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Synthesis of (BiSe),,;(Bi,Ses);,,(BiSe),,;TiSe, by Directed Self-

Assembly of a Designed Precursor

Alexander C. Lygo,” Suzannah R. \f\?'c:c:d,-r Jefrey Ditto, and David C. Johnson*

Department of Chemistry, Materials Science Institute, University of Oregon, Eugene, Oregon 97403, United States

ABSTRACT: The synthesis, structure, and properties of a new three-
constituent heterostructure containing BiSe, Bi,Se;, and TiSe, layers, each
with a different structural motif, are reported. (Bi-
Se)1,5(BiSe3),,,(BiSe) 1, sTiSe,, where § and y are the misfit parameters
representing the differences in the in-plane packing density of the
constituents, forms via a self-assembly process during low-temperature
annealing from precursors with a range of compositions and repeat period
thicknesses. This indicates that the compound exists in a relatively broad and
deep free-energy minima in the emergy landscape. The formation was
followed as a function of annealing temperature using X-ray diffraction to
determine optimum annealing temperatures and stability range. High-
resolution electron microscopy images revealed the layering sequence of the
constituents and a supercell within the BiSe layers created by periodic anti-
phase boundaries. Temperature-dependent electrical transport measurements
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show unexpected changes in carrier mobility and concentration relative to (BiSe),;sTiSe,. This study suggests that new ternary
and multinary phases containing fragments of known binary phases can be synthesized via precursors that mimic the desired
product and that the properties of these new phases with ultrathin constituent thicknesses will probably be different from that

expected based on composite behavior.

he synthesis of new solid-state compounds with targeted

structures and/or desired properties has historically been
challenging because traditional synthesis techniques typically
yield the thermodynamic products and the desired compounds
are often metastable. Recently, the discovery of topological
materials with potential applications in high-performance
electronics and quantum computers' ' has resulted in a
search for new materials with both enhanced and new
topological properties. A common approach for discovering
new topological materials is to incorporate structural units of
known topological compounds into heterostructures.”” The
van der Waals gaps on either side of the Se—Bi—Se—Bi—Se
layers in Bi,Se; and the fact that Bi,Se; is an extensively
studied topological insulator with a robust single Dirac cone,
thickness-dependent band structure, and defect-induced band
bendings_m make it a particularly attractive structural unit.''
Unfortunately, different layer by layer growth conditions
required for each constituent often prevent the sg'nthesis of
targeted heterostructures via epitaxial approaches.’

Our approach to this challenge is to prepare precursors with
composition profiles that mimic the desired product. Elemental
layers are deposited on room-temperature substrates, which are
annealed at low temperatures to self-assemble the targeted
products while limiting diffusion and preserving the as-
deposited (AD) architecture. In a prior study, we deposited
repeating structures with the layer sequence (BilSe),(TilSe),
where n = 2 and 3 to explore the existence of a potential new
heterostructure containing bilayers or trilayers of both BiSe
and TiSe, in the unit cell'”® On heating, several precursors
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crystallized into a heterostructure with a c-axis lattice
parameter of ~27.5 A with varying degrees of structural
coherence.'* The observation of a superlattice with a c-axis
lattice parameter of ~27.5(1) A forming over a range of
composition suggested that the compound forming must exist
in a broad and relatively deep local free energy minimum in the
free energy landscape relative to alternative compounds with a
similar composition.'*~"7

This paper explores the synthesis, structure, and properties
of this unknown compound. The reported composition and ¢-
axis lattice parameter of ~27.5(1) A is consistent with a
compound that comprises one quintuple layer of Bi,Se; (¢ =
~9.5 A), two bilayers of BiSe (¢ = ~6 A), and one layer of
TiSe, (¢ = ~6 A). Using the stoichiometry of previously
reported BiSe,,;TiSe, and the a-lattice parameter of Bi,Se,,
the expected composition of a compound with layers of BiSe
separating Bi,Se; and TiSe, layers is 33.44% Bi, 57.70% Se, and
8.86% Ti.'”'® In this study, we prepared precursors with
composition and periods near that expected for the compound
(BiSe),,5(Bi,Se;)1,,(BiSe),,;TiSe, and each formed this
compound with secondary phases consistent with deviations
from the targeted composition. The compound (Bi-
Se)1,5(BiSe;),,,(BiSe) . ;TiSe, began to self-assemble during
the deposition and fully formed after annealing at 350 °C.
Annealing at higher temperatures resulted in decomposition to
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amorphous TiO, and Bi,Se; because of reaction with oxygen.
The structure was determined via Rietveld refinement, using
atomic plane positions determined from high-angle annular
dark field scanning transmission electron microscopy
(HAADF-STEM) images as a starting model. The structures
of the constituent layers were consistent with the respective
binary compounds. The HAADF-STEM images revealed
extensive rotational disorder of the constituent layers.
Electrical transport properties were different from those
expected based on a simple composite behavior of the
constituents, presumably because of interactions between the
layers.

B EXPERIMENTAL METHODS

The compound (BiSe)m(BizSes)w(BiSe)“ﬁTiSe% was synthesized
using the modulated elemental reactants technique. ~ Precursors were
prepared by sequentially evaporating elemental sources of Bi, Ti, and
Se on (100) oriented Si wafers in the specific sequence (BilSe)(Bi'l
Se’)(BilSe)(TilSe) to kinetically trap the targeted compound. The
compositions and thicknesses of the BilSe and TilSe bilayers were
those used previously to form the compound (BiSe)l_leiSez.17 The
thickness and composition of the Bi'ISe’ layer was adjusted such that
each precursor bilayer formed a single Se—Bi—Se—Bi—Se layer as
found in Bi,Se;. Precursors were annealed at various temperatures in a
N, glovebox with a concentration of oxygen below 0.6 ppm to induce
diffusion and self-assembly of the targeted product.

Specular X-ray diffraction (XRD) was performed to determine the
degree of order perpendicular to the substrate on a Bruker D8
DISCOVER diffractometer equipped with Cu Ka radiation (1 =
0.15418 nm), Gobel mirrors, and Bragg—Brentano 6—26 optics
geometry. In-plane XRD was done on a Rigaku SmartLab
diffractometer equipped with Cu Ka radiation. The repeat thicknesses
and c-axis lattice parameters were calculated using modified Braggs’
law. Out-of-plane Rietveld refinement and in-glame full pattern Le Bail
fits were done in the FullProf software suite.”’ 2>

Compositional analysis was conducted using X-ray fluorescence
spectroscopy collected using a Rigaku ZSX Primus II wavelength-
dispersive X-ray fluorescence spectrometer with a rhodium X-ray
source. Intensity was measured by integrating the area under the
entire peak measured in intensity as a function of 26 using MATLAB’s
cubic smoothing spline function with the smoothing parameter set to
zero smoothing. Data were also collected for substrates without any
deposited film. The intensity data measured for the clean substrates
were treated in the same manner as the deposited samples. The
resulting integrated counts of the clean substrate were subtracted from
the integrated intensity of the coated substrates to correct for the
background signal and any signal from the substrate itself. The
proportionality constant between the Xray fluorescence (XRF)
intensity and the atom density per unit area for each element was
determined as described prev'iousl)(.23

Samples were prepared for HAADF-STEM on a FEI Helios 600
dual-beam using a technique described by Schaffer et al.”* HAADE-
STEM was taken on C_corrected FEI Titan 80-300 FEG-S/TEM at
the Pacific Northwest National Laboratory (PNNL).

Electrical resistivity and Hall measurements were determined using
the van der Pauw ter:hrquue25 in the temperature range of 20—295 K.
Samples were prepared on fused Quartz crystal slidesina 1 em X 1
cm cross geometry. Further details on how temperature-dependent
resistivity and Hall measurements were conducted are described
elsewhere.”

Bl RESULTS AND DISCUSSION

Table 1 summarizes the AD compositions determined from
XRF measurements, repeat layer thicknesses, and c-axis lattice
parameter of the heterostructure formed after annealing
various precursors at 350 °C for 30 min for a representative
suite of precursors prepared in this study. All of the precursors
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Table 1. Composition and Repeat Thickness of the AD
Precursors and Annealed c-Lattice Parameters of a Selection
of Precursors Prepared in This Study

repeat
thickness c-axis lattice
sample % Bi % Se % Ti (A} parameter (A}
1 332(3)  57(1)  95(1) 26.8(1) 27.60(3)
2 308(3)  59(1)  100(1) 27.2(2) 27.5(1)
3 31.0(3)  59(1)  9.8(1) 29.1(2) 27.54(3)
4 293(3)  61(1)  93(1) 27.5(4) 27.4(2)
5 300(3)  61(1)  94(1) 29.2(4) 27.6(1)
6 30.8(3)  60(1)  94(1) 31.8(4) 27.5(2)
7 294(3) 62(1) 8.8(1) 32.0(5) 27.5(2)
8 310(3)  60(1)  94(1) 27.7(2) 27.67(4)

formed a compound with the expected c-axis lattice parameter
after annealing, although the diffraction patterns indicated the
presence of structural defects in most of the samples. The
defects included extra diffraction maxima corresponding to
Bi,Se; in the Bi- and Se-rich precursors. Broadening of even
order diffraction maxima was also observed in several of the
samples. Broadening of specific 00! reflections occurs when an
extra layer (perhaps TiSe, or Bi,Se; in these samples) forms
between regions that have crystalized the target heterostructure
as the system self-assembles. The noninteger unit cell distance
between the well-ordered regions results in an interference
pattern between the two crystals.'® Depending on the
thickness of the intervening layer, different 00I reflections are
broadened. The extent of broadening is related to the size of
the two crystals and hence inversely related to the frequency of
the extra layer. The extent of broadening indicates that the
frequency of extra broadening is low. Within experimental
error, the same heterostructures formed despite the variation in
both composition and initial layer thickness of the precursor,
suggesting that the targeted compound resides in a broad and
relatively deep local free energy minimum in the free energy
landscape.

To probe the formation of the targeted heterostructure and
to determine the temperature range where it is stable, specular
and in-plane XRD scans were collected after annealing sample
8 for 30 min at different temperatures (S0 °C increments up to
450 °C). Surprisingly, there are resolvable Bragg reflections out
to ~65° 26 in the AD sample, indicating that a coherent
pattern of crystalline layers began to self-assemble during the
deposition. The line widths of the broader reflections at higher
angles (>10° 26) in the specular diffraction pattemns, as shown
in Figure 1, indicate a distribution of lattice spacings from an
imperfect heterostructure. These reflections yield a c-axis
lattice parameter of 27.67(4) A. The sharp low-angle (<10°
20) reflections result from the compositional modulation of
the precursor and yield a repeating thickness of the elemental
modulation of 27.7(2) A. As the annealing temperature is
increased, the intensity of the higher angle reflections increases
and the linewidths decrease, indicating that the layering is
becoming more coherent. The low-angle reflections gradually
shift to lower angles in the low-temperature regime, moving
closer to the angles expected from the higher angle reflections.
After annealing at 350 °C, all reflections can be indexed to a
single family of reflections. This annealing temperature
produces the highest intensities and narrowest line widths of
the reflections without evidence of additional phases. We chose
350 °C as the optimal annealing temperature. The c-axis lattice
parameter after the 350 °C annealing is 27.54(2) A, which is
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Figure 1. Specular diffraction patterns of a precursor annealed at the
indicated temperatures for 30 min. The asterisk denotes Si reflections
from the substrate.

slightly larger than the sum of the c-axis lattice parameters of
the lattice parameters of Bi,Se, (BiSe), sTiSe,'” and the
estimated thickness of an additional BiSe layer (27.05 A).

After annealing the sample at 400 °C, additional reflections
appear that are consistent with Bi,Se; segregating from the
superlattice. This is likely driven by the reaction of TiSe, with
oxygen, which has previously been observed in metastable
[(BiSe);,5][TiSe,],, compounds annealed at these temper-
atures."’

In-plane diffraction data collected after each annealing step
are shown in Figure 2. The AD precursor has Bragg reflections
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Figure 2. In-plane diffraction patterns of a precursor annealed at the
indicated temperatures for 30 min.

that indicate that the constituent layers nucleate and grow
during the deposition process. The reflection at ~25° 26 can
be indexed as the (100) reflection of Bi,Se;. Its presence
indicates that the Bi,Se; present in this sample has symmetry
lower than that of bulk Bi,Se;. The reflection at ~40° 26
indicates that BiSe is also present. We do not know if TiSe,
nucleates during deposition because the reflections for TiSe,
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overlap with those from Bi,Se; and BiSe. As the annealing
temperature is increased, the BiSe reflection at ~40° 20
becomes more defined and distinct from the reflection at ~43°
20 and the reflection at ~68° 20 splits into two reflections.
This indicates that the BiSe layer(s) have a rectangular basal
plane unit cell as has been reported previously.'” After the 200
°C anneal, all reflections can be indexed to either BiSe, Bi,Se;,
or TiSe,, indicating that little or no additional phases are
present. After the 250 °C anneal, two small reflections at ~16°
and ~21° 26 appear and grow in intensity as the annealing
temperature increases. HAADF-STEM data, discussed next,
suggest that these reflections result from periodic anti-phase
boundaries in the BiSe layer. After the 450 °C anneal, the
relative intensity of the Bi,Se; reflections increases, which is
consistent with specular diffraction data showing the presence
of Bi,Se; that is independent of the heterostructure. XRF
measurements show an increase in the oxygen signal after
annealing at 450 °C, which suggests that TiSe, is reacting with
oxygen and the released Se reacts with BiSe to form Bi,Se;.
This is consistent with reports of the complete conversion of
thin layers of TiSe, to amorphous TiO, and elemental
selenium under ambient conditions.”” The in-plane lattice
parameters from a full pattem Le Bail fit and c-lattice
parameter are summarized in Table 2. The lattice parameters
of (BiSe), ; TiSe, are provided for comparison.

Table 2. Lattice Parameters of
(BiSe) ,5(BiySe3),.,(BiSe),,5(TiSe,) after the 350 °C
Anneal”

lattice parameter (Bise)lm(m:s’es)lq_(ms’e)lw'ris’e: (Bis’e)l_lsTisﬁ”

BiSe a (A) 4.571(1) 4.562(2)
BiSe b (A) 4247(1) 4242(1)
Bi,Se; a (A) 4.178(1)

TiSe, a (A) 3.596(1) 3.58(6)
L+8 115 115
L+y 0.74

c-axis (A) 27.54(2) 11.776(6)

“Lattice parameters of (BiSe), ;s TiSe,'” are provided for comparison.

To probe the local structure, HAADF-STEM images were
collected. Figure 3 shows a HAADF-STEM image in which the
top and bottom of the film are visible. The image confirms that
the sample formed a periodic layered structure throughout the

Figure 3. Medium magnification HAADF-STEM image of a
representative precursor annealed at 350 °C for 30 min.
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thickness of the film. The repeating unit contains one TiSe,
trilayer, one Bi,Se; quintuple-layer, and two BiSe bilayers
separating the TiSe, and Bi,Se, layers, which is consistent with
the diffraction data. This stacking order may be due to an
inherent instability in placing two or more BiSe bilayers next to
one another or the BiSe layer may stabilize the structure by
reducing the lattice mismatch between the TiSe, and Bi,Se;, as
was hypothesized for Bi,Se;/NbSe, heterostructures.”® No
extended defects are present; however, a few quintuple layers
of surface segregated Bi,Se; are visible, suggesting that excess
Bi and Se were present in the precursor or that the surface
layer of TiSe, reacted with oxygen. Partial layers and other
structural imperfections are visible at the top and bottom of
the sample, presumably as a consequence of the self-assembly
process.

In higher magnification HAADF-STEM images (Figure 4),
all of the interfaces are atomically abrupt. The visible zone axis

Figure 4. High magnification HAADF-STEM image of a
representative precursor annealed at 350 °C for 30 min.

orientations change layer to layer, which is consistent with
extensive turbostratic disorder. From images down the [100]
zone axis of the TiSe, layers, we conclude that the Ti in TiSe,
is octahedrally coordinated. When BiSe grains are orientated
along a [110] zone axis, anti-phase boundaries are visible and
appear regularly spaced. Similar anti-phase boundaries were
previously seen in misfit layered compounds (BiSe),;,NbSe,
and (BiSe); ooTaSe,””>" and in rotationally disordered
ferecrystalline compounds.3l_34 The Bi,Se; layers contain the
expected five-layer sequence of Se—Bi—Se—Bi—Se, and the
orientation of these layers changes in a random manner
throughout the sample. The structural coherency is signifi-
cantly higher than what might be expected based on the ability
to control the thickness and composition of each elemental
layer in the deposition of the precursor. The high structural
coherency indicates that atoms diffuse between layers during
the self-assembly process.

The atomic structure of the new compound was determined
using a combination of HAADE-STEM and diffraction data.
The positions of the atomic planes were determined by fitting
the integrated HAADF-STEM intensity profiles to a sum of
Gaussians. The positions determined from the HAADF-STEM
image were used to create an initial model for Rietveld
refinement of the specular diffraction. The region of the
HAADF-STEM image used to create the initial model is shown
in part (a) of Figure S. The integrated HAADF-STEM
intensity profile of this region, scanned in the direction
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Figure 5. (a) High-resolution HAADF-STEM image showing atomic
columns in several unit cells in (BiSe),,s(Bi,Se;),,,(BiSe),,5(TiSe,),
(b) intensity of the HAADF-STEM image integrated along the
vertical direction and scanned in the direction of the arrow shown for
the image in (a). The average integrated intensity of approximately
one unit cell with fitted positions of individual Gaussian peaks for
each atomic plane is shown in (c). The black peaks correspond to Ti
planes, green to Bi, yellow to Se, and blue to BiSe. Rietveld refinement
of the specular diffraction pattern is shown in (d) with the refined

structural model shown as an inset on the right.

indicated by the arrow, is shown in Figure Sb along with the fit
to a sequence of Gaussian profiles. The Gaussian profiles used
to fit the intensity profile of the averaged unit cell (c) are
shown in Figure Sc. The green Gaussians correspond to Bi
atoms, the yellow Gaussians to Se atoms, and the black
Gaussians to Ti. It was not possible to spatially resolve the Bi
and Se atomic planes in the BiSe layer, so they were fit as single
Gaussians which are shown in blue. The Rietveld refinement of
the specular diffraction (left) and the refined structural model
(right) using the HAADF-STEM atomic plane positions as a
starting model are shown in Figure 5d. The refined ¢ axis-
lattice parameter is 27.560(1) A. In other compounds, the Bi
and Se in BiSe layers pucker, where Bi moves outward toward
the dichalcogenide and Se moves inward.'>'” This puckering is
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not resolvable in (BiSe),,s5(Bi,Se;),,,(BiSe);,;TiSe,. The
separation of the Ti and Se atomic planes in the TiSe, layer
is approximately 0.03 A smaller than that found in bulk
TiSe,.>* The separation of the planes in BiSe and the gap
between TiSe, and BiSe are similar to those found in
(BiSe)y,5[TiSe, ]

To learn more about the in-plane structure of the BiSe
planes, the HAADF-STEM images were integrated across the
top and bottom of Bi—Se atomic planes that were orientated
down what would be the rock-salt [110] zone axis (Figure 6a).

a.

LAt U S L SR L R R TR BN T B N TR e
kL R e W N B R e e 8

]
E
=
[
£
]
8
=
w
c
8
=

] 10 20 30 40 50

Distance/pixels
C.

A W\ Top
ol |
E
3
=
e
=
£
£
2
w
c
2
=

1 1

25
Distance/pixels

Figure 6. High-resolution cross-sectional HAADF-STEM image of
the BiSe bilayer (a). The integrated intensity of the top atomic plane
and the bottom atomic plane are shown in (b). The integrated
intensity of the top plane and the bottom plane of one supercell with
fitted positions of individual Gaussian peaks is shown in (c). The red
peaks correspond to Bi atoms and blue to Se.

The intensity profile for the image is shown in Figure 6b. The
average intensity profile was fit using the same procedure as
described above for the atomic planes along the z axis. In the
HAADEF-STEM intensity profile shown in Figure 6c, the higher
intensity peaks (red) correspond to Bi atoms and the
remaining peaks correspond to Se atoms (blue). Most notable
in the fit is the presence of periodic anti-phase boundaries. The
anti-phase boundaries are spaced by five Bi—Se bonds. The
Bi—Bi bonds on the top plane and bottom plane systematically
alternate. These periodic anti-phase boundaries form a
supercell that is similar to that reposted for the (BiSe), oy TaSe,
misfit layer compound.®” Different from the structure reported
for (BiSe), oz TaSe, is a pronounced distortion that displaces
some atoms in the top plane so that they are not directly atop
the atoms in the bottom plane.

The displacement and the formation of a supercell explains
the presence of forbidden reflections with respect to an
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undistorted rock salt structure in the in-plane diffraction
pattern discussed earlier. An initial structural model for
Rietveld refinement of the in-plane diffraction was constructed
from the bulk structures of Bi,Se; and TiSe, along with the
BiSe structure obtained from the STEM image fit. Unfortu-
nately, a satisfactory refinement could not be obtained because
there are too many refinable parameters for the number of
independent reflections. A full pattern Le Bail fit was used to
refine the lattice parameters based on the expanded unit cell
determined from the STEM images. The supercell enables
indexing of the reflection at ~16° 260 as the BiSe (500)
reflection. The in-plane lattice parameters for Bi,Se; (a =
4.178(1) A) and TiSe, (a = 3.567(1) A) are consistent with
prior reports.'””'*?* The in-plane lattice parameters for BiSe (a
= 27431(1) A, b = 4247(1) A) are consistent with those
previously reported for the misfit layered compounds
(BiSe),,oNbSe, and (BiSe); ooTaSe,.”*>°
Temperature-dependent resistivity and Hall effect measure-
ments collected between 20 and 295 K are shown in Figure 7.
The resistivity for the new heterostructure is lower than that
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Figure 7. Temperature-dependent resistivity (a), Hall coefficient and
carrier concentration (b), and carrier mobility (c) of (Bi-
Se) 1.5(BiSe;) 1., (BiSe),,;TiSe, compared to (BiSe),;sTiSe,
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reported for (BiSe), sTiSe, at all temperatures and the
temperature dependence indicates metallic behavior. Both
compounds have lower resistivity than bulk TiSe,, and neither
compound shows evidence of the charge density wave that is
seen in bulk TiSe,.** A simple composite model would suggest
that the addition of a semiconducting Bi,Se; layer would
increase the resistivity. To test if the average carrier
concentration in the sample is increased by electron transfer
from the additional BiSe layer relative to (BiSe), sTiSe,, the
Hall coefficient was measured. The Hall coeflicient is negative
across the temperature range, indicating that electrons are the
majority carrier type and nearly constant as a function of
temperature as expected for a metal. Assuming a single band
model, the larger magnitude of the Hall coeflicient for the new
heterostructure relative to (BiSe),,sTiSe, suggests that it has
approximately half the carrier concentration. In (Bi-
Se),;sTiSe, the change in carrier concentration relative to
(PbSe)TiSe, suggests that BiSe donates electrons to TiSe,."”
Because Bi,Se; is a semiconductor and there are two BiSe
layers that can donate charge, one would expect the carrier
concentrations to be about the same if this compound was
approximated as a simple composite. This deviation from
simple composite behavior suggests that interactions between
the constituents are important. The mobility of the charge
carriers was calculated from the resistivity and the Hall derived
carrier concentration and is much higher in (Bi-
Se) 1.5(BisSe;)1,(BiSe),;TiSe, than in (BiSe), ;sTiSe, This
suggests that the addition of a Bi,Se; layer reduces the amount
of scattering at the interfaces.

To gain a better understanding, the resistivity data were fit
to the Bloch-Griineisen model

5

Y o z
(1) =py + R{G_D] fu TG

where p, is the residual resistivity, R is the electron—phonon
interaction constant, and @, is the Debye temperature. The
fitted parameters are reported in Table 3. The smaller p,

Table 3. Bloch-Gruneisen Fit Parameters

parameter (Bis’e)lw(m:s’es)lq(ms’e)lm'risﬁ (Bis’e)l.lsTiS‘Bz
Py 3.016(5) 4.54(1)
R 6.4(1) 12.4(5)
[N 262(6) 490(16)

indicates that the new heterostructure has a lower defect
density than (BiSe), ,;TiSe,. The new heterostructure also has
a substantially lower Debye temperature than (BiSe),;sTiSe,.
The decrease in the Debye temperature implies a change in the
distribution of phonons in the material, which, given the
structural changes in the BiSe layer and the addition of a Bi,Se;
layer, is perhaps expected.

The lower electron—phonon interaction constant of the
(BiSe)lﬂj(BizS%)1+?(BiSe)1+‘5TiSe2 further indicates a change
in the distribution of phonon modes as a function of energy.
The lower p, for the new heterostructure might be a
consequence of fewer defects; however, potential conduction
through topologically protected states on the surface of the
Bi,Se; layers cannot be ruled out. The larger mobility and its
increase with decreasing temperature suggests that there is less
scattering from phonons, which is consistent with the
decreased electron—phonon interaction constant. The proper-
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ties of this new heterostructure cannot be modeled as a simple
composite of the constituents. The layers interact with one
another to produce emergent behavior. The single unit cell
thickness of each constituent results in the environment of
each layer being significantly different than that found in their
respective bulk structures.

B CONCLUSIONS

The synthesis of the title heterostructure presented herein
suggests that many new metastable compounds could possibly
be prepared via low-temperature synthesis approaches.
Directing the synthesis toward a targeted compound is a
major challenge in conventional synthesis approaches. The
approach used in this paper, using a precursor with an
architecture similar to that of the targeted kinetically stable
heterostructure, can be adapted to a myriad of undiscovered
compounds because the structure of the precursor can be
varied to target specific intergrowths. Following changes in
XRD patterns as a function of annealing temperature and time
provides a sensitive probe of structural changes during the self-
assembly. While the structures of the TiSe, and Bi,Se, layers
were similar to those found in the binary compounds and other
intergrowth structures, the BiSe layers had a different structure
than previous reports. The changes in the structure of the BiSe
constituent relative to previously reported structures highlight
the influence of neighboring layers. Electron transport
measurements show an unexpected increase in carrier mobility
and a decrease in carrier concentration compared to
(BiSe), ;sTiSe,. These changes indicate that this new
compound cannot be treated as a composite. Interlayer
interactions result in both structural changes and emergent
physical properties.
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