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Abstract
While traditional ferroelectrics are based on polar crystals in bulk or thin film form, two-
dimensional and layered materials can support mechanisms for symmetry breaking between
centrosymmetric building blocks, e.g., by creating low-symmetry interfaces in van der Waals
stacks. Here, we introduce an approach toward symmetry breaking in van der Waals crystals
that relies on the spontaneous incorporation of stacking faults in a non-polar bulk layer
sequence. The concept is realized in nanowires consisting of Se-rich group IV
monochalcogenide (GeSe;.«Sx) alloys, obtained by vapor-liquid-solid growth. The single
crystalline wires adopt a layered structure in which the non-polar A-B bulk stacking along the
nanowire axis is interrupted by single-layer stacking faults with local A-A’ stacking. Density
functional theory explains this behavior by a reduced stacking fault formation energy in GeSe
(or Se-rich GeSe;xSx alloys). Computations demonstrate that, similar to monochalcogenide
monolayers, the inserted A-layers should show a spontaneous electric polarization with a
switching barrier consistent with a Curie temperature above room temperature. Second-
harmonic generation signals are consistent with a variable density of stacking faults along the
wires. Our results point to possible routes for designing ferroelectrics via the layer stacking in

van der Waals crystals.
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Ferroelectrics, i.e., materials with a spontaneous electric polarization that can be reversed by
the application of an external electric field, typically adopt a polar space group in the bulk.
Prototypical ferroelectrics are 3D perovskite oxides such as barium titanate in which
asymmetric shifts in the equilibrium ion positions give rise to a non-centrosymmetric crystal
structure with a permanent, electrically switchable dipole moment. 2D and layered van der
Waals crystals are attractive materials for the search for unconventional ferroelectrics,
combining attributes such as tunable thickness down to a single layer and chemically inert
surface termination. In the monolayer limit, a number of 2D materials crystallize in reduced
symmetry structures that support in some cases out-of-plane (MoTe,)' but mostly in-plane
polarization (In,Ses,” SnS,”* SnSe).” In the few-layer to bulk regime, van der Waals crystals
that comprise centrosymmetric layers but whose stacking sequence breaks inversion
symmetry, such as WTe,® have so far remained the exception. For most layered crystals
including transition metal dichalcogenides (TMDs), hexagonal boron nitride and others, the
equilibrium stacking sequence has inversion symmetry so that these layered materials are not
ferroelectric in the bulk. In TMDs, replacing the most common 2H polymorph by a
rhombohedral 3R stacking sequence provides a pathway to non-centrosymmetric layered
crystals.”® Another possible approach to overcome this issue involves interfacial symmetry
breaking via stacking of non-isotypic or isostructural 2D crystals, which has been shown to
produce a bulk photovoltaic response in WSe, and black phosphorus heterostacks’ as well as
out-of-plane ferroelectricity in MoS,/WS, heterobilayers."” Another way of breaking

inversion symmetry, recently demonstrated for bilayer hBN,' "

entails stacking layers in a
non-equilibrium registry. However, these types of interfacial engineering are generally limited
to mechanically stacked 2D layers; bottom-up synthesis of non-isotypic stacks faces
compatibility issues, while growth of non-equilibrium shifted or twisted stacks is challenging
due to the tendency of the layers to realign or shift back toward their (centrosymmetric)
equilibrium stacking registry.

Here, we introduce a different approach to symmetry breaking in van der Waals materials:
the introduction of stacking faults with reduced symmetry in a centrosymmetric stacked host
crystal. We demonstrate this concept for the example of nanowires of group IV
monochalcogenides (MX, where M = Sn, Ge; X = S, Se), anisotropic van der Waals crystals
that are binary analogues of black phosphorus.> MX monochalcogenides have been pursued
as ferroelectrics following the theoretical prediction of multiferroic order with coupled in-
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plane ferroelectricity and ferroelasticity above room temperature. However, group IV

monochalcogenides present significant challenges for realizing ferroelectricity. Individual 2D
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layers crystallize in an anisotropic non-centrosymmetric structure and have for SnS and SnSe
demonstrated ferroelectric polarization.” However, monolayers of these materials have
remained difficult to obtain both by exfoliation and growth. In the few-layer regime,
symmetry breaking is also challenging to obtain experimentally. The crystal structure of the
entire MX family is orthorhombic (space group Pnma) with puckered layers arranged in A-B

equilibrium stacking sequence (Figure S1).>'*!7:2022

Ferroelectricity is thickness dependent
since in the centrosymmetric A-B stacking only an odd layer number breaks the compensation
between A and B layers to give rise to a net electric polarization. Such precise control over
the number of layers is evidently hard to achieve.

While the pure group IV monochalcogenides have been experimentally prepared as

42327 . 28 . 2930
flakes,™ 7 ribbons,”® and nanowires,

alloys with mixed cations (Ge, Sn), anions (S, Se),
or both, have been far less reported. Ge-based monochalcogenide alloys have been limited to
nanoparticles.”’ It is expected that both the structure and properties of alloys will bridge
between the pure endpoint materials, e.g., GeS and GeSe for GeSe;.«Sx alloys. GeS nanowires
synthesized by a vapor-liquid-solid (VLS) process have gained prominence for
optoelectronics,” nanophotonics,’> and 3D twistronics.”> GeSe, of interest for photovoltaics
and optoelectronic applications due to its 1.3 eV direct band gap,’* high carrier mobility,” and
excellent environmental stability, also lends itself to VLS growth, albeit in the form of large
ribbons.*® Our present results show that VLS growth of Se-rich GeSe,.Sy alloys produces
nanowires in which the centrosymmetric equilibrium A-B stacking sequence is interrupted by
incorporation of monolayer stacking faults with metastable A-A’ stacking, i.e., the insertion
of an additional A-layer with a 2 unit cell shift along the b-direction (Figure S1). Density
functional theory (DFT) confirms lower formation energies for such metastable A-A’ stacking
in GeSe compared to GeS, and it shows that the observed A-A’ stacking faults have lower
energy than an A-A stacking sequence with laterally aligned A-layers. Ab-initio calculations
demonstrate that the symmetry breaking due to this local A-A’ stacking gives rise to
ferroelectricity analogous to a single MX monolayer.” The reduced symmetry in areas with
high densities of stacking faults is observable experimentally via second harmonic generation.
Our results identify symmetry breaking due to stacking faults in otherwise
centrosymmetrically stacked MX nanowires as a possible avenue toward van der Waals

ferroelectrics.



Results and Discussion

Ge-Se-S nanostructures were grown in a quartz tube reactor with two independently
controlled temperature zones by simultaneous evaporation of GeS and GeSe powders using
Ar as a carrier gas (see Methods for details). Au-catalyzed VLS growth from a pure GeSe
precursor yields macroscopically large, single-crystalline GeSe ribbons that crystallize in a
layered structure, with c-axis (i.e., the van der Waals stacking direction) perpendicular to the
ribbon axis (Figure S2),° similar to GaS and GaSe nanoribbons reported earlier.’’*® Adding
GeS vapor via simultaneous evaporation of GeSe and GeS precursors leads to the formation
of nanowires that are stacked with the c-axis parallel to the wire axis. TEM images of the
nanowires formed at the lowest GeS vapor pressure used in our experiments are shown in
Figure 1. The nanowires grow up to several tens of micrometers long and appear tapered with
diameters decreasing toward their tips. Hemispherical caps at their tips show characteristic
darker TEM (see also Figure S3) and brighter HAADF-STEM (Figure S4) contrast, consistent
with a Au-rich VLS catalyst particle. High-resolution TEM (Figure 1 (d)) and nanobeam
electron diffraction (Figure 1 (e)-(f)) show that the nanowires are single crystals with the
same orthorhombic layered structure (space group Pnma) found for GeSe™*” and GeS.* The
TEM images and electron diffraction patterns confirm that the nanowire axis lies along the
[001] direction, i.e., the c-axis is aligned with the nanowire axis. Lattice fringes in high-

resolution TEM (Figure 1 (d)) are separated by ~0.545 nm perpendicular to the nanowire axis,
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Figure 1. Morphology of Au-catalyzed nanowires from GeSe and GeS vapors at Pges. =
5.6 x10”° Torr and Pges = 5.6 x107 Torr. (a) TEM image of a characteristic nanowire
grown over Au catalyst at a substrate temperature of 300°C (dispersed on lacey carbon
support). (b) TEM image close to the nanowire tip. (¢) Higher magnification TEM image of a
section of the nanowire. (d) High-resolution TEM image of a nanowire near the tip. (e) — (f)
Nanobeam electron diffraction patterns of the wire along the [110] and [010] zone axes (ZA),
respectively.
4



consistent with the spacing of (002) planes in bulk GeSe and GeS.*’ The lattice constants of
the nanowires determined from the electron diffraction (¢ = 3.857 A, b = 4.399A, ¢ = 10.898
A) are smaller than for pure GeSe (a = 3.878 A, b =4.550 A, ¢ = 11.142 A), as expected due
to alloying by incorporation of GeS.

Chemical analysis by energy-dispersive X-ray spectroscopy (EDS) in scanning electron
microscopy (SEM) detects Ge, Se, and S, i.e., demonstrates incorporation of S in the GeSe;.
Sy alloy nanowires (Figure 2). Quantitative EDS analysis of several nanowires yields an
average S content of 5-7 at. %, confirming Se-rich GeSe( ¢S nanowires. Elemental maps
show a uniform distribution of Ge, Se, and S. The intensity of the S signal is relatively low
(Figure 2 (d)), but EDS spectra (Figure 2 (e)) consistently show a pronounced S peak. Au is
limited to the catalyst particle at the nanowire tip (see Figure S3). A detailed TEM

characterization (Figure S4) confirms that the catalyst tips consist of single-crystalline Au.
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Figure 2. Chemical analysis of nanowires grown from GeSe and GeS vapor at vapor
pressures Pgese = 5.6 x10” Torr and Pg.s = 5.6 x10” Torr. (a) HAADF-STEM image of a
segment of a representative nanowire. (b) — (d) EDS maps of the nanowire showing the
distribution of Ge ((b), red), Se ((c), green), and S ((d), yellow). (e¢) EDS spectrum from the
nanowire.

Intensity (a.u.)

Importantly, both TEM (Figure 1, Figure 3) and HAADF-STEM (Figure S5) show a non-
uniform, striped contrast in the nanowires. Similar stripes have been observed in III-V
semiconductor nanowires, where they are associated with changes between zincblende and
wurtzite polymorphs.*’ High-resolution (HR) TEM imaging of the morphology of a
characteristic GeSe;xSx nanowire (Figure 3 (a) — (b)) shows segments with uniform contrast
interrupted by inclusion of a single layer with different contrast. HRTEM of the uniform
segments (Figure 3 (c), zone axis, ZA: [110]) shows the characteristic atomic structure of
layered GeSe9So.1 with equilibrium A-B stacking, confirmed by an excellent match between

the experimental image and a multislice image simulation (Figure 3 (c), right) for the A-B
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stacked layer structure. Nanobeam electron diffraction (Figure 3 (c’)) also confirms the A-B
stacking in this segment (see also Figure S6). Occasionally the periodic layered structure is
disrupted, i.e., one layer spacing appears larger (Figure 3 (d)). At this position a single
stacking fault is inserted into the A-B stacked nanowire. Prior work has identified an
alternative A-A stacking sequence in the group IV monochalcogenide SnS,’ where the
sequence of alternating A- and B-layers is replaced by repeated A-layers that align across the
van der Waals gap (Figure S1). We considered the insertion of an A-A layer pair as a possible
structure of the stacking faults in our nanowires (Figure 3 (e)). However, several
characteristics do not match those expected for an A-A stacking fault: (i) Although the
contrast in HRTEM is consistent with the insertion of an additional A-layer, [110] ZA images
do not show the expected registry (i.e., lateral alignment of the A-layers, Figure 3 (d)); (ii)
similarly, atomically resolved HAADF-STEM along [110] ZA shows two consecutive A-
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Figure 3. Stacking faults in GeSe;.«Sx nanowires with S content below 15 at.%. (a) TEM
image of a section of a characteristic GeSey9Sy; nanowire. Inset: TEM image of the entire
nanowire; scale bar: 500 nm. (b) High-resolution TEM image showing the stacking of the van
der Waals layers. SF: Single stacking faults inserted in the A-B stacked nanowire. (¢) Higher
magnification view of the lattice fringes in one of the extended segments with equilibrium A-
B stacking. Right: Multislice image simulation with overlaid atomic positions. (d) Higher
magnification view of the lattice fringes around a stacking fault in (b), with atomic positions
indicated based on the multislice simulation in (c). Vertical dashed and dash-dotted lines
indicate a shift of the A- and B-layer lattices to the right across the stacking fault, a telltale
signature of a A-A’ stacking fault seen along the [110] zone axis (see panel (f)). (¢’) — (d’)
Nanobeam electron diffraction patterns along the [110] ZA, obtained in an A-B stacked
segment (c) and at the stacking fault in (d). See Figure S5 for a comparison with diffraction
simulations. (¢) Model of the A-B stacked structure hosting an A-A stacking fault. (f) Model
of the A-B stacked structure hosting an A-A’ stacking fault, where the layers after the
stacking defect are shifted by b/2. This shift along the b-axis results in a smaller displacement
in [110] zone axis view.



layers at the stacking fault shifted laterally by ~% unit cell (Figure S7); and (iii) [110] ZA
nanobeam electron diffraction shows the suppression of [110] and [110] reflections that
should be present in A-A stacking (Figure 3 (d’), Figure S6). These signatures are consistent
with a different, not previously identified layer sequence at the stacking fault, which we call
A-A’ stacking (Figure 3 (f)). In the A-A’ stacking, consecutive A-layers are shifted by 2 unit
cell in the b-direction (Figure S1). In a [110] view, this translates into a lateral shift by ~%
[110] unit cell, as observed in HRTEM and HAADF-STEM of individual stacking faults.
This implies that the following A-B stacked layers inherit their registry from the A’-layer at
the stacking fault, i.e., are also laterally shifted relative to the A-B stack prior to the fault
(Figure 3 (d), (f)). Furthermore, the simulated electron diffraction pattern for A-A’ stacking
coincides with the DPs observed at single stacking faults in our nanowires. As we will discuss
below, DFT calculations show the A-A’ stacking fault as energetically favorable compared to
the A-A structure. We conclude that the observed stripe pattern in the GeSe9Sy; nanowires
stems from individual A-A’ stacking faults incorporated in a host crystal with overall A-B
stacking. Importantly, the local A-A’ stacking (i.e., insertion of an additional A’-layer) breaks
the mirror symmetry of the equilibrium (A-B stacked) monochalcogenide structure.

We note that, apart from their inverted electric dipoles, there is no fundamental distinction
between the A- and B-layers in A-B stacked monochalcogenides (Figure S1). Hence, there
should be A-A’ as well as B-B’ stacking faults in our GeSe;.xSx nanowires, and if adjacent
stacking faults are non-interacting (i.e., statistically independent), the probability of inserting
either an extra A’- or B’-layer should be equal (50%). We used HRTEM images with
consistent contrast over nearly 100 nm (~100 unit cells) to test this hypothesis (Figure 4).
Along [100] ZA and with the chosen defocus, A- and B-layers appear with characteristic dark
and bright contrast, respectively (Figure 4 (a), (b)), and are thus readily identified in intensity
profiles across large distances. The profile shown in Figure 4 (c) contains seven stacking
faults over ~80 nm, of which five are monolayer A-type, one is an A-type double-fault, and
one is B-type. Importantly, we find five consecutive A-type stacking faults. For non-
interacting defects, this sequence should be highly improbable (probability ~3.1 %). These
findings suggest that the selection of the additionally inserted layer during growth is not
random, but is biased toward forming consecutive stacking faults of the same type.
Establishing the underlying mechanism will require additional work, but possible
explanations include energy minimization via formation of a ferroelectric domain structure,

elastic interaction, or another type of bias arising during the growth process.



Stacking faults persist in the layered alloy nanowires to sulfur concentrations up to 15
at.% (i.e., GeSe(7S03). Figure S8 shows a typical GeSey 725028 nanowire containing stacking
faults within an A-B stacked host crystal. Upon further increase of the sulfur content, the
stacking faults in the GeSe;«Sx nanowires decrease, and wires with S concentration of ~30

at.% (GeSe(4S0.6) and above no longer incorporate stacking faults (Figure S9). These wires
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Figure 4. Analysis of a sequence of stacking faults (SF) from large-scale high-resolution
TEM. (a) High-resolution TEM image of a GeSey9So.; nanowire with consistent contrast over
nearly 100 nm. Zone axis (ZA): [100]. (b) Higher magnification of the observed lattice
fringes in an A-B stacked part of the wire. Dashed horizontal lines (spaced ~1 nm) indicate a
c-axis unit cell. The thinner dotted line separates A- and B-layers. (¢) Intensity profile along
the line shown in (a), where the largest peaks coincide with the center of the B-layers while
less intense maxima coincide with the A-layers. Dashed vertical lines indicate consecutive
unit cells along the c-axis (i.e., van der Waals stacking direction). The seven stacking faults
along this line comprise a sequence of five A-type faults, one B-type fault, and one A-type
double fault. For uncorrelated (i.e., non-interacting) stacking faults, the probability of
obtaining five consecutive A-A’ faults is 1/2° = 3.1 %.

are longer, have uniform diameters, and they harbor axial screw dislocations, similar to pure
GeS nanowires.””** Similar to GeS wires, they can also transition from a major dislocated
segment with diameter-dependent Eshelby twist to a layered (non-dislocated) section close to
the tip (Figure S9(b)).**

Additional EDS experiments were performed to probe if stacking faults in GeSe;.xSk
nanowires are accompanied by differences in Se/S content (see Figure S10). EDS linescans
across alternating regions with low and high stacking fault density show no detectable
correlation between the ratio of Se to S concentrations and the local abundance of stacking
faults (Figure S10 (a), (b)). Hence, aside from the effects of the overall S content in the alloy,
discussed above, there is no apparent link between the chemical composition and the
introduction of stacking faults.

In summary, growth by simultaneous exposure to GeSe and GeS vapors causes a switch in
morphology from nanoribbons, obtained from a pure GeSe precursor, to tapered GeSe;.xSx

alloy nanowires with A-A’ stacking faults, and ultimately (for S content above 30 at.%)
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twisted GeSe;xSx nanowires. Additional electron microscopy suggests that stacking faults
also exist in pure GeSe nanostructures, consistent with their low formation energy in Se-rich
Ge monochalcogenides (Figure S10). Characteristic Au catalyst particles at the tips of the
GeSe .Sy nanowires suggests that, similar to layered GeS nanowires,* their growth proceeds
via a VLS process. Prior work has shown that vapor-phase additives can change the VLS
catalyst drop and influence the morphology of a growing nanostructure without necessarily
being incorporated. For instance, adding small amounts of SnS to the primary GeS precursor
tunes the layer orientation in GeS nanowires without detectable Sn incorporation.* Similarly,
adding small amounts of GeS to the GeSe vapor switches the morphology from nanoribbon to
nanowire while also inducing chalcogen substitution. For GeS concentrations between ~5-50
at. %, the nanowire morphology is maintained while the wires become GeSe;.«Sx alloys
whose composition is tunable via the ratio between GeS and GeSe precursor vapor pressures
all the way to pure GeS (x = 1, Figure S12). DFT calculations support this observed
isomorphous behavior, i.e., complete miscibility over the entire range of compositions even at
room temperature. Both theory (Figure S13, Figure S14) and electron diffraction
measurements (Figure S12) confirm Vegard’s law, i.e., a linear change in the lattice constants
of the GeSe xSy alloys between GeSe and GeS.

The observed tendency toward incorporation of single A-A’ stacking faults in the
otherwise A-B stacked nanowires at high Se content implies a local lifting of the inversion
symmetry of the A-B bilayer structure and thus warrants further consideration. To understand
the origin of these spontaneous changes in the stacking order, we performed DFT calculations
evaluating the formation energies for the equilibrium A-B and the metastable A-A and A-A’
stacking in GeS and GeSe (Figure S15). The calculations (see Table S1) show that in GeSe,
the energy differences between A-A and A-B stacking (0.023 eV per monolayer (ML) unit
cell) and between A-A’ and A-B stacking (0.048 eV per ML unit cell) are small, while they
are significant in GeS (0.146 eV and 0.079 eV per ML unit cell, respectively). If the in-plane
lattice constants are fixed to those of the A-B phase and the out-of-plane lattice constant is
optimized, which should correspond more closely to the experimental situation, the energy
differences increase to 0.115 eV per ML unit cell (GeSe, A-A), 0.070 eV per ML unit cell
(GeSe, A-A’), 0.191 eV per ML unit cell (GeS, A-A), and 0.094 eV per ML unit cell (GeS, A-
A’), respectively. We find that these values provide good approximations to the energy of a
stacking fault from calculations with a single A-A’ stacking fault introduced within a thick
slab of A-B phase (0.069 eV and 0.102 eV for GeSe and GeS, respectively), and the A-A’
stacking fault is in all cases lower in energy than the A-A type (Figure S16). Thus, we
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conclude that the introduction of stacking faults is easier in GeSe and therefore favored at Se-
rich alloy compositions, consistent with our experimental results. Additional calculations for
varying number of A-B stacked cladding layers or number of A-A stacking faults (Figure
S16) show that these conclusions are robust across a wide range of layer configurations.
Considering the effects on the electronic structure, we find that both A-A’ and A-A stacking
faults are electronically benign without causing deep-level defect states in the gap (Figure
S17).

To assess the possibility of a spontaneous ferroelectric polarization due to the symmetry
breaking at stacking faults, we used DFT to compute the electronic contribution to the
polarization by using the modern theory of polarization based on the Berry phase. The actual
Se-rich GeSe ;xS alloys of our nanowires were approximated as pure GeSe. To validate the

calculations, we computed the spontaneous polarization and transition state energy for a GeSe
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Figure 5. Ab-initio calculation of ferroelectric polarization switching of A-A and A-A’
stacking faults embedded in A-B stacked GeSe. (a) Atomic structures along the
transformation path of an A-A’ stacking fault (‘X’) within an A-B stacked host crystal, as
found experimentally. (b) Computed polarization along the transformation pathway (7 steps,
see (a)). In the ‘fixed’ case, the positions of atoms in the neighboring layers are frozen, while
in the ‘relaxed’ scenario all atoms are allowed to move. The final polarization (0.54 e/A for an
A-A’ stacking fault) is consistent with but somewhat larger than the polarization for a MX
monolayer (0.44 e/A, see Figure S18). (¢) Energy landscape along the transformation path for
‘fixed’ (A-A and A-A’) and ‘relaxed’ (A-A) cases from nudged elastic band calculations.
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monolayer (Figure S18), finding excellent agreement with published results.'” Figure 5 shows
results of nudged elastic band calculations for the electric polarization and energy along the
transformation path for switching of the embedded stacking fault from an initial A-A’ to a
final B-B’ configuration (Figure 5 (a)). Calculations were performed for two scenarios: (i) In
the ‘fixed’ case, the positions of all atoms in neighboring layers were frozen; (ii) in the
‘relaxed’ case, the positions of all atoms were optimized, which resulted in significantly
slower convergence. The resulting polarization, AP, and energy profile along the
transformation path are shown in Figure 5 (b) and Figure 5 (c), respectively. For the
experimentally identified A-A’ stacking fault, we find AP = 0.54 ¢/A between states 1 and 7
in Figure 5 (a), which yields a spontaneous polarization Ps = %4 AP = 4.32x10"° C/m, equal to
that of a B-B’ stacking fault and somewhat larger than P for a monolayer (3.53x10™° C/m,
Figure S18). Energy barriers for the transformation of 362 meV (A-A’, fixed), 190 meV (A-
A, ‘fixed’), and 150 meV (A-A, ‘relaxed’) are also higher than for switching of a monolayer
(103 meV, Figure S16), suggesting that the embedding in an A-B stacked host crystal tends to
raise the Curie temperature beyond the value of the monolayer ferroelectric (estimated to lie

well above room temperature).'’
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Figure 6. Second-harmonic generation (SHG) in Se-rich GeSe; Sy nanowires. (a) Optical
microscopy image of a group of GeSe;«Sx nanowires transferred to Au/Si support. (b)
Schematic of the SHG experiment using exciting laser light with wavelength A**° = 800 nm
converted to its second-harmonic (A’ = 400 nm) by the non-centrosymmetric structure at
stacking faults. (¢) SHG intensity map displaying the intensity in the wavelength window
between 390 — 410 nm. (d) Spectra obtained at points (1) — (3) marked in the map shown in
(c). Note the coexistence of the SHG signal with a background signal due to blackbody (bb)
radiation due to heating of the wires by the laser. (¢) TEM image showing alternating areas
with high and low density of stacking faults along the GeSe;.«Sx nanowires.
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We used second harmonic generation (SHG) spectroscopy to assess if the local symmetry
breaking near A-A’ stacking faults can be detected experimentally. The experiments
performed on dry-transferred wires on Au/Si supports (Figure 6 (a)) used incident ultrafast
laser pulses at 800 nm wavelength (Figure 6 (b); see Methods for details). SHG was
performed on nanowires from the same samples as the wires imaged by electron microscopy,
and the identical morphology and consistent presence of stacking faults (and absence of other
defects, e.g., dislocations) in all nanowires imaged by (S)TEM strongly suggests the non-
centrosymmetric structure at the stacking faults as the origin of SHG signal.

A typical SHG map is shown in Figure 6 (c), where the integrated intensity in a narrow
wavelength window (390 — 410 nm) centered at the second harmonic is plotted. The
measurements show areas of high SHG intensity alternating with lower signals in each of the
wires in a small group. The different signals can be seen in the example spectra obtained at
different positions within one of the wires (Figure 6 (d)). Note that in addition to the SHG
signal at 400 nm, there is a substantial intensity of emitted light across the visible spectrum.
We ascribe this emission to blackbody radiation due to the heating of the nanowires by the
exciting laser pulses, consistent with the absorption of the 800 nm light by the GeSe;_«Sx alloy
nanowires (Figure S19). The existence of SHG intensity minima down to near zero intensity
corroborates that second harmonic generation does not originate from nanowire geometry or
surface effects, but indeed reflects the symmetry breaking by stacking faults along the wires.
Since SHG signal is only expected for non-centrosymmetric stacking while it vanishes in A-B
stacked parts of the sample, the strong variations in SHG intensity can be understood as
resulting from different local densities of stacking faults along the nanowires, which are

evident in our structural characterization (Figure 6 (e)).

Conclusions

Local symmetry breaking at stacking faults in otherwise centrosymmetrically stacked
crystals represents a possible avenue toward inducing ferroelectricity in layered materials.
Here, we demonstrated the realization of this concept for nanowires of Ge-based group IV
monochalcogenides. While vapor-liquid-solid (VLS) growth from pure GeS yields nanowires
with a chiral twisted structure around an axial screw dislocation and VLS growth from GeSe
produces large nanoribbons, VLS growth of Se-rich GeSe;Sx alloys gives rise to
semiconducting 1D nanostructures with mixed characteristics, adopting the morphology of
layered nanowires found for GeS (albeit without a screw dislocation) while inheriting from

GeSe the tendency to form stacking faults. This results in layered van der Waals nanowires
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comprising single-layer A-A’ stacking faults embedded in an A-B stacked host crystal.
Similar to a single monolayer or few-layer crystals with odd layer number, the stacking fault
layers break the inversion symmetry of the equilibrium A-B stacked bulk. Calculations
suggest that this symmetry breaking results in robust ferroelectricity with spontaneous
polarization at least on par with that of group IV monochalcogenide monolayers and
switching barriers consistent with Curie temperatures well above room temperature. Second
harmonic generation spectroscopy, which shows regions with different second harmonic
intensity alternating along the wires, provides an experimental confirmation of the local
symmetry breaking by A-A’ stacking faults. The prospect of incorporating layers that carry a
spontaneous electric polarization in anisotropic van der Waals nanowires promises flexibility
in the choice of the polarization axis not found in planar thin film ferroelectrics. Specifically,
in wires supported on a substrate, the electric dipole may be oriented continuously between
in-plane and out-of-plane polarization by rotating the wire around its axis (Figure S20). If the
elementary dipoles due to individual stacking faults are aligned parallel to one another (as
they would be in our GeSe; Sy alloy nanowires), such a continuous reorientation might be
effected by an applied electric field, providing opportunities for manipulating the electric

polarization.

Methods

Experimental Methods: GeSe;«Sx nanowires were synthesized using GeSe and GeS powders
(99.99%; ALB Materials) in an experimental setup consisting of a pumped quartz tube reactor
with two temperature zones. The GeSe and GeS precursors were placed in separate quartz
boats in the evaporation zone and heated to temperatures between 400 — 450°C. Nanowires
containing 5-6 at. % S were prepared under the following conditions: GeSe: 450°C, Pgese =
5.6 x107 Torr; and GeS: 400°C, Pges = 0.0556 Torr. Alloy nanowires with higher sulfur
content were prepared at higher GeS vapor pressures; here, the GeSe powder was heated to
400°C (Pgese = 6.08 x 10™* Torr), while the GeS temperature was varied between 400 — 450°C
(Pges between 0.0556 — 0.288 Torr). Si(100) covered with 2 nm thick Au films deposited by
sputtering at room temperature was used as substrate. In all experiments the zone containing
the substrate was heated to a growth temperature of 300°C. During growth, an Ar (99.9999%,
Matheson) carrier gas flow was maintained at 60 standard cubic centimeters per minute
(sccm) at a pressure of 20 mTorr. The growth was typically performed for 5 minutes, resulting
in the formation of forests of nanowires with lengths of several tens of micrometers. Structure

and morphology of the nanowires were investigated by transmission electron microscopy
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(TEM) in an FEI Talos F200X microscope on nanowires spread on carbon and silicon nitride
membrane supports. Aberration-corrected HAADF-STEM was performed in a JEOL
NeoARM instrument at 200 keV. Energy-dispersive X-ray spectroscopy (EDS) was carried
out in an FEI Nova NanoSEM 450 field emission scanning electron microscope and an FEI
Tecnai Osiris TEM at 200 kV. Second harmonic generation (SHG) measurements were
conducted using a 50 fs Ti:Sapphire laser (Micra, Coherent) at 800 nm and 80 MHz repetition
rate. The laser beam was passed through a half-wave plate mounted in a rotation stage,
directed into an upright microscope (Olympus) and focused onto a nanowire using a 100x
microscope objective (numerical aperture, NA = 0.9) to a ~1.5 um spot. The laser energy at
the sample surface was ~300 uW. SHG light was collected in backscattering configuration
using the same objective and directed to a monochromator (Spectra Pro 23001, Acton, /= 0.3
m, 150 grooves/mm grating) coupled to the microscope and a CCD camera (Pixis 256BR,
Princeton Instruments). Before entering the monochromator, the SHG light was passed
through a short-pass cut-off filter (650 nm) to filter out the fundamental excitation light at 800
nm and a polarizer to select the SHG polarization parallel to that of the exciting light. SHG
mapping was performed by moving the sample using a computer controlled motorized XY
stage with 0.2 um steps and acquiring full spectra at each point (0.5 s acquisition time). To
plot the maps, the SHG spectral lines at 400 nm were integrated from 390 nm to 410 nm at

each pixel. Cathodoluminescence measurements were performed in HAADF-STEM at room

temperature using a Gatan Vulcan CL holder and an incident electron beam current of 400 pA.
Panchromatic CL maps were acquired with 512x512 pixels at 2 ms per pixel. Local spectra

were obtained by positioning the exciting beam at selected locations within single nanowires
and dispersing the emitted light in a spectrometer equipped with a cooled Si CCD detector

(Integration time: 20 s).

Computational Methods: DFT calculations were carried out in the projector-augmented wave

framework as implemented in VASP.****

We used the exchange-correlation functional PBE-
D2,**” which we found to perform well in reproducing the experimental lattice parameters
and heats of formation of tin chalcogenides in our previous work,” and also the lattice
parameters of GeS and GeSe as shown in Table S1. An energy cutoff of 500 eV was used
throughout and the Brillouin zone was sampled using a k-point mesh of 12x12x4 or larger.
The calculated energy differences between A-B and A-A’/A-A phases are listed in Table S1.
The A-A’ phase consisting of staggered A-layers, which shows lower energy under most

conditions (see Table S1), is in agreement with experimental TEM, STEM and electron

diffraction results. The stacking fault models were constructed by taking » units of A-B phase
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unit cells (with two layers each) and inserting a single additional layer with A-A’ or A-A
stacking. The stacking fault energy was calculated with respect to the same number of atoms
of pristine A-B phase.

The electric polarization was calculated using the Berry phase expression within the

modern theory of polarization,*

which is defined only up to modulo P,, = eR/Q, where R
is the lattice vector and Q is the unit cell volume. To resolve this indeterminacy, we inspected
the change in polarization along a path that connects the stacking fault structures of opposite
orientation (see Figure 5 (a)) to find abrupt jumps corresponding to P,,,. Figure 5 (b) shows the
polarization after these jumps have been removed. The switching path was constructed by
first carrying out a nudged elastic band calculation with five intermediate images and then
linearly interpolating three additional images between each of them.

The cluster expansion (CE) and special quasi-random structures (SQS) were constructed
using ATAT package.”'™ CE was fitted to 61 automatically generated structures. The CE
contains only pair-interactions up to 11.7 A distance and yields a cross-validation score 0.96
meV per X site (or per GeX formula unit). A comparison of CE and DFT energies is shown in

Figure S13. The SQS were constructed using a 4x4x1 supercell and a 3x2x4 k-point mesh was

used in the calculations.

Supporting Information: Supporting Figures: Structure of A-B, A-A, and A-A’ stacked
monochalcogenides; TEM of GeSe ribbons; SEM EDS maps and spectrum; additional TEM,
STEM, and electron diffraction of GeSe;.xSx alloy nanowires with stacking faults; aberration-
corrected HAADF-STEM of stacking faults in GeSe;.«Sx alloy nanowires; TEM showing the
persistence of stacking faults at higher S content; TEM of chiral twisted GeSe;.xSx nanowires
obtained for x > 0.6; EDS analysis of correlation between composition and stacking faults;
TEM of a single-crystalline GeSe plate with stacking faults; measured a-lattice parameters of
GeSe).xSx alloy nanowires; DFT results on the stability of GeSe;.«Sx alloys; computed lattice
constants for GeSe; Sy alloys; optimized structures of A-B, A-A, and A-A’ stacked
monochalcogenides; stacking fault energies for different number of host layers and stacking
fault layers; electronic density of states at A-A and A-A’ stacking faults embedded in an A-B
stacked host crystal; computation of ferroelectric polarization switching in a GeSe monolayer;
cathodoluminescence spectroscopy of GeSe;.«Sx alloy nanowires; possibilities for polarization
control in layered nanowires with polar inclusions. Supporting Table: Computed lattice
parameters and energy differences for bulk GeS and GeSe with different stacking. Supporting
References (PDF).
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