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Large-scale, low-cost, broadband and tunable
perfect optical absorber based on phase-change
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Nanli Mou,a,b Xiaolong Liu, c Tao Wei,a Hongxing Dong,a Qiong He,d,e Lei Zhou,d,e

Yaqiang Zhang,a,b Long Zhang *a and Shulin Sun *c

Metamaterial-based electromagnetic absorbers have attracted much attention recently, but most previous

realizations suffer from issues of narrow bandwidth, time-consuming and high-cost fabrication methods,

and/or fixed functionalities, and so are unfavorable for practical applications. Here, we demonstrate

experimentally a large-scale, broadband, polarization-independent, and tunable metamaterial absorber,

which works for both visible and near-infrared light. A lithography-free and low-cost method was utilized

to fabricate a centimeter-sized metamaterial sample in a metal–insulator–metal (MIM) configuration with

nano-scale precision, in which a phase-change material, Ge2Sb2Te5 (GST), was adopted as the insulating

spacer of the MIM structure. With two different resonance mechanisms working together, the proposed

device was shown to exhibit high absorptivity (>80%) within a broad wavelength band (480–1020 nm). By

thermally tuning the phase state of the GST layer, we can dramatically enlarge the working bandwidth of

the metamaterial absorber by shifting one absorption peak by about 470 nm. These findings may stimu-

late many potential applications in, for example, solar cells, energy harvesting, smart sensing/imaging, and

color printing.

Introduction

Perfect absorption of electromagnetic (EM) energy plays a vital
role in a wide range of applications, such as solar cells, photo-
nic/thermal imaging, sensors, radiative cooling and thermal
emitters.1–9 However, absorbers made using natural materials
suffer from the impedance-mismatch problem due to a lack of
magnetic responses, and thus they cannot completely suppress
the light reflections that degrade their light-absorbing abil-
ities. Absorbers with taper-like structures10,11 can exhibit

gradually varying impedance, and therefore achieve high
absorptivity via suppressing these reflections. Although these
EM absorbers usually operate over broad bandwidths, unfortu-
nately, they exhibit non-flat configurations and bulky sizes,
and so are unfavorable for integrated optics applications.

Recently, metamaterial-based EM absorbers have attracted
much attention owing to the many unprecedented character-
istics that they possess, such as high absorptivity, ultrathin
thickness, scalable working wavelength, and/or flat
configurations.12–16 In 2008, Landy et al. proposed a perfect
metamaterial EM absorber exhibiting both electric and mag-
netic responses. Through tailoring of the effective permittiv-
ity and permeability of the metamaterial layer, the authors
could make the impedance of the structure perfectly match
that of air, and thus suppress EM wave reflections, so finally
realizing near-perfect absorption of EM waves at certain fre-
quencies. Such metamaterial absorbers were soon realized in
reflection geometries,7 typically in metal–insulator–metal
(MIM) configurations consisting of a layer of metallic micro-
structures and a continuous metallic mirror separated by a
dielectric spacer. Different from the metamaterial absorbers
realized in transmission geometry, such MIM absorbers natu-
rally block the transmission channel and thus are much
easier to design. Coupling between two metallic layers can
generate a magnetic resonance inside an MIM structure,
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which helps to solve the impedance-matching issue, and, in
turn, realizes perfect absorption of EM waves via eliminating
the reflections at the device surface under certain conditions.
Thanks to the simplicity of the working mechanism and the
structure, such reflection-type absorbers were soon realized
in various frequency domains by scaling the dimensions of
the microstructures.6 These absorbers are of high working
efficiencies, ultrathin thicknesses, and flat configurations, all
highly desirable characteristics in integrated optics
applications.

Despite this impressive progress, however, most meta-
material absorbers realized so far still suffer from several
issues that hinder their practical application, such as narrow
bandwidth, fixed working band, and time-consuming and
high-cost fabrication methods. Many efforts have been devoted
to overcoming these issues. For instance, the bandwidths of
absorbers can be enlarged by incorporating multiple resona-
tors with different dimensions,17–19,41 or multilayer
structures,11,20–22 into the metamaterial structures.
Unfortunately, these devices are usually of low efficiency and
exhibit complicated structures. High-loss metals, such as tung-
sten, nickel and titanium, were also widely adopted to achieve
broadband absorption.38–40 However, the fabrication tech-
niques adopted in these studies (for example, electron beam
lithography and focused ion beam) are still high cost and low
throughput. Meanwhile, tunable metamaterial absorbers with
incorporated graphene23–25 or phase-change materials
(PCMs)3,26–28 were also widely investigated. In particular, ther-
mally tunable meta-devices attracted much attention due to
some practical applications, such as tunable antireflection,
thermal emission, and so on.3,36,45,46 However, the tuning
ranges of these metamaterial absorbers usually only cover a
certain frequency band, which is restricted by the properties of
the tunable materials. Ultrathin metamaterial absorbers with
working frequencies that are freely tuned inside a broad range
covering both visible and near-infrared domains are rarely
seen.

In this paper, we demonstrate experimentally a large-scale,
broadband, polarization-insensitive and tunable optical meta-
material absorber realized using a low-cost, time-saving and
lithography-free fabrication method. Utilizing an aluminum
oxide (AAO) nanomask,29–34 we successfully deposited alumi-
num (Al) nanoparticles (NPs) on an ultrathin Ge2Sb2Te5 (GST)
layer grown on a continuous metallic mirror, constituting an
ultrathin MIM structure with centimeter-scale total size.
Through careful design, we can overlap the Fabry–Perot (FP)
resonance of the GST film with the localized surface plasmon
resonances (LSPR) of the Al NPs, and thus achieve high light
absorptivity (>80%) within a broad frequency band covering
both the visible and near-infrared regions. Moreover, the band-
widths of these metamaterial absorbers can be dramatically
tuned by varying the annealing temperature of the GST layer.
Full-wave simulations are in perfect agreement with the optical
measurements. Our results could find potential applications
in energy harvesting, smart sensing/imaging, and color
printing.

Results and discussion

We successfully fabricated a centimeter-scale and high-quality
metamaterial absorber utilizing a low-cost and time-saving fab-
rication method, as depicted schematically in Fig. 1(a). We
first deposited a 100 nm-thick Al film on a silica substrate
serving as a mirror to eliminate light transmission. A 40 nm-
thick GST film was sequentially deposited onto the Al film by a
radiofrequency sputtering method. Next, Al nanoparticles were
formed on the GST film via deposition of an Al thin film
through the air-hole array of the AAO mask placed on the GST.
We finally obtained a MIM-type metamaterial structure
through a lift-off process of the AAO. Such a lithography-free
technique allows us to fabricate centimeter-scale nanoparticle
arrays with high precision. Fig. 1(b) depicts the SEM image of
a typical fabricated sample in a 30° tilted view, with part of the
AAO template remaining on the sample. In order to clearly
illustrate the configuration of the top Al NPs, the sample was
cut along the z direction, with its cross-section depicted in
Fig. 1(c). It should be noted that, since part of the Al will stick
to the side walls of the air holes in the AAO template during
the deposition process, the fabricated Al NPs possess a semi-
ellipsoidal shape, instead of an ideal cylinder shape. The
absorbers with a hemispherical configuration exhibit an
additional benefit of broader bandwidth due to their gradually
varying dimensions.18,30,43 Scanning electron microscopy
(SEM) images in Fig. 1(b) and (c) clearly show that the Al NPs
array exhibits a hexagonal lattice with a period of about

Fig. 1 (a) Fabrication process for the proposed broadband and tunable
metamaterial absorber. (b and c) Tilted-view and side-view SEM images
of the fabricated absorber samples and part of the AAO mask left on it.
(d) Optical photography of the whole fabricated device taken in a
natural white light environment. (e) The measured absorption spectra
taken at five different lateral locations on the sample, marked as p1–p5
in (d).
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450 nm, while the diameters of the NPs are about 280 nm.
Fig. 1(d) illustrates the overall morphology of the fabricated
sample (the dark blue area in the image), with a large size
(about 1.5 × 1.5 cm2). To verify the robust performance of the
fabricated sample, we measured the reflection spectra at five
different lateral positions on the sample surface (marked as
p1–p5 in Fig. 1(d)). Considering that the bottom Al film can
eliminate transmission completely, the absorptivity, A, of the
present device can be simply obtained from A = 1 − R (where R
is the measured reflectivity). Clearly, all measured spectra
coincide with each other, showing a broad absorption band
ranging from the visible to near-infrared region, as depicted in
Fig. 1(e). These measurements demonstrate that such a time-
saving and lithography-free method can be a promising
approach to fabricate large-scale, high-throughput and low-
cost optical metamaterial absorbers.

Having seen the good performance of our fabricated
sample, we next discuss the working mechanism of our device,
and, in particular, how to design high-performance optical
absorbers with such a specific configuration (Fig. 2(a)). For
simplicity, we assume that the top layer of our absorber con-
sists of semi-ellipsoid-shaped metallic NPs arranged in an
ideal hexagonal lattice, while the bottom layer is a 100 nm-
thick continuous Al film. Since the GST film can be tuned
between amorphous and crystalline phases by controlling the
annealing temperature in the fabrication process, we model
this as a dielectric spacer with a refractive index (including

both the real and imaginary parts) that continuously varies
with temperature. Therefore, the proposed metamaterial
absorber can exhibit thermally tunable performance. Fig. 2(c)
depicts the geometric parameters of the experimentally rea-
lized metamaterial absorber with high efficiency and broad-
band performance. Considering the oxidization effect of Al
upon exposure to air, all the Al NPs are covered by 2 nm-thick
Al2O3 shells in our simulation model. The total thickness of
the proposed absorber is only around 300 nm, making it a
suitable ultrathin, smart antireflection coating for practical
applications. Fig. 2(d) shows both the measured and simulated
absorption spectra for the designed absorber, exhibiting a
broad absorption band from about 480 to 1020 nm, with an
absorptivity above 80%. To achieve this broadband effect, the
performance of the proposed absorbers is sacrificed slightly.
Therefore, we chose 80% absorptivity as the criterion to define
the working band.35,44 The absorption spectra for two different
polarizations (see the red and green dotted lines in Fig. 2(d))
coincide well with each other, clearly demonstrating the polar-
ization-independent performance of our fabricated sample.

Now that our finite element method (FEM) simulations can
reproduce the experimental results well, we continued to
explore the underlying physics of the broadband performance
of our device, based on these FEM simulations. We find that
the key reason for the broadband performance is that two
different resonance mechanisms are purposely incorporated
into the design/realization of our metamaterial absorber.
Fig. 3 depicts the simulated magnetic field intensity (color
map) and electric field vector (black arrow) distributions at the
wavelengths of two absorption peaks, i.e. 540 nm and 940 nm
(see Fig. 2(d)). At a wavelength of λ = 540 nm, both the electric
and magnetic fields (see color map and arrows) are concen-
trated mainly around the two poles of the Al NPs in the air
layer, verifying that this absorption peak results from the
LSPRs of the Al NPs.35 It should be noted that both the dia-
meter, D, and the height, H, of the hemispherical NPs can
influence the LSPR. In our design, usually we first fix the dia-
meter of the hemispherical NPs and then finely tune the
height of the nanoparticles to make the LSPR locate at the
desired wavelength. Conversely, at a wavelength of λ = 940 nm,
the magnetic field is confined mainly inside the GST layer,
which is consistent with the features of FP resonance.36

Fig. 2 (a) Schematic of the broadband and tunable metamaterial absor-
ber, which consists of semi-ellipsoidal-shaped aluminum (Al) nano-
particles (NPs) arrayed in a hexagonal lattice, and a continuous Al mirror
separated by an ultrathin GST film. (b) Schematic of the phase transition
effect from the amorphous state to the crystalline state (or vice versa)
for the GST layer. (c) Schematic of one unit cell of the absorber with the
Al NPs covered by 2 nm-thick Al2O3 shells. The thickness of the bottom
GST and Al NPs is h = 40 nm and H = 150 nm, respectively. The lattice
constant of the hexagonally arranged Al NPs is P = 450 nm, and the
lateral dimension of the semi-ellipsoidal-shaped Al NPs is D = 280 nm.
(d) Calculated absorption spectra of the broadband absorber normally
illuminated by both x-polarized (red dotted line) and y-polarized (green
dotted line) incident light, showing good agreement with the experi-
mental result (black). The inset shows the top view of the proposed
structure with the GST film being in an amorphous phase.

Fig. 3 Simulated magnetic field (colour map) and electric field (black
arrows) distributions at the two absorption peaks in Fig. 2(d). To achieve
broadband absorption, the LSPR (a) and FP (b) resonances are both uti-
lized in our device.
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The absorption band can be freely manipulated by changing
the dimensions of the proposed metamaterial absorber. For
instance, we can control the height, H, of the top Al NPs by chan-
ging the deposition time of Al in the thermal evaporation
process. In our experiments, five samples with different H were
fabricated, and their measured absorption spectra are depicted
in Fig. 4(a). It should be noted that the position of the low-fre-
quency absorption peak (denoted as peak F) remains almost
unchanged. Conversely, the high-frequency absorption peak
(denoted as peak S) redshifts with increase in H. The resonance
wavelengths of these two absorption peaks are shown in Fig. 4(b)
as a function of H, clearly revealing these different trends.

We can also manipulate the absorption bandwidth by
varying the thickness, h, of the GST layer, as shown in
Fig. 4(c). Compared with the cases in Fig. 4(a) and (b), the
absorption peak S is nearly fixed, which is reasonable because
the local field of the LSPR mode is mainly distributed in air
and is thus insensitive to the thickness, h, of the GST layer.
Conversely, peak F exhibits a nearly linear redshift with
increase in h, further demonstrating the FP nature of the reso-
nance associated with this absorption peak.

Benefiting from the thermally controlled optical properties
of the PCMs utilized in our device, we can efficiently tune the
working band of the proposed metamaterial absorber by
varying the temperature, as demonstrated in Fig. 5. While the
as-deposited GST is switched from an amorphous (denoted by
aGST) to a crystalline phase (denoted by cGST) state in a
60-minute annealing process at 160 °C, its refractive index
exhibits a dramatic change, leading to the tunable absorption
property. Fig. 5(a) depicts the measured absorption spectra of
the metamaterial absorbers in amorphous (black) and crystal-
line phases (red), respectively, and showing good agreement
with simulation results (dotted line). Clearly, as GST trans-
forms from the amorphous to the crystalline phase, both the
real part (n) and the imaginary part (k) of its refractive index

increase, as shown in Fig. 5(b). Interestingly, the position of
the absorption peak S remains nearly invariant (as shown in
Fig. 5(a)). Such behavior can be understood from different
points of view. First, because the optical fields of the LSPR
mode are mainly distributed in air, the resonance wavelength
of such a mode is insensitive to the change in refractive index
of the GST layer. Moreover, the temperature-induced change in
the GST refractive index is also quite weak in the vicinity of the
LSPR resonance wavelength, which explains why the peak S
corresponding to LSPR almost does not move. Conversely, the
peak F redshifts from 940 to 1410 nm in the phase-transition
process, which is caused by the increase in the real part of the
refractive index of the GST layer. Meanwhile, as the working
bandwidth of the absorber is enlarged by about 470 nm in
going from the amorphous to the crystalline state, the absorp-
tion efficiency decreases simultaneously. Such a phenomenon
can be attributed to the mismatch between the radiative and
absorptive quality (Q) factors of our device, which occur along
with such a phase change,37 since the increased imaginary
part of the refractive index (k) of the GST layer in the phase-
change process (see Fig. 5(b)) decreases the absorptive Q factor
but leaves the radiative Q factor nearly unchanged. Fig. 5(c)
depicts the distributions of magnetic and electric fields at two
absorption peak frequencies for the sample in the cGST phase,
showing similar features for resonance modes as those in the
aGST phase (see Fig. 3). Therefore, the nature of the two reso-
nance modes is unchanged for the metamaterial absorbers in
the different phase states.

The working band of our metamaterial absorber can also be
continuously modulated by tuning the GST film at an arbitrary
intermediate phase with different ratios of amorphous and crys-
talline molecules, due to the dramatic change in the refractive

Fig. 5 (a) Measured (solid line) and simulated (dotted line) absorption
spectra of the tunable broadband absorber with the GST layer being in
amorphous (aGST, black lines) and crystalline (cGST, red lines) states,
respectively. (b) The real part, n, and the imaginary part, k, of the refrac-
tion index of the GST material at amorphous and crystalline and states,
respectively. (c) Simulated magnetic field (colour map) and electric field
(black arrow) distributions inside the metamaterial absorber at the
absorption peak wavelengths of samples with the GST film being in crys-
talline phase.

Fig. 4 (a and c) Measured absorption spectra of the fabricated broad-
band absorber with five different heights, H, for the Al NPs (a) or
different GST film thicknesses, h (c), respectively. (b and d) The corres-
ponding wavelengths of two absorption peaks S and F shown in (a and
c) as a function of H (b) or h (d).
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index of GST. In our experiments, we successfully fabricated a
series of metamaterial absorbers with GST layers at different
intermediary phases through controlling the annealing temp-
erature. In contrast with other kinds of volatile phase-change
materials, such as VO2, GSTs at different phases are quite stable
at room temperature, which is highly desirable for practical
applications. Fig. 6(a) shows the measured absorption spectra
of five different samples. The optical constants of the GST film
at corresponding annealing temperatures were measured and
are compared in Fig. 6(b), and are fully considered in our simu-
lations. In the wavelength range 940–1600 nm, both the real
and imaginary parts (n and k, respectively) of the refractive
index of GST increase with temperature. As discussed pre-
viously, dictated by the FP resonance nature, the wavelength of
peak F must be proportional to the refractive index n of the GST
film, leading to redshifts in wavelength along with the tempera-
ture changes. Conversely, the LSPR-induced absorption peak S
remains nearly unchanged during the transition process.
Considering that the imaginary part of the refractive index k
increases with the annealing temperature, the absorption Q
factor of the device therefore decreases. Thus, the continuously
decreasing absorptivity is due to the gradually mismatched radi-
ation and absorption Q factors in our devices. Such a phenom-
enon means that our device gradually departs from the behavior
of a broadband-perfect absorber. However, this issue may be
resolved if the GST film is replaced by another phase-change
material with weakly varying loss.

It should be noted that, since the reamorphization process of
GST requires an annealing temperature above 640 °C, which is
much higher than the melting point of the alumina, the proposed
metamaterial absorbers cannot be changed from the crystalline
state back to the amorphous state. If the alumina is replaced with
other metals with higher melting point (such as tungsten and
molybdenum),3,36 the proposed absorber can be reversibly
switched from the amorphous state to the crystalline one.

Conclusions

In summary, we have experimentally demonstrated centimeter-
scale, broadband, polarization-independent, and tunable

metamaterial absorbers, fabricated using a low-cost and litho-
graphy-free process with an AAO template. The fabricated
samples exhibit high absorptivity (>80%) within a broad wave-
length band ranging from 480 to 1020 nm, which merges two
absorption peaks contributed by LSPR of the Al nanoparticles
and FP resonances inside the spacer layers. Compared with
previously realized broadband absorbers, which rely on dual or
multiple resonances of the same type,11,17–19,42 here, the newly
proposed device adopts two resonance modes with distinct
origins, which can be tuned independently by structural
optimizations. As a result, in such a simple configuration our
device exhibits more flexibility in fitting diverse sensor appli-
cation with different bandwidth requirements. In particular,
the absorption band can be continuously tuned by thermally
changing the phase state of the GST spacer layers inside the
metamaterial absorbers. All these attractive characteristics are
demonstrated by our optical experiments and full-wave simu-
lations. Our work may stimulate many potential applications,
such as solar cells, energy harvesting, smart sensing/imaging
and color printing.
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