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ABSTRACT: Recent advances in nanowire synthesis have enabled

the realization of crystal phases that in bulk are attainable only 2z
under extreme conditions, i.e., high temperature and/or high 1
pressure. For group IV semiconductors this means access to
hexagonal-phase Si,Ge; , nanostructures (with a 2H type of
symmetry), which are predicted to have a direct band gap for x
up to 0.5 0.6 and would allow the realization of easily processable
optoelectronic devices. Exploiting the quasi-perfect lattice matching
between GaAs and Ge, we synthesized hexagonal-phase GaAs-Ge 230
and GaAs-Si,Ge; , core shell nanowires with x up to 0.59. By
combining position-, polarization-, and excitation wavelength-
rst-principles calculations, we explore the full lattice dynamics of these

dependent -Raman spectroscopy studies with

2H-Si,Ge; .
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materials. In particular, by obtaining frequency composition calibration curves for the phonon modes, investigating the
dependence of the phononic modes on the position along the nanowire, and exploiting resonant Raman conditions to unveil
the coupling between lattice vibrations and electronic transitions, we lay the grounds for a deep understanding of the
phononic properties of 2H-Si,Ge; , nanostructured alloys and of their relationship with crystal quality, chemical composition,
and electronic band structure.

KEYWORDS: Raman spectroscopy, nanowires, hexagonal (lonsdaleite) SiGe, resonant Raman, phonons, crystal structure transfer

he exploitation of unique optoelectronic, mechanical,

and thermal properties of nanostructured materials has

a long history, even antecedent its deep understanding
and systematic investigation. Indeed, the high surface-to-
volume ratio of nanostructures, together with the possibility of
guantum con nement, results in interesting behaviors for
optoelectronic, thermoelectric, biomedical, and many more
applications.” * This diversity and abundance also come from
the possibility of obtaining materials in crystal structures that
are not easy to achieve in bulk forms. For example, GaAs
nanowires (NWs) can also be synthesized in the wurtzite
(W2Z) crystal structure, which can be obtained in bulk only
under extreme pressures,* ® while the growth mechanisms
typical of NWs have provided a powerful route to obtain it.
The availability of unusual crystal structures can be relevant
even for elds in which there is already a general consensus on
the optimal materials for applications. This is the case, for
example, for group 1V semiconductors. Their use in electronics
dates back to the discovery of the pn junction and has been so
successful that we can now de ne the invention of the metal-
oxide-semiconductor eld-e ect transistor (MOSFET) as the
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start of the “silicon revolution”.” From 1960 to 2018 an
estimated 13 x 10?* MOSFETSs have been fabricated,® and
silicon has undoubtedly gained a central role in integrated
circuit technologies and informatics. Nevertheless, Si and Ge
hardly breached the eld of optoelectronics, as in their bulk
crystalline form they exhibit an indirect band gap, resulting in
poor light emission properties. On the contrary, as supported
by both theoretical and experimental investigations, Si,Ge;
compounds exhibit direct band gaps (for x up to 0.5 0.6)
when synthesized in the hexagonal form (with a 2H type of
symmetry, also known as lonsdaleite), which can be the
starting point for an e cient class of optoelectronic devices.*°
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Figure 1. Epitaxial 2H-GaAs-Si,Ge; , core shell nanowire structures: (A, B) 30 degree tilted-view SEM images of arrays of 2H-Sij ,,Geg 73
(A) and Sips0Gep41 (B) shells grown around thin (40 nm) WZ-GaAs nanowire cores on a GaAs (111)B substrate in the [0001]
crystallographic direction. (C) HAADF-STEM image of the interface of the core shell structures in (B) acquired in the [1120] zone axis,
displaying the ABAB stacking along the [0001] direction, con rming the hexagonal crystal structure. (D, E) EDX elemental maps of cross-
sectional lamellae of representative GaAs-Sij,;Geg 73 and GaAs-Sigs9Gey4; core shell NWs showing the GaAs NW core in blue, Si atoms in
green, and Ge atoms in red. (F) Radial line scans along the arrows marked by the dashed boxes in the EDX maps shown in (D) and (E)

quantifying the silicon content in both samples.

The lack of information on the vibrational properties of
these materials and on their dependence on composition calls
for the exploration of their lattice dynamics, as the vibrational
spectrum is closely related to the chemical composition, the
crystal quality, and the alloy formation process, and it can also
be a probe of the electronic band structure. In this work we
present an investigation of such properties performed by
means of -Raman spectroscopy on single NWs and
theoretical calculations based on density functional theory
(DFT). Hexagonal core shell GaAs-Si,Ge; , NWswith0  x

0.59 were synthesized exploiting the quasi-perfect lattice
matching between WZ GaAs and lonsdaleite Ge (referred to as
2H in the following) with the crystal structure transfer
method.***?

We were able to uncover the composition dependence of the
NWSs’ phononic spectrum, to analyze the homogeneity of the
NWs with spatially resolved measurements, and to probe the
electronic band structure of the alloys with resonant Raman
scattering experiments. As a consequence, we could obtain a
full picture of all the phonon modes of 2H-Ge and Si,Ge; ,,
frequency composition calibration curves for the main
phonon modes of the Si,Ge; , alloys, an assessment of the
quality and reliability of the NW synthesis process, and nally
some insight into the optically active electronic bands’ energy
and symmetry, as well as into their coupling with lattice
vibrations.

RESULTS AND DISCUSSION

Hexagonal Ge and Si,Ge; , Samples. We employ the
crystal structure transfer method to fabricate 2H-Ge and
Si,Ge; , crystals as reported by Fadaly et al., where the
hexagonal crystal structure is adopted from a hexagonal

6846

material template.” Here, we utilize single-crystalline WZ
GaAs NWs as a hexagonal template to epitaxially grow high-
quality 2H-Ge and Si,Ge; , crystals in a core shell geometry.
The choice of GaAs NWs as a core is due to the fact that there
is almost no lattice mismatch with 2H-Ge and a small one with
Ge-rich Si,Ge; , alloys. To further avoid the induced strain
due to high Si content in Si,Ge; ,, we use very thin GaAs NWs
cores (35 45 nm). The studied NW core shell structures
were fabricated in a metal organic vapor phase epitaxy
(MOVPE). The GaAs NWs were synthesized via catalyst-
assisted growth following the vapor liquid solid (VLS)
mechanism using gold (Au) catalyst seeds and from trimethyl
gallium (TMGa) and arsine (AsHj3) gas precursors. The
resulting GaAs NWs are of very high crystal quality with only
few stacking faults (on average 2 or 3 stacking faults/ m, as
shown in the extended data of the gures in ref 13). Prior to
the Si,Ge; . shell growth, the Au catalyst seeds were
chemically etched to avoid Au contamination in the shell.
Then, the Si,Ge, , shells were grown epitaxially around GaAs
NW cores using germane (GeH,) and disilane (Si,Hg) gas
precursors. For further details on growth and structural
characterization see the Methods section. In the same ref 13,
which shows NWs grown with nearly the same conditions as
the ones studied in this work, atom probe tomography
measurements reveal the presence of As in the shell at a
concentration of about 10'° atoms/cm?,

In this study, a wide range of 2H-Si,Ge; , compositions (0 <
X < 0.59) were studied; for details of NW dimensions and
compositions, see Table S1 and Figure S1 in the Supporting
Information 1. Figure 1 shows the structural characterization
for two typical samples of the studied composition range
(Sig27Geg73 and SigseGepa1); pure 2H-Ge was extensively
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described in ref 13. Figure 1A,B display two representative
scanning electron microscopy (SEM) images of Sij,;Gey 75 and
Sip59Geg.41, respectively. The SEM images of the NW arrays
show very small variations in the morphology, implying that
they are uniform and the SEM images re ect the average
morphology across the samples and, accordingly, the structures
measured with Raman spectroscopy. To con rm the purely
hexagonal crystal structure, we carried out high-resolution high
angular annular dark eld (HAADF) scanning transmission
electron microscopy (STEM) measurements. A representative
image for GaAs/Siys9Gegq; IS shown in Figure 1C. The
HAADF-STEM image displays an excellent epitaxial relation-
ship between the GaAs and Sij54Geg4; and con rms the ABAB
stacking of the 2H crystal structure in the [0001] growth
direction. To investigate the composition uniformity across the
radial direction of the core shell structure, a few NWs from
the NW ensembles shown in Figure 1A,B were cut open and
thin lamellae were extracted and analyzed using energy
dispersive X-ray (EDX) spectroscopy as depicted in Figure
1D,E. The EDX elemental maps in Figure 1D,E and their
corresponding line scans in Figure 1F con rm the uniform
material composition after radial shell growth, resulting in a
nominal Si composition of 27 £ 2% and 59 + 4% for these two
samples, respectively. We also observe very thin Ge-rich alloy
regions along a sunburst-like geometry, aligned with the
corners between the NW facets, a known e ect in alloyed
nonplanar materials due to growth kinetic e ects."* *® We also
notice a Ge-rich region around the core, an e ect that we are
investigating with further experiments and theoretical model-
ing. The Si percentages in these sunburst regions have nominal
compositions of 24.1 + 0.6% and 58 * 1% for the Si,;Geg 73
and Siy50Geg 41 Samples, respectively, which is within the alloy

uctuation percentage within the core shell structure (see
Figure S2 in the Supporting Information SI1).

Composition Dependence of the Raman Spectra. We
have computed the Raman spectra within density-functional
perturbation theory (DFPT) of Si,Ge; , with x = 0.0625, 0.25,
and 0.5 ina 2 x 2 x 1 supercell of the four-atom 2H primitive
cell. More details are given in the Computational Details
section. In the case of x = 0.25 and x = 0.5 we have generated 5
or 6 independent random con gurations corresponding to the
target nominal composition and averaged the computed
Raman spectra (x = 0.0625 corresponds to one single Si
atom in a Ge matrix, and therefore averaging is not necessary).
In this way, we partially palliate the limitations deriving from a
description of a disordered system by using a computational
cell that is rather small and can thus be treated e ciently at the

rst-principles level. Despite these limitations, the theoretical
results are a useful guide for the interpretation of the
experimental measurements discussed below. Polarization-
resolved Raman scattering calculations and experiments were
performed in the same backscattering geometry. Considering
an {XYZ} reference system where the single NW is aligned to
the Z axis, the incident photon wavevector is antiparallel to the
X axis and the scattered photon wavevector is parallel to it (see
inset of Figure 2). The excitation and detection light
polarization vectors, ; and ¢, lie in the YZ plane, which is
the plane of the sample. The scattering con guration is
expressed in terms of excitation and detection polarizations in
brackets. The calculations are performed either with the
exciting and scattered light both polarized along (ZZ) the NW
growth axis or with both perpendicular (YY) to it.
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Figure 2. Computed DFPT Raman spectra in ZZ (black lines) and
YY (red lines) scattering geometry of (from top to bottom) 2H-
pure Ge, SigGegoa Sig19G€gg1, and SiysGeys alloys. The small
peak at 222.3 cm 1 in the spectra of pure Ge YY (see the zoomed-
in inset in the rst panel) is due to the back-folding of the LA
branch. The cartoon in the rst panel shows the orientation of the
axes with respect to the NW samples.

The results from DFPT are summarized in Figure 2,
together with the calculated spectra of pure 2H-Ge for
reference. The spectra are generated by using Lorentzian
curves with a full width at half-maximum (fwhm) of 3 cm ! to
approximately reproduce the experimental fwhm. In the 2H-
Ge, in ZZ con guration only one mode is allowed: the
longitudinal optical mode, with symmetry A,,, at 297.7 cm !
In the YY con guration, there are three modes allowed: an
intense transverse optical mode with E,, symmetry at 286.1
cm 1, a low-intense transverse optical Eig mode at 297.4 cm o
and the A, mode at 297.7 cm ', also visible in ZZ
con guration. Since E;; and A4 are almost degenerate, they
appear as a single peak, and we will label this mode as the A,/
E1, mode from now on (for simplicity, we keep this notation
also in the ZZ con guration). All these features enable the
distinction between group-1V hexagonal and cubic crystals (in
the latter no E,, mode exists, and the transverse and
longitudinal optical modes are degenerate and have an Fy
symmetry; see the calculated Raman spectra of cubic Ge in
Figure S3'7). Let us now focus on the 2H-Si,Ge; , alloys. As it
can be seen in Figure 2, when one Si atom is added (x =
0.0625), a spectral feature close to 400 cm * appears, a clear
signature of a vibrational mode associated with the Si Ge
bond. The intensity and frequency of this mode increase with
the Si content, tending to the computed values (indicated with
two arrows above the top panel) of an arti cial 2H-SiGe lattice,
i.e. a fully ordered crystal system where each Si atom is bonded
to four Ge atoms and vice versa, like in GaAs or SiC. When the
Si concentration increases further, we also observe the
appearance of higher frequency Raman-active modes between
450 and 500 cm *, which come from Si Si bonds and tend to
the values of pure 2H-Si (also in this case the Raman-active
modes of 2H-Si are indicated with two arrows). Notice that
these spectral features were absent at x = 0.0625, where one
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Figure 3. Comparison of the Raman spectra of ve Si,Ge; , alloy nanowires recorded in (A) ZZ scattering con guration and (B) YY
scattering con guration. From bottom to top x = 0.13; 0.21; 0.33; 0.42; 0.59. Both panels also show the spectrum of a pure 2H-Ge NW
acquired in the corresponding scattering con guration (purple line, bottom). The main bands are labeled with their respective oscillator.
(C) Frequency of the main bands as a function of composition (symbols) and their ts (lines) extracted from the spectra shown in (A) and
(B). The full symbols and solid lines represent the A,,/E,, components of the bands (spectra recorded in the ZZ con guration). The empty
symbols and dashed lines represent the E,, components (spectra recorded in the YY con guration). Error bars are taken from the t results.

single Si atom was present and thus no Si  Si bond could be
formed. Averaging over more random con gurations or using a
much larger computational cell would make the leading Ge
Ge, Si Ge, and Si Si peaks stand out more clearly with
respect to the secondary peaks, particularly at x = 0.5, as
indeed happens in the experimental measurements where
much larger volumes are probed.

We have then performed Raman scattering experiments to
be compared to the calculations. We have measured NWs
transferred by using a micromanipulator from the growth
substrate to a SiC substrate. Measurements were performed at
room temperature with the 514 nm excitation wavelength.
More details are given in the Methods section. In Figure 3A
and B we display representative Raman spectra collected on
single GaAs-Si,Ge; , (x =0, 0.13, 0.21, 0.33, 0.42, 0.59, from
bottom to top) core shell NWs in the ZZ and YY geometries.
Similarly to the theoretical spectra, the experimental spectra of
the alloy NWs are characterized by the presence of three
intense features attributed to the Ge Ge, Si Ge, and Si Si
vibrations in order of increasing Raman shift. These peaks are
broad and asymmetric because they result from the
convolution with secondary features that we assign to
vibrations of one of the aforementioned atom pairs in various
chemical environments. These appear as broad and generally
weak features, as they result from the averaged contributions of
various atomic arrangements’® ?° that locally correspond to
deviations from the global stoichiometry. In addition to these
e ects we also considered the possible in uence of the As
dopants on the Raman spectra, in terms of phonon frequency
shifts and asymmetric broadening of phonon modes (e.g., Fano
lineshapes). In cubic Si and Ge, levels of As doping similar to
ours typically induce a shift of the phonon modes of <1
cm 1%t and we can expect a similar e ect on hexagonal Ge and
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SiGe. Regarding the issue of asymmetric lineshapes, in cubic
Si,Ge; , alloys, it was shown that, as alloy disorder increases (x
approaches 0.5), more contributions from phonons at the zone
edge appear, which add low-energy tails to the Raman peaks.
This e ect is stronger for the Si Ge vibrations, just like in
Figure 3A and B, where one can see that the Si Ge band is the
most asymmetric.”> Undoped cubic Si,Ge; , alloys inves-
tigated in refs 23 and 24 also display lineshapes very similar to
ours. All this considered, we attribute the asymmetric
appearance of the Raman bands to alloy-induced disorder
and convolution between features arising from slightly di erent
chemical environments, as described earlier.

The experimental spectra measured on 2H-Ge are very
similar to the calculated spectra displayed in Figure 2. In the
YY scattering con guration we can see the transverse optical
E,, mode at 287.7 cm !, with a fwhm of 4 cm *, and the
degenerate transverse and longitudinal A,,/E;; modes at 299.4
cm * (fwhm of 3 cm 1), with the rst component being much
more intense than the second. In the ZZ con guration, instead,
the A,/E;; modes are the only ones allowed, and they have
the same frequency and fwhm that they have in the YY
con guration. We stress that the absence of a line shape
broadening on the phonon modes of 2H-Ge allows us to rule
out any major e ect of As doping in the determination of the
frequency of the phonon modes. Due to the high signal-to-
noise ratio of the measurements and the high structural quality
of the samples, these values can be considered as reference
values for 2H-Ge. Compared to the computed spectra, the
small di erences in the relative intensities of the peaks are due
to experimental e ects that are not taken into account in the
calculations (i.e., size e ects, dielectric mismatch e ect, and
e ect of the nite numerical aperture of the microscope
objective®).

https://dx.doi.org/10.1021/acsnano.0c00762
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We performed a quantitative analysis of the spectra as
deconvolution of multiple Lorentzian curves, which enables us
to nd the minimum number of spectral contributions needed
to describe the experimental line shape. This analysis allows us
to discuss the behavior of the main bands as well as the
assignment of the various features, dividing the frequency
range according to the three atom pairs (an example of the
performed deconvolution is displayed in Figures S4 and S5 in
S12). For discussing the assignment of the peaks, besides those
ascribed to the above-discussed Ge Ge, Si Ge, and Si Si
modes, we adopt the notation presented in ref 19, with the
reminder that it was developed for a 1D computational
description of the possible con gurations, while we use it for
the general 3D environment. Therefore, we label the peaks as
(A B)*B, where between parentheses we state the atoms
involved in the vibrating bond and as a superscript we indicate
the prevalent element(s) surrounding them. For simplicity, we
do not use the subscript indicating sensitivity to rst or second
neighbors. The necessity of such a labeling stems from the fact
that, in alloys, each species can be in di erent environments.
For example, any Si atom can have from zero to four Ge atoms
as rst neighbors. The ve arrangements might not be all
distinguishable in the Raman measurements and most
importantly in the deconvolution: in those cases, we will
employ multiple superscripts, separated by semicolons. The
superscripts “SiGe” indicate that the contribution to the
spectrum comes from an atom oscillating in a mixed
environment.

In the analysis of the spectra, we identify the higher energy
components of the bands (more pronounced in the ZZ
scattering con guration) as the A,/E;; modes and the lower
energy components (more pronounced in the YY scattering
con guration) as the E;; modes (see SI2). As a result of this
analysis, in Figure 3C we show the frequency of the prevalent
component of the main bands, according to the di erent
polarization con gurations, as a function of the alloy
composition together with their tting curves. The composi-
tion-dependent frequencies, as derived from tting the
experimental data, and thus strictly valid only for the measured
concentration range, are the following:

Ay4/E;q modes (in ZZ con guration):

sesi(cm®) = 461.95 50.64 @1)

ssco(cm™) = 39212 4848 43 (12)

o celcm®) = 299.085  16.67 (13)
E,y modes (in YY con guration):

ses(cm™) = 46127 453 (14)

ssce(cm®) = 388.36+ 34.236 28 (15)

o celcm®) = 289.38  12.56 (16)

The Si Si band shows the strongest dependency on the
composition and goes linearly toward 514 cm ?, the phonon
frequency of pure nanostructured 2H Si* The Si Ge
frequencies are the only ones to show a nonlinear dependence
on the composition. Given the general similarity of our trends
to the ones reported in the literature?** for analogous cubic
alloys, in which the frequency downshift is reported in the x >
0.6 range, we suggest that a quadratic t is representative,
despite the second-order coe cient being small for this
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concentration range. The Ge Ge Raman shifts decrease
linearly starting from the pure 2H-Ge phonon frequency of
299 cm L. The trend of the last three points (x = 0.33, 0.42,
0.59) might suggest a damped dependence, as regorted by
Herman and Magnotta>* and by Grein and Cardona,*® but also
linear trends have been reported.*?’

In agreement with ref 28, the di erent composition
dependencies of the three modes can be explained by the
competition between two e ects. One is the e ect deriving
from the fact that for any x other than the extremes the alloy
lattice parameters are forced to be larger than pure Si and
smaller than pure Ge. This leads to an upshift of the
frequencies as x increases (the lattice is compressed and the
modes harden). The other e ect is the disorder-induced
shorter order range that results in frequency downshifts with
respect to an ideal lattice. See ref 29 for more details; also
notice that disorder for Ge Ge modes increases with x, while
for Si Si modes it decreases, because the system approaches
pure Si. The strong composition dependence of the Si Si
Raman shift can come from the two e ects acting in the same
direction. For Ge Ge vibrations we can imagine the two
e ects acting against each other, but overall resulting in a
slower red-shift. Finally, the Si Ge vibrational frequencies
behave similarly (increasing) to Si Si for x < 0.5 and to Ge
Ge (decreasing) for x > 0.5, exhibiting thus a nonmonotonic
trend. Overall, we nd a good qualitative agreement with
Raman shift vs composition trends reported in the
literature,"*****2” and we ascribe quantitative discrepancies
to the limited concentration range at our disposal. Finally, we
stress that eqs 1.1 1.6) and the consequent discussion would
be almost the same in the case of undoped Ge and SiGe,
because As dopants are known to introduce a very small shift
in the phonon frequencies (<1 cm ?, as discussed above).

In order to discuss the assignation of the spectral features to
bond + environment units, we divide the Raman shift range in
three sections, according to the three possible atom pairs.

In the highest energy range, i.e, 460 cm ' < <490 cm 1,
we nd the Si Si band. It is composed of two peaks that we
can assign to (Si Si)%®®S! ie., main peak at higher frequency,
and (Si Si)®®, i.e., lower intensity and lower frequency (Figure
S5). Indeed, the frequency of Si Si vibrations decreases with
the increase of Ge concentration (see the discussion above);
that is, the weaker peak comes from the oscillation of Si atoms
in Ge-rich environments, while the main peak is the sum of the
contributions from Si atoms with zero to two Ge neighbors.
The (Si Si)¥®*S peak emerges for x = 0.21, though at this
composition it has lower intensity than the (Si Si)®® peak.
These considerations are consistent with the observations of
Pages et al. in ref 19.

The Si Ge vibrations appear in the intermediate range of
370 cm ' < < 450 cm * (Figure S5). The results of the
deconvolution of the spectra are consistent with the picture of
four distinguishable environments around a Si  Ge bond. We
propose a division of the Si Ge contributions in three
branches, and, analogously to what was mentioned before for
the Si Si vibrations, we can assign the branches to (Si Ge)®¢,
(Si Ge)¥©¢, and (Si Ge)*' environments in order of
increasing Raman shift. Regarding (Si Ge)®, we observe its
splitting (highlighted by a circle in Figure 3A), as noted in refs
19 and 26 for x  0.75. This results in a “pseudodoublet” (as it
contains far more than two spectral features) and reveals the
fourth distinguishable environment. We assign the lower
energy component of the pseudodoublet to Ge-rich environ-
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Figure 4. Polarization dependence of the intensity of the main modes of the x = 0.42 sample with A;;/E,; (A) and E,; (B) symmetry
collected with polarization of scattered light along Z and Y, respectively. The dashed lines are sine-squared ts of the experimental data. (C
and D) Raman shifts of the A,,/E,, and E,, modes with the polarization of the collected light parallel and perpendicular to the NW long axis,

respectively.

ments and the higher energy one to Si-rich environments at the
second neighbor scale, whereas we do not discriminate (Si

Ge)® and (Si Ge)® according to second neighbors. This is
the only case in which we have to invoke sensitivity to second
nearest neighbors to explain the wealth of peaks. It is also
worth noting that we observe another exchange of spectral
weight, i.e., the equalization of (Si Ge)®®and (Si Ge)S°® at x

0.16, but we had no means to investigate the one between
(Si Ge)S® and (Si Ge)® hypothesized for x  0.84.
Nevertheless, we can state that the lower frequency component
of the pseudodoublet, which at high Si content corresponds to
the only component of (Si Ge)® (the splitting takes place for
X < 0.75), grows with the increase in Si content. This is
consistent with the possibility that it will eventually become
more intense than the main (Si Ge)S®® feature.

The Ge Ge vibrations appear in the 260 cm < <300
cm ! range (Figure S4). In addition to the main intense
feature, the deconvolution reveals the presence of a second,
weaker, one. With arguments similar to those used for Si Si
modes and derived from the analysis of Figure 3C, we attribute
the weak components observed between 260 and 280 c¢cm *
(depending on the value of x and on the polarization) to (Ge
Ge)S!, which leaves the main Ge Ge feature to be (Ge
Ge)S®&C¢ The analysis of the lower energy component is,
however, complicated by the rise of a very broad, possibly
disorder-induced, band between 150 and 260 270 cm ! The
E, and Ay /E;; modes can only be distinguished by the
deconvolution analysis for x > 0.20. It is then important to
note that the increasing disorder brought by the increasing Si
content progressively relaxes the Raman selection rules up to
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the point that the Ge Ge band is almost identical between ZZ
and YY scattering con gurations for the x = 0.59 sample. More
details about this e ect are presented in the following
discussion and in sections SI2 and SI3.

Information about Raman selection rules can be obtained by
polarization-dependent measurements. A full angular depend-
ence of the E,, and A,/E;; modes’ intensities in 2H-Ge NWs
is displayed in SI3. The selection rules found for all the modes
follow the theoretical expectation for hexagonal crystals, which
con rms the high crystal quality of our samples.***%* For x
0.20 we can still distinguish the two components of the Ge
Ge band in the YY scattering con guration, but for Si richer
compositions the resolution is lost due to the increasing
disorder of the system. Namely, in the YY spectra we do not
resolve the E,, and A,,/E;; modes anymore, but we observe a
consistent red-shift of all three bands with respect to ZZ
resulting from the enhancement of the E,, phonon modes with
respect to the A,;/E,; modes. We also performed a full
polarization dependence study on an x = 0.42 NW: Raman
spectra were collected rotating the polarization of the exciting
light in 20° steps. The polarization of the collected light was
selected either parallel to the NW long axis (Z, see Figure 2) or
perpendicular to the NW long axis (Y, see Figure 2). In Figure
4 we show the intensity and the Raman shift of the three main
modes as a function of the polarization angle in the two
detection con gurations. The scattering intensities of the three
main spectral components extracted from the parallel detection
measurements are highest for polarization parallel to the NW
long axis and lowest for perpendicular polarization. Therefore,
they follow the selection rules, which instead are partially
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Table 1. Polarization Degrees of the Main Modes Compared
between the Two Detection Con gurations®

Ai/E1y modes E,y modes
(detection along Z) (detection along Y)
Ge Ge 0.78 0.40
Si Ge 0.79 0.37
Si Si 0.77 not available

®Regarding the Si Si mode in the Y detection, see SI3 for the reason
of its exclusion from this analysis.

relaxed for the perpendicular detection data. In Table 1 we
report an estimation of the polarization degree of the modes,
R;, calculated according to

i maxS 1

i,max i ,min
L=
| + |

an

where ljn and I, are the maximum and minimum
intensities of the i-mode, respectively, as estimated from the
sine-squared t to reduce the error. The polarization degrees of
the A,/E;; modes (detection parallel to Z) are comparable
and above 75% (see also Figure 4A). On the other hand, the
E,, modes have a rather small degree of polarization (see also
Figure 4B) that further decreases in vibrations involving Si
atoms.

This is a combined e ect of the alloy disorder and the NW
typical aspect ratio. The length of the NW in the Z direction
guarantees a degree of translational symmetry such that crystal
momentum is a good quantum number and selection rules are
respected. Instead, the radial dimension of the NW is smaller
than the spot size, the probed phonon q vector range is larger
than in the parallel detection experiments, and selection rules
are relaxed. We suggest that vibrations involving Si are a ected
the most because Si is the minority species in the sample and,
therefore, it is the least likely that a Si sublattice is reproduced

i,max i ,min

regularly over a shorter distance. For more detail about the Si
Si vibrations in the perpendicular detection experiments, see
SI3.

It is important to note that, di erently from the behavior of
the pure Ge sample, in which the two components (E,, and
A,i/E;g) under each of the three bands are polarized
perpendicularly to each other, in the x = 0.42 sample, they
are polarized along the same direction. As displayed in Figure
4C and D and in greater detail in Figures S7 and S8, the
Raman shifts are independent of the excitation polarization
angle as well as of detection polarization con guration. This
con rms the accuracy of the data analysis and proves that no
systematic error has been introduced.

Therefore, we conclude that the alloy-related disorder has
anisotropic e ects on the polarization of the phonon modes
and on the relaxation of Raman selection rules, which are more
evident for the minority chemical species.

Spatially Dependent Raman Maps: Homogeneity of
the Alloy. In order to assess the homogeneity of the crystal
structure and alloy composition of the nanowires, we
performed spatially dependent Raman measurements. In
Figure 5 we present the results of spatially resolved Raman
measurements performed on x = 0 and x = 0.18 (see SI1)
single Si,Ge; , nanowires as 2D maps: the scattering intensity
(false colors) is shown as a function of Raman shift and laser
position. Namely, the maps are obtained by acquiring Raman
spectra along the NW length with steps of 150 nm (x = 0
sample) and 330 nm (x = 0.18 sample). In the x = 0 sample we

nd a cubic domain at the “top” of the NW (highlighted by the
circles in Figure 5), indicated by the slight blue-shift of the
phonon frequencies and the enhancement of the A,,/E;, mode
in the YY con guration. This mode is allowed only with a low
intensity for this con guration in the lonsdaleite phase and is
instead the only component present for the diamond phase, at
slightly higher frequencies (F,, mode, >300 cm **°).

This observation is in agreement with the structural
characterization by TEM studies that exposed cubic Ge (or
Si,Ge; ) is due to VLS growth of Ge (or Si,Ge; ,) on top of

Figure 5. (A D) Spatially resolved Raman measurements performed on (A, B) an x = 0 NW (pure Ge) and on (C, D) an x = 0.18 NW in the
polarization con gurations indicated above. (E, F) Peak positions extracted from ts at selected positions.
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Figure 6. Maximum scattering intensity of the main bands as a function of excitation energy for three Si,Ge; , NWs. Top row: data from
spectra recorded in the ZZ con guration; bottom row: data from spectra recorded in the YY con guration. The gray areas highlight
resonance-related enhancements of the intensity and the letters indicate points of the Brillouin zone at which the corresponding electronic

transitions happen.**3*%3

(A, D) x = 0: the resonance pro le is peaked at 1.91 and 2.33 eV. These resonances can correspond to electronic

transitions at the A and M point, respectively; (B, E) x = 0.21: there is a resonance at 1.91 eV, compatible with an electronic transition at the
A point; (C, F) x = 0.59: the resonance pro le is peaked at 1.83 eV in YY and at 2.21 eV in ZZ. These maxima agree with electronic

transitions at the A and M point, respectively.

the GaAs core. The x = 0.18 sample shows a blue-shift of the
Ge Ge band at the upper end of both scans (ZZ and YY). If
we had only a change in stoichiometry and not in crystal
structure, we would still see an intense Ej, contribution in YY
at about 287 cm !, whereas we observe one feature at about
297 cm ! with a low-energy tail that we assign to the F,q mode
of the cubic structure. Therefore, we can discard the
hypothesis of the Ge accumulation at the tip of the NW
(i.e., a segregated phase with di erent composition than the
body of the NW) and con rm the presence of a cubic domain
also for x = 0.18. The formation of these domains was however
already accounted for in the synthesis method of the samples,
for which there is still some axial growth during the radial
growth of the shell, and this extra portion tends to assume the
cubic structure (see also Figure 1A and B). For more details
about the cubic segments, see Figure S9 in Sl4. With the
exception of this cubic domain at the end of the NW growth,
the measured alloy composition and crystal quality of the NWs
are homogeneous. The good control of the synthesis
conditions in terms of composition and crystalline quality is
further corroborated by the results of the quantitative analysis
of the spatially dependent Raman studies. In Figure 5E and F
we plot the peak frequency extracted from analysis of the
spectra at selected positions along the NW length: except for
the discussed blue-shifts, the phonon frequencies stay almost
constant throughout the length of the wires. Also, the fwhm of
the peaks (see Figure S10 in SI4) shows little variation along
the NW length. The bands would otherwise broaden or they
would shift in energy if at certain positions along the NW the
laser illuminated structurally di erent regions, i.e., if the crystal
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structure or the composition are not homogeneous. We found
similar results when performing Raman scans on the x = 0.59
sample (not shown).

Resonant Raman for Band-Structure Probing. We
investigated the electronic band structure of three Si,Ge;
samples (x = 0, 0.21, 0.59) by means of resonant Raman. We
performed Raman scattering experiments on single NWs with
several excitation wavelengths, ranging from 457 to 681 nm. As
a reference, a cubic Ge substrate has been used. The cubic Ge
sample shows only one maximum at 2.18 eV (see Figure S10 in
SI5), in agreement with refs 17 and 30. More details on the
experimental procedure can be found in SI5.

In Figure 6 we report the normalized maximum scattering
intensities as functions of the excitation energy. Comparing our
data with electronic band structure calculations, we were able
to link enhancements in the Raman scattering intensity to
electronic transitions at high-symmetry points of the BZ.**%
We carried out the assignment of the transitions keeping in
mind that the calculations were performed for a system at 0 K
and, for x > 0, choosing the electronic bands deriving from the
most probable atomic arrangements (see refs 13 and 31 for
details). To address the possible in uence of the As dopants on
the resonant Raman pro les, we considered that, as shown in
ref 13, the As-related electronic levels merge together in a
“dopant” band, which in turn merges with the lowest-lying
conduction band.*? This is consistent with the monoexponen-
tial decay of the PL intensity, meaning the presence of the
dopants does not open other emissive channels than just direct
band gap emission. It is reasonable to assume that these
considerations would apply not only to the gap but also to the
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points of the BZ probed in our work. Despite the band
merging might result in transition energy changes with respect
to an undoped material, this would be hardly detectable in our
experiments, for two reasons: this change could be masked by
the con gurational uctuations of the alloys; resonance-
induced Raman scattering enhancements are generally broad
in energy.

The pure 2H-Ge sample exhibits a rst resonance around
1.9 eV and another one at 2.33 eV in both the ZZ (Figure 6A)
and YY (Figure 6D) polarization con gurations, compatible
with electronic transitions at the A point and at the M point,
respectively.**** The x = 0.21 sample shows a resonance at
1.91 eV in both polarizations (Figure 6B and E), compatible
with a transition at the A point.>** We did not recover the
high-energy resonance observed for x = 0, and unfortunately
the lack of laser sources between 2 and 2.2 eV keeps us from
clearly identifying other maxima within this energy range.
However, the increase of signal at 2.18 eV especially in the YY
con guration (Figure 6E) hints at the existence of another
maximum in the Raman resonance pro le. For the x = 0.59 Si
sample, we found a low-energy resonance around 1.85 eV in
the YY scattering con guration (Figure 6F), consistent with a
transition at the A point, and a high-energy resonance at 2.21
eV in the ZZ scattering con guration gFigure 6C), in
agreement with a transition at the M point."*>*

If we now focus on the pure 2H-Ge (x = 0) data, it is
important to note the slightly stronger enhancement of the E,,
phonon mode in the YY scattering con guration with respect
to the A,¢/E,, enhancement in the ZZ scattering con guration
at 1.91 eV. The scattering intensities measured at 2.33 eV,
instead, show a stronger coupling of the electronic transitions
to the A;;/E;; mode. On the basis of the electronic band
structure calculations we identify these transitions as ¢,/ 7+

g/ 7c at the A point and o, g at the M point,
respectively, taking into account the degeneracy of the bands at
the A point. Considering the growth direction of the NWs and
their orientation during the measurements, the di erent
enhancements according to light polarization lead us to believe
that the symmetry product o, ac 1S such that the electronic
transition at M is favored by light polarized parallel to 0001 ,
namely, the NW long symmetry axis. For the other resonance,
there is a considerable enhancement in both polarization
con gurations with a slight preference for excitation
perpendicular to 0001 . This is explainable if we consider
that we are detecting the relaxation (via the electron phonon
scattering) of carriers not only exactly at the A point, where the
bands become degenerate, but also in its vicinities, where they
can both express their di erent symmetry character. The
proliferation of possible atomic con gurations and, therefore,
of their corresponding electronic bands complicates this
analysis for the alloy samples.

In the case of the Si,Ge; , alloys, it is interesting to look at
what speci ¢ phonon mode is more sensitive to the variation of
excitation energy. For the x = 0.21 sample, the Ge Ge peaks
are the most intense in the spectra due to the very small
percentage of Si. Accordingly, the Ge Ge mode exhibits the
largest enhancement e ect, followed by Si Ge and nally Si
Si, which shows almost no response to the varying excitation
energies. The behavior of the 59% Si sample is not so simple,
starting from the change of the dominant peak with respect to
light polarization. One can already appreciate this by
comparing Figure 3A and B, where the ZZ and YY spectra of
a 59% Si NW recorded with 514 nm (2.41 eV) of excitation
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energy are presented. The Si - Si peak is the most intense in the
ZZ scattering con guration throughout the excitation energy
range, while the same is generally true for the Si Ge peak in
the YY scattering con guration. The peculiarity is the stronger
enhancement of Ge Ge with respect to Si Ge found at both
resonances (Figure 6C and F). We suggest this is due to an
outgoing resonance of the Stokes photons after emission of the
Ge Ge phonon energy. It might indeed be that the emission
of the Ge Ge phonon energy brings the Stokes photons in
better resonance with the electronic transitions, speci cally
enhancing this vibration mode.

We perform Raman scattering measurements on seven GaAs-
Si,Ge; , core shell nanowire samples of di erent composi-
tion, namely, x = 0, 0.13, 0.18, 0.21, 0.33, 0.42, and 0.59. In the
x = 0 sample (pure Ge), we nd one main phonon band,
composed by the transverse optical E,; mode at 288 cm !
(which represents the signature of the hexagonal phase) and by
the degenerate transverse and longitudinal A,,/E;; modes at

299 cm 1. The spectra of x > 0 samples are instead formed
by three prominent bands, attributed to Ge Ge, Si Ge, and
Si Si vibrations in order of increasing Raman shift. Each of
these bands is composed by an Ej,-like mode and A;,/E-like
modes, which can be distinguished by polarization-resolved
studies. We are able to uncover the frequency dependence on
the composition of the two components of each of the three
bands, most importantly of the hexagonal signature E,-like
modes. Furthermore, as the vibrations of Ge Ge, Si Ge, and
Si Si atom pairs happen in di erent chemical environments,
this results in the appearance of additional spectral features,
broader and weaker than the three main bands. We assign each
feature to the most probable atomic con guration based on
qualitative and quantitative considerations about their
frequency and intensity as functions of the alloy composition.

We also investigate the Raman selection rules of each
phonon mode by carrying out extensive polarization-depend-
ent Raman studies on samples with x = 0 and x = 0.42.
Regarding the former, we found that the E,, mode is polarized
perpendicularly to the NW long axis, while the A,/E;, modes
are polarized parallel to it. Regarding the latter instead, we
quantitatively estimate how a Si atomic percentage of 42 has
the e ect of anisotropically relaxing the Raman selection rules
and how this e ect is stronger for the minority chemical
species (Si-related vibrations). In addition, we also show how,
contrarily to the x = 0 sample, the E,; and A4/E;; modes are
polarized along the same direction, namely, the one at which
the polarization of the collected light is xed.

By performing spatially resolved measurements on x =0, x =
0.18, and x = 0.59 samples, we assess the homogeneity and
crystalline quality of the NWs. Through the observation of the
peak blue-shift and enhancement of forbidden modes we
identify cubic domains at one end of the NWs, which is a
consequence of the NW growth process. Otherwise, we
illustrate how peak frequencies and line widths stay constant
throughout the NWSs, which testi es their very good crystal
quality.

The results of the resonant Raman scattering experiments
performed on 2H-Si,Ge, , alloys are compared with electronic
band structure calculations and show good agreement between
excitation energies coinciding with enhancements of the
Raman intensity and possible electronic transitions at various
points of the Brillouin zone,****** di erent than the point,
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thus providing a crucial insight into the electronic band
structure of this material. Regarding the x = 0 sample, we infer
the symmetry properties of the electronic bands involved in the
transitions by comparing the results obtained in polarization-
resolved experiments, speci cally observing di erent coupling
of transitions at di erent points of the BZ with phonons of
di erent symmetry. As far as the x = 0.21 and x = 0.59 samples
are concerned, we observe di erent resonance pro les with
respect to the polarization con guration. For the x = 0.59
sample, we observe a sudden enhancement of the Ge Ge
vibrational mode, and we argue that it is due to better match of
the Stokes photons (after loss of the Ge Ge energy) with the
electronic transition energy.

This work provides a deep investigation of the lattice
dynamics and of the electronic resonances of Ge and Si,Ge;
alloys, which can be grown in the hexagonal phase owing to the
nanowires’ geometry, and prompts to the use of these
nanostructures in optoelectronics and phononic devices.

METHODS

Synthesis of Nanowires. The core shell nanowire structures
were grown in a close coupled showerhead (CCS) MOVPE reactor
via catalyst-assisted growth following the VLS mechanism utilizing Au
catalyst seeds. The Au catalyst seeds were deposited in a nanodisk
array arrangement on a GaAs (111)B substrate via the electron beam
lithography technique. The growth was performed at a reactor ow of
8.2 slm (standard liters per minute) and a reactor pressure of 50 mbar.
For the GaAs NWs, the growth template was annealed at a set
thermocouple temperature of 635 °C under an AsH; ow set to a
molar fraction of Ay, = 6.1 x 10 % Then, the growth was performed

at a set temperature of 650 °C with TMGa and AsH; as material
precursors set to molar fractions of g, = 1.9 x 10 5 and AsH, =

455 x 10 5, respectively, resulting in a V/I11 ratio of 2.4. After the
growth of the GaAs core NWSs, they were chemically treated with a
cyanide-based solution to remove the Au catalyst particles to avoid
gold contamination in the Si,Ge; , shells. Eventually, the GaAs NW
core was used as a hexagonal material template and was overgrown
with a Si,Ge, , shell by introducing the suitable gas precursors for the
shell growth, which are GeH, and Si,Hg. The Si,Ge; , shell was
grown at a set temperature of 650 °C at a molar fraction of g, =
1.55 x 10 * for a certain time according to the desired thickness.

Structural Characterization. For the cross-section TEM studies,
NWs were prepared using focused ion beam (FIB). In the di erent
imaging modes, HR-TEM and STEM, analyses were conducted using
a JEM ARM200F probe-corrected TEM operated at 200 kV. For the
chemical analysis, EDX measurements were carried out using the
same microscope equipped with a 100 mm? EDX silicon drift
detector. TEM lamellae were prepared in a FEI Nova Nanolab 600i
dual-beam system. For this, the NWs were initially transferred with
the aid of a nanomanipulator from the growth substrate to a piece of
Si and then arranged to lie parallel to each other. These NWs were
covered with electron- and ion-beam-induced metal deposition to
protect them during the FIB milling procedure. The lamella was cut
out by milling with 30 kV Ga ions and thinned down with subsequent
steps of 30, 16, and 5 kV ion milling in order to minimize the Ga-
induced damage in the regions imaged with TEM.

Computational Details. We Eerformed density-functional
calculations with the Abinit code,>** using a plane wave cuto of
38 Ha, the local density approximation for the exchange correlation
energy, and norm-conserving pseudopotentials.*® The Raman
susceptibility tensor was computed within DFPT®’ from the third
derivative of the total energy, twice with respect to the application of
an electric eld (i.e., incident and scattered light polarization vectors)
and once with respect to the phonon displacement coordinates,
making use of the 2n+1 theorem*® The o -resonance Raman
intensity of each mode was calculated as

6854

In | iRnL2

where ; and  are the polarization vectors of the incident and
scattered light, respectively, and R, is the Raman susceptibility tensor.
The spectra were then generated by summing Lorentzian functions
centered at each computed frequency, with a full width at half-
maximum of 3 cm 1. For a discussion on the choice of the k-point
mesh see ref 18.

We used a 2 x 2 x 1 supercell of the four-atom unit cell of 2H
crystals, randomly populating the lattice sites in order to reproduce
the target composition of the alloy. In particular we used 1 Si atom
and 15 Ge atoms for x = 0.0625, 3 Si atoms and 13 Ge atoms for x =
0.19, and 8 Si atoms and 8 Ge atoms for x = 0.50. In the case of x =
0.19 and x = 0.50 we independently generated ve and six random
con gurations, respectively, and performed a weighted average of the
corresponding polarized Raman spectra, taking as weights the
cohesive energies of each alloy. In this way con gurations that are
energetically favored, and thus more likely to occur, contributed more
to the averaged spectrum. No averaging was done for x = 0.0625,
where one single Si atom is added substitutionally to the 2H-Ge
lattice. We compared our results with those obtained averaging on
more con gurations of a smaller unit cell, nding qualitatively similar
results, but somewhat more noisy spectra. For this reason, we based
our analysis on the larger 16-atom cells. The calculations were
performed for a system at 0 K.

Raman Spectroscopy Details. Raman experiments were
performed by exciting the samples with di erent lasers: the 633 nm
line of a HeNe laser, the di erent wavelengths of Ar and Ar-Kr lasers,
the 532 nm of a diode-pumped solid-state laser, the 561 nm of an
optically pumped semiconductor laser, and the 681 nm wavelength of
a wavelength-stabilized diode laser. An incident power of 40 W was
used to avoid heating or damaging e ects. The samples were
illuminated with a high numerical aperture (0.95) 100x objective,
which allows a spatial resolution of about 600 nm for the 514.5 nm
wavelength. The backscattered light was collected by a T64000 triple
spectrometer in subtractive mode, equipped with 1800 g/mm gratings
and a liquid-nitrogen-cooled CCD detector. The polarization of the
incident laser beam and of the backscattered light was controlled and
selected by means of lambda-half-waveplates and linear polarizers.
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