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Abstract

Chalcogenides—alloys based on group-16 ‘chalcogen’ elements (sulfur, selenium, and tellurium) covalently bound to
‘network formers' such as arsenic, germanium, antimony, and gallium—have a variety of technologically useful
properties, including infrared transparency, high optical nonlinearity, photorefractivity and readily induced, reversible,
non-volatile structural phase switching. Such phase-change materials are of enormous interest in the fields of
plasmonics and nanophotonics. However, in such applications, the fact that some chalcogenides accrue plasmonic
properties in the transition from an amorphous to a crystalline state, i.e, the real part of their relative permittivity
becomes negative, has gone somewhat unnoticed. Indeed, one of the most commercially important chalcogenide
compounds, germanium antimony telluride (Ge,:Sb,:Tes or GST), which is widely used in rewritable optical and
electronic data storage technologies, presents this behavior at wavelengths in the near-ultraviolet to visible spectral
range. In this work, we show that the phase transition-induced emergence of plasmonic properties in the crystalline
state can markedly change the optical properties of sub-wavelength-thickness, nanostructured GST films, allowing for
the realization of non-volatile, reconfigurable (e.g., color-tunable) chalcogenide metasurfaces operating at visible
frequencies and creating opportunities for developments in non-volatile optical memory, solid state displays and all-
optical switching devices.

Introduction

Phase-change materials have had a significant role in
the evolution of active plasmonic and photonic meta-
material technologies, delivering a variety of switchable,
tunable, and reconfigurable optical functionalities
through hybridization with plasmonic metal nanos-
tructures' . Chalcogenides, which can be electrically and
optically switched between amorphous and crystalline
states with markedly different electronic and photonic
properties® ', have facilitated the realization of active
plasmonic metamaterial devices for a variety of applica-
tions including electro- and all-optical signal switching,
polarization = modulation, beam  steering, and
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multispectral imaging'' ™. Moreover, the near-infrared
high refractive index and index contrast between phase
states within germanium antimony telluride (Ge,:Sb,:Tes
or GST) have recently been harnessed in the demon-
stration of laser-rewritable and optically switchable,
nanostructured ‘all-dielectric’ (i.e., all-chalcogenide)
metasurfaces’ %, At the same time, several bulk
monocrystalline chalcogenides have been recognized as
‘topological insulators’ (TIs)—semiconductors with
topologically protected metallic surface states arising
through strong spin—orbit interactions®®. Indeed, the
quaternary TI alloy Bi;sSbgsTe;sSe;n (BSTS) has
recently been demonstrated as a UV-visible range plas-
monic medium?”.

Here, we show that thin-film GST can be optically
switched between amorphous and polycrystalline states,
which are dielectric and metallic (i.e., plasmonic)
respectively at UV/VIS wavelengths, and demonstrate
this switching in the context of photonic metasurfaces.
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Fig. 1 Chalcogenide plasmonics. a Spectral dispersion [from variable angle ellipsometric measurements] of the real €; and imaginary &, parts of the

relative permittivity of sputtered germanium antimony telluride [GST] in its amorphous and polycrystalline phases. b Spectral dispersion of plasmonic

figures of merit for polycrystalline GST and a selection of other plasmonic materials [as labeled; calculated using material parameters from
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The real part &; of the relative permittivity (Fig. 1a) of
polycrystalline GST has a negative value at wavelengths
A below 660 nm, as is required for a medium in air/
vacuum to support surface plasmons®®, and a positive
value at longer wavelengths. In contrast, amorphous
GST is dielectric with a positive value of €; across the
entire ultraviolet to near-infrared spectral range. Fig-
ure 1b presents the plasmonic figures of merit
Re{kspp}/2mIm{kspp}—the surface plasmon polariton
(SPP) propagation decay length in units of SPP wave-
length®*” —for polycrystalline GST alongside a number of
other, noble metals and recently proposed alternative®®
plasmonic media. (kspp = kor/€ma/(em+eq) is the
wavevector of the surface plasmon polaritons on a pla-
nar interface between the metallic and dielectric media
with complex relative permittivities of ¢, and &g,
respectively; the latter is taken to be air in the present
case; ko is the free space wavevector). On this basis, GST
is surpassed only by Al in the near-UV spectral range
and is comparable as a plasmonic medium for UV and
blue/green visible wavelengths to highly doped trans-
parent conductive oxides at near-infrared wavelengths.

In isolation, optically thick GST is an absorbing
medium at ultraviolet/visible wavelengths with a dis-
persion of reflectivity that can be substantially modified
by nano-grating metasurface structures, yielding vibrant
plasmonic colors in the crystalline state when illumi-
nated with light polarized perpendicular to the grating
lines (see Supplementary Figure S1). For the present
study however, we adopt an encapsulated layer structure
closer to that which would ultimately be required in a
practical reversible switching device, whereby a thin
chalcogenide film is protected against atmospheric
degradation, especially at elevated phase-transition
temperatures'’. While this encapsulation does have

the effect of suppressing absolute levels of reflectivity
and transmission relative to those of a free-standing thin
film (a result of Fabry—Perot-type interference between
the central high-index absorbing film and lower-index
layers either side*), it nonetheless facilitates a demon-
stration of an optically induced change in the character
of the chalcogenide, from dielectric to plasmonic.

Materials and methods

For the present study, 70 nm of GST was deposited
between 70 nm protective layers of ZnS/SiO, on an
optically flat quartz substrate by RF sputtering (Kurt J.
Lesker Nano 38) from Ge,Sb,Te; and ZnS:SiO, (1:9)
alloy targets. A base pressure of 5x 10”7 mbar was
achieved prior to the deposition, and high-purity argon
was used as the sputtering gas. The substrate was held
within 10 K of room temperature on a rotating plate 150
mm from the target to produce low-stress amorphous
films. The chemical composition of the deposited phase-
change film was confirmed using energy dispersive X-
ray spectroscopy (Supplementary Figure S2). Nano-
grating metasurface arrays were subsequently milled
though the ZnS/SiO,—GST-ZnS/SiO, tri-layer using a
focused (gallium)-ion beam (FEI Helios NanoLab 600)
at beam currents <28 pA to prevent crystallization of the
GST (via ion beam-induced heating) during the milling
process. Metasurface domains, each measuring 20 x 20
pum in the sample plane, were fabricated with a range of
periods, P, from 250 to 400 nm at a fixed milled line-
width, W, of 100 nm (Fig. 2).

The amorphous-to-crystalline transition in chalco-
genides is an annealing process that may be initiated
across the whole sample by increasing the ambient
temperature or locally by laser- or electrical current-
induced heating to a temperature above the material’s
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Fig. 2 GST metasurfaces. a Artistic cut-away section of the nanograting metasurface structures fabricated with a 70 nm film of GST between two
layers [70 nm each] of ZnS/SiO,. b Scanning electron microscopy image of a section of a ZnS/SiO,-GST-ZnS/SiO, tri-layer metasurface [dark areas are
the quartz substrate exposed by focused ion-beam milling, i.e., removal of the tri-layer]. ¢ Transmission and d reflection TM-polarized, normal-
incidence reflection images of a 20 x 20 um, P =400 nm, amorphous phase, GST, tri-layer metasurface domain [surrounded by unstructured,
amorphous phase GST tri-layer], part of which—the central 12 X 12 um region appearing green in transmission mode and pale orange in reflection

glass-transition point, T, (~160 °C for GST), but below
its melting point, T, (~600 °C)3°, The reverse transition
—a melt-quenching process—can be driven by shorter,
higher energy pulsed excitation that momentarily brings
the material to a temperature above T},,>'. In this work,
structural transitions in the GST layer were excited
using 85 fs laser pulses at a wavelength of 730 nm with a
beam focused to a diffraction-limited spot and raster-
scanned over the sample using a spatial light modulator,
as described in ref. ** By varying the number, repetition
rate and energy of the pulses delivered at a given point,
one may accurately control the temporal profile of the
optically induced temperature change in the GST. Here,
we employed trains of fifty ~140mJcm™> pulses at a
repetition rate of 1 MHz for crystallization.

The normal-incidence transmission and reflection
characteristics of the GST nanograting metasurfaces in
amorphous and crystalline states were quantified for
incident polarizations perpendicular and parallel to the
grating lines (along the x and z directions defined in
Fig. 2 or the TE and TM orientations of the grating,

respectively) using a microspectrophotometer (CRAIC
QDI2010) with a sampling domain size of 15 umx15 um
and numerical aperture of 0.28.

Results and discussion

For GST in the amorphous phase, the transmission of
the unstructured ZnS/SiO,—GST-ZnS/SiO, tri-layer
increases monotonically with the wavelength across
the UV-to-near-IR spectral range, from ~5% at 400 nm
to 35% at 900 nm (Fig. 3a). For the polycrystalline phase,
transmission levels are suppressed across the entire
range but follow essentially the same trend, reaching
~12% at 900 nm (Fig. 3b). The sub-wavelength period
(i.e., non-diffractive) nanograting metasurface struc-
tures introduce resonances for TM-polarized light
(incident electric field perpendicular to the grating lines)
at visible wavelengths depending on the period, P, for
both phase states of GST, which manifest themselves in
the transmitted and reflected colors of the metamaterial
domains (Fig. 2c, d). Owing to the highly anisotropic
nature of nanograting resonators the optical response
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Fig. 3 Optical properties of amorphous [dielectric] and polycrystalline [plasmonic] GST metasurfaces. a, b Measured spectral dispersion of
ZnS/Si0,~GST-ZnS/Si0, nanograting metasurface TM transmission for a selection of grating periods, P [as labeled], for the amorphous (a) and
polycrystalline (b) states of the GST layer overlaid with spectra for the unstructured tri-layer [dashed lines]. Corresponding numerically simulated
transmission spectra (c, d). Distributions of the normalized magnetic field, H, in the xz-plane for a unit cell of a P=400 nm nanograting (e, f) for a
transmission resonance wavelength at A =580 nm for amorphous and 690 nm for the crystalline phase

depends on the polarization of the incident light and the
resonant peaks disappear with incident polarization
parallel to the grooves of the grating (TE). In this
orientation, the nanograting behaves as a medium with a
non-dispersive effective refractive index related to that
of the ZnS/Si0O,-GST-ZnS/Si0, stack and its fill frac-
tion within the grating structure. As such, the observed
optical response in either amorphous or polycrystalline
GST is largely invariant with the nanograting period and
almost identical to that of the unstructured tri-layer
transmission spectrum for the corresponding phase
state. (Corresponding reflection spectra and TE-
polarized spectra are presented in Supplementary Fig-
ure S3 and S4, respectively).

It should be noted that the observed TM resonances
are markedly different for the two phase states of GST.
For the amorphous phase, they are displacement cur-
rent resonances reliant upon the high refractive index
contrast between the dielectric GST and the sur-
rounding media, whereas for the crystalline phase, the
resonances are plasmonic, i.e., based upon the oppos-
ing signs of &; at the interfaces between the GST and
surrounding media. Numerical simulations clearly
illustrate this difference. Figure 3c—f shows the results
of a 3D finite-element Maxwell solver model, which
employs ellipsometrically measured values for the

complex permittivity of GST, as presented in Fig. la.
This model assumes lossless non-dispersive refractive
indices of 1.46 and 1.80 for the semi-infinite quartz
substrate and the ZnS/SiO, layers, respectively, normal
incident narrowband plane-wave illumination, and due
to the periodic boundary conditions, a nanograting
pattern of infinite extent in the x—z plane. There is
good qualitative and quantitative agreement between
the experimentally measured (Fig. 3a, b) and numeri-
cally simulated (Fig. 3¢, d) transmission spectra for the
GST metasurfaces in both amorphous and crystalline
states. Discrepancies can be attributed to manu-
facturing imperfections (the computational model
assumes an ideal, rectilinear nanograting geometry, as
illustrated schematically in Fig. 2a) and contamination
of the ZnS/SiO, and GST layers (gallium-ion implan-
tation) during FIB milling, which slightly modifies the
refractive index. The cross-sectional distributions of
the magnetic field in Fig. 3e and f reveal the essential
differences between the resonant modes for the
amorphous and crystalline phase of GST. In the former
case, the field is stronger within the GST layer (higher
index dielectric) than the ZnS/SiO, layers above and
below, while in the latter, the field is ‘expelled’ from the
body of the metallic GST layer and is stronger at the
interfaces with ZnS/SiO,.
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Fig. 4 Swiching contrast and color change. Relative a transmission and b reflection changes induced by the structural change between the
amorphous and crystalline phases of the GST metasurfaces with different periods (as labeled). ¢ Corresponding reflection (circles) and transmission
(squares) CIE color palettes with the marked points indicating the metasurfaces [P = 250-400 nm] shown for both the amorphous (unfilled) and
crystalline (filled) phases. d Color change resulting from the phase transition quantified as the Euclidean distance [D] in the CIE color plot between
corresponding amorphous and crystalline points, given as a function of the metamaterial period
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Non-volatile, light-induced structural transitions
between the amorphous and crystalline phases of GST,
i.e., conversion between dielectric and plasmonic states,
change the transmission and reflection characteristics of
the metamaterial, which are manifested in the visible
spectral range as changes in color. We define the
transmission and reflection switching contrast as a ratio
of the difference between the levels of the amorphous
and crystalline phases of the GST layer to the sum of the
levels (Fig. 4a, b). In the present case, the greatest
contrast is achieved in reflection at grating period-
dependent wavelengths in the spectral band where GST
is converted between dielectric and plasmonic forms.
The associated changes in color are not though a

straightforward function of (resonant) contrast, they
relate to changes in the dispersion of reflectivity and
transmission integrated over the entire visible range,
and can be quantified within the CIE 1931 color space.
The color coordinates for the GST tri-layer meta-
surfaces in their amorphous and crystalline phases were
derived directly from the reflection and transmission
spectra (using Judd-Vos-modified CIE 2-deg color
matching functions®® assuming in all cases an illumi-
nating light source with a spectral radiant power dis-
tribution of a 6500K black body and normalized
observational brightness level) and are plotted in a two-
dimensional representation of the CIE 1931 space in
Fig. 4c. The change in color brought about by the
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structural transition in GST can be quantified as the
Euclidean distance between the corresponding points in
the CIE space (Fig. 4d) and is remarkably found to be a
linear function of the metasurface period, P, for both
transmission and reflection. The magnitude of the color
change, in these terms, increases with period for
reflection and decreases with period for transmission.
From a physical point of view, this may be understood to
result from a combination of the fact that as the period
of the metasurface increases, both reflection and trans-
mission resonances red-shift with a diminishing reso-
nance quality-factor (Q) and that the amorphous to
crystalline phase transition broadly increases reflection
and decreases transmission. So in reflection, while
resonance Q decreases with increasing period, against
the background of increasing reflectivity upon crystal-
lization, the magnitude of CIE coordinate change with
structural phase increases. Conversely, in transmission,
decreasing Q with increasing period, in tandem with a
decrease in transmission upon crystallization, results
in a decrease in the magnitude of change in CIE
coordinate.

In summary, we have shown that switching of the chal-
cogenide phase-change medium GST between its amor-
phous and crystalline phases delivers a non-volatile change
between dielectric (positive real part of the relative per-
mittivity €) and metallic (negative real part of €) character in
the UV-visible spectral range. This behavior enables
switching between all-dielectric and plasmonic resonances
in nanostructured GST in a sub-wavelength, optically
switchable device geometry providing non-volatile changes
in transmitted and reflected color. Phase-change chalco-
genides have been proposed as potential candidates
for future solid-state displays. To obtain the color gamut
required, research in this direction has often focused
on multilayer (nano)structures in which colour is a
designed function of chalcogenide and/or spacer layer
thicknesses®". On the other hand, the color variations
presented by nanograting metasurfaces are achieved with a
fixed layer thickness via in-plane structural design at the
sub-wavelength scale. Patterns may be engineered to be
dependent or independent of the polarization of incident
light based (e.g., in the latter case through use of square
pillars or circular nanodisk designs). This nanostructural
approach can also be used in conjunction with thin-film
interference effects, and when optimized through selection
of appropriate layer thicknesses can deliver absorptive,
transmissive or reflective devices™.

For the purpose of this proof-of-principle demonstra-
tion, we chose a commonly used GST composition (Ge,:
Sby:Tes); however, it should be noted that among poten-
tial material platforms for photonic metamaterials GST,
and more broadly the chalcogenides, offer unique com-
positional variety (i.e., range and variability of material
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parameters) upon changes in stoichiometry, offering the
possibility of improved losses and changes in the index
with a change in the composition®. Furthermore, they are
capable of providing high-index dielectric, ‘epsilon-near-
zero’ (ENZ) or topological insulator properties when
the constituent elements are combined in the right
proportion.

The parameter space for the metasurface design is large,
and different structural designs can extend the accessible
color range beyond those demonstrated here, giving several
extra degrees of freedom in the design of phase-change
color pixels. Furthermore, such metasurfaces can be pro-
duced over large areas using techniques such as nano-
imprint lithography, micro-contact printing or nano-
embossing. These scalable manufacturing alternatives to
ion-beam milling and reactive etching techniques will also
minimize process-related degradation and contamination in
the active phase-change layer.

Consequently, such color-tunable metasurfaces offer a
robust CMOS (complementary metal-oxide—semi-
conductor) process compatible material platform for
active and reconfigurable metadevices that may find
application in thin solid-state displays, data storage,
switchable/tunable filters, beam shapers, and optical
limiting components.
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