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the significance of metasurfaces.[9] Meta-
surface absorbers have attracted consider-
able interest and motivated a number of 
theoretical and experimental studies over 
the past few years. Many efforts have been 
made to achieve metasurface absorbers 
with polarization-insensitive,[10] wide-
angle,[11] multiband,[12,13] or broadband 
performance[14] from gigahertz to terahertz 
to optical ranges, which could have many 
different potential applications. However, 
the traditional metasurface absorbers 
exist theoretical limit. The basic idea of 
the traditional metasurface absorbers is to 
simultaneously minimize the reflectance 
through the interference of multiple reflec-
tions, eliminate the transmittance through 
introducing metallic ground on the bottom 
of metasurface, and maximize the struc-
ture losses.[15] Their electric and magnetic 
response can be properly tuned by tai-
loring the structure. Based on this theory, 
the reported metasurface absorbers have 

a lot of limitations in the structural designs, which are often 
made up of a dielectric spacer sandwiched between resonators 
and metallic ground plane.[10–16] Therefore, there are well-known 
challenges in optimizing the performance of metasurface 
absorbers, and it is urgent to tackle the barriers posed by the the-
oretical limit and improve the optical properties of metasurface 
absorbers to satisfy the requirements for practical applications.

Recently, new degrees of freedom were attained by intro-
ducing abrupt phase changes via plasmonic metasurfaces.[17,18] 
Such metasurfaces are capable of generating a wide range 
of position-dependent discontinuous interfacial phase pro-
files. Since an abrupt phase shift over the wavelength scale 
can be introduced, the relationship between the incident and 
refracted beams seems to go beyond the standard Snell’s law.[17] 
By simply engineering the metasurface-induced phase pro-
file, a nearly arbitrary wavefront can be achieved.[19–22] This 
unique approach, viz. introducing an abrupt phase change 
using a flat metasurface, promises interesting device applica-
tions beyond the scope of conventional components that rely 
on gradual phase accumulation to shape the wavefront. It has 
already been used to demonstrate some exotic phenomena, 
including anomalous reflection and refraction,[17] the spin Hall 
effect of light,[23] plasmonic metalens,[24] metasurface holo-
grams,[25] optical polarization conversion of light,[26] and so on. 
Therefore, controlling the wavefront by using metasurfaces 
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Perfect Absorbers

Plasmonic metasurfaces are a new class of quasi-2D meta-
materials that offer interesting possibilities for manipulating 
light.[1,2] A number of fascinating phenomena and applica-
tions that challenge our understanding of the electromagnetic 
response of materials, including negative refraction indices,[3] 
invisibility cloaking,[4–6] controllable optical activity,[7] and flat 
lenses that focus light beyond the diffraction limit[8] have been 
demonstrated by engineering the geometry of nanostructured 
metasurfaces. While the high light absorption by plasmonic 
nanostructures is undesirable for applications requiring high 
transmittance or reflectivity, it has served to introduce the 
concept of “metasurface perfect absorbers,” which has increased 
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offers a new way to manipulate fundamental optical processes 
such as absorption, emission, and refraction at the nanoscale. 
It also provides the opportunity to realize novel metasurface 
absorbers, tackle the barriers posed by theoretical performance 
limits, and solve current issues in this research field.

In this letter, we present the design, characterization, and 
experimental demonstration of a novel bidirectional perfect 
absorber in the near infrared regime. This absorber consists 
of two pairs of nanoapertures, as opposed to traditional meta-
surface absorbers with a sandwich configuration. Through a 
special structural arrangement, a large phase gradient can be 
generated on the metasurface interface, which leads to the 
transformation of free-space incident waves into evanescent 
waves. The experimental and simulation results show that the 
proposed metasurface absorber can realize bidirectional perfect 
absorption. Based on special nanofabrication process, proposed 
metasurface absorber is free substrate, and it has strict sym-
metry in the z-direction. It means that metasurface absorber 
has the same absorption peak when the light comes from two 
sides. Further, the bidirectional perfect absorption of such a 
metasurface does not depend on the coherence of the beams, 
and it is retained for any phase difference between the light 
incident on both sides. The new degrees of freedom enabled 
by this novel absorber provide twice the absorption capacity in 
a single metasurface and could have a wide range of applica-
tions and profound implications in photodetection, solar light 
harvesting, and sensing.

Controlling the light wavefront has become an important 
research subfield of metasurfaces. It offers new degrees of 
freedom to manipulate fundamental optical properties. It is 
well known that the propagation direction of light can be easily 
tuned by generating a special wavefront, and this can be done by 
simply engineering the arrangement of the nanostructures. The 
coupling of free-space photons to surface plasmon polaritons 
(SPPs) can also be easily realized by specially designed metasur-
faces. Let us consider a plane wave of unit amplitude traveling 
in the z-direction, which is transmitted through a metasurface 
with complex-amplitude transmittance. The transmission pro-
cess can be described through the following expressions 

g x y z H v v f z A j v x v y jk z
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where f(z) and g(x, y, z) are the complex amplitudes of the input 
and output light, H(vx, vy) is the transfer function of the metas-
urface, k and λ are the wavevector and wavelength of the light, 
respectively, and vx = kx/2π and vy = ky/2π are the spatial fre-
quencies in the x- and y-direction of the metasurface. There-
fore, the incident wave is modulated by a harmonic function. 
For spatial frequencies such that +2 2 2v vx y λ< − , the magnitude 
|exp (−jkzz)| = 1 and the phase jk zzarg{exp( )}−  is a function 
of vx and vy. The incident wave is then converted into a plane 
wave with a wavevector whose direction is given by the angles  
θx = sin−1 λvx and θy = sin−1 λvy, and whose magnitude is not 
altered. At higher spatial frequencies, 2 2 2v vx y λ+ > − , the quantity 
under the square root in Equation (1) becomes negative, so the 
exponent is real and exp (−jkzz) represents an attenuation factor. 
The output wave is an evanescent wave, whose magnitude 

will decay exponentially. In this case, the free-space incident 
wave is totally transformed into SPPs, whence the transmit-
tance is zero.[27] Therefore, we can achieve vanishing trans-
mittance and reflectance by inducing a large phase gradient 
on the metasurface, corresponding to high spatial frequencies 
( +2 2 2v vx y λ> − ). This provides the opportunity to realize a novel 
metasurface absorber by shaping the light wavefront, which 
requires designing a kind of nanostructures that allow us to 
control the phase of the transmitted and reflected light.

The unit cells of the proposed metasurfaces with rectan-
gular nanoapertures are schematically shown in Figure 1a,b. 
Two gold layers with 70 nm thick are separated by a layer of 
dielectric with 70 nm thick along the z-axis. The top and 
bottom nanoapertures are either aligned or separated by a dis-
tance S along the y-direction. The optical parameters of gold 
are described using the Drude model.[28] The whole structure 
is embedded in silicon nitride, whose dielectric constant is 4. 
We performed numerical simulations using a 3D finite element 
method with COMSOL Multiphysics.[29] SPPs can be appar-
ently excited at the metal–dielectric interfaces by the normally 
incident light polarized along the y-direction. A standing wave 
of SPPs can be formed because of the coupling between two 
metal layers. A metal–insulator–metal (MIM) waveguide can 
therefore be obtained (see Figure 1e), where the phase and 
amplitude of the transmitted light are sensitive to the dimen-
sions and geometry. For example, we can obtain a wide range 
of phase shifts by tuning the aperture length L in the aligned 
case S = 0. Due to the excitation of surface waves and local-
ized resonance, a high transmission amplitude can be main-
tained across a wide range of L. The range of phase shifts can 
be further extended by tuning the lateral translation S between 
the top and bottom nanoapertures. The calculated phase of the 
transmitted light from the plasmonic metasurfaces as a func-
tion of the aperture lateral translation S is shown in Figure 1f. 
Two out-coupling maxima can be found at S = 0 and S = P/2. 
Since the strongest charge oscillation can be established within 
the bottom individual nanoapertures, the efficient dipole radia-
tion in the transmission direction can be realized. Furthermore, 
the transmitted phase difference for these two conditions is 
close to π (see Figure 1c,d). The reason is that the charge oscil-
lations at the bottom nanoapertures have opposite directions.[22]

In order to experimentally validate the bidirectional meta-
surface perfect absorber described above, we use two pairs of 
nanoapertures to form a super-unit-cell in Figure 2a. The pro-
posed metasurfaces consisting of a periodic array of individual 
subunits have similar transmission amplitudes and a trans-
mitted phase difference of π at the designed wavelength. In this 
way, a constant large phase gradient along the metasurface can 
be created to transform free-space incident waves into evanes-
cent waves. It should be emphasized that the super-unit-cell 
has strict symmetry in the z-direction, which means that the 
reflection and absorption spectra do not depend on which side 
is illuminated by the incident light. Figure 2b shows scanning 
electron microscopy (SEM) images of the metasurface struc-
ture, which was fabricated by sputtering deposition of gold and 
Si3N4, electron-beam lithography, and reactive ion etching.[22] 
In order to obtain strict structural symmetry in the z-direction, 
an Au nanostructure was deposited onto the self-supporting 
Si3N4 film. A 200 nm thick polymethyl methacrylate (PMMA) 
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resist was subsequently spin coated onto the sample, which was 
then subjected to bake out on a hotplate at 180 °C for 2 min.  
The pattern was exposed using an electron-beam lithography 

system (Raith150, Raith GmbH, Dortmund, Germany) at  
10 keV. After the exposure, the sample was developed in methyl 
isobutyl ketone:isopropyl alcohol (MIBK:IPA) (1:3) for 40 s and 

IPA for 30 s and then blown dry with pure 
nitrogen. The pattern was transferred onto 
the Au layer by a reactive-ion etching system 
using Ar gas. After removing the PMMA 
resist with acetone, a 70 nm thick Si3N4 
layer was deposited onto the sample using 
plasma-enhanced chemical vapor deposi-
tion (PECVD). The pattern on the second Au 
layer was prepared by repeating the exposure, 
etching, and resist-removal processes. Finally, 
a 70 nm thick Si3O4 layer was deposited on 
the top of the sample using PECVD.

We used a Fourier-transform IR spectrom-
eter (VERTEX 70, Bruker Optics, Ettlingen, 
Germany) to measure the reflection and 
transmission spectra of the sample, from 
which the absorption spectrum can be cal-
culated. Those spectra were recorded by 
averaging the data from 64 measurements, 
in order to improve the signal-to-noise ratio. 
The simulated and experimental absorp-
tion spectra of the designed structures are 
shown in Figure 3. When the incident light 
illuminates the front of the metasurface, the 
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Figure 1. Schematic illustration of the unit cells: a) top view and b) lateral view. The rectangular nanoapertures in the two layers have the same dimen-
sions. The surface plasmonic standing wave is shown between the two metallic structures, with the charge oscillation indicated. The rectangular with 
dotted line represent the position of the nanoaperture in the bottom layer. c,d) Simulated Ey patterns for the aligned and translated nanoapertures in 
the yz plane, with periods Px = 455 nm and Py = 1000 nm, L = 305 nm and W = 195 nm. e) Simulated Ez patterns of an MIM waveguide with periodic 
rectangular nanoapertures in the top metal film in the yz plane. f) Calculated phase of the transmitted light from the plasmonic metasurfaces as a 
function of the aperture lateral translation S, for a structure with aperture length L = 305 nm and width W = 195 nm.

Figure 2. a) Schematics of the nanoapertures forming the super-unit-cell in the plasmonic 
metasurface absorber. The optimized geometrical parameters of the nanoapertures are 
L1 = 305 nm, L2 = 320 nm, and W1 = W2 = 195 nm. The dimensions of the subunits in the 
y- and x-direction are 1000 and 875 nm, respectively, while the lateral translation S is 0 and 
500 nm, respectively. b) SEM images of a fabricated plasmonic metasurface after finishing the 
first layer (lower panel) and after complete fabrication (upper panel). The super-unit-cell in each 
layer is highlighted in yellow.
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simulation results show perfect absorption at a wavelength 
of 1352 nm. Due to the symmetry of the nanostructures, the 
absorption spectrum is identical for incident light reaching the 
back of the absorber. The experimental results also show signif-
icant absorption, in good agreement with the simulation. The 
absorption is about 88% and 79% for incident light reaching the 
front and back of the metasurface, respectively. The discrepancy 
between the simulation and the experimental results should be 
mainly caused by the inevitable structural imperfections of the 
fabricated sample shown in Figure 2b. The experimental results 
show that the sample exhibits bidirectional absorption, a totally 
different behavior from that of traditional absorbers.

To better understand the nature of this novel metasurface 
absorber, we investigated the amplitude and direction of the 
electric field through numerical simulation. Figure 4a,b shows 
the electric field direction (white arrows) and amplitude distri-
bution (colormaps) on the back and front side of the metasur-
face at the absorption peak, when the incident light illuminates 
the front side of the absorber . On the other hand, Figure 4c,d 
shows the cross-line value of the electric field phase as a func-
tion of the x-axis position on the surface shown in Figure 4a,b. 
We find that the two fabricated nanoaperture structures have 
indeed similar transmission amplitudes and a phase difference 
of π in the transmitted electric field at the absorption wave-
length. Therefore, two nanoapertures with a periodic arrange-
ment form a large phase gradient on the interface of the 
metasurface. The period of the unit cell is 1000 nm, and the 
spatial frequency vy in the y-direction is about 106 Hz, which 
satisfies the relationship 2 2vy λ> −  at the absorption wavelength 

of 1352 nm. Thus, the output wave will be an evanescent wave, 
according to Equation (1), and its magnitude will decay exponen-
tially. In these conditions, the free-space incident wave is totally 
transformed into SPPs, and the transmittance is zero. The situ-
ation for the electric field reflected by the metasurface is similar. 
Figure 4b,d shows that the electric field in the zones with and 
without nanoaperture structures also has similar transmission 
amplitude and opposite resonance direction at the absorption 
wavelength. Therefore, a large phase gradient and high spa-
tial frequencies vy in the y-direction, satisfying the relationship 

2 2vy λ> − , are formed on the interface of metasurface. Thus, the 
reflected wave is again an evanescent wave, and the reflectivity  
is zero. The basic idea behind traditional metasurface absorbers 
is to simultaneously minimize the reflectance through the 
interference of multiple reflections, eliminate the transmittance 
using a metallic ground plane, and maximize the structure losses.  
However, the novel metasurface absorber proposed here depends 
on the transformation of free-space incident waves into eva-
nescent waves to eliminate the reflectance and transmittance, 
according to the phase control provided by the nanoaperture 
structures. It behaves as a bidirectional perfect absorber, which 
can double the absorption capacity of a single metasurface. 
Therefore, this novel metasurface absorber tackles the barriers 
posed by the theoretical performance limit and overcomes the 
limitations of sandwich nanostructures, largely expanding and 
improving the optical properties of metasurface absorbers.

It is obvious that the symmetry of the metasurface in the 
z-direction plays an important role in bidirectional absorption. 
At the same time, the absorption of the light incident on the 
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Figure 3. a) Simulated and b) experimental absorption spectra of the sample when the incident light illuminates the front side. (c) and (d) are analo-
gous figures for incident light illuminating the back side.
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front of the absorber is independent of the light reaching its 
back. Therefore it is possible that the proposed metasurface 
could simultaneously absorb incident light illuminating both 
sides. Figure 5a shows the output intensity of the metasurface, 
defined as the sum of all the transmitted and reflected inten-
sity when the incident light simultaneously illuminates both 
sides. If the output intensity is zero, that means that all the 
incident light (on both sides) is absorbed by the metasurface. 
This is precisely what the simulation results show at 1352 nm; 

see Figure 5a. Recently, coherent perfect absorbers have drawn 
significant attention from researchers because of their unique 
electromagnetic properties.[30] A coherent perfect absorber can 
achieve complete absorption at a single frequency by sending 
two counterpropagating fields to a Fabry–Perot cavity that 
possesses a lossy slab. Coherent perfect absorbers have vast 
applications in interferometry procedures in optical circuits and 
technologies related to light harvesting. However, they need 
coherent illumination by two beams, and the phase difference 
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Figure 4. Simulated electric field direction (white arrows) and amplitude distribution (colormaps) on a) the back and b) front side, at the absorption 
peak and when the incident light illuminates the front of the metasurface; (c) and (d) show the cross-line value of the electric field phase as a function 
of the x-axis position in c) the back and d) front side at the absorption peak.

Figure 5. a) Simulated output intensity spectrum of the proposed metasurface, when the incident light simultaneously illuminates both sides. b) Simu-
lated output intensity spectrum as a function of the phase difference between the incident light that illuminates both sides.
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between these has a great impact on the absorption capacity 
of the materials. In particular, bidirectional perfect absorption 
occurs only for a certain phase difference. However, for many 
practical applications it is desirable to achieve bidirectional per-
fect absorption when using incoherent beams, a characteristic 
of the novel metasurface absorber presented here. In order to 
prove that the absorption of the light illuminating the front side 
of the metasurface is independent of the light illuminating its 
back, we obtain the output intensity spectrum as a function of 
the phase difference between those two beams; see Figure 5b. 
We observe that the proposed metasurface maintains bidirec-
tional perfect absorption for any phase difference between 0 and 
2π. Therefore, the proposed metasurface is quite different from 
coherent absorbers, as it has the unique characteristic of inde-
pendent bidirectional perfect absorption. Our results open a new 
avenue for designing new types of absorbers and sensors, which 
can double the absorption capacity of a single metasurface.

In summary, we have proposed and experimentally validated 
a novel metasurface absorber that exhibits bidirectional per-
fect absorption, based on the manipulation of the light phase. 
Through a special structural arrangement, a large phase gra-
dient can be generated on the metasurface interface, which 
leads to the transformation of free-space incident waves into 
evanescent waves. This way of eliminating the transmittance 
and reflectance is different from the method used by traditional 
absorbers with a sandwich configuration and also from that 
employed by coherent perfect absorbers. The proposed metas-
urface absorber can realize simultaneously bidirectional perfect 
absorption, and the absorption of the light incident on one side 
is independent of the light that illuminates the other. Simula-
tion results show that the proposed metasurface absorber main-
tains bidirectional perfect absorption for any phase difference 
between 0 and 2π. Therefore, the proposed perfect absorber 
can double the absorption capacity of a single metasurface, and 
tackles the barriers posed by the theoretical performance limit 
and overcomes the limitations of sandwich nanostructures, 
largely expanding and improving the optical properties of meta-
surface absorbers. The demonstration is in the near infrared 
wavelength range, but the approach of realizing bidirectional 
perfect absorption can be easily translated to mid-infrared, tera-
hertz, and microwave frequency regimes. Therefore, the novel 
metasurface absorber tackles the barriers posed by the theo-
retical performance limit, largely expanding and improving the 
optical properties of metasurface absorbers. As a result, it could 
find numerous applications, ranging from detection to sensing.
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