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Coherent Phonons in Epitaxial Thin Films of Phase-Change

Material GeTe

Felix Hoff,* Jonathan Frank, Timo Veslin, and Matthias Wuttig

This study aims to characterize and control coherent phonons in thin GeTe films,
a material which has significant potential in advancing optoelectronic technol-
ogies. Using femtosecond optical pump-probe spectroscopy, the influence of film
thickness, excitation fluence, and excitation polarization on Raman-active pho-
non modes is investigated. Upon reducing the film thickness from bulk-like to
less than 5 nm, the fluence-induced softening of the A,; mode is enhanced by an
order of magnitude. In addition, the time-domain measurement of the E; phonon
mode in GeTe is reported. By changing the excitation polarization and using
double-pulse excitation techniques, these coherent phonons can be enhanced or
suppressed as desired. These findings help to develop ultrafast optoelectronic
devices and enable novel applications of phase-change materials.

1. Introduction

Germanium telluride (GeTe) has emerged as a promising
prototype phase-change material (PCM), having demonstrated
remarkable versatility across a variety of applications, including
non-volatile memory devices,"™ photonic applications,”® and
even thermoelectric materials.”* The property portfolio of
GeTe makes it an attractive candidate for miniaturized
applications, particularly in the realm of electronics where
efficient thermal management is crucial.®'*! To allow for
enhanced performance and ensure successful usage in compact
devices, thin films of high quality are essential for these
applications.!****!

A notable characteristic of GeTe is the strong dependence
of physical properties on sample thickness.'*'®” This
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phenomenon can be attributed to the mate-
rial’s distinct bonding mechanism, known
as metavalent bonding,““ﬁ] which refers
to asituation where, on average, one
p-electron is shared between adjacent
atoms."® This unique electronic configura-
tion describes a competition between
electron localization and electron delocali-
zation. This competition leads to signifi-
cant changes in the atomic arrangement
when subjected to variations in film thick-
ness.') Our previous results have indi-
cated that both GeTe and bismuth exhibit
a sensitive response of their atomic struc-
tures to changes in film thickness through
what is termed Peierls-like distortion—a
structural distortion that lowers symmetry,
changes the film properties and can lead to new electronic
phases.['®2°)

One property that undergoes substantial alteration under
thickness confinement is phonon frequencies."*'® These fre-
quencies are intrinsically linked to changes in the bonding mech-
anism and the resulting alterations in Peierls distortion.!!*!®
Under ambient conditions, GeTe crystallizes in a trigonal
R3m structure, in which two Raman-active phonon modes are
typically observed at the zone center: a fully symmetric out-of-
plane A;;, mode and a lower-symmetric in-plane E, mode.
These modes have been investigated through Raman
spectroscopy—particularly with respect to the effects of film
thickness and pressurel*®?*_but there remains a notable scar-
city of time-domain studies examining these phonons. While
there are studies of the A;; mode on single crystals,”>** there
are no measurements of coherent phonons in GeTe thin films
and no studies of the E; mode, to our knowledge.

Thus, to investigate this knowledge gap, femtosecond (fs)
pump-probe spectroscopy is utilized to investigate the phonon
modes in high-quality GeTe thin films at ambient temperature.
These films, with thicknesses ranging from 3 to 50 nm, are
epitaxially grown on Si(111) substrates using molecular beam
epitaxy (MBE).!'®!

The primary objective of this study is to methodically investi-
gate the impact of excitation fluence and polarization on phonon
dynamics. The employment of a double-pump excitation
approach facilitates the demonstration of enhanced control over
phonon modes within these films. This technique enables the
manipulation of material properties at ultrafast timescales, a
capability that is of great interest for future technological appli-
cations. Therefore, this investigation deepens our understanding
of how structural and bonding related changes influence phonon
behavior at nanoscale dimensions and fs timescales.
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2. Results lattice.”®**) Concurrently, this rise in electron temperature

causes atoms to collectively shift toward a new equilibrium posi-
2.1. Coherent Phonon Softening and Hardening tion with reduced distortion.[® These atoms then oscillate coher-
. o ] ently around this equilibrium position via the A;4 optical phonon
Transient reflectance in thin GeTe films was recorded using an 1o de, a phenomenon that is reflected in the oscillations present
optical reflection-type fs pump-probe technique to investigate the i, the measurement signal.?® The optical response on the given
lattice dynamics. The experimental setup features a two-color fs  timescale can be characterized by a phenomenological model,
pump-probe scheme that captures ultrafast changes in transient  which includes the initial excitation, the subsequent energy
reflectance for both isotropic and anisotropic (electro-optical)  transfer from the electron system to the lattice, and a damped
configurations.” Measurements were performed in these  harmonic oscillator operating at a single frequency. The inset
configurations, enabling the observation of fully symmetric  shows the Fourier transform of the oscillating contribution of
A;g phonon modes (isotropic configuration) and less symmetri-  the measurement signal. The frequency of the oscillator fit is
cal E; phonon modes (anisotropic configuration).**2¢! shown as a vertical line and is determined to 3.7 THz. This value
Figure 1a shows the isotropic transient reflectance of a 4.6 nm s slightly higher than the Raman frequency of the A,, phonon
thin sample at an incident pump fluence of 0.58 mJ/cm®. The  mode of GeTe established in the literature (3.6 THz),** but
initial change in reﬂectance, which occurs within the first dosely matches the pump.probe data reported for a GeTe Single
few hundred fs after photoexcitation, is primarily due to the rapid ~ crystal (3.7 THz).”?! The estimated dephasing time is about
increase in carrier temperature and the generation of electron— 370 fs. This is remarkably short but consistent with the existing
hole pairs, which modify the material’s dielectric function.’”?*! " literature, which gives a time of 500 fs.[*?! This is supported by
The subsequent recovery of the reflectance signal indicates a  the width of the FFT peak, which corresponds to a lifetime broad-
cooling of the electronic system as energy is transferred to the  ening of around 440 fs (FWHM).
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Figure 1. Transient reflectance of the 4.6 nm thick sample at an incident pump fluence of 0.58 mJ/cm?. a) Isotropic and b) anisotropic EO measurement
signal shows clear coherent phonon oscillations. The measured data is shown as circles, while the fit is shown as a solid black line. The ball and stick
models show the view (in-plane direction) of the unit cell with arrows illustrating the vibration pattern. Insets show Fourier transforms of the oscillating
part of the signal, solid vertical lines mark the fits frequency. c) The A, phonon frequencies from time-domain fits as a function of excitation fluence for
two film thicknesses. It can be seen that frequencies soften upon increasing fluence for both thicknesses. Yet, this effect is much more pronounced in the
thinner film. d) Phonon wave numbers of the A, and E, phonon modes for different film thicknesses compared with the Raman data of.I"® Bulk literature
values are marked as dashed lines.*® Pump probe data points are from measurements at the lowest fluence where oscillations were strong enough for
evaluation.
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The corresponding anisotropic measurement data, recorded
using electro-optical (EO) sampling, is shown in Figure 1b.
This data is derived from a differential measurement of s- and
p-polarized components of the reflected probe beam.” The signal
strength is significantly lower than that of the isotropic measure-
ment due to the differential nature of this acquisition method.
However, the oscillatory component is better visible. The same
fit model as for the isotropic data was used, with the resulting
fit shown as a solid black line. The inset shows the FFT of the
oscillatory component, with the frequency of the fit marked.
The phonon frequency of 2.7 THz corresponds to the E; mode.
This measured value is higher than the bulk Raman values of
2.4THz.PY The dephasing time is 450 fs, which is longer than
the A;g mode, but still short compared to many other materials
that show values well above 1ps.”>*" To our knowledge, this
mode has never been measured in GeTe in the time-domain.

The frequency of the A;, mode was shown to be very sensitive
to the excitation fluence on a GeTe single crystal,*” with the fre-
quency decreasing significantly with increasing fluence. This
effect is called fluence-induced phonon softening and is well
known for bismuth.**7¢ To investigate this effect for the thin
films in this study, a thick sample (48 nm) and a thin sample
(4.6 nm) were measured and analyzed in the incident fluence
range between 0.3mJ/cm® and 0.9 mJ/cm®. The A;, mode
frequencies for both film thicknesses are shown as a function
of fluence in Figure 1c. For both film thicknesses, the phonon
frequency reduces with increasing fluence. While the effect is
moderate for the thicker sample with a change of 4%, it is much
more pronounced for the thin sample, which shows a reduction
of 14% between the highest and lowest fluence. In both cases, the
trend appears linear, as indicated by the dashed lines represent-
ing the linear fit. The increase in the strength of the effect with
decreasing film thickness aligns with observations made in thin
bismuth films.**** Results for the E, mode are presented in
Figure S1, Supporting Information and exhibit similar behavior
but are less pronounced.

Finally, it is remarkable how the frequency of the thinner sam-
ple at low fluences deviates from the bulk Raman literature value.
This may seem unusual at first, but it fits with the expectations
from previous studies, which have already shown a strong increase
in both phonon frequencies with decreasing film thickness.[®”)
In order to verify that this effect can actually be measured in the
time-domain, we have examined two additional layers with thick-
nesses of 2.8 nm and 6.6 nm. For comparability, the samples were
measured at the lowest fluence at which the oscillations could be
evaluated, see Figure S2, Supporting Information. The resulting
phonon frequencies of these measurements are shown in
Figure 1d together with the Raman literature values.'® It can
be seen that the Raman data are in good agreement with the
pump-probe data at low excitation fluence. In the 2.8 nm film,
the E, mode frequency rises by about 25cm™" compared to the
thickest film, whereas in the 6.6 nm film, the A;; mode increases
by ~10 cm ™" relative to the thickest film. A similar result has been
observed for thin bismuth films.?°! Note that the Ay oscillation
amplitude in the thinnest sample is so small that it was not mea-
surable while the E; mode was observed. The confinement
induced phonon hardening seen in these samples is closely related
to the chemical bonding in GeTe.['*'®!
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2.2. Coherent Phonon Manipulation beyond the Excitation
Fluence

In the previous section, two ways of manipulating the frequency
of coherent phonons in GeTe thin films were shown. First, by the
thickness of the film, which passively controls the phonon
dynamics via a change in the intrinsic material properties.
The second way is by actively changing the excitation fluence,
which has a strong influence on the frequency, amplitude and
dephasing time of the coherent phonons. In the following sec-
tion, we will describe two more approaches to actively manipulate
coherent phonons and subsequently, show how they can be used
to control the coherent phonons in GeTe.

The vibrational modes that are excited depend on various fac-
tors, including the polarization of the pump pulse and the pho-
non symmetries of the material being studied. This allows for the
suppression of specific phonon modes by selecting an appropri-
ate pump pulse polarization, as has been shown for Sb, Bi, and
szTeg.[37739]

Due to the A;, mode being fully symmetric in the out-of-plane
direction, the isotropic transient reflectance remains unaffected
by the rotation of the pump polarization, as can be seen in
Figure S3. This indicates that, at the wavelength used to excite
the sample, light absorption in GeTe does not vary with polari-
zation. Since the lower-symmetry E, mode oscillates in the in-
plane direction, a change in the anisotropic transient reflection
data is expected. Figure 2a shows such data for the 4.6 nm sam-
ple. As can be seen, the pump polarization has a significant effect
on the phononic response of the material. Figure 2b shows the
background subtracted part of the measurement signal for one
full rotation of the pump polarization. A clear 7/ periodicity can
be seen in the signal, as indeed expected based on the Raman
tensor of the E, mode in GeTe. To analyze this in more detail,
the FFT amplitudes at the E, mode frequency were determined
by peak-fitting for all polarization angles. The result is shown as a
polar plot in Figure 2c. The blue solid line shows that the first-
order approximation fits well for the intensity of the E; mode,
which is I o c*cos?(2¢). A detailed description of the polariza-
tion dependence and the Raman tensors can be found in the
Supporting Information. These results thus demonstrate that
the strength of the E, phonon mode in thin GeTe films can
be controlled and even suppressed significantly with the polari-
zation of the exciting light.

After showing how to control the excitation of the in-plane E,
mode with the polarization of the excitation beam, the A;; mode
remains ubiquitous in the material. To control the fully symmet-
ric A;g mode, a double-pulse excitation can be used. In such an
experiment, the inter-pump delay Az is defined as the time
between the arrival of two consecutive pump pulses. The result-
ing measurement data of such double-pump excitations and their
influence on the transient reflectance are shown in Figure 3a
using the 48 nm sample. In order to highlight the effect after
the arrival of the second pump pulse, the measurement curve
before the second pump is shown as faded lines. The modulation
of the oscillation amplitude is clear when comparing the top two
curves with Ar=100fs and Ar=150fs. With an inter-pump
delay of 150fs, the oscillation amplitude is noticeably
suppressed.
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Figure 2. a) Anisotropic transient reflectance for several linear pump polarization angles with an offset for clarity. b) Background-subtracted anisotropic
transient reflectance for all polarization angles shows the influence on phononic behavior. c) FFT peak amplitude at the E; mode frequency presented as a
polar plot. The solid line presents the fitted cos?(2¢) dependence leading to the /2 periodicity.
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Figure 3. a) Isotropic transient reflectance curves after double-pulse excitation for different inter-pump delays Az. To focus on the material response
after the second pump, the region before the second pump is shown as faded lines. The curves are shifted vertically for clarity. b) Amplitude of the fitted
FFT peak as a function of inter-pump delay Az. The modulation of the amplitude follows a |cos(A7)| behavior and a corresponding fit can be seen as a
solid line.
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To test how effectively the second pulse can be used to atten-
uate or amplify the excited coherent phonons, the oscillatory
component of the data after the second pump pulse is analyzed
by Fourier transformation. A peak fit provides the associated
amplitude as a measure of the oscillation strength. These ampli-
tudes are plotted as a function of the inter-pump delay in
Figure 3D. The solid line represents a fitted |cos(A7)| dependence
with damping. It can be seen that the modulation of the oscilla-
tion amplitude is most effective within the first oscillation period.
While the amplitude is strongly suppressed at an inter-pump
delay of 150fs, it is significantly enhanced at 300 fs. At higher
inter-pump delays Ar, the modulation efficiency decreases sig-
nificantly. This is clearly related to the short dephasing time
of coherent phonons in GeTe reported in the first part of
this study and in the literature.”” Thus, it can be seen that
double-pulse excitation can be used to amplify and attenuate
the coherent A;, phonons in GeTe. However, this only works
efficiently within the first period. Moreover, even within this time
frame, the rapid decline in the initial amplitude hinders the
attainment of complete destructive interference, assuming
that both pump pulses have the same fluence. Quantitatively,
the transient reflectance amplitude decays to 1/e of its initial
value within the first 500 fs after excitation, making efficient
interference by applying a second pulse highly unlikely.

3. Discussion and Conclusion

In this study, coherent phonons in GeTe thin films are experi-
mentally investigated using fs laser excitation. Utilizing an iso-
tropic and anisotropic measurement scheme, the low-symmetric
E,; mode is studied in the time-domain in addition to the fully
symmetric A;; mode. Furthermore, active and passive methods
were presented to manipulate the lattice dynamics in GeTe.

The softening of the A;; phonon mode with increasing
fluence has already been presented for a single crystal.*?! There,
a rate of change of 3.3cm™'/(mJ/cm?) is found in the linear
range of this effect.”” For the thickest film in this study (48 nm),
a more pronounced rate of change of about 8.3 cm™"/(m]/cm?)
can be determined. The transition to the ultrathin film region
changes the strength of the effect enormously, as we can deter-
mine a rate of change of 50 cm™'/(m] /cm?) for the 4.6 nm thick
sample. This behavior is consistent with similar studies on
isostructural Bi thin films.*¥ The increased softening of the
Aqg mode frequency with excitation intensity toward thin films
is attributed to the higher density of excited carriers present in thin
films.**

Another layer thickness effect that has been studied in both Bi
and GeTe is the hardening of the phonon modes toward ultrathin
layers. This is closely related to the chemical bonding in these
materials and can therefore also be referred to as bond confine-
ment.'*?% Both materials exhibit metavalent bonding.?**? As
thickness decreases, bonding changes lead to increased Peierls
distortion and unit cell volume, characteristic of metavalent
bonding where electron localization competes with delocaliza-
tion, as can be seen in the room-temperature conductivity.'**!
Depending on the film thickness, these factors adjust to reach
new energy minima by altering atomic positions, a behavior
well-documented in thin GeTe layers.*?! This is linked to
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cohesive energy per atom and is not strain-related; the effects
exceed those from surface or interface influences alone.*’!
The bond confinement alters optical and vibrational properties
due to reduced interlayer coupling and out-of-plane expansion
of the unit cell. While crystal symmetry remains unchanged, this
expansion increases the distortion motif and enhances in-plane
coupling strength, leading to higher phonon mode frequencies
in both in-plane and out-of-plane directions.****?% As can be
seen in Figure 1d, this behavior is confirmed here with time-
domain measurements.

Furthermore, the results of this study show that coherent pho-
nons in GeTe thin films can be manipulated by adjusting the
polarization of a single fs pump pulse or using two consecutive
fs pump pulses. The fully symmetric A;, mode, linked to out-of-
plane displacements, remains stable across all polarization
angles. In contrast, the in-plane E; mode is highly sensitive to
pump polarization, allowing complete suppression or enhance-
ment by changing the polarization angle of the excitation pulse.
In addition, a dual-pulse excitation provides further control; by
varying the inter-pump delay between pulses, interference effects
can be exploited to enhance or reduce the A;; phonon oscilla-
tions. While this coherent control is much more effectively
utilized in materials with longer dephasing times (like Bi or
Sb,Tes), it has been shown that it is also possible in GeTe.

The integration of coherent control techniques with coherent
phonons enables precise manipulation of light-matter interac-
tions on ultrafast timescales, allowing for enhanced control over
phenomena such as electron dynamics and energy transfer. This
advancement has significant implications for the development of
next-generation optoelectronic devices, improved thermoelectric
materials, and the ultrafast tuning of topological properties in
quantum systems.

4. Experimental Section

Ultrafast optical measurements were conducted using a standard
reflection-type, two-color pump-probe experiment in both isotropic and
anisotropic (electro-optic sampling) configurations. The 800 nm wave-
length, 60 fs width pump beam was separated from a Ti:Sapphire regen-
erative fs amplifier, chopped at 1500 Hz, and directed to a free-standing
optical delay line before being focused on the sample to a spot size of
300 pum in diameter. The probe pulses were frequency converted to
516 nm via sum frequency generation in an optical parametric amplifier
and focused to a 30 pm diameter spot on the sample. The determination
of spot size and fluence was conducted in accordance with the methodol-
ogy outlined by Liu!*¥ The detection unit comprised two balanced Si
photodiodes connected to variable gain current amplifiers and a data
acquisition card. To eliminate systematic errors on laboratory time scales,
the order of data point recording and the positioning of the delay line were
randomized. The anisotropic transient reflectance was calculated from the

s- and p-polarized components of the reflected light using the electro-

optic detection scheme: ARgo = A(R;;R">

, while the isotropic transient

reflectance was calculated from the whole signal: AR = M. A polar-

izing beam splitter cube was used to split the reflected probe beam
correspondingly. Both, isotropic and anisotropic transient reflectance
was normalized to the steady state reflectance R,. Reversibility of optical
excitation was ensured by monitoring the static reflectance gained for the
probe-pulse when the pump-pulse was chopped. By incorporating a rotat-
able half-wave plate in the pump beam path, the polarization angle ®, of
the pump pulse relative to the crystal axes of the GeTe thin film can be
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adjusted. For double-pulse excitation the original pump beam is split and
delayed by two delay lines.

The deposition of GeTe thin films was accomplished by means of
molecular beam epitaxy (MBE) on a 3.5 x 3.5 cm? single-side polished
Si(111) substrate (N/Ph doped, 3-10kQ cm resistivity). The substrate
was elevated to a temperature of 750 °C for a duration of 30 min, with
the objective of achieving a 7 x 7 surface reconstruction of Si(111).
Without breaking the vacuum, the GeTe films were immediately covered
with Al,O3 in a dedicated oxide-MBE system. For further information on
the sample growth, please refer to the work of Kerres et al.l'®

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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