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ABSTRACT Semiconducting nanowires (NWs) offer the unprecedented opportunity to host
different crystal phases in a nanostructure, which enables the formation of polytypic
heterostructures where the material composition is unchanged. This characteristic boosts the
potential of polytypic heterostructured NWs for optoelectronic and phononic applications. In this
work, we investigate cubic Ge NWs where small (~ 20 nm) hexagonal domains are formed due to
a strain-induced phase transformation. By combining a non-destructive optical technique (Raman
spectroscopy) with density-functional theory (DFT) calculations, we assess the phonon properties
of hexagonal Ge, determine the crystal phase variations along the NW axis and, quite remarkably,
reconstruct the relative orientation of the two polytypes. Moreover, we provide information on the
electronic band alignment of the heterostructure at points of the Brillouin zone different from the
one (Γ) where the direct band gap recombination in hexagonal Ge takes place. We demonstrate the
versatility of Raman spectroscopy and show that it can be used to determine the main crystalline,
phononic, and electronic properties of the most challenging type of heterostructure (a polytypic,
nanoscale heterostructure with constant material composition). The general procedure that we
establish can be applied to several types of heterostructures.

TEXT. When semiconductors are grown in the form of nanowires (NWs) they can exist in
different crystal structures: this exciting phenomenon is known as polytypism.1 NWs also allow
for the existence of crystal phases that do not even exist in the bulk counterpart. 2,3 Besides non-

2

nitride III-V materials, Si4,5,6,7,8,9 and Ge10,11,12 in the NW form can exist in the hexagonal 2H phase
(properly named as lonsdaleite), which in the bulk is hardly obtained (usually under high pressure
conditions).13,14
The formation of NWs with hexagonal crystal symmetry has attracted enormous interest among
researchers. Indeed, on one hand it allows some indirect band gap materials, such as Ge15 and Si1xGex

alloys,16 to feature a direct band gap,17 thus holding the promise for the realization of efficient

and cost-effective optoelectronic Si-based devices.18 On the other hand, in III-V semiconductor
NWs it has enabled the unprecedented possibility to switch between different crystal structures
during the NW accretion, thus making crystal phase engineering a novel and powerful degree of
freedom in the formation of heterostructures.19,20 In heterostructures, the electronic and phononic
properties can be modulated along the NW axis, with enormous potential for optoelectronic,21
photovoltaics22,23 and thermoelectric24,25 applications. In the case of crystal-phase heterostructures,
the further advantage is the absence of compositional disorder, which can result in defect-free
abrupt interfaces.19,26
Despite this great potential, the use of NWs embedding crystal-phase heterostructures is still
quite limited. The main reason for that, along with the challenges involved in the NW growth, is
the lack of a deep knowledge of their fundamental properties – especially for group IV
semiconductor NWs. The structural properties that are important to assess in order to fully exploit
a polytypic heterostructure are the nature of the crystal phases and their relative orientation. This
information is usually obtained by transmission electron microscopy studies, which is however an
invasive technique.10 As for the electronic properties of heterostructured NWs, the band gaps of
the materials in the two crystal phases as well as the electronic band alignment are the crucial
information to gain.27,28 Band gaps and band alignment can be probed with photoluminescence
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and absorption studies, which have proved to be non-trivial (both in terms of experiment and
interpretation) in NWs involving crystal structures not existing in the bulk.29,30 The case of
hexagonal Ge, Si, and SiGe seems to be particularly challenging, as so far the optical studies are
only theoretical,16 despite the availability of high quality NW samples.10,31,32,33 Moreover, the
information on the band alignment in crystal-phase heterostructures that emission and absorption
spectroscopies would provide is restricted to the point of the Brillouin zone where radiative
recombination takes place (usually at Γ). For applications related to heat transport and
management, the phononic properties of the material in the two crystal phases play a crucial role.
These are usually investigated by resorting to Raman spectroscopy.34,35 Raman studies can be
challenging in terms of interpretation, especially if the least known material (like the hexagonal
phase in this study) is present in the heterostructure in a small volume fraction compared to the
whole (cubic) NW, thus giving rise to small signals. This is especially the case of Ge, where, at
variance with Si31 and SiGe32, the formation of hexagonal phase is difficultly achieved and it is
often limited to small domains in the NW.10,28
We present here a complete method able to fully address structural, electronic, and phononic
properties of nanoscale heterostructures involving primarily a non-destructive experimental
technique (Raman spectroscopy), coupled to theoretical (DFT) calculations. Raman spectroscopy
is a broadly used technique to investigate many properties of NWs, such as the crystal composition,
crystal phase, and strain level.34,35 In particular, polarized Raman spectroscopy in NWs has been
employed for many different purposes. Ruling out the initial skepticism, indeed, over the last ten
years Raman scattering studies on single NWs have proved that polarized Raman selection rules
can be verified and observed experimentally even in nanoscale materials.36,37,38 Notably, in the
case of hexagonal crystal, the azimuthal dependence of the E 2g mode on light polarization can

4

often be the killing proof in discriminating crystal domains from amorphous defects, as
demonstrated in the case of hexagonal silicon.4,31,39,40 Besides the polarized Raman scattering, also
resonant Raman scattering (RRS) has provided important insights in the NW properties. In
particular, it has granted access to the electronic properties of NWs and to their modifications upon
structural changes.41,42,43 RRS can allow assessing the energy gap of materials that exhibit an
indirect bandgap,44 energy gaps at different symmetry points than the ,42,45 or the new permitted
electronic transitions in a heterostructure.46,47 RRS also allows to detect the signal of a resonant
small volume from a non-resonant large volume.48,49,50 In this work, we make a step forward in the
use of Raman spectroscopy in NWs investigating a polytypic heterostructure in Ge NWs where
small hexagonal domains are formed in the bottom part of NWs owing to a strain-induced phase
transformation, described in Ref. 10. In particular, i) we assess for the first time the phonon modes
of hexagonal Ge by combining Raman spectroscopy and density-functional theory (DFT)
calculations; ii) we reconstruct the structural properties of the heterostructured NWs (both the
crystal phase variations along the NW axis and the relative orientation of the two polytypes) by
using spatially-resolved, polarized Raman spectroscopy giving access to selection rules; iii) we
provide information on the electronic band alignment at L/M points by combining RRS and DFT
calculations. We explain in detail the powerful and comprehensive approach we developed such
that it can be generalized to investigate the main properties of different types of heterostructured
NWs.

RESULTS AND DISCUSSION. We obtained hexagonal Ge by applying a strain-induced
martensitic phase transformation to cubic Ge NWs (See Methods) resulting in a heterostructure
with quasiperiodic embedded 2H-Ge nano-domains eventually distributed along the whole NW,
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as detailed in Ref. 10. The Ge NWs investigated here were about 50 nm in diameter and 2.0-3.0
μm and have been transformed only partially and therefore consist of a heterostructured part of
about 0.5-1 μm and an untransformed part of 1.5-2.5 μm. The length of the transformed segment
at the basis of the NW can be tuned by controlling the height of the polymeric resist used for the
transformation. In Figure 1A, we report a scanning electron microscopy (SEM) image of a
representative NW lying on a (111) silicon surface: the transformed part is clearly recognizable
as a zig-zag segment at the bottom of the NW, which results slightly tapered, by approximately
15% over the micrometric NW length, while the gold droplet used as growth catalyst is visible on
the top of the structure.
In Figure 1B, the experimental configuration is sketched. Diamond crystal phase NWs with a
< 11 − 1 > (𝑧’) growth direction are known to form facets of the type < −110 > (𝑥’) and
< 112 > (𝑦’).51,52 This 𝑥’, 𝑦’, 𝑧’ NW internal reference system is crucial for the interpretation of
polarized Raman scattering studies. In our case, the NW growth axis 𝑧’ lies in the plane of the
substrate. The NW could be also additionally rotated of an arbitrary angle 𝜃 about the 𝑧’ axis,
which would result in a different orientation of the facet exposed to the laser light (see the
schematic S3 in the SI S.1). This would have clear consequences on the polarized Raman spectra,
as will be discussed in the following.
In Figure 1C we report a high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image acquired on a NW obtained along the < −110 >3𝐶 zone
axis. It is well known,13,14 and has been demonstrated for this sample,10 that for this type of
martensitic transformation of germanium from diamond to hexagonal structure we retrieve the
following symmetry relations:
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[−110]3𝐶 ∥ [2 − 1 − 10]2𝐻
(110)3𝐶 ∥ (0001)2𝐻
This implies that there is a well-determined relative orientation of the different crystalline domains
in the heterostructured part of the NW: this is depicted in Figure 1D, where different colors refer
to different crystal phases (as in panel B) and this convention is kept throughout the manuscript.
In Figure 2, we compare the calculated Raman spectra of germanium in diamond/hexagonal
crystal phases with our experimental results. We describe the scattering geometry adopted
following the Porto notation:53 in brackets, from left to right, we indicate the direction of
polarization of the incident and scattered photons; outside brackets, from left to right, the direction
of the k vector of the incident and scattered photons. The theoretical Raman spectra were generated
assuming for the Raman modes a Lorentzian lineshape with FWHM = 2 cm -1 centered at the
computed frequencies for the phonon modes at the Γ point of the Brillouin Zone (BZ).
The predicted scattered intensity was calculated based on the following reasoning. In general,
polarized Raman selection rules can be calculated to predict the visibility and intensity of specific
Raman bands depending on the mode symmetry and on the scattering geometry (related to the
experimental conditions). The Raman intensity of a given vibrational mode is proportional to a
matrix product between the incident and scattered photon polarization vectors 𝜀𝑖𝑛𝑐 , 𝜀𝑠𝑐𝑎𝑡 and the
Raman susceptibility tensor 𝑅 54
𝐼𝑅𝑎𝑚𝑎𝑛 ≺ | 𝜀𝑖𝑛𝑐 ∙ 𝑅 ∙ 𝜀𝑠𝑐𝑎𝑡 |2

[1]

Loudon provides the general form of the Raman tensors for the normal vibrational modes at the
Γ point of the BZ for different crystal systems. While the form of the Raman tensors (particularly,
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which terms in the matrix are non-zero) can be inferred by symmetry considerations, the numerical
values of the matrix elements depend on the electronic polarizability of the material system
considered. The Raman tensors are in general provided in the principal axis reference systems,
while the direction of photon polarization is more conveniently expressed in relation to the sample
physical orientation (e.g. with respect to the NW growth axis).36, 37 In order to calculate the product
in equation [1], we therefore need to express the Raman tensors in the NW reference system.
Obviously, the scalar quantity calculated in equation [1] does not eventually depend on the
reference system chosen for the calculation. Given that the phonon modes and their symmetry
depend on the crystal structure, so do the selection rules. Therefore, the visibility and azimuthal
dependence of the intensity of a Raman peak on the incident/scattered photon polarization can
allow not only to assess the crystal phase(s) of a material, but also its (their relative) orientation(s).
The predicted scattered intensity is calculated according to equation [1] from the calculated Raman
tensors, suitably expressed in the NW basis (Figure 1D), convenient for comparison with
experimental data. Further details on the calculations can be found in the Supporting Information
S.1.
The theoretical expected spectrum of the pure cubic phase is displayed in panel A. In panels B
̅ and 𝑥 ′ (𝑦 ′ 𝑦 ′ )𝑥′
̅ configurations on the cubic
and C, we report the spectra acquired in the 𝑥 ′ (𝑧 ′ 𝑧 ′ )𝑥′
untransformed (“top”) part of the NW. As expected from diamond-type crystals, the main feature
of the spectrum is a single peak ascribed to the degenerate F 2g optical mode of germanium, centered
̅ spectrum (panel C) shows a significant drop
at 300.8 cm-1 (FWHM = 2.9 cm-1). The 𝑥 ′ (𝑦 ′ 𝑦 ′ )𝑥′
̅ spectrum (panel B): this cannot be justified
in the intensity with respect to the 𝑥 ′ (𝑧′𝑧′)𝑥′
quantitatively just by Raman selection rules, but can be explained by considering the effect of the
dielectric mismatch.55 A NW is a micrometric sized antenna,56 therefore the absorption57 and
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scattering efficiency58,59,60 are very sensitive to light polarization, and usually result detrimental
for light polarized across the longitudinal NW axis 58,59,60 (see also Figure 4 and discussion). It is
worth noticing that the experimental spectra were collected exciting the system with the 633 nm
line of a HeNe laser, as discussed in the Methods. As we will show with the resonant Raman study
(Figure 5 and discussion), the normalized intensity of the F 2g mode vs the F2g+E1g+A1g is in the
same order of magnitude, therefore artifacts provided by different resonant conditions can be
excluded.
To calculate the theoretical, expected spectrum for the heterostructured part of the NW, we have
weighted the spectral contribution of cubic and hexagonal phases with a factor 0.65 and 0.35,
respectively; that is, we have assumed that 2H domains represent about 35% of the NW in the
transformed part within our scattering volume, as confirmed by transmission electron microscopy
(TEM) investigations. The crystal phases are assumed to be relatively oriented as sketched in
Figure 1D. The resulting spectrum is shown in panel 2D. Two Raman bands are clearly visible.
The one at lower frequency (286.1 cm-1) is ascribed to the doubly degenerate E2g phonon. The
band at higher frequency consists of the contribution of three modes, respectively centered at
297.4, 297.7 and 298.5 cm-1. These are not resolved in the plot due to the finite peak width (i.e. 2
cm-1) set to simulate realistic spectra. Two of these modes are the A1g and the doubly degenerate
E1g modes, that appear from the splitting of the longitudinal and transverse optical (LO and TO)
modes in the hexagonal crystal. The third is the F 2g optical phonon of the cubic phase. The
contribution to the computed Raman spectrum of the pure cubic and hexagonal phases, for
reference, are displayed in panel A and G, respectively, for the two most significant scattering
geometries for comparison with the experimental data. In panels E and F, we report the spectra
̅ and 𝑥 ′ (𝑦 ′ 𝑦 ′ )𝑥′
̅ configurations on the transformed (“bottom”) part of the
acquired in 𝑥 ′ (𝑧 ′ 𝑧 ′ )𝑥′
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NW. Here we can as well recognize two main bands: one is centered at 286.7 cm -1 (the full width
at half maximum, FWHM, is 5.3 cm-1), which can be ascribed to the E2g mode; the other is centered
at 300.9 cm-1 (FWHM = 3.5 cm-1) and is ascribed to the E1g, A1g modes of the hexagonal phase
and to the F2g mode of the cubic domains. It is worth mentioning that the mode frequencies
predicted by density-functional calculations are generally slightly lower than the ones revealed
experimentally. Nevertheless, the relative positioning of the modes and their predicted intensity
are a reliable reference.
Our spatial resolution is diffraction-limited to few hundred nanometers, therefore the signal we
collect on the heterostructured part of the NW will contain a contribution from both the hexagonal
and the cubic nanodomain. We can expect a predominance of one or the other spectral signatures
depending on how much of each phase is occupying our scattering volume: for the theoretical
spectra we have assumed a 35%-65% (2H-3C) composition, as suggested by electron microscopy
(see Figure 1). Coherently, in panel H and I, we report the spectral contribution of the hexagonal
phase, extracted from the experimental data in panels E and F by subtracting the 65% of the cubic
contribution (panels B and C). This results in good agreement with the theoretical prediction,
despite a slight mismatch in the relative intensity of the two spectral components. The effect of the
subtraction for different relative phase composition is discussed in the Supporting Information S.2
(Figure S6). We stress here that for computing the theoretical Raman spectra we have assumed the
crystal orientation depicted in Figure 1D, fixing the degree of freedom associated with the rotation
about the NW axis (𝜃 = 0°). In the real case, as mentioned, the NW might be rotated by a finite
𝜃 about its axis: this would result in a different visibility and relative intensity of the Raman modes
in the experimental spectra. Indeed, different visibility of the phonon modes of the two phases can
be obtained changing the scattering geometry, i.e. tilting the plane of the substrate as done for the
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spectra reported in Figure S4 in the Supporting Information S.2. In comparing the experimental
results acquired on the two NW ends, we record a slight increase of the FWHM of the high
frequency band in the transformed part with respect to the cubic reference data. This, as well as
the polarized Raman azimuthal dependencies discussed in the following, corroborate our F2g + E1g
+ A1g assignment.
In Figure 3, we have reported the Raman intensities measured varying over 360° the incident
light polarization, while keeping fixed the polarization of the detected light, which is set either
parallel (𝑧’ polarized detection) or perpendicular (𝑦’ polarized detection) to the NW axis, i.e.
< 11 − 1 >3𝐶 . In panel A, we reported the azimuthal dependence of the F 2g mode of the cubic
phase (collected from the “top” part of the NW) and in panels B and C the polar response of the
F2g+E1g+A1g mode and of the E2g modes (collected from the heterostructured “bottom” part of the
NW), respectively. In order to perform a correct interpretation of the experimental data, we have
compared them with theoretical azimuthal dependencies calculated from the Raman susceptibility
tensors. These have been initially expressed in the NW 𝑥’, 𝑦’, 𝑧’ basis (Figure 1D), and then further
rotated about the 𝑧’ axis of the optimal angle 𝜃 = 33°. It is important to stress here, that 𝜃 is the
rotation angle about the < 11 − 1 >3𝐶 axis of the NW and not the in-plane angle between the <
11 − 1 >3𝐶 and < 0001 >2𝐻 axes. This rotation implies that the < 0001 >2𝐻 axis is tilted out of
plane with respect to the plane of the substrate (Figure S3 in SI S.1). The reference system used
for the calculations is therefore 𝑥’’, 𝑦’’, 𝑧’’ = 𝑧’, obtained by rotation of the 𝑥’, 𝑦’, 𝑧’ about 𝑧’. A
detailed discussion about the crystal orientation determination can be found in the Supporting
Information S.1. In comparing panels A and D, we notice again that the intensity of the
𝑦’’ polarized detection experimental plot is smaller than expected. As mentioned, this effect is to
be ascribed to the dielectric mismatch, which is found to be more pronounced on the top part of
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the NW. Panel E is in optimal agreement with the corresponding experimental data (in B). The
slight discrepancy between the theoretical and experimental polar plots of the E2g mode (panels F
and C) is to be ascribed to the experimental error induced by the higher frequency band: as clearly
visible in the fitting (Figure 2), there is a partial superimposition of the experimental lineshapes of
the two modes, and therefore the polar dependencies of the E2g mode result a bit tilted towards the
correspondent polar plots of the F2g+E1g+A1g mode. Remarkably, the agreement between the
theoretical and experimental azimuthal dependencies can be obtained only for an angle between
𝛼 between the < 11 − 1 >3𝐶 and < 0001 >2𝐻 axes of about 35° and a rotation 𝜃 about the <
11 − 1 >3𝐶 of 33°. As a further proof, we have measured the Raman spectra of the NW in the
parallel and crossed configurations with respect to the < 0001 >2𝐻 axis of the hexagonal
segments. This was done by tilting the substrate plane and the NW axis of -33° and -35°. As shown
in figure S4 of the SI S.2, the E2g mode visibility is increased in this 𝑦𝑦 configuration, while the
mode results substantially forbidden, as expected by selection rules, in 𝑧𝑧 configuration. We have
thus demonstrated that polarized Raman spectroscopy reproduces with high fidelity the azimuthal
response expected from theoretical considerations based on TEM. We argue therefore that this
type of investigation can be generalized to polycrystalline and/or polytypic heterostructured in
which the crystal orientation of the different regions is unknown.
In Figure 4, we present the results of one-dimensional polarized Raman scans acquired along
the NW length. The spatially resolved investigation allows to monitor the changes in the Raman
spectrum as a function of the position on the NW and to clearly locate the transformed segment of
the NW. This is evident by the appearance of the E2g signature in the spectroscopic maps, reported
in panel A for the two main scattering configurations. The spectroscopic result is in excellent
agreement with SEM imaging (Figure 1A) with respect to the spatial extension of the
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heterostructured part of the NW. In panel B, we report the intensity of the two bands as a function
of the position for the two polarizations, as estimated by Lorentzian fitting of the spectra.
Interestingly, the intensity detected for the F2g+E1g+A1g peak, while being almost constant over all
̅ configuration, seems to be strongly dependent on the position in 𝑥′(𝑦′𝑦′)𝑥′
̅,
the NW in 𝑥′(𝑧′𝑧′)𝑥′
increasing continuously from top to bottom. We argue in this respect the contribution of two
effects, both diminishing the polarization dependent intensity difference on the bottom
transformed part of the NW: (i) the slight (10-15%) tapering of the NW, which is thinner on the
top part, can cause optical resonances in the absorption dependent on diameter and excitation
wavelength;61 (ii) the coexistence of two crystal phases, i.e. two materials with a different dielectric
constant and electronic bands symmetry, stacked in segments in the heterostructure can result in
different coupling efficiency with light. We expect the scattering efficiency to be possibly
enhanced in the transformed part also due to the surface roughness arising from the zig-zag
morphology in the transformed end of the NW.62 Notably, the fitting demonstrates that the FWHM
of the F2g+E1g+A1g peak, while being constant over the untransformed part of the wire, increases
remarkably on the transformed region, as expected if considering the assignment to multiple
modes, which cannot be resolved but are not expected to be degenerate (see Figure S5 in the SI
S.2).
Finally, we investigated the effect of the polytypic heterostructuring on the electronic band
structure by means of RRS. Besides giving access to the symmetry of the phonon modes, Raman
can also be used to probe the electronic band structure and the electron-phonon interaction in
semiconductors.63 Namely, the scattering cross section, which is proportional to the probability
per unit time for one-phonon Raman scattering, contains the electron-radiation and the electronphonon interaction Hamiltonians, as well as electronic states for electron-hole pair.54,63
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Nevertheless, it is experimentally very improbable to access this information, due to summation
over all the intermediate states, unless resonant conditions are used. In resonant conditions the
excitation energy is tuned to be equal to electronic inter-band transitions, leading to resonant
Raman.
A RRS study was performed by varying the exciting photon energy over the visible spectral
range and measuring the untransformed and transformed regions of the NW. The results are
reported in Figure 5. All the data have been acquired keeping the exciting power fixed and
normalizing the Raman scattered intensity to the one detected under the same conditions on a
reference, non-resonant CaF2 sample. This normalization removes the ω 4 dependence of the
scattered intensity on the exciting phonon energy, as well as the influence of the experimental
setup efficiency. A peak in the trend of the Raman intensity as a function of the exciting photon
energy therefore can identify an optically allowed electronic transition that enhances the Raman
cross section. In panel A of Figure 5, we report the dependence on the exciting wavelength of the
intensity of the F2g mode in the untransformed region. The trend of the Raman intensity is peaked
around 2.2 eV, suggesting a possible electronic resonance in this energy range. The result is
compatible with the reports on bulk germanium that can be found in the literature, 45 describing an
electronic E1 – E1+Δ1 optical transition at the L point of the BZ, around 2.25 eV, as also confirmed
by our hybrid functional DFT calculations of the band-structure of 3C Ge (Figure 5D).45 For the
description of the resonant Raman mechanism in 3C Ge and the discrepancy between the E 1 gap
value and observed resonance please refer to Ref. 45. When moving to the heterostructured part
(panels B and C), we observe a different behavior: even if the scale of the enhancement is smaller,
the trend is here peaked at lower energies, clearly below 2.2 eV. This can be explained with a new
electronic resonant transition arising from band alignment in the heterostructured part of the NW.
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As reported in the Figure 5E, DFT calculations of the electronic band structure of hexagonal Ge,
including spin-orbit coupling, provide a value of the E1 of 2.61 eV at the M point (that is equivalent
to the L point of the cubic BZ).64 The mere presence of the hexagonal phase is therefore not
sufficient to explain the experimental observation. However, we need to consider that in a
heterostructure different types of band alignment can take place, giving rise to new electronic
transitions; the results discussed above (see e.g. Figure 2) clearly showed that, when we study the
transformed region, our scattering volume include both the cubic and the hexagonal phase. In our
case the electronic structure calculations reveal that, while the band alignment between the cubic
and the hexagonal bands at the Γ point is of type I (panel F, left side), at the M/L point it is of type
II (panel F, right side), resulting in an allowed optical transition of 2.12 eV, which fits very well
the experimental result.
CONCLUSIONS
We have investigated cubic Ge NWs containing small hexagonal 2H segments (~20 nm). Not only
the coexistence of different crystal phases stacked in a NW can result in a different phononic
landscape but also, as well known, heterostructuring is the main ingredient for electronic bandgap
engineering. Therefore, we have determined both the phononic and electronic properties of these
polytypic heterostructures. We have combined Raman spectroscopy with first-principles electronic
structure calculations and demonstrated that, when appropriate physical considerations are made,
polarized Raman scattering can grant access to structural information even in nanoscale polytypic
domains. These small domains can be localized with a diffraction-limited spatial resolution owing
to the fact that phonon modes of different crystal phases have different frequencies and selection
rules, which can be calculated as we explained. To the best of our knowledge, this work is the first
demonstration of the potentiality of Raman spectroscopy in giving access to the crystal phase
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relative orientation and to electronic band alignment properties (i.e., type of band discontinuity
and relative conduction and valence bands offsets), in a polytypic, nanoscale heterostructure, and
therefore can provide new avenues for an exhaustive investigation of heterostructures in NWs.
METHODS. Sample growth and preparation. <111>-oriented Ge NWs were grown by VLS
process using gold catalyst. After growth, they were embedded in a hardening hydrogen
silsesquioxane resist (HSQ) which is thermally polymerized at 550°C during 10 minutes to form
silica. The densification at high temperature induces a phase transformation in the NWs. The
overall process and subsequent nanostructuration of Ge NWs have been described in Ref. 10.
HAADF STEM showed 2H hexagonal domains periodically produced along the NWs (in the
embedded part) resulting in 3C/2H heterostructures.
Raman Scattering experiments. The NW is illuminated with a high numerical aperture (0.8)
100x objective, which allows a spatial resolution of about 500 nm in the spectroscopic
investigation. The polarization of the incident laser light and of the outcoming scattered beam can
be controlled and selected by means of polarization optics to form an arbitrary angle φ with the
NW growth axis. For the polarized Raman study, the collected scattered light was polarized either
along (φ =0°, εz

det)

or across (φ =90°, ε y

det)

the NW growth axis, while the incident light

polarization εinc was varied over 360°. The scattered light was collected by a T64000 triple
spectrometer equipped with a 1,800 g·mm–1 grating and a liquid nitrogen-cooled multichannel
CCD detector, providing a spectral resolution below 1 cm-1 for the excitation wavelength used in
these experiments. Polarized Raman experiments were performed exciting the system with the 633
nm line of a HeNe laser. The RRS study was performed by varying the exciting laser energy over
the whole visible spectrum by using, in addition to the HeNe source, various lines of an Ar+Kr+
laser. The incident power was kept below 160 μW in order to avoiding heating or damaging effects.
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In order to take into account the wavelength dependence of both the efficiency of the setup and
the intensity of the Raman cross section, the spectra were normalized to the intensity of the Raman
band of a reference CaF2 sample.
Computational Methods. The Raman susceptibility tensors were calculated within densityfunctional perturbation theory (DFPT) from the third derivative of the total energy, twice with
respect to the application of an electric field and once with respect to the phonon displacement
coordinates, making use of the 2n+1 theorem65 as implemented in the ABINIT code.66,67 Density
functional theory (DFT) calculations of electronic band structure were performed with the VASP
code68 using a hybrid Heyd−Scuseria−Ernzerhof (HSE06) functional69 by mixing the exact nonlocal Hartree-Fock exchange energy with the semi-local Generalized Gradient Approximation
(GGA) exchange and correlation functional70 to achieve an accurate description of band gaps in
particular in the case of small- medium band gap semiconductors. Spin-orbit, which is important
in Ge, was also included. Full details of the computational methods can be found in the Supporting
Information.
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FIGURES

Figure 1. (A) SEM image of a Ge nanowire grown in the diamond phase. The gold particle is
located on top of the wire, while the transformed heterostructured part (~ 300 nm long) is at the
bottom. (B) Sketch of the experimental configuration: Raman scattering from the NW is collected
in backscattering geometry by fixing the scattered light polarization either along (𝜀𝑧 𝑑𝑒𝑡 ) or across
(𝜀𝑦 𝑑𝑒𝑡 ) the nanowire axis. A degree of indetermination is the angle of rotation of the nanowire
about its growth axis (see SI1). Different colors refer to different crystal phases and this convention
it is kept throughout the entire manuscript. The schematic drawings are not to scale. (C) HAADFSTEM image of a hexagonal (2H) domain sandwiched between two diamond (3C) domains. The
2H (3C) domain is recognizable thanks to the ABABAB (ABCABC) stacking sequence. Image
has

been

acquired

from

the

crystalline

< −110 >3𝐶 direction, that is parallel to the < 2 − 1 − 10 >2𝐻 . The previously reported relation
(110)3𝐶 //(0001)2𝐻 is also verified.2,3 (D) Sketch of the crystal orientation of the 3C and 2H
nano-domains in the heterostructured part of the NW.
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Figure 2. First row: cubic Ge. Panel A: theoretical Raman spectra, computed assuming a cubic
Ge crystal oriented according to Figure 1D. The calculated spectrum well reproduces the
̅
experimental Raman data acquired on the untransformed part of the NW in the same 𝑥’(𝑧’𝑧’)𝑥’
̅ (panel C) configurations (spectra are plotted with the same intensity scale;
(panel B) and 𝑥’(𝑦’𝑦’)𝑥’
open circles are experimental data, gray/red solid line is the cumulative fitting). The lower intensity
̅ spectrum displayed in panel C is to be ascribed to dielectric mismatch (see text).
of the 𝑥’(𝑦’𝑦’)𝑥’
Second row: heterostructured part of Ge NW (color legend as in Figure 1). Panel D: calculated
̅ (black dashed line) and 𝑥’(𝑦’𝑦’)𝑥’
̅ (red solid
Raman spectra of heterostructured Ge, for 𝑥’(𝑧’𝑧’)𝑥’
line) scattering configurations. Theoretical spectra of pure cubic and hexagonal Ge, for reference,
are plotted in panels A and G, respectively. In order to obtain the plots in D, the Raman spectra
calculated for the two phases were weighted by a factor 0.35 (2H) and 0.65 (3C) and summed
(orientation of the two phases as displayed in Fig. 1D was assumed). Lorentzian lineshapes with
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FWHM = 2 cm-1 are always adopted for the peaks ascribed to E2g, and to F2g, E1g and A1g modes:
due to this choice (for a realistic comparison with experiments), the spectral resolution is not
sufficient for resolving the three high frequency modes. The theoretical spectra well model the
̅ (panel E) and
experimental data acquired on the transformed part of the NW, in 𝑥’(𝑧’𝑧’)𝑥’
̅ (panel F) configurations (spectra are plotted with the same intensity scale; open circles
𝑥’(𝑦’𝑦’)𝑥’
are experimental data, gray/red solid line is the cumulative fitting, green solid lines highlight the
different spectral components). Third row: hexagonal Ge. Panel G: computed spectra of pure
hexagonal Ge oriented according to Figure 1D. E1g and A1g peaks appear as a unique peak due to
the 2 cm-1 FWHM. In panels H and I, we obtain the experimental 2H-Ge contribution (crosses) by
subtracting to the experimental data in panels E and F the spectral contribution of the cubic phase
(panels B and C, respectively) rescaled by a factor 0.65.
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Figure 3. Left column, azimuthal dependencies on light polarization of the intensity of different
Raman modes, obtained by collecting the scattered light polarized along (𝑧’’ detection, black empty
circles) or across (𝑦’’ detection, red filled circles) the NW growth axis 𝑧’. The 0° corresponds to
the 𝑧’ direction. Dashed lines are cosine squared fits to the experimental data. Panel (A): F2g mode
of the diamond phase; panel (B): peak ascribed to convolution of F2g mode of the 3C phase and to
A1g and E1g modes of the 2H phase; panel (C): E2g mode of the 2H phase. Right column,
theoretical prediction for the same azimuthal dependencies considering the scattered light
polarized along 𝑧’’ = 𝑧 ′ (black dashed line) or along 𝑦’’ (red solid line). These are obtained from
the Raman tensors as described in the text, applying a rotation of 𝜃 = 33° about the NW axis 𝑧’.

̅ (left)
Figure 4. Panel (A): Raman maps as a function of the position along the NW in 𝑥’(𝑦’𝑦’)𝑥’
̅ (right) configurations. Each color plot has been normalized to its maximum
and 𝑥’(𝑧’𝑧’)𝑥’
̅ configuration.
intensity. The E2g mode is evident at the bottom of the NW, particularly in 𝑥’(𝑦’𝑦’)𝑥’
̅ , whereas in
The intensity of the F2g+E1g+A1g peak is rather homogeneous in 𝑥’(𝑧’𝑧’)𝑥’
̅ decreases in the untransformed top part of the wire. Panel (B): extracted intensity of the
𝑥’(𝑦’𝑦’)𝑥’
E2g mode (hexagonal phase, filled hexagons) and of the convoluted F2g (cubic), E1g, and A1g
(hexagonal) non-resolved modes (half-filled squares) estimated by Lorentzian fitting, as a function
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of the position along the NW. Here intensities are displayed without normalization. Colors in the
background recall the structural composition of the NW, which is about 2.1 μm in length and
exhibits a transformed part of about 0.3 μm. Our spatial resolution (~ 500 nm) is such that the
signal is extended over a ~ 3 μm length. As expected, the contribution of the E2g mode is localized
on the transformed bottom part of the NW. When looking at the F2g+E1g+A1g mode, the effect of
̅ , where the intensity detected on the untransformed,
the dielectric mismatch is evident in 𝑥’(𝑦’𝑦’)𝑥’
thinner part is markedly weaker than detected on the transformed, heterostructured part.

Figure 5. Resonant Raman study performed by monitoring the Raman intensity as the system is
excited with different laser energies, covering the whole visible spectrum. We have here studied
the modes of the untransformed cubic (F2g mode, panel A) and heterostructured segments (F 2g +
E1g + A1g mode in panel B, E2g mode in panel C). The Raman intensity of the diamond phase,
measured on the untransformed part of the NW, is clearly peaked around 2.2 eV. The intensity
detected on the heterostructured part of the NW is instead peaked at lower energies, between 2.0
and 2.2 eV. The bandstructure diagrams for 3C- and 2H-Ge calculated within HSE06-DFT and
including spin-orbit coupling are shown in panels D and E, respectively; energies are referred to
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the top of the valence band. In panel F the calculated band alignment in the hexagonal-cubic
heterostructure is shown. The M point of the hexagonal BZ is equivalent to the L point of the cubic
BZ (see e.g. the discussion in Murayama et al. [64]). The transition responsible for the resonant
Raman behavior according to Cerdeira et al.45 is highlighted (dashed red arrow). The type-II
alignment at the L/M point opens a new channel for electronic excitation that is compatible with
our resonant experimental observations (solid red arrow). The band offset at the interface was
calculated by the average potential method,71,72 which relies on the alignment of the vacuum level
of two independent slab calculations of the two phases.
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