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ABSTRACT: Recently, phase-change materials (PCMs) have
gained a lot of interest in the field of active metamaterials and
plasmonics due to their switchable optical properties. In the
infrared spectral range the huge contrast in the refractive index
between an amorphous and a crystalline phase can be employed
for nonvolatile tuning of nanoantenna or metasurface resonances.
To make use of such concepts in devices, the reversible switching
of the active material has to be realized. Here we demonstrate such
reversible cycling by applying femtosecond pulses from a
Ti:sapphire laser. These optical pulses trigger the phase transitions
of the PCM thin film, which is covering infrared nanoantennas.
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Ge;Sb,Teg is chosen as the PCM, since it offers very low losses in the infrared spectral range. The layer geometry presented is
exceptionally thin (~1/50 of the operating wavelength) and the design intentionally avoids lossy capping layers. Infrared
reflectivity measurements verify the laser-induced resonance shifts of the plasmonic nanoantenna arrays. This switching
mechanism opens the possibility to optically perform active, reversible, and nonvolatile tuning of metasurfaces.
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In the field of plasmonics and nanophotonics, many
investigations have focused on passive devices based on
metallic nanostructures. Regarding the development of these
metallic nanostructures, tremendous progress has been
achieved in the last years upon introducing planar, ultrathin
metamaterials, so-called metasurfaces (MSs). They surpass
electromagnetic properties of natural solids, enabling for
example negative refractive index, efficient light concentrators
or magnetism in the visible range.' The parameters of the
nanostructures, such as geometry and material, determine their
optical properties, which are usually achieved in a resonant way
at a specific wavelength.

However, an actively tunable resonance is required for
applications,” for example, for chemical sensing® or the active
control of signals in optoelectronics.* The modulation of the
structure’s resonance frequency can be realized either by
damping the resonance amplitude or by shifting the position of
the resonance frequency. Different approaches to influence the
resonance frequency of plasmonic nanoantennas and split-ring
resonators have been presented, for example, by influencing the
coupling of the nanostructures® or by varying the antenna
thickness. By using new material platforms and designing
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hybrid systems consisting of nanostructures and functional
dielectrics or semiconductors,” resonance frequency shifting has
been achieved in many different ways, for example, by
reorientation of nematic liquid crystals covering a metasurface,”
by changing the carrier concentration of doped indium
antimony9 or graphene,10 by exploiting the metal-to-insulator
transition of vanadium dioxide, which accompanies the
structural transition,"" or by using metal hydrides.'*™**

In this paper, we use a group of chalcogenides, named phase-
change materials (PCMs), to shift the resonance frequency of
nanoantenna arrays. PCMs are a particularly promising
candidate to realize modulation functionality, since they allow
for ultrafast reversible switching between its temperature stable
structural phases. PCMs,">~"7 which are typically based on the
combinations of the elements germanium, antimony, tellurium,
and indium, show a pronounced change of their dielectric
function e(®) during the structural phase transition between
the amorphous and the crystalline states."® In the mid-infrared
spectral range, PCMs offer a huge contrast in the real part of
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the permittivity €,. Furthermore, they also possess a very small
ratio of the imaginary to the real part of the permittivity, that is,
&/€, < 0.1, which corresponds to very low losses due to
absorption.'”

With this combination of properties, PCMs are of great
interest for the design of metamaterials and in the field of
tunable plasmonics and nanooptics.”° 2 It has been shown
recently that antenna devices based on Ge;Sb,Tes” allow low-
loss, wide-range tuning of antenna resonances in the mid-
infrared spectral range.'” Advantageously, PCMs offer the
possibility for nonvolatile resonance tuning in contrast to
vanadium dioxide VO,. The temperature-dependent insulator-
to-metal transition in VO, has been utilized for nanostructure
resonance tuning,'"*?®

To further demonstrate the potential of PCMs for
application as plasmonic devices, their properties must be
cyclable in a repetitive way on short time scales. It is well-
known that the structural rearrangement in phase-change
materials can be triggered by electrical®® or optical® pulses,
which has enabled the design of optical (e.g, DVD-RW>") and
nonvolatile electronic memory devices (e.g, PCRAM>?).

Here we report femtosecond laser-induced switching of
infrared nanoantenna resonances by using a thin film of the
PCM Ge;Sb,Te4 (from here on abbreviated as GST-326). The
successful switching is probed by Fourier-transformed infrared
(FTIR) spectroscopy of the bare GST-326 thin film, as well as
of the nanoantenna arrays covered with GST-326. In contrast
to the sample geometry presented in other publications
showing optical switching of PCMs with nanosecond
pulses,®”*® the present layer stack is extremely thin (~1/50
of the operating wavelength compared to ~1/6 in ref 33) and
does not include absorbing capping layers.** Such capping
layers would introduce additional losses in the optical device
and decrease the achievable resonance shift by increasing the
distance between the nanostructure and the PCM layer.

Figure 1A shows a schematic cross-section of an antenna
array. Aluminum nanoantennas of about 35 nm height are

Figure 1. (A) Schematic drawing (not to scale) of the sample cross-
section including aluminum nanoantennas (35 nm height including a 3
nm adhesive chromium layer beneath) covered by 50 nm GST-326
(bright blue) on a silicon substrate (dark blue). (B) SEM image of
aluminum nanoantennas with width w, length L, and distance d (here,
w = 100 nm and L = 500 nm). Scale bar: 300 nm.

covered with 50 nm amorphous GST-326. Single aluminum
nanoantennas exhibit a rather broad infrared resonance. In
order to perform an effective switching of an antenna array
response, it is instructive to design an array with as narrow
resonances as possible. To achieve this goal, we rely on the
wood anomaly effect.® In a lattice of resonant scatterers an
interference between scatterer resonance and Bragg resonances
of the lattice results in narrow resonances of the combined
system.

In other studies, gold is often used for plasmonic
nanoantennas.”**>** In our sample layout, the phase-change
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layers are in direct contact with the nanorods as shown in
Figure 1A. Strong gold diffusion into the PCM layer during
thermal crystallization justifies the use of aluminum as an
alternative nanoantenna material, since negative bonding
enthalpy has been found for AuX, compounds (X = In and
Sb, for example).>® Furthermore, aluminum in plasmonics has a
high potential regarding industry compatibility since it is the
most commonly used metal in silicon-based very-large-scale
integration (VLSI).37

The antenna array resonance position is determined by the
antenna geometry and the chosen materials for the antennas,
the substrate and the cover layer. Changing the structural phase
of the GST-326 cover layer shifts the spectral position of the
antenna array’s resonance, since the permittivity e(w) of the
GST-326 changes. In the investigated spectral range, the
refractive index is changing from about 3.58 in the amorphous
to about 6.33 in the crystalline phase.*® Crystallization or an
increase of the refractive index of the GST-326 cover layer,
respectively, results in a shift of the antenna resonances to
smaller wavenumbers. In our earlier work,'® we have recently
demonstrated that antenna resonances can be tuned by using
this low-loss PCM. There, the resonance shift was only possible
in one direction (amorphous to crystalline), since the phase-
change was achieved using a thermal hot plate. In the present
study, the reversible optical switching is realized with
femtosecond laser pulses. The incorporation of switchability
into MS systems is a crucial point in the development of novel,
ultrathin devices."*

In Figure 2A, a detailed scheme of the sample treatment is
shown. First the as-deposited amorphous AD-GST-326 layer,
which is covering the entire sample, is thermally transformed
into the crystalline C-GST-326 phase. To achieve the reversible
switching of the antenna array resonances (from C- to melt-
quenched MQ-GST-326 and from MQ- to recrystallized RC-
GST-326), a femtosecond laser source with 800 nm (12500
cm™") central wavelength has been used. Arrays with antennas
of length L = 400 and 500 nm, have been switched
independently. To achieve different phases of the GST-326
layer, the antenna arrays have been optically reamorphized into
the MQ phase and one of them has finally been recrystallized
(into RC). As a result, spectra of two identical arrays with two
different cover layers (MQ- and RC-GST-326) can be
investigated with the FTIR microscope.

The specific experimental parameters are displayed in Figure
2B. The two fundamental phase transformations—amorphiza-
tion and recrystallization—take place on different temperature
and time scales.” In this article we focus on reversible
switching, employing an optically triggered phase-change,
which will be discussed in detail. The parameters for thermal
crystallization can be found in our earlier work."

To amorphize the crystalline GST-326 layer, the crystal
lattice has to be molten and subsequently quenched to room
temperature to avoid any recrystallization of the atomic
structure. A 50 fs single pulse of the femtosecond laser with
a relatively high fluence of 51 mJ/cm? is sufficient to induce
amorphization from C- to MQ-GST-326 phase. During the
amorphization process, the fs laser introduces a very high
density of electron hole pairs in the sample, which relax by
electron—phonon coupling and melt the PCM. The subsequent
fast cooling quenches the melt into the amorphous (glassy)
phase of the thin film.

For inducing the crystallization process (MQ to RC) a
temperature below the melting temperature Ty (ca. 640 °Cc*),
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Figure 2. (A) Sample scheme: the GST-326 on top of the identical
antenna arrays (a) and (b) is in the as-deposited, amorphous phase
(AD). First, it is thermally crystallized (C) and hereafter optically
reamorphized into the melt-quenched state (MQ). Finally array (b) is
recrystallized (RC) by fs laser pulses. (B) AD-GST-326 is annealed
above the crystallization temperature Tc (160 °C*) to change to C-
GST-326. For reamorphization it needs to be heated above the
melting temperature Ty (ca. 640 °C*"). This is triggered by a single
ultrafast laser pulse. Subsequent quenching leads to the melt-quenched
state MQ-GST-326. For the recrystallization process, for which a
temperature between T and T is necessary, the fs laser is set to
repetitive pulsing at 960 Hz.

but above the crystallization temperature T (160 °C*'), is
necessary. Furthermore, the crystal lattice of the GST-326 film
needs time to relax from its amorphous to its crystalline state,
which leads to a relatively long duration of the phase
transformation compared to the time needed to melt-quench
the lattice into an amorphous state (C to MQ). Repetitive
excitation can also provide sufficient overall time to recrystallize
the material, which has been shown in recent reports; for
example, see ref 42. Using a sequence of correlated pulses, each
shorter than 1 ps, a smaller fluence is necessary."** Indeed,
running the laser for 1 s in a repetitive mode (960 Hz) with a
fluence of about 31 mJ/cm?® per SO fs pulse completed the
recrystallization.

These fluences of the fs laser pulses have been chosen to
achieve complete phase transformations for the GST-326 layer,
according to the FTIR spectra of bare GST-326 thin films as
displayed in Figure 3. There, a GST-326 thin film (no
antennas) has been characterized. The spectra for AD- and
MQ-GST-326, as well as for C- and RC-GST-326, are nearly
identical, which confirms that the material after the laser-
induced switching resembles the initial phases after thermal
annealing.

In Figure 4 the antenna array reflectance spectra probed by
FTIR microscopy are displayed. All spectra have been
normalized to bare GST-326 thin films, as shown in Figure 3.
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Figure 3. Experimental data for a thin film of GST-326 (without
antennas) in all investigated structural phases AD, C, MQ, and RC,
measured with an FTIR microscope aperture of about (20 X 20) pm?
unpolarized incident light and normalized to a gold mirror. These
spectra prove the structural state of the GST-326-amorphous (AD,
MQ) and crystalline (C, RC) . The color code is in accordance with
Figure 2.

The columns A and B correspond to different antenna lengths
L, which are 500 nm for column A and 400 nm for column B.
Furthermore, the reflectance spectra are divided into different
panels to differentiate between the sample treatments: spectra
for the GST-326 layer in its as-deposited (AD) and annealed
phase (C) are shown in panel 1, whereas in panel 2 the
reflectance spectra for both GST-326 phases after laser-induced
phase transition (MQ- and RC-GST-326) are displayed.

The strong maximum of each spectrum results from the
resonance of the investigated antenna array. The resonance
peaks of the antenna arrays covered with crystalline GST-326
are shifted to smaller wavenumbers relative to the amorphous
GST-326 phase, since the refractive index is increased.

The shift of the antenna resonance position due to the
thermal heating from the as-deposited amorphous (AD) into
the crystalline (C) phase of the cover layer is marked as the
shift of the resonance peak 1 — 2 in panel 3 of Figure 4. In
contrast, the shifts of the resonance peaks 2 — 3 and 3 — 4 are
all triggered optically using a femtosecond laser source. These
changes in the resonance position mark reversible shifts, which
correspond to reamorphization and recrystallization of the
GST-326 cover layer, respectively. For the rearmophization, the
crystalline GST-326 is transformed into the melt-quenched
(MQ) amorphous phase, marked as a shift of the resonance
position 2 — 3. Thereafter, this MQ state of the cover layer is
tranformed into the recrystallized (RC) phase again, which is
displayed as peak shift 3 — 4. The achieved resonance shifts are
quantified via a tuning figure of merit (FOM), which is the ratio
between the resonance shift and fwhm of the antenna
resonance. A tuning FOM of up to 0.86 can be determined,
which is huge compared to literature, where FOM of up to 0.68
have been reported.>*?

Moreover, a significant advantage of the fs laser switching
scheme as compared to ns diode lasers which are commonly
used for switching the phase of the PCM in, 3% is the
possibility to induce the phase change without the need of
thermal barriers between the PCM and the substrate.
Commonly, PCMs are amorphized by laser-induced thermal
melting of the PCM on the substrate. A steady-state heat flow
between the liquid PCM and the substrate has to be
established. In the absence of a thermal barrier between the
two layers, it requires very high laser powers for thermal heating
with ns laser pulses. In contrast, processes typical for fs laser
mechanisms are not limited by the requirement for steady state
conditions and allow switching the PCM layer in the present
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Figure 4. Experimental reflectance spectra for aluminum nanoantennas below a 50 nm GST-326 layer, measured with an FTIR microscope aperture
of (20 X 20) um? normalized to a GST-326 thin film. The incident light is polarized along the antennas. In (A), the length of the nanoantennas is
500 nm, which in (B) is 400 nm. The FTIR microscope aperture includes about 400 antennas for L = 500 nm (A) and about 625 antennas for L =
400 nm (B). The reflectance spectra for the optically melt-quenched (MQ) GST-326 are shown in blue. The spectra for the optically recrystallized
(RC) GST-326 are displayed in orange. For comparison, in Al and B1, the spectra for the antenna arrays covered with as-deposited (AD, black) and
crystallized (C, green) GST-326 are depicted."* In panels 3, all resonance peak positions of the antenna arrays are compared in their chronological
order, from AD = 1 to RC = 4, in accordance with the color code used in the other viewgraphs. The small absorption peak at about 2350 cm™ is due

to atmospheric CO, absorption.

configuration without a thermal barrier. This enables ultrathin
sample geometries. Furthermore, it enables strong antenna
resonance shifts, since damping due to very absorptive thermal
barriers can be excluded. Additionally, a protective capping
layer on top of the antennas (below the GST-326 layer) would
introduce a distance between the antennas and the PCM. As a
result, the change of the refractive index caused by switching
from amorphous to crystalline GST-326 would have less
influence on the antennas compared to a sample layout as used
in the presented work. Finally, this would lead to a decreased
resonance frequency shift.

With the described laser parameters, reproducible and
reversible optical switching of antenna array resonances has
been achieved. Nevertheless, the antenna resonance positions
with the cover layers of the AD- and MQ-GST-326, as well as
with C- and RC-GST-326 are not identical. If one compares
panels 1 and 2 in Figure 4, it can be seen that the antenna array
resonance positions of the arrays with MQ-GST-326 covering
the antennas are shifted to slightly higher wavenumbers relative
to the resonance positions of the arrays with AD-GST-326 as
cover layer. If these shifts would origin from a shortening of the
nanoantennas, they would correspond to a difference in
antenna length AL of about 17 nm. Although scanning
electron microscope (SEM) images do not show any damage of
the antennas, a change of the antenna length of less than 20 nm
can not be excluded due to the limited resolution of the SEM
employed here.

Also, the antenna resonance positions of RC- and C-GST-
326 differ for both antenna lengths, as can be seen, for example,
in Figure 4, panel 3, marked resonance positions 2 and 4. If this
difference of about 225 cm™ (L = 500 nm) and about 245
cm™' (L = 400 nm) would be related to a change in the antenna
length, AL, the nanorods would need to shrink by about 36
nm. Since we would be able to image this decrease of the
antenna length with our SEM, we can exclude it as the only
reason for the difference in the reasonance position between
the antenna array with C- and RC-GST-326 as cover layer. For
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sample layouts with antennas placed in between the GST-326
thin film, as well as with antennas placed on top of them, we
noticed damaging of the antennas.

However, a possible explanation could be an incomplete
phase-transition from MQ- to RC-GST-326, which would lead
to a smaller refractive index relative to a fully crystallized GST-
326 cover layer. This incomplete phase transition can be
understood as a mixture of both phases (MQ- and RC-GST-
326), resulting in an effective refractive index smaller than 6.33
(for crystalline GST-326 in the mid-IR). Since in Figure 3 C-
and RC-GST-326 thin films show nearly identical reflectance
behavior in the spectral range of the antenna arrays (2000—
3000 cm™'), we can attribute this incomplete phase transition
to the presence of the antenna arrays.

For amorphous GST-326, the presence of the antennas leads
to a 14% increase in absorption at 800 nm wavelength (cf. SI,
Figure S1). The antenna area (width w X length L, cf. Figure
1B) is equal to about 4.2% of the total two-dimensional unit
cell area (dc?, cf. Figure 1B). This leads to a 4.5-fold increase of
the absorption in the amorphous GST-326 layer right on top of
the antennas. In addition, the reflectance spectra (cf. SI, Figure
S3A) show a slight decrease of the amorphous GST-326 with
antennas relative to the thin films without antennas. If we
compare the calculated absorption of the crystalline GST-326
thin film with and without antennas at the wavelength of the fs
laser, an increase of less than 3% can be determined (cf. SI,
Figure S2). Following the calculation above, this corresponds to
a 1.7-fold increase of absorption only. Correspondingly, with
antennas the reflectance (cf. SI, Figure S3B) increases slightly
compared to the bare crystalline GST-326 thin film.
Furthermore, this interpretation is supported by the calculated
electromagnetic loss per volume displayed in Figure S. There
the loss in the GST-326 strongly increases, where the thin film
directly covers the antenna. The high absorption in the
amorphous GST-326 on top of the antennas could lead to
melting of the GST-326 in the vicinity of the antennas after
interacting with the optical pulses. The GST-326 is finally melt-
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Figure S. (A, B) Calculated total electromagnetic loss per volume in
UW/um?® for the amorphous GST-326 thin film (A) and for the
amorphous thin film covering an aluminum antenna (B). The presence
of the antenna leads to a strongly enhanced absorbed energy in the
GST-326 layer above the antenna. (C, D) Sample scheme before and
after the fs laser pulse sequence for the GST-326 thin film (C) and for
the GST-326 thin film with antenna (D). Due to the enhanced
absorption in the amorphous GST-326 on top of the antenna, the
MQ-GST-326, which directly covers the antenna, is partly melt-
quenched again. In the area where no antenna is present the phase of
the GST-326 is changed from MQ to RC, similar to the switching of
the thin film (C). The color scale only belongs to (A) and (B).

quenched by thermal transport to the substrate and transforms
the material on top of the antennas to the MQ phase, whereas
the MQ-GST-326 thin film without antennas is fully recrystal-
lized into RC-GST-326 (cf. SI, Figure S3).

In conclusion, we have demonstrated reversible switching of
infrared antenna array resonances using fs laser-induced
switching of the nonvolatile structural state of the PCM
GST-326. We have introduced a simple and extremely thin
sample geometry without the need for thermal barriers. The
optical excitation allows to address single antenna arrays to
switch them independently. These findings could lead to
innovative applications in the field of active plasmonics,
reconfigurable metamaterials, and switchable metasurfaces."#**

The demonstrated reversible optical switching could also be
extended to electrical switching, which is already realized in
phase-change random access memories (PCRAMs).*

For future experiments, a parameter study (laser pulse
energy, pulse repetition rate for crystallization) would be
interesting to achieve maximum resonance frequency shifts and
a high number of switching cycles. To achieve a better spatial
resolution of the local switching behavior of the PCM in the
vicinity of the antennas, the investigation with scanning
nearfield optical microscopy (SNOM) would be very
promising. This technique has been shown to allow imaging
of single nanoantennas,” as well as the characterization of
spatial domains, for example, of vanadium dioxide.*® Pump—
probe experiments**” would allow to investigate the switching
of resonance spectra with high temporal resolution. The sample
geometry shown, which avoids capping layers, could facilitate
the use of the characterization techniques mentioned above.
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B METHODS

Sample Preparation. For nanostructuring, electron beam
lithography with a positive poly(methyl methacrylate)-based
photoresist (thickness: 230 nm) has been used. After
patterning, the samples were rinsed with developer and
isopropyl alcohol. Thereafter, the metal layers, about 3 nm of
chromium and about 32 nm of aluminum, have been deposited
by thermal evaporation with rates of about 0.8 A/s for
chromium and 2.2 A/s for aluminum as measured with a quartz
crystal microbalance. Excess material was removed via lift-off in
60 °C warm acetone and the sample was rinsed in isopropyl
alcohol and dried with nitrogen. After the nanoantenna arrays
had been fabricated, the 50 nm GST-326 film has been direct
current magnetron sputter-deposited with a background
pressure of 2 X 107 mbar and 20 SCCM Ar flow.

Femtosecond Laser Source. The femtosecond laser
source provides a beam with 800 nm (12500 cm™) central
wavelength (cf. SI, Figure S1). A sequential arrangement of a
Ti:sapphire oscillator and a Ti:sapphire regenerative amplifier
emits single pulses of energy 1.65 mJ and S0 fs duration. It can
also be operated in a repetitive mode with repetition rates up to
960 Hz. The optical pulses are attenuated by a polarizing beam
splitter and subsequently focused by a 400 mm focal length
spherical lens. The total power of the laser at a given repetition
rate was measured with a calibrated power meter behind the
focal spot. An xyz-translation stage at the focal spot was
employed to position the sample as well as to scan a knife edge
through the focal spot in order to determine the laser fluence at
the position of the sample as a function of the transmission
through the polarizing beam splitter. A Gaussian beam profile
with full-width half-maximum of 230—270 pm was recorded at
the position of the translation stage. The 800 nm light incident
on the GST-326 sample is attenuated to 1/e of its incoming
intensity after passing through 15 nm of crystalline or 56 nm of
amorphous material.

Fourier Transform Infrared Spectroscopy. The Fourier
transform infrared (FTIR) spectroscopy data have been
collected averaging over 200 scans and 4 cm™' resolution
using a Bruker Vertex 70 interferometer coupled to a Bruker
Hyperion microscope. All spectra have been collected in
reflection mode using a 36-fold Cassegrain objective with an
angle of incidence of about 25°. A variable knife-edge aperture
of about (20 X 20) ym? defined the sample collection area. For
spectra of the antenna arrays the background has been collected
from an adjacent area with no antennas present. The spectra of
the GST-326 thin films have been normalized to those of a gold
mirror. The incident light is polarized along the antennas.

Calculation of the Total Electromagnetic Loss Per
Volume. Calculations have been performed using the finite
integration method (CST Microwave Studio) based on the
dielectric permittivity data measured on thin film samples. In
numerical simulations periodic boundary conditions have been
used in the transverse direction. In the vertical direction the
simulation domain has been terminated using perfectly
matched layer (PML) boundary conditions. Plane wave
excitation in combination with the Floquet Modes Port has
been employed.

B ASSOCIATED CONTENT

© Supporting Information
Normalized absorption and reflectance spectra of amorphous
and crystalline GST-326 with and without antennas are
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depicted in Figures S1—S3. This material is available free of
charge via the Internet at http://pubs.acs.org.
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