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Abstract

In this work we report the investigation of the acoustic guided modes in GeTe thin

�lms with di�erent microstructure and nanostructuration, interesting for thermoelectric

and memory applications. Speci�cally, we have studied GeTe thin �lms where crystal-

lization has been obtained through a controlled annealing up to 400◦C and 450◦C, which
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induces di�erent microstructures, and in a nanocomposite made of nanocrystals of GeTe

surrounded by amorphous carbon, recently shown to exhibit a glass-like thermal trans-

port. We have performed a Brillouin scattering investigation on �lms of three di�erent

thicknesses per sample, and on 2 di�erent substrates for one of the samples. This has

allowed us to estimate with a good precision the two isotropic elastic constants, and

from them the bulk longitudinal and transverse sound velocities for the three samples.

We observe that, elastic constants are independent on the annealing temperature and

microstructure in GeTe, while, for the nanocomposite, a sti�ening is found, in agree-

ment with the estimation of the e�ective medium elastic moduli following the Reuss

approximation. Finally, we have extracted the intrinsic phonon attenuation for the

Rayleigh mode, showing a much smaller attenuation in the nanocomposite. This has

been interpreted as the consequence of a smaller roughness (�ner microstructure, bet-

ter interfaces) and a smaller anharmonicity in the nanocomposite. This latter �nding

con�rms previous results, and could be possibly related to a modi�cation of the Peierls

distortion in GeTe for nanometric grains, calling for further investigations.
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Introduction

Germanium telluride is a IV-VI compound at the forefront of materials research for its high

potential in phase change resistive memories (PCM) in microelectronic devices,1�3 neuro-

morphic computing,4 laser thermal lithography,5 optically photonic devices6 as well as for

thermoelectric applications.7�9 Ferroelectric and rhombohedral at room temperature, it has

been reported to exhibit a novel kind of atomic bonding, dubbed metavalent, considered to

be responsible for a series of properties which make it especially interesting for PCMs and
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thermoelectrics.10,11

For these reasons, GeTe has been object of a great theoretical and experimental e�ort

in the last decades, aimed at understanding the link between its properties and its atomic

structure, stoichiometry and microstructure. If theoretical calculations must face the chal-

lenge of correctly reproducing the peculiar inter-atomic interactions in this material, on the

experimental side a large variability of properties has been observed, depending on the syn-

thesis procedure. This has been understood in terms of a variable Ge vacancies content

with stoichiometry as well as the modi�cations of the microstructure with the crystallization

process.12,13 As such, many calculated properties lack a de�nitive experimental veri�cation.

This is the case of elastic properties and sound velocity, fundamental bricks of the phonon

dynamics and intimately related to thermal transport, for which theoretical studies report a

large diversity of values.14�16

Despite the relevance of these properties for understanding thermal transport, fundamen-

tal in thermoelectric and memory applications, to our knowledge, there is only one indirect

measurement of the Debye velocity, as obtained from the experimental phonon density of

states,17 and one estimation of the bulk modulus from di�raction studies at high pressure.18

Here we report the experimental measurement of transverse and longitudinal sound ve-

locity in a polycrystalline GeTe thin �lm annealed at 450◦C, as obtained through surface

Brillouin Spectroscopy, a no-contact high resolution technique allowing to access the acoustic

guided modes in thin �lms. Moreover, we investigate the dependence of sound velocity and

the derivated isotropic elastic constants on the microstructure and nanostructuration, by

measuring them also in a GeTe thin �lm annealed to 400◦C and a GeTe-amorphous carbon

nanocomposite, whose lattice thermal conductivity has been reported to be glass-like.19 The

comparison of sound attenuation in the three materials allows to identify a strong sensitivity

of these acoustic waves to the quality of the interfaces between the thin �lm and surrounding

layers in the stack, and point to a surprising reduced anharmonicity in the nanocomposite.
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Experimental section

Figure 1: Sample sketch. (a): Typical sample stacking. (b): rhombohedral crystalline
structure of GeTe, as assessed by x ray di�raction in all samples.

A sketch of our typical samples is reported in Fig. 1 (a). Thin �lms of variable thickness

of the homogeneous amorphous alloy GeTe and (GeTe)1−xCx with x=0.091 (GTC9) have

been synthesized by magnetron co-sputtering from a GeTe and a C target in Argon atmop-

shere on a 200 nm silicon wafer topped with a 500 nm SiO2 layer. All the �lms were then

capped in situ with amorphous SiN for avoiding any oxidation : PVD SiN was sputtered

from a Si target with a 50/50 Ar/N2 mixture, resulting in a thin �lm density of 2.9 g/cm3

and a thickness of 20 nm for GeTe R450 and 10 nm for all other samples. The Ge and Te

concentrations were assessed by Rutherford Back Scattering (RBS), while the one of C by

Nuclear Reaction Analysis (NRA). The alloys were crystallized during a thermal annealing

with a ramp rate of 10 K/min, while monitoring in situ the electrical resistivity by a 4 point

probe method. The dramatic decrease of the resistivity clearly identi�es the crystallization

onset and completion.20,21 GeTe �lms were crystallized up to 450◦C (GeTe R450) and 400◦C

(GeTe R400), while GTC9 was annealed up to 450◦C.20 During crystallization of GeTe at

∼ 200−230◦C, a signi�cant tensile stress-buildup occurs, however, at the high annealing tem-
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peratures here used, the excess Ge, expelled at the crystallization of the rhombohedral GeTe

phase, crystallizes, reducing the stress on the crystalline grains and leading to the formation

of voids to accomodate it.22,23 The presence of amorphous carbon at the grain boundaries in

GTC9 also contributes to reduce the residual stress, due to its viscous �ow.20,21 In order to

establish with better precision the chalcogenide elastic properties, some GeTe R450 samples

were also prepared without the SiO2 layer. For this, GeTe was simultaneously deposited on

the two substrates (with and without SiO2), and crystallization was also performed simulta-

neously, to get fully comparable samples. We will call the samples on Si GeTe(Si) R450 to

distinguish from GeTe R450 on SiO2.

As reported in our previous work,19 in all cases GeTe has a rhombohedral structure, ex-

empli�ed in Fig. 1 (b), with a mass density of 6.24(4) g/cm3 for pure GeTe and 5.86(4) g/cm3

for GTC9.19 All samples were investigated by x ray di�raction at the Henri Longchambon

di�raction center in Villeurbanne, using a Bruker D8 di�ractometer in a Bragg-Brentano

θ − 2θ con�guration with the copper anode, λ = 1.54 Å. Samples are all isotropic (random

orientation of the crystalline grains) and nanocrystalline, with a typical grain size, as esti-

mated from the x ray di�raction pattern, of 80(10) nm for GeTe R450, 53.6(4) nm for GeTe

R400 and ∼ 16(3) nm for GTC9. The di�erent annealing temperatures do not a�ect the

intrinsic properties of GeTe, but only the microstructure and thus the quality of the inter-

faces with the SiN and SiO2 layers. Di�raction spctra are reported in the Supplementary

Information.

Samples were investigated by Scanning Electron Microscopy (SEM), in order to measure

their thickness and inspect the microstructure. SEM was conducted using a Tescan CLARA

equipped with a high-brightness Schottky emitter. Imaging was performed at a landing

energy of 5 keV, using either secondary or backscattered electrons. These electrons were

detected by the axial and multidetector electron detectors positioned within the electron

column. The thicknesses of the �lms resulted to be 90(7), 380(10) and 790(10) nm for GeTe

R450, 97(7), 380(10) and 990(10) nm for GTC9, while we had only two thicknesses for GeTe
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R400, 100(7) and 990(10) nm. Cross-view SEM images are reported for the 800-1000 nm

thick �lms for the three samples in Fig. 2. Voids are present in GeTe R450, due to the

crystalline growth, mostly localized at the interfaces. Smaller and fewer voids can be seen

in GeTe R400, while GTC9 exhibits a �ner and dense microstructure, pointing to a better

quality of the interfaces. A summary of grain size and thicknesses of our samples is reported

in table 1.

Brillouin scattering experiments were performed in a backscattering con�guration. In

our setup we used a single longitudinal mode laser (Quantum Torus 660) with wavelength

λ = 660 nm, whose monochromatization was improved via a Fabry-Perot �lter. The sample

was mounted vertically on a goniometer. A camera objective with focal length 50 mm and

f number 5.6 (ratio of the focal length to the objective diameter) was used for focusing

the laser beam on the sample and for collecting the light that was back-scattered within

its solid angle. The optical path until the sample was assuring a horizontal polarization of

the incident beam. Power on the sample was about 100 mW. The scattered light was then

sent to a 3-pass Fabry-Perot interferometer by Sandercock for frequency analysis. Spectra

were collected in a frequency range of ±9 GHz (corresponding to a cavity length of 6 mm)

and using 256 analyser channels. Entrance and exit pinhole were set to 300 and 450 µm

respectively. In the backscattering con�guration one can access acoustic waves propagating

parallel to the surface, with a momentum q = 4π
λ
sin(θ), with θ the angle between the incident

beam and the normal to the surface in the horizontal plane. Our sample being opaque at

the probing wavelength, scattering mainly arises from the di�raction of the incident beam

on the sample surface, whose height is modi�ed by the guided acoustic waves with a vertical

displacement component (ripple-mechanism).24
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Figure 2: Microstructure. The mi-
crostructure of the three samples is re-
ported as observed by SEM on the 800-
1000 nm thick �lms. The scale, reported
on the bottom right, is the same for all
images. A damage on the top left part of
GeTe R450 sample is visible, correspond-
ing to a surface bending due to the cleav-
ing of the sample for imaging purposes.

Sample GeTe R450

Grain size (nm) 80 (10)

Film thickness (nm) 90 (7), 380 (10), 790 (10)

Sample GeTe R400

Grain size 53.6 (4)

Film thickness (nm) 100 (7), 990 (10)

Sample GTC9

Grain size 16 (3)

Film thickness (nm) 97 (7), 380 (10), 990 (10)

Table 1: Grain size and investigated �lm thick-
nesses for the three kinds of samples.

Results and discussion

Fig. 3 and 4 report our raw data collected on the three samples for thicknesses 100 and

∼1000 nm, at 5 di�erent tilting angles θ from ∼ 30◦ to ∼ 70◦, corresponding to explored

wavevectors from 9.5 to 17.9 µm−1. Spectra collected on GeTe R450 and GTC9 �lms with

thickness 380 nm, as well as the spectra collected on GeTe(Si) R450, are reported in the

Supplementary Information. Collection time was chosen per sample and scattering angle in

order to have a good statistics, spectra were normalized to collection time prior to analysis.

From a simple observation, one can see that, in the nanocomposite peaks are narrower and

better de�ned. The single visible peak in the thinner samples in Fig. 3 is the Rayleigh

surface mode, which propagates with a sound velocity slightly smaller than the transverse
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bulk velocity of the layer. We notice that at the smallest angle, in all samples, this peak

appears as a doublet. This is likely due to a contribution to the collected signal from the

vertical scattering direction, due to the �nite size of the collection angle. In the thicker

samples we can clearly see in Fig. 4 higher energy guided modes in GTC9, and in a few cases

in GeTe R400 (Sezawa modes). This is not possible in GeTe R450, where the low energy

peak is much broader. Fig. 5 reports a direct comparison of spectra collected in the three

samples at the two thicknesses, for a scattering angle of 53◦, to evidence the emergence of

the higher energy modes in the thicker �lms.

Figure 3: Experimental spectra. Brillouin spectra collected on the 100 nm thin �lms
for the three samples. The angle of incidence increases from top to bottom: 26◦ (a) and
30◦ (e,i), 40◦ (b, f, j), 53◦ (c, g, k) and 63◦ (d, h, l), corresponding to phonon wavevectors
q = 4π

λ
sin(θ) of 8.3, 9.5, 12.2, 15.2 and 17 µm−1 respectively. Rayleigh and Sezawa modes

are labelled R and S respectively.

All the spectra have been �tted using a damped harmonic oscillator for the inelastic peaks

and a gaussian function for the elastic one. In order to extract the intrinsic phonon width,

the theoretical model has been convoluted with the instrumental resolution, as detailed in

the Supplementary Information. To estimate the instrumental resolution, we have measured
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Figure 4: Experimental spectra. Brillouin spectra collected on the 800-1000 nm thin �lms
for the three samples. The angle of incidence increases from top to bottom: 30◦ (a,f,k), 40◦

(b, g, l), 53◦ (c, h, m), 63◦ (d, i, n). and 70◦ (e, j, o), corresponding to a phonon wavevector
of 9.5, 12.2, 15.2, 17 and 17.9 µm−1 respectively. Rayleigh and groups of Sezawa modes are
labelled R and S respectively. Note that, for GeTe R400 the Sezawa mode is within the tail
of the Rayleigh mode, due to its broadening.
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Figure 5: Emergence of Sezawa modes with thickness. Brillouin spectra collected on
the three samples on the 100 nm (a, b, c) and 800-1000 nm (d, e, f) thin �lms at a scattering
angle of 53◦. The larger thickness favours the emergence of the higher order modes (Sezawa
modes) in GTC9 and GeTe R400. Note that, for GeTe R400 the Sezawa mode is within the
tail of the Rayleigh mode, due to its broadening. Rayleigh and groups of Sezawa modes are
labelled R and S respectively.

the peak corresponding to the elastically scattered light (elastic line) on a copper plate, as

well as on the sample itself, at three di�erent angles, to con�rm the independence of its width

on the probed material and wavevector. The instrumental resolution has been then modelled

as a normalized gaussian function with width 0.132(5) GHz, which best �ts the elastic line.

Some examples of the quality of the �t are reported in the Supplementary Material.

Figure 6 reports the best �tted phonon frequencies for all samples at all probed phonon

wavevectors. Both frequency and wavevector are multiplied by the thickness in order to

report all �lms of a given material alltogether. Looking to the GeTe samples, one can see

that, in GeTe R400 some Sezawa modes are also visible. Concerning GeTe R450, we have

reported in the �gure also the results for GeTe(Si) R450. A slight sti�ening can be seen for

this latter at small qh, corresponding to the 90 nm thick �lm, which disappears at larger

qh. This is indeed the qh region where the guided mode is most sensitive to the di�erent

elastic properties of the substrate. Finally, up to 4 guided modes are clearly distinguishable

in the nanocomposite. Focusing now on the Rayleigh mode, reported in the bottom panel

for the three samples on SiO2, our data clearly show that GeTe R450 and GeTe R400 share
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the same elastic properties, con�rming the negligibility of the porosity due to the presence

of voids. Concerning the nanocomposite, we can see a slight sti�ening.

In order to extract the elastic constants, the equations of motion at the surface of our

sample need to be solved taking into account all boundary conditions, that is, all the layers

in the stack. We have thus analysed the spectra using a Green function approach of the

equations of motion of elasticity, which allows determining the spectral density of the atomic

displacements at the free surface, perpendicular to the surface, uz(z = 0). Indeed, the scat-

tered intensity due to the ripple mechanism is proportional to u2
z(z = 0) calculated at a given

q.24,25 As mentioned in the experimental section, all samples are made of crystalline grains

randomly oriented, leading to average isotropic properties, despite the intrinsic anisotropy

of GeTe rhombohedral phase. In this case, the Green function approach allows determining

the relevant isotropic elastic constants (C11 and C44 ), and thus, knowing the density, both

longitudinal (vL) and transverse (vT ) bulk sound velocities.26 This calculation requires how-

ever precise knowledge of all layers in the stack, as the boundary conditions at the sample

surface depend on the elastic constants both of the sample and boundary layers. Due to the

complexity of the stack of our samples, we have �rst analysed GeTe(Si) R450. Imposing liter-

ature values for the silicon elastic constants and density, we have re�ned the elastic constants

of GeTe R450 and the top layer SiN. Then, we have analysed the GeTe R450 samples with

underlying SiO2 to better re�ne the GeTe properties and also characterize the SiO2 elastic

constants. Finally, GeTe R400 and GTC9 have been �tted using the already determined

properties for the boundary layers. Assuming that the elastic constants do not depend on

the sample thickness, the �tting procedure has been repeated on all �lms of a given sample

and all measurement angles, to obtain the best constrained elastic constants. Table 2 reports

the re�ned elastic constants for all layers. As we did not �nd any notable di�erence between

GeTe R450 and GeTe R400, we report the results grouped for GeTe samples, calling them

generically GeTe. First, we notice a fair agreement of our estimated SiO2 elastic constants

with the reported literature values CSiO2,lit
11 =78.5 GPa and CSiO2,lit

44 =31.2 GPa.27 For SiN,the
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Young modulus calculated from our estimated elastic constants of SiN and a poisson ratio

σSiN = 0.2528 is E = 2CSiN
44 (1+ σ) = 200(100) GPa, which compares well with the reported

value for PVD SiN at our deposition conditions, ESiN,lit=185(5) GPa.29

Coming to our samples, the estimated sound velocities are vT = 1530(100) m/s and

vL = 3500(140) in GeTe, and vT = 1780(70) m/s and vL = 3870(50) m/s in GTC9, cor-

responding to Debye velocities of vD(GeTe) = 1700(100) m/s and vGTC9
D = 2000(70) m/s.

In the literature, there are no other experimental measurements of the elastic constants

or sound velocity in GeTe to compare with. Still, the Debye velocity calculated from

our results for GeTe is compatible with the one extracted from density of states data,

vDOS
D = 1900(70) m/s.17 Moreover, we obtain a bulk modulus B = 55(6) GPa, well in

agreement with the one from x ray di�raction data, BXRD = 49.9(3.2) GPa.18 Concerning

theoretical reports, our estimated elastic constants for GeTe are somewhat smaller than the

ones reported in ab initio calculations14�16 for single crystalline material. From these latter,

we can calculate the theoretical elastic constants and sound velocities for polycrystalline

GeTe following the Voigt and the Reuss approximations, which correspond to uniform strain

(Voigt) or stress (Reuss) across the boundaries, and give the upper and lower limits for the

real isotropic elastic constants.30 Using literature data for a GeTe with a density close to

ours ( 6.24 g cm−3 15), we �nd that our experimental data are closer to the Reuss estima-

tion. Speci�cally, the longitudinal velocity is only 5% smaller than the theoretical value,

vth,Reuss
L = 3667 m/s. However, the disagreement is larger, of about 30%, for the transverse

velocity, for which we calculate vth,Reuss
T = 2166 m/s. This discrepancy could be due to the

presence of a large amount of point defects in GeTe, not accounted for in theoretical calcula-

tions, pointing thus to a major e�ect of defects on the shear elastic constant. Concerning the

nanocomposite, the observed sti�ening can be expected, due to the presence of amorphous

carbon, which has a higher sound velocity. Using the measured elastic constants for GeTe,

and values from literature for amorphous carbon, we can estimate the expected e�ective

medium elastic constants for GTC9. As reported elsewhere,19 the density of our amorphous
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carbon has been estimated to be 2 g/cm3, and its volume content in GTC9 only 3%. Using

the young modulus and poisson ratio reported for our carbon density in the literature,31 we

�nd Ca−C
11 =360(20) GPa and Ca−C

44 =147(9) GPa for amorphous carbon. We can now calcu-

late the composite elastic constants and we obtain CV oigt
11 =83(6) GPa and CV oigt

44 =18(2) GPa

using the Voigt approximation, and CReuss
11 =76(7) GPa and CReuss

44 =14(2) GPa using the

Reuss approximation. Here again, our data are closer to the Reuss values.

Figure 6: Experimental dispersions. The best �tted frequencies are reported multiplied
by the �lm thickness as a function of the wavevector multiplied by the �lm thickness for
the three samples : GeTe R400 (a), GeTe R450 (b) and GTC9 (c). In (a), (b) and (c) the
Rayleigh mode is reported as blue circles, higher frequency modes as circles with di�erent
color : red for the second mode, black the third, magenta the fourth. In (b) we report
as well the Rayleigh mode as measured on GeTe(Si) R450 as black hexagones. Panel (d)
reports only the experimental points belonging to the Rayleigh mode for all samples on SiO2:
GeTe R400 (blue circles), GeTe R450 (red squares) and GTC9 (black stars), showing a slight
sti�ening in the nanocomposite.

We look now to the attenuation of the Rayleigh wave, reported in Fig. 7 for all the

investigated stackings. From the �gure it is clearly visible that, phonon width in GTC9 is

much smaller than in the GeTe samples at all phonon energies. As for GeTe, we observe that
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Table 2: Elastic constants as determined by Brillouin light scattering in GeTe and GTC9
thin �lms, as well as in the boundary layers. In GeTe and GTC9 we have imposed the
isotropy condition C12 = C11 − 2C44.

GeTe GTC9 Si SiO2 SiN
C11 (GPa) 74(6) 78(3) 166 77(7) 190(70)
C44 (GPa) 14(2) 16(2) 79.6 31(5) 82(50)
C12 (GPa) 46(10) 45(6) 64 15(10) 25(10)

Figure 7: Experimental attenuation of the Rayleigh wave. The best �tted phonon
widths for the Rayleigh mode are reported as a function of phonon frequency for the∼ 100 nm
(a), ∼ 380 nm (b) and 800-1000 nm (c) thick �lms for GeTe R400 (blue circles), GeTe R450
(red squares), GeTe(Si) R450 (magenta x) and GTC9 (black stars).

phonon width is independent on the substrate in GeTe R450, while it seems slightly smaller

in GeTe R400. In order to go further and analyse phonon attenuation in terms of scattering

processes, we need to extract the intrinsic phonon width. Indeed, the reported width has

still a contribution coming from the wavevector instrumental resolution. Due to the �nite

size of the collection angle, the experimental signal is in fact the superposition of phonons

with a range of scattering wavevectors both in the scattering plane and perpendicular to it.

In the scattering plane, the probed wavevector will range from qL = 2π
λ
(sin(θ) + sin(θ − δ))

to qH = 2π
λ
(sin(θ) + sin(θ + δ)), with δ the half angle of the collecting optics. As the mode
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is dispersive, for each q in such wavevector range ∆q, the energy will be di�erent. As a

consequence, an instrumental energy broadening appears ∆ν∆q = vg∆q with vg the group

velocity at the probed q values. Due to the entrance lens in the spectrometer, in our setup

it is δ = 1.6◦. Using this datum and our measured dispersions, we have estimated ∆ν∆q and

subtracted it from the measured width to obtain the intrinsic width: Γi =
√

Γ2 − (∆ν∆q)2.

This latter is reported in Fig. 8: the values are only slightly smaller and the global behavior

is the same as in Fig. 7.

Figure 8: Intrinsic attenuation of the Rayleigh wave. The extracted intrinsic phonon
widths for the Rayleigh mode are reported as a function of phonon frequency for the∼ 100 nm
(a), ∼ 380 nm (b) and 800-1000 nm (c) thick �lms for GeTe R400 (blue circles), GeTe R450
(red squares), GeTe(Si) R450 (magenta x) and GTC9 (black stars). Dotted lines represent
the best �t using two scattering mechanisms, the anharmonic scattering and scattering from
boundaries, as explained in the text.

First of all, it is worth noticing that, the Rayleigh wave is a surface wave. As such, its

properties are essentially sensitive to the upper part of the sample and the top interface. We

thus don't expect any contribution to phonon attenuation coming from a possible perpen-

dicular density gradient due to the possible persistence of a crystallization-induced residual

stress. We have then analysed the intrinsic attenuation owing for two scattering mecha-
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nisms: anharmonic scattering and scattering from the boundaries, which are expected to be

the only relevant mechanisms at these wavelengths, as defect scattering is usually dominant

at wavelengths in the sub-nanometer range. We have nevertheless veri�ed the negligibility

of this contribution to attenuation, by calculating it using a simple analytical model suc-

cessfully used in mass disorder alloys:32,33 this gives Γdef = π/2(ℏω)2g(ℏω)⟨ϵ2⟩, where g(ℏω)

is the phonon density of states (DOS), and ϵ represents the sum of all �uctuations contri-

butions (mass, elastic constants, atomic size).34 In our previous work,19 we have reported

our experimentally measured DOS, however data are limited to energies above 0.5 THz.19 .

We use thus the Debye model, with our estimated Debye velocities, for describing the low

energy DOS, which was shown to be reached already in the sub-THz range.19 Concerning

the �uctuation term, it may be exactly calculated once the defect density is known. This

corresponds to half the carrier density, which has been previously measured,19 and reported

to be n = 2.7(1) · 1020 cm−3 in GeTe and n = 11.1(1) · 1020 cm−3 in GTC9. As shown in the

Supplementary Information, we �nd that the defect scattering contribution does increase in

the nanocomposite, as expected due to the larger defect density, but remains in the Hz range

at the investigated phonon energies, thus fully negligible on our scale.

Concerning the other two contributions, we model the anharmonic attenuation follow-

ing Slack,35 ΓU(ν, T ) = AT (2πν)2e(−
ΘD
3T

), where A contains material-speci�c parameters and

ΘD = 180 K is the Debye temperature of GeTe.36 As for the boundary scattering, we model it

using the formulation by Ziman,37 modulated by a transmission coe�cient,38 which depends

on the acoustic impedence mismatch between our sample and the adjacent layers (SiO2 and

SiN) : Γb = 1−p
1+p

vg
d
TR, with p = e−16π2η2/λ2

ph the specularity parameter, η the roughness at

the interfaces, d the �lm thickness, TR the transmission coe�cient, λph the phonon wave-

length and vg its group velocity. Using the experimentally reported mass densities, and

the previously calculated Debye velocities, we estimate the acoustic impedence of GeTe as

ZGeTe = ρMvD = 108(7)105 Kg m−2s−1 and for the nanocomposite ZGTC9 = 117(5)105 Kg

m−2s−1. As the adjacent layers are the same, this means that the transmission won't change
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signi�cantly between the di�erent samples. In order to minimize the number of free pa-

rameters, due to the few experimental points, we decide thus to �x TR to the same value

for all samples and only �t the anharmonic parameter A and the roughness η. Here we

report results for TR=0.5, while in the Supplementary Information, we report results for a

�xed value TR = 1, showing that the di�erence is very small and plays only on the absolute

value of η, while the tendencies remain the same. Finally, it is worth mentioning that, we

have also veri�ed that scattering from grain boundaries due to the nanocrystalline nature

of the �lms is negligible at the probed phonon wavelengths. Following the Mathiessen rule

for independent scattering mechanisms, the total attenuation will be Γ = ΓU + Γb. We

have then �tted our data, per sample and per thickness, using this model, as reported in

Fig. 8. The best �t values for A and η are reported as a function of thickness for GeTe

R400, GeTe R450 and GTC9 in Fig. 9 and in table 3. Independently on the absolute value

of the roughness, which is uncertain due to its dependence on the choice of TR, we can notice

that, in all samples the roughness increases linearly with the �lm thickness. While GeTe

R400 and GTC9 present a comparable roughness, the absolute roughness in GeTe R450 is

larger and increases faster with thickness, likely due to the accumulation of voids at the

boundaries. Concerning anharmonicity, GeTe R450 and GeTe R400 present similar values,

which are comparable to but larger than the theoretical anharmonic parameter reported in

the literature (A ∼ 110 ns/K39). In that case, the GeTe model had �ve times less carrier

concentration than our samples. This could locally deform the crystalline structure, due

to defects, and thus a�ect anharmonicity. Interestingly, the anharmonic parameter is much

smaller in GTC9, in agreement with the suggested lower anharmonicity found in our recent

investigation of THz phonon dynamics and thermal conductivity in this material.19
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Figure 9: Fitting parameters for attenuation. Roughness η (panel (a)) and anharmonic
parameter A (panel (b)) are reported as a function of �lm thickness for GeTe R400 (blue
circles), GeTe R450 (red squares) and GTC9 (black stars), for the choice TR = 0.5 (see main
text).

Table 3: Fitting parameters for phonon attenuation in all samples. In �lms with thickness
∼ 100 nm, the �t was giving a vanishing roughness, no physical, so we imposed a minimum
value of 1 nm. As a consequence, there is no error associated to it in the table.

Sample thickness A (ns/K) η (nm)
GeTe R450 90(7) 140(10) 1

380(10) 200(50) 19(2)
790(10) 294(9) 26.5(8)

GeTe R400 100(7) 120(10) 1
990(10) 320(30) 19(5)

GTC9 97(7) 43(6) 1
380(10) 50(3) 12.4(6)
990(10) 57(4) 21(1)

Conclusions

In this work, we have presented a Brillouin scattering investigation of GeTe-based mate-

rials interesting for thermoelectric and memory applications. Speci�cally, we have studied

thin �lms of GeTe at two di�erent annealing temperatures and a nanocomposite made of

nanograins of GeTe surrounded by amorphous carbon, GTC9. Our measurements, performed

in a backscattering geometry, have allowed us to access the guided modes propagating along
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the thin �lms, and speci�cally the Rayleigh mode and, in some cases, the Sezawa modes.

Data have been collected on di�erent thicknesses per sample, and, in the case of GeTe an-

nealed to 450◦C, on two di�erent substrates. By �tting all our spectra using a Green function

approach, we have been able to constraint the isotropic elastic constants C11, C12, C44, and

determine the bulk longitudinal and transverse velocities. This represents the �rst direct

measurement of such quantities in GeTe �lms. We have shown that our results on GeTe

are independent on the annealing temperature and are smaller than reported theoretical

values, pointing to an e�ect of defects on the elastic properties, and speci�cally on the shear

constant. This should motivate new ab initio calculations investigating the relation between

defects and elastic properties in GeTe. Moreover, we have shown that the nanocomposite

presents a slight sti�ening of its elastic constants, which is in good agreement with the Reuss

estimation of the e�ective elastic moduli in a composite material. Next, we have focused on

the phonon attenuation for the Rayleigh mode, to get insight onto the relevant scattering

mechanisms and their dependence on microstructure and nanostructuration. By �tting our

data with a damped oscillator model convoluted with the instrumental energy resolution,

and accounting for the additional energy broadening due to the �nite size of the collection

angle, we could extract the intrinsic phonon attenuation. We have modelled it using two

scattering mechanisms, anharmonicity and boundary scattering, and we have shown that

while anharmonicity does not depend on the annealing temperature in GeTe, boundary

scattering is instead larger in GeTe R450, owing to the presence of voids at the interfaces in

this latter. Concerning the nanocomposite, the estimated roughness is comparable to GeTe

R400, as expected due to its �ne microstructure and nice interfaces. Suprisingly, we �nd in

GTC9 a much smaller anharmonicity. This is in agreement with a recent work of us on THz

phonon dynamics,19 where our results pointed to a reduced anharmonicity. Speci�cally, our

measurements of the density of states revealed a much smaller anharmonicity-driven soft-

ening of the optic modes with temperature, and the anharmonic contribution to phonon

scattering was found to be negligible in the �t of the thermal conductivity as a function of
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temperature. This result is surprising as GTC9 is in principle made of the same crystalline

material as GeTe. In fact, as we have previously shown,19 in the nanocomposite GeTe grains

are much smaller and their vacancy content is much larger than in pure GeTe �lms. Lower

anharmonicity could then be related to these two major di�erences with GeTe. Speci�cally,

the smaller grain size could induce a modi�cation of the Peierls distortion, which can not

be evaluated from x ray di�raction due to the broadening of the Bragg peaks. Moreover,

a larger vacancy content means larger strain within the crystalline structure. Both e�ects

would a�ect the metavalent bonding reported for this material10 and crystal anharmonicity.

Further investigations are necessary to shed light on the microscopic origin of the observed

reduction of anharmonicity in the nanocomposite.
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