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Abstract

Linear defects (dislocations) not only govern the mechanical properties of crystalline solids, but
they can produce distinct electronic, thermal, and topological effects. Accessing this
functionality requires control over the placement and geometry of single dislocations, embedded
in a small host volume to maximize emerging effects. Here we identify a synthetic route for
rational dislocation placement and tuning in van der Waals nanowires, where the layered crystal
limits the possible defect configurations and the nanowire architecture puts single dislocations in
close proximity to the entire host volume. While homogeneous layered nanowires host single
screw dislocations, synthesis of radial nanowire heterostructures (here exemplified by GeS-Ge:-
SnxS monochalcogenide core-shell nanowires) transforms the defect into a mixed (helical)
dislocation whose edge/screw ratio is tunable via the core-shell lattice mismatch. The ability to
design nanomaterials with control over individual mixed dislocations paves the way for

identifying the functional properties of dislocations and for harnessing them in technology.



1. Introduction

Defects that break the perfect lattice periodicity are innate to all crystalline materials and
often dictate their properties. Linear defects (dislocations) and their ability to move under applied
forces define mechanical properties including ductility, hardness, and yield strength. Since the
emergence of information technology, defects have been considered detrimental to the functional
properties of electronic materials. Point defects such as vacancies, interstitials, antisites, and
defect complexes introduce states within the bandgap! and act as scattering centers that reduce
the carrier mobility.> Dislocations can give rise to deep-level trap states that promote
nonradiative recombination,** or cause increased leakage and premature breakdown in devices.®

In many instances, however, defects can be beneficial to electronic materials and devices by
providing access to functionality beyond that of perfect crystals. A classic example is
substitutional doping of semiconductors,” which enables tuning the free carrier concentration
over many orders of magnitude. More recently, point defects such as color centers and impurity-
vacancy complexes (e.g., nitrogen-vacancy centers in diamond)® have become key components
for emerging quantum technologies as single photon emitters and spin qubits.’

Similar to point defects, linear defects promise useful functional properties by breaking the
lattice periodicity, introducing new electronic states, spin textures, or topological characteristics.
The two pure forms, edge and screw dislocations, are characterized by a lattice distortion
(measured by the Burgers vector, b) perpendicular and parallel to the line direction, respectively.
Screw dislocations play a crucial role in a wide range of natural and technological processes. In
biology, screw dislocations provide one of the fundamental mechanisms underlying cellular
organization;'? helicoidal structures connecting membrane sheets are essential for mass transport

in the endoplasmic reticulum of eukaryotic cells.!! Spiral growth around screw dislocations



facilitates crystal growth by enabling continuous materials incorporation without nucleation.!'?
Screw dislocations in layered crystals provide avenues for synthesizing van der Waals stacks
with controlled interlayer twist.!> Predicted electronic properties include dislocation spin-orbit
coupling generating highly coherent spin textures,'* Majorana bound states,'® chiral anomalies

with emergent magnetic flux in Dirac semimetals,'6- 7

probes of monopole charge in multi-Weyl
semimetals,'® and low-dimensional gapless modes in topological insulators.!” Recent theoretical
work has established a framework in which dislocations are treated as quantized quasiparticles
(‘dislons’) analogous to phonons.?® 2! From this quantum theory of dislocations, additional
functional properties have been predicted, including electronic effects such as an oscillatory
electron energy near a dislocation core,?? effects on phonons,” dislocation-induced
superconductivity,?* as well as topological and quantum phase transitions.

Fundamental studies and emerging technological uses of defect-derived functionality have so
far focused almost exclusively on point defects. The judicious formation of line defects is
complicated by the need to, along with the defect type, control the position and orientation
within the host matrix. A second complication arises with promoting functionality due to
extended defects embedded in a host crystal. At low concentration, small effects are expected
due to an unfavorable ratio between defect and host volumes; at high concentration, controlling
the properties (e.g., type of dislocation, Burgers vector, etc.) becomes problematic. Conventional
approaches fail to address these challenges. Mechanical deformation of bulk-like materials, for
example, causes complex dislocation networks without control over defect type or distribution.?®

Top-down methods for creating dislocation arrays and subsequently isolating single defects in a

limited host volume require complex crystal engineering and device fabrication.?®



Here, we show that nanostructures of van der Waals crystals provide unprecedented
opportunities for generating linear defects with tunable geometry, embedded in a small host
volume so that the emerging functional properties are maximized. Layered crystals avoid the
multiple symmetry-allowed dislocation configurations characteristic of 3D-crystalline materials,
but are still able to realize both types of pure (as well as mixed) dislocations,?”?® unlike true 2D
materials which can host only edge dislocations (Figure S1).%° In particular, we demonstrate the
ability to deterministically tune the ratio between the screw- and edge-character of single helical
dislocations in van der Waals nanowires. Helical dislocations, mixed screw-edge dislocations
that wind up into a helix around an axis defined by the line of an incipient screw dislocation,?% 3!
are ubiquitous in materials and have been observed in metals, metal alloys,*? semiconductors,
and ionic crystals.** Helical dislocations are formed under conditions that involve a flow of
vacancies or interstitials, e.g., high-temperature treatments,* cooling,*® quenching or irradiation

37,38 and doping of semiconductors.’® Generated stochastically in bulk materials,

of alloys,
however, the formation, geometry, and emerging properties of helical dislocations have proven
difficult to understand or control.
2. Results and Discussion
Creating tunable single mixed dislocations in van der Waals nanowires

Figure 1 shows the synthetic approach for nanowires containing single helical dislocations
with tunable ratio between edge- and screw character. Defect-free van der Waals nanowires
obtained by vapor-liquid-solid (VLS) growth crystallize in a layered structure, as shown in
Figure la. Often, such wires instead form as growth spirals around an axial screw dislocation

(Figure 1b).!* Given the ubiquitous presence of Au-rich catalyst particles at the nanowire tips, we

conclude that the liquid VLS catalyst plays the role of mediating mass transport from the vapor
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Figure 1. Synthesis of van der Waals nanowires with single mixed (helical) dislocations. a.
Schematic cross-section of a layered nanowire. b.—d. Combining an axial screw dislocation (b.) with c-
axis misfit (edge) dislocations in a core-shell structure (c.) produces van der Waals nanowires carrying
single helical dislocations with mixed screw- and edge character (d.). e. TEM image of a nanowire
showing a helical dislocation (HD) transitioning to a defect-free layered structure (L) near the tip. f. High-
magpnification TEM image of the nanowire close to the tip. g. Electron diffraction of the nanowire along the
[110] zone axis, showing the c-direction of the crystal aligned with the symmetry axis of the wire. h. TEM
image showing the transition between the nanowire with a helical screw dislocation and the non-
dislocated segment near the tip. i. High-resolution TEM image of the helical dislocation near its exit point
from the wire (area marked in f.).

phase to the nanowire growth front, while the open edge at the end of the spiral facilitates growth
through continuous attachment without requiring any layer nucleation.'? ** Germanium sulfide
(GeS) nanowires synthesized by VLS growth using different catalysts (Au,*! Bi)** invariably
contain axial screw dislocations over nearly the entire length, except close to the tip where the

dislocations curve towards the surface and are ejected from the wires so that the final segment



consists of defect-free layered GeS (Figure S2). Prior work has linked this elimination of the
dislocation from the wires to the injection of excess vacancies mediating climb of the dislocation
to the surface at the onset of cooling near the end of the growth process;*' the subsequent non-
dislocated segment of the nanowire then grows through a regular VLS process.

Transforming such dislocated van der Waals nanowires into core-shell heterostructures holds
the key to generating tunable mixed dislocations. Lattice mismatch in the axial direction (i.e., in
the c-axis (interlayer) spacing) between core and shell would normally be relaxed by edge
dislocations (Figure 1c). In the presence of a screw dislocation, however, the two line defects can
combine into a single mixed, helical dislocation (Figure 1d), whose screw/edge ratio is selectable
via the core-shell mismatch, i.e., the nominal spacing of core-shell misfit dislocations.

Van der Waals nanowire heterostructures realizing such tunable helical dislocations have
been synthesized by a one-pot process employing simultaneous evaporation of two different
precursors for group IV monochalcogenides, GeS and SnS. Adding SnS to the primary GeS
precursor vapor up to moderate partial pressures (~20 mTorr, Tsss = 620°C)* causes no
detectable Sn incorporation into the nanowires but merely modifies the VLS growth, inducing
morphology changes and switching the layering direction.** Further increasing the SnS vapor
pressure (to 60-100 mTorr) at constant GeS vapor pressure (~250 mTorr, i.e., ratio Psns:Pges >
1:4) switches the system back to VLS growth of layered nanowires with characteristic layer
stacking (i.e., c-axis) along the wire axis (Figure le-g). Similar to pure GeS nanowires (Figure
S2), transmission electron microscopy (TEM) shows the presence of a dislocation, again except
near the tip where the nanowires terminate in a few micrometer long defect-free segment (Figure
1h-i).*! In the dislocated part, however, the characteristic straight line of the axial screw

dislocation is replaced by a meandering, sinusoidal contrast that corresponds to the projection of



a helical dislocation viewed perpendicular to the axis of the helix (Figure 1d, i).>”>* Surveying
many wires, we find that each nanowire supports one helical dislocation with a large number of
turns, in some cases exceeding 120 turns over the length of the dislocated section.
Core-shell structure of van der Waals nanowires with helical dislocations

For the SnS-GeS system, the binary bulk phase diagram of the cations suggests essentially no

solid solubility across the entire composition range (~1% Sn in Ge).* Applying Hume-Rothery
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Figure 2. Composition of nanowires with helical dislocations. a. HAADF-STEM image along with tin,
germanium, sulfur EDS elemental maps and a composite map. b. EDS line profile across the nanowire
showing the Sn (red), Ge (green), and S (blue) distribution across the nanowire. The line profile
represents an average over the length of the nanowire segment shown in a.

rules for the cations, this implies limited solid solubility for the isostructural and isoelectronic
layered chalcogenides SnS and GeS. Gei.xSn«S alloy nanoribbons indeed show phase separation
of Ge- and Sn sulfides.*” For Gei«SnsS nanowires, a similar phase separation causes the
spontaneous formation of a core-shell structure. Energy dispersive X-ray spectroscopy (EDS)
elemental maps show Ge, S, as well as Sn in the nanowires, i.e., they consist of GeixSnyS
compounds. Composition maps (Figure 2a) and line profiles (Figure 2b) show uniform sulfur

content, consistent with a constant anion to cation ratio across the monochalcogenide nanowires.



The relative abundance of Sn and Ge, on the other hand, varies between a Ge-rich core (28 at. %
Ge; 22 at. % Sn) and a Sn-enriched near-surface region (15 at. % Ge; 35 at. % Sn). For
inhomogeneous composition profiles — here a Sn-rich shell surrounding the cylindrical core —
EDS analysis across the wires can only determine the composition of the Sn-rich Geo.3Sno.7S
near-surface region directly. When probing the core, the exciting electron beam also traverses the
shell, which therefore contributes to the apparent core composition. The actual composition of
the core can be estimated from the wire geometry and the EDS signals. The measured core
diameter (90 nm) and shell thickness (40 nm) combined with the measured compositions
translate to an actual core composition of ~40 at. % Ge, i.e., the nanowire cores consist of a Ge-
rich GeosSno2S alloy. The phase separation and formation of a core-shell structure can occur
either immediately upon incorporation from the molten VLS catalyst or shortly thereafter via
solid-state diffusion. In-situ experiments in the TEM on nanowires with helical dislocations
show no changes upon extended annealing of the wires at the growth temperature, supporting the
conclusion that the separation into a GeS core and Ge1xSnxS alloy shell, and thus the formation
of the helical dislocation takes place during growth at high temperature rather than during
cooling.
Eshelby twist in van der Waals nanowires with helical dislocations

Lattice spacings across the nanowires were determined using nanobeam electron diffraction
linescans. Figure S3 shows parts of a sequence of 100 nanobeam diffraction patterns measured
across a GeixSn«S nanowire. The variation of the in-plane (120) lattice spacing is consistent
with the EDS measurements and shows the same trend across the nanowire, i.e., a near-surface
enrichment with SnS. However, the (120) lattice constant generally remains close to that of the

GeS-rich compound in the center. This suggests that the SnS-rich material at the surface is



strained to the lattice constant of the core, which is further supported by the uniformity of the
structure and the absence of any defects (apart from the helical dislocation, Figure 1) expected
when plastic relaxation between mismatched materials occurs.

Further diffraction analysis of the GeixSnxS nanowires shows a twisted structure in the
presence of helical dislocations. Nanobeam electron diffraction patterns recorded along the
nanowires show the lattice rotation associated with Eshelby twist (Figure S3).!% 4048 Eghelby
predicted a twist d6/dz = b [# - nr—;i] due to a helical dislocation with (helix) radius r; in a
nanowire with diameter 2R, where b; denotes the screw component of the Burgers vector of the
dislocation.*” Hence, the Eshelby twist is reduced relative to that of a straight screw dislocation,
d0/dz = b,/[mR?] *° (similar to hollow tubes,’' see Figure S4). In a layered crystal, only screw
dislocations with Burgers vectors equal to integer multiples of the layer spacing fulfill the
crystallographic constraint of connecting adjacent layers. GeS nanowires with axial screw
dislocations predominantly show Burgers vectors of multiples of the c-axis unit cell size (1.04
nm, comprising an A-B stacked bilayer; see Figure S5).'> > For Gei-xSnxS nanowires with
helical dislocations, we frequently find half-unit cell Burgers vectors b;. Nanobeam diffraction
of the wire shown in Figure S6 (diameter 2R = 124 nm, helix radius o = 20 nm), for example,
shows a twist of ~2.2°um™. According to the Eshelby formalism, this twist corresponds to a
helical dislocation with screw-component Burgers vector by = 0.52 nm. The reduction in the
screw component of the Burgers vector for helical dislocations can be understood by considering
the formation process of the helical line. Starting from a straight screw dislocation, an edge
component develops due to climb driven by the core-shell mismatch. The Burgers vector of this
edge component, b, which is parallel to the nanowire axis (i.e., the c-axis), is also quantized in

multiples of the interlayer spacing of the layered crystal (Figure S1). If the overall Burgers vector



b, remains constant during the climb, b} is reduced compared to the Burgers vector of the
original screw dislocation, so that b, = b; + b¢. All analyzed nanowires show similarly good
agreement between predicted and observed twist, albeit in some cases forb; = 1.04 nm (i.e.,
b, > 1.04 nm, see Table S1), demonstrating that the twist of helical dislocations in nanowires
closely follows Eshelby’s predictions. In addition to their reduced twist, diffraction patterns of
layered nanowires with helical dislocations show other differences compared to wires with screw
dislocations, for example a combined twist of the (a, b) crystal axes and tilt of the ¢- axis along
the nanowire replacing the simple twist caused by screw dislocations (Figure S7; Movies S1,
S2).
Control over single helical dislocations via the core-shell c-axis mismatch

Helical dislocations are generated by climb of a dislocation with pure screw character in the
presence of excess vacancies.*> In pure GeS nanowires no helices are found, which supports the
conclusion that core-shell mismatch is the main driver of the formation of helical dislocations.
The advantage of using misfit stress — here generated in GeixSnxS core-shell wires — to produce
helical dislocations lies in the inherent ability to tune the geometry of the dislocation line (and
hence the ratio between screw- and edge character of the mixed dislocation) via the core and
shell composition, i.e., the c-axis mismatch. The realization of such control over helical
dislocations by tuning the nanowire composition is demonstrated in Figure 3, which shows TEM
images of nanowires from different growth runs (see Table S2) with progressively increasing Sn
content of the shell, starting from zero (pure GeS, Figure 3a) up to a maximum of ~35 at. %
(Geo.3Sno 7S, Figure 3d). Corresponding Raman spectra documenting the mode shifts due to the
increasing shell Sn content are shown in Figure S8. The evolution of the helical dislocation

geometry is evident in TEM images (Figure 3a-d) as well as a statistical analysis of the
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Figure 3. Control over helical dislocations in nanowires. a. — d. TEM images of Ge1xSnxS nanowires
with increasing Sn content, x, showing the transition from a straight screw dislocation (a.) to helical
dislocations with progressively increasing amplitude and decreasing pitch (b.—d.). e. High-resolution TEM
of one of the faceted voids along the helical dislocation (arrows in d.). f. Higher magnification of the
Kirkendall void. g. Statistical analysis of the geometry (radius ro, pitch A, see inset) of helical dislocations
in several nanowires, using TEM image data for samples with the three Sn concentrations represented in
panels b.—d. Large symbols and error bars reflect the mean value and confidence intervals of plus and
minus one standard deviation of the different data sets, respectively. Dashed lines and the shaded area
delineate the predicted range of the equilibrium ratio between pitch A and diameter 2r0 of a helical
dislocation without external forces that is free to glide along its tangent cylinder.®? Gray isolines mark the
different angles 6 between the dislocation line direction and the Burgers vector, where 6 = 0° corresponds
to a pure screw dislocation and 6 = 90° to a pure edge dislocation.

distribution of helix radius (7o) and pitch (1) for the different shell compositions (Figure 3g). Pure
GeS nanowires host straight axial screw dislocations (Figure 3a). For nanowires with helical
dislocations, we find that the dislocation geometry follows a universal guiding principle: radius
and pitch of the helix can vary as long as the edge/screw ratio of the Burgers vector (|bS|/|bs| =
tan 8, where @ is the angle between the overall Burgers vector b, and the helical dislocation line,

see Figure S9) is preserved. In core-shell wires with low (shell) Sn content (i.e., small core-shell
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mismatch, Figure 3b), ro remains small (close to the straight line of the incipient screw
dislocation) and shows little variation, while the pitch varies strongly. The origin of this behavior
can be seen in Figure 3g. The measured (7o, A) distribution in this sample closely traces the
isoline of constant angle 8 = 10° between the Burgers vector and the dislocation line. Hence, the
helix adopts a fixed b /bs =~ 1/5.7, which can be fulfilled for a wide span of the pitch 4, but
only a narrow range of helix radii 7o. Increasing the core-shell mismatch through a higher Sn
content of the shell (Figure 3c) brings the edge/screw ratio to ~1/1 (Figure 3g). The measured (7o,
A) values again follow the corresponding isoline (6 = 45°), which in this case implies a narrow
spread of both radius and pitch of the helix. Nanowires with the largest core-shell mismatch
realized here (Figure 3d) reach b¢/bs = 1.7/1 (Figure 3g). In this regime, tracing the
corresponding isoline (8 = 60°) implies a narrowly defined pitch 4 but allows large variations in
radius ro, as observed for the helical dislocations in this sample. At this stage, the geometry of
the helical dislocation approaches the predicted ratio between the pitch A and diameter 2ro in
equilibrium,*? with 1/2ro = 2. Finally, for wires with large core-shell mismatch, TEM shows
arrays of faceted voids®! decorating the helical dislocation (Figure 3d-f). This observation
confirms the presence of excess thermal vacancies at the growth temperature (coalesced into
faceted vacancy clusters/voids during cooling) that are required for the formation of helical
dislocations by climb of the incipient screw dislocation.*’
Optoelectronic signatures of the transition from axial screw to helical dislocations

In 3D semiconductors, screw dislocations were found to be relatively benign in carrier
transport and recombination* while edge dislocations give rise to deep-level nonradiative

5,52

recombination centers in the gap.”>* These differences suggest the ability of tracking electronic

structure modifications due to the transition from an axial screw to a helical dislocations via
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optoelectronic measurements, here single-nanowire cathodoluminescence (CL) excited by the
focused electron beam in STEM. To detect the introduction of gap states by the edge component
of helical dislocations, we analyzed the competition between radiative and nonradiative
recombination in GeS nanowires and GeixSnxS core-shell wires via the spontaneous emission

quantum efficiency probed by beam current dependent CL (Figure 4).%3
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Figure 4. Electron beam current dependent STEM-CL. a. Current-dependent CL spectra of a GeS van
der Waals nanowire containing a single axial screw dislocation, for beam currents ranging between 86 pA
and 380 pA. b. Current-dependent CL spectra of a Ge1xSnxS alloy core-shell nanowire hosting a helical
dislocation with b¢/b; =~ 1/1 (6 = 45°, see Figure 3c). c. Analysis of the spontaneous emission quantum
efficiency (n7) of the GeS nanowire (i), and for the band-edge peak (hv < 1.9 eV) and the high-energy peak
(hv 2 1.9 eV) of the Ge1xSnxS nanowire.

Characteristic CL spectra of GeS nanowires containing a single axial screw dislocation show
a dominant band-edge peak along with a shoulder to lower energy (Figure 4a). Ge1-xSnxS core-
shell nanowires hosting helical dislocations with edge/screw ratio ~1 show a modified spectrum
with two distinct peaks (Figure 4b), possibly due to separate contributions from the core and
shell materials or as a result of a nonradiative recombination channel producing a spectral region
(here centered at ~1.9 eV) with quenched light emission, similar to previous findings for GeS

ribbons with twin defects.>® The latter explanation is supported by additional CL experiments.
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Electron beam current dependent CL spectra were analyzed by fitting with three components,
corresponding to radiative, nonradiative (Shockley-Read-Hall), and Auger recombination (Figure
S10), from which the spontaneous emission quantum efficiency # was derived (Figure 4c). GeS
nanowires with axial screw dislocations show a high quantum efficiency # > 0.9 at room
temperature. In Ge1.xSnxS core-shell nanowires, a more complex behavior is observed. For the
low-energy region (including the band-edge peak centered at ~1.7 eV),  drops to 0.6, indicating
the opening of a nonradiative recombination channel that competes with radiative recombination
for band-edge electron-hole pairs. This behavior is consistent with the introduction of gap states
by the edge component of the helical dislocation, analogous to 3D semiconductors.> 32 The
higher-energy region (including the peak at ~2.1 eV), on the other hand, shows predominant
radiative recombination with near-unity quantum efficiency, indicative of an above-bandgap
transition with fast radiative recombination. The identification of other effects on the
optoelectronic properties, e.g., associated with different Burgers vectors b, of the helical
dislocations (see Table S1), will require additional work beyond the scope of this study.
3. Conclusions

Our results show that van der Waals nanowires afford unprecedented control over
dislocations, facilitated by the disposition of layered crystals toward forming out-of-plane growth
spirals and a reduced set of possible Burgers vectors perpendicular to the layer plane (in contrast
to nanowires of 3D crystals, such as PbS or ZnO, whose crystallography supports a wider range
of Burgers vectors and which can therefore form pure screw®!' or mixed dislocations).*® A large
majority of GeS nanowires obtained by VLS processes host one axial screw dislocation per wire,
which can be caused to exit by suitable thermal protocols.*! In core-shell van der Waals

nanowires, such axial screw dislocations are rationally transformed into mixed helical
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dislocations whose geometry (radius, pitch) and hence ratio of screw- and edge Burgers vector
components is tunable via the core-shell c-axis mismatch. While we demonstrated this tuning of
individual mixed dislocations in Gei.xSnxS alloy core-shell nanowires formed by spontaneous
phase separation in a single-step VLS process, one can envision alternative synthesis strategies
such as the sequential growth of the nanowire core and shell from materials that provide a
tunable axial lattice mismatch. The nanowire geometry plays an important role in facilitating
dislocation control, through the stable positioning of incipient screw dislocations on the wire
axis®® and by enabling dislocation mixing driven by the lattice mismatch in a core-shell
geometry. Nanowires also provide a small-volume host matrix where emerging dislocation-
induced phenomena can dominate the overall properties. It may be possible to extend our
strategy for dislocation tuning — based on a core-shell geometry with variable axial mismatch
between core and shell — to non-layered nanowires, provided that a core material that tends to
form axial screw dislocations is integrated with a shell with the required axial lattice mismatch,
and subject to the defect configurations allowed by the 3D crystal structure. The ability to
position individual tunable dislocations in nanowires opens up unique opportunities for
investigating the electronic, optoelectronic, and topological effects of dislocations, e.g., by single

nanowire charge or spin transport,>* luminescence spectroscopy,'? etc.

Experimental Section

Synthesis of Ge;.xSnxS nanowires: Ge1xSnxS nanowires were synthesized by vapor-liquid-solid
(VLS) growth involving simultaneous vapor transport from two powder precursors, GeS
(99.99%, Sigma Aldrich) and SnS (99.99%, Sigma Aldrich), in a pumped two-zone quartz tube
reactor. The substrates were Si(100) wafers covered by sputtering with thin (2-4 nm) Au films,
which dewetted at the growth temperature. The first (upstream) zone of the reactor containing
SnS powder (50 mg) in a quartz boat was heated to 650-670°C while a second quartz boat with
GeS powder (20 mg), located outside the first zone, was heated to ~430-450°C. These conditions
yield vapor pressures of ~250 mTorr for GeS (at 450°C)* and ~100 mTorr for SnS (at 670°C).*
The sample was held in the second (downstream) temperature-controlled zone heated to 275-
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285°C. During growth, the quartz reactor was pumped by a mechanical pump and a carrier gas
(Ar, 99.9999%) flow was maintained at 60 standard cubic centimeters per minute (sccm) at a
pressure of 20 mTorr. The reactor temperatures were ramped so that the above temperature
settings were reached simultaneously and held for a growth time of 5 minutes, followed by
natural cooling to room temperature. The growth resulted in the formation of nanowires with
lengths of several tens of micrometers. For the preparation of control samples of pure GeS
nanowires, only the crucible containing GeS was introduced in the system and the nanowires
were grown at substrate temperature of 300°C.!3

Electron microscopy and nanobeam electron diffraction: Structure and morphology of the
nanowires were investigated by (scanning) transmission electron microscopy ((S)TEM) imaging
and nanobeam diffraction in an FEI Talos F200X microscope at 200 kV. For all (S)TEM
experiments, the as-grown nanowires were dry-transferred to lacey carbon supports.

Energy dispersive X-ray spectroscopy (EDS) in STEM: STEM-EDS maps (1024x1024 pixels)
and EDS line scans (13 nm step size) were collected using a JEOL NeoARM S/TEM operating at
80 kV.

Single nanowire STEM cathodoluminescence (CL): Cathodoluminescence spectroscopy was
performed in STEM mode (STEM-CL) using a Gatan Vulcan CL holder at room temperature,
200 keV electron energy and incident electron beam currents ranging from 86 pA to 380 pA.
Hyperspectral linescans were acquired by displacing the focused electron beam in predefined
equal steps across single nanowires and acquiring full CL spectra (integration time: 10 s per
spectrum) at each beam position. CL spectra were obtained using a 300 mm Czerny-Turner
spectrometer and a thermoelectric-cooled back-illuminated Si CCD detector (1340 x 100 array).
The spectra shown in Figure 4 represent averages of 6 individual spectra extracted from
linescans across the corresponding nanowires, obtained within = 9 nm around the centerline of
the wires.

Micro-Raman spectroscopy: Micro-Raman spectroscopy and Raman linescans were measured on
individual nanowires dry-transferred to SiNx membrane chips (Norcada) using a Raman
microscope (Horiba Xplora plus) with an excitation wavelength of 532 nm, 100x objective
(lateral resolution ~0.5 pm), 16.8 uW laser power, and a 2400 lines/mm grating.
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