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Predicted topological crystalline insulators such as Pb1 − xSnxTe
are an interesting candidate for applications in quantum technology, as they
can host spin-polarized surface states. Moreover, in the nanowire geometry,
a quasi-1D system can be realized with potential applications exploiting
Majorana fermions. Herein, the selective area growth of Pb1 − xSnxTe
islands and nanowires over the full range of x is demonstrated, and their
in-depth growth dynamics and faceting are analyzed. By transmission electron
microscopy, the single-crystalline and defect-free nature of the grown material
and the homogeneous, controllable Pb/Sn ratio in the nanowires is confirmed.
With support of phase-field growth simulations, it is shown that the crystal
faceting mainly follows the driving force of surface energy minimization,
favoring the lowest energy {200} surfaces. A kinetic enhancement of adatom
incorporation on {110} facets is recognized to limit their extension with respect
to {200} and {111} facets. After inspecting all possible in-plane orientations,
we identify the 〈110〉 directions as the optimal candidate for the growth of
high-quality and perfectly straight Pb1 − xSnxTe nanowires, enabling the design
of complex networks due to their threefold symmetry. This work opens the
way to systematic transport investigation of the carrier density in Pb1 − xSnxTe
nanowires and can facilitate further optimization of the Pb1 − xSnxTe system.
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1. Introduction

Tin telluride (SnTe) is predicted to be a
Topological crystalline insulator (TCI), a
state of matter with spin-polarized surface
states arising from crystal symmetries.[1–3]

The contribution of the surface states is ex-
pected to be more pronounced in nanowires
(NWs), due to the high surface to volume
ratio,[4,5] and the NW geometry allows for
improved coupling to the gate electrodes
in devices. However, electronically probing
TCI surface states in SnTe is challenging
due to the energetically favorable Sn vacan-
cies, which is especially pronounced at Te-
rich growth conditions.[6] These vacancies
lead to very high carrier densities, and, as
a consequence, strong bulk conduction oc-
curs that obscures the topological surface
states.[7] In order to reduce the carrier den-
sity, a ternary alloy of Pb1 − xSnxTe can be
grown.[8] Although pure PbTe is a trivial
(non-topological) material, Pb1 − xSnxTe is
predicted to remain a host of TCI states up
to ≈ 65% of Pb incorporation.[8–10]

To date, the growth of Pb1 − xSnxTe NWs
has been limited to out-of-plane NWs
that suffer from a limited length and are

difficult to implement in quantum transport devices.[11–14] In-
plane selective area growth (SAG) has some major advantages
over the common out-of-plane method, as the thickness of the
grown material can be accurately controlled and it allows for
straightforward synthesis of complex NW networks such as Hall
bar devices for accurate carrier density investigation. Moreover,
specific facets can be exposed by choice of the substrate orienta-
tion. Of special interest is the {111} family, which is difficult to
access for out-of-plane grown NWs, as they are terminated all-
around by the lowest surface energy {200} facets.[13] In a suffi-
ciently thin structure, the {111} facets are predicted to host quan-
tum spin Hall (QSH) states.[15,16] Moreover, different facets are
expected to host Dirac cones at different positions in the surface
Brillouin zone,[17] making it vital to understand and control the
growth kinetics and faceting of in-plane SAG Pb1 − xSnxTe.

Here, we investigate the in-plane SAG of the Pb1 − xSnxTe
ternary alloy over the full range of x from 0 to 1, by molecu-
lar beam epitaxy (MBE) growth, supported by phase-field sim-
ulations. Growth is performed on InP(111)A substrates, as high
quality PbTe growth has been shown on this specific substrate
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Figure 1. Selective area growth of Pb1 − xSnxTe alloys in round openings. a) Schematic showing the relevant {200}, {110}, and {111} facets. b) Top-view
SEM images showing the SAG of 6 × 6 Pb1 − xSnxTe structures grown in 200 nm diameter round openings for 30 min. The substrate crystal orientation
and scale are indicated in the leftmost panel and are kept consistent throughout. The alloy composition is indicated in each panel. The insets show close-
ups, with the mask openings indicated by white circles. c) Top-view SEM images of structures grown in 100 nm openings for 45 min. The morphology
for all compositions converges to a tetrahedron terminated by {200} facets. d) Wulff equilibrium shape consisting of only {200} facets (for PbTe) with
possible small {111} truncations (light-blue) for SnTe in Te-poor environment.

orientation in previous work,[18] and {111} facets can be readily
exposed.

2. Selective Area Growth of Pb1 − xSnxTe

We investigate the SAG of various Pb1 − xSnxTe compositions.
Growth is performed on a semi-insulating InP(111)A substrate,
covered with a 20 nm thick amorphous SiNx mask in which open-
ings are etched to expose the substrate. Details on substrate fab-
rication are available in Experimental Section.

First, we analyze the growth of Pb1 − xSnxTe within round
openings, focusing on five compositions x evenly distributed over
the full range. These allow the grown crystals to develop their pre-
ferred morphology when exceeding the mask rims, without any
bias by the in-plane directions. In Figure 1a, the relevant available
facets, consisting of the {200}, {110}, and {111} families, are indi-
cated. Figure 1b shows scanning electron microscopy (SEM) im-
ages of the resulting crystals grown in 200 nm diameter openings
after 30 min of growth for different Pb1 − xSnxTe compositions.
A representative overview of a 6 × 6 array gives an indication for
the high yield and fairly good uniformity of the grown crystals, al-
though a small fraction of deviating crystals can be identified. For
all compositions, the resulting morphology consists of a {111}
top facet and a combination of inclined {200} and {111} facets.
The ratio of dimensions of the {200} and the {111} side facets
is distinctly different for the diverse compositions, with an in-
creasing extension of the {111} over the {200} for increasing Sn
content. Interestingly, no {110} facets are observed, despite their
energy should be comparable to the one of {111} surfaces.[19,20]

From the consistent morphology of each crystal with respect to
each other, we can conclude that all the crystals, regardless of the
composition, have a fixed (epitaxial) relationship to the substrate.

By continuing the deposition for longer times and/or consid-
ering smaller opening sizes, shapes from all compositions are
found to converge to a tetrahedron defined only by {200} facets,
as shown in Figure 1c for PbTe (see also Ref. [18]), and for SnTe is-
lands, grown in 100 nm openings for 45 min. This latter shape, to
be considered as the final, steady-growth morphology, looks con-
sistent with the equilibrium morphology (Figure 1d), as predicted
on the basis of ab-initio surface energy values for both PbTe[19]

and SnTe[20] in a Te-poor environment. This is assumed to be the
case in our experiments, as Te is supposed to re-evaporate imme-
diately due to its high vapor pressure.

Next, we investigate the growth of Pb1 − xSnxTe in elon-
gated openings. Figure 2a shows a SEM image of 4 μm long
Pb0.5Sn0.5Te NWs, with the orientation of their long axis to the
substrate varied in 5° increments. The high-symmetry 〈110〉

and 〈112〉 directions are identified as the most promising ones.
Structures grown along the 〈110〉 directions are the most uni-
form displaying well-defined facets, and therefore we primarily
focus on these. The NWs grown along the 〈112〉 directions show
smaller uniform segments. In Figure 2b,c, NWs grown in a
cross pattern in these two crystal directions are shown for x
= 0, 0.5, and 1, for different growth times. When the grown
structures do not exceed the mask in height (Figure 2b), the
morphology of the NWs is identical, and only a flat {111} top
facet is visible. When the growth exceeds the mask (Figure 2c),
a combination of well-defined facets is formed. For PbTe, a uni-
form NW growth appears to occur in both the 〈110〉 and 〈112〉

directions, although a local refaceting occurs at the ends of the
〈112〉 oriented NWs that expose the lowest-energy {200} surfaces
at one terminal and {111} at the opposite. With increasing Sn
content, NWs grown along the in-plane 〈112〉 direction form
increasingly prominent zigzag-like faceting, probably consisting
of alternating {200} and {111} side-facets, in place of {110}
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Figure 2. Selective area growth of Pb1 − xSnxTe alloys as nanowires and networks. a) Pb0.5Sn0.5Te NWs grown for 30 min in 4 μm long openings, their
orientation to the substrate rotated at 5° increments. NWs grown in the 〈110〉 direction (white arrows) are uniform along their full length, while NWs
grown in the 〈110〉 direction (yellow arrows) have small uniform segments. b) Pb1 − xSnxTe NWs grown for 15 min in the 〈110〉 and 〈112〉 direction at
x=0, 0.5, and 1. The networks have barely exceeded the mask, with no distinct faceting visible other than the {111} top facet. c) Pb1 − xSnxTe NWs grown
for 30 min for x=0, 0.5, and 1. The networks exceed the mask and form well defined facets. PbTe appears to form uniform, straight facets in both the
〈110〉 and the 〈112〉 directions. For increasing Sn content, the 〈110〉 oriented nanowires have flat facets, but the 〈112〉-oriented wires develop zigzag-like
faceting.

vertical facets. High-resolution transmission electron mi-
croscopy (HRTEM) analysis of a PbTe NW grown along the
in-plane 〈112〉 direction, shown in Figure S3 (Supporting In-
formation), indicates that for PbTe the side facets are not flat
{110} facets. Actually, these sidewalls display a rounded shape,
possibly indicating the same instability of the {110} facets that
drives the zigzag formation in Sn alloys. As a consequence of
such facet instability in the in-plane 〈112〉 direction, we have
prioritized the in-plane 〈110〉 direction, as for quantum transport
experiments a consistent confinement energy is crucial. Due
to the threefold symmetry of the 〈110〉 direction on the (111)A
substrate, complex structures can be grown using a combination
of the three available in-plane 〈110〉 directions.

3. Material Analysis

Experimentally achieving the TCI phase is dependent on the high
purity and the low disorder of the material.[21] The crystalline
quality of the PbSnTe system is comparable, for the whole com-
positional range, to what we have reported for the pure PbTe (on
InP) system in Ref. [22]. Also in the PbSnTe system i) growth
is initiated with many nuclei with different crystal orientations
(111), (111)-twinned, and (100), as observed by SEM imaging;
ii) the lattice mismatch between substrate and epilayer is accom-
modated by misfit dislocations at the InP/PbSnTe interface as ev-
idenced by TEM studies; iii) after merging of the nuclei, large
(111)-twinned-oriented PbSnTe crystals are formed, as evidenced
from cross-sectional TEM studies. HRTEM and high-angle an-
nular dark field scanning transmission electron microscopy
(HAADF-STEM) are performed on cross sections of NWs grown
in the [01-1] direction in order to characterize the crystalline qual-
ity and faceting of the Pb1 − xSnxTe NWs. As the Pb0.5Sn0.5Te com-
position is expected to have a reasonable carrier density, while

still being a TCI, the analysis presented here is performed for
this composition. Figure 3a shows a HAADF-STEM image of a
cross section of an array of ten parallel Pb0.5Sn0.5Te NWs, grown
and imaged in the in-plane [01-1] direction. Figure 3b shows a
HRTEM cross section image of the rightmost NW, revealing the
faceting that consists of a {200} side facet on the right side, a
{111} side, and top facet and a transition region where a small
{110} facet accompanies in a round profile the transition between
both {111} facets. An electron diffraction (ED) pattern taken on
the same NW and part of the underlying substrate is shown in
Figure 3c. The crystal structure of the grown material is identi-
fied as the rock-salt crystal structure, and shows an epitaxial, still
twinned, relation to the InP substrate. Next, a HAADF-STEM im-
age taken from a similar crystal shows the near-atomically flat
InP/Pb0.5Sn0.5Te interface (Figure 3d). From a filtered inverse fast
Fourier transformation (iFFT), the atomic rows leading to and
from the interface become visible in Figure 3e. We can identify
quasi-periodic misfit dislocations, indicated by the red circle, that
relieve most of the strain induced by the 8.8% lattice mismatch
between the Pb0.5Sn0.5Te NW and the substrate. Next, to confirm
the crystal quality along the length of a full NW, ED is performed
along the cross section of a 2 × 2 μm crystal shown in Figure 3f,
with three ED examples shown in Figure 3g. The structure is
single-crystalline over the entire length, with contrast lines vis-
ible in the HRTEM due to small-angle mosaicity.[18] For differ-
ent x-values, the same crystalline quality is found (see Figure S4,
Supporting Information).

As the carrier density and the topological properties in the
grown material are strongly dependent on the group-IV incor-
poration, it is vital to have a controllable, uniform Sn-to-Pb ratio
in the crystal.[8] To verify the uniformity of the group-IV incor-
poration in the Pb1 − xSnxTe NWs, energy dispersive X-ray spec-
troscopy (EDX) analysis is used, as reported in Figure 4. The
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Figure 3. a) Overview HAADF-STEM cross section of an array of ten [01-
1] oriented Pb0.5Sn0.5Te NWs grown for 30 min. b) TEM image of the
right-most NW in (a). The top and side facets are indicated. c) An elec-
tron diffraction pattern taken along the [01-1] zone axis of the same NW,
confirming the single-crystalline nature. Diffraction spots originating from
Pb0.5Sn0.5Te (red) and InP (blue) are indicated. d) HAADF-STEM at the
InP/PbTe interface, showing the near-atomically flat interface. e) Filtered
iFFT showing the atomic columns near the InP/PbTe interface, with mis-
fit dislocations (red circles) that relieve most of the lattice mismatch and
strain. f) Overview bright-field TEM cross section of a 2 × 2 μm nanostruc-
ture. g) ED patterns taken at the points indicated in (f).

EDX analysis on a single Pb0.5Sn0.5Te NW is shown in Figure 4b,
where a sharp interface between the substrate and NW is visible.
Moreover, a uniform distribution of Pb and Sn is visible in the
NW cross section, indicating that group-IV incorporation during
growth is homogeneous. The elemental composition, the dimen-
sions, and the morphology of all the NWs in the array (Figure 4c)
are uniform, indicating that there is no competition for ma-
terial or cross-talk between adjacent structures.[23,24] From this
observation, it is likely that growth is mainly driven by direct
impingement of material, rather than adatom diffusion over the
mask surface. In Figure 4d, we identify a near-linear trend be-
tween the Sn fraction of the supplied material and that in the
grown structure as obtained from EDX. The EDX analyses of the
other x-values are available in Figure S5 (Supporting Informa-
tion). The compositional uniformity along the entire cross sec-
tion of a 2 × 2 μm structure has been verified by EDX, and is
shown in Figure 4e, showing the constant group-IV ratio along
the entire structure.

Figure 4. a) Overview HAADF-STEM cross section of an array of ten [01-1]
grown Pb0.5Sn0.5Te NWs. b) EDX data showing uniform Pb and Sn incor-
poration in a NW. c) EDX data showing uniform Pb and Sn incorporation
in the adjacent NWs as indicated in (a). d) Measured Sn incorporation as
a function of the supplied composition x. e) Measured Sn incorporation
along a 2 × 2 μm nanostructure, showing uniform incorporation along the
full length.

4. Growth Model

Understanding and controlling the morphology at the different
growth stages of Pb1 − xSnxTe crystals are keys for exploring the
surface-dependent TCI properties. While a qualitative connec-
tion has been recognized between the crystal morphologies in
the latest stages of deposition and the faceting of the equilibrium
crystal shape (ECS), the actual kinetic pathway driving the mor-
phological evolution at the intermediate stages can only be un-
derstood by modeling the growth dynamics. To this purpose, we
devise a phase-field model, described in Experimental Section.
We trace the advancing of the growth front from within the mask
openings as due to deposition and surface diffusion over the NW
profile, under the effect of the different facet stabilities and, even-
tually, adatom incorporation kinetics.

Figure 5a reports the evolution of the growth front for a cross
section of a NW grown along the 〈110〉 direction, taking as the
only driving force the different surface energy of the facets, set
according to the ab-initio data.[19] Starting from a flat profile as
the initial stage after the pristine filling of the opening bottom,
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Figure 5. a) Phase-field simulation of the crystal growth for the axial cross-section of a NW along the 〈110〉 direction. MBE-like deposition and anisotropic
surface energy based on ab-initio data[19] are considered. Profiles correspond to the 𝜑 = 0.5 contour lines taken at regular time intervals, from the initial
flat profile (bottom) to the final profile corresponding to 30 min growth. The gray area corresponds to the mask region, modeled via a second phase-field.
b) Equilibrium crystal shape for a free-standing NW with 〈110〉 axis obtained by the Wulff construction using the same surface energy values of (a). c)
Evolution sequence as in (a) but including anisotropic incorporation times 𝜏 enhancing the relative growth rate of {110} facets. The TEM cross-section of
Figure 3b is reported in the background to show the good correspondence with the simulation. d) Simulation of the profile evolution during the growth
of a NW along the 〈112〉 direction by the same parameters of panel (c).

the shape evolves toward a higher aspect-ratio as to expose the
most convenient {200} facet on one side and a combination of
{111} and {110} facets on the other. In particular, in the early
stages, a large {110} side facet is formed that later reduces in size
as the steeper {111} side appears. In the latest stages, the growth
tends to proceed almost self-similarly with {110} and {111} facets
having similar sizes as expected because of their comparable sur-
face energy. This indeed looks similar to the upper part of the
two-dimensional (2D) equilibrium crystal shape of 〈110〉 cross-
section of a free-standing PbTe NW depicted in Figure 5b.

In contrast, the typical experimental cross section (see
Figure 3b; Figure S4, Supporting Information) clearly shows a
much larger {111} flat top and only a very small {110} side facet.
Furthermore, we already noticed that {110} facets are never ob-
served during the growth of islands. Given that the ab-initio study
in Ref. [19] accurately considered the typical surface reconstruc-
tions of the {111} surface as well as the effect of using different
energy functionals, still concordant in predicting a wide {110}
facet in the 2D ECS, we conclude that the suppression of the
{110} facet should be more likely due to an additional kinetic
contribution, which enhances the actual growth rate of {110}
surfaces and progressively reduces their lateral expansion. We
then admit in the model an additional term accounting for the
anisotropy of adatom kinetics and impose that incorporation is
slower on {200} and {111} facets with respect to {110} (and any
other intermediate) orientation. For a best-fitting of the experi-
mental profile of Figure 3b, we find the following incorporation
times: 𝜏200 = 𝜏111 = 10𝜏110.

The evolution sequence obtained by adding incorporation
anisotropy to the case of Figure 5a is reported in Figure 5c. In
particular, the model now predicts a much wider {111} flat top

and only minor {110} side facet compared to the thermodynamic
faceting. This results from the additional material flow from the
former to the latter facet due to the uneven adatom incorpora-
tion. The substantial match with the superimposed TEM image
of Figure 3b highlights the efficacy of the kinetic model in pro-
viding a realistic evolution pathway, from the pristine flat profile,
after filling the opening bottom, to the faceted shape of the over-
grown NW.

Taking the model of Figure 5d as validated, using the same
parameter set we can then inspect the faceting behavior for the
NWs oriented along the 〈112〉 direction. In this geometry, only
the {111} top facet and two vertical {110} side facets are available
parallel to the NW axis. The resulting profile tends to be nearly
rectangular except for large rounded regions on the sidewalls,
induced by the outward inclination imposed by the non-wetting
contact angle on the mask and by the continuous flow of mate-
rial from the slow-growing {111} top to the fast-growing {110}
fronts. This shape looks similar to some TEM cross-sectional
views, such as the one reported in Figure S3 (Supporting In-
formation). However, it must be pointed out that the {110} side
facets are unstable against break-up into alternating {200} (lowest
energy) and {111} surfaces as recognized in the zigzag profiles in
Figure 2.

5. Conclusion

We have studied the growth dynamics, facet formation, and Sn-
to-Pb ratio incorporation of in-plane Pb1 − xSnxTe SAG nanowires
on InP(111)A substrates. The developed growth scheme allows
the synthesis of reproducible, well-defined NWs, and complex
NW networks. By using a (111) substrate, the {111} facet of the
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grown material is subsequently exposed, and its extension can
be controlled with the deposition time and mask opening di-
ameter, according to the evolution predicted by the phase-field
simulations. The optimal in-plane growth direction is identi-
fied as the threefold symmetric 〈110〉 direction, as this forms
flat side facets, while NWs grown in the in-plane 〈112〉 direc-
tion are roughened by zigzag facetting at the sidewalls. The
Sn-to-Pb ratio in the grown NWs can be accurately controlled,
and it is homogeneous in the entire NW. From the phase-field
model, the observed faceting is understood to be driven by sur-
face energy minimization and a kinetic component that shrinks
the faster-growing {110} facets in favor of the {111} facets. A
substantial overlap is achieved between growth simulation and
experiment. Together, these results establish in-plane SAG as
a promising material platform for further investigation of the
TCI properties of Pb1 − xSnxTe. Preliminary transport experi-
ments show that the carrier densities in our PbSnTe SAG struc-
tures are similar to what has been reported before for PbSnTe
layers.[8]

6. Experimental Section
Substrate Fabrication: Electron-beam lithography (EBL) markers were

etched into undoped semi-insulating (111)A InP substrates by reactive-
ion etching using CHF3 with added O2.[25] Subsequently, 20 nm SiNx was
deposited by plasma-enhanced chemical vapor deposition. AR-P 6200.13
resist was spun at 4000 rpm on the chip, and baked at 150°C for 60 s.
The mask openings were written by EBL and developed in AR 600-546 for
60 s. Reactive ion etching transferred the pattern into the mask. A phos-
phoric acid wet etch (H2O:H3PO4 = 10:1) removed the native substrate
oxides, after which the substrates were loaded into the MBE and degassed
at 300°C for 1 h.

Pb1 − xSnxTe Heteroepitaxy: Growth took place in an ultra-high vacuum
MBE system. An annealing step under Te overpressure at 480°C was used
for surface reconstruction of the etched openings and to remove oxide
residuals from the exposed substrate surface. The Pb1 − xSnxTe networks
were subsequently grown at 340°C with separate elemental sources, pro-
viding a Te flux of about 4.00× 10−7 mbar and a total group-IV flux of about
1.25 × 10−7 mbar measured as beam equivalent pressure using a naked
Bayard–Alpert ion gauge. Temperatures were measured with a kSA BandiT
system based on the optical absorption edge.

TEM Studies: TEM studies were performed using a probe-corrected
JEOL ARM 200F operated at 200 kV, equipped with a 100 mm2 Centurio
SDD Energy dispersive X-ray spectroscopy detector. Misfit dislocations at
the InP-Pb0.5Sn0.5Te interface were visualized by first computing the FFT
of an atomic resolution image, then applying a filter to only include one
InP (111) and the adjacent PbTe (200) spot, and then taking the iFFT of
the result.

Phase-Field Model: The phase-field growth model detailed in Ref. [26]
was adapted to provide a realistic description of the SAG process[27] (full
details are provided in Section S6, Supporting Information). In particular,
the evolution of the crystal morphology was traced implicitly by the phase
field 𝜑,[28] evolving in time because of the combined effect of material
deposition and diffusion along the crystal growth front: 𝜕𝜑

𝜕t
= Φ(n̂)|∇𝜑| +

∇ ⋅ [M(𝜑)∇𝜇]. Close-to-equilibrium conditions were assumed considering
that deposition was slow compared to the surface diffusion (here Φ/M ≈

10−3) such to return the faceted growth via redistribution of the supplied
material according to the local gradients of chemical potential μ. A flux
distribution Φ(n̂) reproducing a rotating MBE beam, inclined at 30° from
the substrate normal, as in the experimental apparatus, was set. Diffu-
sion was restricted at the surface (i.e., within the 𝜑 diffuse-interface) by
using a degenerate mobility M(𝜑) ˜ 𝜑2(1 − 𝜑2) and two main contribu-
tions were considered as driving forces. The first was thermodynamic and

accounted for the surface energy anisotropy. A strong anisotropy regime
was considered by introducing a corner energy regularization term in the
form of a Willmore energy[28,29]. More precisely, the implementation pro-
posed in Ref. [30] was followed and the minima for 𝛾 were set according to
the ab-initio values reported in literature for PbTe in Ref. [19], as obtained
by generalized gradient approximation, that is, 𝛾200=10 , 𝛾111=17.5 , and
𝛾110=19 meV Å-2 and a baseline energy 𝛾0=25 meV Å-2 (Figure S6b, Sup-
porting Information). Given the similar hierarchy of SnTe surface energies
under Te-poor conditions,[20] the values above were assumed to provide a
sufficient approximation for all Pb1 − xSnxTe compositions.

The second contribution to the chemical potential accounted for the
orientation-dependent incorporation kinetics and was set proportional to
the local velocity ∂𝜑/∂t itself by a factor 𝜏 playing the role of an incorpora-
tion time.[26,31] Here, both the case of purely thermodynamic regime with
𝜏 = 0 and the case of anisotropic 𝜏 were considered. In this latter, the three
facet families were taken as maxima of 𝜏 with respect to a baseline 𝜏0, with
a slower incorporation on {200} and {111} surfaces, that is, 𝜏200 = 𝜏111 =
10𝜏110 = 20𝜏0 (Figure S6b, Supporting Information).

In order to account for the constraint imposed by the mask opening in
SAG, a second order parameter 𝜓 was introduced to trace the mask ge-
ometry as the one of experiments. The growth dynamics were confined in
the free-space region on top of the mask by using the smoothed bound-
ary method detailed in Ref. [32] (see also Section S6, Supporting Infor-
mation, Ref. [33]), including an average non-wetting contact angle of 120°

estimated from TEM cross-sectional views.
The numerical solution of the time-dependent partial differential equa-

tion problem was performed by finite element method via the AMDiS[34,35]

toolbox, exploiting a semi-implicit time-integration scheme and adaptive
mesh refinement. For the sake of simplicity, only 2D simulations were here
considered representative of the axial cross-section of infinitely long NWs.
A 500 × 500 nm2 simulation domain was set, using an interface width
ϵ=5 nm for both 𝜑 and 𝜓 and mesh resolution of 0.7 nm.
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