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Abstract
Thanks to recent breakthroughs in their epitaxy compatible with industrial standard, (Si)GeSn
alloys are now emerging as material platform for monolithic integration of next-generation
electronics, optoelectronics, thermoelectrics, and photonics. In order to support the rapid
evolution of the (Si)GeSn material system, different advanced characterization methods have to
be developed to investigate its many interesting physical properties. This work provides an
overview of Raman spectroscopy investigation of binary GeSn and ternary SiGeSn alloys. After
reviewing the fundamental principles of Raman spectroscopy, the typical features of (Si)GeSn
alloy Raman spectra are introduced. These features are then attributed to vibrational modes of
atom pairs, high-order scattering, or disorder-induced scattering. The discussion also covers the
details of polarization-resolved Raman spectroscopy applied specifically to the group-IV alloys
case, with a focus on probing the local atomic ordering. Different applications of the Raman
spectroscopy to the (Si)GeSn material system are covered. Initially, micro-Raman
measurements are complemented by ancillary techniques, such as x-ray diffraction. This allows
the spatially resolved composition and strain of the investigated epitaxial alloys to be
determined based on calibrated coefficients of vibrational mode shifts. Raman hyperspectral
imaging, along with its integration with numerical simulations for strain mapping in
microstructures and devices, is also presented.
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Subsequently, temperature-dependent Raman spectra are employed to investigate the crystal
anharmonicity and the lattice expansion, with a detailed analysis of the multiple-phonon
scattering coefficients, that are then compared with data present in the literature. The
temperature dependence of Raman modes is also used to develop Raman thermometry to
measure lattice thermal conductivity, in view of the recently proposed use of these materials in
integrated opto–thermo-electronic devices. In summary, Raman spectroscopy is demonstrated as
an essential tool for metrology and physical insight of the technologically relevant and complex
SiGeSn ternary alloy system.

Keywords: SiGeSn, GeSn, Raman spectroscopy, metrology, polarized Raman spectroscopy,
strain mapping, semiconductor alloys characterization

1. Introduction

Epitaxial semiconductor alloys are at the cornerstone of
the electronic and photonic technologies. Controlling their
physical properties, particularly the energy bandgap, by
adjusting the composition and lattice parameters enables
the engineering of materials for devices on demand. The
development of alloys that can be integrated within the
CMOS (Complementary Metal–Oxide–Semiconductor) tech-
nology manufacturing flow is especially important for
enabling new functionalities to the Si-based microelectronic
platform.

Amajor breakthrough in this area, particularly for the integ-
rated photonics realm, has been the successful alloying of
α-Sn with other group-IV materials, realizing binary (GeSn
[1] and SiSn [2]), ternary (SiGeSn [3]), and even quatern-
ary (CSiGeSn [4]) epitaxial alloys deposited on Si substrates.
Incorporating the semi-metal α-Sn within a (Si)Ge matrix nar-
rows both the (direct) bandgap at the Γ point and of the (indir-
ect) bandgap at the L point of the Brillouin zone. The dir-
ect bandgap energy decreases at a higher rate with increas-
ing Sn content x, compared to the indirect band gap. This
leads to an indirect-to-direct transition for x ∼ 8 at.% Sn for
unstrained epitaxial layers [5, 6]. Ternary alloys with silicon
further expand the ability to control the optical properties of
epitaxial layers. They also enable the control of lattice para-
meter matching to the substrate, thus separately enabling the
engineering of strain in electronic and optical properties [7–
10]. These possibilities are particularly interesting for devel-
oping optoelectronic devices, since the directness of the band
gap is associated with higher radiative recombination rate,
enabling efficient charge to light or light to charge conversion
in Si-based materials [6, 11].

To this aim, advancements in the epitaxial of (Si)GeSn
alloys deposited on strain-controlled Ge/Si virtual
substrates—especially by industry-standard chemical vapor
deposition (CVD)-led to materials used to demonstrate dif-
ferent optoelectronic devices such photodetectors [12–14],
photovoltaic cells [15, 16], light-emitting diodes [17, 18],
and, ultimately, integrated lasers, both optically and elec-
trically pumped [7, 19–22]. Fostered by the efforts deployed

for developing optoelectronic devices, (Si)GeSn alloys made
their way in other application domains. Indeed, the inclu-
sion of Sn reduces the effective mass of electrons and holes,
enhancing mobility in field-effect transistors [23–25], and
enabling phase-coherent electron transport for quantum com-
puting and spintronics [26]. Furthermore, the favorable elec-
trical conductivity and Seebeck coefficients, combined with
low lattice thermal conductivity due to alloy phonon scat-
tering, open opportunities for thermoelectric applications
[27–29].

However, developing such a high-quality material system
proved to be a significant challenge. In fact, the inherently low
solubility of Sn in Ge and Si, the substantial lattice mismatch
between Sn and these host materials [6], and the poor thermal
stability of Sn [30], all present major obstacles—particularly
when relatively high Sn concentrations are needed for short-
wave infrared (SWIR) and near-infrared (NIR) applications
(x> 10 at.%). As a result, non-equilibrium growth conditions,
such as low temperatures and high growth rates, are typically
employed [5, 6].

At the same time, the study of the structural and optical
properties revealed key differences from those of another
group-IV alloy—SiGe, which has been well developed and
investigated in the past years. Both Si and Ge have a diamond
face-centered cubic crystal structure, with a moderate lattice
mismatch of ∼4% and they are perfectly miscible across the
composition range. Sn, instead, adopts a diamond structure
below 13 ◦C in α-phase crystallization, with a considerable
lattice mismatch of∼15% with Ge, and transforms to a metal-
lic β-phase at higher temperatures. Thus, the diamond struc-
ture alloy must compensate for the large mismatch, result-
ing in a limited range of Sn content in Ge, and in general,
in a metastable structure. This also affects the ordering of
the alloy. While SiGe is well-described by a random alloy
model (i.e. there is no correlation between pairs of atoms),
(Si)GeSn exhibits preferential atomic pairings that lead to
inhomogeneity at the atomic scale, as shown by both numer-
ical simulations [31–33] and experimental measurements [34–
36]. At a fundamental level, specific alloy configurations,
along with defects and disorder, may underlie the observed
trends in optical properties [32, 37–39].
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In light of these complex challenges, reliable, fast, and
effective methods for investigating these materials are essen-
tial. Raman spectroscopy can provide characterization and
insight into semiconductor properties, such as composition,
strain, and disorder, by probing their vibrational modes. It is a
lab-scale technique that requires minimal or no sample pre-
paration and is non-destructive. It can be adapted for tem-
perature and pressure-dependent measurements, and spatial
mapping of the physical properties of materials or devices
with sub-µm resolution. In developing Raman spectroscopy
for (Si)GeSn materials, comparisons with well-studied SiGe
alloys have served as a guideline. However, as mentioned
before, the GeSn and SiGeSn have peculiar features, related
to the poor solubility of Sn, that make the alloy qualitat-
ively different from SiGe. The assignment of the experimental
features to given Raman modes has also been under scru-
tiny because of the overlapping of the first and higher-order
modes, and due to the unclear nature of some spectral fea-
tures. In this work, various features of Raman spectroscopy
for the characterization of SiGeSn alloys, addressing these
challenges and exploring the potential of the technique, are
presented.

In section 2, we introduce the principles of Raman spectro-
scopy for the case of group-IV semiconductors, also consid-
ering the details of polarization-related selection rules for the
relevant symmetries. Then, we present the features of GeSn
and SiGeSn spectra, their assignment to specific vibrational
modes associated with atom pairs and disorder effects, primar-
ily in epitaxial crystalline layers, with a brief note on amorph-
ous and nanostructured materials. Section 4 showcases the
short-range order and its analysis via polarized spectroscopy.
Section 5 focuses on the main application of Raman spectro-
scopy in semiconductor metrology, particularly for determin-
ing composition and strain, and reviews the quantitative results
from the literature. Section 6 presents the use of hyperspec-
tral Raman mapping for the evaluation of strain distribution
on micro-devices. Section 7 describes the effect of temperat-
ure on Raman spectra and the application for thermometry.
We conclude by outlining the open questions and envisioning
future directions for Raman-based characterization of group-
IV semiconductor alloys.

2. Raman in group-IV semiconductors and alloys

Raman scattering is an inelastic light scattering process in
which the incident light interacts with vibrational modes of
the sample. As a result, the spectrum of the scattered light has
components at the incident energy (elastic, Rayleigh scatter-
ing) and at lower (Stokes) and higher (Anti-Stokes) energies,
respectively, with the elastic scattering being several orders of
magnitude stronger. The energy separation between the elastic
and inelastic peaks directly measures the energy of vibrational
modes: as the energy is affected by material properties such
as strain and composition, metrology of these quantities is
possible [40, 41]. Modulation of mode intensity as a function

of experimental conditions, e.g., temperature, scattering geo-
metry, and light polarization, provides further information on
the anharmonicity of the modes and on the symmetry of the
crystals [42].

In crystals, the number of active Raman modes depends
on the lattice symmetry (specifically, the point group) and the
number and positions of atoms in the unit cell. The conditions
for Raman scattering are primarily governed by energy and
momentum conservation laws, expressed as:

ωs = ωi±ωp,
−→
ks =

−→
ki +

−→
kp (1)

where the subscripts s, i, and p refer to the scattered light,
incident light, and phonon, respectively. However, consider-
ing the negligible momentum of the photons with respect
to the typical Brillouin zone (BZ) extension, only phonons
with finite energy at the BZ center Γ can be involved in
first-order Raman scattering, due to momentum conservation
ki ∼ ks ∼ kp ∼ 0. Additional Raman peaks will appear in
the spectra because of high-order scattering as a combin-
ation of modes far from the zone center (see figure 1(a))
[43, 44].

Then, the classical scattered intensity for first-order Stokes
scattering is given by [40, 41]

∂σ

∂Ω
∝ ω4

s

∣∣∣∣êTi ∂χ∂QQ(ωi) ês

∣∣∣∣2 (np+ 1) (2)

where ei,s are the polarization unit vectors of the incoming
and scattered radiation, Q is the atomic displacement due to
the phonon mode, χ is the dielectric susceptibility tensor, and
np the Bose–Einstein occupancy for the phonons. The term
∂χ
∂QQ(ω0) =

↔
R is called Raman tensor.

The important features of this result are the role of light
polarization and its interplay with the Raman tensor, which
is discussed in more detail below, and the power law for the
optical frequency. The scattering intensity is proportional to
ω4 (λ−4 in terms of wavelength), that is, UV and blue light are
more efficient with respect to red and NIR.

The quantum perturbation theory can be used to derive
the Raman tensor as well, referring to the electronic trans-
itions associated with absorption and emission of photons and
electron–phonon interaction. The leading term for the cross-
section is [40]

∂σ

∂Ω
∝

∣∣∣∣∣∣
∑
n,n ′

⟨0|He (ωs) |n ′⟩⟨n ′|Hep|n⟩⟨n|He (ωi) |0⟩
[h̄ωi− (En−E0)] [h̄ωi− h̄ωp− (En ′ −E0)]

∣∣∣∣∣∣
2

(3)

where He is the electron-radiation Hamiltonian and Hep the
electron–phonon Hamiltonian; the initial electronic state with
energy E0 is labeled as ‘0’, and n,n’ are intermediate electronic
states.

This equation also shows that for incident (or scattered)
light matching an electronic transition (En−E0), a resonant
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Figure 1. (a) Sketch of a phonon dispersion showing an optical and an acoustic branch. The arrows represent the scattering process involved
in Raman scattering. Red, continuous line: first order scattering, at zone center (the deviation from zone center is exaggerated for clarity);
blue, dashed lines: second order scattering at zone boundary; green, dotted lines: disorder activated scattering probing the phonons near the
zone center. (b) Phonon dispersions for Ge, Ge0.7Si0.3, Si0.18Ge0.75Sn0.07, and Si0.33 Ge0.34Sn0.33, obtained by calculation of the dynamical
structure factor by molecular dynamics (b). Reproduced from [47]. © 2018 The Japan Society of Applied Physics. All rights reserved.

enhancement can be obtained. For the case of GeSn, a use-
ful resonance is found in the vicinity of the E1 gap, close to an
excitation with a wavelength of 633 nm [45, 46].

To discuss the selection rules for Raman spectroscopy with
polarized light, we consider that each vibrational mode in a
crystal belongs to an irreducible representation of the point
group of the lattice. In the case of group-IV semiconductors
with diamond crystal structure (e.g. Si, Ge), with point group
Oh, the phonon spectrum has three acoustic modes and three
optical modes. The latter belongs to the T2g representation, 3-
fold degenerate at theΓ point of the BZ. The first-order Raman
spectrum of crystalline Ge or Si thus features a single main
peak (ωGe−Ge ∼300 cm−1 in Ge) corresponding to the zone-
center optical phonons. Other peaks (∼150 cm−1, 600 cm−1

in Ge) are associated with second-order scattering of acous-
tic and optical phonons, and may follow different polarization
dependence.

Raman spectra of binary alloys, such as GeSn and SiGe,
or ternary SiGeSn, are instead qualitatively different from
those of the elemental semiconductor. The presence of mul-
tiple atomic species (e.g. Si and Ge in Si1-yGey) gives rise to
modes associated with specific atomic pair vibrations: Si–Si,
Ge–Ge, and Si–Ge. Those modes appear at energies close to
the optical phonon energy of pure constituent—Si or Ge and
intermediate values, respectively. Their exact energy depends
on the composition y, and can thus be used for metrology [48].
The relative intensity of the peaks may also be matched to the
number of pairs of each type, in the hypothesis that the cross
section is the same for all modes. Figure 1(b) shows the res-
ult of molecular dynamics simulations for the dispersion of
phonons in pure Ge and in exemplary SiGe and SiGeSn alloys.
The bands observed at phonon frequencies nearly constant
throughout the BZ correspond to the optical phonon branches
that can be observed by first-order Raman scattering, and in
particular to Si–Si (∼450 cm−1), Si–Ge (∼400 cm−1), and
Ge–Ge (∼300 cm−1), respectively.

The selection rules are weakened in the presence of dis-
order or deformation in the lattice. Unlike pure crystals, alloys
do not exhibit perfect translational symmetry because of the

random location of the atomic species. In Si1-yGey, although
the diamond lattice is preservedwithwell-defined atomic sites,
those sites are randomly occupied by either Si or Ge atoms.
Nonetheless, this random substitution leads to mass disorder
and local strain fields due to differences in atomic mass and
bonding strength, which in turn affect physical properties such
as thermal conductivity [49, 50]. In Raman spectra, this dis-
order causes asymmetric peak broadening and the appear-
ance of additional spectral features, such as broad bands or
shoulders [51]. These features appear because of the relaxa-
tion of the momentum conservation rule brought about by the
loss of ideal translational symmetry of the alloy lattice. In fact,
the defect can be seen as a source of infinite momentum, which
activates the scattering from all the phonon modes matching
the scattering energy, as sketched in figure 1(a), so that the
Raman spectrum samples the phonon density of states.

Nonetheless, despite the structural and compositional com-
plexity, it is often useful to approximate the alloy system using
the same point group and representation as the corresponding
pure materials.While this approximation is not strictly valid, it
serves as a practical guideline for interpreting Raman spectra
by identifying modes and understanding their origin, as dis-
cussed in more detail in the following.

2.1. Polarized Raman spectroscopy and selection rules

Raman selection rules are derived from the symmetry of the
crystal, in particular from its point group and the arrangement
of atoms in the unit cell, which yield the symmetry of the
resulting vibrational modes. Raman intensity is given by the

equations (2) or (3), using the form I∝ |êTi
↔
Rês|2, where ei,s

are the polarization unit vectors of the incoming and scattered
light and R is the Raman tensor, respectively.

Each vibrational mode belongs to one of the irreducible
representations of the point group, which thus determines the
form of the Raman tensor. For the point group Oh, which is
strictly appropriate to describe the diamond lattices of the ele-
mental semiconductors, the Raman active representations are
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Table 1. Polarization configurations and active representations for
incidence along z = ⟨001⟩.

Porto notation Active representations

z(x’x’)z ‘allowed’ A1g + Eg + T2g
z(y’x’)z ‘forbidden’ Eg
z(xx)z ‘forbidden’ A1g + Eg
z(yx)z ‘allowed’ T2g

A1g, Eg, and T2g; their Raman tensors are [52]

R(A1g) = a

 1 0 0
0 1 0
0 0 1

 ,R
(
E(1)
g

)
= b

 1 0 0
0 1 0
0 0 −2

 ,

R
(
E(2)
g

)
=

√
3b

 −1 0 0
0 1 0
0 0 0

 ,R
(
T(x)2g

)
= d

 0 0 0
0 0 1
0 1 0

 ,

R
(
T(y)2g

)
= d

 0 0 1
0 0 0
1 0 0

 ,R
(
T(z)2g

)
= d

 0 1 0
1 0 0
0 0 0

 . (4)

Here, the reference frame is aligned with the [100], [010],
[001] crystal directions. For the degenerate representations,
the intensity is calculated for each member and then added
(incoherent combination). Each representation depends only
on a single free parameter (a, b, d, respectively). Thus, the
selection rules (presence/absence of a peak in a specific polar-
ization and relative orientation of polarization and crystal
axes) and the intensity angular pattern (by rotating the polariz-
ation or the sample) are independent of the value of the coef-
ficient, which instead may be calculated from the scattering
cross section.

Many reported experiments are performed in few selec-
ted configurations, which are typically indicated using the
so-called Porto notation as ki(ei es)ks, with ki,s the incidence
and scattering direction. Incidence direction and polarization
are usually aligned with high-symmetry directions, labeled as
z = [001], x = [100], y = [010], x′ = [110], y′ = [110], as
sketched in figure 2(a).

In a typical case, epitaxial wafers or chips are grown
along the ⟨001⟩ direction; the cleaving direction in this case
is the ⟨110⟩, enabling an easy identification of crystal axes
and a ‘natural’ reference system when wafer coupons are
used for the measurements. In advanced micro-Raman setups,
the measurements are conducted in backscattering geometry,
with ki and ks vectors being antiparallel and often along the
z = ⟨001⟩ direction.

In this case, the active representations in the four typical
configurations are listed in table 1. Considering the atomic
positions in the diamond lattice, the only active mode for
group-IV materials belongs to the T2g representation. Thus,
the setting when this representation is active is customarily
indicated as ‘allowed’, while the others are ‘forbidden’.

Figure 2. (a) Scheme of sample rotation for polarized experiments,
in backscattering configuration. Incident and scattered light can
have different polarizations. (b) Angular patterns of the irreducible
representations of the Oh point group (A1g, blue dashed line; Eg,
orange dash-dot line; T2g green solid line), as a function of the
azimuth θ. Three incidence directions are considered for parallel
and perpendicular alignment of the polarizers. For the ⟨111⟩
incidence, the three representations give the same constant pattern
in parallel alignment, while in perpendicular Eg and T2g are both
constant, while A1g is zero. The patterns are normalized to the
maximum value.

When the spectra are acquired as a function of the azimuth
angle (equivalently by rotating the sample or the polarization
of incoming and scattered light [53]), characteristic patterns
can be observed in crystalline, oriented samples, that depend
also on the respective alignment (parallel or perpendicular) of
the excitation and of the analyzer at the sensor entrance. These
patterns are reported in figure 2(b) and table 2 for each mode
for the cases of incidence along ⟨001⟩, ⟨110⟩, and ⟨111⟩.

The main T2g peak, for example, when measured with
incidence in the ⟨001⟩ direction, has a maximum intensity
when both incident and scattered light are polarized along the
⟨110⟩ axes, while (ideally) disappears for alignment at ⟨100⟩,
showing a characteristic quadrupolar pattern (figure 2(b)).
Deviation from this pattern points to the role of disorder. In the
extreme case of a completely disordered sample, an integral
over the possible orientations, analogous to a liquid or powder
sample, can be envisaged. In this case, angular dependence
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Table 2. Azimuth dependence of polarized Raman scattering for each active mode of the Oh point group. The values are normalized to the
maximum. For degenerate Eg and T2g representations, the members are summed incoherently (i.e., we report the sum of the intensity of all
the members).

Alignment Repr. Parallel Perpendicular

⟨001⟩ θ = 0◦: [110] A1g 1 0
Eg (1 + 2sin2(2θ))/3 cos2(2θ)
T2g cos2(2θ) sin2(2θ)

⟨110⟩ θ = 0◦: [001] A1g 1 0
Eg (3sin2(θ)−2)2/4 sin2(2θ)
T2g (5/9)sin2(θ) (6–5sin2(θ)) 2sin4(θ)−2sin2(θ) + 1

⟨111⟩ θ = 0◦: [110] A1g 1 0
Eg 1 1
T2g 1 1

does not provide information, and a constant dichroic ratio is
measured.

Focusing on the T2g symmetry of the first-order modes
in diamond-like structures, we note that the three degenerate
members do not have, in general, the same selection rule or
angular pattern. For example, for the ⟨001⟩ incidence, only one
component is active (the LO mode).

A non-perfect selection rule can be also assigned to slightly
misaligned samples (incidence is titled from the ⟨001⟩ direc-
tion), especially in strained samples, where the reduction of
symmetry breaks the 3-fold degeneracy and shifts the peak
energy [54]. Still, only the LO mode is observed in the ⟨001⟩
alignment. The split components can then be observed by
slightly tilting the sample, or by use of high numerical aperture
optics [55, 56], such as an oil-immersion objective [57].

The theoretical framework presented above has been
extensively applied to the study of Raman spectra in group-
IV alloys, enabling tagging of spectral features to specific
vibrations by comparing their angular pattern. The presence
of peaks associated with alloy components is then applied to
the quantification of composition as well as strain in epitaxial
layer. These developments are discussed in the next sections.

2.2. Experimental equipment and parameters

The key component in a Raman experiment is a spectrometer
with high resolution and very high rejection of the elastic-
ally scattered light. This is obtained with multi-stage spec-
trometers (2 or 3 stages), or employing high-efficiency notch
or bandpass filters, for example volume Bragg gratings, that
may enable measurements at very low (<10 cm−1). For high-
quality crystalline materials such as pure Si or Ge, Raman
peaks can be as narrow as 3 cm−1, in contrast, alloys often have
broader spectral features. To accurately deconvolute peaks and
extract quantitative information (as discussed in section 3),
high spectral resolution, ideally below 1 cm−1, is essential.
This depends on the geometry of the optical system, the
wavelength, and the density of the lines in the dispersive grat-
ing. For the visible range, gratings with 3000 lines mm−1 are
commonly employed. It is important to note that the resolution

in terms of ‘data points per cm−1’ may be different from the
actual resolution of the instrument, due to oversampling [58].

The excitation wavelength λ is also a key parameter.
As mentioned above, the Raman intensity is proportional
to λ−4, thus, short wavelengths (UV-blue) may be expected
to greatly enhance the signal. However, short wavelengths
are also highly absorbed in the opaque group-IV materials.
Considering that the light enters and exits the sample in the
typical backscattering geometry, the penetration depth can be
estimated as d∼ 1/(2α) for a 1/e damping, α being the absorp-
tion coefficient at the excitation wavelength. Taking its value
for Ge [59], excitation with 405, 532, 633, 785 nm yields a
depth d ∼ 7, 9, 30, 90 nm, respectively. Therefore, the visible
spectrum represents a good trade-off between signal strength
and probing depth.

The Raman spectra are often acquired using a microscope
setup, whose optics give large laser power density for a high
signal-to-noise ratio and enable mapping and space-resolved
experiments. Polarized spectroscopy requires additional com-
ponents, such as polarizers, waveplates, and rotational stages.
A convenient setup involves rotating a half-wave plate placed
before the objective, enabling angular-resolved spectroscopy
without moving the sample. This ensures consistent probing of
the same sample region. Alternatively, the sample itself may
be rotated under fixed polarization conditions [53].

3. Raman spectra of (Si)GeSn alloys

In this section, we will describe the features observed in
Raman spectra of GeSn and SiGeSn. We consider the case
of high-quality, epitaxial layers of interest for applications in
electronics and photonics, and of amorphous and nanocrys-
talline samples, which present specific features. Peaks associ-
ated with first-order Raman scattering from atom pair vibra-
tions are expected and have been identified in the literature.
Further peaks and shoulders are associated with alloy dis-
order and higher-order scattering, as discussed in section 4.
The quantitative characteristics of the spectra, which can be
used in material characterization, are discussed in detail in
section 5.
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3.1. Epitaxial GeSn and SiGeSn

In the early works of D’Costa et al [45, 60], the main fea-
tures of the GeSn Raman spectrum were identified in a sample
with up to 16% Sn. The spectra comprised a main peak
near 300 cm−1, associated with Ge–Ge pair vibration, with
a characteristic asymmetric shape due to the relaxation of the
wavevector conservation in the alloy. At lower Raman shift
values, a peak at ∼255 cm−1 was attributed to Ge–Sn pair
vibration, while a rather broad spectral feature on the low
energy tail of the main peak, featuring a relative high intensity
in ‘forbidden’ polarization, was assigned to disorder-assisted
scattering (DA).

Further to lower energy (175 cm−1), a peak that could
potentially be assigned to the Sn–Sn vibration, based on the
comparison with α-Sn which has a peak 197 cm−1, has a
debatable attribution, noted that it preserved a relatively high
intensity also in ‘forbidden’ polarization configuration and
that it overlaps with the second order LA phonon of Ge.

Subsequent studies tagged these peaks in high-quality,
high-Ge content samples. The nature of the DA and ‘Sn–
Sn’ modes was settled with further studies and comparison
of polarization-dependent measurements and dependence on
composition [8, 61, 62].

Ternary SiGeSn alloys have additional features related to
Si atoms. Figure 3 reports spectra from a series of samples
with ∼85 at.% Ge in SiGe, GeSn, and SiGeSn alloys, com-
pared to in bulk Ge, to illustrate the evolution of the spec-
tra with the composition and highlight the several spectral
features [42].

In all samples, the strongest peaks are observed in the
‘allowed’ polarization configuration (top panel of figure 3),
indicating that they preserve the first-order nature of the dia-
mond lattice symmetry group despite the alloying. Given the
relative abundance of Ge in all the samples the main peak is
always found at ∼300 cm−1, and is associated with Ge–Ge
pairs vibrations. This is the only peak in the Ge sample and
allows for the identification of the secondary modes (overtone
and combinations), which are weak in the ‘allowed’ configur-
ation (see middle panel of figure 3, that show the low-intensity
region) and are stronger in the ‘forbidden’ configuration relat-
ive to the Ge–Ge peak. In particular, we observe two 2TA at
∼160 cm−1 and∼230 cm−1, a peak at∼190 cm−1, TO+ TA
at 355 cm−1, the 2LA at 380 cm−1, and three modes overlap-
ping 2TO in the range 540 cm−1–600 cm−1 [8, 60]. Assigning
these modes allows a robust identification of the modes in the
alloy when modes associated with the various atom pairs are
present.

In SiGe alloy (15.0 at.% Si), two Si–Ge modes are found
at ∼400 cm−1, and two Si–Si modes at ∼430 cm−1 and
∼450 cm−1 [63–65], as visible in ‘allowed’ configuration. The
Ge–Ge peak has a shoulder, stronger in the ‘forbidden’ case,
at ∼290 cm−1, associated with the DA modes in the phonon
density of states. Similarly, in GeSn (14.9 at.% Sn), the Ge–
Sn pair vibration is at 260 cm−1, and the Ge–Ge has the DA
shoulder. The mode around 175 cm−1, as already observed by
D’Costa et al [60], is strong in both ‘allowed’ and ‘forbidden’

Figure 3. Raman spectra in different polarization configurations for
pure Ge wafer, Si0.15Ge0.85, Ge0.851Sn0.149, and Si0.021Ge0.818Sn0.161
epitaxial layers on Ge/Si. (a,b) ‘Allowed’ z(yx)z configuration (only
T2g-LO modes allowed); panel (b) is a zoom of the top. (c)
‘forbidden’ case (only A1g + Eg modes allowed). Each spectrum is
normalized to the Ge–Ge peak maximum. Data are derived
from [42].

configurations, supporting its attribution to a mixture of over-
tone 2TA of Ge and Sn–Sn [61].

The intriguing DA shoulder has been subject to further
studies, as discussed in [61]. It was found that DA could be
decomposed into two components, very close in energy, one
being active in the ‘allowed’ configuration, while the other
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Figure 4. (a) Raman spectra of GeSn alloys up to 31% Sn, measured at 785 nm. (a) Reprinted from [67], Copyright (2024), with permission
from Elsevier. (b) Raman spectrum of Si0.021Ge0.818Sn0.161/Ge/Si sample acquired with 633 nm excitation in z(yx)z polarization, overlapped
with results of fitting with an EMG (Ge–Ge) and two Gaussian peaks (DA and Ge–Sn). (b) Reprinted with permission from [42], Copyright
(2024) by the American Physical Society. (c) Spectra from Si0.04Ge0.84Sn0.12/Ge/Si acquired with different excitation wavelengths. The
insets show the spectra ranges around Ge–Ge and Si–Ge modes. (c) Reprinted from [70], with the permission of AIP Publishing.

in the ‘forbidden’ configuration. The latter is associated with
disorder, while the former is associated with the local order-
ing of Sn atoms in the alloy (for a detailed discussion of this
topic, we refer the reader to section 4). At high Sn content, the
disorder induces a consistent broadening of the peaks. Due to
the limited solubility of Sn in Ge, high-quality binary GeSn
samples with high Sn content require specialized growth tech-
niques. Xu et al [66] use low-temperature CVD to achieve up
to 27% Sn on Si substrates, observing increasing peak broad-
ening and shifts with Sn content. Zhao et al [67] employ low-
temperature molecular beam epitaxy (MBE) to fabricate GeSn
with up to 31% Sn (figure 4(a)). They also observe a broaden-
ing and shift of the main peak (analyzed as a single feature)
and an increase of the Ge–Sn peak with Sn content.

The peaks of the binary alloy are also found in the tern-
ary SiGeSn system (10.8 at.% Si, 7.5 at.% Sn) [45, 63, 68,
69], and partially overlap with secondary modes. Si–Ge peak
and secondary Ge peaks are overlapped, and differently from
binary SiGe, there is only one peak for Si–Ge and Si–Si, the
latter having a broad band at 400 cm−1–500 cm−1. The 2TA
mode, similar to the GeSn case, appears as one peak. Sn–
Sn is also overlapped with the 2TA, as evident in ‘forbidden’
configuration. In this sample, no peaks can be associated with
Si–Sn, likely due to the low content of Si and Sn. D’Costa et al

[45] and Fournier-Lupien et al [70] identify the Si–Sn as the
shoulder of the Si–Ge peak (∼380 cm−1), and also observe
a double Si-Si peak (∼450 cm−1), in samples with Si up to
19 at.%.

Features related to Sn and Si are studied with more details
in ternary alloys with low Ge content. Schlipf et al [68]
study MBE-grown samples with 5%, 7.5%, 10%, and 12.5%
Sn and 8%, 27.5%, 37%, and 46% Si. Strong, asymmetric
peaks were observed for both Si–Si (460 cm−1) and Si–Ge
(380 cm−1) vibration, the latter with a possible shoulder due
to Si–Sn.

Most of these studies investigated the shift of the various
features as a function of the content and the strain, typically
following a linear trend. The exact measurements of these lin-
ear correlations are needed for the use of Raman spectroscopy
for material metrology, as discussed in section 5.

In any case, the quantitative estimation of the mode features
requires the deconvolution of the spectra via peak fitting. The
most critical region here is the vicinity of the Ge–Ge peak,
consisting of three components: (1) the main Ge–Ge peak, (2)
the DA shoulder, in principle with two separate components,
(3) the Ge–Sn peak (figure 4(b)).

The proper lineshape for the first-order peak should take
into account the activation of the phonon density of states
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Figure 5. (a) Raman spectra of an amorphous sample with nominal 20% Sn before and after rapid thermal annealing at 200, 400, 500, and
600 ◦C. (a) Reprinted from [74], Copyright (2016), with permission from Elsevier. (b) Raman spectra from different locations on a GeSn
sample with 12.5% Sn that presents clusters on its surface. (c) Sn–Sn peak position vs Sn content for different samples. Panel b,c (b), (c)
[62] John Wiley & Sons. Copyright © 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (d) Raman spectra from GeSn nanowires
(length 5 µm and width 120 nm) with increasing tensile strain. The dashed line is from relaxed GeSn. (d) Reprinted from [75], with the
permission of AIP Publishing.

and thus the optical phonon branch dispersion; this approach
is usually used in studies of amorphous and nanocrystal-
line samples, where the disorder, confinement, and surface
effects dominate [71, 72]. The large width of the spec-
tral features, the noise level, and the limited spectral res-
olution do not allow a fine selection against various pos-
sible models for the peak. Therefore, in the case of these
high-crystalline quality alloys, these complex models are
replaced by an empirical lineshape, in particular the expo-
nentially modified Gaussian (EMG) [60]. More specifically,
the Ge–Ge peak is fitted with an EMG, while the Ge–Sn
is a simple Gaussian. The DA is assumed to be a single
component with a Gaussian lineshape. Alternative to the
Gaussian, Voigt [73] and Lorentzian lineshape are employed,
with asymmetric broadening if needed [68]. Examples
of peak tagging and deconvolution can be found in ref
[8, 27, 42, 61].

Finally, an important parameter enabling the observation of
all the spectral features is the excitation wavelength. Fournier-
Lupien et al [70] compare the spectra of SiGeSn with 532 nm,
633 nm, and 785 nm excitation (figure 4(c)). The 633 nm laser
gives clearer spectra at all the investigated compositions, likely
as a result of the quasi-resonant electron excitation at the E1

critical point.

The excitation wavelength also defines the range of depth
from the surface contributing to the measured spectra (see
section 2.2). In the case of thin epitaxial layers of a few tens of
nm measured with red or infrared lasers, which have a range
up to 100 nm, the Raman signal from the substrate is measured
together with that of the top layer, and should be considered
for proper analysis [68, 70].

3.2. Amorphous layers, segregated Sn, and nanocrystals

High crystalline-quality epitaxial layers are the basis of the
technological applications of SiGeSn. However, insight into
the role of disorder and crystallization dynamics can be
obtained in (Si)GeSn produced in amorphous form by meth-
ods such as sputtering.

For example, Zhang et al [74] investigate GeSn films with
up to 20% Sn deposited by magnetron sputtering and stud-
ied the effect of annealing on the crystallization (figure 5(a)).
In the as-deposited state, broad Raman peaks near 266 cm−1

(Ge–Ge) and ∼150 cm−1 (Sn–Sn) were observed. The
integrated peak intensity correlated with Sn content. Upon
annealing, the Ge–Ge peak narrows and increases in intensity,
indicating crystallization. Additionally, Sn segregation was
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observed, forming ∼1 µm clusters that grew with increasing
annealing temperature.

Perova et al [62] further study these segregated Sn clusters
via polarized Raman spectroscopy on GeSn samples with
8%–12% Sn grown by MBE (figures 5(b) and (c)). In these
samples, the Sn–Sn peak deviated from the linear trend seen
in non-segregated alloys. Instead, distinct peakswere observed
near 170 cm−1 and 126 cm−1, with the latter assigned tometal-
lic β-Sn, and the former possibly related to Sn oxides.

Nanostructured SiGeSn systems, such as nanowires (NWs),
have also been explored. Burt et al [75] observe symmetric
peaks around 300 cm−1 that shift with Sn content, in tensile-
strained GeSn NW fabricated by top–down methods up to
6% Sn (figure 5(d)). In a dual NW (GeSn@Ge), the signal
from Ge and from GeSn can be separated in Raman spectra,
enabling strain evaluation and comparison with mechanical
simulations [76].

Raha et al [77] have studied NWs produced by liquid-
injection CVD. Their Raman spectrum (at >6% Sn) has a
broad, asymmetric band around 300 cm−1, which is analyzed
with three components, associated, with the help of atomistic
simulations, with a primary Ge–Ge vibration, a ‘compressed
Ge–Ge’ due to the presence of Sn clusters at higher energy, and
a ‘relaxed Ge–Ge’ at lower energy. Polarized Raman spectro-
scopy reveals a different angular dependence of these modes,
suggesting that the NW confinement and lattice deformation
removed the degeneracy of the T2g symmetry.

4. Polarized Raman spectroscopy and alloy
ordering

The typical feature of an alloy is its disordered arrangement
of atoms. The simplest model for a crystalline alloy assumes
random substitutional placement of the atoms in the crystal
structure (random alloy). The probability of an atom site being
occupied by one of the species depends solely on the com-
position. The bond lengths are a linear interpolation of the
lengths of the components and are the same for the Ge–Ge,
Ge–Sn, Si–Ge, Si–Sn, and Sn–Sn couples in that each atom
has the same random environment (virtual crystal approxima-
tion) [78, 79]. However, due to different physical constraints—
e.g. bond strength, atomic size, and electronic interactions
among atoms in an alloy- non-random atom distributions
with specific local atomic arrangements can be energetically
more favorable, realizing the so-called short-range ordering
(SRO). In systems with SRO, the order is restricted to a small
spatial region, typically involving nearest- or next-nearest-
neighbor atoms, without extending throughout the material.
Short-range ordering refers to a localized atomic arrangement
dictated by immediate energetic preferences, lacking the peri-
odicity and uniformity characteristic of long-range ordering
[80].

The introduction of Sn in alloys with Si and Ge may have
a significant effect on the alloy crystal and atomic structure.
The higher atomic mass and larger lattice of Sn result in an
extremely low solid solubility, and the epitaxial growth of

(Si)GeSn is considerably challenging, occurring in conditions
far from thermodynamic equilibrium [6]. In these metastable
materials, the alloy configuration can deviate from the clas-
sical random alloy assumption, as it has been shown in the
theoretical studies [31–33, 37, 81]. In 2020, ab-initio Monte
Carlo simulations by Cao et al [31] provide the first strong
suggestion that GeSn can inherently exhibits short-range order
across its entire composition range. Their statistical sampling
of atomic configurations show that Sn atoms are not distrib-
uted purely randomly; instead, there is a pronounced tendency
for Sn atoms to avoid occupying nearest-neighbor sites with
each other, realizing the so-called Sn–Sn repulsion. Jin et al
[33] extend these ideas to medium-entropy Si–Ge–Sn alloys,
finding that two distinct types of SRO can even coexist in the
ternary system under certain conditions. More recently, large-
scale atomistic simulations with machine-learning potentials
[32] have also revealed nano-domains of SRO in GeSn, fur-
ther emphasizing that SRO is an intrinsic feature of the alloy
atomic structure.

Thus, detecting and understanding alloy ordering is essen-
tial because it significantly influences the structural, elec-
tronic, and optoelectronic properties. The significance of SRO
lies in how local atomic arrangements influence macroscopic
behaviors. The SRO affects the electronic structure by altering
the local potential landscape and consequently influences the
electronic states near the band edges, effectivelymodifying the
bandgap. Simulations show that in GeSn and SiGeSn alloys,
the direct bandgap increases when SRO is considered, com-
pared to the smaller or even negative bandgap that could be
predicted in the absence of SRO. The change occurs because
SRO typically leads to a more stable, lower-energy state,
which can increase the bandgap [33, 37].

The energy landscape defining the stability of these alloys
depends on several driving forces, leading to SRO: the size
mismatch induces local strain fields, direct chemical affinit-
ies or aversions between specific element pairs (for instance,
Sn–Sn bonds may be energetically unfavorable), and over-
all thermodynamic considerations. Enthalpy and entropy bal-
ance can make certain local arrangements more stable than a
random distribution [31, 37]. Kinetic factors during growth
(temperature, deposition rate) also play a role, as they can
freeze in metastable arrangements or allow atomic rearrange-
ment toward particular configurations. Thus, a combination
of atomic size difference, bond chemistry, and growth condi-
tions governs the extent of SRO in SiGeSn and related alloys
[82].

Experimentally, direct observation of SRO is challenging,
and typical methods for accessing SRO are not of immediate
use. Nonetheless, emerging techniques have started to con-
firm the theoretical predictions. One powerful method is atom
probe tomography (APT), which can map out the 3D pos-
itions of individual atoms in a small volume. By applying
statistical analysis to APT data, it is possible to detect devi-
ations from alloy randomness. Liu et al [36] demonstrate a
k-nearest-neighbors analysis of APT data for Ge0.86Sn0.14 that
quantified SRO in real space. They show that the probability
of Sn–Sn nearest neighbors fluctuates by ±15% compared
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Figure 6. Angular dependence of the normalized intensity and position of the different peaks in a sample with 14 at.% Sn. Panels (a) and
(b) show the intensity of the Ge–Ge and Ge–Sn vibration modes in parallel (empty symbols) and perpendicular (full symbols) polarizer
alignment. The lines represent the fitting with an LO angular dependence. Panels (c) and (d) show the fitting of the angular dependence of
the DA intensity with a combination of different representations. (e) DFT-calculated Raman spectra for samples with 19 at % Sn in two
different ordering configurations. (f) Simulated displacement vectors obtained for the case of SRO and clustered Sn. These simulations
provide insights into the vibrational modes and their contributions to the Raman spectra in GeSn alloys under different structural
arrangements. (a)–(f) Adapted from [75], with the permission of AIP Publishing.

to a random alloy, confirming that some regions have an
under-representation of Sn–Sn pairs while others might have
slight over-representations. Interestingly, they find that Sn–Sn
pairing was less favored in strained regions or when the layer
was fully relaxed, but slightly more common near the surface
of the film. This aligns with the notion that strain and surface
effects can modulate local ordering.

Another local probe, extended x-ray absorption fine struc-
ture (EXAFS), provides complementary evidence. EXAFS
measures the distribution of nearest-neighbor distances and
coordination environment around a selected element by ana-
lyzing oscillations in x-ray absorption above an absorption
edge. Gougam et al [83] employ Sn K-edge EXAFS on GeSn
layers (with up to 13% Sn) and find a clear signature of
SRO. The first coordination shell around Sn is dominated by
Ge atoms, strongly suppressing Sn–Sn bonds, whereas in the
second-neighbor shell, the presence of Sn–Sn is enhanced rel-
ative to random.

While techniques like APT and EXAFS can directly reveal
SRO, they have limitations. APT is destructive, requires soph-
isticated instrumentation, and samples only tiny volumes.
EXAFS needs synchrotron radiation and provides ensemble-
averaged local structure information. Neither can be easily
performed as a routine characterization. This has motivated
the search for more accessible, lab-based methods to sense
local ordering. One promising approach that has emerged
is polarization-resolved Raman spectroscopy [42, 61]. It can
provide a powerful method to probe local lattice distortions,
bond-specific interactions, and consequently SRO. Unlike

conventional Raman measurements, the polarization config-
uration allows the separation of vibrational modes according
to their symmetry , as described in section 2. Specifically,
in perfectly ordered crystals, only definite phonon modes are
Raman-active due to strict selection rules. In real alloys, how-
ever, deviations from ideal symmetry due to compositional
fluctuations, lattice distortion, and disorder activate addi-
tional modes and alter their angular dependence. Investigating
energy shifts and relative intensity variations under differ-
ent polarization conditions made it possible to associate
Raman modes with atomic pair vibrations and lattice short-
range order. The spectra provide information, particularly
regarding the peaks associated with second-order scatter-
ing (overtones and combinations), which are also present
in unalloyed materials. This method is particularly effect-
ive when coupled with numerical simulations of vibrational
modes under various disorder configurations. DFT simula-
tions provide insight into the movement of atoms in an alloy
supercell, directing the interpretation of experimental Raman
spectra.

With the use of angular-resolved polarized spectroscopy,
the modes associated with pair vibrations, even in a strained
lattice, belong only to T2g(LO) representation, and thus will be
observed in ‘allowed’ configurations (see section 2). Instead,
the disorder-associated features are expected to be found in
all the configurations. Thus, when the A1g and Eg representa-
tions give non-zero signal but the T2g is suppressed (‘forbid-
den’ configurations), the spectral features can be assigned to
disorder or to high-order scattering.
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Figure 7. Angular dependence of (a) Ge–Ge, (b) DA, (c) Ge–Sn, (d) Si–Ge, (e) Si–Si peaks of SiGeSn. Reprinted with permission from
[42], Copyright (2024) by the American Physical Society. The data are analyzed as a sum of components belonging to representations A1g,
Eg, and T2g (only LO component).

In Corley-Wiciak et al [61], the angular dependence of
the intensity and energy of the modes in GeSn is invest-
igated (figure 6(a)), using the patterns reported in table 2.
While the Ge–Ge and Ge–Sn were confirmed to be LOmodes,
with intensity reaching zero at specific rotation angle with a
quadrupolar pattern (figure 2(b)), the DA was instead found to
be a mixture of (at least) two modes, observed as a non-zero
intensity in the parallel alignment at rotation of 45◦. In fact, the
energy of the DA is also found to be dependent on the rotation
angle, suggesting the presence of two non-resolvedmodes, one
following the LO angular pattern and one ‘non-LO’, with dif-
ferent energy. The comparison with DFT calculations allows
to associate these spectral features with local arrangements of
the alloy.

The Ge–Ge and DA(LO) modes are both due to Ge–Ge
pairs, the latter being affected by a distorted local environ-
ment, and the former associated with pairs whose bonds are
least affected by local environmental distortion (figures 6(b)
and (c)).

As a function of Sn content, the DA(LO) intensity increases
faster than disorder-related DA(A1g + Eg) components, high-
lighting the stronger impact of the distorted environment on
the spectrum. In particular, the DA(LO) mode becomes more
prominent at higher Sn content, consistent with DFT cal-
culations, suggesting the onset of short-range order above
10% Sn. Ge–Sn mode appears less sensitive to further Sn
addition.

In ternary SiGeSn [42], a similar analysis also revealed that
vibrational dynamics involves a complex interplay of modes,
with the DA peak being particularly sensitive to local arrange-
ments. An angular study of the intensities of DA, Ge–Sn, Ge–
Ge, Si–Ge, and Si–Si peaks (shown in figure 7) highlighted the
mixed nature of these components linked to lattice deform-
ation. This separation of different symmetries deepened the
understanding of how the alloy vibrational dynamics respond
to changing composition, revealing the complex interplay

of elements. Higher intensities of Ge–Sn and Si–Ge vibra-
tions and a simultaneous decrease in Ge–Ge vibration intens-
ities suggest that Sn atoms tend to repel other Sn and Si
atoms.

5. Measuring the lattice strain and composition

The accurate measurement of strain and composition in GeSn
and SiGeSn semiconductor alloys is essential, as these para-
meters directly influence the electronic band structure and
optical properties of the material. As anticipated in the intro-
duction, the incorporation of different amounts of Sn (and Si)
in the alloy can be used to modify the electronic band struc-
tures, and consequently the carrier effective masses andmobil-
ities. The same can be attained by acting on lattice strain,
i.e. by intentionally inducing a compressive or tensile strain
to the cubic lattice cells of the alloys. As an example, an
in-plane tensile lattice strain decreases the fundamental band
gap and promotes its ‘directness’, while vice–versa a com-
pressive strain is detrimental in achieving a direct band gap
material [21, 84, 85]. Consequently, strain engineering, either
acting on external stressor or leveraging on the heteroepitaxial
strain, can be used to tailor the optoelectronic properties of a
(Si)GeSn alloy of a given composition. Raman spectroscopy
is highly suitable in characterizing simultaneously strain and
composition in SiGeSn alloys. Indeed, it provides a rapid,
nondestructive method to assess both strain and composition
in GeSn and SiGeSn alloys, based on the shifts in the lat-
tice vibrational frequencies. By analyzing the energy position,
width, and intensity of phonon modes, that information can
be extracted with a sub-µm spatial resolution. Peak fitting,
often using Voigt, Lorentzian, or EMG profiles, allows precise
determination of phonon frequencies with sub-wavenumber
precision. Moreover, selecting the laser excitation wavelength
provides the opportunity to probe the material at different
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penetration depths and observe resonance enhancements (see
section 3).

Incorporating heavier Sn atoms into the Ge lattice mat-
rix (or SiGe) shifts the main Raman modes to lower energy
because of the larger mass of Sn and lattice perturbation
that reduces the bond vibrational frequency. These trends are
observed consistently in the Ge–Ge, Ge–Sn, DA, and Sn–
Sn peaks, although the magnitude of the shift varies between
different modes. Interestingly, the Sn content impact on the
Raman modes change depending on the polarization config-
urations, since modes of different symmetry respond differ-
ently to the composition variation [42]. Besides composition,
strain affects the phonon energy as well. Tensile strain, which
elongates bonds and expands the lattice, lowers the optical
phonon frequency (redshift), while compressive strain does
the opposite (blueshift). Because both composition and strain
of alloys shift the Raman peak positions, a critical task is to
decouple these two effects. Typically, linear models for the
shift of the peak position and the composition and strain are
employed.

In the case of binary GeSn alloys, the Ge–Ge mode is con-
sidered, and the two relevant material parameters are Sn con-
centration (x) and in-plane strain (ε∥) [45]:

ωGe−Ge = ω0,Ge−Ge + a · x+ b · ε||. (5)

Here, ω0,Ge−Ge is the unstrained phonon frequency for pure
Ge, a is the compositional (Sn-induced) shift coefficient, and
b is the strain-induced shift coefficient.

For ternary SiGeSn alloys, where additional substitutional
elements introduce further modifications to the lattice dynam-
ics, a similar but more complex relationship is employed [45]:

ωGe−Ge = ω0,Ge−Ge + aSn,Ge−Ge · xSn
+ aSi,Ge−Ge · xSi+ bGe−Ge · ε||. (6)

In this case, both the Sn and Si contents contribute to the
phonon shift, each with its own compositional coefficient.
Analogous formulations can also be applied to other vibra-
tional modes within the alloy system:

ωSi−Ge = ω0,Si−Ge + aSi,Si−Ge · xSi + bSi−Ge · ε|| (7)

ωSi−Si = ω0,Si−Si + aSn,Si−Si · xSn + aGe,Si−Si

· (1− xSi − xSn)+ bSi−Si · ε||. (8)

Accurate calibration of each coefficient is essential to
distinguish the overlapping effects of alloying and strain.
Numerous experimental studies [8, 57, 60–62, 67, 68, 70, 86–
94] have provided a wide range of coefficient values depend-
ing on factors such as sample strain state, content range, and
measurement conditions. Comparing reported coefficients
across different investigations helps identify consistent trends
and refine the parameter space used for quantitative analysis.
Figure 8 and table 3 show a collection of a and b coeffi-
cient values reported in literature for the Ge–Ge mode in

Figure 8. Distribution of the Sn- and strain-shift coefficient values
from literature for the Ge–Ge peak in GeSn alloys. Letters refer to
table 3. The bottom box reports the cases for which only the Sn-shift
coefficient a is available. Error bars are as reported in the references
(see table 3).

GeSn alloys under various strain conditions and for differ-
ent Sn contents. The compositional shift coefficient a var-
ies within the [−68; −95] cm−1 interval, with outliers at
−33.8 cm−1 and −140.6 cm−1; the slightly higher values are
typically observed for relaxed layers. The strain shift coeffi-
cient b exhibits a larger variation, from ∼−284 cm−1 to over
−560 cm−1, with outliers at −76.8 cm−1 and −64 cm−1,
depending on the methodology and strain calibration
approach.

Table 4 presents the composition and shift coefficients a
and b relative to the other Raman modes (Ge–Sn, DA, Sn–Sn),
which are particularly useful for validating Raman fittingmod-
els. The Ge–Sn peak generally shows a compositional shift
coefficient a in the [−38; −68] cm−1 range with associated
strain coefficients ranging from−160 to−347 cm−1. The DA
mode presents a value in the [−29; −53] cm−1 range. For the
Sn-Sn peak, a strong compositional dependence is observed,
with a ranging from −78 to −106 cm−1.

The variance among the values is associated with exper-
imental errors in determining the strain or composition, in
the exact determination of the peak position (especially for
low-intensity secondary modes), but also on the use of dif-
ferent data analysis approach [86] or a not-resolved interplay
between strain and shift [62]. For the main Ge–Ge peak, as
shown in figure 8, the values obtained in more recent papers
with the standard definitions reported above are dense around
a∼−80 cm−1 and b∼−450 cm−1, in the range for Sn < 20
at.%.

Table 5 focuses on ternary SiGeSn alloys, where both Sn
and Si influence the phonon structure. The ability to extract
individual compositional coefficients in such alloys depends
heavily on high-quality fitting of multiple Raman modes.
Reported values show agreement between studies.

When multiple Raman peaks can be measured (e.g. Ge–
Ge and Ge–Sn), it is possible to extract both composition
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Table 3. Coefficients for composition and strain shift the main Ge–Ge mode in GeSn. Values are at room temperature.

References

ω0 Sn-shift a Strain-shift b Laser excitation Sn

Strain Substratecm−1 cm−1 cm−1 nm %

A Rojas-López et al
[86]

−140.6 −76.8 514 0–22 Fully strained Ge

B Li et al [87] −68 ± 5 514, 633 0–20 relaxed Ge
C D’Costa et al [60] −75.4 ± 4.5 514 0–18 0.004% Si
D Su et al [88] −95.1 −64 532 0–8 Relaxed, fully

strained
Ge or Si

E Lin et al [89] −82 ± 4 −563± 34 4–8 InGaAs
F Fournier-Lupien

et al [70]
−93 −415 633 2–12 Relaxed, up to

−1.56%
Ge

G Cheng et al [90] −83.11 ± 0.01 −374 ± 15.60 532 0–8 Relaxed,
strained

Ge

H Chang et al [92] −78 −299.3 488 0–8.3 −0.5% to
−1.5%

Ge

I Takeuchi et al [57] −78 −399 532 0–3 0 to −0.5% Ge
J Gassenq et al [86] −88 −521 532 6–15 Relaxed and

fully strained
Ge

K Perova et al [62] −33.8 ± 0.4 −415 633 0–8 0.2% Ge
L Vasin et al [94] −83 −375 633 0–4 Relaxed Ge
M Bouthillier et al [8] 300.4 ± 0.9 −84 ± 8 −491 ± 52 633 5–17 Relaxed and

pseudomorphic
Ge

N Corley-Wiciak et al
[61]

301.0 ± 0.3 −77 ± 5 −420 ± 110 633 5–15 Relaxed Ge

O Zhao et al [67] −70.77 −284.35 532, 633, 785 2–31 Relaxed and
strained

GeGaAs

Table 4. Coefficients for composition and strain shift for Ge–Sn, DA and Sn–Sn peaks in GeSn.

Mode Ge–Sn DA Sn–Sn

ω0 a b ω0 a b ω0 a b

References cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1

Perova et al [62] 263 ± 0.5 −38.3 ± 5.1 287.2 ± 0.5 −29.4 ± 3.7 −78.7 −189.7
Bouthillier et al [8] 261 ± 1 −68 ± 11 −347 ± 69 291.3 ± 0.7 −49 ± 7 −347 ± 45 188 ± 1 −104 ± 9 −292 ± 59
Corley-Wiciak
et al [61]

262.8 ± 0.4 −52 ± 7 −160 ± 140 294 ± 1 −53 ± 20 −40 ± 400 189 ± 1 −83 ± 10 −140 ± 90

Zhao et al [67] −49.73 −226.87 −106.86 −203.2

Table 5. Coefficients for composition and strain shift in SiGeSn as in equations (6)–(8).

aSn,Ge–Ge aSi,Ge–Ge bGe–Ge aSi,Si–Ge bSi–Ge aGe,Si–Si aSi,Si–Si bSi–Si

References cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1 cm−1

D’Costa et al [60] −94.0 ± 7.1 −17.1 ± 2.6 −415 −110 −575 −71.2 ± 1.7 −213 ± 12 −984
Fournier-Lupien
et al [70]

−93.5 −19.2 −415 −166 −575 −80 −160 −984

Schlipf et al [68] −89.± 2.9 −19.4 −402 ± 49 −145.6 ± 3.0 −389± 51 −82.9 ± 0.5 −107.7 ± 4.7 −607 ± 96

and strain directly from the Raman measurements, solv-
ing a system of equations incuding the shift coefficients
[48]. However, in many cases, only the Ge–Ge mode is
strong enough to be reliably fitted. In such cases, one para-
meter (usually composition) must be assumed based on
external data from complementary techniques, and Raman
is used to extract the strain. To improve accuracy and
cross-validation, Raman spectroscopy is often combined, for

example, with x-ray Diffraction (XRD) to measure aver-
age strain or composition, Rutherford backscattering (RBS),
and secondary ion mass spectrometry, for compositional
profiling.

As an example, figure 9 shows three spectra from epitaxial
GeSn/Ge samples with ∼12 at.% Sn verified by RBS [27,
61]. The spectra present the main features around 300 cm−1.
The samples have different thickness resulting in different
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Figure 9. Raman spectra a set of samples of GeSn at ∼12 at.% Sn
content, with thickness of 90, 290, 700 nm and strain −1.50%,
−0.62%, −0.32%, respectively. Spectra are acquired using 532 nm
excitation at room temperature.

compressive biaxial strain, as verified by XRD [27]. As the
layer is more compressively strained (ε∥ from −0.32% to
−1.50%), the peak shifts to higher Raman shift.

6. Mapping and application to devices

Raman imaging is employed in microelectronics as a dia-
gnostic tool, together with themetrology described in section 5
[95–97]. In this way, analysis of the composition and strain of
devices and other microstructures can be readily obtained. One
key application is strain mapping, that is especially interesting

when the device is subject to mechanical forces that induce
a strain distribution over its volume, for example in the case
of micro-electromechanical systems [98], or when 3D micro-
structures are fabricated for lasing, such as the microdisk geo-
metry (figure 10(a)) [7, 93, 99, 100]. As an example, we show
in figure 10 the peak position and strain measured on amicrod-
isk. These maps are acquired with nominal step size of 0.3 µm
and a spot size of∼0.5µm, so that the spectrum at each pixel is
the convolution of those in the nearby region. Nevertheless, the
trend of the peak shift is clearly observable, enabling the iden-
tification of the strain distribution along microstructure. The
strain is then calculated with the formula reported in section 5,
knowing the composition of the disk. The strain mapping in
GeSn exhibits a robust correlation with structural characteriz-
ation based on x-ray diffraction for microdisks [101], which
have emerged as a model system for mid-infrared group-IV
lasers.

The relationship between Raman and strained microstruc-
ture is indeed two-way: on one side, there is the interest in
measuring the strain by optical methods; thus, the spectro-
scopy is a diagnostic tool for verification of process results
and for comparison with optical experiments. On the other
hand, the calibration of the strain-shift coefficient can be
obtained by measuring the spatial dependence of the spectra
in a structure with a known strain distribution, derived from
micromechanical fabrication. This enables the estimation of
the phonon-deformation potentials p,q,r, that are proportional
to the curvature (Hessian) of the interatomic potential [54].

In details, the energy ωk of the three-fold degener-
ate phonon modes of the Oh group splits under a gen-
eral deformation εij, and is given by first-order perturb-
ation theory as the eigenvalues of the matrix [103]

Ψ (ε) =

 pεxx+ q(εyy+ εyy) 2rεxy 2rεxz
2rεxy qεxx+ p(εyy+ εyy) 2rεyz
2rεxz 2rεyz pεzz+ q(εxx+ εyy)

 . (9)

The eigenvalues are given by

λk = ω2
k −ω2

0
∼= 2ω0 (ωk−ω0) (10)

where ωk = ω + ∆ω and ∆ω ≪ ω0 In case of uniaxial or
biaxial strain (εij = 0 for i ̸= j), the matrix is diagonal, and
the eigenvalues are immediately found in terms of p and q.
Selections rules related to the structure of the experimental
setup for a complete picture of the strain characterization and
related deformation potentials can be observed in [104].

This analysis must be coupled to the study of the mechan-
ical deformation. Here, to fully capture the phonon deform-
ation potentials, a key role is played by numerical (finite-
element) methods, which can predict the strain in structures of
various geometries, given the material properties and mechan-
ical forces, and boundary conditions.

For example, the measurement of Raman on GeSn mem-
branes in [98] allows fundamental depth studies, both exper-
imentally and theoretically. The relationship between Raman
shift and strain for uniaxially stressed GeSn along ⟨100⟩ and
⟨110⟩ directions is investigated. Moreover, the compositional
dependence of phonon-deformation potentials is analyzed,
showing that q decreases with Sn composition, while p exhib-
its a more complex dependence.
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Figure 10. (a) Example electron microscope image of a microdisk. (a) Reproduced from [7], with permission from Springer Nature. (b)
Peak position and (c) calculated strain in a microdisk (8 µm diameter) of GeSn wrapped into a SiN stressor layer. Data derived from [102].
Dashed line marks the disk edge.

In the case of microdisk geometry, two pioneering stud-
ies on GeSn devices [93, 100] show the significance of cal-
ibrating Sn-induced strain shift through Raman spectroscopy.
Additionally, they also reveal that strain stability under optical
pumping conditions can be tailored through geometry, Sn con-
centration, and substrate selection.

For application in lasers, the suspended microdisk geo-
metry is often employed, comprising a central pedestal sup-
porting a microdisk of the active material. This geometry is
particularly advantageous for fabrication by a combination
of isotropic and anisotropic etching, and yields strain relax-
ation. In relaxed layers, the minimum of conduction band
decreases in energy, realizing a system with a direct band
gap or close to it. Additionally, the fabrication of suspen-
ded GeSn microdisks introduces strain gradients across the
device. These gradients play a crucial role in carrier localiza-
tion, mode confinement, and optical gain enhancement [7, 100,
102, 105, 106].

For example, in [99], a novel dual-insulator GeSn-on-
insulator (GeSnOI)material platform is used to produce strain-
relaxed GeSn microdisks directly on the substrate. By under-
cutting only one insulating layer (Al2O3), the microdisks
are supported by SiO2. The removal of undesirable com-
pressive strain is confirmed by Raman maps. Additionally,
this method can confirm excellent thermal management and
optical confinement.
Elbaz
et al [107] employ spatially resolved Raman spectroscopy

to map the residual strain distribution in GeSn microdisks.
An interplay between strain and relaxation is observed, as

the residual compressive strain remains at the center of the
specimen. Concurrently, the outer edge partially relaxes, and
the defect density is removed, forming a gradient that is con-
firmed via Raman shift profiles. The anisotropy inherent in
the strain landscape gives rise to a potential well that con-
fines carriers, thereby contributing to the reduction of the
lasing threshold. It is important to note that the spatial car-
rier trapping leads also to a decrease of non-radiative recom-
bination, particularly within the central cavity region where
strain is more controlled and the optical mode intensity is the
highest.

This study demonstrates the significance of Raman strain
mapping in two distinct capacities: firstly, as a post-fabrication
tool, and secondly, as a predictive design metric. The com-
prehension of strain accumulation or relaxation facilitates the
engineering of gain regions by numerical simulations.

This approach was used in [108], where Raman strain
maps are used to provide data for band structure simu-
lations, leading to a strong level of internal agreement.
Furthermore, a temperature-dependent Raman characteriza-
tion is also shown, indicating that a decrease in temperat-
ure by approximately 180 K results in an additional tensile
biaxial strain of approximately 0.1% in the center of the
disks. It is also observed that the relaxed area of the microd-
isk exhibits a reduced susceptibility to thermomechanical
effects, as GeSn is no longer in direct contact with the Ge
and Si substrate, thereby allowing for unconstrained con-
traction. The authors demonstrated that the strain-induced
variation in the band gap along the disk’s surface exhib-
its a range of 30 meV (figure 11(a)). They further establish
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Figure 11. Bandgap simulations in a strained microdisk. (a) Color map of the energy gap extracted 2 nm below the surface; (b) energy gap
profiles extracted along the horizontal line cut at room T (continuous lines) and 100 K (dashed lines) at the top (blue), middle (green) and
bottom (red) of the disk. The area surrounding the pedestal is in yellow; (c) energy gap as a function of temperature for 8.5% Sn
concentration (red), 10% Sn concentration (green) and 12.5% Sn concentration (blue) on the center (continuous) or the edge (dashed) of the
microdisk. Reproduced with permission from [108]. CC BY-NC-ND 4.0.

that a decrease in sample temperature results in a substantial
increase in the energy gap, exceeding 40 meV. Additionally,
they emphasize the pivotal role of the pedestal (figure 11(b)).
Furthermore, they ascertain that a variation in Sn ranging from
8.5% to 12.5% leads to a band gap variation of over 150 meV
(figure 11(c)).

Also, it is important to note that without precise data on
spatial strain, PLmeasurements could be misinterpreted, espe-
cially near heterointerfaces or patterned edges. The analysis in
[108] clearly shows howmeasuring strain in experiments helps
in understanding band structure and predicting optical per-
formance. It emphasizes the Raman function as a link between
structural and optoelectronic characterization.

Finally, whilemicrodisks use natural strain relief from etch-
ing, it is possible to manipulate actively the strain distibu-
tion [106]. The mechanical design is approached in the fol-
lowing manner: long GeSn bridges are undercut from the
substrate to form suspended nanostructures that accumulate
uniaxial tensile strain due to built-in lattice mismatch and
stress release. In this case, Raman maps reveal strain values of
approximately 2%, with a localized concentration at the bridge
center, exhibiting a gradient toward the edge. The GeSn/Ge
membranes are utilized alongside techniques for redistribut-
ing strain fields, enabling the precise and sustained modifica-
tion of the strain state within the central micro-cavity. Raman
and photoluminescence spectroscopy unambiguously demon-
strate the loss of strain in the cavity during arm expansion.
Specifically, the device exhibits tunable lasing emission when
the pump is altered. For this, it is worth saying that, through
an accurate design of bridge dimensions, a strain tunability
on demand, with mechanical actuators or thermal stimuli, isx
demonstrated.

Similarly, Burt et al [99] present a geometric strain-
inversion technique that uses harmful compressive strain to
create beneficial tensile strain in GeSn NWs, which drastic-
ally increases the directness of the band structure. They
achieve a uniaxial tensile strain of 2.67% in NWs with a
width of 120 nm. More interestingly, the same lithographic
approach has been used to convert the strain in GeSn by

fabricating microbridges [109]. Utilizing this approach and
tuning the design parameters of the microbridges, multiple
lasers with different tensile strains can be achieved on a single
chip.

Another example is in the domain of CMOS-compatible
mid-infrared photonics. Here, Sn-graded GeSn photodetect-
ors on Si substrate are an interesting advancement for
cutoff wavelength >3 µm [110]. The graded Sn profile
and strain relaxation strategy enable higher Sn incorpora-
tion while maintaining the crystalline quality that is crit-
ical for device performance. Raman spectroscopy is essen-
tial here because it enables the non-destructive mapping of
strain and composition across the graded GeSn layers, provid-
ing key feedback on growth quality and structural uniform-
ity and verifying the effectiveness of the strain-relaxation
design.

7. Temperature dependence

7.1. Effect of temperature on phonon modes and Raman
spectra

Temperature affects the intensity, energy position, and width
of the Raman modes because of the anharmonic interaction
of phonons. Analysis of this temperature dependence spectra
provides valuable insight into phonon dynamics, also in the
case of nanostructures [73, 111, 112]. From a materials char-
acterization perspective, described in section 5, understanding
the temperature dependence is crucial for disentangling the
effects of strain and composition, especially in devices operat-
ing at cryogenic temperatures. Finally, the use of Raman fea-
tures to measure the local temperature of samples allows for
the study of heat transport in the sample.

The study of temperature dependence usually focuses on
the peak position and width, rather than absolute intensity
[73, 111]. In the specific case of (Si)GeSn alloys, the complex
deconvolution and peak tagging suggest using the position of
the dominant Ge–Ge mode.
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Figure 12. (a) Raman spectra of Ge0.86Sn0.14/Ge/Si at different
temperatures. (b) The extracted peak position for a bulk Ge, a
strained Ge layer on Si, and Ge0.86Sn0.14/Ge/Si (symbols); lines are
the result of a fit comprising anisotropic thermal expansion and
anharmonic interaction. (c) Calculated temperature dependence of
the energy shift ω = ω(T)−ω(90 K) for bulk Ge and a strained
Ge/Si layer. Reprinted with permission from [111], Copyright
(2024) by the American Physical Society.

Figures 12(a) and (b) compares two cases, that of a Ge
wafer, and a GeSn/Ge/Si heterostructure. While both show
similar trends, in the Ge case the temperature dependence
is linked to the properties of the single material, while for
the heterostructure the effect of differential thermal expansion
between the layers plays a role. When the sample cools down
after epitaxy at high temperature, the layers contract with a

different rate; the final state has the thin top GeSn layer that is
deformed to remain adherent to the substrate.

In the spectrum, increasing temperature causes the peak
shift to lower energy and its broadening. The energy shift
occurs as an effect of high-order terms of the interatomic
potential as well as the thermal lattice expansion (explicit
and implicit anharmonicity [113]). The former depends on the
phonon density of states and the strength of the anharmonic
interaction, and is usually described with an effective model
with 3- and 4-phonon interaction [114], with the 4-phonon
term often assumed negligible [112]. The latter correlates the
mode energy to the unit cell volume, and is controlled by the
Grüneisen parameter [113, 115]. In the case of epitaxial lay-
ers, such as the (Si)GeSn thin layers, the thermal expansion of
the epilayer is constrained by the substrate, yielding an aniso-
tropic expansion (that would require a Grüneisen tensor rather
than a scalar), and an unavoidable link between strain and
temperature [116].

To analyze this behavior, a comprehensive model incor-
porating both explicit anharmonicity and constrained thermal
expansion has been developed for epitaxial layers [111]. This
model accurately describes the temperature dependence of
Raman shifts and can be used for strain metrology. The res-
ults of this model for an heterostructure of Ge on Si are shown
in figure 12(c), where the thermal expansion is compared in
the case of an unstrained bulk and a strained layer, together
with the explicit anharmonic term. All these terms have a com-
parable effect and similar trend with temperature, indicating
that none of them can be ignored in modeling. By compar-
ison with temperature-dependent XRD and Reciprocal Space
Mapping, we could analyze the peak energy for Ge and GeSn
epitaxial layers in the range 90–400 K and extract the relev-
ant parameters, as reported in [111]. The result of this ana-
lysis is focused on the Ge–Ge peak showed that the Grüneisen
parameters for in-plane and out-of-plane expansion is the same
and compatible with the reported value for Ge bulk (∼1.3); the
explicit anharmonicity does not depend on alloy composition
(5–14 Sn at.%), nor on the density of extended defects (dis-
location defect density in the range 7 × 106–4 × 108 cm−2),
the strain-shift coefficient is of the order of−500 cm−1, inde-
pendent of composition and weakly dependent on temper-
ature, and the composition-shift coefficient is—100 cm−1,
independent of temperature and strain. Though slightly less
precise than other advanced techniques, this temperature-
dependent Raman approach supports and complements the
results presented in section 5, and allows for strain estimation
across temperature ranges, as shown in figure 13(a).

Bagchi et al [73] investigate GeSn and SiGeSn alloys in
the range 10–400 K. They find that the temperature depend-
ence for GeSn and SiGeSn matches that of Ge. Focusing on
the width and asymmetry of the peak to elucidate the scat-
tering mechanisms and isolate the contribution of the alloy
in comparison to pure Ge, the alloy contribution is found to
be temperature independent. For GeSn, as a function of the
Sn content (0%–12%), they found that both these parameters
increase sharply for Sn content>4% (figure 13(b)), suggesting
that a threshold of Sn content is required to activate the alloy
scattering processes. The strength of the direct anharmonicity
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Figure 13. (a) Biaxial strain, measured by temperature-dependent
XRD (symbols), and extracted from Raman data for the Ge/Si and
Ge0.86Sn0.14/Ge/Si samples. Reprinted with permission from [111],
Copyright (2024) by the American Physical Society. (b) Evolution
of width (circles) and asymmetry (triangles) of the Ge–Ge peak with
Sn content. Reprinted with permission from [73], Copyright (2011)
by the American Physical Society.

was found to be robust against the composition and similar to
bulk Ge, while in [111] it was found to be independent of the
composition for GeSn, but larger than Ge. The broadening of
Raman peaks with temperature arises primarily from phonon–
phonon scattering, while defect-related broadening remains
constant across temperatures. The overall linewidth can thus
be modeled as the sum of a temperature-independent term and
a Bose–Einstein-distributed term related to phonon density of
states [73].

Another feature that can be evaluated using temperature-
dependent Raman spectroscopy is the thermal stability of the
alloy. At elevated temperatures, Sn segregation can occur,
forming β-Sn ‘droplets’ on the surface [30]. Liu et al [112]
investigate GeSn up to 850 K, and found that for a sample
with 8% Sn, an abrupt change is observed in the Raman spec-
trum at 690 K with a shift of the peak to higher energy. This
result is assigned to the segregation of Sn and relaxation of the
epitaxial layer. In a sample with 5% Sn, this was not observed
up to 850 K, suggesting a composition-dependent segregation
threshold.

7.2. Raman thermometry

The dependence of spectral features on temperature can be
used as a thermometer to monitor the thermal effects in the
sample, e.g., operating devices, or to extract the thermal con-
ductivity of thematerials [117, 118]. As temperature increases,

Figure 14. (a), (b) Scheme of Raman thermometry with one and
two lasers. (a), (b) Reprinted from [117], with the permission of AIP
Publishing. (c) Thermal conductivity at room temperature of GeSn
epitaxial layers measured by Raman spectroscopy, in comparison
with the 3ω method. Continuous lines are an empirical fit to the
data. Reproduced from [28]. CC BY 4.0.

intensity typically decreases due to a shortened phonon life-
time. For the same reason, the mode broadens. The relative
intensity of Stokes and anti-Stokes modes is related to the
Bose–Einstein distribution, and as such can be used for ther-
mometry. Nonetheless, this feature is not always exploited,
due to experimental difficulty in consistent measurements of
both Stokes and anti-Stokes peaks. For this reason, most of the
thermometry experiments rely on peak position [117].

For the determination of thermal conductivity, the Raman
peak position is monitored as a function of the power of the
exciting laser. Since absorbed laser energy increases the local
temperature, its temperature increases, leading to a shift of the
peak position. Thus, comparing the shift per unit of power with
the shift per unit of temperature allows the determination of an
effective thermal conductance. For the Ge–Ge peak of GeSn
and SiGeSn alloys, the shift per unit temperature around room
temperature is around−0.016 cm−1 K−1 [27], and depends on
the thermal expansion and anharmonicity, as discussed above.

In these experiments, two configurations of Raman set-up
are typically used, with one or two lasers (figures 14(a) and
(b)) [117]. In one-laser configuration, heating and probing are
obtained with the same laser. In the two-laser case, the probe
beam is kept at low power, and the heat is provided by another
laser that can be selected with a specific wavelength for high
absorption, which can be scanned over the sample for thermal
transport imaging [119].

Once the thermal conductance is measured, the conduct-
ivity can be extracted, given the sample and beam geometry
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[120, 121]. In the simple case of Gaussian beams and a semi-
infinite sample, a formula is derived to calculate directly the
thermal conductivity, known the beam width [120]. When
multiple layers are present, a matrix formalism can be applied
[122], but the knowledge of the thicknesses and conductiv-
ity of the substrate layers is required, together with numerical
evaluation [27, 122]. Using this method, the thermal conduct-
ivity for high-quality epitaxial GeSn layers was estimated to
be as low as 4 W (m·K)−1 for 14 at.% Sn, comparable with
measurements with 3ω method (figure 14(c)) [27, 28].

8. Outlook

Raman spectroscopy has become a robust method for the study
of SiGeSn alloys, enabling basic characterization, including
composition and strain, as well as understanding the atomic
structure and properties like anharmonicity and heat transport.

However, the limits and the caveats of the method are non-
etheless associatedwith its fundamentalmechanisms. Formet-
rology purposes, a calibration of the spectra is always needed,
together with the use of reliable coefficients. The practice sug-
gests that reference samples should be measured together with
the sample under investigation, e.g., bulk Ge and GeSn lay-
ers of known composition and strain. Comparison of meas-
urements as a function of temperature may be complement-
ary for an even more reliable assessment. When the study of
low-intensity peaks is necessary, the highest spectral resolu-
tion must be utilized to enable a more reliable deconvolution
of the multiple features of the spectra. Here, the use of mul-
tiple polarization configurations and two or more excitation
wavelengths is beneficial.

Despite the advanced achievements, there are many open
fields for the application of Raman spectroscopy to (Si)GeSn.

Amore thorough investigation of growth and strain dynam-
ics would be beneficial in developing tailor-made heterostruc-
tures for applications in photonics. Typically, Raman spec-
troscopy is limited to surface analysis because of the poor
transparency of the sample. An investigation along the cross-
section of the sample is possible with the optical resolution
of the microscopy, which is not sufficient for investigations of
very thin films of the order of tens of nm or below, as in multi-
quantum wells. Here, the use of tip-enhanced Raman spectro-
scopy (TERS) or other enhancement techniques, coupled with
polarization-resolved spectra, will be beneficial. Additionally,
this study may utilize NIR/SWIR lasers for excitation, poten-
tially achieving selective resonance with different layers of the
heterostructure.

The latter method may also be applied to the study of
micro- and nanostructures, whichmay present peculiar Raman
modes associated with symmetry breaking or confinement
[123]. These may also be investigated near edges, where ‘for-
bidden’ modes can be observed [124, 125].

Raman mapping of microstructures that can be grown by
CMOS-compatible methods, together with simulations, can

be a platform to investigate peculiar strain configuration (not
biaxial) and its spatial distribution [126, 127].

Furthermore, to gain access to the complete quantification
of the strain tensor, Raman spectroscopy can make use of
non-conventional polarization states, such as ‘z-polarization’
obtained by radial and azimuthal polarization [128] or high-
NA microscopy and off-axis alignment [55, 129, 130].

In the case of mapping, spatial resolution is limited by
optics, and submicron resolution is then difficult to achieve.
Advanced methods for analysis of hyperspectral images may
be applied in this case [82, 131, 132]. The use of photon-
ics enhancement, such as dielectric waveguides [133, 134] or
grating-like structures [135], can be considered. TERS is also
a path for resolution at the nanoscale [136–138], as well as the
enhancement via plasmonic particles [139–141].

Finally, measurement of Raman spectra in-situ during
growth or etching processes may provide further insight into
the growth dynamics in the chemical and mechanical part,
i.e., the combination of material formation and strain relax-
ation. This can be possible in the future by the advance-
ment of optical equipment, e.g., with the realization of high-
throughput fiber-based Raman spectroscopes.
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