amplitude can be tuned
from 0.1 to 0.9 at 0.496 THz under normal incidence when
the phase difference is changed from 0° to 180°. The
deviation from the perfect adjustable range from O to 1 can
be attributed to the fact that the measured frequency point is
not exactly at the CPA position. Under 40° TE symmetric
incidence, the output amplitudes at the two CPA resonances
with different phase differences are separately measured, as
shown in Figs. 6(b) and 6(c), respectively. It can be seen
that the output amplitude can be tuned from 0.15 to 0.98 at
the lower CPA resonance, while the output amplitude can
be tuned from 0.07 to 0.99 at the higher CPA resonance.
Therefore, by simply tuning the phase difference, the
output amplitude around each CPA resonance can be
effectively modulated in a wide adjustable range, which
is very potential in realizing dynamic THz modulators in
conjunction with electrically driven vibration devices.

IV. CONCLUSION

In conclusion, a hybridized ultrathin functional metasur-
face CPA is experimentally demonstrated in the THz
regime, which can transit from single-band to dual-band
by just changing the incident angle. Our experimental
results can be well described by the CMT. The proposed
metasurface CPA can also be applied in absorptive inter-
ferometers with a wide adjustable range, which may find

applications in effectively controlling absorption for tera-
hertz imaging and terahertz switches.
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