Open Access Article. Published on 07 November 2025. Downloaded on 3/24/2026 9:06:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials
Advances

¥ ® ROYAL SOCIETY
PP OF CHEMISTRY

View Article Online

View Journal | View Issue

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2026,
7. 255

Received 30th June 2025,
Accepted 5th November 2025

DOI: 10.1039/d5ma00694e

GeS mixed-dimensional 1D nanowire—-2D plate
heterostructures on van der Waals substrates

Eli Sutter (2 *3° and Peter Sutter (¢

Vapor-liquid—solid (VLS) growth is widely used to synthesize 1D semiconductor nanostructures
with high yield and crystal quality. Recently, the VLS concept has been extended from 3D-crystalline
semiconductors to 2D/layered van der Waals crystals, e.g., providing nanowires and mixed-dimensional
heterostructures of the layered semiconductor GeS. However, Au-catalyzed growth of GeS nano-
structures on silicon is invariably limited to small, sparse areas. Here, we report how this issue can be
overcome via epitaxial VLS growth on van der Waals substrates, in the present case quasi-continuous
SnSe films on mica. We show that Au-catalyzed VLS growth on SnSe yields complete coverage with
mixed-dimensional GeS heterostructures combining 1D nanowires and 2D plates. Transmission electron
microscopy and electron diffraction demonstrate that the nanowire backbone and the attached plates
have the same crystal structure and layer orientation, with the [001] (van der Waals) direction aligned
along the axis of the nanowire, templated by the basal plane of the underlying SnSe film. In contrast to
GeS nanowires grown on Si, which invariably include screw dislocations and are thus chiral (with Eshelby
twist), GeS nanowires formed on SnSe are layered single crystals that do not contain any dislocations.
The optoelectronic properties of individual 1D-2D GeS heterostructures, probed by cathodoluminescence,
draw on their unique architecture incorporating a sequence of GeS plates with intense luminescence and
size-tunable emission wavelengths. Our results pave the way for the high-yield synthesis of a wide range of
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1. Introduction

There has been a lot of interest in creating heterostructures
of 2D/layered crystals." A distinct class of heterostructures
combines components of different dimensionality, e.g., 1D
elements such as nanowires, nanorods, or nanotubes are
integrated with 2D plates, sheets, or belts, into a hybrid
architecture.” These hetero- or mixed-dimensional heterostruc-
tures are often of interest for applications that benefit from
a large surface area. Mixed-dimensional heterostructures have
been constructed from various conventional 3D-crystalline
materials (i.e., crystals with covalent bonding in all three
dimensions), including oxides, noble metals, and semicon-
ductors. For instance, CdS-ZnIn,S, nanowire-nanoplate het-
erostructures have been found to facilitate charge transfer
and enhance the performance of photoelectrochemical cells.?
FeS-Co,0, nanowire-nanosheet heterojunctions showed improved
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layered nanostructures using epitaxial VLS growth on van der Waals substrates.

photoelectrochemical water splitting.* CdSe-CdS nanorod-
nanoplate heterostructures exhibited enhanced activity for photo-
catalytic hydrogen evolution compared to single-component CdSe
nanorods and CdS/CdS homostructures,” while Au-PdAg
nanorod-nanosheets showed enhanced electrocatalytic hydrogen
evolution.®

Recently, mixed-dimensional heterostructures integrating
conventional 3D crystals with layered van der Waals crystals
have been attempted as well. For example, CdS-Cu,_,S/MoS,
nanorod-nanosheet architectures with high photocatalytic
activity have been successfully produced.” CdS-WSe, ribbon-
flake heterostructures served as waveguide-integrated LEDs in
dual-role modules for optoelectronic circuitries.® Combining
graphene with SiC whiskers appears promising for boosting
electricity generation,” while ZnO nanowire-WSe, heterojunc-
tion diodes showed enhanced rectification.®

Judiciously combining van der Waals crystals in mixed-
dimensional heterostructures may offer an easier path towards
producing functional architectures. Following this strategy,
layered Cu,_,S nanowires were decorated by dense ensembles
of small (sub-10 nm) MoS, and MoSe, nanosheets using edge
epitaxy in solution."' Combining Pbl, nanowires and WSe,
sheets led to enhanced excitonic emission,'* Bi,S; nanowires
combined with WS, monolayers improved the performance of
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photodetectors,”® while GeS nanowires templated their twist
into GeSe shells."* Carbon nanotubes paired with MoS, sheets
suggest a new solution for tunneling transistors owing to
electron transfer between them.'® So far such heterostructures
have mostly combined components of both different dimen-
sionality and different materials, and were usually fabricated by
sequential synthesis or transfer.*””"' '

Combining the same van der Waals crystals in mixed-
dimensional heterostructures requires that a particular mate-
rial can be stabilized in both dimensionalities. In general, 1D-
2D integration of the same material would be facilitated for
layered materials that can be synthesized as 2D flakes as well as
1D nanowires, preferably with the same stacking orientation.
This possibility has already been demonstrated for GeS, a
semiconducting layered group IV monochalcogenide of interest
for optoelectronics and twistronics. GeS nanowires and plates
can be spontaneously integrated during vapor-liquid solid
(VLS) growth,'® as well as in a more complex two-step
process.”” Using the same approach, the single-step synthesis
of heterostructures combining GeS; ,Se, alloy nanowires and
plates with different compositions has been achieved as well.'®
Despite the successful demonstration of GeS based 1D-2D
heterostructures, their VLS synthesis on Au-covered Si sub-
strates so far has remained challenging, mainly due to fru-
strated nucleation that is typically limited to a few areas on the
substrate. In addition, VLS growth generally yields a mixture of
both 1D nanowires and 1D-2D mixed-dimensional heterostruc-
tures. A change of the catalyst from Au to Bi enhanced coverage
to the entire surface but eliminated the formation of mixed-
dimensional heterostructures, limiting the growth to GeS nano-
wires only."® Recently, VLS growth of Pbl, on Pbl, thin films
has demonstrated dense arrays of aligned nanowires.>® Here we
explore the possibility of overcoming the limited growth and
achieving full coverage of the entire substrate by mixed-
dimensional GeS heterostructures using van der Waals crystals
as support. Specifically, we investigate the Au-catalyzed VLS
growth of GeS on films of SnSe, group IV monochalcogenide
that is isostructural with GeS. We use optical microscopy,
scanning electron microscopy (SEM), atomic force microscopy
(AFM) and transmission electron microscopy (TEM) and elec-
tron diffraction to demonstrate coverage of mixed-dimensional
GeS heterostructures across the entire substrate, and to inves-
tigate their structure and morphology. We find that the for-
mation of GeS heterostructures requires the presence of Au
catalyst on the van der Waals support. Finally, we use cathodo-
luminescence spectroscopy to investigate the optoelectronic
properties of the mixed-dimensional GeS heterostructures.

2. Results and discussion

GeS nanowires and mixed-dimensional heterostructures were
grown on two types of substrates, Si(100) and SnSe/mica, in a
quartz tube reactor with two independently controlled tempera-
ture zones using GeS vapor transport in Ar carrier gas
(see Methods for details). Prior to the growth, thin Au films
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(with equivalent thickness between 2-10 nm) were deposited by
magnetron sputtering on Si(100) and SnSe/mica substrates. The
Au films dewet at the growth temperature to generate a poly-
disperse array of supported Au nanoparticles that serve as VLS
catalysts.>'

2.1. GeS nanowires and mixed-dimensional heterostructures
grown on Au/Si

Exposure of the Au-catalyst to pure GeS vapor results in the
formation of GeS nanostructures. On Si(100), the GeS growth
invariably appears limited to a few areas on the substrate
surface (Fig. 1(a)), despite the fact that the Au film uniformly
covers the entire Si surface. The Au-catalyzed GeS growth on
Si(100) results in formation of isolated patches of concentric
rings of different structures, including forests of nanowires at
the center (Fig. 1(a) and (b)). The surface of the Si substrate
away from these growth areas is uniformly covered with an
array of Au particles (Fig. 1(c) - left). At the periphery of the
growth areas, the Au particles are larger than in the surround-
ing substrate regions and appear brighter in SEM, indicating
uptake of GeS from the vapor phase (Fig. 1(c) - right). In the
central region, finally, we invariably observe the formation of
nanowires carrying 2D plates, i.e., mixed-dimensional hetero-
structures (Fig. 1(d) and (e)), whose length reaches a maximum
at the very center. GeS nanowires*>** and nanowires decorated
with plates'®'” have been successfully prepared earlier under
similar conditions. SEM images of 90° tilted samples (Fig. 1(e))
show the individual standing mixed-dimensional GeS hetero-
structures that can accommodate 2D plates with different
spacing and thickness. Importantly, both plan-view and tilted
SEM images show that the GeS nanowires do not grow directly
on the Au covered Si substrate but on thick GeS deposits.

The deposits appear to consist of GeS plates with different
thicknesses preceding the growth of GeS nanowires and mixed-
dimensional heterostructures and providing a substrate for
their growth in the isolated concentric areas. The GeS plates
are thicker at the center and gradually become thinner and
inclined in different directions toward the periphery. SEM
images show GeS nanowires and heterostructures growing
vertically on these GeS plates. Our observations suggest that
the presence of van der Waals crystals as support is a key
requirement for the VLS growth of wires and mixed-dimen-
sional heterostructures. However, on Au/Si substrates these GeS
van der Waals plates are synthesized spontaneously only in very
limited parts of the Si substrate (making it impossible to
predict their position), and are inhomogeneous in thickness
and orientation (hence carrying wires at random angles relative
to the average substrate surface). The limiting factor determin-
ing the formation of GeS nanowires or mixed-dimensional
heterostructures can therefore be identified as the spontaneous
nucleation of GeS plates in small areas of the Si substrate,
where they provide a van der Waals support for the subsequent
epitaxial growth of VLS nanostructures.

SEM images show the presence of Au-rich catalyst particles
with bright contrast on the surface of the GeS deposits and at
nanowire tips. The presence of an Au-rich catalyst particle at

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 GeS nanowire—plate heterostructures on the Au/Si(100) substrates. (a) Overview optical image of GeS growth on Au/Si(100). (b) Top-view SEM
image of GeS nanowires with and without plates grown as isolated patches of concentric forests on Au/Si(100) substrates. (c) Higher magnification SEM
image of the periphery of the growth area (rectangle in (b)), showing a transition between the layer of Au particles formed after the dewetting of the Au on
Si(100) and the area where some uptake of GeS has occurred as demonstrated by the different contrast and increased size of the particles. (d) Top-view
SEM image of the center of a concentric growth area. Growth of GeS nanowires with and without plates generally occurs only in areas that are covered
with a thick GeS layer. Frequently short segments of nanowires carrying the growth catalyst emerge from the layer. (e) Side-view SEM images of GeS
nanowires with and without plates, grown on the thick GeS layer on the growth substrate. The 1D-2D hybrids form by introduction of plates with

different sizes at different positions along the GeS nanowires.

every tip of the mixed-dimensional heterostructures supports
the earlier finding that the growth of the GeS nanowires
proceeds via the vapor-liquid-solid mechanism®*** while the
formation of the plates can be explained by the direct incor-
poration of GeS molecules from the vapor phase at certain
position along the nanowires. Such vapor-solid growth of the
2D plates attached to the sidewalls of nanowires has also been
observed for mixed-dimensional heterostructures of GeS;_,Se,
alloys, where it yields a different composition (x) of the plates
compared to the VLS-grown wires."®

TEM investigation of the nanowires grown on Au/Si(100)
confirms the presence and distribution of plates along their

© 2026 The Author(s). Published by the Royal Society of Chemistry

length (Fig. 2(a)-(c)). Electron diffraction shows that morpho-
logically, the GeS nanowires and plates are longitudinally
stacked with the GeS c-axis parallel to the nanowire axis
(Fig. 2(d)). Consistent with previous results, a large majority
of the GeS nanowires grown on Au/Si substrates show the
presence of a single axial screw dislocation. The dislocation
induces characteristic Eshelby twist, which manifests itself
in gradual and continuous changes in nanobeam electron
diffraction patterns along the nanowires, a telltale sign of the
progressive rotation of the in-plane (a, b) planes around the
nanowire axis (Fig. 2(d)),">** independent of the presence of
plates decorating the nanowires.

Mater. Adv., 2026, 7, 255-264 | 257
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Fig. 2 Twist in Au-catalyzed GeS mixed-dimensional heterostructures synthesized on Si(100). (a)-(c) TEM images of characteristic GeS nanowires
decorated with multiple plates at different positions grown over Au catalyst at a substrate temperature of 300 °C (dispersed on lacey carbon support).
(c) Segment of a nanowire with small plates along which a sequence of 300 nanobeam electron diffraction patterns were measured. Arrows indicate the
positions at which the nanowire is viewed along particular zone axes with indices [h k {]. (d) Selected nanobeam electron diffraction patterns at the
positions marked by arrows in (c).The diffraction patterns denote the actual zone axis: [320], [110], [010] and [130], of the nanowire and show progressive

twist of the (a, b) crystal axes along the nanowires between the plates.

2.2. GeS nanowires and mixed-dimensional heterostructures
grown on Au/SnSe/mica

GeS growth was further carried out on Au-covered SnSe films
on mica. Growth on SnSe without Au did not result in any
nanowire growth. The SnSe films were prepared in a separate
reactor - for details see the Materials and Methods section
below. Combined imaging using optical microscopy, SEM, and
AFM shows that SnSe deposition on mica substrates results in
formation of quasi continuous layers composed of individual,
partially overlapping SnSe flakes (Fig. 3). The size of the SnSe
flakes typically ranges between 10-30 um. The flakes coalesce,
attach, and overgrow one another forming a continuous film.
Polarized optical microscopy (Fig. 3(a)) shows repeated areas
with the same contrast, indicating fused flakes with the same
orientation and similar height. SEM (Fig. 3(b)) and AFM
imaging (Fig. 3(c)) confirm the quasi-continuous nature of
the van der Waals layers with flat basal-plane surfaces and
typical height difference between consecutive levels in the
range of 20-100 nm, correlated with the typical thickness of
the intergrown flakes. The quasi-continuous SnSe film provides
alarge, flat van der Waals surface for the deposition of the 2 nm
Au film and the subsequent GeS nanowires growth.

GeS growth on the Au/SnSe films on mica results in for-
mation of dense forests of GeS nanostructures that cover the

258 | Mater. Adv, 2026, 7, 255-264

entire substrate (Fig. 4(a)). This is a major difference to the
growth on Si substrates where, as discussed above, GeS plates
supporting GeS nanostructures form only in small, sparse
circular areas of the support (Fig. 1). The forests consist of
mixed-dimensional nanowire-plate heterostructures, as seen in
higher magnification SEM images (Fig. 4(b)—(d)). EDS measure-
ments in SEM confirm that the heterostructures consist of pure
Ges (Fig. 4(e)).

TEM investigation demonstrates the presence and distribu-
tion of plates along the length of the nanowires grown on Au/
SnSe films (Fig. 5(a)-(c) and Fig. S1(a)-(e)) and establishes their
morphology. The TEM images show that the nanowires are
decorated by plates attached at different positions along their
lengths. The lengths of the heterostructures regularly extend
over tens to hundreds of microns. High-resolution TEM images
and electron diffraction (Fig. 5 and Fig. S1) establish that both
the GeS nanowires and plates are longitudinally stacked with
the GeS c-axis parallel to the nanowire axis.

Nanobeam electron diffraction confirms that both the nano-
wire segments and the attached plates consist of orthorhombic
GeS;*® SnSe from the support is not incorporated in the growing
nanostructures. The nanowire sections consist of single crystalline
GeS, whose layer structure seamlessly extends into the laterally
attached GeS plates (Fig. 5(e)).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Morphology of SnSe van der Waals support films grown on mica.
(a) Polarized optical microscopy of a characteristic SnSe film on mica
grown at 570 °C. (b) SEM and (c) AFM images of the SnSe films. Optical,
SEM, and AFM imaging of the SnSe films shows that they consist of stacked
individual plates with lateral sizes of 10-20 um, whose top surfaces are
terminated by the flat basal plane. The consecutive layers of the films form
by merging of plates, frequently leaving isolated individual plates on the
top surface.

Nanobeam electron diffraction (NBED) linescans (Fig. 6 and
Fig. S1) show that the nanowires and heterostructures grown on

View Article Online

Paper

Au/SnSe/mica supports are single crystalline. However, while a
large majority of GeS wires obtained on Au/Si carried axial
screw dislocations and showed the transition between different
zone axes characteristic of Eshelby twist (Fig. 2),'*?° GeS wires
grown on Au/SnSe/mica show identical NBED patterns along
their entire length (Fig. 6(b)), i.e., these nanowires do not show
any lattice rotation due to Eshelby twist but are viewed along
the same crystallographic direction with fixed (a, b) crystal axes
along the entire wires. Thus, in contrast to nanowires grown on
Au/Si(100), the nanowires grown on the van der Waals support
do not incorporate axial screw dislocations (and hence do not
show Eshelby twist). NBED performed across smaller plates
(which are sufficiently thin to remain transparent to the elec-
tron beam) shows that the diffraction patterns across the plates
are identical to those in the adjacent nanowire sections,
confirming that nanowires and plates have identical crystal
orientation and seamless connection (Fig. 6(c)).

The presence of axial screw dislocations in a majority of VLS-
grown GeS nanowires (and wire-plate heterostructures) synthe-
sized on Si substrates and the absence of dislocations in
nanostructures obtained on SnSe van der Waals substrates
can help shed additional light on the dislocation formation,
pointing to a mechanism where screw dislocations are intro-
duced at the onset of VLS growth, i.e., when the Au catalyst is
still in contact with the substrate. As discussed above, in the
case of growth on Si the actual growth “substrate” consists of
spontaneously formed GeS plates covering small circular areas
of the Si support (Fig. 1). Prior work showed that high-quality
GesS flakes, (e.g., grown on mica®’) frequently carry screw
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Fig. 4 Au-catalyzed GeS nanowire-plate heterostructures on SnSe/mica van der Waals substrates. (a) Large-area montage of top-view optical images of
the dense forest of GeS mixed-dimensional heterostructures covering the entire Au/SnSe/mica surface. (b) Top-view SEM image of the heterostructures.
(c) and (d) Higher magnification SEM images of the mixed-dimensional heterostructures. The hybrids frequently consist of plates with different sizes
introduced at different positions along the GeS nanowires. (e) Characteristic EDS spectrum of the nanowire—plate heterostructures, yielding a

composition of 51.5 at% Ge and 48.5 at% S.
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Fig. 5 Morphology of Au-catalyzed GeS mixed-dimensional heterostructures synthesized on Au/SnSe/mica. (a) and (b) TEM images of characteristic
GeS nanowires (dispersed on lacey carbon support), grown over Au catalyst on SnSe/mica at a substrate temperature of 290 °C. The wires are decorated
with multiple plates at different positions. (c) and (d) Higher magnification TEM images of part of the nanowire—plate heterostructure shown in (b).
(e) High-resolution TEM image of the nanowire—plate heterostructure, obtained at the position marked with the dashed square in (d).

ZA[110] #10

Ceismaihmenn .

Fig. 6 Crystal structure of Au-catalyzed mixed-dimensional GeS heterostructures synthesized on SnSe/mica. (a) HAADF-STEM image of a segment of a
GeS nanowire decorated with multiple GeS plates (see Fig. 5(c)). A sequence of 100 nanobeam electron diffraction patterns was obtained along the
nanowire crossing both large and small plates (white line). A second sequence of 20 diffraction patterns was recorded along a small plate attached to the
wire (red line). (b) Selected nanobeam electron diffraction patterns acquired at positions marked by dots and arrows along the white line in (a).
All diffraction patterns are along the [110] zone axis (ZA) of the nanowire. There is no twist of the (a, b) crystal axes along the nanowire between the plates.
Pattern #25 was taken at the position of a plate that is too thick to allow the diffracted electrons to emerge. (c) Selected nanobeam electron diffraction
patterns acquired along the small plate (red line in (a)). The diffraction patterns show that the plate is viewed along the [110] ZA, i.e., its crystal orientation is
identical to the orientation of the nanowire.

dislocations. One can expect that the smaller GeS plates grown for the formation of nanowires (or mixed dimensional hetero-
on Au/Si contain an even higher density of screw dislocations. structures), where the screw dislocation in the substrate enables
In subsequent VLS growth, such defects serve as natural centers nucleation-less spiral growth of the VLS nanostructures. This is

260 | Mater. Adv., 2026, 7, 255-264 © 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00694e

Open Access Article. Published on 07 November 2025. Downloaded on 3/24/2026 9:06:52 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Materials Advances

consistent with the fact that electron microscopy invariably shows
screw dislocations present all the way to the root end of the wires.
VLS growth on SnSe/mica, on the other hand, occurs on a high-
quality van der Waals substrate consisting of large, flat SnSe
terraces that continuously cover the support. Prior results on SnSe
growth on mica showed no propensity for screw dislocation
formation®® ie., the SnSe substrate can be expected to contain
much fewer pre-existing dislocations that could be transferred
into the VLS nanostructures, thus explaining their dislocation-
free, single-crystalline structure.

The growth of mixed-dimensional GeS heterostructures on
SnSe films requires the presence of a Au catalyst. In the absence
of Au, the growth from GeS vapor resulted in GeS films and no
growth of nanowires or heterostructures was observed. Bi was
also deposited on the SnSe films and used as catalyst, analo-
gous to VLS growth on Bi/Si(100) which showed complete
coverage with GeS nanowires, albeit eliminating the mixed-
dimensional heterostructures.’® GeS exposure of Bi covered
SnSe van der Waals films did not result in the formation of
nanowires but rather polycrystalline films, likely due to reac-
tion of the Bi with the SnSe substrate. We also explored how the
thickness of the Au film and the vapor pressure of the GeS
precursor affect the growth of GeS nanostructures. Decreasing
the GeS vapor pressure by lowering the temperature of the GeS
precursor powder led to the formation of short single crystal-
line GeS nanowires. Growth at low GeS vapor pressure but
increased Au coverage also leads to large GeS deposits at the
base of the nanowires (Fig. S2).

Au catalyzed VLS growth on SnSe van der Waals support
exhibits distinct differences to the growth on Si: (1) the entire
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population consists of mixed dimensional heterostructures;
(2) the heterostructures completely cover the substrates; and
(3) the resulting GeS nanowires are single crystals without
screw dislocations (and Eshelby twist). The absence of dis-
locations is expected to lead to homogeneous optoelectronic
properties as these are strongly influenced by the presence of
dislocations.

The optoelectronic properties of the mixed-dimensional
heterostructures were probed by cathodoluminescence spectro-
scopy excited by the focused electron beam in STEM (STEM-
CL). A focused (~1-2 nm) electron beam was used as an
excitation source for measuring light emission with nanometer
spatial resolution. Fig. 7(a) and Fig. S3(a) show HAADF-STEM
images of characteristic nanowire-plate heterostructures on
which STEM-CL measurements were performed. Panchromatic
CL maps of the two different heterostructures, shown in
Fig. 7(b) and Fig. S3(b), display bright light emission across
the heterostructures, with highest intensity of the emitted light
originating from the vertically oriented plates. The emission
along the nanowire segments between plates appears uniform
(Fig. S3(b)). The mixed-dimensional GeS heterostructures, in
which a nanowire supports a sequence of GeS plates, provide a
unique geometry for achieving strong light emission. Indeed,
as seen in Fig. 7(b) and Fig. S3(b), the plates represent a
sequence of strong light emitters spaced along the nanowire
backbone holding them together (which shows much lower
emitted intensity due to the smaller thickness traversed by
the exciting electron beam). In addition, the peak emission
energies can be varied by changing the size of the plates, as we
discuss below.
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Fig. 7 STEM cathodoluminescence of mixed-dimensional GeS heterostructures. (a) STEM image of a portion of a mixed-dimensional GeS hetero-
structure. (b) Panchromatic STEM-CL image of the heterostructure in (a). (c) Higher magnification STEM image of part of the heterostructure (dashed box
in (a)). (d) Hyperspectral CL linescan along the heterostructure, crossing three large and one small GeS plate (arrow in (c)). (e) CL spectra obtained at
the position of three of the GeS plates in (c). Red spectra were obtained at the plate center, while blue spectra represent excitation near the surface of the
plates.
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Hyperspectral CL linescans, measured along the arrows in
Fig. 7(c) and Fig. S3(a), were used to analyze the spectral
composition of light emitted from the heterostructures
(Fig. 7(d) and Fig. S3 (c)). The most intense peak in the CL
emission from large plates (plates 2 and 3 in Fig. 7(c)) is
centered at a photon energy Av = 1.59 eV. The spectral shape
of the peak (red curves in Fig. 7(e)) shows the characteristic low-
energy shoulder invariably present in GeS luminescence.’**°
This peak persists throughout the entire plate and stems from
recombination across the fundamental bandgap of GeS.'®**?*”
Near the surface of such large plates, additional discrete emis-
sion peaks with energies below the fundamental band gap are
observed (blue curves in Fig. 7(e)). These sharp peaks are due to
locally excited light emission in STEM-CL, which launches
waveguide modes in the mesoscale GeS plates. The waveguide
modes are internally reflected by the highly specular surface
facets of the GeS plates, leading to constructive interference.
Similar interference of edge-reflected waveguide modes is
observed in the STEM-CL emission from horizontal plates,
where it produces characteristic dispersive fringes.'® In the
standing plates, the photonic modes give rise to intense, sharp
peaks whose energies that can be controlled by the thickness of
the plates. Plates 2 and 3 exhibit two and three of these sharp
photonic peaks, respectively. In smaller plates (plate 1 in Fig. 7;
plates marked by orange and yellow arrows in Fig. S3), light
emission is confined to just one discrete energy correlated with
photonic waveguide modes. The energy varies as a function of
the thickness of the plates (from ~1.7-2 eV) and is generally
blue-shifted (Fig. S4) compared to the band-edge emission and
the sub-bandgap interference peaks in large plates. The mixed-
dimensional heterostructures therefore provide the ability to
control the energy of emitted light via the size of the plates, in
addition to conventional approaches to modify the bandgap
(and hence the band-edge luminescence), such as alloying."®

3. Conclusions

In summary, we demonstrated the self-assembly of mixed-
dimensional heterostructures combining 1D GeS nanowires
and 2D GeS plates in a single-step vapor-liquid-solid growth
process catalyzed by Au. To overcome the limited nucleation
and growth in small, widely spaced areas on Au/Si(100) sub-
strates, we explored growth on van der Waals substrates con-
sisting of films in the form of coalesced, large (10-20 um) SnSe
flakes on mica. This approach was inspired by observations
showing GeS nanowires and 1D-2D heterostructures on Si
forming on spontaneously grown GeS plates in small areas
of the substrate, which suggests that providing a pre-grown,
quasi-continuous van der Waals surface could enable the
controlled growth of GeS nanostructures across the entire
substrate.

SEM and optical microscopy demonstrate that Au-catalyzed
VLS growth on such SnSe van der Waals substrates indeed
yields complete coverage with mixed-dimensional GeS hetero-
structures, consisting of GeS nanowires carrying GeS plates that
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extend laterally from the nanowires. TEM and electron diffrac-
tion demonstrate that the nanowire and the plate segments
have the same crystal structure and layer orientation, with the
[001] (van der Waals) direction aligned along the axis of the
vertical nanowire, templated by the basal plane of the under-
lying SnSe film. In contrast to GeS nanowires grown on Si(001),
which invariably include screw dislocations and are thus chiral
(with Eshelby twist), GeS nanowires formed on the SnSe films
are layered single crystals that do not contain any dislocations.
Analysis of the optoelectronic properties of individual 1D-2D
GeS heterostructures using STEM-CL demonstrates that the
mixed-dimensional heterostructures have a unique architec-
ture combining a backbone in the form of GeS nanowires with
relatively low emission with a sequence of attached GeS plates
that are strong light emitters. The spectral content of the
emission from large GeS plates is dominated by intense peak
at 1.59 eV due to recombination across the band gap of GesS,
along with sharp, intense peaks associated with interference of
surface-reflected waveguide modes in the plates. Smaller plates
show blue-shifted emission due to size-induced shifts of the
energy of the selected GeS waveguide modes.'® Hence, the
wavelength of the emitted light can be modified via the size
of the plates, and the mixed dimensional heterostructures
provide a pathway for achieving light emission with tunable
energy and high intensity.

4. Materials and methods

4.1. Substrate preparation and characterization

Si(100) and SnSe/mica were used as growth substrates for the
GeS nanowires and mixed-dimensional heterostructures. SnSe
films were synthesized on mica in a pumped 2-inch quartz tube
reactor with a single temperature-controlled zone. The SnSe
(99.999%; ALB Materials) source powder was placed in a quartz
boat in the center of the evaporation zone and heated to
570-580 °C. Freshly exfoliated mica substrates (Ted Pella)
supported by a metal plate were placed with their leading edge
9 cm downstream from the source. During growth, an Ar
(99.9999%; Matheson) carrier gas flow was maintained at 60
standard cubic centimeters per minute and a pressure of
20 mTorr. Growth was performed for periods of 30 and
45 minutes, after which the reactor was cooled naturally to
room temperature. Prior to GeS growth, both Si(100) and SnSe/
mica substrates were covered with Au films with nominal
thickness of 2-10 nm by magnetron sputtering at room tem-
perature. The Au films are known to dewet at the GeS growth
temperature, thus providing an array of Au nanoparticles that
served as catalysts for VLS growth of GeS nanostructures. Bi
films were also deposited as catalyst for comparison.

van der Waals substrates consisting of SnSe films on mica
were characterized using optical microscopy, SEM, and AFM.
Polarized optical microscopy was performed in reflection geo-
metry using an upright microscope (Olympus BX53) equipped
with a fixed incident polarizer and adjustable reflected-light
analyzer, a 100x objective, and a high-resolution (12.5 megapixel;
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Olympus DP75) scientific camera. SEM was performed in a FEI
Helios Nanolab 660 field-emission microscope at 5 keV primary
beam energy. Energy-dispersive X-ray spectroscopy (EDS) was
carried out SEM at 20 keV. AFM was performed in tapping mode
using a Multimode microscope (Veeco), Nanoscope IV electronics,
and a large-range (125 um) scanner calibrated in (x, y, 2) to within
2% using commercial calibration standards (Bruker).

4.2. GeS growth and characterization

GeS nanowires and mixed-dimensional heterostructures were
synthesized in a separate pumped quartz tube reactor with two
independently controlled temperature zones. GeS precursor
powder (99.99%; ALB Materials) was placed in a quartz boat
in the evaporation zone and heated to temperatures between
400-450 °C (corresponding to vapor pressures Pg.s between
0.0556-0.288 Torr). GeS growth on Si(100) covered with 2 nm
thick Au films was carried out at a growth temperature of
300 °C.%° GeS growth on SnSe/mica substrates with and without
Au was carried out at temperatures between 280-300 °C. During
all growths, 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. Nanowire forests
on the native growth substrates were imaged using optical
microscopy and SEM. Structure and morphology of individual
nanowires were investigated by transmission electron micro-
scopy (TEM) in an FEI Talos F200X microscope. For the TEM
experiments thousands of nanowires were spread on lacey
carbon supports. Cathodoluminescence measurements were
performed in HAADF-STEM at room temperature using a Gatan
Vulcan CL holder and an incident electron beam current of
420 pA on samples prepared by dry transfer from the growth
substrate to lacey carbon grids. Panchromatic CL maps
(integrating from 400 nm < 4 < 1000 nm) were acquired with
512 x 512 pixels at 2 ms per pixel. Hyperspectral CL linescans
were obtained by positioning the exciting beam at equidistant
points along a selected trajectory and acquiring full spectra at
each point by dispersing the emitted light in a spectrometer
equipped with a cooled Si CCD detector (integration time:
10 s per spectrum).
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