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hyperbolic metamaterial perfect
absorber†

Jitendra K. Behera,‡ Kuan Liu, Meng Lian and Tun Cao ‡*

Metamaterial (MM) perfect absorbers are realised over various spectra from visible to microwave. Recently,

different approaches have been explored to integrate tunability into MM absorbers. Particularly, tuning has

been illustrated through electrical-, thermal-, and photo-induced changes to the permittivity of the active

medium within MM absorbers. However, the intricate design, expensive nanofabrication process, and the

volatile nature of the active medium limit the widespread applications of MM absorbers. Metal–dielectric stack

layered hyperbolic metamaterials (HMMs) have recently attracted much attention due to their extraordinary

optical properties and rather simple design. Herein, we experimentally realised a reconfigurable HMM perfect

absorber based on alternating gold (Au) and Ge2Sb2Te5 (GST225) layers for the near-infrared (N-IR) region. It

shows that a red-shift of 500 nm of the absorptance peak can be obtained by changing the GST225 state

from amorphous to crystalline. The nearly perfect absorptance is omnidirectional and polarisation-

independent. Additionally, the absorptance peak can be reversibly switched in just five nanoseconds by re-

amorphising the GST225, enabling a dynamically reconfigurable HMM absorber. Experimental data are

validated numerically using the finite-difference time-domain method. The absorber fabricated using our

strategy has advantages of being reconfigurable, uncomplicated, and lithography-free over conventional MM

absorbers, which may open up a new path for applications in energy harvesting, photodetectors, biochemical

sensing, and thermal camouflage techniques.
1. Introduction

Perfect absorption achieved by photonic devices is promising
for many applications such as energy harvesting, radiative
cooling, thermal emitters, photodetectors, solar cells, thermal
imaging, optical modulators, and colour lters.1–19 Recently,
metamaterial (MM) perfect absorbers have been demonstrated
in the spectra ranging from visible to GHz.20–28 By adjusting the
resonances in the effective permittivity and permeability inde-
pendently, one canmatch the impedance of MMs to that of free-
space to obtain a high absorption. Nevertheless, some disad-
vantages hold back the commercial potential of MM absorbers.
For example, the subwavelength-scale meta-atom needs to be
fabricated using top-down lithography techniques i.e., focused
ion beam (FIB) milling or electron-beam lithography (EBL).
Those techniques have restricted spatial resolution and are very
hard to scale up to large-eld patterning; moreover, since they
are serial writing techniques, the fabrication throughput is low.
To solve the problem, recently a few remarkable techniques
have been developed to fabricate large-size MMs while having
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a low-cost, including nano-printing, interference lithography,
etc.29–31

Alternatively, metal/dielectric stacks, so-called hyperbolic
metamaterials (HMMs), have recently witnessed an exponen-
tially increasing interest, featured by the unique property of
their permittivity tensors in which the signs of diagonal
components are different.32 Specically, photonic HMMs are
uniaxial nanocomposite structures based on the permittivity
tensor of the diagonal expression [3] ¼ diag(3k, 3k, 3t). The
principal elements have the opposite signs 3k > 0, 3t < 0 (type-I)
and 3k < 0, 3t > 0 (type-II).33 This leads to a hyperbolic-type
surface of dispersion in wavevector space, dened as hyper-
bolic dispersion. Unlike MMs composed of subwavelength
resonator arrays, HMMs exhibiting a nominally innite density
of states34 can support EM-waves with a high propagation wave-
vector while not requiring periodicity in the plane normal to the
incident wave and can be fabricated using conventional thin
lm sputtering. Therefore, they are considered appropriate for
bulky-area surfaces, enabling them to be practical for applica-
tions such as super-resolution imaging,35,36 resonant gain
singularities,37 light beam steering,38,39 spontaneous emission
enhancement,40 super-collimation,41 ultra-sensitive biosen-
sors,42,43 negative refraction,44 and near-zero epsilon.45 Such
unique properties have enabled HMMs to be widely exploited
for absorption application.46
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Recently, Sreekanth et al. proposed a type-II (Ag/TiO2) HMM
structure for multiband perfect absorption in the near-infrared
(N-IR) region.47 A wide-angle ultra-broadband infrared (IR)
absorber was demonstrated by Cui et al. using Ge/Au saw-
toothed anisotropic MMs.48 More recently, Lin et al. demon-
strated a broadband perfect absorber of graphene-based
HMMs.49 Desouky et al. theoretically demonstrated a super
absorber in the mid-infrared (M-IR) spectral range using silicon
and doped silicon-based HMMs.50 Nevertheless, the current
HMM absorbers are limited to a xed spectral region. It is
because the extreme anisotropy and hyperbolic dispersion of
HMMs are determined by their metal and dielectric constitu-
ents and the lling fraction, which are xed aer the
fabrication.

On the other hand, different methods have been exploited to
integrate tunability into HMMs, where the tunability is
demonstrated through stimulus sensitive functional dielectrics,
i.e., conductive oxides,51 liquid crystals,52 gyromagnetics,53 or
semiconductors.54 It allows for active control of HMM proper-
ties by photo-, electrical-, and thermal-induced variations to the
permittivity of the active dielectric within the HMM structure.
Yet, so far rare efforts have been made to obtain a reversibly
tunable HMM absorber. There are, however, loads of applica-
tions where a recongurable light absorption is highly wanted.
For example, a switchable perfect absorber can nd important
applications in electro-optic switches,55 selective thermal emit-
ters,56 and tunable sensors.57 Furthermore, in HMM absorbers
the dielectric components are passive (i.e., SiO2 and TiO2),
which does not change the absorbed photons into electron–hole
pairs. This forbids their applications for photodetectors and
photovoltaic cells. These issues motivate our study, in which we
look into actively recongurable HMM perfect absorbers over
genuinely macroscopic size via a scalable, straightforward, and
low-cost fabrication procedure.

The family of chalcogenide semiconductors of the Ge–Sb–Te
(GST) phase-change material (PCM) exhibits two stable struc-
tural states: amorphous and crystalline. GST can undergo
a reversible structural transition, leading to a substantial
change in its optical and electrical properties. Such a unique
characteristic enables them to be suitable for photonics appli-
cations, ranging from multilevel storage and displays to inte-
grated nanophotonic systems.58 Due to its prompt state
transition, high cyclability, and outstanding thermal stability,
GST is important for high-speed and switchable photonic
devices.59–61 For example, tunable negative index meta-
materials,62 rewritable metasurface lenses,63 thermal emitters,56

beam steering64,65 and tunable chirality66,67 have been explored.
Recently, GST has been demonstrated as a promising candidate
functional dielectric to perform as a tunable metasurface
perfect absorber in the mid-infrared (M-IR) spectrum.11 Never-
theless, this tuning strategy turns out to be unrealistic for the N-
IR spectrum. It is because the fabrication of periodic nano-
antenna arrays working in the N-IR region needs either FIB or
EBL patterning, which is high-cost and time-consuming. The N-
IR spectrum is, however, a technologically key spectrum with
highly signicant applications like molecular sensing and
optical telecommunications.68
© 2021 The Author(s). Published by the Royal Society of Chemistry
In this work, we demonstrate a tunable HMM perfect
absorber based on bilayer stacks consisting of alternating gold
(Au) and a prototypical PCM, Ge2Sb2Te5 (GST225) of sub-
wavelength thickness. A non-volatile ultrafast recongurable
HMM perfect absorber is experimentally obtained by exploring
the reversible amorphous-to-crystalline state change of GST225.
The HMM structure maintains an omnidirectional perfect
absorption for both p- and s-polarisations and shows type-II
hyperbolic dispersion over the N-IR region. A numerical simu-
lation based on the nite-difference time-domain (FDTD)
method is performed to investigate the physics underlying the
high absorption. Compared with the previous light absorber
consisting of nanoantenna arrays fabricated by the top-down
method, our HMM perfect absorber does not need litho-
graphic patterning that results in advantages of scalability, low-
cost, macroscopic scale and high throughput. For this work, the
GST alloy is chosen as the functional material because not only
its optical properties undergo a radical change during the
amorphous–crystalline phase change, but also it is an active
semiconductor that can convert the absorbed light energy into
electron–hole pairs,69 making the GST225 based HMM absorber
useful for photodetectors or photovoltaic cells. Another key
advantage of the recongurable HMM absorber is its non-
volatile feature since the energy is only needed for the phase
changing process and not for keeping a particular structural
phase. Therefore, once the HMM absorber is transited, it will
maintain its optical properties until it is transited again. This
certainly enables HMM absorbers to be appealing from a green
technology outlook. We propose that this large-area, omnidi-
rectional, polarisation-insensitive and recongurable HMM
absorber can be a promising candidate for energy harvesting,
bio-chemical sensing, thermal emitters, photodetectors, and
thermal camouage techniques. The lithography-free and high
throughput fabrication process may lead to absorption- and
emissivity-controllable surfaces with arbitrary size.
2. Results and discussion

Fig. 1(a) schematically illustrates a recongurable HMM perfect
absorber composed of Au–GST225 stacked layers, where a non-
volatile bidirectional switching functionality can be realised via
a reversible phase transition. The perfect absorber is a type-II
HMM consisting of six periods of alternating planar lms of
40 nm thick GST225 and Au. The HMM is fabricated on the
fused silica (SiO2) substrate by using physical vapour deposition
(see Methods for details). A second electron microscopy (SEM)
cross-section of the HMM (Fig. 1(b)) can be used to distinguish
each GST225 and Au lm. It conrms that no diffusion occurs
during the layer deposition. The HMM absorber is experimen-
tally measured using variable angle spectroscopic ellipsometry
(VASE) over a wide spectral range of 400–2400 nm. The
measured data are analysed by employing a uniaxial anisotropy
model46,70,71 to extract the effective out-of-plane (3t) and in-
plane (3k) permittivity of the HMM absorber. Particularly, the
3k and 3t are obtained via72,73

3k ¼ f � 3Au + (1 � f) � 3GST (1)
Nanoscale Adv., 2021, 3, 1758–1766 | 1759
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Fig. 1 (a) Scheme of the reconfigurable phase-change HMMabsorber,
where the structure is composed of Au–GST225 stacked layers. Both
the GST225 and Au films have an identical thickness of 40 nm. The
whole HMM absorber sits on a silica substrate. (b) FIB image of the
cross-section of the HMM absorber. (c) Real parts of the 3k and 3t of
the HMM absorber extracted from VASE as transiting the GST225 state
from amorphous (top panel) to crystalline (bottom panel). (d) The VASE
measured (top panel) and FDTD simulated (bottom panel) A(u) of the
HMM absorber for the amorphous and crystalline states.
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3t ¼ (3Au � 3GST)/(f � 3GST + (1 � f) � 3Au) (2)

where 3GST and 3Au are the permittivity of the GST225 and Au,
respectively, f ¼ tAu/(tAu + tGST) the lling fraction, and tAu and
tGST the thickness of the Au and the GST225 layer, respectively.
The 3GST values for both amorphous (ESI Fig. S1(a)†) and crys-
talline (ESI Fig. S1(b)†) states are measured using the VASE,
respectively, which are tted using the Tauc–Lorentz model. A
Drude model is used to t the measured 3Au (ESI Fig. S1(c)†).74

The top panel of Fig. 1(c) presents the measured real parts of 3t
and 3k of the HMM absorber for the as-deposited (AD) amor-
phous (AM) state. As is seen, the AD-AM HMM possesses the
hyperbolic dispersions of type-I (real(3k) > 0, real(3t) < 0) and
type-II (real(3k) < 0, real(3t) > 0) in the visible (l < 700 nm) and N-
IR (l > 840 nm) regions, respectively. Aerwards, the HMM
absorber is annealed at Tg ¼ 200 �C in an argon atmosphere for
30 min. Such a temperature is above the crystallisation point of
Tc ¼ 160 �C but below the melting point of Tm ¼ 630 �C,61 which
can change the structural state from amorphous to crystalline
(CR). In the bottom panel, we show the real(3k) and real(3t) of
the annealed HMM absorber extracted from the VASE
measurement. The type-II hyperbolic dispersion in the N-IR
region is redshied (l > 1200 nm) by crystallising the
absorber. The crystallised HMM absorber, however no longer
exhibits type-I hyperbolic dispersion in the visible region. The
large variation in 3GST between the amorphous and crystalline
structural phases (see ESI Fig. S1(a and b)†) engineers the
optical transition matrix elements, that in turn, tunes the
hyperbolic dispersion.
1760 | Nanoscale Adv., 2021, 3, 1758–1766
The reectance (R(u)) and transmittance (T(u)) spectra of the
HMM absorber are directly measured using VASE (see Methods
for details). The absorptance is derived from A(u) ¼ 1 � R(u) �
T(u). The absorber possesses a zero transmittance that can
simplify the absorptance to A(u) ¼ 1 � R(u). In the top panel of
Fig. 1(d), we rst measure the A(u) for both amorphous (blue
solid line) and crystalline (red solid line) states. The chalco-
genide HMM absorber possesses a nearly perfect absorptance in
the N-IR region, with a peak absorptance of A(u) ¼ 0.99 at the
resonant wavelength of la ¼ 1180 nm for the amorphous phase.
As transiting the structural state from amorphous to crystalline,
peak A(u) undergoes a radical redshi of 500 nm, while main-
taining a high absorptance of A(u) ¼ 0.86 at the resonant
wavelength of lc ¼ 1680 nm, permitting switching between two
distinct spectra. Due to the widely spectral shi, our HMM
absorber has a signicant A(u) contrast of DA(u) ¼ 0.78 at lc ¼
1680 nm. The numerically calculated HMM absorber A(u)
spectra agree with experimentally measured spectra. In the
bottom panel, we have simulated the A(u) spectra of the HMM
absorber using the nite different time domain (FDTD) solver
within Lumerical Solution.75 The HMM absorber is simulated
with normal plane wave illumination, and the wave vector
points towards the �z axis. The HMM geometry is set to those
measured using the FIB cross-section image presented in
Fig. 1(b). A detailed description of the numerical model can be
found in the Method. The numerical calculation validates the
spectral moving direction by changing the structural phase; it
demonstrates that the theoretical A(u) has a good agreement
with the experimental A(u). To simplify the numerical model,
the surface roughness and fabrication defects are not consid-
ered. Such a simplication induces variations between the
simulated and measured A(u), as well as slight widening of the
measured resonances. Moreover, the A(u) spectra are measured
in the far-eld. However, in the model the A(u) spectra are
calculated in the near-eld of the HMM absorber, which also
causes variations between the calculation and measurement.
The effective absorption for the light transmitting in the HMM
absorber can be expressed as

ak;tðuÞ ¼ � Im½3k;tðuÞ�uffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Re½j3k;tðuÞj�

p (3)

where ak(u) and at(u) present effective absorption produced by
beams transmitting along the z-axis and in the “x–y” plane,
respectively.76 Therefore, the absorption is dependent on the
3k,t(u) having hyperbolic dispersion as shown in Fig. 1(c). To
exploit the underlying mechanism of the tunable perfect
absorption, it is instructive to study the effective impedance of
the HMM absorber,77,78

ZHMM ¼
ðT22 � T11ÞH

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðT22 � T11Þ2 þ 4T12T21

q

2T21

(4)

where the transfer (T) matrix elements of T11, T12, T21, and T22
can be expressed by

T11 ¼ ð1þ S11Þð1� S22Þ þ ðS21S12Þ
2S21

(5)
© 2021 The Author(s). Published by the Royal Society of Chemistry
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T12 ¼ ð1þ S11Þð1þ S22Þ � ðS21S12Þ
2S21

(6)

T21 ¼ ð1� S11Þð1� S22Þ � ðS21S12Þ
2S21

(7)

T22 ¼ ð1� S11Þð1þ S22Þ þ ðS21S12Þ
2S21

(8)

where the S11, S12, S21, and S22 (scattering matrix (S) elements)
are the scattering parameters of the reectance and trans-
mittance coefficient along the forward and backward directions,
respectively. Moreover, according to Fresnel's equation, under
a normal incidence, the reectance of the HMM structure is
dened as,79

RðuÞ ¼
����
ZHMM � ZAir

ZHMM þ ZAir

����
2

(9)

where ZAir ¼ 1 is the impedance of free-space. A perfect
absorptance can be achieved when the impedance of the HMM
absorber (ZHMM) matches the free space (ZAir ¼ 1). Fig. 2(a)
shows the real part of the ZHMM of the HMM absorber for the
amorphous (blue solid line) and crystalline states (red solid
line). For the amorphous state, the ZHMM is nearly unity at the
resonant wavelength of la ¼ 1180 nm, leading to the perfect
absorptance (A(u) ¼ 0.99). However, for the crystalline state the
ZHMM is decreased to 0.66 at the resonant wavelength of lc ¼
1680 nm that breaks the impedance match. Thus, a lower
absorptance of A(u) ¼ 0.86 occurs at lc ¼ 1680 nm for the
crystalline state. Fig. 2(b and c) show the FDTD simulated total
electric (E-) eld intensity and absorbed power (Pabs) distribu-
tions at la¼ 1180 nm for the amorphous state and lc¼ 1680 nm
for the crystalline state. In the pattern along the x–z plane, the
Fig. 2 (a) Effective impedance of the HMM absorber for both the
amorphous (blue line) and crystalline (red line) states. (b and c) E-field
intensity (left column) and absorbed power (right column) distributions
of the HMM absorber for (b) the amorphous state at la ¼ 1180 nm, and
(c) the crystalline state at lc ¼ 1680 nm. The white arrows represent
the Poynting vectors. The different regions of air and HMM are circled
by the black dotted line.

© 2021 The Author(s). Published by the Royal Society of Chemistry
white arrows represent the Poynting vector (Sp) whereas the
color represents the magnitudes of the E-eld intensity and
power absorptance. The total E-eld intensity distribution jEj2¼
jExj2 + jEyj2 + jEzj2 relating to A(u) ¼ 0.99 at la ¼ 1180 nm for the
amorphous state is presented in the le column of Fig. 2(b). It
clearly shows that the E-eld can be well concentrated inside the
HMM absorber while gradually attenuating along the z-direc-
tion. The power absorptance is expressed by Pabs ¼ 0.5ujEj23im
and 3im is the imaginary part of the permittivity.80–82 As seen in
the right column, the HMM can perfectly absorb the light
although the Pabs gradually decays along the z-direction. Such
a high absorptance is caused by the impedance match between
the HMM and air for the amorphous state. In Fig. 2(c), we
illustrate the E-eld intensity (le column) and Pabs (right
column) relating to A(u) ¼ 0.86 at lc ¼ 1680 nm for the crys-
talline state. It shows that the eld patterns of the structure are
very similar to the ones for the amorphous phase, which indi-
cates that the HMM also possesses high absorptance aer
crystallising the GST225 lms. The E-eld intensity and Pabs in
the HMM with amorphous GST225 (Fig. 2(b)) are stronger than
for the crystalline phase (Fig. 2(c)), implying that a higher
absorptance (better impedance match) can be achieved.

The A(u) spectra resonant wavelength can be tuned by
varying the thickness of constituent layers. We fabricate a series
of HMM absorbers with the thickness of the Au (TAu) and
GST225 (TGST) layers changing from 20 to 40 nm, while xing
the lling factor at f ¼ 0.5 (namely, TAu ¼ TGST). In the top panel
of Fig. 3(a), we experimentally illustrate the A(u) of the amor-
phous HMM absorber for various thicknesses. As is observed,
the resonant peak redshis across the N-IR spectral range with
increasing the thickness of constituent layers. Integrating this
absorber into N-IR photonic devices can resolve a particular
spectral band. Furthermore, those resonances can be switched
by crystallising the GST225, as shown in the top panel of
Fig. 3(b). The FDTD simulated A(u) spectra match well the
measured ones. The bottom panels of Fig. 3(a and b) show the
comparison. A redshi in the resonant peak is observed by
either increasing the layer thickness or crystallizing the GST225.
In Fig. 3(c), we experimentally present how the resonant wave-
length can be switched by combining both variations in the
layer thickness and the structural phase of GST225. Such an
ability to cover a large part of the N-IR spectrum by simply
changing the thickness of constituent layers and crystallising
the GST225 makes it essential to use a micrometer-size N-IR
hyperspectral imaging camera. In Fig. 3(d), for the amorphous
HMM absorber we have numerically demonstrated a 2D
diagram of absorptance against TAu and TGST with a step of
0.5 nm at a xed wavelength of la ¼ 1180 nm. As can be seen,
the absorptance achieves the highest value of 0.99 at la ¼
1180 nm for TAu ¼ TGST ¼ 40 nm.

Ideal thermal photovoltaics, photon detectors, and emitters
are desired to absorb incident light perfectly under full incident
angles regardless of polarisation. For our proposed HMM
perfect absorber, the absorptance is also robust under oblique
incident angles (qi) for both the p- and s-polarisations. Fig. 4
shows the measured (le column) and simulated (right column)
A(u) spectra as the qi increases from 20� to 80� in a 2� step,
Nanoscale Adv., 2021, 3, 1758–1766 | 1761
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Fig. 3 (a and b) The performance of resonance switching in the HMM
absorber: VASE measured (top panels) and FDTD simulated (bottom
panels) absorptance spectra for the (a) amorphous and (b) crystalline
states. The filling factor is f ¼ 0.5 and the thickness of the constituent
layer is TAu ¼ TGST ¼ 20 nm (black lines), 30 nm (blue lines), and 40 nm
(cyan lines), respectively. The redshift of the absorptance spectra can
be both experimentally and numerically found by changing the
GST225 state from amorphous to crystalline. (c) The resonant wave-
length is plotted against the thickness of constituent layers for both the
amorphous (blue dot) and crystalline (red open circle) phases. (d) A 2D
diagram of absorptance against TAu and TGST at a fixed wavelength of
la ¼ 1180 nm.

Fig. 4 The VASE measurement (left column) and FDTD simulation
(right column) of incident angular-dependent absorptance spectra for
the phase change HMM absorber on a SiO2 substrate under the illu-
mination of (a) p- and (b) s-polarized lights for the amorphous state
and (c) p- and (d) s-polarized lights for the crystalline state.
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where Fig. 4(a and b) present the A(u) for the p- and s-
polarisations in the amorphous state, respectively, Fig. 4(c
and d) present the A(u) for the p- and s-polarisations in the
crystalline state, respectively. For the amorphous state, the A(u)
is maintained above 85% for qi < 50� from 1000 to 1250 nm
under both p- and s-polarised incidences. Although the
performance of the angular independent absorptance gets
worse as transiting the GST structural state from amorphous to
crystalline, there is a good spectral overlap between the A(u) for
p- and s-polarisations in each structural state. Therefore, the
A(u) of the HMM is not only omnidirectional but polarisation
independent. There is a difference between the measured and
simulated absorptance. This may stem from scattering of radi-
ation from imperfections of fabrication.83 In the numerical
model, a few factors are not considered, for example, the
thickness of the native oxide layer, uncertainty in the incident
angle, imperfections of fabrication, surface roughness, and
grain boundaries. Such a simplication induces the observed
discrepancy between the simulated and measured reectance
spectra. Meanwhile, the error in layer thickness monitoring in
the deposition process may also cause the difference. Moreover,
the reectance was measured in the far-eld via a focusing
probe with �0.01 NA. Yet, in the model, the reectance was
recorded by the power monitor positioned above the HMM
absorber, causing the differences between the experiment and
simulation.
1762 | Nanoscale Adv., 2021, 3, 1758–1766
The GST225 lm can be reliably switched more than 108

cycles between the amorphous and crystalline phases,84,85 which
is a key advantage for recongurable photonic devices. This can
enable various functionalities in the same photonic structure
without changing its geometry. In this work, the reversible
transition between the amorphous and crystalline phases
results in a huge alteration in the complex permittivity 3GST ¼
real(3GST) + imag(3GST) � i (see ESI Fig. S1†), leading to
a reversible tuning of the resonant frequency of peak absorp-
tance. In ESI Fig. S2,† we schematically illustrate the treatment
of the phase change HMM absorber. First, the as-deposited
amorphous (AD-AM) HMM absorber is crystallised by ther-
mally heating the structure for 30 min at Tg ¼ 200 �C on
a Linkam hotplate in a owing argon atmosphere. To reversibly
change the GST225 state from crystalline (CR) to melt quenched
amorphous (MQ-AM), the crystal lattice has to be melt and
quenched promptly at a rate of 109 to 1010 K s�1 to freeze the Ge,
Sb, and Te atoms in the random position to form the disorder
MQ-AM state.86 A single 5 nanosecond (ns) laser pulse can
produce the sufficient energy to increase the local temperature
momentarily above Tm ¼ 630 �C to melt the GST225. The
© 2021 The Author(s). Published by the Royal Society of Chemistry
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subsequent prompt cooling quenches the melted layer into the
AM phase. Finally, to recrystallise (R-CR) the HMMwith theMQ-
AM GST225, the hot plate is employed to maintain the HMM
above Tc ¼ 160 �C but below Tm ¼ 630 �C. A phase transition
cycle of crystallisation (AD-AM / CR), reamorphisation (CR /

MQ-AM), and recrystallisation (MQ-AM / R-CR) takes place at
different temperatures and time scales. The reversible optical
switching (namely, an amorphisation of GST225) is experi-
mentally triggered by irradiating the sample with ns laser
pulses.87

As schematically shown in Fig. 5(a), a home-built laser
system consisting of a Q-switch pulsed laser (Quintel, Q-smart
850) operating at l ¼ 1064 nm, 5 ns pulse duration with
a 10 Hz repetition rate is employed to amorphise the HMM
absorber. The maximum output energy of the laser pulse is 850
mJ with a circular beam radius of 5 mm. To optimise the
switching energy, a few laser amorphised marks (grey area
circled by the white dashed line) are fabricated on the sample
surface by using different laser energies. These marks are made
on various areas by moving the sample via the translation stage.
Fig. 5(b) shows the measured A(u) spectra at the different
marks. Initially, the HMM absorber with crystalline GST225 has
a peak absorptance of A(u) ¼ 0.86 at lc ¼ 1680 nm (red line). As
increasing the laser energy from 0 mJ to 34.3 mJ, the A(u)
spectrum does not signicantly change, indicating that the
HMM structure is not yet amorphised. By increasing the energy
to 40.8 mJ, the resonant peak massively blue shis to lm ¼
Fig. 5 (a) Schematic illustration of the laser amorphised mark on the
CR-HMM. (b) Absorptance spectra of the CR-HMM under the various
laser energies of 0, 8.4, 18.1, 29.0, 34.3, 40.8, 48.3, and 55.2 mJ. (c–f)
The absorptance spectra of the phase change HMM absorber with the
different phases of (c) AD-AM, (d) CR, (e) MQ-AM, and (f) R-CR, where
the insets are the microscope images of the HMM absorber.

© 2021 The Author(s). Published by the Royal Society of Chemistry
1280 nm. However for the energy above 40.8 mJ, the resonant
wavelength no longer shis while the ablation effect slightly
reduces the peak absorptance.88,89 Thus, the laser switching
energy of 40.8 mJ is employed to amorphise the HMM absorber.
In Fig. 5(c–f), we present experimentally a phase change HMM
absorber operating in the N-IR region using a reversible phase
transition of GST225 between the amorphous and crystalline
states. The A(u) spectra of the HMM absorber measured at the
four structural states of AD-AM (blue line), hot plate annealed
CR (red line), ns laser-induced MQ-AM (orange line), and hot
plate annealed R-CR (cyan line) are presented, respectively. The
resonant wavelength of the HMM absorber can redshi from la

¼ 1180 to lc ¼ 1680 nm as transiting the structural state from
AD-AM (Fig. 5(c)) to CR (Fig. 5(d)). The CR-HMM is subsequently
reamorphised to the MQ-AM state (Fig. 5(e)), leading to a blue-
shi of the resonant wavelength from lc ¼ 1680 nm to lMQ ¼
1280 nm. The MQ-AM HMM can be fully recrystallised to move
the resonant wavelength from lMQ ¼ 1280 nm to lRC ¼ 1680 nm
(Fig. 5(f)). The insets show the microscopy images of the HMM
absorber at the various states, accordingly. The CR-HMM
appears (Fig. 5(d)) to be brighter than AM-HMM (Fig. 5(c))
due to a decreasing absorptance aer crystallisation. The MQ-
AM HMM can change back to a dark color (circled by a dotted
line in Fig. 5(e)), indicating an increasing absorptance. The
restored, recrystallized HMM (Fig. 5(f)) has a similar color to
that crystallised in the rst writing. Although the resonant
wavelength of the CR-HMM (lc ¼ 1680 nm) perfectly matches
that of the R-CR HMM (lRC ¼ 1680 nm), a difference occurs in
the resonant wavelengths between the AD-AM (la ¼ 1180 nm)
and MQ-AM (lMQ ¼ 1280 nm) states. It is because that the
optical and structural properties of the as-deposited (AD)
amorphous (AM) phase are slightly different than those of the
melt-quenched (MQ) amorphous (AM) state. A detailed
comparison can be found in the ESI of ref. 90. The laser induced
amorphization (MQ-AM) is not sufficient to cause a complete
reversion to the AD-AM state, and there are different crystal-
lisation kinetics between the AD-AM and MQ-AM structural
states.88,91,92 Indeed, the MQ-AM state is intermediate in struc-
ture between the AD-AM and CR phases. As seen in Fig. 5(c–e),
the absorptance spectrum of HMM for the MQ-AM state is
located between the spectra of the AD-AM and CR samples. The
recongurable absorptance control and dynamic band-
selectivity in the HMM absorber offer a main advantage over
the previous light absorber, not to mention its potential to
convert the absorbed light energy into electron–hole pairs. In
ESI Fig. S3,† we numerically studied the effect of the layer
period (P) on the absorptance using Lumerical solution. We nd
that the peak absorptance for the HMM absorber with the
amorphous state becomes higher as increasing P from 4 to 6
while maintaining the peak value around 1182 nm when P > 6.
This indicates that layers of period of 6 (P¼ 6) can be seen as an
effective material.

3. Conclusions

In conclusion, we both experimentally and theoretically
demonstrate a versatile platform for achieving recongurable,
Nanoscale Adv., 2021, 3, 1758–1766 | 1763
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polarisation-independent, and omnidirectional near-perfect
light absorption across the N-IR region. The exceptional perfor-
mance of the absorber is achieved by using a hyperbolic meta-
material based on the multi-layered Au–GST225 nanocomposite
system. We show that the effective permittivity of the structure
can be switched by changing the GST225 phases, leading to
a large and reversible tuning in the peak absorption wavelength
of 500 nm. Such a large-size absorber is efficient over the N-IR
regime and can be straightforwardly fabricated without using
high-resolution lithography and high-temperature growth
methods. This shows its main advantages over nanostructured
light absorbers. We anticipate that such a lithography-free
technique is widespread and can be applied to other low-cost
metal lms i.e., aluminum (Al). Not only would it offer excel-
lent new scalable and high-throughput approaches, but also
provide a monolithic integration into CMOS electronics. Such
a phase change hyperbolic absorber has a promising impact in
the areas of solar thermophotovoltaics, optical ltering, sensing
technologies and thermal camouage techniques.
4. Methods
4.1 Device fabrication

The HMM structure is fabricated by using the physical vapour
deposition method. The sputter chamber base pressure is less
than 6.0 � 108 mTorr and all the deposition is carried out at 3.0
mTorr. The GST225 lms were deposited by radio frequency
(RF) sputtering with a power of 20 W and deposition rate of 2 Å
s�1. The Au lms are deposited by direct current (DC) sputtering
from an Au target (50 W, deposition rate of 2 Å s�1). Thick
samples (>200 nm) of both the materials were deposited, and
the deposition rates were calibrated using an Atomic Force
Microscope (AFM). Apart from the HMM structure, individual
GST and Au lms were deposited for the optical spectroscopic
and crystallisation temperature measurements. All the samples
are deposited onto the silica substrate and the as-deposited
samples are in the amorphous state. The cross-sectional anal-
ysis and the corresponding elemental analysis of the layered
planner HMM structure are performed using a focused ion
beam (Helios G4 UX) system.
4.2 Optical characterisation

The optical characterisation of the HMM absorber is performed
using variable angle spectroscopic ellipsometry (J. A. Woollam
Co., Inc, V-VASE). The optical permittivity of the structure is
measured in the wavelength range of 400–2400 nm with
a spectroscopic resolution of 10 nm. The polarisation and the
angle-dependent transmittance and reectance of the HMM
structures are measured with the incident angle varying from
20� to 80� at room temperature. The reectance and trans-
mittance spectra are recorded at an angular resolution of 5�.
The recongurability response of the HMM structure was
measured by a laser switching experiment. A home-built laser
system consisting of a ns pulsed laser operating at 1064 nm, 10
ns pulse duration with a 30 Hz repetition rate was employed to
switch the HMM devices.
1764 | Nanoscale Adv., 2021, 3, 1758–1766
4.3 Numerical simulation

A commercial FDTD simulation soware package (Lumerical
Solutions, version 8.15.736) was used to simulate the HMM
absorber. The simulation for the planar HMM structure is
performed in a 3D layout, and a unit cell of 200 nm � 200 nm �
3500 nm in the x–y–z plane is considered for the simulation. In
the model, periodic boundary conditions in the x–y plane and
perfectly matched layers along the wave propagation direction
(z-axis) are used. The reectance and the transmittance spectra
are recorded by the power monitors placed above and below the
HMM absorber, respectively. The Bloch boundary condition was
used for normal incidence whilst a broadband xed angle
source technique (BFAST) was used for oblique incidence. The
spatial grid size of 2 nm was used to minimise the simulation
error. The complex permittivity of Au and GST225 with the
different states is obtained by ellipsometry (see ESI Fig. S1†).
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