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Nonlinear metamaterial absorbers enabled by photonic doping of epsilon-near-zero metastructures
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We theoretically demonstrate an approach for designing absorbers with strongly intensity-dependent ab-
sorption. The proposed absorbers consist of a spacer layer between a top resistive sheet and an underlying
metallic substrate, akin to the traditional Salisbury screen, except for the use of an epsilon-near-zero slab with
a nonlinear dielectric inclusion as the spacer layer. Such absorbers may be designed to exhibit highly tailorable
absorption characteristics, including either saturable or reverse saturable absorption. In addition, the proposed
nonlinear absorbers include interesting features such as high angular selectivity, insensitivity with respect to
the absorber thickness, bandwidth tunability, and the possibility of operating with or without hysteresis. The
proposed nonlinear absorbers may be appealing for several applications and nonlinear devices, such as optical
limiters.

DOI: 10.1103/PhysRevB.102.035404

I. INTRODUCTION

Since the spiked interest in electromagnetic metamate-
rials from the turn of the century [1], epsilon-near-zero
(ENZ) media have garnered significant attention due to their
unique light-matter interaction characteristics [2], rendering
them suitable for several novel applications, such as super-
coupling [3–6], highly directive antennas [7,8], geometry-
invariant resonant cavities [9], nonradiating modes in three-
dimensional (3D) cavities [10–13], and nonperturbative
nonlinear optics [14–17]. Another interesting aspect of ENZ
media is that they enable the design of metamaterials which
circumvent the constraints imposed by conventional effective
medium theories. For example, as a result of the vanishing
permittivity, it has been shown that for transverse-magnetic
(TM) polarization, the magnetic field distribution in a two-
dimensional (2D) ENZ becomes spatially uniform [18]. Ex-
ploiting this distinctive property, it has been demonstrated that
the ENZ effective permeability may assume arbitrary values
by embedding a single dielectric inclusion into the ENZ host,
while maintaining its near-zero permittivity [19]. This concept
is usually referred to as photonic doping, and it has been
extended to nonlinear dielectric inclusions, demonstrating
the possibility of obtaining an ENZ with a nonperturbative
magnetic nonlinearity by using a dopant with a perturbative
electric nonlinearity [20].

The most commonly used design for absorbers consists
of a resistive sheet or patterned frequency-selective surface,
on top of a dielectric spacer layer, backed by a metallic
ground plane [21]. In some absorbers, such as the Salisbury
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screen [22] and Circuit Analog Absorbers [23], the absorption
occurs in the thin sheet. In contrast, in other absorbers, such
as the Dallenbach layer [24], the absorption occurs in the
dielectric layer, instead. In fact, it has been shown that a lossy
ENZ slab mounted on top of a ground plane may perfectly
absorb an incident plane wave at a designable incidence
angle [25].

The pioneering work by Landy et al. introducing the
concept of perfect metamaterial absorbers [26], stimulated
substantial research efforts for designing high performance
absorbers [27], resulting in absorber designs exhibiting
polarization-sensitive [28] or insensitive [29], wide-angle [30]
or narrow-angle [31], narrowband [32] or broadband [33],
and dynamically tunable characteristics [34], as well as de-
signs with flexible substrates [30], spanning microwave [35],
terahertz [36], and optical frequencies [37], for applications
as diverse as photovoltaics [38], microbolometers [39], and
refractive index sensors [40].

While the vast majority of studies on metamaterial ab-
sorbers have focused on linear designs, nonlinear absorbers
which exhibit intensity-dependent absorption, i.e., either in-
creasing or decreasing with incident intensity, may be de-
sirable in certain contexts. However, relatively few nonlin-
ear absorber designs have been proposed in the literature.
These studies exploited the nonlinear change in permittivity
either due to the thermal changes associated with the ab-
sorbed radiation [41] or arising from the Kerr effect [42,43].
At microwave frequencies, nonlinear absorbers were experi-
mentally demonstrated by incorporating diodes, as nonlinear
lumped elements, into metasurfaces [44,45]. More recently,
the plasmonic parametric resonance was utilized for obtain-
ing reverse saturable absorption [46]. In various frequency
regimes, several nonlinear absorbers were proposed with dis-
tinctive characteristics. For instance, in the microwave regime,
waveform-dependent [47] and electrically tunable [48] non-
linear metasurface absorbers were designed. Additionally, in
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FIG. 1. Nonlinear absorbers from a general perspective.
(a) Schematic of a plane-wave incident on a nonlinear absorber.
(b) Quintessential nonlinear reflection phase variation. Reprinted
with permission from our poster presentation at the 2020 CLEO,
Ref. [63]. Copyright 2020 CLEO.

the terahertz regime, ultrathin, flexible nonlinear absorbers
were proposed [49,50].

In this article, we exploit the technique of nonlinear pho-
tonic doping to design absorbers which exhibit tailorable
intensity-dependent absorption. As a result of its strong ef-
fective magnetic nonlinearity, the impedance of an ENZ slab
backed by a Perfect Electric Conductor (PEC) varies consid-
erably as the incident intensity increases. Consequently, the
absorption spectrum shifts with increasing intensity. For a
fixed frequency, however, the absorption varies considerably
as a function of incident intensity.

II. NONLINEAR ABSORBERS BASED
ON PHOTONIC DOPING

To explain the operating principle of the absorber, we start
by revisiting the standard absorber configuration consisting of
an absorptive sheet separated from a reflective ground plane
with a spacer layer, one may envision achieving nonlinear ab-
sorption by deploying a nonlinear material in the spacer layer,
as depicted schematically in Fig. 1(a). Assuming a reverse sat-
urable absorption characteristic (i.e., low absorption for low
incident intensities and high absorption for high intensities)
is desired, the nonlinear spacer layer should behave such that
the sheet becomes short-circuited at low incident intensities,
whereas the impedance mismatch between the absorber and
free-space decreases with increasing intensity.

In the absence of the resistive sheet, the reflection coef-
ficient of a plane wave, obliquely incident from free-space,
from a PEC-backed slab with permittivity ε1 and permeability
μ1 may be readily shown to be given by the following expres-
sion by applying the continuity of the tangential electric and
magnetic field components [51]:

� = i
√

μ1cos(θ1)tan[k0
√

μ1ε1cos(θ1)d] + √
ε1cos(θ1)

i
√

μ1cos(θ1)tan[k0
√

μ1ε1cos(θ1)d] − √
ε1cos(θ1)

, (1)

where cos(θ1) =
√

1 − sin2(θ1) =
√

1 − sin2(θi )/μ1ε1, k0 =
2π/λ0, with d and λ0 denoting the slab thickness and free-
space wavelength of the incident plane wave, respectively.

If the material parameters are chosen such that � = −1,
the total electric field on the air/slab interface becomes zero.

As a result, no power would be dissipated in a resistive sheet
placed on the slab. On the other hand, when � = 1, the
air/slab interface becomes an antinode for the electric field.
As a result of the enhanced electric field, the absorption in
the sheet becomes maximized. Therefore, a reverse saturable
absorption characteristic is obtained if the slab is designed
such that the reflection phase is 180 degrees for low intensity,
but approaches zero phase as the incident intensity increases.
A conceptual sketch of such a reflection phase variation is
illustrated in Fig. 1(b).

This phase response can be implemented by using an
ENZ slab doped with nonlinear dielectric inclusions to con-
trol its effective permeability. Specifically, the parameters
of the doped ENZ slab are chosen such that μeff � 0 for
low-intensity incident fields. As a result, the external bound-
ary of the ENZ slab is effectively short-circuited for small-
amplitude normally incident plane waves. As the intensity
increases, however, the effective permeability of the doped
ENZ increases, leading to a high impedance value, sim-
ply due to a near-zero permittivity, and hence approaching
a � = 1 reflection coefficient. As a result, the sheet ex-
hibits negligible absorption for low-intensity normally inci-
dent plane waves, but strong absorption for higher incident
intensities.

The overall behavior of the slab can also be explained
by using an equivalent circuit model. Specifically, consider
a TM-polarized plane wave normally incident on the ab-
sorber consisting of a sheet with resistivity Rs, separated
from a PEC plane by a magnetic ENZ slab with permittivity
εENZ � 0 and permeability μENZ(ω). Due to the spatially
uniform magnetic field in the ENZ, it has been shown that the
ENZ slab may be modeled with a series reactance X (ω) =
ωμ0μENZ(ω)d , where d denotes the ENZ thickness and ω

is the angular frequency of the incident radiation [52]. As a
result, the impedance seen behind the sheet, Z1(ω) is given
by (using the e−iωt time convention): Z1(ω) = −iX (ω) =
−iωμ0μENZ(ω)d , leading to an input impedance Zin(ω) from
the absorber given by:

Zin(ω) = Z1(ω) ‖ Rs = −iRsωμ0μENZ(ω)d

Rs − iωμ0μENZ(ω)d
. (2)

According to the transmission line model depicted in
Fig. 2(a), the reflection from the absorber is given by r =
Zin (ω)−Z0
Zin (ω)+Z0

. Since the absorber is backed by a PEC ground plane,
the transmission coefficient is zero. Therefore, the absorption
is simply given by A = 1 − |r|2.

From the preceding equations, it is evident that μENZ(ω) �
0 leads to zero absorption. On the other hand, when |μENZ(ω)|
is sufficiently large such that |ωμ0μENZ(ω)d| � Rs, then
Zin(ω) � Rs. Under this condition, the normally incident
plane wave is completely absorbed if the sheet resistivity
is chosen to coincide with the free-space impedance, i.e.,
Rs = Z0.

According to the discussion above, one may design an
absorber with reverse saturable absorption if the ENZ per-
meability vanishes for small incident intensity, but mono-
tonically increases concurrently with the incident intensity.
As was shown recently, an ENZ medium doped with a Kerr
dielectric inclusion exhibits a nonperturbative effective mag-
netic nonlinearity while its effective permittivity remains near
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FIG. 2. A nonlinear absorber design, using a nonlinear doped
ENZ. (a) Geometry of the nonlinear absorber, consisting of an ENZ
with thickness dENZ = 0.4λ0 and periodicity w = 2.5λ0 doped with a
Kerr dielectric rod with radius rd = 0.12307λ0 and permittivity εd =
10 + 3χ (3)

ε0
|E |2, where χ (3) = 10−29[C.m/V3]. Inset: The transmis-

sion line model of the absorber. (b) Nonlinear effective permeability
dependence on the intensity of a normally incident plane wave, in
the absence of the resistive sheet. (c) Reflection phase as a function
of incident intensity and relative permeability of the ENZ, in the
absence of the resistive sheet. (d) The sheet absorption at f = fp for
several representative levels of ENZ loss, as a function of incident
intensity. Adapted with permission from our poster presentation at
the 2020 CLEO, Ref. [63]. Copyright 2020 CLEO.

zero [20]. Therefore, as shown in Fig. 2(a), we consider
deploying an ENZ slab doped with a Kerr dielectric rod, as
the nonlinear block conceptualized earlier in Fig. 1(a).

Following the theory of photonic doping [19], the ef-
fective permeability description for a doped ENZ remains
valid without any restrictions on the ENZ geometry and
size. As a specific example, we consider an ENZ slab with
thickness dENZ = 0.4λ0, periodically doped with periodicity
w = 2.5λ0 with a Kerr dielectric rod with permittivity εd =
10 + 3χ (3)|E |2

ε0
where χ (3) = 10−29(C.m/V3) [53]. To ensure

that the effective permeability remains very small for low-
intensity incident plane waves, we set the rod radius equal
to rd = 0.12307λ0.

As the intensity of the wave incident on the PEC-backed
doped ENZ increases, the effective permeability of the doped
ENZ slab gradually starts to increase, in response to the Kerr
effect in the dopant. As shown in Fig. 2(b), by integrating the
magnetic field distributions in the ENZ and dopant [19], we
obtain the effective permeability as a function of the intensity
of a normally incident plane wave, in the absence of the
resistive sheet. Also, it can be concluded from Fig. 2(b) that
the effective permeability varies considerably with incident
intensity, even though the permittivity of the dopant varies
only in a perturbative fashion (see Fig. S1) [54].

In the absence of the resistive sheet, the reflection coef-
ficient from the PEC-backed doped, lossless ENZ slab has
a magnitude of unity. However, a variation in the effective
permeability translates into a change in the reflection phase,
as depicted in Fig. 2(c), following the general behavior illus-
trated in Fig. 1(b).

Having confirmed that the doped ENZ exhibits sufficiently
strong nonlinearity to yield a considerable variation in the
reflection phase, we now place a sheet with resistivity Rs =
1/σd = η0 on top of the ENZ, where σ and d denote the
sheet conductivity and thickness, respectively. Illuminating
the absorber with a normally incident plane wave, we find that
the sheet absorption indeed strongly depends on the incident
intensity, as shown in Fig. 2(d). For low intensities, μeff(ω) �
0, leading to negligible absorption. On the other hand, the
absorption remarkably increases for higher intensities, due to
the increased μeff(ω).

Since all practical ENZ realizations inevitably have a
nonzero amount of material loss, we also simulated for the
nonlinear absorption characteristics assuming several repre-
sentative levels of ENZ loss [55]. To quantify the ENZ loss,
we assume the ENZ permittivity is given by a lossy Drude
model where the loss is characterized by the collision fre-
quency �. In the presence of ENZ loss, the dielectric loss
in the ENZ adds with the Ohmic dissipation in the resistive
sheet to account for the total absorption. For applications,
such as solar cells [56], modulated thermal emitters [57,58],
and optoelectronic devices [59], the absorption in the sheet is
the main quantity of interest, whereas for other applications,
such as reducing the radar cross section, the total absorption
is the more significant variable. As shown in Fig. 2(d), the
sheet absorption characteristic becomes less nonlinear as
the ENZ becomes more lossy; however, the nonlinearity of
the absorption remains substantial for moderately small ENZ
loss. For comparison, the total absorption is plotted in Fig. S2
for the same representative levels of ENZ loss. We note that
the geometry of the system could be optimized to work for a
given amount of loss. For example, it is possible to reduce the
sensitivity with respect to ENZ loss by decreasing the ENZ
periodicity, albeit at the cost of a reduced nonlinearity (see
Fig. S3).

Different classes of nonlinear absorbers could be designed
by using this methodology. For example, in contrast to the
reverse saturable absorption characteristic obtained when the
sheet is placed on top of the ENZ, by placing the resistive
sheet a quarter-wavelength away from the ENZ slab, a sat-
urable absorption characteristic may be achieved where the
absorption gradually decreases from total absorption at low
intensities to smaller absorption at higher incident intensities
(see Fig. S4). In the absence of the sheet, the reflection has a
zero phase when the ENZ effective permeability is near zero,
assuming the reference plane located a quarter-wavelength
from the ENZ slab. An increase in the ENZ effective perme-
ability, however, leads to an increase in the reflection phase.
Assuming the ENZ is doped with a Kerr dielectric dopant,
the effective permeability increases in response to higher
incident intensity, leading to a reflection phase depending
on the incident intensity. Therefore, in the presence of the
resistive sheet, a nonlinear saturable absorption characteristic
is obtained.
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FIG. 3. The absorption of a plane wave obliquely incident on
the absorber with the incidence angle shown on a (a) linear and
(b) logarithmic scale. Reprinted with permission from our poster
presentation at the 2020 CLEO, Ref. [63]. Copyright 2020 CLEO.

III. GEOMETRICAL, ANGULAR AND FREQUENCY
CHARACTERISTICS OF NONLINEAR ABSORBERS

BASED ON PHOTONIC DOPING

In contrast with most electromagnetic absorbers (e.g.,
Salisbury screen, Circuit Analog Absorbers, and Dallenbach
layer), the operation principle of our nonlinear absorber does
not critically depend on its thickness. This is illustrated in the
absorber presented in Fig. 2, where we arbitrarily assumed
an ENZ slab with thickness dENZ = 0.4λ0. However, the
ENZ may also be designed to be much thinner compared
to the wavelength. For instance, it would be possible to use
thin rectangular dopants directly in contact with the PEC
ground plane (see Fig. S5). In this manner, it is possible to
drastically reduce the overall thickness of the absorber while
maintaining the same operation principle. Therefore, the pro-
posed configuration provides a greater geometrical flexibility
and insensitivity with respect to the absorber thickness than
other electromagnetic absorbers.

The angular response of the proposed absorber also ex-
hibits some unique characteristics. In particular, in the absence
of the resistive sheet, for a TM-polarized plane wave obliquely
incident on a PEC-backed slab of permittivity ε1 � 0 and
permeability μ1 with angle θi, such that sin(θi ) > μ1ε1, we
have

cos(θ1) =
√

1 − sin2(θi )

μ1ε1
= ±i

√
sin2(θi )

μ1ε1
− 1. (3)

Assuming the ENZ permittivity is sufficiently near zero,
for an incidence angle θi �= 0, we have sin2(θi ) � μ1ε1.
Therefore cos(θ1) � ±i sin(θi )√

μ1ε1
.

Substituting Eq. (3) into Eq. (1), we obtain

� � −isin(θi )tanh[k0sin(θi )d] + ε1cos(θi)

−isin(θi )tanh[k0sin(θi )d] − ε1cos(θi)
. (4)

From Eq. (4), it can be readily seen that the reflection
coefficient from a PEC-backed ENZ becomes essentially in-
dependent of its permeability for oblique incidence angles
which satisfy the condition sin2(θi ) � μ1ε1. In Fig. 3, as-
suming ε1 = 10−6, for a doped ENZ with μeff(ω) � 0 and
an undoped ENZ with μ1 = 1, we plot the absorption de-
pendence on the incidence angle, with θi plotted on a linear
and logarithmic scale. Our full-wave simulations corroborate
that the absorption becomes virtually independent of the ENZ
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1

FIG. 4. The absorption spectra at normal incidence for low and
high incident intensities, corresponding to I0 = 108(W/m2) and
I0 = 1012(W/m2), respectively. Reprinted with permission from our
poster presentation at the 2020 CLEO, Ref. [63]. Copyright 2020
CLEO.

permeability. This effect can also be understood by noting
that a body with simultaneously near-zero permittivity and
permeability conforms a DB boundary [60], where both the
normal D and B fields must be zero. This boundary presents
a very high reflection at all angles except normal incidence,
and, therefore, the proposed nonlinear absorber exhibits an
extremely angular-sensitive response.

The radius of the dielectric rod inclusion has been selected
such that μeff � 0 for low intensities at the ENZ plasma
frequency f = fp. However, due to the strong sensitivity of
the ENZ effective permeability to the dopant’s electrical size,
the effective permeability is strongly dispersive, implying that
the μeff(ω) � 0 condition may hold for only a very narrow
frequency range, smaller than the ENZ bandwdith of the
host. As shown in Fig. 4, the dispersive effective permeability
translates to a strongly frequency-selective absorption spec-
trum. For low incident intensities, the absorption is negligible
only in a narrow bandwidth around fp where the effective per-
meability vanishes. As the intensity of the normally incident
plane wave increases, the frequency for which the μeff(ω) �
0 condition holds shifts to a lower frequency, leading to a
redshift of the absorption spectrum.

For high intensities, however, as a result of the nonlinear
effects becoming prominent, we found the absorption spec-
trum to exhibit hysteresis and bistability, qualitatively similar
to the hysteresis theoretically predicted while varying the
frequency in a metamaterial with conformational nonlinear-
ity [61] and experimentally obtained from a light-controlled
split-ring resonator [62]. The bistability is observed near the
resonance corresponding to |μeff| → ∞. However, since such
an undesirable resonance is not reached as the intensity of
a normally incident plane wave with frequency fp increases,
we did not obtain hysteresis and bistability in the intensity-
dependent absorption characteristic presented in Fig. 2(d).
Therefore, the proposed absorber enables operation both with
and without hysteresis, depending on whether the system is
designed to cross through the dopant resonance.

035404-4



NONLINEAR METAMATERIAL ABSORBERS ENABLED … PHYSICAL REVIEW B 102, 035404 (2020)

Deploying linear dielectrics instead of the Kerr inclusions,
one may realize highly tailorable linear absorbers where
the absorption bandwidth may be tailored, in addition to
dynamically shifting the absorption spectrum. For example,
the absorption characteristics may become continuously more
narrowband with a choice of a larger periodicity for the doped
ENZ, modifying the rod radius to maintain the μeff(ω) � 0
condition for low intensities (see Fig. S6). Moreover, the
central frequency of the absorption resonance could be dy-
namically shifted by tuning the permittivity of the dielectric
dopant (see Fig. S7). Therefore, doped ENZ slabs may also
constitute the key building block in linear absorbers with
highly tailorable absorption spectra.

IV. CONCLUSIONS

In conclusion, we proposed and theoretically studied an
approach for designing nonlinear absorbers which exhibit
tailorable intensity-dependent absorption characteristics. Our
design exploits the significantly enhanced nonlinearity of the

recently introduced nonlinear doped ENZ structures. In addi-
tion, the absorption characteristics may be highly tailored by
either judiciously selecting the dimensions of the ENZ host or
by dynamically tuning the dopant permittivity. Furthermore,
as an extra degree of flexibility, the absorbers may be designed
to exhibit either saturable or reverse saturable absorption. We
envision these nonlinear absorbers being beneficial for several
applications, such as optical limiters.
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