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Absorption of microwaves by metallic conductors is typically inefficient, albeit naturally broadband, due to
the huge impedance mismatch between metal and free space. Reducing metal to ultrathin profile may improve
absorption efficiency, but a maximal 50% absorption limit induced by the field continuity exists. Here, we
experimentally show that broadband, perfect (100%) absorption of microwaves can be realized in a single
layer of ultrathin conductive film when illuminated coherently by two oppositely directed incident beams. Our
experiments keep the field continuity and simultaneously break the 50% limit. Inheriting the intrinsic broadband
feature of metals, complete absorption is observed to be frequency independent in microwave experiments from
6 to 18 GHz. Remarkably, this occurs in films with thicknesses that are at the extreme subwavelength scales,
∼λ/10 000 or less. Our work proposes a way to achieve total electromagnetic wave absorption in an ultrawide
spectrum of radio waves and microwaves with a simple conductive film.
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I. INTRODUCTION

The dissipation of microwaves in metallic conductors
is negligibly small, although the free-carrier absorption is
broadband in nature due to the absence of the bounding force
for the free carriers [1]. From an impedance point of view,
a huge mismatch exists between the metal and free space.
By reducing the thickness, the ultrathin conductive film of
conductivity, σ , and thickness, h, may absorb electromagnetic
(EM) waves in a frequency-independent manner because of
the improved match between the film impedance (i.e., sheet
resistance Rs = 1/σh in the ultrathin case, measuring the in-
plane resistance for a film of arbitrarily sized square shape, also
expressed in ohms per square) and the vacuum impedance Z0

[2–6]. However, the absorption is restricted to 50% maximum,
whatever Rs is [2–6]. It has been assumed that the 50% limit
cannot be broken under the ultrathin approximation, where
h � δ (skin depth) and hence the parallel component of the
electric field (E field) is continuous across the film. This limit
severely compromises the appealing properties of inherent
broadband and ultrathin scale when using conductive thin film
as an absorber.

Since a broadband ultrathin perfect absorber is highly
desirable in numerous applications from microwave to infrared
and visible wavelengths [7–10], various design strategies
have been proposed, such as using thick substrates or lossy
elements [3,9–10], composite structures/materials [2,11–14],
local resonances [15–20], and functional reflection boundaries
[21–24], where the field continuity is not applicable due
to either phase accumulation or resonance or reflection
boundary. Consequently, the absorption can be enhanced up
to 100%, but the resultant absorber either becomes bulky
if its performance is broadband, or requires complicated
fabrication and is a perfect absorber only over a narrow band
if its thickness is subwavelength. The relative bandwidths,
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2(fu − fl)/(fu + fl), where fu and fl are the upper and
lower frequencies of the perfect absorption band, among the
experimentally demonstrated perfect absorbers, are usually
less than 100% and do not approach the limiting value of
200% (fl → 0 and/or fu → ∞) [7–24].

A new concept called coherent perfect absorption (CPA) has
attracted a lot of research interest recently [25–34]. Regarded
as the time-reversal process of laser generation, CPA takes
place when a Fabry-Perot (FP) dielectric cavity is illuminated
by two counterpropagating coherent light beams, and all
input EM energy is trapped and dissipated inside the cavity,
accomplishing 100% absorption. Originally with the FP cavity,
the optical CPA operates at a specific frequency and the
wavelength thick material. Very recently, metallic film CPA
was investigated theoretically, demonstrating an unparalleled
bandwidth and thin-profile advantages [30].

In this Rapid Communication, we experimentally demon-
strate that the broadband perfect absorption with relative band-
width of 100% can be realized in ultrathin conductive films
illuminated coherently by two opposite microwave beams.
The films are transparent conductors [35–43] with conducting
layer thickness, i.e., absorbing thickness of ∼λ/10 000 (λ
denoting the wavelength in vacuum). Such thin films maintain
the field continuity required for EM waves to travel across
themselves, and hence do not bring about a phase shift, in sharp
contrast to previous perfect absorber designs. The coherent
illumination increases the film absorbance to 100% in a
frequency-independent manner, which implies ultrabroadband
behavior in the spectrum of radio waves and microwaves. This
extremely subwavelength-scale, inherently broadband, perfect
absorption not only breaks the 50% dissipation limit, but is also
simple in design and exhibits superabsorption.

II. BROADBAND PERFECT ABSORPTION

It is known that the 50% optimal absorption depends
solely on the sheet resistance, requiring Rs = Z0/2 = 188 �
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FIG. 1. (Color online) Fifty percent absorption limit and the
frequency-independent perfect absorption. (a) Normal reflectance,
transmittance, and absorbance of the ultrathin conductive film, with
sheet resistance 180 �. Inset is the photo of the sample, where
the underlying ruler has the minimum division of 1 millimeter.
(b) Effect of the sheet resistance on the reflectance and transmittance
in two cases: the single-beam illumination (upper inset, blue curve,
and right axis) and the coherent illumination (left inset, red curve,
and left axis). Right inset with the logarithmic scale of frequency
illustrates the frequency independency of the broadband absorption,
where three absorbance curves denoted by the sheet resistances are
calculated according to Eq. (1), where the shading area represents
A � 95% for 120 � � Rs � 295 �, the red area represents A � 98%
for 142 � � Rs � 249 �, and A = 100% for Rs = 188 �.

at normal incidence, and can be observed in various smooth
or structured thin films, regardless of their compositions
[2–6]. Transparent conductors, which are conducting layers
with excellent optical transparency, are an important type of
optoelectronic material that can be produced using various
technological approaches [38–43]. In applications, conducting
layers are supported by transparent substrates and their
electrical characterization is specified in terms of Rs . In this
work, the customized commercial transparent conductive films
with a 2.6-μm-thick conducting layer and a 0.2-mm-thick
polymer substrate are employed (see Supplemental Material A
for details on the sample [44]). The Rs = 180 � film sample, il-
lustrated by the inset of Fig. 1(a), is inserted into the microwave
passage for measuring the reflection/transmission coefficients,

r/t (see Supplemental Material B [44]). The absorbance is
calculated from A = 1 − R − T , where the reflectance R =
|r|2 and the transmittance T = |t |2. The measured results at
normal incidence are plotted in Fig. 1(a), which shows 50%
absorption.

At optimal absorption with the ideal condition Rs = Z0/2,
the transmission and reflection coefficients are t = 0.5 and
r = −0.5, respectively. In this situation, we launch the second
beam at the other side, which has the same amplitude, phase,
and polarization as the first one in terms of E field, depicted
schematically by the left inset in Fig. 1(b). Then, the second
beam has the transmission t2 = 0.5, completely canceling the
first beam reflection r1 = −0.5. Likewise, perfect cancellation
happens at the right side for t1 and r2. A straightforward
calculation proves that the incident power per unit area from
two beams, 2 × 0.5|E0|2/Z0 (E0 denoting the incident E

field), is equal to the film’s resistive heating per unit area,
0.5 Re[JE∗]h = 0.5|E0|2/Rs (the induced current J = σE,
the E field in the film E = E0 due to the field continuity,
and Rs = Z0/2). Thus, the total incident energy is entirely
deposited on the film and dissipated by the free carriers, which
is just the CPA.

From the analytical calculation (see Supplemental Material
C [44]), the reflectance in the coherent illumination is

R = |1 − (0.5Z0/Rs)|2/|1 + (0.5Z0/Rs)|2. (1)

Here, the signals, r1, t1, r2, and t2 are considered as
reflection, and the absorbance is calculated to be 1 − R.
Figure 1(b) shows the calculated quantity 1 − A with varying
the sheet resistance in the two cases at normal incidence.
R = 0(A = 1) is seen at Rs = Z0/2 for the coherent illu-
mination, whereas the absorbance is only 50% under the
single-beam case. In particular, both Eq. (1) and the CPA
condition, Rs = 1/σh = Z0/2, show no physical quantities
dependent on frequency, if σ is nondispersive. This reveals
the frequency-independent absorption behavior that is robust
in the radio/microwave regime, where the dc conductivity
is applicable, and may deteriorate in the terahertz (THz)
domain, where σ becomes dispersive. Therefore, Fig. 1(b) is
not specific to some frequency, but general in a broadband
spectrum of radio waves and microwaves, as illustrated
explicitly by the right inset. Note that >98% absorbance can
be obtained while Rs ranges extensively from 142 to 249 �,
which indicates the resistance insensitivity.

The basic difference between the optical CPA and our
case is the material system. In the former, a high-Q resonant
cavity made of low-loss semiconductors is necessary for the
antilasering process, and thus leads inevitably to selecting the
working frequency from the cavity size and the sensitivity
to material parameters in terms of dispersive permittivity or
refractive index. In our case, no cavity is involved, and the lossy
film is nonresonant, which is very beneficial to ultrabroadband
applications. Furthermore, in our discussed spectrum range
where both ultrathin (h � δ) and low-frequency [σ/(ωε0) �
1] conditions hold, the dimensional and material parameters
of the film can be combined into a single nondispersive char-
acteristic quantity, Rs, which has explicit meaning in physics
and great utility in engineering applications (see the use of the
impedance language in Supplemental Material C [44]).
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FIG. 2. (Color online) Coherent perfect absorption in free space. (a) Schematic drawing of the experimental setup in free space.
(b) Measured (open symbols) and calculated (dashed lines) results in free space for the cases of L = 0 and L = 14.5 mm (inset). L denotes the
difference in the distance of the film to the two horn antennas. The sample has the sheet resistance 180 �.

III. RESULTS AND DISCUSSION

The coherently illuminating experiment was first imple-
mented in free space using the setup shown schematically
in Fig. 2(a). Two identical rectangular horn antennas are
connected with port 1 of the microwave network analyzer
using identical coaxial cables and a −3 dB power divider
[45]. The sample is first inserted in the proper position with
the identical separations to the antennas, i.e., the distance
difference is L = 0. In this symmetrical configuration, the
two incident waves emitted from the horns satisfy the in-phase
relationship, i.e., the relative phase is �ϕ = 0. The measured
and calculated results are plotted in Fig. 2(b), where the
measured absorbance is >99% over the experimental range,
6–18 GHz, with a mean value of 99.6% (see Supplemental
Material B for details on the free space measurement [44]).
This complete absorption is seen to be frequency independent,
corresponding to a 100% relative bandwidth. In principle, the
lower frequency, fl , of the perfect absorption band can be
close to 0 Hz and the relative bandwidth will approach 200%.
As discussed, the native broadband feature comes from the
nondispersive conductivity and is an intrinsic consequence
of free carriers dissipating the EM wave of low frequencies.
In particular, note that the efficient dissipating layer is only
∼3 μm thick, which is extremely subwavelength (∼λ/10 000)
and much less than δ (see Supplemental Material D for the EM
parameters of the film [44]).

If the distances of the film to the antennas are adjusted so
that L is nonzero, say 14.5 mm, the experimental spectra show
a ∼0 absorption minimum, as plotted in the inset of Fig. 2(b).
This zero absorption is related to �ϕ. When �ϕ = k0L = mπ

(k0 = 2πf/c, where f is the frequency, c the speed of light
in vacuum, and m is an odd integer) at a specific frequency,
the E fields of the two waves cancel each other out at the
sample position, no free-carrier dissipation is induced, and
consequently there is no absorption at all. The frequency of
zero absorption, 10.5 GHz, is in good agreement with the
condition k0L = π .

The CPA can also take place for oblique incidence. In
Fig. 3(a), the two beams are incident at the same oblique
angle θ0. Likewise, due to the mutual cancellation of the
reflected and transmitted beams on either side, 100% of the
EM energy carried by the dual oblique beams is trapped in
the conductive film and finally dissipated as ohmic loss. The

reflectances for both TM and TE incidences are calculated and
plotted in Figs. 3(b) and 3(c), where the green line denotes
the zero reflectance condition, Rs = (Z0/2) cos θ0 (TM) and
Rs = (Z0/2)/ cos θ0 (TE). These two conditions do not depend
on frequency either. With the Z0/2 sheet resistance, the angular
tolerance for >90% TM and TE absorbance is as large as 60°.
Instead of measuring absorption for oblique incidence in free
space with four horn antennas, we performed the measurement
inside a rectangular waveguide. The difference is θ0 changes
with frequency according to cos θ0 = β/k0, where β is the
propagation constant of the waveguide mode.

In the waveguide experiment, the sample is sandwiched
between two identical X band coax-to-waveguide adapters,
and the TE10 mode is launched from both sides and travels
toward the sample with the same phase, as illustrated in the
inset in Fig. 3(d) (see Supplemental Material B for details on
the waveguide measurement [44]). To make the waveguide in
single mode, measurements are carried out below the TE20
cutoff of 13 GHz. The magenta triangles are the result of
the Rs = 221 � sample, and indicate the absorption increases
from 84% at 7 GHz to 99% beyond 10 GHz. In an alternative
view, the TE10 mode can be decomposed as two TEM beams
propagating at the same oblique angle θ0 = cos−1(β/k0),
which implies θ0 decreases with frequency. Therefore, the
magenta triangles curve is consistent with the angular variation
of the reflectance at Rs = 221 � in Fig. 3(c).

The Rs = 442 � sample is also tested in our waveguide
setup, seeing the red circles in Fig. 3(d). It is noted that
the absorbance is greater than 90% over the X band, and
the nearly full absorption, 99.6%, appears around 7.35 GHz,
labeled as “A” in Fig. 3(d). As shown in Fig. 3(c), the
perfect absorption for Rs = 442 � occurs to θ0 = 64◦, also
labeled, which matches the 7.35 GHz TE10 mode. The
calculated results of the two samples, plotted as lines in
Fig. 3(d), agree well with the measured ones. Therefore,
the waveguide experiment proves that the CPA persists to
the off-normal incidence, if the sheet resistance changes
accordingly. In fact, the prerequisite of the oblique CPA, which
likewise is tTE(TM) = 0.5 and rTE(TM) = −0.5 at single-beam
illumination, can be obtained from Eq. (S1), which depends
on both θ0 and Rs, in Supplemental Material C [44].

The relative phase of the two TE10 beams when reaching
the sample can be controlled by adding the delay line, e.g., a
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FIG. 3. (Color online) Coherent perfect absorption in oblique incidences. (a) Schematic drawing of the CPA at oblique angle θ0. (b) and (c)
Calculated reflectance under TM and TE illumination, respectively, where the green line denotes the CPA condition, Rs = (Z0/2) cos θ0 (TM)
and Rs = (Z0/2)/ cos θ0 (TE). (d) Measured (symbols) and calculated (lines) results in the X band waveguide, as illustrated schematically by
the inset. The samples have the sheet resistance 221 � (magenta triangles and line) and 442 � (red circles and line).

section of waveguide (length L = 140 mm), to the passage of
one beam. It can be inserted at either side of the sample, and the
phase delay introduced is βL. (For general tunability, a phase
shifter may provide arbitrary phase control.) In Fig. 4, we
show the measured and calculated absorbance (green symbols
for the left insertion, magenta symbols for the right, and the
solid line for the calculation). As expected, the curves agree
very well and reveal the rapid modulation of absorption within
the X band. Interestingly, the absorption twin peaks appear
and evolve into the bands with frequency. These bands as well

FIG. 4. (Color online) Coherent perfect absorption in the waveg-
uide with large phase delay. Measured (open symbols: green for
the left addition and magenta for the right addition) and calculated
(solid line) absorbance in the waveguide with the addition of the
L = 140-mm-long delay line. Dashed line denotes the delay phase
βL, and is associated with the right axis. The sample has the sheet
resistance 221 �.

as the absorption minima are associated with �ϕ = βL = mπ

(the even number m for the band center and the odd m for the
minima), as indicated by the dashed line in Fig. 4. The formula
(see Supplemental Material C [44]) reveals that the twin peak
is from (Z0/2) cos(�φ)/(Rs cos θ0) = 1, which conditionally
holds at two frequencies around �ϕ = mπ (m being the even
number) relying on the parametrical combination. A physical
discussion in this regard is provided in Supplemental Material
E [44], which also shows the coupling for the returned signals
inside the power divider may happen in a lossy way [45] and
causes some resistive dissipation at the general phase case
�ϕ 	= mπ (m being zero and positive integer).

In a reversed process, our system does not behave like any
maser [46], but like a nonresonant sheet antenna that radiates
plane waves toward two sides of free space. In order to excite
the oscillation of the free carriers inside the film for radiation,
suppose a radio-frequency voltage bias is imposed in the film
plane. From the transmission line theory, an equivalent circuit
consists of a driving source with internal resistance Rs from
the film, and two external loads Z0 in parallel connection
accounting for two sides of free space. It is easy to prove
that the condition of the maximal power gained by the loads
is that the internal impedance is equal to the total external
load, i.e., Rs = Z0/2. Therefore, the CPA condition is closely
related to the radiating performance of the ultrathin conductive
sheet. This simple relation may be of great significance in
optimizing the emission power of the current sheet antennas,
even including THz photoconductive antennas which may be
regarded as transient-current sheet and emit THz waves toward
two sides of the photoconducting layer [47–49].
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In technology, the absorbing layer thickness can be reduced
further into nanometer scale while maintaining the sheet
resistance. For example, a ∼5-nm-thick smooth Au film
or a metallic mesh structure with thickness several tens of
nanometers enables designing the 50% microwave absorber
under single-beam illumination [50]. Such nanofilms will
manifest the broadband perfect absorption at a thickness of
∼λ/106 for coherent illumination.

Besides the broadband nature of the film, the relative phase
�ϕ = 0 is also crucial to the frequency-independent perfect
absorption. From the interference perspective, this requires
experimentally a zero-path-delay interferometer for the two
counterpropagating coherent beams, as done in our setup (L =
0). The critical condition not only guarantees the constructive
interference of the E fields at the sample position to every
wavelength, but also relaxes the coherence of the wave source.
Thus, our results can also be observed with an incoherent
source in a symmetrical setup.

IV. CONCLUSIONS

In conclusion, the broadband perfect absorption of the
ultrathin conductive film is experimentally realized under co-
herent illumination, exhibiting structural simplicity and super

performance. Two key ingredients in experiment, ultrathin
profile and coherent illumination, completely eliminate the f

dependency which is typically encountered in perfect absorber
design, and fully liberate the inherent superiority of a simple
metallic sheet by surpassing the 50% limit. Our work may
enable ultrabroadband, deep subwavelength applications in
microwave absorbers and antenna engineering, and bridge two
important technological fields, EM absorbent materials and
transparent conductors.
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