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Defect-Free Nanowelding of Bilayer SnSe Nanoplates

Jing-Rong Ji, John W. Villanova, Salvador Barraza-Lopez,* Stuart S. P. Parkin,*

and Kai Chang*

Nanowelding is a bottom-up technique to create custom-designed
nanostructures and devices beyond the precision of lithographic methods.
Here, a new technique is reported based on anisotropic lubricity at the van der
Waals interface between monolayer and bilayer SnSe nanoplates and a
graphene substrate to achieve precise control of the crystal orientation and
the interface during the welding process. As-grown SnSe monolayer and
bilayer nanoplates are commensurate with graphene’s armchair direction but
lack commensuration along graphene’s zigzag direction, resulting in a
reduced friction along that direction and a rail-like, 1D movement that permits
joining nanoplates with high precision. This way, molecular beam epitaxially
grown SnSe nanoplates of lateral sizes 30-100 nm are manipulated by the tip
of a scanning tunneling microscope at room temperature. In situ annealing is
applied afterward to weld contacting nanoplates without atomic defects at the
interface. This technique can be generalized to any van der Waals interfaces
with anisotropic lubricity and is highly promising for the construction of
complex quantum devices, such as field effect transistors, quantum
interference devices, lateral tunneling junctions, and solid-state qubits.

1. Introduction

Miniaturized electronic components such as FinFET devices and
next-generation Gate-All-Around (GAA) devices are formed from
3D heterostructures; their construction necessitates the precise
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joining of different materials with various
shapes along the vertical and lateral di-
rections. From the perspective of device
design and characterization, novel tech-
niques for creating sub-10 nm scale semi-
conductor nanostructures with predesigned
shapes are urgently needed. However, this
is not an easy task because top-down litho-
graphic methods inevitably introduce dis-
order at the boundaries and interfaces
between different materials (also leaving
chemical residues in the process), while
bottom-up growth methods encounter sig-
nificant difficulty in controlling the dimen-
sions of nanostructures in all three direc-
tions. In contrast, and as a method that
combines nanoscale manipulation and lo-
cal coalescence of nanocrystals, nanoweld-
ing provides a promising approach for
the controlled creation of nanostructures.!"!

Nanowelding has been  demon-
strated in carbon nanotubes,>®] metallic
nanowires,”’ metallic nanoparticles,!¢!
semiconducting nanowires,['’] semicondu
cting nanoparticles,"® and ceramic nanowires."” It relies
on methods such as global heating,>7111518] electron beam
exposure, 219 nearfield effects,>*l cold welding,®! laser
annealing 9121416 electric current Joule heating,'¥ and
acid vapor triggering.'3] Since grain boundaries can deteri-
orate the performance of nanodevices, it is critical to avoid
them. However, controllable and seamless nanowelding has
never been achieved between semiconducting nanocrystals,
nor between nanowires or nanoplates, this being a much
more difficult task than the welding of metals like silver or
gold.l®!

A seamless nanowelding between semiconductor nanocrys-
tals requires aligning and connecting them with atomic pre-
cision, but this has rarely been achieved. Here, we report a
method to realize defect-free nanowelding between 2D semi-
conducting nanoplates that relies on the anisotropic lubric-
ity of the interface between graphene and monolayer or bi-
layer SnSe. The nanoplates are manipulated by the tip of
a scanning tunneling microscope (STM) and contact along
their (11) edges, and the welding process simply requires
in situ heating. To the best of our knowledge, this is
the first time that separate 2D nanoplates are controllably
joined. This method can be applied to any 2D nanostructures
that display anisotropic friction forces with their supporting
substrate.
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Figure 1. Anisotropic lubricity of monolayer SnSe nanoplates grown on top of a graphene substrate due to uniaxial lattice matching. a) A naturally
formed lattice structure of a monolayer of SnSe on graphene. The gray, green, and brown balls are Sn, Se, and C atoms, respectively. The crystalline
directions of SnSe and graphene are labeled by red and blue arrows, respectively. The gray dashed lines indicate the valleys between the zigzag chains
of graphene, where the Sn and Se atoms sit. b) Energy corrugation landscape of laterally moving SnSe (Ax, Ay) away from the structure in panel (a). c)
An incommensurate configuration created by rotating the SnSe 90° from the orientation in panel (a), while keeping the graphene lattice unchanged. d)

Energy corrugation landscape corresponding to the structure in panel (c).

2. Results

2.1. Anisotropic Lubricity

Anisotropic lubricity between two atomically clean surfaces has
been studied since the 1990s, including the friction force at the
interfaces of homojunctions!?*?? and heterojunctions.[?>?*] Fur-
thermore, the friction force anisotropy between a sharp tip and a
single crystal surface has been extensively characterized by fric-
tion force microscopy, a technique developed from atomic force
microscopy. Importantly, friction is reduced when the lattices of
the contacting surfaces are incommensurate.”>} Such an ef-
fect lies at the origin of superlubricity at the interfaces between
van der Waals materials such as graphite and hexagonal boron
nitride (h-BN).[202227:293436] On the other hand, if the lattices
are commensurate only along a certain direction at the contact
surfaces, the friction force would be enhanced along that direc-
tion, thereby restricting sliding to only the orthogonal Cartesian
direction, and permitting rotations to very specific angles.!?2%3]
Such an effect thereby provides a straight, 1D “guiding rail”
for the manipulation of nanostructures and it underpins this
work.

SnSe monolayers are 2D ferroelectric semiconductors with a
2.1 eV electronic bandgap and an in-plane polarization along the

Adv. Mater. 2024, 2312199 2312199 (2 of 9)

a, direction.l¥”] When epitaxially grown on a graphene substrate,
their orthorhombic lattice (space group Pnm2,) exhibits the lat-
tice matching conditions shown in Figure 1a: the a, (4.26 A) di-
rection is highly commensurate with the armchair direction of

graphene (\/5 X 2.46 A), while the a, direction (4.35 A) is in-
commensurate with graphene’s zigzag direction. This uniaxial
commensurate condition leads to an anisotropic lubricity (that
is, distinctly different barriers for sliding along orthogonal direc-
tions) that is revealed from the first principles calculations shown
in Figure 1a. The atomistic interface there has been relaxed to an
energy minimum, in which the Sn and Se atoms lie between the
zigzag chains of graphene.

Figure 1b is a map of AE, defined as the energy difference
between the energy minimum (starting) configuration seen in
Figure 1a and that with a lateral translation (Ax, Ay) of the SnSe
monolayer relative to the underlying graphene, without any addi-
tional atomistic optimization. The fluctuation of AE per unit area
along the x (graphene’s zigzag)-axis is less than 0.10 meV A~
(1.6 x 107 N m™!), while that along the y-axis is at least six times
larger (over 0.60 meV A2 or 10.0 X 10> N m™'), thus preclud-
ing the relative motion of monolayer SnSe along the armchair
direction of graphene. The maximum of AE appears at the po-
sitions where Ay = 1.07 A, which is exactly a, /4, corresponding
to a configuration in which the Sn and Se atoms sit right above
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Figure 2. Experimental demonstration of anisotropic lubricity. a) STM topography image and b) simultaneously recorded di/dV image of a monolayer
SnSe nanoplate at room temperature. V, = —0.2V, |, = 2 pA. c) Atom-resolved image of the monolayer SnSe nanoplate, acquired from the area indicated
by the white square in panel (b). V, = =20 mV, I, = 500 pA,; inset: Fourier transform. The white arrows label the spots from the moiré pattern between
SnSe and graphene. d) Schematic diagram of the process of moving a SnSe nanoplate. e—g) Three pairs of STM topography images showing three
typical attempts to move a SnSe nanoplate. V, = —0.2 V, I, = 2 pA. The magenta dashed arrows indicate the paths of the tip. The red dashed and blue
solid rectangles are the original and final positions before and after the tip movement. e) Inset: atom-resolved image acquired from the area in the white
square. V, = —0.2V, I, = 100 pA. (Data in panel (a) was acquired from the same area as Figure S6 in the Supplementary Information of Ref. [37]).

the zigzag chains of graphene. This 1D barrier is very different to
that observed in the sliding of graphite on graphite and similar
homointerfaces with a honeycomb lattice, in which lattice com-
mensuration is recovered once the two homolattices are rotated
by multiples of 60°.[7] We also calculated the AE landscape for a
heterostructure with an incommensurate configuration, which
is created by rotating the monolayer SnSe by 90°, aligning its
a, direction parallel with the armchair direction of graphene,
and shown in Figure lc. In this heterostructure, lattice match-
ing vanishes along both in-plane directions, making AE lower
than 0.1 meV A2 throughout the (Ax, Ay) space (Figure 1d). This
implies that a lack of lattice commensuration along one spatial
direction indeed induces a sliding anisotropy at the monolayer
SnSe/graphene interface.

The conclusions drawn from the above calculations are con-
sistent with our experimental observations. We prepared SnSe
nanoplates with lateral sizes of 30-100 nm, and thicknesses of
1 (monolayer) or 2 (bilayer) layers. All the nanoplates naturally
grow along the graphene lattice, with the polarization direction
(a,) of SnSe along the zigzag direction of graphene, and have
edges oriented along their (11) directions. For a SnSe monolayer,
the crystalline orientation can be identified from the dI/dV im-
ages measured at a bias voltage close to its valence band max-
imum, such as —0.2 V (Figure 2b). The moiré pattern between
SnSe monolayers and graphene gives the orientation of SnSe,
and those moiré stripes extend along its a, direction (Figure 2c).
A detailed analysis of the moiré patterns in SnSe monolayers
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can be found in ref. [37]. We then moved the SnSe monolayer
nanoplates with an STM tip, as discussed in the following sec-
tions.

To guarantee the repeatability of the nanoplate movements, we
used the standard procedure illustrated in Figure 2d; the STM
tip is first stabilized at a certain bias voltage V, on the graphene
substrate near the nanoplate (typically —1 or —2 mV), and the
setpoint of the tunneling current I, is increased from imaging
conditions (2 pA) up to a target value of several nA, thus bringing
the tip closer to the sample’s surface. The tip then moves along
a straight path across the nanoplate, during which it climbs onto
the nanoplate, interacts with the surface of the nanoplate, and
pushes it forward along some direction. This movement involves
two opposing friction forces exerted on the SnSe nanoplate: f;.
between the tip and the nanoplate, and f; between the nanoplate
and graphene. The nanoplate moves with the tip when | f;| >| fz|-

Figure 2e—g showcases multiple typical instances of mono-
layer nanoplate motion when V, = —2 mV and the STM tip is
moved with a speed of v = 5 nm s™'. Moving the tip along the
a, (armchair) direction of the SnSe monolayer barely moved the
nanoplate, even when I, was increased to 7.5 nA (Figure 2e).
However, the nanoplate was easily pushed over 90 nm away from
its original location when the tip was moved along the a, di-
rection, using a lower I, of 2.5 nA (Figure 2f). To experimen-
tally demonstrate the anisotropy of lubricity unambiguously, we
moved the tip along a random direction in Figure 2g. Still, the
nanoplate only moved along the a, direction, while no movement
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Figure 3. Lubricity and lattice parameters of bilayer SnSe nanoplates. a,b) STM topography images acquired a) before and b) after an attempt to move
a bilayer nanoplate along its a; direction. The nanoplate slides without any rotation. ¢,d) STM topography images acquired c) before and d) after an
attempt to move a bilayer nanoplate along a random direction. The nanoplate is rotated by 28°. The parameters for pushing the nanoplate are V; =
—1mV, I, =2nA, v="5nm s~'. Imaging parameters: V, = —0.4 V, I, = 2 pA. e,f) Atom-resolved topography image of the e) pristine bilayer nanoplate
and f) the Fourier transformed (FT) image. V, = =50 mV, I, = 250 pA. e) Inset: topography image of the nanoplate. V, = —0.2V, I, = 2 pA. The yellow
and green circles in panel (f) indicate the Bragg spots of SnSe and the moiré pattern, respectively. g,h) Moiré pattern and the FT image simulated by
a MATLAB code superposing the lattices of SnSe and graphene. 6 is defined as the angle between the vertical direction and the lattice vector g; of
the underlying graphene lattice, as illustrated in panel (h). i-l) Similar experimental data, and simulated images as those in panels (e)—(h), acquired
from a bilayer nanoplate rotated away from the commensurate configuration. Imaging parameters: i) V, = —60 mV, I, = 500 pA, and inset: V, = -0.3 V,

I, =2 pA. e,i) Chopped from larger images for clarity, while the f,j) FT images are generated from Figure S3 (see Figure S4 as well, Supporting Information).

was seen along the a, direction. These experiments inspired us
to manipulate low-dimensional semiconductor nanostructures
along a precise direction naturally restricted by the crystalline lat-
tice of the substrate. To test the strength of this restriction, we
further increased the f; along the a, direction by bringing the tip
closer: the nanoplate does not move along a, and it rather breaks
at V; = =1 mV and [, = 15 nA (Figure S1, Supporting Informa-
tion).

The operation parameters that activate the movement of SnSe
nanoplates have a strong dependency on the nanoplate size.
Figure S2 (Supporting Information) demonstrates the manipu-
lation of monolayer nanoplates with sizes ranging from 80 nm x
83 nm to 35 nm X 40 nm. In general, moving larger plates re-
quires a closer tip—sample distance (with a concomitant lower
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bias voltage and a larger tunneling current setpoint), while
smaller plates can be moved under less strict conditions. Indeed,
when the nanoplate is as small as 35 nm X 40 nm, they can be
moved even under imaging conditions, such as —0.4 V and 2 pA.

The motion of SnSe bilayer nanoplates also follows the above
anisotropic lubricity principles, but the substrate restriction is
less strict. The nanoplate still moves precisely along the a, di-
rection if the path of the tip does not severely deviate from this
direction (Figure 3a,b). However, if the motion of the tip is sig-
nificantly away from the a, direction, the bilayer nanoplate may
now rotate as well. Figure 3c,d shows an example of rotating
an ~30 nm sized bilayer nanoplate by moving the tip 45° away
from the a, direction, applying the tunneling conditions of V, =
—1 mV and I, = 2 nA. Once the nanoplate has been rotated, the
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anisotropic lubricity is thus no longer in place because the lattice
matching to the graphene substrate becomes lifted (see our cal-
culations), and the nanoplate can be further moved along the two
in-plane directions.

Interestingly, the alignment between graphene and a bi-
layer nanoplate also significantly influences the latter’s lattice
parameters. Most of the as-grown bilayer nanoplates still fol-
low a commensurate lattice restriction, with lattice parameters of
4, =4.35+0.02 A and a, = 4.26 + 0.02 A, the same as those of
monolayer nanoplates.*”] Figure 3e-h illustrates the moiré pat-
tern in a commensurate bilayer nanoplate and the corresponding
simulation. However, once a bilayer nanoplate is rotated to an
incommensurate alignment, the lattice restriction no longer ex-
ists and the lattice parameters evolve according to our moiré pat-
tern simulation, into a, = 4.42 + 0.02 A and a, = 4.17 + 0.02 A,
close to those of bulk SnSe.33#01 Unlike few-layer graphene or
few-layer transition metal dichalcogenides, the magnitudes of the
lattice constants evolve with the number of layers in orthorhom-
bic monochalcogenides,*! implying that the originally observed
commensuration on bilayer SnSe lowers the interface’s energy
but it creates strain on SnSe. The moiré pattern simulation can
help determine the in-plane lattice parameters beyond the STM’s
intrinsic resolution (typically 0.1 A) at any temperature, and it is
robust against modest drift during the scan (see Section S4 in
the Supporting Information). If we assume that the incommen-
surate bilayer nanoplates are nearly free-standing, then the com-
mensurate bilayer nanoplates experience a compressive strain of
—1.58% along the a, direction and a tensile strain of 2.16% along
the a, direction. Considering that graphene is usually regarded
as a substrate with an extremely low surface energy, such values
are quite significant but still consistent with expectations.[**] On
the other hand, the area of a unit cell is nearly the same for the
commensurate (18.53 A2) and incommensurate (18.43 A?) cases.

2.2. Defect-Free Nanowelding

Now that the technique of nanoplate manipulation has been es-
tablished, we further demonstrate that nanoplates can be seam-
lessly merged together. We start from two separate ~30 nm
sized bilayer nanoplates that are 60 nm away from each other
(Figure 4a). One of the nanoplates is moved toward the other one
under the tunneling conditions of V, = -1 mV, I, = 1 nA un-
til they make physical contact (Figure 4b). The grain boundary
between the two nanoplates can be clearly seen from the room
temperature topography image (Figure 4c).

The edges of the SnSe nanoplates prefer the (11) crystalline di-
rections, along which Sn and Se atoms are alternatively arranged.
In principle, twin boundaries or dislocations formed by joining
two such edges can be eliminated by annealing at a proper tem-
perature. However, the fluctuation of the SnSe lattice is not large
enough at room temperature to form a single-crystalline weld-
ing, like that between the nanowires of noble metals.l8] A previ-
ous study suggests that 10 nm sized PbSe quantum dots begin
to merge at 403 K, during which there is certain probability that
the crystalline orientation of neighboring quantum dots is auto-
matically aligned, and a defect-free interface is formed.l'8! Nev-
ertheless, techniques that guarantee defect-free nanowelding be-
tween semiconductor nanostructures are still absent. In our ex-
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periments, we use an in situ heater attached to the STM sample
stage to anneal the sample while scanning the nanoplates’ topog-
raphy to monitor the welding progress (Figure 4d—j). The grain
boundary gradually disappears as the temperature is increased,
and vanishes at 420 K. Remarkably, the atom-resolved image in
Figure 4k reveals no atomistic defects within the welded region.
Furthermore, the overall shape of the nanoplates is well main-
tained up to 450 K, implying that this technique can be used
to eliminate the grain boundaries while also permitting the cre-
ation of more complex nanostructures from multiple nanoplates.
The nanowelding procedure is well repeatable, and Figure S5
(Supporting Information) provides another example of seamless
nanowelding.

The underlying physics behind the defect-free nanowelding
process can be understood as follows: since the orientation
and movement of the nanoplates strictly follow the lattice of
graphene, the basis of the SnSe lattice of both nanoplates is
perfectly aligned with each other prior to welding. Thus, before
welding, atoms are precisely aligned and separated by a distance
slightly larger than the lattice constant of SnSe (Figure 5a). At el-
evated temperatures, the fluctuation of the atoms is enhanced,
and when the annealing temperature is high enough, it activates
the formation of chemical bonds at the (11) edges of the contact-
ing sections. The formation of new chemical bonds also drags the
nanoplates slightly closer along their a, directions, and remain-
ing “slits” between nanoplates can be considered as molecular va-
cancies that align into rows. The subsequential evolution of these
vacancies follows well-established molecular migration mecha-
nisms such as Fick’s laws (Figure 5a). The migration of molec-
ular vacancies eliminates the slits at the interface, and these va-
cancies will be released when they migrate to the free edges of
the nanoplates, hence defect-free nanowelding is achieved.

Since atomistic calculations helped understand the origin of
the experimentally observed anisotropic motion of SnSe mono-
layers and bilayers (Figures 1 and 2), we rely on ab initio molec-
ular dynamics calculations of two monolayer SnSe nanoplates
on graphene to describe the evolution of 1D interfaces within
nanowelding on a structure containing 1296 atoms. The struc-
ture contains a graphene substrate and two SnSe nanoplates with
(11) edges. The simulation was run in time basis at 400 K, and
technical details of these calculations can be found in the Ex-
perimental Section. Figure 5b,c shows snapshots of the ab initio
molecular dynamics structures at 0.0 and 0.3 ps that show the two
nanoplates joining smoothly together. Figure 5d showcases the
motion of the geometric centers of graphene and the two SnSe
nanoplates during the annealing process. As discussed above, in
the first picosecond, the SnSe nanoplates move toward each other
along the x-direction, which is the zigzag direction of graphene,
while little motion happens along the y-direction. Figure 5d also
displays the effective temperature T{(t) during the simulation and
the total structural energy (defined in the Experimental Section),
where t is the evolution time of the structure.

A perfect crystalline orientation like the one displayed in
Figure S6a—d (Supporting Information) is critical to defect-free
nanowelding. For comparison, a rare case of misaligned SnSe
monolayer nanoplates is shown in Figure S6e-g (Supporting In-
formation). The separation between the atoms at the contacting
points is not uniform, and the edge lattice exhibits significant
disorder.
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Figure 4. Nanowelding of two SnSe bilayer nanoplates. a) STM topography image showing the starting positions of the nanoplates. V, = —0.35 V,
I, = 2 pA. The magenta dashed arrow indicates the path of the tip. The parameters used for pushing the nanoplate are Vy = —1mV, I, = 1 nA, v =

5 nm s~'. b) STM topography image after the nanoplate manipulation. V;

= —0.4V, I, = 2 pA. c—j) STM topography images and the corresponding

derivative images of the two contacted nanoplates acquired during the in situ annealing process. V, = —0.4 V, I, = 2 pA. All the images share the same
color scale and scale bar. k) Atom resolved image taken from the area in the black square in panel (j). V, = =30 mV, I, = 800 pA.

In principle, the defect-free nanowelding method introduced
here can be applied to any nanostructure having a van der Waals
interaction with its supporting substrate, as long as anisotropic
lubricity exists via near commensuration along one spatial direc-
tion. Lateral heterostructures can be generated in a straightfor-
ward way if nanoplates of different materials are prepared on the
same substrate. Furthermore, if the nanoplates are on an insulat-
ing substrate, the structures created by nanowelding can be used
as nanodevices, which could be directly characterized by electri-
cal transport experiments.

3. Conclusion

In summary, we have established a method for defect-free nanow-
elding between 2D semiconducting nanoplates with the assis-
tance of the anisotropic lubricity at the van der Waals interface
between a nanoplate and a single-crystal substrate. Nanoweld-
ing between bilayer SnSe nanoplates has been experimentally
demonstrated by joining these nanoplates along the zigzag direc-
tion of graphene with an STM tip and in situ annealing at 420 K.
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This method is generally applicable to all 2D material interfaces
with anisotropic lubricity and has the potential for the creation
of nanoscale quantum devices whose features are too small for
traditional lithography, such as lateral tunneling junctions and
quantum interference loops. This approach is especially suitable
for constructing solid state qubits that require the fabrication of
~10 nm scale structures, such as the Josephson junctions in su-
perconducting qubits, as well as the nanowires and plunge gates
in topological qubits and semiconducting qubits.

4. Experimental Section

Density Functional Theory Calculations: Density functional theory cal-
culations were performed using the SIESTA code.[*l The graphene and
SnSe monolayer unit cells were relaxed independently until force compo-
nents were less than 1 meV A=2. The separation between the graphene
and the SnSe layers was optimized for the most commensurate orien-
tation to 3.45 A, and the third lattice vector length was set to 30 A to
avoid interaction among periodic copies. For the commensurate orienta-
tion case, a 5 x 1 supercell was used for SnSe on top of a 9 x 1rectangular
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Figure 5. Nanowelding of two monolayer SnSe nanoflakes. a) Schematics of nanowelding achieved by thermal annealing. The four sequential panels
in the right reflect the process of interface evolution during annealing. The blue arrows in the second panel indicate the direction of movement of
the nanoplates as chemical bonds between the nanoplates form, while the smaller arrows in the third panel indicates examples of possible molecular
migration during annealing. For clarity, only the atoms in the topmost layer and the fluctuation along the horizontal direction are shown. The inset atom
resolved STM topography image shows the interface between two nanoplates that have been brought into contact. The outermost and third-outmost
rows of atoms at the edges are labeled by dashed lines. The manipulation process is described in Figure S6 (Supporting Information). Setpoint: V, =
—0.2V, I, = 50 pA. b,c) Structural snapshots along the ab initio molecular dynamics calculation of two monolayer SnSe nanoplates at b) the initial state
and c) after 0.3 ps. d) Evolution of several physical parameters during the annealing. The three panels in the left describe the motion of the geometric
centers of graphene and the two SnSe nanoplates. The black and blue curves correspond to the motion along x- and y-directions, respectively. The two
panels in the right show instantaneous effective temperature T(t) and total energy with respect to the initial configuration.

supercell for graphene (each rectangular cell of graphene contains four
atoms) with a 1 x 15 x 1 Monkhorst—Pack k-point mesh and shifted the
layers by 1/25 of a graphene rectangular cell lattice vector length until the
energy corrugation surface was produced. For the incommensurate orien-
tation case, a 4 X 26 supercell was used for SnSe on top of a 7 X 27 rect-
angular supercell for graphene with a single k-point and shifted the layers
in the same way as above. In both cases, a mesh cutoff of 300 Ry, stan-
dard double-zeta plus polarization basis sets,[*?] and norm-conserving
Troullier-Martins pseudopotentialsl“*] were used with the self-consistent

Adv. Mater. 2024, 2312199 2312199 (7 of 9)

van der Waals exchange correlation functional of Hyldgaard et al.,[*4 as
implemented by Roman-Pérez and Soler.[**] These pseudopotentials were
tuned in-house.[*6]

Ab Initio Molecular Dynamics: The welding of monolayer SnSe was
simulated with ab initio molecular dynamics calculations having a 2 ps
time resolution using the NVT ensemble (in which the number of electrons
(N), the volume (V), and the temperature (T) are fixed) with the SIESTA
code. The model system has the following features: i) it contains two
equally sized monolayer SnSe nanoplates with 98 atoms each, originally
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placed 2 A apart, on a graphene substrate containing 1100 atoms; ii) in the
experiments, the SnSe nanoplates lie on stiff epitaxial graphene, which it-
self is grown from SiC. To emulate conditions in which the nanoplates lie
on a stiff substrate that only serves as a rail, the carbon positions were
effectively fixed in this simulation; iii) temperature only carries meaning
at the (macroscopic) thermodynamic limit, where heat can be shared be-
tween nanoplates and substrate. Here, by fixing the graphene substrate
the SnSe nanoplate is prevented from dissipating heat. Bond energies are
strongly dependent on the choice of exchange correlation functional used
in ab initio molecular dynamics simulations, so a one-to-one correspon-
dence between experimental and computational temperatures should not
be expected. Here, the SnSe monolayer nanoplates and graphene were
heated to a target temperature (which was set to be 300 K), and the sim-
ulated material was cooled down afterward.

Sample Preparation: SnSe monolayer and bilayer nanoplates were
both grown on a graphitized 6H-SiC (0001) substrate by molecular beam
epitaxy with a base pressure of 1x 107'% mbar. The preparation methods
of the graphene substrate and SnSe nanoplates were the same as those
described in ref. [37]. The graphene substrate was first degassed at 500 °C
for several hours, then annealed at 900 °C in a Si flux for 15 min, and fi-
nally annealed at 1400 °C for 10 min. The substrate temperature was mea-
sured with an infrared pyrometer. SnSe granules (99.999%, Alfa Aesar)
were loaded into an h-BN crucible in a home-built evaporator. The evapo-
ration temperature for SnSe was ~450 °C. The SnSe monolayer nanoplates
were prepared by a two-step method. First, SnSe was deposited onto the
graphene substrate at room temperature for 30 s to form the nuclei, then
the sample was annealed at 210 °C for 1 h to let the nuclei acquire reg-
ular rectangular shapes. Finally, more SnSe was deposited at the sub-
strate of 210 °C, until the desired nanoplate size was reached. Monolayer
nanoplates dominate on the substrate after the growth process. To allow
for a predominance of bilayer nanoplates, the two-step process was re-
peated, which allowed for new nuclei to appear on the surface of mono-
layer nanoplates.

Variable-Temperature STM: The samples were transferred to an Omi-
cron VT-STM-XT system connected to the growth chamber without break-
ing the ultrahigh vacuum environment. All the STM images were acquired
at room temperature unless specified in the figures. The STM system was
operated via a Nanonis controller. A Pt/Ir alloy tip was calibrated on the
surface of an Au (111) single crystal before scanning. During the di/dV
measurements, a sinusoidal voltage of 30 mV with a 713 Hz frequency
was added to the bias voltage. A Lakeshore 335 temperature controller was
used to stabilize the sample temperature during the in situ annealing ex-
periments. The relatively large thermal drift at elevated temperatures was
eliminated by using a parallelogram correction when processing the im-
ages in Figure 4d—j, based on the features of the substrate displayed at
room temperature in Figure 4c.
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the author.
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