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ABSTRACT: Preparing homologous series of compounds allows chemists to
rapidly discover new compounds with predictable structure and properties.
Synthesizing compounds within such a series involves navigating a free energy
landscape defined by the interactions within and between constituent atoms.
Historically, synthesis approaches are typically limited to forming only the most
thermodynamically stable compound under the reaction conditions. Presented here
is the synthesis, via self-assembly of designed precursors, of isocompositional
incommensurate layered compounds [(BiSe),,5],.[ TiSe,],, with m = 1, 2, and 3. The
structure of the BiSe bilayer in the m = 1 compound is not that of the binary
compound, and this is the first example of compounds where a BiSe layer thicker
than a bilayer in heterostructures has been prepared. Specular and in-plane X-ray
diffraction combined with high-resolution electron microscopy data was used to
follow the formation of the compounds during low-temperature annealing and the
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subsequent decomposition of the m = 2 and 3 compounds into [(BiSe),5],[TiSe,]; at elevated temperatures. These results show
that the structure of the precursor can be used to control reaction kinetics, enabling the synthesis of kinetically stable compounds
that are not accessible via traditional techniques. The data collected as a function of temperature and time enabled us to
schematically construct the topology of the free energy landscape about the local free energy minima for each of the products.

B INTRODUCTION

Homologous series of compounds, compounds related by a
common structural module that expands in regular increments,
are common in both organic and inorganic chemistry. These
series enable chemists to extrapolate chemical information to
predict potential structures of compounds that have yet to be
prepared. This is particularly important in inorganic chemistry,
where examples of homologous series include both simple
oxides (M,0,,_;, where M = Ti, V; Mo,03,_;, W,0;,.),
complex oxides (the Ruddlesden—Popper homologous series,
including Sr,,;M,0O3,,;, where M = Co, Ti, Ru, and Mn), and
chalcogenide systems.'”” The common structural modules that
define inorganic homologous series are typically fragments of
known structures, such as the rock salt structure. Different
structural modules can be obtained from the same bulk
structure simply by altering the direction of fragmentation
(such as along 100 or 111 in a rock salt structure).® The
different building blocks typically lower the total free energy by
distorting to create commensurate interfaces. Using chemically
stable structural fragments as building blocks to predict
structures of novel compounds can be a powerful tool, as
illustrated by the work of Cario and co-workers.” They used the
criteria of commensurate interfaces between two-dimensional
building blocks and charge balance to target and discover new
inorganic compounds. However, this approach is not limited to
compounds with commensurate interfaces, as compounds with
incommensurate interfaces can form if the interaction between

<7 ACS Publications  © 2018 American Chemicl Society

3385

layers is large enough to create a local free energy minimum.
Perhaps the most studied of these are the misfit layer
compounds, which consist of dichalcogenide layers alternating
with rock salt structured layers. Inter- and intralayer
interactions cause these compounds to form one commensu-
rate and one incommensurate axis.

The interactions both within and between building blocks
define the energy landscape, which contains both global and
local free energy minima corresponding to thermodynamically
and kinetically stable compounds, respectively.®” At commen-
surate interfaces, the interactions between layers are defined by
the systematic coordination of interfacial atoms by both
structural fragments. For a commensurate interface to form,
the distorted compound must be lower in free energy than the
undistorted analogue. At incommensurate interfaces, under-
standing the interaction between layers is more challenging and
has been discussed extensively in the misfit layer compound
literature. The consensus is that charge transfer between the
layers results in an ionic “capacitive” interaction between the
constituents that stabilizes the structure, although entropic
stabilization from cation disorder has also been proposed.’~"”
For an incommensurate interface to form, the interaction
between the layers must be large enough to stabilize the
compound in spite of the irregular bond distances and angles
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between atoms at the interface. Utilizing building blocks that
readily form incommensurate interfaces significantly expands
the number of homologous series that can be imagined.

While homologous series provide the ability to predict
potential compounds and their structure, it is often not possible
to prepare them via traditional high-temperature synthesis
methods, which is especially frustrating if one or more members
of a potentially homologous series of compounds are known.
This is particularly true when the homologous series of
compounds have the same overall stoichiometry. A synthetic
challenge is to understand how to assemble building blocks and
order them into the targeted arrangement. Several low-
temperature synthesis approaches have successfully been used
to prepare compounds not accessible via high-temperature
solid-state or vapor transport reactions. The most common
approach has been using fluxes to reduce reaction temperatures
while simultaneously empirically adjusting the composition of
the melt, the annealing temperature, and annealing time to
prepare targeted homologues.” Another approach is to first
“prefabricate” structural modules and then find conditions that
result in their self-assembly in a desired spatial arl'etngen'umt.“S
A third method for targeting homologous series is to prepare a
designed precursor with compositional periodicity mimicking
the desired building blocks and then determine the conditions
that allow the compound to self-assemble into the desired
product.'” Additionally, traditional and van der Waals epitaxy
have been used to successfully prepare series of compounds.'®
All of these approaches would benefit from a greater
understanding of the reaction mechanisms and the energy
landscape around targeted compounds.

Here we study the reaction pathway of precursors designed
to form [(BiSe),,s],,[ TiSe,],, compounds where m = 1, 2, and
3. [(BiSe),,s]4[TiSe,], is thermodynamically stable relative to a
mix of binary compounds and has been prepared using
traditional high-temperature solid-state and vapor transport
reactions. [(BiSe),,s],[TiSe,], prepared at high temperature is
a misfit layer compound with one incommensurate axis. Its
stability is a consequence of charge transfer from the BiSe layer
(containing nominally Bi** cations) to the TiSe, layer."" '
[(BiSe),.5]:[TiSe,]; has also been prepared from designed
precursors, resulting in a rotationally disordered layer
compound with two incommensurate axes.”” [(Bi-
Se)1.s]ml TiSe,],, where m = 2 and 3 have not been previously
reported, and to our knowledge there have been no reports of
misfit layer compounds with m > 1 when the rock salt
constituent contains Bi or a trivalent cation such as a
lanthanide. Specular X-ray diffraction and in-plane X-ray
diffraction data, collected as a function of annealing temper-
ature, revealed the evolution of the superstructure and the
structure of the constituents, respectively. High-resolution
electron microscopy images, collected pre- and postdecompo-
sition, resolved the local structure of the m = 2 compound. All
three compounds begin to self-assemble at low temperatures,
with [(BiSe),,s],[TiSe,], and [(BiSe)y,s];[TiSe,]; decompos-
ing into [(BiSe),,s),[TiSe,];. [(BiSe),,s],.[TiSe,], becomes
increasingly unstable with respect to transforming into
[(BiSe),,5],[TiSe,]; as m is increased. These data were used
to construct a schematic free energy landscape containing each
of the targeted compounds.

W EXPERIMENTAL SECTION

Amorphous precursors were synthesized simultaneously on silicon
substrates and poly(methyl methacrylate) (PMMA)-coated Si wafers,

using a custom-built physical vapor deposition system. Elemental Bi
and Ti were deposited using electron beam guns, and Se was deposited
using a Knudsen effusion cell. Pressure was maintained below 5 X 1077
Torr during deposition. The deposition rates of each source and the
thickness of the elemental layers were independently measured using
quartz crystal microbalances. Computer-controlled pneumatic shutters
placed above each source regulated the elemental layer thickness and
sequence. Layers of each element were deposited on the substrate in
the order of (Ti—Se),-(Bi—Se),, where m = 1, 2, and 3, and each
sequence was repeated to obtain a total film thickness of approximately
50 nm. The composition and thicknesses of the Ti—Se and Bi—Se
were calibrated as described in detail by Atkins et al. as well as briefly
below.” Samples on the silicon were annealed at specified
temperatures for 30 min in a nitrogen atmosphere with oxygen
below 1.0 ppm. Electron-probe microanalysis (EPMA) was used to
determine the composition of the thin film samples on silicon.”*

Freestanding films for calorimetry measurements were prepared
from the films deposited on the PMMA-coated substrates by
dissolving the PMMA using acetone and filtering out the film particles
using a Teflon filter. Differential scanning calorimetry (DSC) data
were collected on a Netzsch STA 409 PC Luxx thermal analyzer using
1-3 mg of freestanding film, which was placed into an aluminum pan
and sealed by crimping. Samples were heated from ambient
temperatures to 400 °C at rates of 15 °C/min under a flow of
nitrogen and then cooled back to room temperature. Without
disturbing the sample or instrument, this cycle was repeated to
measure reversible transitions in the sample as well as the cell
background. The net heat flow, associated with the irreversible changes
occurring in the sample during the initial heating cycle, was
determined by subtracting the data collected during the second
cycle from those for the first. To check for reproducibility in the cell
background, a third cycle was collected and compared to the second
cydle.

X-ray reflectivity (XRR) and specular X-ray diffraction (XRD)
patterns were measured on a Bruker D8 Discover diffractometer with
Cu Ka radiation, equipped with a Gobel mirror. Grazing incidence in-
plane X-ray diffraction patterns were acquired on a Rigaku Smartlab
(Cu Ka) diffractometer and on the Multi-Purpose General Scattering
beamline 33-BM-C (4 = 1.2653 A) at the Advanced Photon Source at
Argonne National Laboratory. X-ray fluorescence measurements were
performed on a Rigaku ZSX Primus-II with a rhodium X-ray source.
For the m = 1 compound the c-axis lattice parameters were calculated
using modified Braggs’ law. Least-squares fits of the in-plane lattice
parameters (a and b) of TiSe, and BiSe were done using the WinCSD
software package.25 In-plane lattice parameters (a and b) of TiSe, and
BiSe and the c-axis lattice parameters were refined using full pattern Le
Bail fits done in the FullProf Suite.**>*

Scanning transmission electron microscopy (STEM) cross sections
were prepared on an FEI Helios 600-dual beam focused ion beam
(FIB) with a side winder ion column using backside milling methods”’
and wedge premilling methods.* High-angle annular dark field STEM
(HAADF-STEM) was performed on an FEI Titan 80-300 TEM/
STEM at 300 keV.

Bl RESULTS AND DISCUSSION

Layered precursors were prepared with compositional modu-
lation that mimics the target compounds, [(BiSe),,s],,[ TiSe,],,
m =1, 2, and 3. A calibration procedure was used to determine
the deposition parameters (local compositions, layer thick-
nesses, and layer sequences) required to crystallize the desired
products.m Briefly, the ratio of the elements in binary Bi—Se
and Ti—Se multilayer films was calibrated by keeping the
amount of Se constant in each bilayer and varying the thickness
of the metal. The thickness and atomic composition were
determined via XRR and EPMA, respectively, and the ratio of
the deposition thicknesses was chosen to match the 1:1
stoichiometry of BiSe and the 1:2 stoichiometry of TiSe,. The
ratio of Bi/Ti was adjusted to match the misfit (1.15) of the
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previously reported (BiSe), ;5TiSe, compound™” by preparing
samples with a Bi—Se—Ti—Se sequence that held the metal to
Se ratios in each layer constant and varied the thickness of one
of the constituent layers. XRR and EPMA were used to
determine the deposition parameters required to obtain the
desired misfit. The thicknesses of the (Bi—Se), and (Ti—Se),
bilayers were adjusted to correct the absolute thickness to yield
one layer of BiSe and one layer of TiSe, as determined by the
quality of the diffraction pattern of [(BiSe),,s],[TiSe,];, which
self-assembled on annealing. To prepare precursors designed to
form the m = 2 and 3 compounds, the layer sequences Bi—Se—
Bi—Se—Ti—Se—Ti—Se and Bi—Se—Bi—Se—Bi—Se—Ti—Se—
Ti—Se—Ti—Se were deposited using the deposition parameters
of the m = 1 compound until films of approximately SO nm
were obtained.

To characterize the evolution of the superstructure and
individual constituent structures upon heating the (BiSe);-
(TiSe,), precursor, specular (Figure la) and in-plane (Figure
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Figure 1. (a) Specular and (b) in-plane X-ray diffraction patterns for a
(Ti—Se);-(Bi—Se); precursor after annealing at each temperature for
30 min.

1b) X-ray diffraction were collected. At low annealing
temperatures, the specular scan has intensity maxima from
two sources. At small Q values there are sharp reflections from
the periodic modulation of the electron density resulting from
the sequential deposition of the elements. At larger Q values,
there are broader maxima due to the crystallization of the

constituents.”’ The first reflection yields a c-axis lattice
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parameter that is approximately 0.08 A smaller than the c-axis
lattice parameter corresponding to the higher order reflections.
For annealing temperatures between 150 and 250 °C, diffusion
results in growth of the targeted [(BiSe),,];[TiSe,]; product,
and the reflections due to the artificial modulation gradually
shift to positions corresponding to a single family of 00!
reflections. Concurrently, the broader maxima sharpen and gain
intensity, and additional reflections are resolved, indicating the
BiSe and TiSe, layers become more coherent with one another.
The c-axis lattice parameter decreases between annealing
temperatures of 150 and 250 °C, consistent with atoms
diffusing to form atomic planes expected for the BiSe and TiSe,
structures. Above 250 °C the c-axis lattice parameter remains
constant, within error. Lattice parameters are summarized in
Table 1 and are consistent with those previously reported.”

Table 1. Lattice Parameters for the (Ti—Se),-(Bi—Se),
Precursor after Annealing for 30 min at Various
Temperatures

annealing temp (°C) c(A) BiSe a (A) BiSeb (A) TiSe, a (A)

AD 11.94(2) 4.52(1) 4.23(1) 3.56(2)

100 11.94(2) 4.54(2) 4.25(2) 3.56(2)

150 11.94(2) 4521(8)  4.238(7) 3.59(1)

200 11.894(8)  4.547(4)  4.244(3) 3.587(4)
250 11.84(1) 4533(4)  4.234(3) 3580(5)
300 11.821(4)  4.557(2) 4.242(1) 3.579(2)
350 11.81(2) 4564(2)  4.246(1) 3.580(3)
400 11.83(2) 4551(2)  4.244(1) 3.589(3)
450 11.822(4)  4.548(1)  4251(1) 3.583(1)

The in-plane diffraction data provide information on the
structures of the constituent layers in the compound. All
reflections can be indexed as hk0 reflections of either BiSe or
TiSe,, with no observable Bi,Se; reflections until after annealing
at 400 °C. The scan of the as-deposited precursor contains
broad reflections characteristic of small grains for both BiSe and
TiSe,, When comparing the TiSe, (110) and BiSe (200)
reflections in the as-deposited film, a greater relative intensity
and narrower line width are initially observed for the TiSe,
reflections, indicating that more crystalline TiSe, forms during
deposition relative to BiSe. As the annealing temperature is
increased, the intensity of the in-plane reflections for both BiSe
and TiSe, increases. The splitting of the BiSe reflection, at
approximately 3 A™', indicates that the in-plane unit cell is
rectangular, and the increase in the splitting with increasing
annealing temperature indicates that the difference between the
a- and b-axis lattice parameters increases. The in-plane areas of
both constituents increase slightly as the annealing temperature
is increased.

After annealing at 450 °C, additional reflections are observed
in both the specular and in-plane diffraction patterns that
indicate that an impurity phase of Bi,Se;, which is crystallo-
graphically aligned to the substrate, forms. When comparing X-
ray fluorescence measurements collected after annealing at 300
and 450 °C, a ~40% decrease in Se counts and a significant
increase in integrated O counts were observed, without
significant changes in the Bi or Ti intensities. If all the TiSe,
was converted to TiO,, one would expect a 63.5% decrease in
Se counts, assuming a misfit of 1.15. This suggests that the
Bi,Se; results from partial destruction of the superlattice as
TiSe, is converted to TiO, which is consistent with the
decrease in the in-plane intensity of TiSe, reflections after
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annealing at 450 °C. The TiO, is not observed in the diffraction
pattern either because it is amorphous or because the grain
sizes are too small to be observed relative to the other,
crystallographically aligned compounds. A balanced chemical
equation for this conversion is

2[(BiSe),, 5], [TiSe,], + 20,
— (1 + 8)Bi,Sey + 2TiO, + (3 — &)Se

where bismuth and selenium are being oxidized. Some of the
selenium that is not reacted to form Bi,Se; could be further
oxidized to form SeQ,.

An annealing study was performed on the (Ti—Se),-(Bi—
Se), precursor (Figure 2) to ascertain the conditions required
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Figure 2. (a) Specular and (b) in-plane X-ray diffraction patterns for a
(Ti—Se),-(Bi—Se), precursor after annealing at each temperature for
30 min.

to crystallize [(BiSe) ][ TiSe,],. As found in the precursor for
[(BiSe),.s],[TiSe,];, the specular scan of the as-deposited
precursor (Figure 2a) contains relatively sharp and intense
maxima at small Q resulting from the periodic modulation of
the electron density produced by the precursor deposition. At
larger Q values, broader maxima are present, consistent with the
formation of small domains of the targeted [(BiSe),, s],[TiSe, ],
compound. The in-plane diffraction scan of the as-deposited
precursor contains broad, low-intensity reflections that are
consistent with small amounts of crystalline BiSe and TiSe,. As
the annealing temperature is increased, reflections at larger Q
values grow in intensity in the specular scan. The reflections

from the initial elemental modulation shift as the annealing
temperature increases, such that by 250 °C all of the specular
reflections approach that expected from a single family of 00!
reflections. The superlattice is aligned to the substrate with a c-
axis lattice parameter of 23.792(2) A determined from the large
Q reflections. The intensity of the reflections for BiSe and TiSe,
in the in-plane diffraction scans also increases as the annealing
temperature is increased. The growth of BiSe and TiSe, as well
as the observed superlattice reflections is consistent with the
formation of the targeted [(BiSe),,s],[TiSe,], compound.
Annealing at 250 °C results in the largest intensities of the
reflections attributed to [(BiSe).,s],[TiSe,], in both the
specular and in-plane diffraction scans. These are the first
data that suggest that BiSe layers thicker than one bilayer can
be formed in heterostructures.

Annealing at 300 and 350 °C results in changes to the
diffraction patterns that indicate that [(BiSe),,s],[TiSe,],
transforms into [(BiSe),s];[TiSe,];. At 300 °C, the intensity
of odd order 00! reflections in the specular diffraction pattern
decays, while the even 00! reflections become more intense.
Despite these changes, the in-plane pattern contains only hk0
reflections from BiSe and TiSe, suggesting that the m = 2
superstructure is decomposing into [(BiSe),,s];[TiSe,];. By
350 °C, the 001 reflections solely from [(BiSe) , ;],[TiSe, ], are
nearly absent and the remaining reflections can be indexed to
the [(BiSe),,s]:[TiSe,]; superstructure. [(BiSe),,s],[TiSe,], is
only kinetically stable as it decomposes at elevated annealing
temperatures into [(BiSe),,5],[ TiSe,];.

Table 2 summarizes the changes in the lattice parameters
corresponding to the targeted [(BiSe),s],[TiSe,], compound

Table 2. Lattice Parameters for (Ti—Se),-(Bi—Se),
Precursor after Annealing at Each Temperature for 30 min

annealing temp (°C) c(A) BiSe a (A) BiSeb (A) TiSe, a (A)

AD 24.08(1) 4.55(3) 4.23(2) 3.56(1)

100 24.06(1) 4.51(1) 4.22(1) 3.59(1)

200 23991(2)  4.597(6)  4.222(4) 3.591(3)
250 23.792(2)  4.581(6)  4.230(5) 3.587(1)
300 23725(1)  4.562(4)  4.233(3) 3.577(1)
350 23.689(1)  4.558(2)  4.240(2) 3.579(1)
400 4558(1)  4.250(1) 3.604(5)

after each annealing temperature. The c-axis lattice parameter
decreases as annealing temperature increases, reflecting
increased order as the atoms arrange to form [(Bi-
Se),,s],[TiSe,],. Annealing at temperatures greater than 200
°C causes the difference between the BiSe a and b in-plane
lattice parameters to decrease; however there is an insignificant
change in the in-plane area. Annealing at 300 °C and above
results in the in-plane lattice parameters of both constituents
converging toward the lattice parameters of [(Bi-
Se)i.s]:1[ TiSe,];. This is consistent with the evolution of the
specular diffraction pattern and supports the hypothesis that
the targeted [(BiSe),,;],[TiSe,], compound decomposes into
[(BiSe),,s]:[TiSe,]; (indices shown in red in Figure 2a). At
400 °C, reflections in both the specular and in-plane diffraction
patterns indicate that Bi,Se, is present. This is consistent with
the data presented on the annealing of [(BiSe),,s],[TiSe,];,
which clearly shows that at these elevated temperatures
[(BiSe),,5],[TiSe,], reacts with oxygen and releases Se’~
ions, which react with the BiSe layers to form Bi,Se;. The
small difference in the TiSe, lattice parameters of [(Bi-

DOI: 10.1021/jacs. 7b13398
J. Am. Chem. Soc. 2018, 140, 3385-3393


http://dx.doi.org/10.1021/jacs.7b13398

Journal of the American Chemical Society

Se),,5):[TiSe, ], formed through decomposition (a = 3.604(5))
and [(BiSe),,s],[TiSe,], formed from a designed precursor (a
= 3.580(3)) may reflect differences in composition due to
defects and/or the concentration of antiphase boundaries in the
BiSe layer.

Specular (Figure 3a) and in-plane (Figure 3b) diffraction
scans were also collected after annealing the (Ti—Se)s-(Bi—
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Figure 3. (a) Specular and (b) in-plane X-ray diffraction patterns for a
(Ti—Se);-(Bi—Se); precursor after annealing at each temperature for
30 min.

Se), precursor at various temperatures. Like the previously
discussed precursors, the as-deposited specular diffraction scan
contains small Q diffraction maxima from the designed
compositional modulation and broad Bragg reflections at larger
Q indicating some long-range order due to self-assembly during
deposition. The as-deposited in-plane diffraction scan contains
reflections expected for BiSe and TiSe, and weak reflections
that are consistent with the presence of a small amount of
Bi,Se;. Below 200 °C, there are only slight increases in both in-
plane lattice parameters of BiSe and a decrease in the g-axis
lattice parameter of TiSe, (Table 3), suggesting that there is
little interdiffusion and/or self-assembly occurring.

At 200 °C and above, there are significant changes to the
structure of the (Ti—Se);-(Bi—Se); precursor. In the 200 °C
specular scans, a series of reflections appear at low Q values,
consistent with a repeat spacing of 37.2(2) A. The reflection at

Table 3. Lattice parameters for (Ti—Se);-(Bi—Se); Precursor
after Annealing at Each Temperature for 30 min

annealing temp (°C) BiSe a (A) BiSe b (A) TiSe, a (A)
AD 4.50(1) 423(1) 3.616(2)
100 4.46(2) 423(1) 3.592(3)
150 4.54(1) 4.25(1) 3.583(2)
200 4.557(3) 4.258(3) 3.576(1)
250 4.547(2) 4242(2) 3.567(1)
300 4.553(1) 4.240(1) 3.575(1)
400 4.564(1) 4.255(1) 3.597(1)

approximately 2.1 A™' changes from two overlapped reflections
at lower temperatures to a broad reflection at 200 °C. The
reflections at higher Q values are not consistent with the
reflections at low Q values, yielding a repeat spacing of 34.3(2)
A. At 250 °C the reflections in the specular diffraction scan
expected for [(BiSe),,s],[TiSe,]; grow in intensity, an
additional reflection grows in at low Q, and the higher Q
reflections do not change in intensity. At 300 °C the specular
diffraction pattern is consistent with that expected for
[(BiSe),,5],[TiSe,],- The in-plane diffraction patterns show
only growth of hkO reflections for BiSe and TiSe, when
annealed at a temperature of 300 °C and below. The evolution
of the (Ti—Se);-(Bi—Se); precursor at lower temperatures is
more complex than observed for the (Ti—Se),-(Bi—Se),
precursor, but it also evolves into [(BiSe),,s],[TiSe,], after
annealing at 300 °C. At 400 °C, reflections for Bi,Se; appear in
the specular scan and the Bi,Se; reflections in the in-plane scan
become much more intense. This is consistent with the
oxidation of [(BiSe),,s];[TiSe,]; discussed previously.

Figure 4 shows a comparison of the specular and in-plane
diffraction patterns of the (Ti—Se),|(Bi—Se),, (Ti—Se),|(Bi—
Se),, and (Ti—Se),l(Bi—Se); precursors annealed at their
optimum temperatures to form their targeted compound. The
diffraction pattern of the annealed (Ti—Se),l(Bi—Se),
precursor contains sharp, defined reflections in both specular
and in-plane geometries, indicating that the compound
[(BiSe),,5]:[TiSe,]; has formed with a high degree of
crystallinity. The c-axis lattice parameter obtained from the
diffraction pattern, 11.81(2) A, is slightly larger than that
reported previously (11.77 A).*> The specular diffraction
pattern of the annealed (Ti—Se),l(Bi—Se), precursor is
consistent with the formation of the targeted [(Bi-
Se)1.s]2[TiSe,], compound; however the low-Q reflections
are shifted to slightly lower angles than expected from the
positions of the higher Q reflections. This reflects contributions
to the intensity from the artificial layering of the precursor,
resulting in a c-axis of 24.06(3) A calculated from the first three
reflections.”’ The remaining, higher Q, reflections yield a c-axis
of 23.79(2) A, as they are dominated by intensity from the
crystalline compound. The c-axis lattice parameter of the
crystalline compound is about 0.2 A greater than twice the c-
axis lattice parameter of [(BiSe),,s],[ TiSe,];. This difference
results from the different interfaces present in the two materials
and implies that the BiSe—BiSe bilayer spacings or the TiSe,—
TiSe, van der Waals gap is larger than the BiSe—TiSe, van der
Waals gap.32’33 This may suggest that greater attractive forces
exist between BiSe—TiSe, interfaces compared to the BiSe—
BiSe or TiSe,—TiSe, interfaces, which provides a rationale as to
why the compounds become increasingly unstable as the
relative number of BiSe—TiSe, interfaces decreases. The
specular diffraction pattern of the annealed (Ti—Se);|(Bi—
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Figure 4. (a) Specular and (b) in-plane X-ray diffraction patterns for
[(BiSe),,5],[TiSe,], and [(BiSe),,s];[TiSe,]; compounds prior to
evidence of decomposition are compared to the [(BiSe),s]1[TiSes);
compound after annealing each to the listed temperature for 30 min.
Tick marks are added to (a) as a visual aid of the location of the
reflections from the calculated lattice parameters.

Se); precursor contains reflections from two sources. The
sharp, defined reflections at small Q values that grow in
intensity during annealing yield a repeating thickness of 37.2(2)
A. The broader reflections at larger Q values can be indexed as a
single family of reflections, yielding a c-axis lattice parameter of
34.3(2) A. Since the difference between the lattice parameters
of [(BiSe),,5],[TiSe,], and [(BiSe),,;],[TiSe,], is 12 A, an
estimate for the expected lattice parameter of [(Bi-
Se)1.s]5[TiSe,]; is ~36.3 A, which is between these two values.
This suggests that, at best, there is only partial self-assembly of
the targeted [(BiSe),,s];[TiSe,]; compound.

The reflections present in the in-plane diffraction scan of the
annealed samples support this interpretation of the specular
diffraction patterns. The reflections in the in-plane diffraction
pattern of [(BiSe),,s];[TiSe,]; are sharper than those present
in [(BiSe),,5],[TiSe,], and all reflections in patterns collected
at 300 °C or less can be indexed as either BiSe or TiSe,
reflections. The BiSe reflections in the in-plane diffraction
pattern of the annealed (Ti—Se),l(Bi—Se); precursor are less
defined and broader than those in the other compounds. These
data suggest that the [(BiSe),,s],[TiSe,], compound is less
crystalline than [(BiSe),,s];[TiSe,];, and the [(Bi-
Se) .55 TiSe,]; compound is even less well crystallized,
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highlighting the difficulty of synthesizing these kinetically stable
compounds.

The stability difference between the three compounds can be
understood through a simple parallel plate capacitor model.
Assuming complete charge donation of one electron per BiSe
bilayer to the TiSe,, one could calculate the stabilization energy
due to the ionic attraction between the layers using the
following equation: V,, = 1/ (47e,,)(—m*é*/r,,), where €,, is the
permittivity of the material between the layers, e is the
elementary charge, me is the charge of the layers, and r,, is the
distance between the charges. For m = 1, we assume that r, is
the distance between the BiSe and TiSe, layers and & is the
permittivity of the van der Waals gap. If charge is concentrated
at the surface of the layers r,, remains the distance between the
BiSe and TiSe, layers. As m is increased, one would expect
greater stability for [(BiSe),,s],,[TiSe,], relative to m
[(BiSe),,s]:[TiSe,]; layers because the stabilization energy
increases as m” However, because BiSe is a semiconductor and
TiSe, is a small band gap semiconductor or a semimetal
(dependent on defect concentration), a space charge region will
form at the interface on the two materials. The separation of
the charges will be larger than the distance between the BiSe—
TiSe, van der Waals gap. If the c-axis lattice parameter is
smaller than the charge depletion width, then the separation
between the charges scales with the c-axis lattice parameter.
Since the c-axis lattice parameter is proportional to m, r,, is
proportional to mr;. As the depletion width grows, the
dielectric constant separating the charges is that of the van
der Waals gap plus a portion of the layers themselves. This
results in a larger value for the permittivity, €,, > €, and leads to
less stabilization for [(BiSe),,s],,[TiSe,],, relative to m
[(BiSe),.q); [TiSe,], layers.

Cross-sectional HAADF-STEM images of the (Ti—Se),|(Bi—
Se), precursor annealed at pre- and postdecomposition
temperatures were collected to gain information about the
local structure and the structural rearrangements that occur
with decomposition. Figure S shows a representative HAADF-
STEM image of the [(BiSe),,s],[TiSe,], precursor annealed at
250 °C, the temperature where the compound is best formed.
The image indicates that the average structure comprises two
BiSe bilayers alternating with two TiSe, layers; however, the
sample contains many defects. Numerous substitutional defects
are present, where part of a BiSe layer is replaced by a TiSe,
layer and vice versa. The average period estimated from this
image is consistent with the c-axis lattice parameter of the
superlattice, calculated from the specular diffraction. Where
visible, the zone axis orientations differ in each layer, which is
consistent with the turbostratic disorder observed previously in
(BiSe), ;sTiSe, prepared via the same self-assembly ap-
proach.””* Where a TiSe, (110) zone axis is visible, it is
clear that TiSe, is a 1T polytype. The different zone axis
orientations of the BiSe layer are consistent with a distorted
rock salt structure. When the BiSe layer is orientated along a
(110) zone axis, so-called antiphase boundaries can be found,
where two Bi atoms are adjacent to one another.** The limited
spatial extent of the zone axis domains indicates the layers
comprise many small grains, which is consistent with the broad
reflections observed in the in-plane diffraction.

Figure 6 contains a representative HAADE-STEM of the
(Ti—Se),l(Bi—Se), precursor annealed at 400 °C. The image
contains two distinct regions, one containing [(Bi-
Se);.s]1[TiSe,], and the other Bi,Se; resulting from the
reaction of [(BiSe),,s],[TiSe,]; with oxygen. During the
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Figure 5. Cross-sectional HAADF-STEM image of the (Ti—Se),|(Bi—
Se), precursor annealed to 250 °C. The gray scale contrast
differentiates the different atomic species, with the Bi-containing
regions appearing bright compared to the darker regions that contain
Ti atoms.

5nm

Figure 6. Cross-sectional HAADF-STEM image of the (Ti—Se),|(Bi—
Se), precursor annealed to 400 °C. The sample is predominately
[(BiSe)y45]1[TiSe,); (inset, bottom), capped by textured Bi,Se; (inset,
top).

rearrangement of [(BiSe),,s],[TiSe,], to [(BiSe),,s],[TiSe,],,
atoms must diffuse perpendicular to the layering. The Bi,Se;
phase is segregated to the surface of the film as reaction with
oxygen is likely a gas—solid reaction. The Bi,Se; has a preferred
alignment with respect to the substrate, in agreement with the
diffraction data. The [(BiSe),,s];[TiSe,], is under the Bi,Se;,
and the interfaces between the BiSe and TiSe, layers are
atomically smooth. The [(BiSe),,;],[TiSe,], region is remark-
ably defect free considering the low annealing temperature and
short annealing times required to transform from [(Bi-
Se);,s),[TiSe,],. Antiphase boundaries are present in the
BiSe layer, as reported previously.*****” The visible zone axis
changes orientations layer to layer, consistent with turbostratic
disorder. The Bi,Se; region contains more defects, including
regions where it appears that BiSe monolayers separate Bi,Se;
layers. These defects likely result from the nonstoichiometry
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resulting from the disproportionation of the (Ti—Se),l(Bi—Se),
precursor,

DSC data were collected on the three (Ti—Se), |(Bi—Se),,
precursors to further probe the formation and subsequent
decomposition with increased annealing temperature (Figure
7). The DSC scan of the (Ti—Se),|(Bi—Se), precursor contains

04 —— T . T . T T T T T
Exo-up

=
o

DSC/uVimg
=

100 150 200 250

Temperature/°C

300 350 400

Figure 7. Differential scanning calorimetry data for the 1—1 (red), 2—
2 (black), and 3—3 (blue) as-deposited precursor.

a broad exotherm that starts at approximately 125 °C, an
endotherm at approximately 220 °C, and a second broad
exotherm with a maximum heat flow at approximately 375 °C.
The sharp endotherm at 220 °C is from the melting of Se in the
precursor. The exotherm at 375 °C is the oxidation of the
sample. The DSC scan of the (Ti—Se),-(Bi—Se), precursor
contains two broad exotherms, with one maximum heat flow at
approximately 125 °C and the second at approximately 300 °C.
The diffraction data collected as a function of annealing suggest
that the low-temperature exotherm results from the formation
of the [(BiSe),,s],[TiSe,],. The HAADF-STEM and diffraction
data suggest that the higher temperature exotherm results from
the transformation of [(BiSe),,s],[TiSe,], into [(Bi-
Se),;5]1[TiSe,];. The high-temperature shoulder on this
exotherm is the oxidation of [ (BiSe),,s],[ TiSe,]; and correlates
with the appearance of Bi,Se; in the X-ray diffraction annealing
study. The scan of the (Ti—Se);-(Bi—Se); precursor contains a
low-temperature exotherm with a maximum heat flow at
approximately 125 °C and a second higher temperature
exotherm with a maximum heat flow at approximately 350
°C. The diffraction data suggest that the smaller low-
temperature exotherm results from partial self-assembly of the
targeted [(BiSe),,s];[TiSe,]; compound and that the higher
temperature exotherm results from the transformation into
[(BiSe)y,s]:[TiSe,];.

The results presented here suggest that BiSe—TiSe,-
containing heterostructures exist in local free energy minima
as depicted in Figure 8 with a qualitative schematic of the
structures. The compounds become increasingly less stable as
m, the thickness of the constituent layers, is increased. This
corresponds to the decreasing depth of the free energy minima
as m increases in Figure 8. When given sufficient energy to
overcome the activation barrier associated with solid-state
diffusion, the compounds lower their energy by rearranging
into [(BiSe),,5],[TiSe,];, which is the global minimum within
this restricted energy landscape. The formation of Bi,Se; as a
secondary phase in the annealing experiments suggests that
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Figure 8. Schematic free energy landscape. The 2—2 and 3-3
compounds exist in shallower local minima than the 1—1 compound
and can lower their free energy by rearranging into the 1—1 structure.
Arrows indicate transitions from higher energy states (shallower wells)
to lower energy states (deeper wells). The schematic images of the as-
deposited layers do not depict the small percentage of the films that
have already begun to self-assemble into the ordered layers.

intergrowths containing Bi,Se; with TiSe, and/or BiSe may be
possible under the correct synthesis conditions from appropri-
ately designed precursors.

B CONCLUSION

Here we report the synthesis of kinetically stable BiSe—TiSe,-
containing heterostructures, [(BiSe),,s],,[TiSe,],, for m < 3.
Specular X-ray diffraction, collected after annealing at various
temperatures, revealed the formation and subsequent decom-
posing of the targeted superlattices. The m 2 and 3
compounds decomposed into [(BiSe),,s];[TiSe,];. At higher
temperatures [(BiSe),,s],[TiSe,], reacts with traces of oxygen,
forming Bi,Se; on the surface. The compounds become
increasingly unstable as m is increased. These results
demonstrate that kinetically stable compounds exist in a
complex free energy landscape defined by the interactions
within and between the constituents. While many members of a
homologous series of compounds can be imagined, the
complex free energy landscape governs which compounds can
be formed and highlights the difficulty of synthesizing multiple
members of a potential homologous series of compounds,
especially those with identical stoichiometry. The results of this
Article demonstrate that chemists can gain valuable qualitative
knowledge of the free energy landscape through studies of
precursors designed to produce different members of a
homologous series.
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