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Abstract 
Engineered heterostructures derive distinct properties from materials integration and interface 

formation. Two-dimensional crystals have been combined to form vertical stacks and lateral 

heterostuctures with covalent line interfaces. While thicker vertical stacks have been realized, 

lateral heterostructures from multilayer van der Waals crystals, which could bring the benefits of 

high-quality interfaces to bulk-like layered materials, have remained much less explored. Here 

we demonstrate the integration of anisotropic layered Sn and Ge monosulfides into complex 

heterostructures with seamless lateral interfaces and tunable vertical design using a two-step 

growth process. The anisotropic lattice mismatch at the lateral interfaces between GeS and SnS 

is relaxed via dislocations and interfacial alloying. Nanoscale optoelectronic measurements by 

cathodoluminescence spectroscopy show the characteristic light emission of joined high-quality 

van der Waals crystals. Spectroscopy across the lateral interface indicates valley-selective 

luminescence in the bulk SnS component that arises due to anisotropic electron transfer across 

the interface.  The results demonstrate the ability to realize high-quality lateral heterostructures 

of multilayer van der Waals crystals for diverse applications, e.g., in optoelectronics or 

valleytronics. 
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Heterostructures between two-dimensional crystals promise emergent properties near interfaces 

between dissimilar materials.1, 2 Vertical van der Waals heterostructures, which give rise to 

interlayer excitons,3 moiré superlattice effects,4-7 excitonic Bose-Einstein condensates,8 etc., are 

accessible via mechanical stacking of flakes exfoliated from layered crystals.9-11 Heterostructures 

with covalent lateral interfaces, which enable carrier manipulation,12 current rectification,13-15 

photodetection and light emission16 require bottom-up synthesis since no bulk crystals exist for 

their isolation by exfoliation. Most lateral heterostructures so far have integrated monolayer 

materials such as graphene and boron nitride,12, 17 or semiconducting transition metal 

dichalcogenides (TMDs).13, 16, 18, 19 Lateral heterostructures can, in principle, also be formed from 

thicker multilayer van der Waals crystals, for example to achieve interfacial carrier separation or 

recombination in photovoltaics, photodetectors, or light emitters, or to use lateral interfaces to 

manipulate spin or valley polarization. However, few examples of multilayer lateral 

heterostructures have been reported. Among them are bilayer TMD heterostructures with 

improved photovoltaic performance;20 SnS–SnSxSe(1-x) core-shell structures with polarization-

dependent photoresponse;21 wrap-around SnS-SnS2 core-shell structures showing carrier 

separation at type II interfaces and extended infrared response due to interfacial light 

absorption;22 heterojunctions formed by thickness steps in exfoliated MoS2;
23 and lateral 

multilayer VS2 contacts to monolayer MoS2.
24 

Here, we discuss the growth and properties of lateral heterostructures between the group IV 

monochalcogenides SnS and GeS, orthorhombic layered semiconductors with anisotropic 

optoelectronics,25-27 optically addressable valley polarization,28 as well as other unusual 

properties such as ferroelectricity.29-31 Calculations predicted band alignments for different GeS-

SnS interface orientations,32 but heterostructures incorporating such interfaces have not been 
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realized to date. We synthesized high-quality GeS-SnS heterostructures and established their 

structure and morphology by optical microscopy, Raman spectroscopy, and (scanning) 

transmission electron microscopy ((S)TEM) combined with nanobeam electron diffraction. The 

heterostructures comprise lateral GeS-SnS interfaces with thickness-dependent alloying, as well 

as vertical interfaces between the SnS core and a GeS cap whose thickness is tunable via the 

growth conditions. Results from cathodoluminescence spectroscopy, used to probe the determine 

the optoelectronic properties across the lateral interface with nanometer resolution, are consistent 

with predicted band alignments and demonstrate a valley selective charge transfer and 

luminescence quenching near the interface, thus adding to the capabilities of interest for 

valleytronics. 

Results and Discussion 

We prepared high-quality GeS-SnS heterostructures via a two-step growth process (see 

Methods for details). First, SnS flakes were grown on mica substrates, followed by GeS growth 

in a separate reactor. Fig. S1 (a), (b) shows the initial SnS flakes on mica with rhombic shapes 

terminated by straight {110} facets; thin (< 20 nm) flakes are rounded with {110} microfacets.33, 

34 The same samples after the second (GeS) growth step show a significant increase in lateral 

flake size while maintaining faceted shapes (Fig. S1 (a’), (b’)). For most growth conditions, they 

display clear optical contrast between a central region and a lateral edge band with different 

interference colors (Fig. S2). 

Structure and morphology of flakes resulting from sequential SnS and GeS growth were 

investigated using (scanning) transmission electron microscopy ((S)TEM) and electron 

diffraction. Flakes transferred to TEM supports show faceted edges (Fig. 1 (a), (b)) and a 

complex morphology. Similar to optical microscopy, TEM shows a compact central region 
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Figure 1. Morphology of GeS-SnS heterostructures. (a) TEM and (b) HAADF-STEM images of a 
characteristic GeS-SnS flake (GeS precursor temperature: 400°C). (c) Nanobeam electron diffraction 
pattern obtained in the peripheral GeS band of the heterostructure (marked in (a)); zone axis [001]. (d) 
Nanobeam electron diffraction pattern from central area of the heterostructure (marked in (a)); zone axis 
[001].  (e) HR-TEM image near the interface of the in-plane heterostructure (arrow in (a)). (f) High-
resolution TEM of the GeS region (lower left in (e)). (g) High-resolution TEM of the GeS-SnS stripe moiré 
pattern (upper right in (e)). (h) Schematic top view (top) and cross-section (bottom) of the combined 
lateral and vertical GeS-SnS heterostructures, comprising lateral covalent (IFlateral) and vertical van der 
Waals (IFvertical) interfaces. 

surrounded by a wide edge-band with different contrast. In high-angle annular dark-field 

(HAADF) STEM (Z-contrast imaging) the center is brighter, indicating either a higher average 

atomic number (Z) or greater thickness (Fig. 1 (b)). Nanobeam electron diffraction (Fig. 1 (c)) 

identifies the edge-band as single-crystalline GeS,35 imaged along the [001] zone axis, while the 

center shows a superposition of single-crystal diffraction patterns of GeS and SnS in a vertical 

heterostructure with aligned lattices, stacked along [001] (Fig. 1 (d); Fig. S3).36 GeS and SnS 

have identical crystal structure with anisotropic lattice mismatch. The mismatch is small along 

the [010] direction (b), with (bSnS - bGeS)/bSnS = -0.27%, but substantial along [100] (a), where 

(aSnS - aGeS)/aSnS = 8.9%. The large mismatch along [100] is evident in diffraction from the 
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central region of our heterostructures (Fig. 1 (d)), where the larger reciprocal (200) spacing 

corresponds to GeS. The (020) reflections coincide, consistent with the small [010] mismatch. 

From the diffraction analysis, we conclude that the peripheral band is crystalline GeS 

whereas the center consists of a vertical GeS-SnS van der Waals stack. The presence of SnS 

explains the brighter HAADF-STEM contrast. High-resolution (HR) TEM (Fig. 1 (e)-(g); Fig. 

S4) shows the peripheral GeS seamlessly connected and lattice-aligned to the GeS-SnS center. 

The central GeS-SnS stack produces a stripe moiré pattern perpendicular to the a-direction (Fig. 

1 (e), (g); Figs. S4, S5), as expected for aligned lattices with uniaxial mismatch along a. 

Sequential SnS and GeS growth thus produces heterostructures that combine both lateral and 

vertical interfaces between the layered crystals (Fig. 1 (h)). Note that the lateral GeS-SnS 

interfaces are neither armchair (parallel to a) nor zigzag (parallel to b), but are mixed {110} 

boundaries.32 

Micro-Raman spectroscopy was used to further investigate the GeS-SnS heterostructures. Fig. 

2 (a) shows optical contrast between center and edge-band. Growth at low GeS precursor 

 

Figure 2. Raman analysis of characteristic GeS-SnS heterostructures. (a) Optical microscopy of a 
GeS-SnS heterostructure grown at low GeS precursor temperature (400°C). (b) Raman linescan across 
the heterostructure, as shown in (a). The false color scale is shown on the right. (c) Raman spectrum 
from the GeS-SnS center of the heterostructure (dash-dotted line in (b)), showing SnS characteristics. (d) 
Raman spectrum from the edge band (dashed line in (b)), showing GeS characteristics. Raman signal 
from the thin GeS overlayer across the center is not detected with the integration time used here. 
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temperature (400ºC) favors lateral attachment of crystalline GeS while producing ultrathin GeS 

top layers. Raman linescans detect only SnS modes37 in the center (Fig. 2 (b) (c)) while the 

periphery shows the Ag and B3g vibrational modes of GeS (Fig. 2 (d)),38-42 consistent with the 

TEM results (Fig. 1; Figs. S4, S5). Note the significant redshift of the GeS modes near the 

interface (Fig. 2 (b)), most evident for the B3g rocksalt-type mode along a which shifts from 210 

cm-1 near the periphery (consistent with unstrained GeS)42 to 205 cm-1 at the lateral interface to 

SnS. The mode softening indicates tensile strain39, 43 or substitution of heavier Sn atoms into GeS 

near the interface. Additional analysis, discussed below, provides evidence for alloying at the 

lateral GeS-SnS interfaces. 

Second-step growth at higher GeS source temperature (450ºC) produces combined 

lateral/vertical heterostructures with an expanded lateral GeS band and substantially increased 

GeS top layer thickness (Fig. S6). Top-view images show uniform flakes (Fig. S6 (a)) without 

the optical contrast seen in Fig. 2; Raman linescans detect only GeS modes across the entire 

flakes (Fig. S6 (b), (c)). Lateral heterostructures are seen in flakes stamped off the mica substrate 

(Fig. S6 (d)-(g); Fig. S7). Optical microscopy of the exposed flake bottom shows clear contrast 

between the center and periphery. For the same growth time, the edge-band is now ~4.5 μm wide, 

compared to ~1.2 μm at lower GeS temperature (Fig. 2). Raman linescans across the inverted 

flakes confirm lateral heterostructures with SnS signal in the center (Fig. S6 (f)) and GeS in the 

edge band (Fig. S6 (g)), consistent with TEM and electron diffraction of such flakes (Fig. S8). 

The combined TEM and Raman analysis provides insight into the growth mechanisms. 

Following heterostructure formation, the SnS seed flakes (now encapsulated by GeS) appear 

intact with their {110}-faceted shape mostly preserved. This is not surprising since GeS is grown 

at temperatures where SnS is thermally stable.33 Prior work showed that vapor-transport grown 
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SnS flakes tend to be terminated by few-layer SnS2 due to a slight excess of sulfur in the vapor.22 

The absence of SnS2 at our heterointerfaces implies a chemical reduction of the SnS2 shell to SnS 

at the second-step growth conditions, so that pristine SnS templates the GeS growth. In 

heterostructures formed under identical conditions, the width of the peripheral GeS band scales 

with the SnS seed thickness (Fig. S9), i.e., it is wider for thicker flakes and very narrow for SnS 

flakes with thickness below 20 nm (Figs. S4, S9, S10). This trend and our other findings 

discussed above were confirmed over the entire thickness range of SnS seed flakes covered here, 

from ~10 nm (Fig. S10) to ~200 nm. Hence, vapor-phase GeS appears to adsorb primarily on the 

{110} edge facets44 due to their higher reactivity compared with the SnS and GeS basal planes 

and the mica surface, and the lateral GeS width can be tuned both by the SnS flake thickness and 

the growth conditions. The conversion of SnS seeds into SnS-GeS heterostructures by our second 

growth step occurs with high yield, approaching unity. Surveying over 300 heterostructure flakes 

by optical microscopy, we found no instance in which a SnS center was not surrounded by a 

lateral GeS edge band. We therefore estimate the conversion yield to be greater than (1 - 1/300) = 

0.997. Also, we did not detect any instances of ‘homogeneous’ nucleation of pure GeS flakes 

(without a SnS flake at the center), i.e., the added GeS is incorporated exclusively in the edges 

(and to some extent on top) of the SnS seed crystals. The thin GeS top layers are likely due to the 

elevated reactivity of the SnS basal plane compared to other van der Waals crystals.45 Raman 

linescans (Fig. 2, Fig. S10), which do not detect GeS in the center, and TEM of partially 

exfoliated heterostructures (Fig. S11) confirm ultrathin GeS stacked over the SnS flakes. 

A distinguishing characteristic of lateral GeS-SnS heterostructures is their anisotropic in-

plane lattice mismatch (as discussed above), averaging ~4% along the lateral {110} interfaces in 

our heterostructures. Diffraction shows unstrained SnS in the center and relaxed GeS near the 
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Figure 3. Analysis of [100] lattice constants across lateral GeS-SnS interfaces. (a) HAADF-STEM 
image of a thicker GeS-SnS heterostructure (GeS precursor temperature: 400°C). (b) HR-TEM image of 
the interfacial region (rectangle in (a)) between the GeS-SnS center (upper right, with stripe moiré) and 
GeS edge band (lower left, no moiré). (c) Fourier-analysis of the a-lattice constant (see Figure S13) from 
lattice fringes in the HR-TEM image shown in (b). (d) HAADF-STEM image of a thin GeS-SnS 
heterostructure (GeS precursor temperature: 400°C). (e) HR-TEM image of the interfacial region 
(rectangle in (d)) between the GeS-SnS center (lower right, with stripe moiré) and GeS edge band (upper 
left, no moiré). (c) Fourier-analysis of the a-lattice constant (see Figure S13) from lattice fringes in the 
HR-TEM image shown in (e). 

edge (Fig. 1). Strain relaxation can involve dislocations near the interface46 or out-of-plane 

ripples in the case of thin layers with sufficiently weak interaction with the substrate.16 In 

addition, alloying can distribute the strain over a wider near-interface region. While HR-TEM 

indeed shows dislocations near the interface (Fig. S12), high-resolution images also provide 

evidence for interfacial alloying (Fig. 3). Given the close match between bGeS and bSnS, alloying 

is mostly reflected in changes in the a-lattice constant and can thus be analyzed from the a-

values near lateral interfaces in thicker (Fig. 3 (a)-(c)) and thin (Fig. 3 (d)-(f)) heterostructures 

using Fourier filtering (see Fig. S13). Far from the interface, the lattice constant corresponds to 

aGeS and aSnS toward the edge and center, respectively. The transition occurs over some distance 
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across the interface. In thicker heterostructures, the alloy region is quite narrow (~20 nm; Fig. 3 

(c), Fig. S14). Thin heterostructures show more extensive alloying (Fig. 3 (f)). Similar to lateral 

graphene/h-BN17 and monolayer TMD heterostructures47 alloying broadens lateral multilayer 

interfaces, here primarily via Sn segregation into the growing GeS as indicated by Raman 

linescans (Fig. 2 (b)). The thin GeS top layer invariably shows native GeS lattice constants (Fig. 

1 (d)), i.e., it grows after alloying has concluded. 

 

Figure 4. Nanoscale luminescence of individual GeS-SnS heterostructures. (a) (Left) HAADF-STEM 
image of a characteristic heterostructure; (center) Panchromatic CL map (400-1000 nm); (right) 
Monochromatic CL map (wavelengths: (800 ± 25) nm) of the heterostructure. (b) (Left) Hyperspectral 
STEM-CL linescan comprising full luminescence spectra along the line marked in (a). Dashed lines: GeS 
band-edge luminescence (photon energy: 1.65 eV) and dispersive waveguide mode interference fringes 
(WG). Dash-dotted lines: SnS band-edge luminescence from the a- and b-valleys. (Right) STEM intensity 
profile showing the positions of edges and interfaces. (c) CL spectra obtained at positions (i) to (iii) 
marked by arrows in (b). (d) SnS lattice structure projected along a, b, and c directions. The conductance 
is anisotropic with σa > σb.48 (e) Luminescence intensity profiles across the lateral interface for photon 
energies 1.55 eV (top) and 1.35 eV (bottom), corresponding to the conduction band valleys along the b 
and a directions, respectively. Horizontal lines denote mean intensities near the interface and in the SnS 
interior. Shaded bands represent ± 1 standard deviation around the mean values. 
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The optoelectronic properties of GeS-SnS heterostructures were probed by 

cathodoluminescence spectroscopy in STEM (STEM-CL). In STEM-CL the sample is 

electronically excited by a focused (~1-2 nm) electron beam,38 instead of the ~0.5 μm optical 

excitation used in photoluminescence spectroscopy. Hence, it allows probing the optoelectronic 

properties with nanometer spatial resolution near the lateral interfaces in our heterostructures. 

Fig. 4 (a) shows HAADF-STEM of a characteristic GeS-SnS flake, along with a panchromatic 

CL image and a monochromatic CL map at the bandgap energy of bulk GeS.49 Panchromatic CL 

shows highest intensity at the edge, somewhat lower, nearly uniform intensity in the GeS band, 

and lowest emission from the SnS center. The monochromatic map clearly delineates the bright 

GeS edge against the dark SnS center with smaller bandgap and hence suppressed emission at 

this photon energy. The intensity modulation observed within the GeS band can be attributed to 

interference of confined photonic modes reflected by the edge facets of the heterostructure.49 

To determine the effects of interfacial band offsets on carrier flow and recombination, we 

measured hyperspectral STEM-CL linescans (i.e., full luminescence spectra on a linear grid) 

across the lateral GeS-SnS heterointerface. In interpreting the data, it is important to note that 

while STEM-CL involves a local excitation by a focused electron beam, recombination and 

photon emission (detected in the far-field) can occur a significant distance away if the carriers 

are displaced by drift or diffusion. The measured luminescence spectra therefore contain 

information on both the electronic structure at the point of recombination and possible transport 

of the excited carriers. 

Fig. 4 (b) shows a STEM-CL linescan along the path indicated in the STEM image of Fig. 4 

(a). Light emission from the GeS band closely mirrors the characteristics of pure GeS flakes, 

namely band-edge luminescence at 1.65 eV (Fig. 4 (c), (i)) as well as fringes due to interference 
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of photonic waveguide (WG) modes reflected from the edge facets (Fig. S15).49 The situation is 

more complex on the SnS side of the lateral interface. Spectra in the interior are composed of 

two main peaks at photon energies of 1.35 eV and 1.55 eV, respectively (Fig. 4 (c), (iii)), in close 

agreement with the a- and b-valley bandgaps in bulk SnS.28 Near the lateral interface to GeS, the 

a-valley emission is suppressed to less than half its intensity in the interior (Fig. 4 (c), (ii)) while 

the intensity of the b-valley peak remains constant. The luminescence quenching near the 

interface is further studied in Figs. 4 (d)-(e). Fig. 4 (d) illustrates the anisotropic SnS structure 

projected along the major crystal axes. Fig. 4 (e) shows the intensities of the two main SnS 

luminescence components as a function of distance from the interface. The intensity of the b-

valley peak (1.55 eV) is constant within the experimental error. The a-valley peak (1.35 eV) is 

quenched within ~300 nm from the interface, followed by a rise to a higher, nearly constant 

intensity in the interior. We note that this distance is comparable to measured minority carrier 

diffusion lengths in single-crystalline GeS and transition metal dichalcogenides.42, 50 

This behavior can be understood by considering the GeS-SnS band offset and the anisotropic 

in-plane conductivity in SnS.48 Calculations for interfaces between relaxed GeS and SnS, as 

realized here, show aligned conduction band edges (ΔEC ≈ 0) and valence band offsets ΔEV = 

0.45 eV along both a and b directions;32 we assume the same situation for our mixed {110} 

interfaces. Electrons can thus travel without any barrier in either direction across the interface, 

while holes are confined to SnS. The observed a-valley luminescence quenching is consistent 

with a partial separation of electron-hole pairs in bulk SnS (facilitated by a small exciton binding 

energy),51 wherein electrons diffuse into the adjacent GeS. Importantly, the anisotropic behavior 

with reduced near-interface intensity of the a-valley peak but constant b-valley emission 

indicates a valley-selective luminescence quenching. This can be explained by the different 
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conductivity and carrier mobility, μ, in SnS along the zigzag (a) and armchair (b) directions,48 

which favors the diffusion of a-valley electrons across the interface (with diffusivity given by the 

Einstein relation, , where μa is the mobility along a, kT the thermal energy, and q the 

electron charge), while the b-valley excitations recombine radiatively within SnS. This valley-

selective charge separation at interfaces between bulk GeS and SnS is distinct from the predicted 

electric-field induced transverse valley currents,52 and it adds to the previously demonstrated 

ability of selectively exciting different valleys in bulk SnS via linearly polarized light.28 Finally, 

the question arises why no luminescence quenching is detected on the GeS side of the interface. 

While further work is required to conclusively address this point, we tentatively attribute this 

difference to a shorter radiative lifetime in GeS limiting the effects of interfacial charge transfers. 

Conclusions 

Our results establish the ability to realize high-quality heterostructures of multilayer van der 

Waals crystals containing lateral interfaces that intersect many layers. The analysis of flakes 

obtained by sequential growth of SnS and GeS shows the formation of complex multilayer 

heterostructures in which a central SnS seed crystal is laterally integrated with a GeS edge band 

whose width ranges from a few hundred nm to several μm; in addition, the entire lateral 

heterostructure is capped by a thin GeS top layer. The orientation of the lateral interfaces follows 

from the {110} faceting of the SnS seeds, while the GeS top layer forms a vertical (001) van der 

Waals interface with the SnS center. Since for a thick multilayer heterostructure alternative strain 

relaxation mechanisms such as out-of-plane rippling are not available, the anisotropic lattice 

mismatch between GeS and SnS is accommodated by dislocation formation near the lateral 

interface. In addition, our analysis shows evidence for interfacial alloying, despite the fact that 

the miscibility of the cations – expected to be a predictor for alloying of the corresponding 
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chalcogenides53 – is low in the case of Ge and Sn.54 The creation of lateral interfaces in 

multilayer van der Waals heterostructures promises benefits, for example in light harvesting 

applications where they can support the separation of electron-hole pairs, excited by efficient 

light absorption in a thick layered semiconductor and transferred to a lateral interface within the 

plane of the covalent layers, i.e., without traversing any van der Waals gaps. The particular GeS-

SnS heterostructures considered here, integrating the anisotropic group IV monochalcogenides 

GeS and SnS, show a different type of functionality – valley-selective luminescence in SnS due 

to a preferential transfer of electrons from one valley across the lateral interface – and thus 

exemplify the broader opportunities arising with the seamless lateral integration of bulk van der 

Waals crystals. 

Methods 

Growth step I: SnS flakes on mica. SnS flakes were synthesized in a horizontal tube furnace with 

a single temperature-controlled zone. SnS source powder (99.99%, Sigma Aldrich) in a quartz 

boat was placed in the center of the heated zone. Freshly cleaved mica substrates (MTI Crystal) 

supported by a clean Si wafer were placed 10-12 cm from the SnS source. The reactor was 

pumped down to < 10-3 Torr by a mechanical pump, then an Ar/H2 (ratio 98:2) carrier gas was 

introduced at 60 standard cubic centimeters per minute (sccm) flow rate and a pressure of 76 

Torr. The temperature of the heated zone was increased to 650°C over 30 minutes and 

maintained at this temperature for 5 min. The reactor was then evacuated to below 10-3 Torr and 

allowed to naturally cool to room temperature. 

Growth step II: Heterostructure formation with GeS. GeS was deposited via vapor transport from 

GeS powder (99.99%, Sigma Aldrich) in a separate tube furnace with two independently 

controlled temperature zones. The evaporation zone containing a quartz boat with GeS powder 
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(~25 mg) was heated to temperatures between 400-450°C, while the zone containing the pre-

grown SnS flakes on mica was heated to 300°C. During growth an Ar/H2 (ratio 98:2) carrier gas 

flow was maintained at 60 sccm and a pressure of 76 Torr. GeS growth was typically performed 

for 5 minutes, after which the samples were cooled down naturally. 

Optical microscopy, Raman spectroscopy & mapping. Optical microscopy and micro-Raman 

spectroscopy/mapping were performed in air in a optical/Raman microscope (Horiba Xplora 

plus). Optical widefield imaging employed a 100× objective and image stitching using a 

computer controlled sample stage to cover large sample areas. For Raman spectroscopy, we used 

a 100× objective at 532 nm excitation wavelength, 16.8 μW laser power, and linear polarization. 

No analyzer was used for the scattered radiation. Spectra and linescans were measured using a 

300 μm pinhole, giving ~0.5 μm spatial resolution. In total, several hundred heterostructure 

flakes were surveyed by optical imaging and more than 50 were analyzed in-depth by Raman 

spectroscopy. 

Electron microscopy and nanobeam diffraction. Structure and morphology of the 

heterostructures were investigated by (scanning) transmission electron microscopy ((S)TEM) 

and nanobeam electron diffraction in an FEI Talos F200X field emission microscope. GeS-SnS 

flakes were transferred from mica substrates to TEM grids using stabilization by spin-coated 

(3000 rpm, 60 s) poly(methyl methacrylate) (PMMA) films, baked at 70°C for 5 minutes, 

followed by release of the heterostructure/PMMA sandwich by DI water penetration between the 

flakes and mica substrate.42 After pickup by a TEM grid, the PMMA was dissolved by 

immersion in acetone, leaving GeS-SnS heterostructures on the grid. In some cases, the local 

GeS thickness was determined via beam current attenuation measurements, calibrated by data 



15 

obtained on GeS nanowires (see Fig. S16). Over 30 flakes examined by (S)TEM and STEM-CL 

(see below) showed consistent structure, morphology, and optoelectronic properties. 

Cathodoluminescence spectroscopy. Cathodoluminescence spectroscopy was performed in 

STEM mode (STEM-CL) using a Gatan Vulcan CL holder at room temperature, 200 keV 

electron energy and incident beam currents of 300-600 pA. Panchromatic CL maps (512×512 

pixels, 1.28 ms per pixel) were acquired by scanning the exciting electron beam across 

heterostructure flakes and recording the emitted light intensity across a broad wavelength range 

(400-1000 nm). Monochromatic maps (512×512 pixels, 2.56 ms per pixel) were acquired with a 

specified center wavelength (λ0) and pass-band (Δλ). Hyperspectral linescans were acquired by 

displacing the electron beam in predefined equal steps across individual heterostructures and 

acquiring full CL spectra (integration time: 10 s per spectrum) at each beam position. 
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1. Supplementary Figures 

 

 

Figure S1. Morphology of SnS flakes and SnS-GeS heterostructures. (a), (b) Overview optical 
images of typical SnS flakes on mica substrates. (a’), (b’) Optical images of the samples shown in (a) and 
(b), following additional GeS growth performed at source temperatures of 400°C and 450°C, respectively. 



2 

 

Figure S2. Heterogeneous attachment of GeS to SnS flakes, and overall yield of SnS-GeS 
heterostructures. (a) Overview optical image of typical SnS-GeS heterostructure flakes on mica 
substrate, formed with a second growth step at 320°C sample temperature and 420°C GeS source 
temperature. (b), (c) Zoomed-in optical images of the areas marked by dashed (b) and dash-dotted (c) 
rectangles in (a). Note the varying optical contrast due to the different flake thickness and differences 
between the optical constants of GeS and SnS. We find that no pure GeS flakes were (homogeneously) 
nucleated in the second growth step, and that each of the SnS seed flakes was converted into a 
heterostructure. We conclude that the areal density of heterostructures is determined by that of the SnS 
seed flakes, and that the yield of converting SnS seeds to SnS-GeS heterostructures is near unity. 
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Figure S3. Simulated electron diffraction patterns along the [001] zone axis of (a) GeS, (b) superimposed 
GeS (red) and SnS (blue) with aligned in-plane (a, b) axes and their native (relaxed) lattice parameters. 

 

 

Figure S4. Morphology of thin GeS-SnS heterostructures. (a) TEM, (b) HAADF-STEM images of a 
characteristic thin GeS-SnS heterostructure (GeS source temperature: 400°C). (c), (d) Nanobeam 
electron diffraction pattern from the GeS edge band and the center of the heterostructure (as marked in 
(b)). Zone axis: [001]. (e) Higher magnification TEM image of part of the flake marked by a rectangle in 
(a), showing a continuous moiré pattern across the central region. (c) Detail of the lateral interface 
between the GeS-SnS center (identified by the moiré, right) and the GeS edge (moiré-free, left). (g), (h) 
High-resolution TEM images of the GeS edge and the GeS-SnS center. 
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Figure S5. Stripe moiré pattern marks the extent of the central region with vertical GeS-SnS van 
der Waals heterostructure. Composite TEM image showing a thin GeS-SnS heterostructure. The GeS 
edge band is clearly distinguishable from the central GeS-SnS van der Waals stack by the presence of a 
stripe moiré pattern in the center and absence of the moiré near the edge. 
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Figure S6. Raman analysis of characteristic GeS-SnS heterostructures grown from GeS precursor 
held at 450ºC. Measurements of the top of the heterostructures: (a) Optical microscopy of GeS-SnS 
flakes on the original mica substrate. (b) Raman linescan across one of the flakes shown in (a). (c) 
Raman spectrum showing GeS signal throughout the entire flake. Measurements of the bottom of the 
heterostructures: (d) Optical image of typical GeS-SnS heterostructures, supported by a PDMS stamp 
and exposing their bottom surfaces that were in contact with the mica substrate. (e) Raman linescan 
across one of the flakes shown in (d). The residual mica signal (280-290 cm-1) originates from a thin layer 
of the van der Waals substrate that was transferred to the stamp along with the GeS-SnS flakes. (f), (g) 
Raman spectra from the GeS-SnS center (dash-dotted line in (e)) and the wide GeS edge of the 
heterostructure (dashed line in (e)), respectively. 
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Figure S7. Schematic of the dry transfer to measure GeS-SnS heterostructures from the bottom 
side. (a) Conventional optical microscopy and Raman spectroscopy on the mica growth substrate. (b) 
Lift-off of heterostructure flakes using a PDMS stamp, and optical measurements from the bottom side of 
the flakes. 

 

 
Figure S8. Morphology of GeS-SnS heterostructure grown from GeS precursor held at 450ºC. (a) 
HAADF-STEM image of a characteristic GeS-SnS flake, similar to the flakes shown in Figure S4. (b)-(d) 
Nanobeam electron diffraction patterns at different positions of the heterostructure, as marked in (a). 
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Figure S9. GeS edge width in GeS-SnS heterostructures with different thickness. TEM image 
comparing three characteristic GeS-SnS heterostructures with different thickness of the original SnS 
flakes, grown under the same conditions (GeS source temperature: 400ºC). The GeS edge width 
decreases with decreasing SnS flake thickness. 
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Figure S10. GeS-SnS heterostructures formed from thin SnS flakes. (a) Optical microscopy image of 
thin SnS flakes on mica substrate. Note the characteristic microfaceted, rounded (rather than rhombic) 
shape observed for thin SnS flakes. (b) Histogram of lateral sizes of the thin SnS flakes, obtained from 
AFM measurements. Red line: Gaussian fit showing a mean lateral size of 6.4 μm. (c) Thickness 
histogram of the thin SnS flakes, obtained from AFM measurements. Note the pronounced peak at 
thickness below 50 nm. (d) Image of a different region of the same sample following GeS growth. (e) 
Higher magnification optical image of a characteristic GeS-SnS heterostructure. (f) Raman linescan 
across one of the flakes shown in (c). (g), (h) Raman spectra from the GeS-SnS center of the 
heterostructure and the narrow GeS edge, respectively. 
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Figure S11. Morphology of a GeS-SnS heterostructure in which part of the SnS center has been 
exfoliated during transfer to a TEM support. (a) TEM image of a characteristic GeS-SnS flake with 
partially removed central region. (b) Electron diffraction pattern from the GeS edge. Zone axis: [001]. (c) 
Nanobeam electron diffraction from the center of the flake showing the superposition of the GeS and SnS 
reflections after the thinning of the SnS in the center. (d) Higher magnification TEM image of the interface 
between the GeS edge and the moiré superlattice in the GeS-SnS center (white rectangle in (a)). (e) TEM 
image showing moiré fringes in the area where part of the SnS was removed (black rectangle in (a)). 
While the persistent moiré pattern demonstrates stacked GeS-SnS, the lighter contrast of the center 
compared to the GeS edge clearly shows that vertically grown GeS layer is much thinner that the laterally 
grown GeS of the edge. (f), (g) High-resolution TEM images of the moiré fringes in the center of the 
heterostructure. 

 

Figure S12. Dislocations near the lateral GeS-SnS interface. (a) HRTEM image obtained near the 
lateral interface of a GeS-SnS heterostructure. (b) Magnified view of the area marked by a rectangle in 
(a). (c) FFT power spectrum of the HRTEM image shown in (a). (d) Image (b), Fourier-filtered with portion 

of the 110 spot marked in (c). Red circles indicate edge dislocations in the image. 
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Figure S13. Fast-Fourier transform (FFT) analysis of a-lattice constants from HRTEM near the 
interface. (a) HRTEM image obtained near the interface of a GeS-SnS heterostructure. Moiré free parts 
(lower left) correspond to the GeS edge; regions with stripe moiré mark the GeS-SnS vertical 
heterostructure. (b) FFT power spectrum from the lower left rectangle in (a), showing GeS reciprocal 
spots. (c) Power spectrum from the upper right rectangle in (a), showing relaxed GeS and SnS. (d) FFT 
power spectrum of the entire area shown in (a). (e) Detail of the (100) spot, with marked rectangular 
areas ((i) through (vi)) from which inverse-FFT images were obtained. Region (i) corresponds to aGeS, 
while region (vi) corresponds to aSnS. (f) Fourier-filtered images from reciprocal space regions (i) through 
(vi) marked in (e). 

 

 

 
Figure S14. Alloyed region and stripe moiré pattern at the lateral interface. (a) HRTEM image and 
contours of the gradually changing a lattice constant across the interface for the thick heterostructure 
shown in Figure 3 (a)-(c). (b) HRTEM image and contours of the gradually changing a lattice constant 
across the interface for the thin heterostructure shown in Figure 3 (d)-(f). 
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Figure S15. Waveguide mode interference in GeS-SnS heterostructures and GeS flakes. (a) 
HAADF-STEM image of the GeS-SnS heterostructure shown in Figure 4. (b) (Left) Hyperspectral STEM-
CL linescan along the arrow shown in (a); (right) corresponding STEM intensity, showing the position of 
the flake edge and lateral GeS-SnS interface (IFlateral). (c) HAADF-STEM image of a pure GeS flake. (d) 
(Left) Hyperspectral STEM-CL linescan along the arrow shown in (c); (right) corresponding STEM 
intensity, showing the position of the flake edge. Dashed lines in (d) mark the dispersion of fringes due to 
constructive interference of the primary luminescence with waveguide modes reflected from the flake 
edge. While there are differences in the intensity distribution, the same dispersive fringes are found in the 
GeS edge band of the GeS-SnS heterostructure. 
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Figure S16. Determining the (vertical) thickness of the GeS edge band from electron beam current 
attenuation. Measurements of the electron beam current on suspended GeS nanowires with different 
diameters (d, blue symbols) in comparison with the beam current measured in vacuum (without a sample, 
red symbol), used to calibrate the attenuation of the electron beam current as a function of GeS thickness. 
The inset shows a schematic of the measurement, in which the electron beam after traversing the sample 
is collected by a Faraday cup and its current (I) measured by a pico-ampere meter. 


