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The local ordering of atoms in alloys directly has a strong impact on their electronic and optical
properties. This is particularly relevant in nonrandom alloys, especially if they are deposited far from
the equilibrium processes, as is the case for epitaxial Ge;_,Sn, layers. In this work, we investigate the
arrangement of Ge and Sn atoms in optoelectronic grade Ge;_,Sn, epitaxial layers featuring a Sn content
in the 5-14% range by using polarization-dependent Raman spectroscopy and density-functional-theory
calculations. The thorough analysis of the polarization-dependent spectra in parallel and perpendicular
configuration allowed us to properly tag all the observed vibrational modes, and to shed light on that asso-
ciated to disorder-assisted Raman transitions. Indeed, with the help of large-scale atomistic simulations,
we were able to highlight how the presence of Sn atoms, that modify the local environments of Ge atoms,
gives rise to two spectral features at different Raman shifts, corresponding to distortions of the atomic
bonds. This analysis provides a valuable framework for advancing the understanding of the vibrational
properties in Ge;_,Sn, alloys, particularly with regard to the impact of local ordering of the different

atomic species.
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I. INTRODUCTION

Germanium-tin (Ge;_,Sn,) semiconductor alloys have
been successfully used in the fabrication of photonic and
nanoelectronic devices and are deemed promising for other
applications such as energy harvesting [1—8]. Their elec-
tronic conduction and valence bands can be engineered
to offer an indirect or fundamental direct band gap [9—
11]: a direct band gap is expected for a fully relaxed
layer having a Sn content of x 2 8% [12—18], but tensile
and compressive biaxial strain can decrease or increase,
respectively, this value. However, the technological devel-
opment of these CMOS-compatible alloys faces several
obstacles related to the very low solid solubility and the
larger atomic mass of Sn [19]. Consequently, growth con-
ditions far away from thermodynamic equilibrium are
needed to overcome the solubility limit. Indeed, Sn atoms
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tend to aggregate, negatively impacting optical and electri-
cal properties. Even when large Sn clusters are not present,
alloy configurations different from the classical random
alloy assumption (i.e., if each neighbor site is not randomly
occupied according to the composition) will significantly
affect the materials properties, as the overlap of the atomic
orbitals controls the resulting band structure [20,21]. In this
respect, Ge;_,Sn, alloys differ from silicon-germanium,
where random alloy is a valid approximation [20,22].
Numerical and experimental results indicated the presence
of a short-range order (SRO) in Ge;_,Sn,, with a reduc-
tion of the coordination number of the Sn (i.e., a repulsion
of among Sn pairs) [20,23-25], which should be observ-
able above a Sn content of 10%, a composition just above
that required for a direct band-gap alloy. In general, the
local environment of Ge atoms in Ge;_,Sn, alloy, even at
low Sn content, is distorted with respect to bulk Ge; addi-
tionally, it is possible that the thermodynamically stable
configuration contains multiple environments with differ-
ent levels of distortion, which would affect the vibrational,
optical, and electrical properties of the material [20,21].

© 2023 American Physical Society
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Experimentally, methods sensitive to atomic scale, such
as atomic probe tomography (APT) [26] or extended x-
ray absorption fine structure (EXAFS) [23-25] are often
used. Unfortunately, these methods require large facilities
and/or complex and destructive sample preparation. As
such, an easy-to-access, high-throughput, nondestructive
experimental method enabling the investigation of atomic
ordering is highly welcome. Raman spectroscopy is a suit-
able choice, as it provides detailed information on local
vibrational modes. In cubic group-1V elemental semicon-
ductors with diamond structure, such as Si and Ge, the
Raman spectrum consists of a single, well-defined peak
associated with first-order scattering, and weaker, convo-
luted second-order modes. In Ge;_,Sn, alloys multiple
first-order peaks are expected, associated with vibrations
of Ge-Ge, Ge-Sn, and Sn-Sn atom pairs, as well as spec-
tral features due to the relaxation of selection rules in a
disordered alloy. The analysis of the spectra can be further
helped by polarization resolution, which allows multiple
modes to be deconvolved according to their symmetry.
This method is very efficiently complemented by first-
principles density-functional-theory (DFT) calculations of
the vibrational modes under different disorder configura-
tions.

In this work, a large set of epitaxial Ge;_,Sn, layers
are investigated. The layers are grown in an industry-
grade chemical vapor deposition (CVD) reactor on a
Ge/Si virtual substrate [6]. Layer thicknesses and built-
in biaxial strains are reported in Appendix A. A detailed
Raman-polarized spectroscopy study is presented for two
Ge;_,Sn, layers containing 6 and 14 at. % Sn. DFT sim-
ulations are used to assign the spectral features to specific
vibration in the alloy. Next, the effect of composition is
addressed.

II. POLARIZATION DEPENDENCE AND LOCAL
ALLOY ORDERING

Raman spectroscopy was performed using an excitation
laser at a wavelength of 633 nm in backscattering geom-
etry. The setup has a fixed polarization analyzer at the
entrance of the spectrometer, and a polarizer for the exci-
tation laser that can be oriented parallel or perpendicular
to the analyzer. The sample can be rotated with respect to
these directions by an angle 8, where 8 = 0 is the direction
of the analyzer (see inset in Fig. 1). The laser is incident
along the growth direction [001] (2).

The spectra acquired for specific polarization and align-
ment of the sample, according to the Porto notation
with the definitions referred to crystal directions x =
[100], y = [010], x' = [110], y’ = [110] (see Table I) are
shown in Fig. 1. The samples are mounted so that x’ is
aligned to 8 =0.

For group-IV cubic semiconductors with diamond
structure (O, m3m point group), the first-order Raman
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FIG. 1. Raman spectra for Ge (upper panel) and samples with

6 at. % of Sn and strain of —0.32% (middle panel) and with
14 at. % of Sn and strain of —0.51% (lower panel). The inset
shows the measurement setup. The polarization configuration is
indicated using Porto notation, with x = [100],y = [010],x" =
[110],y" = [110].

spectrum in backscattering geometry features a single
peak, corresponding to longitudinal optical (LO) phonons
belonging to 75, representation, and observable only in the
polarization configurations z(yx)z and z(x'x’)z. In the case
of alloys, as the symmetry is fulfilled only approximately,
the selection rules for polarization can be less strict. To
simplify the following discussion, we use the Raman-
active representation of the O, point group as a guideline
to study the polarization angle dependence of the modes in
Ge;_,Sn, and label Raman-active representations accord-
ingly, i.e., T»4, nondegenerate 4., and twofold degenerate
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TABLE 1. Polarization configurations and active representa-
tions. e; is the polarization of the incident light, e; is the
polarization at the analyzer.

Porto Active
notation Geometry representations
z(x'x")z es || (110) Ajg+ Eq + The(LO)
e [|(110)
z(y'x)z e; || (110) E,
e [1{110)
z(xx)z e || (100) Aig+E,
e [1(100)
z(yx)z e |(010) T5,(LO)
es [1(100)

E,. The active representations in every configuration are
reported in Table I.

The Raman spectra obtained for a pure Ge sample and
Ge|_,Sn, sample with 6 at. % Sn and a 14 at. % Sn
are shown in Fig. 1. In the case of the pure Ge sam-
ple we can observe the main LO mode at 300 cm™! and
different second-order modes noted as 2TA (160 cm™!)
and 2TA’ (230 cm™!) [27]. For Ge;_,Sn, samples the
spectra acquired in LO-allowed configurations present an
intense peak at approximately 300 cm™!, associated with
Ge-Ge vibration mode. On the low-energy side, the peak
approximately 255 cm™! corresponds to the Ge-Sn vibra-
tion mode. In between these two modes, a spectral feature
is present, labeled in the literature as disorder assisted
(DA) [28-31]. It is usually argued that the DA origi-
nates from the relaxation of the momentum selection rule
due to alloy disorder [32—38]. As expected, the Ge-Ge
mode is strongly suppressed in the LO-forbidden config-
urations where the DA is relatively intense, indicating that
it does not share the same symmetry. At lower energy
of approximately 180 cm™!, a spectral feature composed
of multiple peaks without a clear polarization dependence
appears. In the literature, this is sometimes attributed to
Sn-Sn pair vibration mode, although its anomalous polar-
ization behavior has already been noticed (it should follow
the LO-allowed conditions), and is superimposed to the
second-order contribution from Ge 2TA [29,38].

It is noticed that all the peaks for the 14 at. % Sn sam-
ple are redshifted with respect to their counterparts in the
6 at. % Sn sample. Moreover, the spectra of the two sam-
ples differ in the relative intensity of the minor features,
which are stronger for 6 at. % Sn, such as the Sn-Sn group
and the DA in z(xx)z configuration.

To better illustrate this point, Fig. 2 presents the intensity
and peak positions (obtained by the procedure described in
Appendix C) versus the angle 8 for the sample having the
highest Sn content (14 at. %). Data for both parallel and
perpendicular alignment of the polarizer are reported here,
with the intensity being normalized to its maximum value.
The intensity shows an antiphase trend between parallel
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FIG. 2. Angular dependence of the normalized intensity and
position of the different peaks in the sample with 14 at. % Sn, in
the parallel (empty symbols) and perpendicular (full symbols)
alignment of polarizer. (a),(b) Intensity of Ge-Ge and Ge-Sn
vibration modes. The lines represent the fitting with an LO angu-
lar dependence. (c),(d) Fitting of the angular dependence of
DA intensity with a combination of different representations. (e)
Angular dependence of the Raman peak position for Ge-Ge, DA,
and Ge-Sn modes.

and perpendicular alignment, which is expected for a pure
LO symmetry (see Appendix B).

Regarding the peak positions, the following is noted:
(i) the Ge-Ge mode energy is independent of the
angle and the polarization configuration; (ii) the Ge-Sn
mode energy has an angular dispersion of approximately
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(a) Raman spectra for samples of bulk Ge, Ge;_,Sn, with 6 at. % of Sn and with 14 at. % of Sn in the polarization config-

urations z(xx)z (41g+ E;) and z(yx)z (LO). Curves are offset for clarity. (b),(c) Angular dependence of peak intensity of “Sn-Sn” and
“2TA” peaks, respectively, in the perpendicular (empty symbols) and parallel (full symbols) alignment for the sample with 6 at. % Sn,
normalized to the maximum. Lines are the expected dependence for LO case for parallel (dashed) and perpendicular (solid) configu-
rations. (d) Angular dependence of the peak position for “Sn-Sn” and “2TA” in perpendicular and parallel polarization for the sample

with 6 at. % Sn. Symbols are the same as in panels (b),(c).

3 cm™! around the average value; (iii) the DA peak is

characterized by a significant angular dependency, cor-
related to the intensity variation. The former indicates
that the DA peak is a convolution of multiple modes
whose center-of-mass shifts with the angle because of their
different symmetry.

The solid lines in Figs. 2(a) and 2(b) represent the
expected angular dependence for a 75,(LO) mode (for-
mulae can be found in Appendix B) and fully fit the
experimental data, for both the Ge-Ge and Ge-Sn modes.
This is not the case for the DA peak [Figs. 2(c) and 2(d)].
In particular, at 8 =45°, the mode intensity is significantly
different from 0O in parallel configuration. The trend of the
DA mode intensity can be explained by considering it as
a sum of modes with different symmetry, comparing the
angular dependence for the representations £, and A,
which have a maximum at 8 = 45°. The DA mode has thus
a component DA(LO) at approximately 289 cm~! and a
component DA(4,+ E,) at lower energy (approximately
280 cm™1).

A similar analysis was performed for the spectral
feature observed at approximately 180 cm™' in the

spectra acquired on the 6 at. % Sn sample, given its rela-
tively higher intensity [see Fig. 3(a)]. While bulk Ge, also
shown in Fig. 3(a), presents a single well-defined peak
at 160 cm~!, Ge;_,Sn, samples have two peaks, one at
approximately 165 cm~! and a stronger one at approx-
imately 180 cm™!, labeled “2TA” and “Sn-Sn”, respec-
tively (peak deconvolution is reported in Appendix C). The
intensity of the two peaks does not follow, as a function
of sample rotation angle 8, the LO mode-type behavior,
as shown in Figs. 3(b) and 3(c). The 2TA mode of Ge
should behave as an 4;, mode, i.e., a constant amplitude
in parallel and null amplitude in perpendicular. Instead, we
observe an unclear, yet present, amplitude also in perpen-
dicular alignment [39]. Consequently, these modes cannot
be attributed to a simple Sn-Sn pair vibration, in agree-
ment with its intensity independence of the Sn content,
x. In fact, if it were related to the Sn-Sn vibration, an
intensity proportional to x> would be expected (i.e., at
14 at. % Sn should be more than 5 times stronger than
at 6 at. % Sn). As a combination of second-order modes

it can be damped by the increased scattering with the
disorder.
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FIG. 4. DFT calculated Raman spectra for bulk Sn and Ge
(dashed lines) and Ge;_,Sn, alloy with x ~ 6% and x ~ 19% in
different ordering configurations (solid lines).

To better understand the origin of the spectral fea-
tures, DFT calculations were performed to compute
Raman spectrum of Ge;_,Sn, alloys using the Vienna
ab initio simulation package (VASP) [40] based on
the projector-augmented-wave method [40-—42]. Local-
density approximation (LDA) [43] was employed for the
exchange-correlation functional, which has been shown
to yield the best agreement with experiments on elemen-
tal Ge and Sn for geometry optimization [20,44—46]. As
discussed in Ref. [20], Ge;_,Sn, alloys exhibit a nonran-
dom atomic distribution in the lattice through a short-range
order (SRO), which can significantly affect electronic
structures of the alloys for Sn content >10 at. %. To
understand the impact of atomic distribution on Raman
modes, here we considered an SRO and a clustered-Sn
structural model. A simulation cell containing 64 atoms,
obtained by replicating a conventional diamond cubic cell
containing eight atoms twice along each dimension, was
chosen to ensure a sufficient sampling at the DFT level
[20]. The SRO model was created through conducting
the DFT-based Monte Carlo sampling at lattice tempera-
ture 7=300 K [20]. A clustered-Sn model was created by
replacing a cluster of 12 Ge atoms in the middle of a bulk
Ge by Sn atoms, corresponding to a Sn content of 18.75%.
Each structure undergoes full energy minimization where
both the cell geometry and atomic positions are relaxed.
The energy cutoff was chosen as 300 eV. To approach full
optimization, the convergence for energy and force was
set as 107 eV and 1073 eV/A, respectively. A 2 x 2 x 2
Monkhorst-Pack k-point grid was used to sample the first

Brillouin zone [47]. The off-resonance Raman spectra are
simulated using the formalism described by Porezag and
Pederson [48] implemented in the VASP—Raman code and
density-functional perturbation theory (DFPT) [49,50]. An
energy convergence threshold of 1078 eV was used for
DFPT calculations. The derivatives of the dielectric ten-
sor were computed numerically by displacing the atoms
0.01 A in both positive and negative directions. Note that
since the simulations do not include the compressive lattice
strain present in the experimental samples, and that LDA
often results in overbinding, the calculated peak position
can exhibit a small shift with respect to the experimental
results. It is also noted that a higher content of Sn (18.75%)
is selected to enable a focused study on the role of Sn on
the DA peak.

As shown in Figs. 4 and 5, a shoulder is found to
appear on the low-energy side of the main Ge-Ge mode
in the SRO configuration. In contrast, only a single main
Ge-Ge mode (without shoulder) is present in the case of
clustered Sn and it is shifted to a lower energy, match-
ing the shoulder peak in the SRO case. The analysis of
the atomic displacement at this main peak indicates that
only Ge atoms contribute to the vibration [Fig. 5(b)],
confirming the Ge-Ge nature of the main peak in clus-
tered Sn, similar to the main Ge-Ge peak in the SRO
case [Figs. 5(c) and 5(d)]. The main Ge-Ge modes are
further found to be attributed to the local Ge environ-
ment in Ge;_,Sn, alloys resembling bulk Ge. Interestingly,
the analysis indicates that the shoulder mode appearing
in the SRO case also involves only the vibration of Ge
atoms, but for those within a local distorted environment
induced by Sn atoms. Thus the shoulder peak reflects the
distribution of the Sn atoms to a certain extent. In this
regard, the absence of the shoulder in the clustered Sn
case is attributed to the fact that most Ge atoms share
a very similar environment (the Sn being concentrated).
Because the clustered Sn configuration is thermodynami-
cally unfavored over SRO and has a greater lattice constant
(longer Ge-Ge bond) [51], the Ge-Ge main peak of clus-
tered Sn exhibits a redshift. Notably, because the shoulder
peak observed in the SRO case matches the experimen-
tal DA peak qualitatively, we propose the DA peak to be
assigned to Ge-Ge vibration affected by local lattice dis-
tortion caused by Sn atoms. Since lattice distortion within
Ge;_,Sn, is affected by how Sn atoms are distributed
within the lattice, namely, being completely random or
exhibiting an SRO, the DA(4;+ E,) component at lower
energy and with different symmetry can thus be interpreted
as “genuine” disorder-activated scattering of phonons far
from the zone center.

Shifting our attention to the lower energy “Sn-Sn”
mode, we find all vibrations around its energy involve dis-
placements of both Sn and Ge atoms. In fact, the “Sn-Sn”
mode involves vibrations participated mainly from Ge
atoms (as shown in the additional simulations shown in
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Appendix D). This observation is quantified by counting
the contribution of each species to the mode. For the
SRO configuration of approximately 19 at. % Sn 52 atoms
vibrate in correspondence with the mode at 193 cm™!, of
which 43 are identified to be Ge atoms. For a Sn con-
tent of 6 at. %, 53 Ge atoms out of 56 atoms are found
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to contribute to this mode. The fact that this proportion
follows the concentration of Sn indicates that these low-
energy modes cannot be associated with specific pairs.
Considering their experimental polarization dependence
that does not match the expected 7,,(LO) of the first-
order nature, the modes are subsequently assigned to

FIG. 6. Color maps of spectra for
Ge;_,Sn, with Sn content up to
14 at. %, and Ge, for different polar-
ization configurations. The spectra
are normalized to the integrated
intensity in the range 100-305 cm~!.
The color scale is logarithmic. Gray
areas are left for values of x for which
no sample is available.
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g 290 7 both in experiment and simulation, the modes are damped
§ § * DA(LO) as the Sn content increases.
= 2801 X *
DA (E) * I1I. COMPOSITION DEPENDENCE

T
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Sn content (%)

FIG. 7. Dependence of the peaks on the Sn content. (a) Inten-
sity (amplitude) of the DA and Ge-Sn peaks relative to the Ge-Ge
peak, for the LO symmetry [z(yx)z configuration]. (b) Intensity
of the 41,+ E, components relative to LO, for DA and Ge-Ge
peaks, from z(xx)z and z(yx)z configurations, respectively. The
intensity /i is calculated as [;/X1I;, where k is Ge-Ge, Ge-Sn,
DA. In (a),(b), dashed lines are guides for the eyes. (c) Peak
positions for Ge-Ge [z(yx)z polarization] and DA, in the two
components E, and LO [respectively, from z(3'x)z and z(yx)z
configurations]. Solid lines are the result of the linear regression
as described in the text.

second-order scattering, analogous to that observed in the
Ge sample. Different from bulk Ge, which has a single
peak in this region [Fig. 3(a)], the two peaks observed in
Ge;_,Sn, alloys can be originated from a splitting in the

(a) Parallel Perpendicular (b)

Analyzer

Having “tagged” all the spectral features observed on
high and low content alloy, now the impact of Sn content
on the intensity and energy of the polarization-resolved
modes is investigated. To this purpose, in Fig. 6, the
Raman spectra of Ge and Ge;_,Sn, samples with Sn
contents from 5 to 14 at. % under different polarization
configurations are presented as color maps. As a general
trend, all the spectral features shift toward lower ener-
gies as the Sn content increases; for example, the energy
of the Ge-Ge mode shifts from approximately 300 cm™!
to approximately 291 cm~! by increasing the Sn content
from 0 to 14 at. %. As discussed in the following, the
residual heteroepitaxial strain is responsible for the devi-
ation of the observed trend from a typical monotonic shift.
In the previous section, it is remarked that the Ge-Ge,
Ge-Sn, and Sn-Sn peak positions are almost independent
of the polarization for all the Sn contents, while for DA,
a clear difference in the peak position appears for the LO
component and the (4, + E;) component.

FIG. 8. Polar plots of the calculated

intensity of Raman scattering for repre-
| sentations 414, E,, 15¢(LO), as a function
of the angle B. The inset illustrates the
geometry.

Polarizer '
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TABLE III. Angular dependence for modes of different sym-
metry for parallel and perpendicular configuration of the incident
and scattered polarization. The azimuth B of the sample is
defined with respect to the [110] crystal axis.

Representation Parallel Perpendicular
Aig 1 0
(3sin(2B) + 1)?
E, 4 3cos?(2B)
+ 3 cos* (;3 + E)
4
T24(LO) cos2(28) sin®(28)

In Fig. 7(c), the Ge-Ge and DA(LO), DA(E,) peak posi-
tions as a function of the Sn content are shown (for all
the other peaks, Appendix E). The peaks shift roughly
parallel to each other with the Sn content. A linear regres-
sion w;(x,&)=w; o+ a;x + b;e, taking into account also
the strain, yields the coefficient a to be (=70 £8) cm™!,
(—82+9) cm™!, and (=78 £ 13) cm™!, respectively. The

coefficient b is 0 for all except the Ge-Ge mode. The full
table for the coefficients is found in Appendix E. The data
reported in Fig. 7(c) are chosen to represent the “pure”
symmetry of LO and E,. The cases with a combination of
different symmetries are not reliable as the peak position is
the “center of mass” of the convolved modes.

The presence of well-separated peaks for DA(LO) and
DA(E,) at all the compositions support the finding of the
previous section, indicating that the distorted local envi-
ronment is present even at lower Sn content, where a
“shoulder” is not observed in the simulation of the approx-
imately 6% alloy in Fig. 4. Interestingly, the coefficient
a is also an indicator of how much the incorporation of
Sn modifies the interaction of a specific pair of atoms.
The similar values for DA and Ge-Ge modes suggest
that the local environment giving rise to the mode is
indeed similar and thus similarly affected by the Sn. The
Ge-Sn vibration mode is instead less sensitive to the Sn
(a=-52+7 cm™!). This can be explained considering
that, as soon as the Sn is present, the pair Ge-Sn is less
perturbed by the addition of more Sn atoms, and only its
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FIG. 9. Fitting of Ge-Ge, DA and Ge-Sn peaks of sample with 6% Sn in polarized configurations: (a) z(x'x")z, (b) z(yx')z, (¢) z(xx)Z,

(d) z('x)z.
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amplitude increases. As the Sn-Sn and 2TA modes are not
strong enough at all polarizations and compositions, no
conclusion can be drawn on their trend.

The insight gained through polarization-dependent mea-
surements allows us to benchmark the results with liter-
ature data. These values are summarized in Appendix E,
using data from Refs. [21,28,36-38]. A good agreement is
found for both peak position and Sn-shift coefficient for
Ge-Ge and Ge-Sn peaks. As expected, the use of polar-
ized spectra is particularly relevant for the convolved DA
mode, where an agreement is found with unpolarized data
when compared with the z(x'x")z configuration that has all
the representations active. For the Sn-Sn mode, the slight
difference in peak position can be due to the fit of the two
components.

The intensity of the Ge-Sn mode for the LO symme-
try [Fig. 7(a)], as expected, increases with the number of
Sn atoms. The DA(LO) component is also expected to
increase, since more atoms will be in the distorted envi-
ronment described in the previous section. Interestingly,
the DA(LO) increases faster than the disorder-related
DA(A 4+ E,), as shown in Fig. 7(b), indicating that the
effect of the distorted environment on the spectrum is
stronger than the effect of the disorder. By comparison, the
main Ge-Ge peak has a very weak 4, + E, component,
which remains constant at all compositions. Indeed, the
presence of a stronger DA(LO) mode at higher Sn content
is consistent with the DFT calculation, where the simu-
lated 6 at. % Sn alloy does not have an evident shoulder as
for the case of approximately 19 at. % Sn. Again, this can
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confirm the onset of a short-range order, which is found to
be dominant above 10 at. % Sn.

IV. CONCLUSION

In conclusion, polarized Raman spectroscopy and DFT
numerical simulations provide insight into the role of Sn
atoms on the vibrational properties of epitaxial Ge;_,Sn,
layers. These findings advance the understanding of the
vibrational properties in these alloys, particularly with
regard to the impact of local ordering of the different
atomic species beyond simplified models.

In the whole investigated composition range from
5 at. % to 14 at. % Sn content, in the region of the main
peak (approximately 300 cm™!) the following features
are identified: a shoulder with different symmetry from
the main peak (approximately 280 cm™!), and a shoul-
der or peak with the same symmetry of the main peak
(approximately 290 cm~!). The first one is assigned to
disorder-activated scattering, while the second is assigned
to Ge-Ge pairs whose bond is affected by local strain and
lattice deformations caused by Sn atoms or clusters. The
main peak is assigned to Ge-Ge pairs whose bond is least
affected by local distortions.

The fact that different local environments can give rise
to separate features has the potential to facilitate the devel-
opment of methods for investigating the atomistic nature of
the alloy, which could be utilized for monitoring the qual-
ity and characteristics of deposited layers using lab-scale
Raman spectroscopy. At the same time, the role of these
multiple environments can be very relevant in the elec-
tronic states, and thus in the optical properties of the alloy.
Finally, the method presented here can be applied for the
ternary silicon-germanium-tin alloy, to elucidate the effect
of Sn on the local ordering.
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APPENDIX A: SAMPLE DESCRIPTION

The main properties of the samples are reported in
Table II.

The Sn atomic content, x, the residual in-plane strain,
€ ligA> and the degree of strain relaxation, R, were measured
at room temperature by high-resolution x-ray diffraction
(XRD) reciprocal space mapping (RSM) using the 004
and 224 Bragg reflections. The relaxation is calculated as
R =(a — agy)/(ax— aswp), where a is the measured in-plane
lattice constant of the strained layer, a, is cubic lattice
constant for the alloy at x Sn content, and ag,;, is lattice

(@)
x=18.75%

(b)
x=18.75%
clustered
192.15 cm™

FIG. 11. Displacement vectors for the commonly assumed
“Sn-Sn” peak for SRO (a) and clustered-Sn alloy (b) models,
with x ~ 19%. Sn atoms are represented as gray balls, Ge atoms
are orange.

constant of the (virtual) substrate. The Sn content was
extracted also by Rutherford backscattering spectroscopy
(RBS).

APPENDIX B: ANGULAR DEPENDENCE OF
POLARIZATION

In group-IV semiconductors with diamond crystal struc-
ture, the point group is Oy. In Fig. 8 and Table III the
angular dependence of the mode of possible Raman-active
representations [Ayg, Eg, T2,(LO)] of this point group are
reported, considering the experimental geometry described
in the inset of Fig. 8. The laser is incident along the growth
direction [001] (z). The sample is rotated by an angle g,
with 8 =0 is the direction of the fixed analyzer. The laser
polarization can be switched between a direction parallel
and perpendicular to the analyzer. Considering the crys-
tal directions x = [100],y = [010],x’ = [110],y’ = [110],
the samples are mounted so that x’ is aligned to 8 =0.

The T5,(LO) mode has a distinctive pattern whose maxi-
mum intensity is equal for both configurations. In a parallel
configuration, the intensity of the 7,(LO) mode has its
maximum for g =0°, 90°, 180°, and 270°, in perpendic-
ular configuration for 45°, 135°, 225°, and 315°. The 4,
mode is forbidden in perpendicular polarization, while in
parallel polarization its intensity is independent of . Ej
mode intensity is more complex but clearly distinct from
LO and 44,.
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FIG. 12. Peak positions as a function of Sn content for (a) Ge-Ge peak, (b) Ge-Sn peak, (c) DA peak, (d) Sn-Sn peak.

APPENDIX C: PEAK FITTING

For quantitative analysis of the peaks, we used exponen-
tially modified Gaussian (EMQ) lineshapes to reproduce
the Ge-Ge mode asymmetry. At the same time, the Ge-Sn,

DA peaks and the 2TA Ge mode and Sn-Sn modes were

fitted using Gaussian functions. The fitting of the group

around the main peak (Ge-Ge, DA and Ge-Sn peaks) is
shown on Fig. 9 and the region below 220 cm~! (2TA and

TABLE IV. Results of the linear regression of the peak positions as a function of Sn content. The representations active in every
polarization configuration are reported. Literature values are also reported.

wo—energy atx=0,e=0 a — Sn shift b — strain shift
Polarization Mode (cm™h) (cm™h) (em™h)
(literature) (literature)

z(x'x")z Ge-Ge 301.0+0.3 300.8 —77+£5 —70[21,36,38] —420£110
Arg+ Eg + T(LO) DA 294+ 1 291.34+0.7 [38] —53£20 —49 £7[38] —40 £ 400

Sn-Sn 189+1 186188 [37,38] —83+10 —140+90
z(xx)z DA 283.94+0.8 287.9 [38], 285.8 [28] —37+16 —300£310
Aigt+Eqg Sn-Sn 191.6 £0.6 186188 [37,38] —120£12 —320£240
z(yx)z Ge-Ge 300.7+£0.4 —70+8 —250£150
T5,(LO) DA 298.7+0.4 —82+9 —50£170

Ge-Sn 262.8+0.4 262 [38],263 [37] —52+7 —160 £ 140
z(y'x)z Ge-Ge 300.8+£0.4 —69+7 —250£ 140
E, DA 287+0.7 —78£13 —210£260
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Sn-Sn) on Fig. 10. The 2TA peak in Ge;_,Sn, samples was
fitted based on the reference position and width obtained
on Ge spectra [Figs. 10(a) and 10(b)].

APPENDIX D: SIMULATION OF LOW-ENERGY
PEAKS

Figure 11 shows the simulated displacement vectors
for modes in the range of the “Sn-Sn” peak. Alloys with
Sn content of 18.75 at. % and different ordering config-
urations are considered. It can be seen that these modes
are not associated only to Sn-Sn pair vibrations, but also
involve movement of Ge atoms, as discussed above (see
also Fig. 4).

APPENDIX E: DEPENDENCE OF PEAK
POSITIONS ON Sn CONTENT

Figure 12 shows the evolution of the peaks’ position for
all the polarization configurations as a function of content.

Table IV gives the parameters extracted from linear
regression as a function of Sn content x and biaxial strain
€1 wi(x,e) = w;p+ aix + b;e. We excluded the cases where
the peaks were too weak for a reliable assessment.
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