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ABSTRACT: A series of (BiSe);,s(TiSe,), compounds where n
was varied from two to four were synthesized and electrically
characterized to explore the extent of charge transfer from the
BiSe layer to the TiSe, layers. These kinetically stable
heterostructures were prepared using the modulated elemental
reactants (MER) method, in which thin amorphous elemental
layers are deposited in an order that mimics the nanostructure of
the desired product. X-ray diffraction (XRD), X-ray area
diffraction, and scanning transmission electron microscopy
(STEM) data show that the precursors formed the desired
products. Specular diffraction scans contain only 00! reflections,
indicating that the compounds are crystallographically aligned
with the c-axis perpendicular to the substrate. The c-axis lattice
parameter increases by 0.604(3) nm with each additional TiSe, layer. In-plane diffraction scans contain reflections that can be
indexed as the (hk0) of the BiSe and TiSe, constituents. Area diffraction scans are also consistent with the samples containing
only BiSe and TiSe, constituents. Rietveld refinement of the 00/ XRD data was used to determine the positions of atomic planes
along the c-axis. STEM data supports the structures suggested by the diffraction data and associated refinements but also shows
that antiphase boundaries occur approximately 1/3 of the time in the BiSe layers. All samples showed metallic behavior for the
temperature-dependent electrical resistivity between 20 K and room temperature. Electrical measurements indicated that charge
is transferred from the BiSe layer to the TiSe, layer. The measured Hall coefficients were all negative indicating that electrons are
the majority carrier and are systematically decreased as n was increased. Assuming a single parabolic band model, carrier
concentration decreased when the number of TiSe, layers is increased, suggesting that the amount of charge donated by the BiSe
layer to the TiSe, layers is constant. Seebeck coefficients were negative for all of the (BiSe),,5(TiSe,), compounds studied,
indicating that electrons are the majority carrier, and decreased as n increased. The effective mass of the carriers was calculated to
be 5—6 m, for the series of compounds.
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Van der Waals heterostructures consisting of stacks of
crystalline two-dimensional (2-D) layers have recently
garnered significant interest due to their unusual properties.'
The vision is that by combining the unique crystal structures
and properties of each layer in specific sequences within the
heterostructure, “designer devices” with properties and
performance that exceed that of the constituents can be
achieved." Tunable direct band gap materials have been
predicted to result from stacking different metal disulfides
and diselenides,” and p—n junctions at van der Waals
heterostructure interfaces have been experimentally charac-
terized.” Charge transfer between constituent layers of
heterostructures has been shown to occur at ultrafast time
scales.” Understanding how to control and modify the
interaction between constituents within a heterostructure,
including the extent of charge transfer, is essential for achieving
the vision of designing optimized nanoscale devices. Systematic
changes to a structural unit, a common approach to understand
structure—function relationships in synthetic molecular chem-
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istry, will be a valuable tool both to understand and control
properties in the emerging field of van der Waals hetero-
structures.

Ferecrystals are a subset of misfit layered compounds (MLC)
with extensive turbostratic disorder between the constituents,
which eliminates the structural distortions in the layers caused
by the commensurate in-plane axis of MLCs. Ferecrystals are
essentially heterostructure analogs of misfit layer compounds.
They have the formula [(MX),,s],,[TX,], (M = Pb, Sn, Bi, Sb,
RE; T = transition metal; X = Se or Te). Ferecrystals are
synthesized using modulated elemental reactants (MER), a
method that uses low temperature annealing of layered
precursors consisting of thin layers of the respective elements
to access metastable compounds. Because of the short diffusion
lengths, a large array of m and n values can be prepared and the
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sequence of the individual 2D layers can be controlled, resulting
in structural isomers.” The ability to prepare sequences of
compounds with controlled n and m values enables structure—
property relationshiﬁps to be investigated in more detail than
previously possible.”™® Studies of SnSe-TiSe, and PbSe-TiSe,
ferecrystals have shown that charge transfer occurs from the
MSe layer to the TSe, layer.” "' (BiSe),,5(TiSe,); showed an
increased carrier concentration compared to
(PbSe),,5(TiSe,). '

This work describes the preparation of three new ferecrysals
containing a BiSe bilayer: (BiSe); 14(TiSe,),, (BiSe), ;5(TiSe,)s,
and (BiSe), 14(TiSe,); The c-lattice parameter and distortion of
BiSe increases with each additional TiSe, layer in the
heterostructure, with the refined position of atomic planes
along the c-axis agreeing with the general structure proposed for
the misfit layer compound analogues, (BiSe),(TiSe,) and
(BiSe), ;5(TiSe,),."*"* The differences in electrical resistivity
temperature dependences between the crystalline misfit layer
compounds and the heterostructure ferecrystals are attributed
to different electron—phonon coupling resulting from the
turbostratic disorder in the ferecrystals. The systematic change
in resistivity in the heterostructures suggests that there is a
constant amount of donated charge from the single BiSe layer
regardless of the number of TiSe, layers, and this charge is
distributed across the TiSe, layers. This behavior is similar to
that reported for (BiS),,s(TiS,), compounds, where n = 1 and
2191 1n general, the extent of charge transfer between
constituents in (BiX);,s(TX,), misfit layer compounds where n
= 1, 2 depends on the identity of the transition metal
dichalcogenide.'”™"” The single crystal structure of (Bi-
Se),0s(TaSe,) was found to have a large in-plane supercell
due to antiphase boundaries perpendicular to the a axis, and the
antiphase boundaries were used to explain the lack of charge
donation from BiSe to TaSe,.'®'” STEM investigation of the
compounds reported herein revealed evidence for similar
antiphase boundaries approximately one-third of the time. This
may explain the reduced amount of charge transfer observed in
this work relative to that previously reported for the
(BiSe), 14(TiSe,); compound.

B EXPERIMENTAL SECTION

Precursors designed to form the compounds (BiSe),,5(TiSe,),, where
2 < n < 4, were prepared in a custom-built physical vapor deposition
system, with pressures below S X 1077 Torr using the modulated
elemental reactants (MER) method.'”'? Elemental bismuth and
titanium were deposited with Thermionics electron beam guns, while
selenium was deposited with an effusion cell. Quartz crystal
microbalances monitored deposition rates, and the elements were
deposited with a rate between 0.2 and 0.3 A/s onto the substrate.
Layers of each element were deposited on silicon and fused silica
substrates in the order of (Ti—Se)p—Bi—Se, where p equals 2, 3, or 4,
repeatedly to give a total film thickness of approximately SO nm.
Samples were annealed between 200 and 400 °C in a nitrogen
atmosphere with oxygen below 1.0 ppm for 30 min. Elemental
compositions of as deposited and annealed samples were determined
via electron probe microanalysis (EPMA) using a Cameca SX 50.°
X-ray reflectivity and cross-plane (001) diffraction were measured on
a Bruker D8 Discover (Cu Ka) diffractometer, equipped with a Gobel
mirror. These scans were used to measure total film thickness, track as
deposited repeat layer thickness, and follow the self-assembly of the
precursors. The repeat layer thickness of the as deposited precursors
was compared to an estimated c-axis lattice parameter based on the
TiSe, thickness from the reported [(PbSe);,s],.(TiSe,), ferecrystalline
compounds'®"' and the BiSe thickness based on the reported
[(BiSe) ,s)n(NbSe,), compounds.”’ Off-specular, X-ray diffraction

scans were acquired on a Rigaku Smartlab (Cu Ka) diffractometer and
also on the Multi-Purpose General Scattering beamline 33-BM-C (1 =
1.2653 A) at the Advanced Photon Source (APS), at Argonne
National Laboratory. Rietveld refinements were performed on the
cross-plane (00]) scans using the FullProf software suite.”” In-plane
(hko) diffraction was collected at APS, 33-BM-C, and on a Rigaku
Smartlab (Cu Ka) diffractometer for least-squares fits of the lattice
parameters (a and b) of the constituents TiSe, and BiSe, using the
WinCSD software package.23 Area diffraction was collected at APS, 33-
BM-C, using a Mar34S image plate detector with 6 = 1.0° 20 s
exposure, 180 s acquisition time, and 1 = 0.991842 A.

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
scanning transmission electron microscopy (HAADF-STEM) was
performed on a FEI Titan 80-300 TEM/STEM at 300 keV.

In-plane resistivity and Hall measurements were carried out in the
van der Pauw geometry”® using a custom-built measurement system
under vacuum. Samples for these measurements were deposited on
fused silica substrates. Electrical contacts were thin copper wires
connected to the sample using indium. Samples were measured from
20 to 295 K, and magnetic fields up to 2 T were applied.

B RESULTS AND DISCUSSION

In the MER synthetic approach, the design and calibration of
the precursor is critical to yield the targeted metastable
products. By depositing elemental layers in the order [Ti—
Se]p—Bi—Se, where p equals 2, 3, or 4, we control the
precursors’ layering sequence to mimic the respective target
products’ final structure, minimizing the diffusion required to
form the products. The TiSe, thickness from the reported
[(PbSe),,s],(TiSe,),, ferecrystalline compounds and the BiSe
thickness based on the reported [(BiSe),,s],(NbSe,),,
compounds were used for the initial target repeat layer
thickness.'”""”" The deposition parameters were scaled so
that the repeat layer thickness was close to the targeted repeat
layer thickness, and the compositions were adjusted to match
the targeted compounds. To evaluate the quality of the
precursors, cross-plane XRR and XRD patterns were collected.
The as-deposited precursors for the compounds are signifi-
cantly ordered, exhibiting Bragg diffraction to high angles,
suggesting that the compounds begin to self-assemble during
the nominally room temperature deposition of the precursors
(Figure 1). The optimum annealing conditions were
determined by annealing pieces of a precursor designed to
form (BiSe)y,5(TiSe,), at different temperatures. The resulting
diffraction patterns are shown in Figure 1. The positions of the
00! reflections shift to higher 260 with increasing annealing
temperature as the repeating unit decreases in thickness. There
is a systematic growth in intensity of the (00l) reflections as
temperature is increased. For temperatures below 400 °C, only
00! diffraction maxima are observed, implying the films are
highly textured. Above 350 °C, additional peaks appear and can
be indexed to textured Bi,Se;. The maximum peak intensity,
minimum full width at half maxima, and absence of impurity
phases (Bi,Se;) were observed at 350 °C, which was chosen as
the optimal annealing temperature for all samples. This
annealing temperature and time are consistent with that
reported for (BiSe); ;sTiSe,."”

Diffraction patterns from (BiSe);,s(TiSe,),, (Bi-
Se).s(TiSe,);, and (BiSe),,5(TiSe,), samples are shown in
Figure 2. All the Bragg reflections can be indexed as 00]
reflections indicating the films are highly textured. The c-axis
lattice parameters calculated from this indexing are contained in
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Figure 1. Series of 00l diffraction patterns for a precursor designed to
form (BiSe),,5(TiSe,), collected as a function of annealing temper-
ature (offset for clarity). All films were annealed for 30 min at the
temperature indicated by the scan, and the scans are offset by arbitrary
amounts. The y-axis is log intensity to make weak reflections more
apparent.

layer thickness obtained by extrapolating to n = 0 is 0.58(1)
nm. This is similar to the BiSe thickness in ferecrystalline
[(BiSe), 10];(NbSe,),, compounds (0.59(2) nm)>' and that
reported for (BiSe); 5(TiSe,) and (BiSe), 5(TiSe,), misfit
layer compounds (0.593 nm)."*

Grazing incidence diffraction patterns were collected (Figure
3) to characterize the in-plane structure of the constituents. All
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Figure 2. X-ray diffraction patterns of [(BiSe),,s];(TiSe,), (1 — n)
samples. Compounds are crystallographically aligned with the c-axis
normal to the substrate so all maxima can be indexed as 00 reflections.
Diffraction patterns were collected using two different wavelengths and
are shown as log intensity versus Q to make weak reflections visible.
The scans are offset by arbitrary amounts. The asterisk (*) indicates
peaks from the silicon substrate.

Table 1. The c-axis lattice parameter systematically increases by
0.603(S) nm with each additional TiSe, layer. This is larger
than the difference between the (BiSe);3(TiSe,) and
(BiSe);15(TiSe,), MLC’s reported by McQueen (0.594
nm)."* This distance is close to the c-axis lattice parameter of
1T-TiSe, (0.6004 nm),”” and the difference in c-axis lattice
parameter between the previously reported (PbSe); 4(TiSe,)
and (PbSe), ;5(TiSe,), ferecrystals (0.608 nm).'”"" The BiSe

Figure 3. In-plane (hk0) diffraction pattern of [(BiSe),,s],(TiSe,), (1
— n) samples displaying Bragg peaks and associated indices from the
independent lattice structures of both constituents. Diffraction
patterns shown in g-space because they were collected using two
different wavelengths, graphed using log intensity to make weak
reflections visible and offset by arbitrary amounts. All films were
annealed for 30 min at 350 °C.

peaks can be indexed as (hkO) reflections of the two
constituents. Only (hk0) reflections are observed due to the
texture of the samples. For the (BiSe),,s[TiSe,]; sample, weak
reflections from crystallographically aligned Bi,Se; are also
present. The positions of the reflections did not change
significantly as the number of TiSe, layers increased and were
consistent with the reflections seen for (BiSe), ,TiSe,."> The
relative intensity of the TiSe, reflections increased as the
number of TiSe, layers in the unit cell was increased and could
be indexed using the CdI,-type structure. The calculated a-axis
lattice parameters for the TiSe, constituent of the n = 2—4
compounds are contained in Table 1. The lattice parameters of
TiSe, were slightly larger than in the bulk structure (CdlI,-type,
a = 03535 nm)”’ and similar to TiSe, reported in the
ferecrystalline compound (BiSe), ;sTiSe, (a = 0.358(6) nm),"
(PbSe), 15(TiSe,) (a = 0.3552(7) nm),"" (PbSe), ,5(TiSe,), (a
= 0.3568(2) nm),'” and (SnSe), ,(TiSe,) (a = 0.37(1) nm).”
The Bragg reflections for BiSe were indexed using the
orthorhombic space group Pcmmn, in contrast to the bulk
structure of BiSe, which crystallizes in its own tri§onal structure
type with an a-lattice parameter of 0.415(2) nm.”® The a and b
lattice parameters (Table 1) compared well with the published
(BiSe), ;5TiSe, ferecrystalline compound (a = 0.4562(2) nm
and b = 0.4242(1) nm)."” The calculated misfit parameters

Table 1. Lattice Parameters and Misfit Parameters for the (BiSe),,5(TiSe,), Compounds Investigated

repeat thickness

TiSe, (CdL,-type)

BiSe (Pcmn)

compound ¢ (nm)
(BiSe); 14(TiSe,), (1-2) 1.7909 (1)
(BiSe), 5(TiSe,); (1—3) 2.3741(1)
(BiSe) 14(TiSe,), (1—4) 2.9941 (1)

a (nm) a (nm) b (nm)
0.3568(2) 0.4554(1) 0.4235(1)
0.3583(1) 0.4559(4) 0.4243(1)
0.3565(2) 0.4562(2) 0.4232(1)
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were the same as reported for the misfit layer compound
(BiSe); s TiSe, and within the expected range for misfit layer
compounds (Table 1.1

Cross-sectional high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) images
were collected to further characterize the structure of these
compounds (Figure 4). These images contain the expected

L me v e ———
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Figure 4. Cross-sectional HAADF-STEM images: (a) a full film cross-
section showing alternating BiSe and TiSe, layers in (BiSe), ,(TiSe,),
and rotational disorder between constituent layers, (b) higher
magnification image of a region of the (BiSe); 4(TiSe,), sample
showing the 1-T polymorph of the TiSe, layer, (c) higher
magnification image of a region of the (BiSe),;s(TiSe,); with a
grain boundary in the TiSe, layer, and (d) a higher magnification
image of a region of the (BiSe), 1,(TiSe,), showing the 1T polymorph
of the TiSe, layer and the rotational disorder between constituents.

layering sequences for (BiSe);;s(TiSe,), (BiSe);14(TiSe,)s,
and (BiSe); 5(TiSe,), (parts a and b, ¢, and d of Figure 4,
respectively). The images of all three compounds contain
brighter BiSe layers and darker TiSe, layers separated by a van
der Waals gap. The BiSe—TiSe, interface is atomically abrupt in
all of the images. The image of (BiSe);5(TiSe,), in Figure 4a
contains both the substrate and the top carbon coating. The
precursor of this sample had 28 [Ti—Se],—Bi—Se layers as
deposited while the image contains ~26 BiSe—TiSe,—TiSe,
repeats with additional material at the top and bottom of the
sample.

Different crystal faces of each constituent are present both
within a layer and between layers, reflecting the turbostratic
disorder of the ferecrystalline structure. The overall stacking
sequence is consistent across the samples. The 1T-polytype of
TiSe, can be seen in regions of each of these compounds
suggesting an octahedral coordination of the transition metal.
While relatively defect free regions were chosen for HAADF-
STEM images shown in Figure 4 of the (BiSe), ;5(TiSe,),,
(BiSe), 14(TiSe,);, and (BiSe), ;s(TiSe,), films, there were
regions where defects were observed.

The presence of antiphase boundaries in single crystals of
(BiSe), ;0NbSe, and (BiSe), ooTaSe, ' lead us to search for
these defects in the compounds discussed here. The Bi—Bi
bonded pairs resulting from the antiphase boundary are most
visible along the (110) zone axis (rock salt setting) of the BiSe.
All HAADF-STEM images collected for these samples were
examined for this defect in the (110) face. There were a total 25
of (110) faces observed. Of these, 19 were clear enough to
distinguish atomic columns. In 7 of these clear images, Bi—Bi
pairing was clearly visible (Figure S). This is the first time this

Figure S. High magnification cross-sectional HAADF-STEM image of
(BiSe), 14(TiSe,), showing the Bi—Bi bonded pairs resulting from the
antiphase boundary are most visible along the (110) zone axis (rock
salt setting) of the BiSe.

distortion has been seen in TiSe, containing misfit compounds.
As discussed by Wiegers," the antiphase distortion does not
alter the position or intensities of the parent face center cubic
in-plane cell, so the diffraction data is consistent with the
average local structure.

The STEM images were used to create models of the
structures of (BiSe), ,(TiSe,), (BiSe),s(TiSe,);, and (Bi-
Se).14(TiSe,),, along the ¢ axis, which were then refined using
the 00! diffraction data to obtain the distance between atomic
planes along the z-axis (Figure 6; refinements Supporting
Information Figures S1—S3, Tables S1—S3). The refinement of
(BiSe), 14(TiSe,), converged to a c-lattice parameter of
17.9094(6) A, which is larger than in the corresponding misfit
layer compound (17.8103(1) A)."* Within the BiSe layer, the
Bi and Se atoms were not in the same plane but were distorted
by 19 pm from an ideal 001 plane. This distortion is similar to
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Figure 7. Area X-ray diffraction data for (BiSe), ;4(TiSe,), and (BiSe), 4(TiSe,),; compounds indicate turbostratic disorder.

the distortion in SnSe in the ferecrystal (SnSe),,TiSe, (27
pm).” There are two different refined Ti—Se distances (151 and
133 pm); different Ti—Se distances were also reported in the
refinement of the atomic planes of (PbSe); 15(TiSe,),."” These
distances correspond to the distance from Ti to the Se plane
bordering the BiSe layer and to the Se plane bordering the
second TiSe, layer, respectively. The refinement of (Bi-
Se);14(TiSe,); converged to a c-lattice parameter of
23.7409(9) A. Within the BiSe layer, the Bi and Se atoms are
distorted by 29 pm from an ideal 00l plane. While there are two
different refined Ti—Se distances, these distances are more
similar than the distances in (BiSe),4(TiSe,),. The 00!
refinement of (BiSe),4(TiSe,), converged to a c-lattice
parameter of 29.940(2) A. Within the BiSe layer, the Bi and
Se atoms were not in the same plane but were distorted 42 pm
from an ideal 001 plane. This suggests an ionic interaction
between the Bi cation in the rock salt and the Se anion
increases, and the puckering distortion of the BiSe bilayer
becomes larger. This increase in puckering leads to a larger
distance between Bi atomic planes and a smaller distance
between Se atomic planes within a BiSe layer, as the number of
TiSe, layers increases. The Se—Ti distance adjacent to BiSe is
larger than the distance adjacent to TiSe,. This also indicates a

stronger covalent interaction between the Bi in the rock salt-
like layer and the adjacent Se of the TiSe, layer.

Area diffraction scans were collected to better understand the
three-dimensional structure of the films (Figure 7). Sharp
reflections are observed along the 00! direction due to the
regular and coherent spacing of the atomic planes along the c-
axis. Diffuse scattering occurs along the [ direction for h + k #
0. The broadening of these (hkl) reflections where h + k # 0
results from a shortened coherence length in the direction of
the reflection, which was reflected in the rotational disorder of
the different constituents observed in the STEM images. The
sharp (hkO) reflections presented earlier in Figure 3 indicate
that the individual layers have much larger in-plane coherence
lengths. The combination of very broad hkl reflection but sharp
00! and hkO reflections is consistent with turbostratically
disordered layers.”’

Area diffraction also provided additional insight into the
structure of the constituent layers. The broad relatively intense
reflections along the TiSe, (11) direction result from the TiSe,
structure and do not reflect the c-axis of the compounds. The
increased sharpness of this reflection for (BiSe),s(TiSe,),
compared to (BiSe); ;5(TiSe,), results from a longer coherence
length in this direction, which is consistent with the ordered
1T-polytype structure observed in the HAADF-STEM images
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where all layers within one block of TiSe, exhibit the same
crystallographic orientation. The two weak broad maxima at
lower angles along the (11!) direction result from incomplete
destructive interference from the four layers in each block.
The ratio of bismuth to titanium in the compounds was
measured using electron probe microanalysis and was also
calculated based on the misfit parameter (Table 2). All

Table 2. Bi/Ti Ratio Measured by EPMA and Calculated
from Misfit Parameter ()

measured calculated calculated Bi/Ti

Bi/Ti Bi/Ti from fit from refinement

using of hk0 of 00! dif;fraction
¢

compound EPMA diffraction (5)
(BiSe), 14(TiSe,), (1-2)  0.44(5) 0.57 0.54
(BiSe),15(TiSe,); (1-3)  0.33(1) 0.38 033
(BiSe), 14(TiSe,), (1-4)  0.23(1) 0.29 0.29

compounds were found to be bismuth poor in comparison to
the expected Bi/Ti ratio based on the misfit parameters. The
misfit parameters were determined based on the in-plane lattice
parameters of the constituents BiSe and TiSe, from the hkO
diffraction data. The misfit parameter was also determined from
the Rietveld refinement of the 00! diffraction. While there
appears to be a discrepancy in the Bi/Ti ratio, the EPMA
measures the average film composition and not necessarily the
composition of the refined crystalline component. The
presence of defects in the films, the material at the top and
the bottom of the film, and the loss of one or more layers
relative to the deposited precursor are consistent with the
difference between Bi/Ti ratios measured using EPMA and
calculated from lattice parameters. While there are defects in
the films, the structure found from the refinement of the
diffraction data is consistent with the local structure observed
via HAADF-STEM within the respective uncertainties.
Electrical Properties. Temperature dependent resistivity
data for the series of compounds is compared to the published
ferecrystal and misfit layer compound analogues in Figure
8.">'* For the compounds reported in this study, the electrical
properties were measured from samples synthesized using the
same equipment cycle; this minimizes differences in composi-
tion and defect density.’”’’ As seen in Figure 8, the
temperature dependent resistivities of two different samples
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Figure 8. Temperature-dependent resistivity of the [(Bi-
Se)1,s]1(TiSe,), (1 — n) ferecrystalline compounds is compared to
the published temperature dependent resistivity for the ferecrystal
(BiSe), ;sTiSe,"* and MLC (BiSe), ;;TiSe, and (BiSe), ;5(TiSe,),."*

of the ferecrystalline compound (BiSe); ;,(TiSe,), are the same
within experimental error, demonstrating the reproducibility of
the electrical measurements within a deposition cycle. The
magnitude of resistivity of these compounds is consistent with a
low conductivity metal or a semimetal. While both the
ferecrystal (BiSe), 4(TiSe,), and the MLC compound
(BiSe),15(TiSe,), have the same magnitude of resistivity, the
compound synthesized using the MER technique shows a
significantly smaller temperature dependence. To understand
this difference, the data was fit to the Bloch—Griineisen
equation. The Bloch—Griineisen equation describes metallic
resistivity:

N

T\ [0/T z
L) =y * m(e_] A E-Di-e) "

D

(1)

where p, is the residual resistivity, R is the electron—phonon
interaction constant, and @y, is the Debye temperature.®” Fits to
the Bloch—Griineisen equation revealed a 6—7 times stronger
electron—phonon interaction in the MLC compound,
(BiSe);,15(TiSe,),, compared to the analogous ferecrystalline
compound, (BiSe), 14(TiSe,),, a consequence of the rotational
disorder in the ferecrystalline polymorph (Supporting
Information, Figure S4). A similar difference between the
electron—phonon interaction in misfit layer compounds and
ferecrystalline compounds was observed in (PbSe); ;4(TiSe,),
and (PbSe); ;5(TiSe,),." While the Bloch—Griineisen equation
provides valuable insight into the difference in electron—
phonon interactions, this equation does not account for the
slight upturn in the resistivity data at low temperatures. While
this upturn is less prominent than in the (PbSe); ;5(TiSe,), and
(SnSe),,(TiSe,) ferecrystal analogues,”'’ it indicates that
electron—electron correlations and localization of carriers
occurs in these BiSe-TiSe, containing polymorphs.*

The systematic increase in the resistivity and the similarity of
temperature dependence as the number of TiSe, layers
increases from 2 to 4 for the ferecrystals reported here invites
comparison to bulk 1T-TiSe,, the eventual end member of this
series where n = co. At room temperature, pristine, bulk 1T-
TiSe, has a reported resistivity between 1 X 107> Q m and 15.6
X 107° Q m.""***> The room temperature resistivity values of
the ferecrystals reported here reasonably converge to the
reported room temperature resistivity. However, the temper-
ature dependence of these compounds differs significantly from
bulk 1T-TiSe,, which exhibits a broad feature below 200 K
attributed to the onset of a charge density wave (CDW)."***~*
There is no analogous feature in the temperature-dependent
resistivity of the reported compounds that suggests the
presence of a CDW. This is consistent with prior reports of
TiSe, containing crystalline MLCs'*'®* and the ferecrystalline
analogues?_12 Historically, the absence of CDW in MLCs has
been explained by the structural distortion of the TX, layer due
to long-range periodic interaction between the constituents.'
To our knowledge, the only misfit layer compounds to exhibit a
charge density wave are tin vanadium selenide ferecrystals, due
to turbostratic disorder and low dimensionality of the
dichalogenide.40_43 In bulk 1T—TiSe, the CDW is formed
by electron—phonon coupling and can be suppressed by
increases in the carrier concentration.”>**

To investigate the absence of the CDW and whether the
increase in resistivity with increased TiSe, layers is due to a
change in carrier concentration or carrier mobility, temper-
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ature-dependent Hall coefficients were measured and compared
to the previously published ferecrystal (BiSe), ;s(TiSe,) (Figure
9a).'” The Hall coefficients for the samples are negative,
indicating that electrons are the majority carrier type. Electrons
were also found to be the carriers in the ferecrystal analogues
(SnSe),,(TiSe,)” and (PbSe), 5(TiSe,),"’ and for the
analogue (MS),,,(TiS,), (M = Pb, Bi, Sn) misfit layer
compounds.'® For the (BiSe),,5(TiSe,), compounds, there is
a systematic increase in magnitude of the Hall coefficient as the
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Figure 9. Temperature-dependent (a) Hall coefficients, (b) carrier
concentrations, and (c) mobilities. (a) Temperature-dependent Hall
coefficients for the ferecrystalline compounds [(BiSe);,s];(TiSe,), (1
— n) are compared to the previously published ferecrystal
(BiSe), 15TiSe,.'> (b) Temperature-dependent carrier concentration
calculated using a single band model for the ferecrystalline compounds
[(BiSe),,s5],(TiSe,), (1 — n) including previously published
(BiSe), 1sTiSe,.'> (c) Temperature-dependent mobilities calculated
using a single band model for the ferecrystals including previously
published (BiSe), s TiSe,."”

number of layers of TiSe, increases. Assuming a single band
model, the Hall coefficient is inversely proportional to the
carrier concentration, and carrier concentrations calculated
using a single band model are compared to the previously
published ferecrystal (BiSe), ;s(TiSe,) in Figure 9b."* The
carrier concentration decreases as the temperature decreases for
all samples and decreases with each additional layer of TiSe,.
The carrier concentration agrees well with the high temperature
carrier concentration reported by Wan for the misfit layer
compound (BiS),,(TiS,),.'® The carrier concentration for all
the reported ferecrystals was found to be an order of magnitude
higher than bulk selenium-deficient TiSe,_,;** This may explain
the absence of CDWs in these materials, despite similar room
temperature resistivity values. Temperature dependent mobility
determined from resistivity measurements and from Hall
measurements are compared to the previously published
ferecrystal (BiSe), 5(TiSe,) in Figure 9c.'” The mobility of
carriers increases as the temperature decreases for all
compounds. The similarity of mobility suggests that the TiSe,
is the conducting layer in all of these compounds. Similar values
for the mobility of the compounds prepared here would not be
expected assuming a rigid band model since the carrier
concentration changes. A rigid band model is an over-
simplification, however, as the structure of the constituents
change as n is increased. The mobility of the published
ferecrystal (BiSe);5(TiSe,) is lower than the ferecrystalline
compounds investigated here. This is likely due to a slight
difference in composition and defect density.””’" Neglecting
the previously published (BiSe); s(TiSe,), the difference in
temperature dependent resistivity is due to differences in the
carrier concentration.

Previous work with (BiX),,5(TX,), misfit layer compounds
indicates that the amount of charge transfer between (BiX) and
the (TX,) constituents depends on the transition metal in the
dichalcogenide, and that the antiphase distortion in BiX also
depends on the amount of charge transfer. A lack of electron
donation from BiX layers to the NbX, layer is reported, while
electron donation is suggested to occur from the BiS layers to
the CrS, layers" and from the BiSe layers to CrSe, layers.'” As
seen in Figure 9b, the carrier concentration decreases with each
additional layer of TiSe, suggesting that BiSe acts as an electron
donor and TiSe, acts as an electron acceptor, as previously
suggested in literature for BiX-TiX, containing inter-
growths.”'>'® In the misfit layer compound (BiS);,(TiS,),,
0.4S carriers (electrons) per Ti atom are received from the BiS
layer.' To investigate how charge is transferred between
constituent layers, the carrier concentration was normalized to
the number of Bi atoms per unit volume and to the number of
Ti atoms per unit volume (Figures 10a,b, respectively). While
there is a systematic trend for the overall carrier concentration,
this trend does not persist when the carrier concentration is
normalized to the number of Bi atoms. Instead the carriers
donated per Bi atom is approximately the same for the
ferecrystal compounds (BiSe);4(TiSe,),, (BiSe),s(TiSe,);,
and (BiSe), 4(TiSe,); For all compounds the number of
carriers per Bi atom decreases as the temperature decreases.

A systematic trend in the total carrier concentration is also
observed when the carrier concentration is normalized to the
number of Ti atoms per unit volume. The number of carriers
systematically decreases as the number of TiSe, layers increases.
If a constant number of carriers is transferred from the BiSe
layer into the TiSe, layers and just distributed over an
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Figure 10. Temperature-dependent carrier concentrations (a)
normalized to the number of Bi atoms per unit volume and (b)
normalized to the number of Ti atoms per unit volume for the
ferecrystalline compounds [(BiSe);,s];(TiSe,), n = 2—4 and (c) total
carriers per Ti atom at 20 and 295 K vs 1/n for ferecrystalline
compounds [(BiSe),,s],(TiSe,), for n = 2—4.

increasing number of TiSe, layers (n), then the following
equation should hold:

1.15ccy;
n 2)

where ccryy is the total number of carrier per Ti atom, ccry; the
number of intrinsic TiSe, carriers per TiSe, atom, and ccy; is the
amount of donated carriers from the BiSe layer per Ti atom
(Figure 10c). As seen in Figure 10c, this simple model appears
to apply for the ferecrystalline compounds (BiSe), ,4(TiSe;,),,
(BiSe), 15(TiSe,);, and (BiSe);;4(TiSe,),. At both room
temperature and 20 K approximately 0.35 carriers per Bi
atom are donated into the conduction band of TiSe,.

Cepypor = CCpy; T+

electron—phonon coupling. As the number of TiSe, layers is
increased, the number of carriers are decreased while
maintaining the same carrier mobility and effective carrier
mass. This suggests it might be possible to tune electrical
properties by modulating the nanostructure of the hetero-
structures by controlling the charge transfer between
constituents.
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