Thermally tunable far-infrared metasurfaces enabled
by Ge,Sb,Tes phase-change material
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Abstract— The development of active metadevices
continues to present Kkeystone challenges in fields of
plasmonics and photonics. Here, we demonstrate an
analogue of electromagnetically induced transparency
(EIT) effect in a far-infrared metasurface device via near-
field coupling of bright and quasi-dark resonances
resonating at nearly the same frequency with contrasting
line widths. The proposed metasurface was further
optimized numerically in order to demonstrate a
reconfiguration effect (frequency-shift of the spectral
response). The tunability property of the device is achieved
by incorporating a thin layer of Ge,Sbh,Tes (GST), a
temperature-driven phase change material (PCM).
Theoretical analysis based on a coupled Lorentz oscillator
model explains the physical mechanism in the proposed
design and shows a good agreement with the observed
results. Such active hybrid EIT metadevices could have
applications in tunable slow-light effects, delay bandwidth
management and ultrafast laser induced switching.
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1. INTRODUCTION

Dynamically reconfigurable devices provide a controllable
degree of freedom in the fields of light propagation,
polarization control and information processing. In this
context, intrinsic limitations posed by the operational
bandwidths and losses of metamaterials (MMs) can be
effectively mitigated through the incorporation of materials
with tunable electrical and optical properties. The active
control of the MM resonances has been achieved by
integrating localized components, such as varactor diodes
[1,2] or using electrically [3,4], optically [5,6] and thermally-
driven materials [7,8]. Recent advances in atomic-layered
two-dimensional (2D) materials, including graphene and
transition metal dichalcogenides (TMDs) have attracted
increasing attention and provided new perspectives in
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achieving novel active metadevices [9,10]. Compared to
traditional semiconductors, 2D-layered materials have high
carrier mobility, high surface conductivity and a very short
carrier relaxation time [11,12]. Other promising candidates for
active tunability are phase-change materials (PCMs), such as
metal-oxide materials [13] and germanium-antimony-telluride
Ge,SbyTe, (GST) alloys [14,15], which exhibit unique
electrical and optical properties for various phase states
excited using various stimuli methods. For example, the
metal-oxide material vanadium dioxide (VO,) is reported to
exhibit a structural transition from an insulating monoclinic
phase to a metallic rutile phase near room temperature at an
ultrafast sub-picosecond timescale [16] and can be induced
optically [17], electrically [18] or thermally [19]. These
unique characteristics can dramatically improve the
performance of MMs-based photonic devices.Ge2Sb2TeS is
the most commonly studied stoichiometry of the ternary alloy
chalcogenide material. The rapid reversible phase transition
between states presents abrupt changes in material properties.
This reliable and promising phenomena shows great promise,
not only for optical rewritable disks, but for tunable devices.

Tunable analogues of electromagnetically induced
transparency (EIT) effect in metamaterials have also attracted
a lot of interest due to their potential application in sensing
[20,21], quantum information processing [22—-24] and slow-
light devices [25-28]. EIT is a nonlinear quantum interference
phenomenon occurring in a three level atomic system leading
to an extremely narrowband transparency window within a
wide absorption line [24,29]. EIT-like effect in MMs usually
occurs as a result of interference between a bright and a dark
mode. The bright mode strongly couples with the incident
light, while the dark mode couples weakly to the incident
light. To realize EIT, it is required that both modes have
similar resonant frequencies with a minor deviation in line
width. In such a situation, the destructive interference of these
modes induces a narrow transparency window between two
distinct resonance dips [30].



In this paper, a tunable hybrid MM exhibiting an EIT-like
effect is investigated in the far-infrared regime. In particular, a
thin layer of thermally-controlled GST is utilized due to its
ability to undergo a reversible switching between two different
phases, a conductive crystalline phase (c-GST) and highly
resistive amorphous phase (a-GST). The results show that the
frequency range of transparency window can be continuously
tuned upon varying the applied external temperature. The
paper is organized as follows. We first present the design of
the static far-IR MM without the phase change material and
present the origin of the EIT-like response in the far-IR. Then,
we show the tunability by varying the phase of the GST layer
and compare it to the static case.

II. STATIC FAR-INFARED EIT-MM: DESIGN AND RESULTS

The wunit cell of the investigated metadevice is
schematically shown in Fig. 1(a). It is composed of a metallic
cut wire subresonator (CWR) in close proximity to a U-shaped
subresonator (USR), each made of 100 nm-thick aluminum and
deposited on the top side of a silicon (Si) substrate. The
relevant geometrical dimensions of the unit cell are: p, = p, =
6.4 um, ; =4.1 pm, L,=3.2 um, 5=2.3 pum and w =0.75 pm.
Such periodic structure does not diffract normally incident
electromagnetic radiation for frequencies less than 47 THz.
Numerical calculations were carried out using the finite
difference time domain (FDTD). In these calculations, the
elementary cell of the designed metasurface was irradiated at
normal incidence, under TE-polarization (E || y-axis), as
indicated in Fig. I(a). Periodic boundary conditions were
applied in the numerical model in order to mimic the
functioning of a 2D infinite structure. In simulations, the
silicon substrate was treated as a lossless dielectric with ¢ =
11.9 and the aluminum (Al) was modeled as a lossy metal with
a conductivity of 3.56x10” S/m.

Here, we investigate the EIT effect under the following
conditions: (i) the resonance frequencies of the two coupled
sub-resonators are nearly identical, with minor deviation (ii)
they have significantly different resonance linewidths (strongly
contrasting in Q-factors). The simulated transmission spectrum
of the device is plotted in Fig. 1(b). One can observe a narrow
transparency peak at around 14.9 THz with an amplitude as
high as 65% between two resonance dips at around 14.32 THz
and 15.5 THz, respectively, which is considered to be an EIT-
like effect. Under the illumination of a linearly TE-polarized
THz wave, each unit cell of the EIT-MM can be regarded as
the combination of an outer U-shaped resonator (USR)
supporting a symmetric Lorentz-type resonance at around
15.35 THz, which arises from the excitation of the radiative
inductive-capacitive (LC) mode and an inner cut wire resonator
(CWR) that exhibits a dipole type resonance at 15 THz (nearly
the same frequency), as shown in Fig. 1(c). Despite the fact
that both the resonators are directly excited by the incoming
terahertz wave, the LC resonance with the lower Q-factor (Q =
4.96) serves as the “bright” mode and the dipole resonance
displaying higher Q-factor (Q = 150) acts as the sub-radiant
“quasi-dark” mode in the system. When the two resonators are
arrayed within one unit cell, an EIT-like transparency window
appears in the transmission spectrum instead of the
transmission dips of the USRs and the CWRs.
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Fig. 1. (a) Unit cell of the designed metadevice with the corresponding
electromagnetic  excitation configuration. The relevant geometrical
dimensions are: p,= p, = 6.4um, /, = 4.1um, L= 3.2um, /3 = 2.3um and w =
0.75um. (b) Measured dielectric constant (¢ = ¢’ + ie") of the GST layer using
ellipsometry and annealed at various temperatures between 130 °C and 220
°C. The phase transition (amorphous-to-crystalline) occurs at around 150°C.
(c) Simulated transmission spectra of the sole USR array and the sole CWR
array.

To demonstrate the validity of the underlying EIT effect,
we used an analytical model based on the coupled oscillator
theory described by the following set of equations [6,31]. Here,
USR and CWR are designated as particles o and d,
respectively, (@p, qp), (Mp, mg), (wp, ®q) (Vb Ya) and
Q are the effective charge, effective mass, resonance angular
frequencies, loss factors and the coupling strength between
(brigh, quasi-dark) particles.

Here, we consider both particles bright (x;) and quasi-dark
(x;) interacting with the incident THz electric field
E = E,e'®t. In the above coupled equations, we substitute
qa = Qp/A and myg= Mp/B , where A and B are
dimensionless constants that dictate the relative coupling of
incoming THz light with the particles. Now by expressing the
displacements vectors for particles a and b as x, = c,e/®*and
x, = cpe®t, we solve the above coupled equations (1) and (2)
for X4 and Xp:

%QZ+ (w?-wga?*+iw yq) Qb E
Q- (w2-wp?+iow yp)(w?-wg?+Hiw yg) My

)

Xp =

and
B .
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The susceptibility (¥), which relates the polarization (P) of
the particle to the strength of incoming electric field (E) is
then expressed in terms of the displacement vectors as:
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The simulated transmission in Fig. 1(b) is fitted by the
imaginary part of the nonlinear susceptibility expression. In
our fitting, the transmission coefficient is defined as T = 1-
Im(y) (given by the Kramer-Kronig relations), which is
derived from the conservation of energy relation T+A = 1
(normalized to unity), where A = Im(y) is the absorption
(losses) within the medium. As the condition for EIT
demands, in the analytical model, the resonance frequencies of
the bright and the quasi-dark modes are kept constant
(wp = Wq = 9.42x10" rad/ s), whereas their line widths differ
by two orders of magnitude (¥q =0.03y,) . A good
agreement between the analytical data and the corresponding
simulation is achieved for the coupling parameter Q = 2.8 x
10" rad/s [see Fig. 1(b)].

III. THERMALLY TUNABLE EIT METADEVICE

The unit cell of the tunable device is schematically shown
in Fig. 2(a). A 100-nm-thick GST layer is inserted between the
silicon substrate and the resonators while the other geometrical
dimensions are kept constant. GST is a temperature-
controlled PCM with an amorphous (a-GST) and discrete
cubic crystalline (c-GST) phases with distinct electrical
properties that can be reversibly switched between by applying
either bias or incident optical pulses.

The dielectric constant (e = ¢’ + ie") of a RF sputtered 450
nm GST layer on glass was measured experimentally using a J.
A. Wollam IR-VASE ellipsometer at various incident angles
ranging from 50 - 75° and annealed at increasing temperatures
between 130 °C and 220 °C then implemented in the numerical
model. The phase transition (amorphous-to-crystalline) occurs
around 150°C [see Fig. 2(b)]. Figure 2(c) shows the simulated
transmission spectra of the device for different annealing
temperatures of the GST layer. It is well-established that
metamaterials are very sensitive to the surrounding dielectric
environment. Hence, upon adding 100-nm-thick a-GST layer
(in the amorphous phase without annealing) between the
silicon substrate and the resonators, one can clearly observe
that the transmission spectrum shifts to lower frequencies due
to the increase in the capacitance of the structure [Fig. 2(c), red
curve]. Similar behavior is observed in the crystalline phase of
GST (c-GST), when further increasing the annealing
temperature [Fig. 2(c), blue curve].

Of particular interest is the switching behavior and
bandwidth modulation exhibited around the EIT window.
With respect to the latter, the presence of the amorphous GST
layer broadens and shifts the EIT window to lower frequency
with respect to the static EIT-MM. Further, the window is
considerably larger in bandwidth for the crystalline phase and
shifted to above 16 THz. At 15 THz there is an ON/OFF
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Fig. 2 (a) Unit cell of the designed GST-Si heterostructure metasurface active
metadevice with the corresponding electromagnetic excitation configuration.
The relevant geometrical dimensions remain unchanged: p.= p, = 6.4pm, /, =
4.1um, L= 3.2um, /5= 2.3um and w = 0.75um. The thickness of aluminum is
100nm. (b) Measured dielectric constant (¢ = ¢’ + ie”) of the GST layer using
ellipsometry and annealed at various temperatures between 130 °C and 220 °C.
The phase transition (a-GCT to ¢c-GST) occurs at around 150°C. (c¢) Evolution
of the simulated transmission spectra for different phases/annealing
temperatures of the GST layer. The transmission spectrum without GST is also
plotted for comparison (black curve).

capability exhibited between a transmission dip for the
crystalline phase verses the original EIT window. We also
would like to point out that this rich tunability and modulation
can be further explored in higher frequencies up to optical
frequencies by altering the substrate and unit cell geometry.

IV. CONCLUSION

In conclusion, we have demonstrated numerically and in
the context of an analytical coupled oscillator model a
frequency-agile EIT-like metadevice in the far-infrared
regime. The frequency-tunability property is performed by
incorporating a thin layer of GST temperature-driven phase
change material (PCM). Our results pave the way towards the
development of compact delay lines and slow-light active
metadevices.
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