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ABSTRACT: In solid-state chemistry, the direct reaction of elements at low temperatures is
limited by low solid-state interdiffusion rates. This and the limited number of processing
parameters often prevent the synthesis of metastable compounds. Precisely controlling the
number of atoms and nanoarchitecture of layered elemental precursors enabled the selective
synthesis of two closely related metastable tin vanadium selenides via near-diffusionless
reactions at low temperatures. Although the nanoarchitectures of the precursors required to
form [(SnSe,)os0]1(VSe,); and [(SnSe);;5]i(VSe,); are very similar, controlling the local
composition of the SnlSe layers in the precursors enables the selective synthesis of either
compound. The metastable alloy Sn,V, ,Se, was preferentially formed over
[(SnSe,)q.50]1(VSe,),, which has the identical composition, by modifying the nanoarchitecture
of the precursor. Ex situ in-plane X-ray diffraction and X-ray reflectivity collected as a function
of annealing temperature provided information on lateral and perpendicular growth of
[(SnSe,)q.50]1(VSe,),. The presence of Laue oscillations throughout the self-assembly provided
atomic-scale information on the thickness of the [(SnSe,)qg,];(VSe,), domains, giving insights
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into the self-assembly process. A reaction mechanism is proposed and used to rationalize how composition and nanoarchitecture

control the reaction pathway through the free energy landscape.

B INTRODUCTION

Molecular synthesis is powerful, with chemists being able to
perform total syntheses of complex molecules through a series
of carefully designed steps beginning from simple precursors.'
Several important factors have contributed to the development
and success of this field. One factor is the ability to predict the
structure of potential kinetically stable compounds using
simple bonding rules (the octet rule and the 18-electron
rule).”® A second factor is the diversity of reagents and
catalysts that can be used to transform a single functional
group, allowing a reaction to be possible for a large number of
substrates. A third factor is the typically homogeneous nature
of reacting systems, where reactants dissolve in solvents while
maintaining their structure. Most of the structure of the
different reactants is preserved in the product molecules, as
targeted reactions break and make specific bonds. NMR and
other spectroscopies give detailed information about speci-
ation, enabling the kinetics of the transformation from
reactants to products to be investigated.”” This has enabled
molecular chemists to develop rules based on reaction
mechanisms to modify reaction parameters to control reaction
pathways.® Because intermediates in a multistep synthesis can
be purified, a sequence of specific reactions can be planned
using retrosynthetic analysis to synthesize complicated
molecules.’

In contrast, solid-state synthesis is considered “as much art
as science”, because the process is mainly experience- and
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intuition-driven.” This reflects important differences between
the synthesis of extended structures and molecules. For
example, it is much more challenging to predict the structure
of potential products, because many metallic elements can have
a variety of oxidation states and coordination numbers.” The
formation of an extended structure also involves the repeated
formation of specific bonds to form crystals with macroscopic
amounts of atoms. This self-assembly of the crystal structure
cannot be done using stepwise reactions. Hence, synthesis
approaches are less developed and the analytical techniques
used to follow reactions often require specialized instrumenta-
tion.'” While the synthesis approach of extended solids using
fluids (fluxes, mineralizers, or supercritical fluids) as solvents is
similar in many respects to molecular synthesis," ~'® the
reactants typically do not maintain their structure upon
dissolution, and very little is typically known about the
speciation that occurs in the liquid phase.'* Spectroscopy and
other reaction monitoring methods are also more difficult to
implement due to typically higher reaction temperatures,
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opaque fluid phases, and more challenging NMR nuclei.
Rapidly developing in situ techniques such as transmission
electron microscopy and pair distribution function analysis
from total scattering can provide insight into compound
formation at the atomic level.'”~>* Diffusion is the rate-limitin
step in the direct reaction of solids at high temperature,”
where reactions occur at the interfaces between particles.
Because many different interfaces with different crystallo-
graphic orientations are reacting between different elements
(A-B, B—C, A—C), different reactions will be occurring at
different interfaces forming different products at different
rates.”” Most analytical approaches only provide the sum of all
of these reactions, making kinetic studies challenging. In most
reactions to form extended solids, high temperatures and long
times are typically used, resulting in the formation of only
thermodynamically stable compounds.”*”” While the impor-
tance of solid-state reaction mechanisms to develop kinetically
controlled synthesis approaches has been recognized, the field
remains understudied.’**’

In the field of 2D materials, there is significant interest in the
synthesis of heterostructures, especially those containing
layered dichalcogenides because of their diverse properties
and exfoliable nature due to weak van der Waals interactions
between strongly bonded Se—M-—Se layers.*> The system
explored here, [(SnSe,),,5],(VSe,),, is interesting because the
phase diagram of Sn—V—Se contains only one ternary
equilibrium phase, SnVSe;, the misfit layer compound
(SnSe),(VSe,),.”> The metastable heterostructure
[(SnSe,),,5]:(VSe,), lies on the tie line connecting SnSe,
and VSe,. The misfit parameter, 1+, reflects the difference in
the in-plane unit cell size of between the two layers in the
heterostructure* and is equivalent to the number of SnSe, unit
cells per VSe, unit cell. There have been no reported studies
exploring the formation of Sn,V,_ ,Se, solid solutions;
however, the large difference in ag-axis lattice parameters
(3.356 A for VSe, and 3.811 A for SnSe,)***® suggests that
there is limited solid solubility.”” The [(SnSe,),,s],(VSe,),
heterostructure and the Sn,V,_,Se, solid solution with x ~
0.43 targeted here both cannot be synthesized using a classical
high temperature solid-state synthesis route.

Here we use precursors made of a repeating sequence of Snl
SelVISe elemental layers to selectively form the metastable
solids [(SnSe,)ps0]1(VSe,); and Sn,V,_.Se, at low reaction
temperatures. The precursors were designed to have different
nanoarchitectures, defined as the sequence and thicknesses of
the elemental layers deposited. While the layer sequence is the
same, the modulation length of precursors I and II differ by a
factor of 2. X-ray reflectivity and X-ray diffraction (specular
and in-plane) were used to follow the self-assembly of
[(SnSe;)p50]1(VSe,);. Laue oscillations observed in the XRR
patterns enable us to determine the number of unit cells of
[(SnSe,)o50l1(VSe,), perpendicular to the substrate as a
function of annealing temperature. In-plane XRD patterns
enable us to independently follow the lateral growth of SnSe,
and VSe,. This data was used to develop an atomic scale
picture of the reaction mechanism. The proposed reaction
mechanism was tested by the different nanoarchitecture of
precursor II, which formed the new metastable alloy,
Sn.V,_.Se,. Using an energy landscape, we rationalized why
local composition and nanoarchitecture allowed us to
discriminate between different reaction pathways.

B EXPERIMENTAL SECTION

Thin film multilayer precursors were deposited on (100) oriented Si
wafers with native oxide using a custom-built high vacuum physical
vapor deposition (PVD) chamber with pressures maintained below 2
X 1077 Torr. Se (Alfa-Aesar, 99.999%) was deposited using a
Knudsen effusion cell, while V (Alfa-Aesar, 99.7%) and Sn (Alfa-
Aesar, 99.98%) were deposited using 6 keV electron beam guns. More
detailed information about the instrument setup is found elsewhere.*®
The thickness of each element deposited at each step was monitored
by quartz crystal microbalances found above each elemental source. A
custom-made LabView code controls the opening and closing of
pneumatic shutters to control the sequence and amount of each
element deposited.

The areal density (in atoms/A?) of each element was measured
using X-ray fluorescence (XRF) on a Rigaku ZSX Primus II
spectrometer. For each sample, the background signal was subtracted
using the actual measurement from blank substrates as described by
Hamann and co-workers.>’

Precursors were annealed on a hot plate in a drybox with an inert
atmosphere (O, < 0.8 ppm). X-ray reflectivity (XRR) and specular X-
ray diffraction (XRD) patterns were collected on a Bruker D8
diffractometer equipped with Cu Ka radiation. One piece of precursor
I was annealed for 5 min at various temperatures to determine the
processing conditions to form [(SnSe;)oz0)1(VSes):. A second piece
of precursor I and precursor II were annealed at the optimum
processing conditions. The Kiessig and Laue oscillations observed in
the XRR pattern were used to calculate the thickness of the film via a
modified form of Bragg’s Law and the size of the coherently scattering
domains, respectively. Grazing incidence in-plane diffraction
(GIXRD) patterns were collected on a Rigaku Smartlab diffrac-
tometer also equipped with Cu Ka radiation. A model for the position
of the atomic planes along the ¢ axis was optimized by Rietveld
refinement of the specular X-ray diffraction patterns using the GSAS-
IL.*° LeBail fitting of the in-plane X-ray diffraction using the FullProf
Suite was used to refine lattice parameters.

A thin cross-section of the film was prepared with an FEI Helios
NanoLab 600i DualBeam FIB-SEM using standard lift-out proce-
dures. Scanning transmission electron microscopy data was collected
on an FEI Titan G2 80-200 scanning transmission electron
microscope (STEM) with a Cs probe corrector and ChemiSTEM
technology (X-FEG and SuperX EDS with four windowless silicon
drift detectors) operated at 200 kV. High angle annular dark field
(HAADF) images were taken with an electron probe of size (fwhm)
of about 0.13 nm, current of ~75 pA, convergence angle of 18.1 mrad,
and using an annular dark-field detector with a collection range of
60—160 mrad.

Bl RESULTS

Two multilayer precursors (I and II) with repeating structure
SnlSelVISe were deposited. The lattice parameters of bulk VSe,
and SnSe, were used to calculate the required number of atoms
in each SnlSelVISe sequence to form Se—M-—Se trilayers of
both VSe, and SnSe,.**** Precursor I used these targets and
the SnlSelVISe sequence was repeated 41 times. Precursor II
contained the SnlSelVISe sequence repeated 82 times, with
each sequence containing one-half the number of atoms
needed to form each Se—M—Se trilayer. The two precursors
contain the same number of atoms but with a different
nanoarchitecture. The total number of atoms of Sn, V, and Se
per A’ (areal density) were measured using XRF and are
summarized in Table 1 along with the targeted values. The
measured values of Sn and V for both precursors are within the
error of the target amounts. Assuming a single-phased
heterostructure product forms and that the excess/vacancies
of Se is evenly distributed among the two phases, the precursor
1 stoichiometry is [(SnSe,)o75]1(VSe,); and precursor 1I
stoichiometry is [(SnSe,3)o7s]1(VSe,3);. In terms of a solid
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Table 1. Number of Atoms Per Unit Area Determined Using
XRF Compared to Target Values Based on the Lattice
Constants of Bulk SnSe, and VSe,

total number of atoms (A*)

material repeating units Sn v Se
precursor 1 41 3.3(1) 43(1) 14.6(4)
precursor 1I 82 3.13(9) 4.1(1) 16.6(5)
VSe,* 41 0 4203(3) 8.406(6)
SnSe, 41 3.256(5) 0 6.52(1)

solution, precursor I's stoichiometry is Sn, .V, ,Se, and
precursor II's stoichiometry is Sng43Vjs;5€;59. The limiting
reagent in precursor I is Se, and there is enough Se to form
40(1) unit cells of the heterostructure or 80(2) unit cells of the
alloy. In precursor II, the rate limiting reagent to form the
heterostructure is Sn and there is enough Sn to form 39(1)

unit cells of the heterostructure. With respect to the alloy, the
metals are the limiting reagent and there is enough metal to
form 79(1) unit cells of Sn.V,_,Se,.

The evolution of a piece of precursor I was followed as a
function of annealing temperature using XRF, XRR, and XRD
to determine the conditions to form a single-phase
[(SnSe,),,5]:(VSe,), sample (Figure 1). The XRR scan
(Figure 1b) contains Kiessig fringes from the interference
between the front and the back of the deposited film.** The
spacing of the Kiessig fringes yield a film thickness of 550.8(6)
A, and the angle where the Kiessig fringes can no longer be
observed yields a surface roughness of ~6 A. The number of
Kiessig fringes observed before the Bragg maxima from the
modulation of the electron density in the precursor is
consistent with the presence of 41 repeating sequences of
SniSelVISe layers. The position of the first two Bragg
reflections from the SnlSelVISe sequence of layers yields a
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Figure 1. Evolution of SnlSelVISe precursor annealed at different temperature steps. (a) The number of atoms per A” of each element measured by
XRF at each temperature step and calculated from the number of unit cells and a-lattice parameters at RT, 250 °C, and 400 °C. (b) X-ray
reflectivity patterns showing the evolution of the overall film structure (c) Specular X-ray diffraction showing the evolution of the structure
perpendicular to the substrate. (d) Grazing incidence in-plane X-ray diffraction showing the evolution of the structure in the plane parallel to the

substrate.
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modulation length of 13.5 A. This is slightly larger than the
sum of the c-axis lattice parameters of bulk VSe, and SnSe,,
12.247(2) A, because amorphous layers have a lower density
than their crystalline counterparts. There is also a broad
maximum at ~14°, suggesting that nucleation and coherent
stacking of dichalcogenide layers occurs during deposition.
Scherrer analysis of the line width suggests that the thickness of
the coherent stacking is only a few layers thick. The XRR and
XRF data (Figure lab) indicate that the nanoarchitecture of
the precursor is close to what was targeted and resembles the
desired product.

The diffraction data (Figure 1lc,d) collected on the as
deposited precursor is consistent with the XRR discussion. The
specular XRD pattern (Figure lc) contains two narrow Bragg
reflections from the repeating SnlSelVISe sequence of layers
and broad reflections from self-assembly occurring during the
deposition of the precursor. The broad reflections at ~14° and
28° indicate that coherent domains have formed. The in-plane
XRD pattern (Figure 1d) contains hkO peaks that can be
indexed to two hexagonal unit cells, SnSe, and VSe,, with a-
lattice parameters of 3.78(1) and 3.39(1) A. The peak widths
of SnSe, is narrower than VSe,, indicating that there are larger
in-plane grains of SnSe, than VSe,.

The data collected between 100 °C and 300 °C show that
[(SnSe,),.5]1(VSe,); gradually self-assembles during this
temperature range. The XRF data (Figure la) indicates that
there is a small decrease in the amount of Se in this
temperature range, which results from evaporation of Se while
annealing. The XRR patterns (Figure 1b) contain an additional
low frequency Kiessig oscillation due to the growth of an oxide
at the surface of the film. The film thickness calculated from
the high frequency Kiessig fringes in the XRR indicate that the
film thickness gradually decreases as annealing temperature
increases, which is a consequence of both the loss of Se and the
increasing density of the film. The first two diffraction maxima
shift in angle on annealing at 100 °C and then increase in
intensity and become narrower as annealing temperature
increases. Laue t'ringnas,‘m’45 which originate from the finite
number of unit cells in the coherently diffracting coherent
domains of the film, are clearly visible on the diffraction
maxima at 14° and become closer together as the annealing
temperature increases. This indicates that the majority of the
coherent domains are the identical thickness, which can be
calculated from the frequency of the Laue oscillations. During
the growth process, the low angle Bragg reflections from the
artificial layering of the precursor disappears. The specular
XRD patterns (Figure lc) confirm the formation of
[(SnSe,),,5]:(VSe,), and corroborate growth of the coherent
domains perpendicular to the substrate, Starting at 100 °C,
long-range order starts to develop as additional 00! reflections
appear at higher angles. These 00! reflections increase in
intensity, reaching a maximum at 250—300 °C. The positions
of the 00] Bragg reflections yield a c-axis lattice parameter of
12.69(1) A, which is slightly larger than the sum of the c-axis
lattice parameters of bulk VSe, and SnSe, 12.247(2) A,
presumably due to the in-plane lattice mismatch preventing
nesting of one constituent layer in the other. Laue oscillations,
indicating a common size for the different
[(SnSe,),,5];(VSe,); domains after each annealing temper-
ature, are observed on the first several Bragg reflections and
will be discussed more fully in the next paragraph. The in-plane
diffraction patterns (Figure 1d) reflect the in-plane crystal
growth that also occurs during annealing. The SnSe, hk0

reflections exhibited only small changes in peak width and
intensity, indicating that most of the SnSe, is crystalline as
deposited and the crystallite size does not increase during the
annealing. The VSe, hkO reflections, however, noticeable
increase in peak intensity and decrease in peak width as
annealing temperature increases, indicating an increase in the
amount of crystalline VSe, and growth of the in-plane grain
sizes.

The characterization data in this temperature range provide
a coherent picture of the self-assembly of [(SnSe,),5];(VSe,),
from the as-deposited precursor. Figure 2a contains a closer
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Figure 2. (a) Laue oscillations coming from the coherent film
thickness at different temperatures. (b) Kiessig (black circles) and
Laue (red circles, left axis) film thickness, and the number of unit cells
(red circles, right axis) formed at each annealing temperature. The
size of the coherent domain in the as-deposited sample (filled red
circle) is estimated from the line width of the 002 reflection.

view of the Laue oscillations visible on the 002 reflection of
[(SnSe,);.s5]1(VSe,), after each annealing temperature. The
presence of these oscillations indicates that a large majority of
the suite of [(SnSe,),,5];(VSe,), domains at each temperature
are the identical size and an integral number of unit cells thick,
which can be calculated from the spacing of the Laue
oscillations. Figure 2b graphs the change in the size of the
domains as a function of annealing temperature. At 250 °C, the
number of unit cells reach its maximum value of 37. The
number of unit cells formed is smaller than expected due to
loss of Se and oxidation at the film surface. The overall film
thickness (calculated from Kiessig oscillations) decreases by a
small amount as the target product grows, due to densification
of the film as it self-assembles and loss of some Se. The
difference between the total film thickness and the thickness of
37 unit cells of [(SnSe,);,5]:(VSe,); at 250 °C is due to an
oxide layer on the surface of the film. The areal density of Se
measure using XRF is consistent with that expected for 37 unit
cells of [(SnSe,);.5],(VSe,); at 250 °C (solid green line,
Figure la).

A growth mechanism consistent with the characterization
data is shown in Figure 3. The most difficult fact to explain is
that the majority of the film consists of domains of
[(SnSe,);.5];(VSe,), that are exactly the same integral number
of unit cells throughout the annealing process. One possible
explanation is that the coherent domains in the as-deposited
film grow out from the substrate film interface as the film is
deposited. This would provide a common starting point for all
of the domains, The domains would stop growing as the film is
deposited because metal atoms would need to diffuse through
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Figure 3. Proposed formation and growth mechanism for

[(SnSe,) ,5]1(VSe,) .

a thicker layer of amorphous Se and the increasing
accumulated roughness as the film becomes thicker would
decrease the coherence of the later deposited layers. The in-
plane diffraction patterns suggest that most of the SnSe, forms
large 2D grains during the deposition. There are fewer and
smaller domains of VSe, and unreacted VISe layers between
the SnSe, grains. As the precursor is annealed, the number of
unit cells in the coherent domains near the substrate increase
and an oxide layer forms at the film surface. The coherent
domains grow at the same rates because the diffusion distances
for atoms to arrive at the growth fronts are similar as a result of
the nanoarchitecture of the precursor. Nucleation of the
dichalcogenide takes place at the growth front near small
crystallites because heterogeneous nucleation is easier due to
the presence of an existing surface. Homogenous nucleation far
away from the growth front is unfavorable because it would
require the formation of a larger amount of additional surface
area.*® During this process, lateral growth of existing VSe,
layers in the precursor occurs and additional VSe, layers self-
assemble between existing SnSe, layers as charge transfer
between the layers stabilize the intergrowth. Excess Se difuses
to the surface and evaporates. The difference in the self-
assembly behavior of SnSe, and VSe, results in an interesting
dynamic between lateral and perpendicular growth of
[(SnSe;),5]:1(VSe,);. Overall, the formation of the hetero-
structure is enabled by the low reaction temperatures, which
limit long-range diffusion so that the SnlSe and VISe layers are
crystallized without losing the nanoarchitecture of the
precursor. The strain energy associated with Sn substituting
for V in VSe, or V substituting for Sn in SnSe,, combined with
compositional modulation in the precursor, limit the extent of
alloy formation.

Further annealing to 400 °C results in the decomposition of
[(SnSe,z)“‘j]l(VSeS1 as Se is lost and [(SnSe),,],(VSe,),
forms. The XRF data (Figure 1a) shows a substantial drop in
the number of Se atoms per A” starting at 350 °C. This is close
to the decomposition temperature of bulk SnSe, to SnSe (340
°C)." Changes in the XRR pattern (Figure 1b) from 300 °C
to 400 °C demonstrate that the SnSe, layers have indeed
decomposed. The decrease in the Kiessig fringe amplitude
point to a change in the density of the film. The number of
unit cells also decrease to 32, suggesting that not all of the
[(SnSe;)1.5]:1(VSe,); layers were converted to
[(SnSe),;5];(VSe,),. This is not at all surprising because
SnSe has a higher atomic areal density of Sn than SnSe,. The
SnSe, decomposition does not reduce the number of VSe,
layers, because VSe, is kinetically stable up to 400 °C.* The
VSe, layers that are not in the heterostructure likely exist as
small VSe, grains within the film. The retention of the Kiessig
fringes in the XRR pattern show that the film remains smooth

during this transition. The c-axis lattice parameter of 12.02(1)
A after the 400 °C anneal is consistent with previously
reported [(SnSe), 15];(VSe,),."” The odd order reflections are
broader than the even order reflections, presumably due to
peak splitting from extra planes of VSe, separating domains of
[(SnSe); 15];(VSe,), by half of a unit cell’s thickness within the
interior of the film.*’ The in-plane diffraction data (Figure 1d)
supports the formation of SnSe.”” After the 350 °C anneal, k0
reflections from VSe,, SnSe, and SnSe are present. After the
400 °C anneal, the SnSe, hkO reflections are no longer present.
The a-axis lattice parameter of the VSe, phase is 3.43(1) A,
consistent with previously studied [(SnSe),;5];(VSe,); (VSe,
a = 3.414(3) A).*” SnSe has a square unit cell and an a axis-
lattice parameter of 5.94(1) A, which is also consistent with
Er)eg}ous reports for [(SnSe), 5],.(VSe,), (SnSe a = 5.91-5.92

The last phase transition involves the disproportionation and
subsequent oxidation of [(SnSe),s];(VSe,), at temperatures
greater than 450 °C, even though the sample was annealed in a
drybox with low oxygen concentration. Another dramatic drop
in Se atoms per A* is observed during this last transition
(Figure la). This transition coincides with an increase in
oxygen XRF intensity and decrease in Sn atoms per A% These
stoichiometry changes suggest that the disproportionation is
accompanied by the oxidation of and/or V and the loss of both
Sn and Se through volatile species. The XRR data shows that
the film roughness significantly increases. The 00] peaks in the
XRD shift to higher angles and broaden starting at 500 °C.
Odd order 001 reflections are completely diminished at 550 °C,
and what remains are 00! reflections coming from a structure
with a clattice parameter of 5.90(1) A, consistent with some
nonstoichiometric VSe, remaining in the film.** At the highest
temperature studied, only hkO reflections (Figure 1d) from two
closely related hexagonal lattices are observed, with a-lattice
parameters of 3.46 and 3.52 A, suggesting that the major phase
present is VSe, with different values of x and y in the formula
Vi..5n,Se,.

A second piece of precursor I was annealed at 250 °C for 5
min based on the annealing data, and its XRR pattern is shown
in Figure 4a (black circles). The Laue oscillations around the
first-order Bragg maximum are consistent with 39 layers of
[(SnSe,);.5],(VSe,), self-assembling during the anneal. Fewer
layers oxidized during this single annealing step compared to
the sequential annealing done on the first piece of precursor L.
The total thickness determined from the Kiessig fringes is
larger than 39 times the unit cell parameter of
[(SnSe,);,5]1(VSe,)y, as two of the deposited precursor layers
did not form the intended product. We modeled the XRR data
using the program GenX to calculate the XRR pattern from our
proposed structural model.**

The calculated pattern, shown in Figure 4a (red line),
matches the experimental pattern, and the film parameters in
the model are summarized in Table 2. The model contained 39
unit cells of [(SnSe,)os0]:(VSe;), with atomically smooth
interfaces between the constituents, a rough layer of SiO,
below the [(SnSe,)qs0]:(VSe,); block, and a rough layer of
tin/vanadium oxides above it. The thickness of the top oxide
layer is approximately equal to that of the two missing unit
cells, suggesting that they were mostly lost to oxidation. A thin
interdiffusion region was required in the model to match the
experimental pattern, which is consistent with a small amount
of initially deposited Sn reacting with the SiO, surface during
deposition.
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Rietveld analysis of the specular X-ray diffraction of
[(SnSe,)q.50]1(VSe,), is shown in Figure 5. Because only 00!
reflections are observed, a Rietveld analysis only provides
information on the atomic positions of the atomic planes in the
heterostructures that are parallel to the substrate. To simplify
the analysis, a model with V at zero and Sn at half the c-axis
lattice parameter was used, with a mirror plane at the halfway
point. The refined V—Se distance of 1.54 A is close to those
observed in other VSe, heterostructures such as
[(SnSe)y,5]1(VSe,),(1.48(2) A),™ [(PbSe)y.s]:(VSe,)s(1.54
A),” [(BiSe),,5]:(VSe,)1(1.52(1) A),** and bulk VSe,(1.57
A).%5 The refined Sn—Se distance (1.59 A) is close to that
observed in [(SnSe,) ,5];(MoSe,); (1.57 A)™ and bulk SnSe,
(1.53 A).*° The refined van der Waals gap of 3.21 A is larger
than those observed in either VSe, or SnSe, but smaller than
the gap found in [(SnSe,),,s],(MoSe,), (3.35(1) A).”> The
large van der Waals gap is a consequence of the large difference
between the in-plane lattice parameters of VSe, and SnSe,,
which prevents the Se atoms on either side of the van der
Waals gap from nesting in between the Se atoms of the
adjacent layers.

A LeBail fit of the in-plane X-ray diffraction data of the
second piece of precursor I is shown in Figure 6. All reflections
can be indexed as hk0 reflections from two different hexagonal
unit cells. The calculated g-axis lattice parameter for the SnSe,
constituent (3.79(1) A) is only slightly lower than what is
observed for bulk SnSe, (3.811 A)’® and in

Figure 6. LeBail fit of the grazing incidence in-plane X-ray diffraction
pattern of the [(SnSe,)gg0);(VSe,), heterostructure.

[(SnSe),,5]:(MoSe,), (3.81 A).”® The calculated a-axis lattice
parameter for the VSe, constituent (3.39(1) A) is between the
bulk value for stoichiometric VSe, (3.358 A)*® and that
reported for [(SnSe),, s],(VSe,), (3.414 A). Using the in-plane
lattice constants, a misfit parameter, 1+5, of 0.80(4) is
calculated. From this point on, the heterostructure crystallized
from the second piece of precursor I is referred to as
[(SnSe;)q.50]1(VSey),.

HAADF-STEM data were obtained on a cross-section of the
[(SnSe,)o.50]1(VSe,); film from the second annealed piece of
precursor I to obtain information about the relative orientation
of the dichalcogenide layers. Figure 7a contains an image of the
entirety of the film, which shows that the film is homogeneous
and smooth, consistent with the modeling of specular XRD
and XRR. There are 38 layers of [(SnSe,),4,],(VSe,), cleary
visible, with another layer occasionally found at the top or
bottom of the film. A closer look of the film at higher
magnification, Figure 7b, contains alternating dark and bright
layers that can be identified as VSe, and SnSe,, respectively,
because heavier elements appear brighter in HAADF-STEM
data.’® There are noticeably dark regions between the
interfaces of the SnSe, and VSe, layers due to the van der
Waals gap between the two constituents. The inset of Figure
5b shows a region of layers with high atomic resolution that
happens to show zone axis views of both constituent layers.

Table 2. Thin Film Modeling Parameters Obtained from XRR Fitting (FOM = 0.141)

layer no. of layers thickness (A) density (FU per A* x 107%) roughness (A) interdiffusion (A)
Sn/V osides 1 24.1(6) 1.6(1) 3.4(4) -
VSe, 39 631(4) 1.55(4) - -
SnSe, 6.38(2) 1.28(4) - -
Si0, 1 50(20) L.7(5) 2(1) 4(1)
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Figure 7. HAADF-STEM image of the (a) entirety and (b) large
section of the film shows that it consists of [(SnSe;)ps0)i1(VSes);.

Only the (110) and (120) orientations of the two constituents
are clearly resolved in the images. Both the VSe, and SnSe,
layers exhibit octahedral coordination, which is consistent with
the bulk structures of SnSe, and VSe,. It is apparent from the
microscopy data that there is a large degree of turbostratic
disorder and lack of long-range order in the heterostructure. A
close inspection of the entirety of the cross-section reveals that
there are no large grains containing multiple repeating units
crystallizing with a consistent orientation. Qualitative analysis
of Figure 7b gives an estimated grain size of 5 nm, smaller than
the grain sizes observed from other heterostructures that have
long-range order.”” These features can be traced to the large
lattice mismatch and weak interaction between the constitu-
ents.

More information on the elemental distribution of the atoms
within the layers was collected by EDX analysis of a small
section of the film (Figure 8). The elemental EDX map
confirms that there are alternating atomic layers of Sn and V
separated by Se. However, there are regions where there is V-
intensity in the Sn positions and vice versa. Because the

pubs.acs.org/JACS
EDS Intensity
.
3
—— y @
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B
= . 8
>
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Figure 8. EDX elemental analysis of a section of the film showing
atomic plane position of the elements.

unexpected intensities are not uniform across the analyzed
region, it is likely due to inhomogeneous cross-substitution
(e.g, VSe, replacing SnSe, or vice versa) across layers rather
than homogeneous alloying (e.g, SnV, ,Se,) within the
layers. Substitutional defects of this type have been observed in
nonstoichiometric [(SnSe),,s];(VSe,),; when there are delib-
erate variations in global composition.”* Homogenous alloys
such as [(SnSe);,s]:(Ta,Vy,.Se,);[(SnSe),,s] 1(VyT31 —JSEZ)I
have -:learl% resolved V intensity peaks in Ta positions and
vice versa.”” In [(SnSe;)os0]1(VSe,)s, we speculate this result
comes from variations in local composition that are difficult to
control during the deposition process.

The data presented above on precursor I and the mechanism
for growth prompted us to prepare precursor II to probe the
relative importance of composition versus nanoarchitecture on
product formation. We intended precursor II to have the same
composition as precursor I but half the initial modulation
length of the deposited sequence of SnlSelVISe layers. Our
question was “what would form from this precursor?”. Only
short-range diffusion would be required to form the metastable
alloy Sn,V, .Se, and roughly twice that diffusion distance
would be required to form the metastable compound
[(SnSe,)o]);(VSe,),. Alternatively, small domains of VSe,
interwoven with larger domains of SnSe, might form, or Se
might segregate, enabling the thermodynamically stable
compound [(SnSe),;5],(VSe,), to form. On the basis of the
data from precursor I, we expected SnSe, would nucleate first,
but the formation of large in-plane grains of SnSe, would be
inhibited by increasing concentrations of vanadium atoms at
the growth front.

Figure 9 contains diffraction data on precursor II. The
experimental modulation length of the layering in the as-
deposited precursor IT was 7.27 A, close to the c-axis lattice
parameters of tin and vanadium diselenides. Figure 9a contains
the specular and in-plane diffraction patterns of precursor I
after it was annealed at 250 °C. The specular diffraction
pattern containing four reflections, that can be indexed as 001
reflections, yields a c-axis lattice parameter of 6.23(1) A. The
110 reflection from the in-plane diffraction pattern (Figure 9b)
of this sample is split, suggesting that the products are a
vanadium-rich and a tin-rich dichalcogenide alloy. Vegard’s law
can be used to estimate the composition of the majority
components from the resulting a-axis lattice parameters of a =
3.49(1) and 3.75(1) A. The calculated compositions of the two
phases observed are SnygVj14Se; and Sng,oVy7,Se,. We
suggest that SnSe, nucleates and grows but incorporates
some V due to the increasing concentration of V at the growth
front. The increased concentration of V results in the
nucleation of the vanadium-rich dichalcogenide. These events
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Figure 9. Synthesis of a new SnV,_.Se, alloy. (a) Specular X-ray
diffraction of a precursor with half the number of required atoms per
layer. (b) In-plane X-ray diffraction of the tin and vanadium
diselenide alloy showing the presence of alloys with two different
values of x.

occur randomly and result in the random intergrowth of the
two alloys rather than a precisely layered nanoarchitecture.

Bl DISCUSSION

Traditional materials synthesis approaches have few parame-
ters that can be used to control a reaction pathway to a specific
product, instead relying on changing the system conditions
(temperature, pressure, composition) to make the desired
product thermodynamically stable. The results presented
herein indicate that both the local composition and nano-
architecture of precursors, which controls the initial distribu-
tion of atoms, provide a means to choose between different
self-assembly pathways. An energy landscape provides a useful
tool to visualize key aspects reaction pathways, and Figure 10

Free Energy

Figure 10. Free energy landscape of tin vanadium selenides.

contains an energy landscape consistent with the results of our
study. Figure 10 shows the two kinetically stable phases formed
in this study: [(SnSe,)qg0);(VSe,); and Sn;_,V.Se, exist as
local minima and the misfit layer compound
[(SnSe),;5];(VSe,), as the thermodynamic global minimum.
Three different starting points are shown, corresponding to
precursors I and II, and precursor A containing less Se with the
nanoarchitecture designed to form the misfit layer compound
[(SnSe)15]:(VSe,),. As the layers in precursor I self-assemble
to form [(SnSe,),s];(VSe,);, the free energy drops as the
system falls into the local minima (solid black line from site I).
The formation of SnSe, during the deposition, facilitated by
the local composition and nanoarchitecture of precursor I,

selects this reaction pathway. Precursor II, while having the
same overall composition, has a nanoarchitecture that does not
provide enough Sn in any single elemental layer to form large
grains of SnSe,. When SnSe, nucleates, the growth front
quickly becomes enriched in V, resulting in the formation of
the metastable alloy, Sn;_.V,Se, (black dash dot line from site
II). Precursor A, reported by Atkins and co-workers, had a
nanoarchitecture similar to precursor I, containing alternating
Sn- and V-rich layers but ~25% less Se.*” This precursor forms
[(SnSe); 15]:(VSe,),, as there was not sufficient Se to nucleate
SnSe, during the deposition. There are large activation barriers
between the different products initially formed because it
would be necessary to create regions with the local
composition required to nucleate the different alternatives,
and this would require long-range solid-state diffusion which
has a high activation energy.” The importance of local
composition is also seen in a paper by Falmbigl and co-
workers, which involved the reaction of a SnlSelVISe precursor
with a nanoarchitecture similar to that of precursors I and A
but with an intermediate amount of Se.°’ In this precursor,
annealing at 100 °C resulted in the simultaneous crystallization
of SnSe,, SnSe, and VSe, and all of these exhibited significant
in-plane grain growth between 100 °C and 300 °C. The
simultaneous formation of all three constituents suggests that
the difference between the nucleation barriers for the three
phases is small and controlled by the local Sn and Se
composition.

B CONCLUSIONS

In this work, in-plane diffraction measurements and Laue
oscillations present in X-ray reflectivity scans of a designed
precursor, as it evolved into a metastable heterostructure,
enabled us to determine the absolute size of the growing
crystal as a function of temperature. This data provided
insights into the self-assembly mechanism and defined
optimum processing conditions to form a new kinetically
stable misfit layer compound, [(SnSe,)ygoli(VSe,);, with
minimum oxidation. Controlling the local composition of the
precursor enabled [(SnSe,)50],(VSe,); to preferentially form
over [(SnSe), ;5];(VSe,),. Preparing a precursor with the same
overall composition but different nanoarchitecture resulted in
the formation of a new kinetically stable Sn,V,_.Se, alloy
instead of [(SnSe,)ps0]1(VSe,);. The different reactions
encountered from annealing studies of closely related multi-
layer systems were discussed in terms of an energy landscape as
an effort to rationalize the different self-assembly pathways
observed. The results show that nanoarchitecture and local
composition are complementary design parameters to direct
the self-assembly of new kinetically stable compounds along
different reaction pathways in the energy landscape.
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