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Methods

Materials Synthesis

The GaAs and GaP nanowires were grown in a low pressure (50 mbar) Aixtron
close coupled shower head (CCS) MOVPE reactor via catalyst assisted growth following
the Vapor-Liquid-Solid (VLS) mechanism utilizing gold (Au) catalyst seeds. The Au
catalyst seeds were deposited in nano disks arrays arrangement on a GaAs (111)B
substrate for the GaAs/Ge nanowires and GaP (111)B/SiN substrate for the GaP/Si via
the electron beam lithography technique. The growth was performed at a reactor flow of
8.2 standard litres per minute (slm) utilizing hydrogen (Hz) as the carrier gas. For the
GaAs nanowires, the growth template was annealed at thermocouple set temperature of
635°C under an AsHs flow set to a molar fraction of x,.,=6.1 x1073. Then, the WZ-GaAs
nanowires growth was performed at a temperature of 615°C with TMGa and AsHs as

material precursors set to molar fractions of Yrymga=1.9 X107, XA5H3=4.55><10‘5,

respectively, achieving a total flux V/III ratio of 2.4.

After the growth of the GaAs/GaP core nanowires, they are chemically treated with
a diluted potassium cyanide (KCN) aqueous solution to remove the Au particles to avoid
gold contamination. Eventually, the GaAs or GaP nanowire cores are used as a
hexagonal material template and are overgrown with a Ge or Si shell by introducing the
suitable gas precursors for the shell growth, 1% diluted germane (GeHa4) in the case of a
Ge shell and 1% diluted tetrasilane (SisH1o) in the case of a Si shell. The Ge shells were
grown at a thermocouple set temperatures in the range of 500-650 °C at a germane molar
fraction of x;.=8.5%x10" for a certain growth period according to the desired shell volume.

The hex-GaP/Si core/shell growth details are reported elsewehre’.
TEM Characterization

For the TEM studies, two different sample preparation methods were used. In the
standard axial analysis, nanowires were mechanically transferred from the growth
substrate to a holey carbon TEM grid. Concerning the cross-section TEM studies,
nanowires were prepared using Focused lon Beam (FIB). In both cases, 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 nanowires are initially transferred with the aid of a micromanipulator from the
growth substrate to a piece of Si and then arranged to lie parallel to each other. These
nanowires are then covered with electron- and ion-beam induced metal deposition to
protect them during the focused ion beam cutting procedure. The lamella is 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.

Molecular Dynamics Simulations

Hexagonal prismatic simulation cell sideways faceted by the {1-100} planes,
representing hex-Ge nanowire has been used in atomic simulations using molecular
dynamics approach. Two partial dislocation pairs have been placed into the same double
plane of the cell separated by an /3 stacking fault naturally formed between them as a
result of their insertion. Each dislocation pair is formed by two 30° partial glide dislocations
with opposite Burgers vector situated one above another in consecutive lattice planes in
the <0001> direction. The directions of dislocation lines correspond to [1210] and [1120]
for the first and second pair, respectively.

The simulation cell with inserted defects has been subjected to energy
minimization procedure with the Tersoff potential for Ge, applying the Polak-Ribiere
conjugate gradient algorithm (stopping tolerance for energy and force were equal to 10-°
and 108 eV/A, respectively)?. Because of the absence of empirical potentials fitted for
hex-Ge phase, we have used the Tersoff potential for cubic diamond Ge. However, as
this potential takes into account the interactions of only nearest-neighbor atoms, the
configuration of which is the same in both cubic and hexagonal phases, its applicability
also for hex-Ge phase is expected. To perform the energy minimization, Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) code for molecular dynamics

simulations has been useds.



Stacking Fault Energy Calculations

The calculations of the formation energy of different SFs were performed with DFT
and planewave basis sets as implemented in the Quantum Expresso code*. The
exchange-correlation was treated in the generalized gradient approximation (GGA) as
parameterized by Perdew et al.%. A plane-wave cutoff of 80Ry and a 16x16x1 k-point
grid was used. The supercells used for the atomistic simulations of the SFs, partially
illustrated in the Supporting Information Fig. 6 were created from a 1X1X6 periodic
replica of the unit cell of hex-Ge (Si) and including different SFs configurations. The
calculated formation energies of the single SFs in the two different configurations shown
in Supporting Information Fig. 6a and Fig. 6b are -3.19 mJ/m? and -6.14 mJ/m? (-2.71
mJ/m? and -4.72 mJ/m? for Si) respectively, and thus roughly proportional to the row
number of cubic sites formed in between Ge layers that are marked in the figures. Note
that the cubic sites denote the cubic local symmetry, in agreement with the h-c
Jagodzinski notation®. Obviously, the symmetry of all the other pristine stacking layers in
the 2H crystal is hexagonal, even if not explicitly indicated in the Supporting Information
Fig. 6. The double SF shown in Supporting Information Fig. 6¢, forming the /3 BSF,
21is also characterized by two rows of cubic sites and has a formation energy of -6.32
mJ/m? (-5.38 mJ/m? for Si), thus comparable to that of the SF in (b) and about two times
the value of the formation energy of the single SF in Supporting Information Fig. 6a.
Then, the formation of two single SFs as illustrated in (d) is thermodynamically equivalent
to the /s BSF and slightly favored than the SF in (b), if no dislocations are considered.
Indeed, during a planar growth (in the vertical direction of the figures and corresponding
to the <0001> direction) on top of a stacking fault plane the crystal can freely continue to
incorporate atoms in any stacking sequence and having two separate single SFs as in (d)
or the double one is not very different from the thermodynamic point of view. On the
contrary, in case of the nanowire radial growth, one should see a growth front in the radial
directions (perpendicular to the <0001> direction), thus the growing crystal containing the
SF planes has to connect to the material deposited previously, which should form a
perfect hexagonal crystal. Then, to have a configuration with two separate SFs as in (d),
a column of dislocations in between the two stacking faults must be formed. Instead, the

double layer SF with the terminating dislocation pair as in (c) is the natural configuration



minimizing the number of dislocations (and their energy, being null in total Burgers vector)
and itis thus favored in the radial growth. Instead a sessile dislocation with Burgers vector
out of the glide plane, thus having high formation energy, has to be formed to connect the
SF in (b) to the perfect crystal, consequently this single SF is also unfavored as compared
to the /3 BSF”.

Electronic Band Structure Calculations

Band structure calculations were performed using the Vienna Ab initio Simulation
Package (VASP), which implements DFT within the projector-augmented wave
method®®. We set the plane-wave cutoff to 500 eV and included Ge 3d electrons as
valence electrons. The supercell model for the defect contains 384 Ge atoms and it was
relaxed using the minima hopping method for crystal structure prediction calculating
energies and forces with the DFT tight-binding code DFTB+'%-2, For this task we
employed Slater-Koster parameters specifically developed to obtain accurate energies
and forces'3. The lowest energy geometry was then relaxed again using VASP with the
Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional®.

A T-centered 3x2x2 k-point grid was used, and the calculation was converged
until the energy difference of two electronic SC steps was less than 0.1 meV. The
functional that we use for band structure calculations is the meta-GGA functional MBJLDA
of Tran and Blaha, which gives an excellent band structure for diamond and hex-Ge'4°,
Spin-orbit coupling increases the band gap of hex-Ge by 0.09 eV, while there is no
significant effect on band dispersion. Due to the difficulty to converge MBJLDA
calculations for large supercells including spin-orbit, we performed these calculations
neglecting spin-orbit coupling, and added then a correction of -0.09 eV to account for the
renormalization effect on the band gap. The band diagrams show the local density of

states (LDOS) along the {1010} crystallographic direction, averaged in the perpendicular

plane, as obtained from MBJLDA calculations. We convoluted the LDOS with a Gaussian

smearing of 0.1 eV.



Experimental Raman Spectroscopy Measurements

Raman scattering measurements were performed on single GaAs/Ge core/shell
nanowires at room temperature. The light source was the 514 nm line of an Ar-Kr ion
laser, focused onto the samples through a high numerical aperture (0.95) 100x objective
with a working distance of 0.3 mm. The beam power, polarization of the incident, and
backscattered light were controlled with neutral density filters and polarization optics. The
spectra of all nanowires were recorded with the same acquisition times while always
keeping a low incident laser power of 38 yW in order to avoid heating effects or damage
to the nanowires. For the spectra presented in this work, the exciting and scattered light
were both polarized perpendicular to the nanowire growth axis (namely, polarized in the
Y direction in our reference system). The signal was collected by a T64000 Horiba triple
spectrometer working in a subtractive mode, equipped with 1800 g mm-" diffraction
gratings and with a liquid nitrogen cooled multichannel CCD detector. The spectrometer

in this configuration has a spectral resolution of 0.5 — 1 cm™.

Theoretical Raman Calculations

The ground state geometry of hex-Ge has been obtained from density-functional
theory calculations (DFT) performed with the Abinit code'®'” using the local-density
approximation (LDA) and norm-conserving pseudopotentials'®. We used a 38 Ha plane-
wave cutoff and sampled the Brillouin zone with a 16x16x12 k-point grid. After the
relaxation the forces on the atoms and the components of the stress tensor were lower
than 3:10-5 eV/A and 4.5:10-4 GPa, respectively. We then computed the Raman
susceptibility tensors within density-functional 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
theorem as implemented in the Abinit code?°. Given the sensitivity of the energy derivative
to the quality of the converged wavefunctions, we imposed a strict convergence criterion
of the wavefunction residual norm of 10-22. The k-grid that we used is shifted along k,,

k,, and k,, so that the Monkhorst-Pack algorithm does not select any k-point where the

bandgap of Ge vanishes due self-interaction and the calculation of the Raman



susceptibility can be performed. It was previously shown in hex-Si that this choice does
not affect the results and that the differences with the Raman spectra obtained using a k-
grid that features a shift only along k, and is G-centered in the (kx, ky) plane — and that

is thus consistent with the hexagonal symmetry of the lattice — are negligible®'.
Supporting Information

S1: I3 BSF Visualization under Different Imaging Modes

There is one apparent contradiction between the results of imaging the /3 BSFs in
the two different imaging modes BFTEM and HAADF-STEM that needs to be addressed
here. In the reconstruction of the 2-D shape of the planar defects in Fig. 2c in the main
text, it is evident that the defects do not extend over the entire thickness of the nanowire.
However, in the high-resolution STEM images, we do not see a superposition of the defect
geometry with that of a defect-free lattice. The reason for this is the depth-of-focus of an
aberration-corrected STEM operated at 200 kV, being in the order of 11 nm?2. Thus, by
focusing on the nanowire's entrance surface, this first 11 nm will dominate the information

in the image.
S2: Comparison of Iz BSF with the literature

In previous work, a defect was reported in hex-Si nanowires that was interpreted
to be the manifestation of a ‘crack,’ a local, small gap between individual atomic planes?3.
To investigate whether the defect in our material systems is of a similar nature as the
crack defect, complementary high-resolution TEM and HAADF-STEM imaging of the
same defect in addition to spatial and intensity analysis of the atomic stacking was
conducted as discussed in Supporting Information Fig. 3 and 4. This study concludes
that the /3 BSF results in the same contrast as the previously reported crack. Accordingly,
we deduce that HAADF-STEM imaging is required to uniquely identify the nature of planar
defects in hexagonal group IV materials. Besides, very recently, in 2018, the termination
of the same /3 BSF has been observed in the defective top part of zincblende
GaAsP/GaAsP core/shell nanowires in the high-resolution STEM mode, together with 21

kinds of other defects in the same region of the crystal, formed in the final, non-equilibrium



stage of the growth?*. The authors described the zero Burgers vector nature of this defect
and hypothesized it could be formed by the loss of monolayer-by-monolayer growth in the
vertical direction. This explanation does not apply to our core-shell nanowires, as no
nucleation of new close-packed layers is required for the epitaxial growth from the
sidewalls. In our hex-Si, -Ge and -SiGe shells, the /3 BSF is the planar defect type present.
This is also the first time that the /s BSF stacking fault and its terminating dislocations are

observed in group four material.

S3: Defects Quantification and Defects volume fraction calculations

The Is BSFs are quantified from the TEM images of the corresponding Raman
characterized samples. The TEM images are acquired in the scanning TEM mode
(STEM). The /s defects density is quantified such that all partial defect lines apparent in
the STEM images are counted on both sides of the shell in the imaged GaAs/Ge
core/shell structure segment. All the /3 defects quantification is based on STEM images
of segments of the nanowires, as elucidated in Supporting Fig. 9. Therefore, each defect
volume fraction reported is based on the defects volume in this segment of the nanowire
with respect to the corresponding segment volume of the hex-Ge shell structure, see Eq.
1.

I3 VVolume fraction % = Vvi *100% (1)

shell

The core/shell structure is approximated in calculations as two concentric
cylinders, for simplification, see Supporting Fig. 10a. Hence, the volume of the core and

the shell is calculated as the volume of a circular cylinder as explained in Eq. 2-4:

— 2 %
Vcore_ T I'core Lsegment (2)
— 2 *
Vcore/shell = T Toore/shell Lsegment (3)
Vishell™ Veoresshell = Veore (4)

As explained in the main text, the /s BSF is a planar stacking fault with two

terminating partial dislocation pairs separated by 60°, consisting of two Ge layers. Hence,



we can approximate the volume of /3 BSF (V|,) as the volume of a triangular prism with

an equilateral triangular base, see Supporting Fig 9b. The side length of the equilateral
triangle is equivalent to the extension length of the /s BSF in the hex-Ge shell (/;3), viewed
in the <1120> zone axis. The height of the prism (h), equivalent to the thickness of the /3
BSF plus two non-defected layer, is approximately equivalent to the out of plane lattice
parameter c of the 4H-polytype of hex-Ge, which is approximately double the c-parameter
of 2H hex-Ge, reported in Ref.?5. Hence, the volume of /3 BSF can be approximated as

explained in Eq. 5:

V=2 .12 ; where h = 2.c ()

3

For the simplification of the defects’ quantification process, we assume all defects
to start at the interface and extend to their maximum length which is equivalent to the
shell thickness. This assumption is based on the fact that the /3 defects, visualized in the
STEM images of the samples characterized by Raman, mostly start at the interface and
a few percentages starts later at the shell. Hence, we take the maximum length extension
as an upper bound for the defect length. Hence, the calculation of the defects volume
fraction in the shell might be overestimated. On the other hand, due to the limited depth
of focus of the STEM imaging mode, not all defects are in focus especially in quite thick
core/shell structures. Hence, not all defects are in focus, so we might have missed to
quantify a portion of the defect which is an underestimation of the number of defects. Tiny
defects, initiated at the end of the shell growth process most probably won'’t be visible,
because of the limited diffraction contrast. This effect may be larger for thicker wires.
However, the volume contribution of these smaller defects is quite small, because of their
limited lateral size. Hence, we can rewrite Eq. 5 as explained in Eq. 6:

V3
V|3=7 h TGen-c (6)
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Supporting Figures

Supporting Figure 1: Is BSFs and Terminating Dislocations in Hex-Si: (a) Bright Field
TEM image of a representative GaP/Si Core/Shell structure, with white dashed lines
indicating the interfaces as a guide for the eye. (b) HAADF-STEM image of the GaP/Si
structure obtained in the <1120> zone axis. (¢) A magnified image of the framed region
in (b) on the left displaying the —~ABAB- stacking of the hexagonal structure; The atomic
layers colored in white is the faulty stacked bilayer of the /3 defect. The encircled region

displays the /s partial dislocation, identical to the case described for hex-Ge.
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Supporting Figure 2. Evidence of the /s BSFs Absence in the WZ-GaAs Core
Nanowires: (a) A BF-TEM image of a representative WZ-GaAs core nanowire with three
planar SFs along the whole diameter of the nanowire, whose positions are indicated by
colored vertical lines. (b) A zoomed-in view of the framed region in panel (a) with a black
dashed rectangle. (¢) A HAADF-STEM image of the framed region in panel (b) in yellow,
indicating the absence of the partial bright lines, which is usually indicative of I3 defected
nanowires. The blue arrow refers to one of the planar SFs in panels (a, b). The dominant
types of these planar defects are presented in panels (d-f). (d-f) Magnified HAADF-STEM
images of the regions in the WZ crystal of the core nanowire containing the planar SFs of
types /1 and l2. A different color highlights the atomic stacking of each SF. The stacking
of 11 (ABABCBC) and /2 stacking (ABABCACA) is clearly different from the /s BSF
stacking (ABABCBABA) presented in the main manuscript.
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Supporting Figure 3: Tracing the Origin of the I BSF: (a-d) Aberration-corrected
HAADF-STEM images obtained in the <1120> zone axis tracing an /3 BSF in a hex-Ge
crystal appearing as a bright white line and indicated by a white arrow. As we follow this
bright line inwards from the edge of the shell, we find out that the defect extends from the
interior of the hexagonal shell to the edge of the structure. The highlighted region in (d) in
white represents the /3 SF and its terminating dislocations. As a result of the presence of
partial dislocations indicated by the white arrow, a four-layer stacking resembling the 4H-

polytope is formed as shown in the highlighted region in white.
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Supporting Figure 4: Imaging the /s BSF and its Terminations under 60° Viewing
Direction: (a, c) BFTEM images of several /s defects in a hex-Si shell, formerly named
‘cracks’. Contrasts are identical to those described in Ref. 23. The inset cartoon in panel
(a) represents the imaging direction of these defects in the shell part of the nanowire:
imaging is performed along a <1120> zone axis. The partial dislocations are imaged
under a 60° viewing angle. (b, d) HAADF-STEM corresponding to the same region
imaged in a, c images. (e, f) Zoomed-in HAADF-STEM images for the framed regions in
cyan in (d) showing two defects. (f) Atomic resolution image of the partial defect framed
in (e). (g) Atomic model of the atomic arrangement for the defect in (f) in this viewing
direction, based on the defect geometry as discussed in detail in Fig. 3 of the main text.

Green and light blue atoms belong to the dislocation cores.
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Supporting Figure 5: Spatial and Intensity Analysis of the Atomic Stacking of Iz
Defects Imaged under Two Different Orientations: (a, ¢) HAADF-STEM images
acquired along the <1120> zone axis of representative regions of the hex-Ge crystal
containing the I3 defect either running parallel to the viewing direction (a) or at 60° from
the viewing direction (c) The /3 defected region is shaded in cyan, the perfect region in
red, the overlap region of perfect and defected in green. (b) Corresponding intensity
profile constructed crossing the atomic planes in the axial direction in the framed regions
in (a), where a perfectly stacked hexagonal crystal is framed by a red rectangle and the
I3 defected region is framed in cyan. (d) Corresponding intensity profile constructed the
same way as in (b) for the framed regions in (c). The three intensity profiles show no
noticeable difference in the spacing of the atomic planes nor dips in the intensity at the

positions of the crystal planes that could hint at the absence of material.
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Supporting Figure 6: Summary of the Different Projected Atomic Configurations of
the I BSF and its Terminating Dislocations: (a) A top-view atomic model explaining
the planar extension of the /3 BSF and its terminating dislocations when analyzing the
structure in the <1120> direction. (b) A side-view atomic model corresponding to the
black-framed region in (a). (¢) A HAADF-STEM image for the highlighted regions in (a,
b). The unhighlighted regions display perfectly stacked planes showing the ABAB
stacking. The green region shows the /5 stacking fault starting where the white arrow
points. The blue region shows the superposition of a perfectly stacked volume with an /3
defect stacked region in the depth of view. Because of the dislocation line inclined
orientation of one of the two /3 dislocations, the ratio of the perfect/defected volume

changes laterally, yielding a gradual change in projected atomic arrangement.
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Supporting Figure 7: Visualization of the Double Plane Stacking Fault: (a)
Visulaization #1 (the visualization used in our manuscript): A sketch of the stacking fault
in each plane such that the origin of the dislocations in each defected plane is considered
the apex of the 60° angle, encompassing the stacking fault (nucleation point of the defect),
as indicated by the star. In this case, the dislocations are four independent segments,
and the corresponding Burgers vectors are indicated in the sketch by red arrows. (b)
Visualization #2: A sketch of the stacking fault in each plane such that it is terminated by
a semi-loop of a single partial dislocation with constant Burgers vector and uniform
clockwise dislocation line direction. The semi loops of each plane are of opposite Burgers

vector.
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Supporting Figure 8: Different Types of BSFs in a Slab of Hex-Ge: (a, b) with a single
stacking fault in two different configurations and forming one or two rows of cubic sites,
respectively. (c) With the /s BSF. (d) With two separate single SFs and still forming two
rows of cubic sites. The SF plane is highlighted by light blue colored bonds. The cubic
sites are marked in the figures, and with ‘Cub’ we indicate the cubic local symmetry, in
agreement with the h-c Jagodzinski notation. The hexagonal symmetry of all the other

pristine stacking layers is not explicitly indicated in the figure.
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Supporting Figure 9: Band Structure Calculation of Hex-Si and Hex-Ge Crystals
With and Without /s BSFs and its Terminating Dislocations: based on atomic models
of (a) A defect-free hex-Si supercell composed of 384 atoms where Si atoms are colored
in light blue. (b) A hex-Si supercell composed of 384 atoms as well with an /3 BSF and
the terminating dislocations embedded in the supercell. The partial dislocation actually
terminating the /s BSF is colored in yellow. The green-colored atoms represent a butterfly-
like defect that has been introduced in the supercell to preserve the periodicity for the
band structure calculations, being impossible to implement the real triangular shape of
the defect. Indeed, it is worth mentioning that in our material systems, hex-Ge and hex—
Si, only the /3 BSF with the dislocation pair colored in yellow has been observed, and the
butterfly-like defect has never been observed. (¢, d) Plots showing the calculated density
of states (DOS) as a function of the energy of the simulated supercells in (a) and (b) for
both Si and Ge with and without defects, respectively. The two curves are similar, and
there is not shift at Fermi energy, confirming that the /3 defect has no mid-gap states

associated with it in both materials systems.
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Supporting Figure 10: Representative TEM images of the Characterized Samples
by Raman Spectroscopy: Low and high magnification BF-TEM images of the WZ-
GaAs/Hex-Ge core/shell structures presented in Figure. 4 in the main text. These
samples are of different volumes and fabricated under different conditions resulting in
different /3 stacking faults density. (a, €) Sample #A with an /3 BSFs volume fraction of 4
+ 1.4% (b, f) Sample #B with an 13 BSFs volume fraction of 2.4 £ 0.6%, (c, g) Sample #C
with an /s BSFs volume fraction of 1.6 £+ 0.2%, and (d, h) Sample #D with an /3 BSFs
volume fraction of 0.2% and assumed to be nearly /3 defect free. The dimensions of the
structures (total structure diameter (D) and segment length (L) and growth temperature

(7)) are indicated on the images in (a-d).
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Supporting Figure 11: Defects Quantification and Volume Fraction Calculation: (a)
Schematic illustration of the core/shell (blue/red) nanowire structure approximated as two
concentric circular cylinders. (b) The /s BSFs, illustrated in yellow, are represented as
triangular prisms with an equilateral triangular base of a side length equivalent to the
radial extension length for the /s BSF in the shell (13) and a height (h) of 4-atomic layers

of the previously discussed stacking ABCBA.
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Supporting Figure 12: Theoretically Calculated Raman Spectra of Defect free and /5
Defected hex-Ge cells: DFPT computed Raman spectra in the zz scattering geometry
of, from top to bottom, non-defected hex-Ge, hex-Ge with a stacking fault in a 1x1x4, in
a 1x1x6, and in a 1x1x8 supercell. Lc is the distance between the stacking faults imposed
by periodic boundary conditions (namely, between the stacking faults). The dashed line
emphasizes that the position of the peak at ~240 cm™ is essentially independent on the

computational cell size.
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