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Ge-Sb-Te based metasurface with angle-tunable switchable response in the telecom bands
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Metasurfaces based on phase change materials are widely used for the controllable on-demand modification
of properties of a device at the postfabrication stage. We report the fabrication of a switchable Ge-Sb-Te
(GST)-based metasurface with a submicron period by magnetron sputtering with electron beam lithography
postprocessing. We provide theoretical and experimentally measured angle-resolved reflection spectra of such
metasurfaces. In these spectra, we observe magnetic dipole resonance features, which significantly differ for
two different GST states, and Rayleigh anomalies, whose spectral position remains unchanged during the phase
transition. We demonstrate the optical response of these metasurfaces to be strongly modulated under GST phase
transition in the telecom wavelength range.
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I. INTRODUCTION

Artificial electromagnetic structures known as metama-
terials and their single-layer counterparts, metasurfaces, are
highly attractive for various applications due to their unique
optical response, which allows engineering invisible cloaks
[1,2], complex light sources [3–6], wavefront controlling
devices [7–10], and precise sensors [11–13]. Besides, metaop-
tics is associated with exotic effects such as the negative
refractive index [14,15] and resonance-induced transparency
[13,16,17] in various bands of the electromagnetic spectrum.

In modern metaphotonics, postfabrication tuning of the
optical response is a significant challenge [18,19]. One of
the possible dynamic switching methods is based on phase-
change materials (PCM), which have two metastable states,
amorphous and crystalline, coexisting under normal con-
ditions [20–22]. Unlike most materials, PCM demonstrate
nonvolatile phase transition. In the usual volatile case, the
phase directly depends on the external conditions. However,
PCM crystallization is a relatively slow process, which allows
freezing the lattice disorder by rapid quenching. Thus, thermal
heating is enough for the amorphous-to-crystal transition to
occur. For this purpose, continuous-wave (CW)-laser radia-
tion, Ohmic heating, or another treatment can be used. The
reverse process requires an injection of energy high enough
for lattice disorder to be induced, and the heat should be
removed faster than the atoms find their sites in the crystal
arrangement. This can be realized by optical means, using
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high-energy femtosecond laser pulses [18]. Thus, heating the
amorphous-phase material with short pulses was used to mod-
ify the disorder amount in a predictable manner, leading to
the multilevel switching of a PCM [19]. Another remark-
able peculiarity of PCMs is their unsaturated covalent bonds.
Thus, the electrons are weakly confined by the host atoms
and have a strong response to an applied electric field. As a
result, PCMs have a relatively high permittivity [21]. More-
over, their permittivity can be doubled during phase transition,
from 15 to 30. Nowadays, the most studied and used PCM is
the germanium-antimony-tellurium alloy (Ge-Te-Sb or GST),
which has found an application in rewritable data storage
[20,22]. Moreover, this alloy is promising for device minia-
turization [19] and on-demand control of spatial response
properties [23–27]. Although GST has a relatively narrow
band gap, which leads to absorption in the visible range, it
is suitable for many applications in the infrared spectrum,
including the range of 1.53–1.56 µm (C-band), which is im-
portant for telecommunication fiber lines. Thus, switchable
devices operating in the infrared range and empowered with
metamaterials are very promising for a wide range of appli-
cations such as electrooptical modulators [28,29], conversion
systems [30], and high-harmonic generation [25,31].

In this work, we demonstrate a PCM-based metasurface
with a significant switching of optical response in the telecom
band. The metasurface is an array of dielectric stripes made
of the Ge-Sb-Te alloy. We simulate its angle-resolved reflec-
tion spectra and identify the features corresponding to the
lattice-dependent Rayleigh anomaly, whose frequency does
not change under the phase transition, and magnetic Mie-
type resonances, which are strongly modified. The theoretical
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predictions are confirmed by experimental measurements of a
GST metasurface sample.

II. RESULTS AND DISCUSSION

A. Fabrication of samples

Here, we consider a metasurface composed of GST stripes
with a rectangular profile [Fig. 1(a)]. The samples were fab-
ricated as follows. We produced amorphous Ge2Sb2Te5 thin
films, using direct current (DC) magnetron sputtering with
a commercially available polycrystalline target. The films
were deposited onto a 0.1-mm-thick fused quartz substrate.
The GST films thickness was 250 nm, according to atomic
force microscopy (NT-MDT Solver Pro) measurements. Then,
we fabricated GST stripes with electron beam lithography
(Crestec CABL-9050C system) and reactive ion etching (Co-
rial 200 setup). For the e-beam lithography, negative e-beam
tone resist (ma-N2403) was employed. The reactive ion etch-
ing of GST film was performed in SF6 gas atmosphere and
monitored in situ by a built-in reflectometer. We examined
the etched samples with a broadband reflectometer (Filmetrics
F-20 UVX) in lattice-free places. As a result, the structures
with a period of P = 700 nm and GST stripe widths of
w = 500 nm were fabricated. Scanning electron microscopy
(SEM) images of the structure cross-section were obtained
with a JEOL JSM 7001F microscope [Fig. 1(b)]. We studied
the optical response of both amorphous and cubic crystalline
GST structures. We obtained a crystallized GST structure by
annealing the initial GST films at 250◦ C at a heating stage
(HFS600E-PB4 Linkam) under argon flow. The annealing
temperature was chosen based on the results of previous re-
search [32].

B. Experimental part

Next, we experimentally studied the fabricated
metasurfaces by angle-resolved reflectance spectroscopy. The
reflection measurements were performed over the spectral
range of 900 to 2200 nm with an OceanOptics spectrometer
equipped with an InGaAs-based charge-coupled detector. As a
white light source, we used a tungsten-halogen lamp polarized
by a Glan-Thompson prism. The metasurface samples were
placed on a custom mount, which allowed us to vary the
incidence angle in the range from 10 to 70 degrees. Figure 2
shows the reflection spectra normalized to that of a silver
mirror.

For the crystalline-phase case, we observe asymmetric
peaks, marked with blue and orange circles, which shift to
longer wavelengths as the angle of incidence increases. Sim-
ilar to the amorphous phase, the shape of these resonances
changes for different angles of incidence. At the same time,
in the range of 1850 to 1900 nm, we can observe a broadband
resonance for different angles of incidence.

The experimental spectra in Fig. 3 confirm that our meta-
surface is capable of switching at the telecom wavelengths.
Here, for the crystalline phase, a reflectance maximum is
observed at λ = 1810 nm, matching a local minimum in the
amorphous phase spectrum. Moreover, an inverse effect is
observed in the spectral region near the magnetic dipole of the
amorphous phase (1400 to 1580 nm, which covers the telecom
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FIG. 1. (a) Schematic view of the GST metasurface. GST stripes
(grey) are located on a silica substrate (cyan). (b) SEM image of
the fabricated structure and the plane of incidence with the wave
vectors of the incident and reflected waves. Inset shows a side view
of the metasurface sample. (c) Experimental setup for reflection
measurements.

S band); namely, an amorphous phase peak corresponds to
low-intensity reflection for the crystalline phase.

C. Theoretical analysis

To determine the origin of this features in reflection spec-
tra, we theoretically studied the switchable metasurface using
a rigorous coupled-wave analysis (RCWA) method [33–35].
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(a) (b)

FIG. 2. Experimental reflection spectra of the metasurface for the
(a) amorphous and (b) crystalline phases of GST. Blue and orange
circles denote the air- and substrate-diffracting Rayleigh anomalies,
respectively. Green squares indicate the magnetic dipole mode. All
the curves are arbitrarily shifted in the vertical direction to facilitate
comparison.

For our simulation, we measured the permittivity of GST (see
Supplemental Material (SM) Fig. S1 [36]) in two phases af-
ter sample preparation by the spectral ellipsometry technique
(HORIBA UVISEL 2) using a five-layer model (air-surface-
GST-SiO2-Si) and a single Tauc-Lorentz oscillator. We used
the effective medium approximation for the rough surface
layer [a mixture of the film (50%) and void (50%)]. We
considered a linearly polarized wave incident from air at an
angle θ to the normal in the plane perpendicular to the strips
[Fig. 1(b)]. The substrate made of fused silica (n = 1.5) was
also taken into account. The geometric dimensions of stripes
were equal to those used in fabrication.

In high-index metasurfaces, guided modes are usually re-
lated to the Mie resonances supported by the constitutive
elements. In our research, we considered a p-polarized wave
[with the electric field vector in the plane of incidence, see
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FIG. 3. Experimental reflection spectra for the amorphous (blue)
and crystalline (orange) phases of GST for an incidence angle of θ =
15◦. At the top, telecom bands are indicated.

the scheme in Fig. 1(b)] since it allows excitation of magnetic
Mie resonances, which are located at lower frequencies than
their electric counterparts [37]. Moreover, for s-polarization,
the untunable Rayleigh anomaly affects the scattering much
more strongly, interfering with the tunable Mie modes, which
complicates the analysis.

In Figs. 4(a) and 4(b), we compare the simulated reflection
spectra of the metasurface in two phases of GST. For both
phases, two sets of asymmetric features are observed [blue and
orange markers in Figs. 4, 5(c), and 5(d)], which are attributed
to the opening of an additional diffraction channel [38]. These
features are the so-called Rayleigh anomaly. The in-plane
translational symmetry causes the longitudinal component to
be preserved for any reciprocal lattice vector G. The Laue
equation reads ki = ks + G, where ki and ks are the incident
and scattered wave vectors, and G = 2π/P is the reciprocal
lattice vector. Thus, the Rayleigh anomaly dispersion obeys
the equation

nd sin θd = ni sin θi ± mλr/P. (1)

Here, λr is the wavelength of the Rayleigh feature, ni and θi

are the refractive index of the first medium and the angle of
incidence, nd and θd are the refractive index of the medium
the light is diffracted to and the diffraction angle, and m is
the diffraction order. Since the light is diffracted both forward
(into the substrate) and backward (into air), a pair of Rayleigh
anomalies are observed at the corresponding wavelengths. We
should note that the anomalies are purely geometrical: they are
defined only by the period of the structure and the incidence
angle and have no dependence on the material parameters of
the metasurface.

Of note, changing the term ni in Eq. (1) leads to a shift
of Rayleigh anomalies, even when the geometrical parameters
are kept. This effect is known as index-matching and observed
in metallic gratings [39]. Moreover, when the indexes of the
substrate and superstrate are equal, the resonances become
sharper (see SM Fig. S3 [36]), and therefore, for a practical
application, both the substrate and superstrate of a device
should be made of the same material.

For the amorphous phase, when the magnetic field is lo-
cated inside the stripes, the simulations show a narrow dip,
associated with the magnetic dipole mode [see the green
square markers in Figs. 4, 5(c), and 5(d)]. The electromagnetic
field profiles are shown in Figs. 5(a) and 5(b). In particular,
for θ = 10◦, the dip is located at 1533 nm. As the incidence
angle increases, the dip red-shifts. For the crystalline phase,
there is only one peak in the spectrum in the range of 2000
to 2250 nm, which corresponds to the low-wavelength side of
the magnetic dipole, manifesting itself as a Fano resonance.

In Fig. 4(c), we analyze how different values of the GST
crystallization fraction affect the spectrum. Here we employ
the Lorentz-Lorenz relation used for evaluating the GST
permittivity during multilevel switching, i.e., for different
amounts of the lattice disorder [40]

εeff − 1

εeff + 2
= δ

εc − 1

εc + 2
+ (1 − δ)

εa − 1

εa + 2
, (2)

where δ is the fraction of the crystalline-phase GST, ranging
from 0 to 1, and εa and εc are the permittivities of the amor-
phous and crystalline phases, respectively. For this notation,
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FIG. 4. Simulated reflection spectra of metasurface for the (a) amorphous and (b) crystalline phases of GST. (c) Evolution of the reflection
spectrum for an incidence angle of 15◦ for metasurfaces with different crystallization fractions of GST. Blue and orange circles denote Rayleigh
anomalies corresponding to the waves diffracted into air and the substrate, respectively. Green squares indicate the magnetic dipole mode. All
the spectra are shifted in the vertical direction to facilitate comparison.

δ = 0 corresponds to the amorphous phase with the highest
amount of lattice disorder right after the sample fabrication,
and δ = 1, to the crystalline phase.

The reflection spectra for these two measured values for
the amorphous and crystalline phase are shown in Figs. 4(a)
and 4(b), respectively. Figure 4(c) shows the dependence of
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FIG. 5. Distribution of the (a) electric and (b) magnetic fields of the magnetic dipole mode for an incidence angle of 10◦. Theoretical and
experimental dispersion of the Rayleigh anomaly and magnetic dipole mode for the (c) amorphous and (d) crystalline phases of GST. Blue
and orange circles indicate the Rayleigh anomalies corresponding to the waves diffracted into air and the substrate, respectively. Green squares
indicate the magnetic dipole mode. Open and closed markers indicate the experimental and theoretical data, respectively. Lines are the exact
solution for the Rayleigh anomalies.
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the reflection spectra on the crystallization fraction of GST
for θ = 15◦. It is clearly seen that the Rayleigh anomaly
at 1194 nm is independent of the crystallization fraction δ

since its spectral position is defined by the equation contain-
ing the metasurface period only. The magnetic dipole feature
red-shifts as the fraction δ increases, which is explained by
changing real part of the permittivity. In particular, according
to the ellipsometry results, the real part of the permittivity
changes from 17 for amorphous to 47 for crystalline phase at
λ = 1540 nm. Moreover, the imaginary part of the permittiv-
ity also increases from Im(εa) ≈ 0.3 to Im(εc) ≈ 17 after the
phase transition, causing the Q-factor of the mode to decay.
Although Eq. (2) is derived with simple approximations, it is
used for the description of multilevel switching of GST. Our
purpose here is just to identify peaks through their evolution.
This task does not require the accurate value of the GST
permittivity for the intermediate phase.

III. CONCLUSION

We fabricated metasurfaces made of both amorphous
and crystalline Ge2Sb2Te5 in the form of gratings with a
submicron period, using magnetron sputtering and e-beam
lithography postprocessing. We studied angle-resolved reflec-
tion spectra of the synthesized metasurfaces in the infrared
range theoretically and experimentally, and these results are

in good agreement. We revealed that the observed spectral
features are associated with Rayleigh anomalies and magnetic
dipole resonance. We demonstrated that the optical response
of the metasurface is significantly modulated under the phase
transition of Ge2Sb2Te5. In the range of 1400 to 1600 nm,
which covers the telecom bands, the intensity of the opti-
cal response of the amorphous phase was double that of its
crystalline counterpart, and in the range of 1600 to 2200 nm,
we observed an opposite effect, namely, the crystalline-phase
optical response was three times higher than the amorphous
one. For GST with a thickness of several hundred nanometers,
phase switching can be realized by means of short optical or
electric pulses at the postfabrication stage, which is crucial for
practical applications. Thus, such a PCM-based metasurface is
potentially promising for switchable devices providing control
over light flows.
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