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Polarization-resolved Raman spectroscopy reveals the atomic local ordering
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Ternary SiGeSn alloys have emerged as a promising material system for applications in diverse fields such
as photonics, electronics, and thermoelectrics. Its development still requires understanding the alloy properties,
where an important role is alleged to be the local arrangement of the Si, Ge, and Sn atoms. Structural properties
of SiGeSn epitaxial layers deposited on Ge/Si virtual substrates are investigated here by polarized Raman
spectroscopy; in particular, we selected a series of samples with Ge content of ∼83 at.% and variable Si and Sn
content. This technique, which provides access not only to the energy but also to the symmetry of the vibrational
modes, makes it possible to observe the effect of composition on the local alloy ordering. By studying how the
Raman modes change the energy and the relative intensity variation under different polarization configurations,
we could isolate the role of alloy configuration as the composition varies. High Sn content appears to promote
local ordering, as Sn atoms tend to repel other Sn and Si atoms. Our results are potentially of great interest in
elucidating SiGeSn material properties that are still debated in the literature, e.g., the influence of composition
on the bandgap directness of the alloy.
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I. INTRODUCTION

Prospective applications in technology-relevant fields, such
as optoelectronics, thermoelectric devices, and high-speed
transistors, have stimulated intense research on ternary sili-
con germanium tin (SiGeSn) alloys [1]. In particular, SiGeSn
could unleash all its potential in optoelectronic devices [2],
such as infrared lasers [3,4], photodetectors [5], and modu-
lators [6]. SiGeSn alloys are macroscopically homogeneous
and isotropic, but it has been shown that they are structurally
and spatially inhomogeneous at the microscopic level. The
crystal structure and atomic arrangement of SiGeSn alloys
play a significant role in determining their electronic and
optical properties, which are still debated in the literature
[7,8]. Several simulation studies have indicated the presence
of short-range ordering (SRO) in group IV alloys containing
Sn [3,9–12]. It has been observed that the SRO can have a
significant impact on the optoelectronic properties of SiGeSn
epitaxial alloys; e.g., the band structure is not unambiguously
composition dependent, directly affecting the indirect/direct
nature of the fundamental bandgap and its value [3,9–12].
Thus, it is difficult to tune precisely the optical properties by
adjusting the various “knobs” that can be manipulated during
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the SiGeSn growth process, such as the composition profile,
the thickness, and the lattice strain [4,13–16].

Characterization techniques such as x-ray diffraction
(XRD), scanning electron microscopy, and transmission elec-
tron microscopy (TEM) provide valuable information on the
morphology and lattice parameters of SiGeSn alloys. How-
ever, in the case of ternary alloys, many different permutations
of composition and strain yield the same lattice parame-
ters [17]. On the other hand, chemically sensitive techniques
such as secondary ion mass spectrometry (SIMS) or energy
dispersive x-ray spectroscopy, while capable of measuring
alloy composition, cannot probe the local arrangement of
different atomic species [18]. Other techniques, such as atom
probe tomography, require complex instrumentation and are
model dependent [19]. Alternatively, polarized Raman spec-
troscopy has emerged as a powerful tool for crystal structure
analysis. This technique provides valuable information about
different lattice properties related to its dynamics, crystal
order, and composition by analyzing the symmetry of the
vibrational modes [20–22]. In binary GeSn alloys, this method
has highlighted the relevance of SRO [22]. At the same
time, ternary SiGeSn remains more challenging because of
the broad parameter space of composition and strain and the
richer Raman spectra.

In this paper, we use polarization-resolved Raman spec-
troscopy to investigate the effect of adding a third species,
Si, to the epitaxial GeSn lattice, limiting our scope to a
compositional range of interest for optoelectronic applications
[1,4,13,14,23,24], i.e., epitaxial layers with approximately
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FIG. 1. (a) Scheme of the sample and geometry of the polarized Raman spectroscopy. (b) Reciprocal Space Map of the 224 Bragg reflection
for sample Si_2. The dashed-red line indicates a cubic (unstrained) lattice. (c) TEM images of sample Si_2. False colors identify the material
(blue, Ge; red, SiGeSn); the right panel is a high-resolution image of the interface. (d) Elemental concentration profile of sample Si_2 for Si,
Ge, and Sn obtained by SIMS, XRD, and RBS. The yellow box at depth <80 nm marks the region accessible to Raman spectroscopy.

∼83 at.% Ge content and Si and Sn content ranging from
0 to 16 at.%—including binary alloys silicon-germanium
(SiGe) and germanium-tin (GeSn). The separation of different
symmetries provided a broader understanding of the alloy
vibrational dynamics in response to composition, which was
also measured with the help of XRD and SIMS. We can
observe the short-range ordering tendency of SiGeSn alloys,
particularly Sn atoms’ repulsion of other Sn and Si atoms.

II. MATERIALS AND EXPERIMENTAL METHODS

In this study, we investigate SiGeSn layers epitaxi-
ally grown on 300-nm Ge/Si(001) [Fig. 1(a)] using an
industry-compatible chemical vapor deposition (CVD) reac-
tor. Through controlling the growth parameters, such as the
process temperature and the partial pressure of the precur-

sors, samples with different compositions were obtained (see
Ref. [15] for details). The Ge content of the layers was kept at
approximately 83 at.% in all the samples, while the Sn and Si
contents were varied. The atomic concentrations (obtained by
SIMS) for the top 80 nm of the SiGeSn layers are presented in
Table I, which is the depth probed by the Raman measurement
because of the limited penetration of the laser, along with
the lattice strain and relaxation values measured by XRD.
Rutherford backscattering spectroscopy (RBS) and XRD data
for the complete depth of the layers are provided in Table II.

Raman spectroscopy was performed using a Renishaw in
Via system, with an excitation energy of 633 nm in backscat-
tering geometry, equipped with a polarizer for the excitation
laser and an analyzer at the spectrometer’s entrance. The laser
is incident along the growth direction [001] (z) [Fig. 1(a)].
The spectra obtained for specific polarization and sample

TABLE I. List of samples with the corresponding atomic composition obtained by SIMS averaging the top 80 nm of the layer, strain and
relaxation values obtained by XRD. For SiGeSn, the sample names follow Si concentration.

Sample name Sn (at.%) SIMS Ge (at.%) SIMS Si (at.%) SIMS Strain XRD (%) Relaxation XRD (%)

GeSn 14.9 85.1 −0.51 76
Si_2 16.1 81.8 2.1 −0.41 77
Si_4 11.6 84.4 4.0 −0.49 63
Si_8 9.3 83.3 7.5 −0.52 45
Si_11 7.5 81.7 10.8 −0.49 9
SiGe 85.0 15.0 −0.11 97
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alignment are related to the crystal directions x = [100], y =
[010], x′ = [110], and y′ = [1−10]. The polarizer and the
analyzer can be oriented parallel or perpendicular to each
other. In the following, we fix the analyzer and change the
polarizer. The sample can be rotated around the z axis by an
azimuth angle β, where β = 0 is the direction of the analyzer,
and the samples are aligned so that β = 0 corresponds to the
x′ = [110] direction. Thus, β = 0 with parallel polarizer and
analyzer corresponds to the configuration with Porto nota-
tion z(x′x′)z̄, and β = 45 deg with perpendicular polarizer is
z(yx)z̄.

XRD was measured in Bragg diffraction geometry on a
Rigaku Smartlab Diffractometer equipped with a rotating Cu
Kα source, a Ge 2 × 220 monochromator, and an x-ray area
detector. This allowed for the recording of reciprocal space
maps (RSMs) during a single rocking scan. By measuring
the 004 and 224 Bragg reflections, we calculated strain and
composition in the epitaxial layers. The Sn concentration was
fixed for the ternary alloys, considering the SIMS results.

Focused ion beam (FIB) prepared the TEM specimen with
utmost care and precision using a Thermofischer Helios 5 UC.
After the deposition of carbon protection layers by electron-
and ion-beam-induced deposition, the lamella was cut along
the [110] direction of the Si substrate. The lamella dimen-
sions are roughly 10 µm × 5 µm, with the thinner part being
5 µm × 4 µm. We used a probe aberration-corrected JEOL
JEM-ARM200F equipped with a cold field emission source
with 0.27 eV energy spread, four STEM detectors, a Centurio
EDS detector, and a GIF Quantum ER system for electron
energy loss spectroscopy (EELS).

Rutherford backscattering spectrometry (RBS) is a pow-
erful technique that allows the extraction of the layers
stoichiometry, thickness, and crystalline quality. The spec-
tra were taken at random and channeling alignment using a
Tandetron accelerator with 1.4 MeV He+ ions at a backscat-
tering angle of 170◦. RUMP simulation software was used to
fit the random spectra, and the degree of crystallinity of the
layers was evaluated through the evaluation of the minimum
yield, defined as the ratio of the intensity of the channeling
and random spectra.

SIMS measurements were performed by an IONTOF
V tool equipped with a ToF mass separator. The material
was sputtered by Cs+ ion bombardment with an energy of
500 eV and a sputter area of 300 × 300 µm2. The analysis was
performed with single atomic and positively single-charged Bi
ions with an energy of 25 keV and an area of 100 × 100 µm2.

III. RESULTS AND DISCUSSION

A. Material characterization and Raman spectra

In order to verify the layer quality and its potential influ-
ence on Raman spectra analysis, we used TEM and XRD.
Figure 1(b) displays the reciprocal space map of the 224
Bragg reflection of the Si_2 sample, with Si wafer substrate,
Ge, and SiGeSn reflections. There are two peaks for SiGeSn
at the same in-plane momentum transfer Qx ∼ 4.9 nm−1, be-
longing to two layers with different stoichiometry, one being
pseudomorphic to the other. The two peaks are connected
by a line of diffuse scattering, indicating the presence of a
transition region between the SiGeSn layers. Additionally,

rocking curves of SiGeSn peak are shown in Fig. 7 in the
Appendix for all the SiGeSn samples. Figure 1(c) shows TEM
images of the same sample to analyze the dislocation caused
during the relaxation process. We can observe a dense misfit
dislocation network at the Ge/SiGeSn interface because of
the plastic relaxation process and few threading dislocations
propagating from the Ge buffer layer towards the sample
surface through the Ge/SiGeSn heterointerface, where some
of the threading dislocations are observed to bend, possibly
connecting to misfit dislocations and fostering relaxation of
the SiGeSn layer, similar to what has been observed in the
Ge/SiGe system [25].

The other vital factor in understanding the local ordering
of the alloys is the content and its homogeneity across the
layers. Figure 1(d) depicts a profile of elemental composition
obtained by SIMS on the Si_2 sample, providing a com-
parative analysis with the data obtained through XRD and
RBS measurements (see Table II in the Appendix). XRD and
RBS analysis showed two layers in this case, with different
content–maximum and minimum of the boxes in Fig. 1(c).
Notably, a distinct pattern emerges across all samples, reveal-
ing a gradual increase in Si content within the initial 100 nm
of growth [a grey area in Fig. 1(c), at a depth larger than
330 nm]. For samples featuring higher Sn content (Si_4,
Si_2), a discernible gradual transition into a distinct second
layer of even higher Sn concentration is observed [Fig. 1(a)],
while lower Sn content samples (Si_8, Si_11) exhibit a more
gradual transition (Fig. 6 in Appendix). The observed be-
havior aligns with the previous study on GeSn and SiGeSn
epitaxy [22,26], which found an enhancement in (Si)Sn
concentration above the critical thickness for plastic strain
relaxation [7,27]. The different degrees of plastic relaxation
between the samples is evidenced by a change in rocking
curve width, as demonstrated in Fig. 7 in the Appendix.
However, the observed variations in layer composition do
not significantly impact the Raman spectra analysis, as the
depth probed by Raman is limited below ∼80 nm by the layer
absorption, where the atomic concentration remains constant.

Figure 2 displays Raman spectra in four polarization
configurations for different samples: Ge, SiGe, GeSn, and
SiGeSn-Si_2 (the spectra of the other samples can be found
in Fig. 8 in the Appendix). The first-order Raman spectrum
of group-IV cubic semiconductors with diamond structure
(point group Oh, m3m) has a single peak. In backscattering
geometry, when the incidence is along the 〈100〉 direction,
this peak corresponds to longitudinal optical (LO) phonons
belonging to the T2g representation and is only visible in the
polarization configurations z(yx)z̄ and z(x′x′)z̄. Other poten-
tially active representations for the Oh group are A1g, found in
the configurations z(x′x′)z and z(xx)z̄, and Eg, which is active
in all configurations except the z(yx)z̄ [22]. The polarization
configuration thus affects the intensity of the peaks according
to the associated symmetry of the mode. The spectra in Fig. 2
were measured with the same acquisition conditions except
for the polarization. The left column of the figure shows how
most of the peaks follow these selection rules for the T2g

(LO) symmetry, in particular, the main peak around 300 cm−1

associated with Ge-Ge pairs vibrations. When it is sup-
pressed, e.g., in the configuration z(xx)z̄, modes with different
symmetry dominate the spectra. Each spectrum in the right
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FIG. 2. Raman spectra in four different polarization configurations of (a), (b) Ge, (c), (d) SiGe, (e), (f) GeSn, and (g), (h) SiGeSn (Si_2)
samples. (Left panels) Spectra are normalized to Ge-Ge peak in z(yx)z̄ configuraration. (Right panels) Each spectrum is normalized to Ge-Ge
peak maximum.

panels was normalized to the Ge-Ge peak to highlight this
behavior. This highlights the much richer landscape of peaks;
for example, the overtones 2TO and 2TA (second-order
transverse optical and acoustic modes, respectively) are
evident after this normalization since their intensity is com-
parable to the weak Ge-Ge peak when it is suppressed.

In the Ge sample [Figs. 2(a) and 2(b)], the spectra are
dominated by LO phonon at ∼300 cm−1 in z(yx)z̄ and
z(x′x′)z̄ configurations. These spectra serve as reference to
distinguish secondary modes and overtones, which can be
clearly observed in z(xx)z̄ configuration, and in z(x′x′)z . In
those configurations, there are two 2TA at ∼160 cm−1 and
∼230 cm−1. In z(yx)z̄ we can observe instead one peak at
∼190 cm−1. Combination modes are also observed, such as
TO+TA at 355 cm−1, the second-order longitudinal acoustic
(2LA) at 380 cm−1, and between 540 cm−1 and 600 cm−1,
the group of three modes overlapping 2TO [25,28]. When
considering the SiGe alloy, in addition to the primary and sec-
ondary modes assigned to Ge-Ge pairs, a discernible double
Si-Ge mode emerges at ∼400 cm−1, and two Si-Si modes at
∼430 cm−1 and ∼450 cm−1 [29–31]. In addition, a shoulder
of Ge-Ge peak can be observed at ∼290 cm−1, especially
in the z(xx)z̄ configuration assigned to a disorder-induced

activation of phonon density of states (DA). In the case of
the secondary 2TA, the distance between the two component
modes is reduced, and the 2TO component modes are less
distinguishable than in Ge. Moving on to the GeSn alloy
with 15 at.% Sn, a distinct Ge-Sn peak emerges at around
260 cm−1, accompanied by a shoulder of similar intensity as
observed in the SiGe spectra (disorder-activated mode, DA)
[22,28]. The neighboring secondary Ge peaks overlap so we
can observe a single band of 2TA peaks with a maximum
at ∼175 cm−1, a very weak TO+TA together with 2LA,
and a broad 2TO mode. The final panel shows the SiGeSn
spectra of sample Si_11. A combination of modes observed
for SiGe and GeSn alloys is evident [25,29,32,33]. Si-Ge
peak tends to overlap with secondary Ge peaks, and there
is no distinguishable double peak as in the case of SiGe.
Moreover, the Si-Si is a broad single band between 400 cm−1

and 500 cm−1. The 2TA mode, similar to GeSn, appears as
one peak. We notice that no features that can be attributed to
the Si-Sn mode are observed.

To summarize, Raman spectra in four polarization con-
figurations for Ge, SiGe, GeSn, and SiGeSn samples
revealed the dominance of the Ge-Ge peak in LO sym-
metry and the emergence of secondary modes in non-LO
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FIG. 3. Angular dependence of (a) Ge-Ge, (b) DA, (c) Ge-Sn, (d) Si-Ge peaks intensity for the sample Si_2, analyzed with a combination
of different representations (Eg, A1g, LO).

configurations. The polarization configurations significantly
affected peak intensities, highlighting the influence of vi-
brational mode symmetries. The Raman spectra revealed
complex vibrational dynamics influenced by the ternary com-
position, with significant contributions from LO and non-LO
symmetries, which we aim to study not only qualitatively, but
also quantitatively to improve the understanding of the local
ordering of SiGeSn alloys.

B. Polarization dependence

A more quantitative understanding of the vibrational mode
symmetry can be obtained scanning over the relative align-
ment of sample and polarization direction, for each vibrational
mode. While the spectra in Fig. 2 considers only four se-
lected alignments, Fig. 3 reports the analysis of the intensity
variation as a function of the azimuth angle and for the two
polarization alignments, for sample Si_2. The spectra have
been collected in parallel (upper panels) and perpendicular
(lower panels) geometry of polarizer and analyzer, at 5 deg
step between 0 deg ([110] crystal direction) and 90 deg ([100]
direction). The details of the peaks fitting are shown in Fig. 9
in the Appendix. The integrated peak area has been used for
the analysis. The peak intensities as a function of azimuth
angle were fitted by a sum of angular dependence for the
T2g(LO), A1g, and Eg representations [14] to estimate of their
relative weight.

While the angular dependence of the Ge-Ge modes is fully
captured by the T2g(LO) mode, the DA mode is a composite
of all active representations, as previously identified in GeSn
alloys [22]. However, the ternary composition of SiGeSn in-
troduces additional complexity. Notably, the Ge-Sn and Si-Ge
cannot be fully reproduced by the T2g(LO) symmetry alone,
unlike the GeSn case. This observation is particularly evident
in the intensity values at 45 deg in parallel polarization, a
feature not observed in GeSn systems.

The relative weight of LO and non-LO (A1g + Eg) compo-
nents provides detailed insights into the influence of content
on these distinct vibrational modes, since LO symmetry can
be associated with pair vibrations in the cubic crystal. At
the same time, non-LO is instead a sign of disorder-activated
modes. For this sample Si_2, non-LO is negligible for the
main Ge-Ge peak, but becomes larger than 10% for the other
peaks. This relative weight can be used as guiding parameter
to compare the alloy across the various composition and the
role of local ordering.

C. Dependence on Si content

The effect of composition is often observed in the spectra
as a difference in relative intensity and in the peak position
of peaks associated with different atom pairs. Here, we ad-
ditionally apply the polarization analysis reported above to
the set of ternary SiGeSn and binary (GeSn and SiGe) alloy
samples. Comparison of LO and non-LO modes is expected
to give hints of the local ordering in the alloy.

Figure 4 shows the relative weight of the individual com-
ponents LO, A1g, and Eg as a function of Si content for
each peak. For all the peaks, the dominant contribution is
LO (>80%), and the second is the A1g component, which is
around 5–20%. These weights are, however, different among
the peaks.

The main Ge-Ge peak has a negligible non-LO component
(<10%) for all the samples. In the other peaks, the non-LO
components are more relevant (10–20%), particularly for the
ternary SiGeSn case. This is supported by the analysis of
peak energy (Fig. 10 in the Appendix), where we find that
DA has a clear energy difference between LO and non-LO
symmetry, similar to the result in binary GeSn, because the
DA-LO and DA-non-LO are two different modes [22]. Such
energy splitting can also be observed for Si-Ge and Ge-Sn
peaks. The weight and spitting of non-LO composition on
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FIG. 4. Weight of different components on each peak for all the
samples as a function of Si content.

Si-Ge and Ge-Sn peaks in SiGeSn, similar to the DA case,
indicates that they cannot be described as first-order Raman
scattering pairs of atoms in a diamond lattice, differently from
binary GeSn [21].

This deviation from pure T2g(LO) mode behavior suggests
that the vibrational dynamics in SiGeSn alloys involve a more
intricate interplay of modes, reflective of the distinctive ele-
mental composition within the ternary system.

We thus focus, in Fig. 5, on the spectral weight of each
peak, i.e., the ratios of the DA, Ge-Sn, Ge-Ge, and Si-Ge
intensity to the total intensity, for LO symmetry and non-LO
symmetry, and for all the samples. Since the LO is associated
with pair vibrations, it can be expected to depend on compo-
sition (e.g., the more the Si, the stronger the Si-Ge peak). In
comparison, the non-LO can hint at local ordering.

As expected because of the composition of ∼83 at.% Ge,
the Ge-Ge peak dominates in the LO case and is weak in
non-LO. In LO, the Si-Ge peak increases as the Si content
increases, as expected. For the non-LO, the Si-Ge is signif-
icantly stronger for the ternary SiGeSn than for the binary
SiGe and GeSn, with a weak dependence on Si content. A
similar trend is observed for the Ge-Sn, but surprisingly, the
Ge-Sn intensity follows the Sn content in non-LO symmetry
and simultaneously remains constant in LO. This suggests that
the alloy disorder in ternary alloys plays a relevant role in
these atom pairs.

We then look at the DA feature, a sensitive probe of the
local arrangement. As mentioned, the DA is the convolution
of two modes with different energies. One is active in LO
symmetry with energy close to the main Ge-Ge vibration.
It arises from the Ge-Ge pairs whose vibration is affected
by the nearby environment, presenting short-range ordering
with Sn clustering [22]. The second has lower energy and is
strong in non-LO configuration, and is associated with alloy
disorder. The DA is the strongest peak in the non-LO case,
especially for the binary alloys, and in SiGeSn its intensity
slightly decreases with higher Si content, which indicates
that alloy disorder is weakly correlated with the amount of
heavy Sn atoms. In the LO case, the DA is almost comparable
with main Ge-Ge for GeSn and SiGeSn but is much weaker

FIG. 5. Dependence of the Si content on fraction of DA, Ge-Sn,
Ge-Ge, and Si-Ge peaks intensity for SiGeSn samples (full symbols)
with varying content, SiGe (15%), and GeSn (0%) (empty symbols)
in (a) LO, (b) non-LO symmetry (A1g + Eg).

than Ge-Ge for SiGe. This suggests that in SiGe, which
is a completely miscible, random alloy [30], DA is mainly
associated with genuine disorder-assisted vibrations (the fea-
ture is also labeled “quasi-amorphous” in the literature). The
local environment of Ge-Ge pairs is less distorted in SiGe than
in GeSn and SiGeSn, and the averaged alloy affects all the
pairs.

The short-range order of SiGeSn alloys has been studied
previously by theoretical simulations [9] and extended x-ray
absorption fine structure (EXAFS) experiment [34], which
indicate the short-range order in SiGeSn alloy, where, sim-
ilar to other group IV alloys with Sn [10,35], the Sn atoms
repulse each other. Moreover, the Si and Sn atoms tend to
show mutual repulsion. Theoretical studies [3,9] predicted
two types of short-range order in SiGeSn, one of which, the
enhanced-SRO (E-SRO), has a lower coordination number for
Ge (i.e., less Ge-Ge pairs), with strong repulsion of Sn-Sn and
Si-Sn nearest neighbors, and was shown to be energetically
favorable. The Ge atoms make more pairs with Si and Sn than
expected from composition, which would explain the higher
level of lattice distortion around Ge atoms since they are
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simultaneously affected as atoms of different sizes. In Raman
spectra, this results in a relevant DA-LO peak. At the same
time, the alloy disorder is weakly affected by the compositions
as soon as three species are present, as seen from the rather
constant composition dependence of non-LO components.

Our findings align with theoretical simulations, indicating
short-range order in SiGeSn alloys, characterized by repulsive
interactions between Sn atoms and mutual repulsion between
Si and Sn atoms.

IV. CONCLUSIONS

The comprehensive investigation of ternary SiGeSn epitax-
ial layers on a Ge substrate presented in this work provided
insights into their vibrational and structural properties. The
study revealed a nuanced dependence of peak intensities on
content variation within the SiGeSn alloy system. The an-
gular study of the intensities of the DA, Ge-Sn, Ge-Ge, and
Si-Ge peaks allows the analysis of the symmetries of in-
dividual spectral components. It reveals their mixed nature
associated with lattice deformation. The separation of dif-
ferent symmetries provided a broader understanding of the
vibrational dynamics of the alloy as a function of compo-
sition. The difference between binary GeSn and SiGe and
ternary SiGeSn alloys for the Raman peaks associated with
different atom pairs indicated a specific short-range ordering
of SiGeSn, which resulted in a strong signal from Ge-Ge pairs
in a distorted environment. We can observe higher intensities
of Ge-Sn and Si-Ge vibrations for disorder-associated sym-
metries. These results are compatible with the picture that
Sn atoms tend to repel other Sn and Si atoms. Our results
contribute to a broader understanding of SiGeSn alloy systems
by providing a detailed perspective on their vibrational and
structural intricacies.

APPENDIX

The atomic concentration and thickness of the layers were
determined through Rutherford backscattering spectroscopy
(RBS) and secondary ion mass spectrometry (SIMS). The
obtained results were further validated and refined through
meticulous x-ray diffraction (XRD) analysis. This multi-
faceted characterization strategy ensures the reliability of
measurements of the compositional structure of the SiGeSn
layers.

The layer quality can be indicated by width of XRD rock-
ing curve. The increasing width of the rocking curve in �ω

corresponds to a greater density of structural defects and a
degradation of crystal quality. Figure 7 shows the comparison
of rocking curve around SiGeSn, GeSn, and SiGe peaks of
analyzed SiGeSn, GeSn, and SiGe samples respectively. The
results show small variations of crystalline quality. Sample
Si_11 exhibits a narrower peak; because of its composition,
this sample is pseudomorphic to the Ge substrate, and conse-
quently is free of dislocations.

The Raman spectra obtained for samples Si_8, Si_4, and
Si_11 are shown in Fig. 8. With increasing the Sn content,
we observe a decrease in relative intensities of secondary Ge
peaks, such as 2TA and 2TO.

FIG. 6. Concentration profile of Si, Ge, and Sn obtained by
SIMS, XRD, and RBS of sample Si_11.

To replicate the Ge-Ge mode asymmetry in the quantita-
tive analysis of the peaks, we used exponentially modified
Gaussian (EMG) line shape. The Ge-Sn, DA, and Si-Ge peaks
were fitted using Gaussian functions. The fitting of the group
around the main peak (Ge-Ge, DA, and Ge-Sn peaks) is shown
in Figs. 9(a) and 9(b), while the Si-Ge is shown in Figs. 9(c)
and 9(d).

Figure 10 displays the change of peaks’ position of SiGeSn
as a function of Si content for different symmetries. As the Si
content increases, all spectral features tend to move toward
higher energies. The Ge-Ge and Ge-Sn peak positions are
independent of the symmetry within the error in the whole
content range. In the case of Si-Ge and DA, a significant dif-
ference in the peak position appears for the LO and non-LO.

FIG. 7. Normalized intensity XRD rocking curve I(�ω) of series
of SiGeSn, GeSn, and GeSn samples.
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TABLE II. List of SiGeSn samples with thickness and content obtained by different methods. Components are indicated in order of growth.
The XRD values are obtained with an iterative procedure in comparison with SIMS data.

SiGeSn thickness Sn (at.%) Sn (at.%) Sn (at.%) Si (at.%) Si (at.%) Ge (at.%) Ge (at.%)
Sample SIMS (nm) XRD RBS SIMS XRD SIMS XRD SIMS

Si_2 400 13/15.8 10.5/13.5/16.5 12.4–16.8 2.6/4.1 1.7–3 84.4/80.1 86.5–80.7
Si_4 225 10.6/11.8 10/11.8 9.5–12 3.9/5.3 3.3–5 85.5/82.9 87.2–85.9
Si_8 190 9.4 9/10 7.5–9.8 7.7 3.7–7.4 82.9 88.6–82.8
Si_11 240 7.6 7.5 6–7.6 11.3 5.8–11.6 81.1 88–81.5

FIG. 8. Raman spectra in four different polarization configurations of the samples (a), (b) Si_4, (c), (d) Si_8, and (e), (f) Si_11. (Left
panels) Spectra are normalized to Ge-Ge peak in z(yx)z configuration. (Right panels) Each spectrum is normalized to Ge-Ge peak maximum.
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FIG. 9. Fitting of Ge-Ge, DA, and Ge-Sn peaks (a), (b) and Si-Ge peak (c), (d) in polarized configurations: z(xx)z̄ (left panels) and z(x′x′)z
(right panels) of sample Si_2.
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FIG. 10. Peak position of (a) Ge-Ge, (b) DA, (c) Ge-Sn, (d) Si-Ge peaks as a function of Si content in different symmetry, obtained from
polarization configuration z(xx)z̄ (LO) and z(y′x′)z̄ (non-LO).
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