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ABSTRACT: A series of [(SnSe),,s][TiSe,], heterostructures with system-
atic changes in the number of TiSe, layers in the repeating unit were
synthesized, and both the structure and electronic-transport properties were
characterized. The c-axis lattice parameter increased linearly as g increased,
and the slope was consistent with the thickness of a TiSe, layer. In-plane
lattice constants for SnSe and TiSe, were independent of q. Temperature-
dependent resistivity and Hall coefficient data varied systematically as g was
increased. The low-temperature electrical data was modeled assuming that
only electrons were involved, and the data was fit to a variable range hopping
mechanism. The number of carriers involved in this low-temperature
transport decreased as g increased, indicating that approximately 1/10th of
an electron per SnSe bilayer was transferred to the TiSe,. Calculations also
indicated that there was charge donation from the SnSe layer to the TiSe,
layer, resulting in an ionic bond between the layers, which aided in stabilizing the heterostructures. The charge donation created a
TiSe,—SnSe—TiSe, block with the properties distinct from the constituent bulk properties. At high temperatures in large g samples,
the transport data required holes to be activated across a band gap to be successfully modeled. This high-temperature transport
scales with the number of TiSe, layers that are not adjacent to SnSe. Using a consistent model across all of the samples significantly
constrained the adjustable parameters. The charge transfer between the two constituents results in the stabilization of the
heterostructure by an ionic interaction and the formation of a conducting TiSe,—SnSe—TiSe, block. This is consistent with prior
reports, where interactions between two-dimensional (2D) layers and their surroundings (ie. adjacent layers, substrate, or
atmosphere) have been shown to strongly influence the properties.

hile the ability to isolate graphene and other two- interactions between the layers have typically been described as

dimensional (2D) materials has been known since the weak van der Waals interactions, but the substrate-dependent
1970s, the discovery of an easy optical method to determine properties suggest that stronger interactions are present.
the thickness of these thin materials has facilitated an explosion Understanding the interaction between layers and the impact
of research activity." Researchers have discovered a number of of these interactions on the near Fermi energy electronic
unusual emergent properties, especially at the monolayer limit, structure is critical to understand the evolution of emergent
including the conversion of indirect to direct band gaps,”’ the properties—a critical step in designing the heterostructures for
observation of the fractional quantum Hall effect,” the next-generation devices.
realization of Hofstadter’s butterfly,”™" and advances in There is significant evidence indicating that the common
valleytronics.” Researchers also discovered that “artificial” assumption of weak van der Waals bonding between layers in a

materials created by stacking different 2D layers in designed
sequences have emergent properties and provide many
experimental parameters (identity, properties, thickness, and
sequence of layers) that can be used to modify and manipulate
these properties.” "> The interaction between a 2D layer and a
substrate or a neighboring 2D layer in heterostructures has
been found to strongly impact the emergent electronic
properties.">'* The atomically flat interfaces between adjacent
surfaces provide a large area where the orbitals extending from
each layer overlap and interact, resulting in a significant
renormalization of the electronic states. Due to the easy
cleaving of the bulk materials along these crystal planes, the

heterostructure is incorrect. Perhaps, the strongest piece of
evidence for stronger interactions between layers in a
heterostructure is the thermodynamic stability of the misfit
layer compounds, compounds that contain alternating bilayers
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of a rock salt structure and a monolayer or bilayer of a
transition-metal dichalcogenide. These compounds are formed
via direct reaction of the elements, such as Ti, Se, and Sn, at
high temperatures for long time periods.”” The literature
describes the bonding between the layers in these compounds
as weak when the cation in the rock salt layer is divalent.'*™"*
For these compounds to be thermodynamically stable,
however, the bonding between the rock salt-structured bilayer
and the dichalcogenide layer must be stronger than the sum of
the ionic interaction within the bulk rock salt structure and the
bonding between the layers in the bulk dichalcogenide. A
significant interaction between the layers of a heterostructure
that is often ignored is charge transfer. Since the chemical
potential and dielectric constants of the various constituent
layers will be dissimilar, the spatial extent, energies, and
occupancy of these wave functions will be different in the
heterostructure compared to their isolated layers. The resulting
charge transfer, a fraction of an electron per formula unit of the
constituents, can create a strong “ionic bond” across the
interface that stabilizes these compounds.'” This charge
transfer can have a dramatic effect on the properties, such as
emergent superconductivity of (SnSe); ;5(TiSe,),."

In this paper, a series of [(SnSe),,;][TiSe,], heterostruc-
tures are synthesized to quantify the amount of charge transfer
and probe the importance of charge transfer on the evolution
of the electrical properties as a function of layer thickness. This
system was chosen because the electrical properties of TiSe,
and misfit compounds containing TiSe, layers are well studied
and known to be very sensitive to variations in carrier
concentration, specific dopants, defect concentrations, and
constituent structures.>*°~** TiSe, has been reported to have
a charge density wave, to be a heavily doped semiconductor,
and is theoretically calculated to be a semiconductor with a
small band gap if made defect free.”””*™>” SnSe has been
reported to be a semiconductor, a promising thermoelectric
material, and a topological crystalline material.** > The 1—1
misfit compound has regions of rotational disorder and is a
normal metal, while the 1—2 misfit layer compound is
superconducting.lS’B’31 In the [(SnSe),,s],.[TiSe,]; homolo-
gous series of compounds, an unusual change in the electronic
properties was reported.”* Here, we prepared and structurally
characterized the ¢ = 1—4, 6, 8, 11, and 15 heterostructures,
which all contain a single SnSe layer separated by q layers of
TiSe,. Though varying from their bulk counterparts, the
constituent crystal structures do not change with nano-
architecture. The electrical properties systematically evolve as
q increases. The changes were successfully modeled based on a
[(SnSe),,5][TiSe,],-conducting unit that becomes increasingly
isolated by the TiSe, layers as g becomes larger. As the number
of the TiSe, layers increases, the average carrier concentration
decreases, and there is increasing localization of the carriers in
the [(SnSe);,s][TiSe,], at low temperatures consistent with
Anderson localization. In heterostructures with large g values,
additional carriers (electrons and holes) are created by thermal
excitation at higher temperatures. Density functional theory
(DFT) calculations and the modeling of electrical data both
indicate charge transfer of approximately 0.1 electron per SnSe
to TiSe,. Quantifying the charge transfer between layers and
understanding how it changes with nanoarchitecture is
important for the future design of thin-film materials with
targeted properties.
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B METHODS AND MATERIALS

Samples were prepared via the MER method as described previously
by Atkins and co-workers.*>** Elemental layers were deposited onto
Si with a native SiO, layer and quartz substrate for structural and
electrical characterizations, respectively. Titanium and tin (Alfa Aeser,
99.99 and 99.98%, respectively) were deposited using electron beam
guns, while selenium (Alfa Aeser, 99.999%) was deposited using a
Knudson effusion cell. Quartz crystal microbalances, located between
the source and the substrate, were used to monitor the deposition rate
and thickness of each element. Custom software, which communi-
cated with the crystals and controlled the pneumatic shutters,
assembled the precursor with the designed architecture, and the
number of atoms per elemental layer was calculated to produce the
targeted product.’®

Samples were annealed on a hotplate at 350 °C for 30 min in a
nitrogen atmosphere with less than 1 ppm oxygen. This temperature
was determined in a previous study of [(SnSe);,];[TiSe,]; samples
and assumed to be the optimal annealing temperature for these
[(SnSe), H;]I[TiSez]q heterostructures.>’ The annealed structures
were determined via X-ray diffraction (XRD) using Cu Ka radiation
(4 = 0.15418 nm). Total film and repeating unit (c-axis lattice
parameter) thicknesses were gathered from low-angle X-ray
reflectivity (XRR) and specular diffraction data, respectively. The
reflectivity and specular diffraction data were collected on a Bruker
D8-Discover diffractometer using a locked couple scan type and (6—
20) ranges of 0—10 and S—65°, respectively. The in-plane diffraction
scans were collected using a Rigaku Smartlab diffractometer with a
(6—20) range of 15—110°.

Ultrathin cross sections were prepared using an FEI Helios
Nanolab 600i focused ion beam scanning electron microscope (FIB-
SEM) for electron microscopy investigations. As the lamellae
approached electron transparency, low-energy 2 kV milling was
used to avoid damaging the crystallinity of the sample while thinning
the sample to the targeted thickness. The prepared samples were
imaged in high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) mode at 300 kV using a
Thermofisher Themis TEM located at the Sandia National
Laboratory in Livermore, CA.

Temperature-dependent transport measurements were collected on
a home-built measurement system that uses a closed-cycle helium
cryostat to obtain low temperatures. Resistivity measurements were
conducted using the van der Pauw technique. Films were deposited
onto a masked quartz substrate to create 1 cm X 1 cm samples with a
cross-arm geometry. Indium contacts were pressed onto each of the
four points of the cross. Resistivity measurements were taken
periodically at temperatures ranging from 20 to 295 K. Hall
measurements were done with magnetic fields ranging from 0 to 16
kG also using the van der Pauw technique. At 4 kG increments, a
constant current of 0.100 A was sequentially applied to each of the
four lead configurations. The Hall coeflicient was determined from
the slope of a linear fit of the Hall voltage as a function of the
magnetic field. Seebeck measurements were performed on a
rectangular sample deposited onto a quartz substrate. One end of
the sample was cooled, and the temperature difference was measured
using independent thermocouples. The voltage difference between
either end of the sample was measured and divided by the
temperature difference to obtain the Seebeck coeflicient.

Computational models of bulk SnSe and TiSe, were prepared from
the computationally ready structures from the Materials Project.”
Prior to the generation of slab and heterojunction models, the bulk
structures were geometrically optimized. All calculations utilized the
PBEsol functional®®*” with Tkatchenko—Scheffler dispersion correc-
tions®® and a scaling factor of 0.94 alongside a projector-augmented
wave (PAW) basis®” and a 500 eV plane-wave cutoff as implemented
in the Vienna Ab initio Simulation Package (VASP).**™* All
structures were considered geometrically optimized when forces
were below 0.005 eV/A? and electronically optimized when the total
energy was below 107 eV. A 10 X 10 X 4 ['-centered k-grid was used
for both bulk SnSe and bulk TiSe,. Once bulk models were
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geometrically optimized, slab models were generated containing seven
layers and ~20 A of vacuum space with a I'-centered k-mesh of 10 X
10 X 1 for both SnSe and TiSe,. The density of state plots of the slab
models were calculated from a minimized wave function using the
same electronic convergence criteria as above and Gaussian smearing
with 6 = 0.3 eV with a 10 X 10 X 1 and a 6 X 6 X 1 I'-centered k-grid
for SnSe and TiSe,, respectively. The valence band maximum
eigenvalue was aligned to vacuum utilizing the MacroDensity
code.**** While a previous report on the SnSe—TiSe, heterojunction
utilized an island-based modeling approach,”® here we elected to
utilize supercell expansions of the bulk models to maintain the ab
plane connectivity as to not artificially confine SnSe. This was done by
first generating a 6 X 7 X 2 supercell of TiSe, followed by the removal
of one of the two TiSe, sheets to create a cavity for SnSe insertion.
SnSe was expanded to a S X 6 X 1 supercell, and a single layer was
inserted into the TiSe, cavity. The heterointerface was then formed by
manually placing the SnSe layer over the TiSe, layer. This procedure
could also be performed using automation and would yield the same
geometry.*® The computational cif files containing the PBEsol-
optimized computational structures are included as the Supporting
Information (SI) materials. The SnSe layer was subsequently rotated
about the normal of the ab plane by hand to minimize lattice
mismatch. Following rotation, excess atoms were removed. The
resulting heterojunction was geometrically minimized using the
criteria above in a spin-polarized scheme with a 2 X 2 X 2 I'-
centered k-grid. After geometric optimization, Bader charge analysis
was performed on both the heterojunction and bulk models using the
Bader code and the charge density was sampled with 150% of the
default resolution in all directions.”~*

B RESULTS AND DISCUSSION
heterostructures with an

A series of [(SnSe),s]i[TiSe,],

increasing number of TiSe, layers per repeat unit (1 < g < 15)
were prepared from precursors with composition profiles
designed to mimic the desired final product. Each precursor
was made by depositing the elemental layers in a repeating
sequence containing a single SnlSe bilayer and q TilSe bilayers.
The deposition parameters for the SnlSe bilayer were adjusted
to obtain a 1 to 1 atomic ratio of Sn to Se and the required
number of atoms such that two 001 planes of rock salt-
structured SnSe formed from the deposited bilayers when
annealed. The deposition parameters for the TilSe bilayer were
adjusted to obtain a 1 to 2 ratio of Ti to Se and a thickness
such that a single TiSe, layer with a CdI, structure formed
upon annealing. The heterostructures with g = 1, 2, 3, 4, 6, 8,
11, and 15 were targeted by changing the number of TilSe
bilayers within the repeating unit. The SnlSe + g[TilSe]
sequence of layers was repeated 41, 28, 21, 17, 12,9, 7, and §
times, respectively, to form precursor films that were
approximately 50 nm thick. Annealing at 350 °C for 30 min
converted the designed precursors into the targeted hetero-
structures, as reported previously for [(SnSe);,s];[TiSe,]; and
[(SnSe),,s],.[TiSe,]; compounds.”**'

Figure 1 contains X-ray reflectivity (XRR) patterns of the
annealed g = 1, 2, 4, and 6 samples. The patterns contain
Kiessig fringes from the interference between the front and the
back of the samples and Bragg reflections from the repeating
layer sequence. The angle of the first-order Bragg reflection
systematically decreases as the number of TiSe, layers
increases, consistent with an increasing c-axis lattice parameter.
The g = 1, 2, 4, and 6 compounds have 38, 24, 14, and 10
Kiessig fringes between Bragg reflections, respectively,
indicating that the total thickness contains 40, 26, 16, and 12
unit cells in the final product. The number of unit cells in the g
= 6 sample matches the number of layers that were deposited
in the precursor. The number of unit cells for the g = 1 and 4

5804

log (intensity) / a.u

6
20/°

Figure 1. XRR patterns of the representative [(SnSe),,s] [TiSez]q
heterostructures after low-temperature annealing. The (00!) Bragg
reflections are indexed and are different from the low-intensity
maxima between the Bragg reflections known as Kiessig fringes that
are due to the finite thickness of the films.

samples is 1 less than deposited in the precursor. For the g = 2,
there are two fewer unit cells in the annealed sample than
deposited in the precursor. The variations in the XRR patterns
demonstrating the change in the total number of layers can be
observed in Figure S1. The decrease in the number of unit cells
relative to the number of layers deposited in the precursor for
these samples results from deviation in the amount of the
material deposited compared to the target amount of the
material needed in each repeating unit, the reaction of the first
layer(s) with the substrate, and/or surface oxidation of the film
during annealing. The angle where the Kiessig fringes
disappear is related to the roughness of the films via the
Parratt equation.”® Most of the fringes can no longer be
resolved at ~6° 260 for all of the samples, indicating a
roughness less than ~0.4 nm. The presence of Bragg
reflections in the XRR patterns of the annealed samples
parallels those observed in the as-deposited samples, indicating
that the nanoarchitecture of the precursors is preserved as the
desired heterostructures self-assemble (Figure S1).

Specular X-ray diffraction scans were collected on each of
the [(SnSe),,s],[TiSe,]; heterostructures and are shown in
Figure 2. The intensity maxima in each pattern can all be
indexed as (00!) reflections, indicating that the heterostruc-
tures are crystallographically aligned to the substrate. With
increasing ¢, the spacing between observed Bragg reflections
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Figure 2. Specular diffraction patterns of the [(SnSe),,s][TiSe,],
heterostructures. All reflections can be indexed as (00!) Bragg
reflections and indices for select reflections are indicated in the
pattern. The asterisk marks a Si reflection from the substrate present
in particular patterns.
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decreases as the c-axis lattice parameter increases. The
intensities of most reflections diminish as q increases except
for the reflections at approximately 14, 30, and 62° 26, which
become more intense. More of the Fourier terms are needed to
describe the structure as the number of ~0.6 nm thick TiSe,
layers is increased. The calculated c-axis lattice parameters for
the [(SnSe);,s],[TiSe,], compounds are given in Table 1. The

Table 1. Lattice and Misfit Parameters for the
[(SnSe),,5]:[TiSe,], Heterostructures Determined from the
X-ray Diffraction Patterns

[(SHSC)H(;]
[TiSe,], c-axis ~ SnSe a-axis SnSe b-axis  TiSe; a-
lattice lattice lattice axis lattice
parameter parameter  parameter  parameter
q (nm) (nm) (nm) (nm) 1+6
1 1.204(3) 0.597(3) 0.609(3) 0.355(3) 1.202(3)
2 1.805(3) 0.597(3) 0.605(3) 0.355(3) 1.210(3)
3 2.408(3) 0.597(3) 0.612(3) 0.357(3) 1.206(3)
4 3.001(3) 0.598(3) 0.611(3) 0.357(3) 1.207(3)
6 4.212(3) 0.595(3) 0.611(3) 0.356(3) 1.207(3)
8 5.418(3) 0.595(3) 0.613(3) 0.356(3) 1.203(3)
11 7.231(3) 0.597(3) 0.610(3) 0.357(3) 1.209(3)
15 9.665(3) 0.595(3) 0.607(5) 0.355(3) 1.210(3)

c-axis lattice parameter of [(SnSe),,];[TiSe,]; is 1.204(1) nm,
which is in good agreement with that reported previously for
the similar compounds.”™®' The c-axis lattice parameter
increases linearly as q increases, with a slope of 0.602(1) nm
per TiSe, layer. This thickness increase per TiSe, bilayer is
consistent with the values reported for the
[(PbSe)1+5]1[TiSe2]q compounds.SI_53 The change per TiSe,
layer is also consistent with the c-axis lattice parameter of 1T-
TiSe, (0.6004 nm).>* Extrapolating the c-axis lattice parameter
to q = 0 yields an intercept of 0.600(8) nm, which corresponds
to the thickness of the SnSe bilayer and the associated
incommensurate interface thickness between the different
structures. This thickness is larger than both the bulk SnSe c¢-
axis lattice parameter of 0.5751(1) nm*° and the change in the
c-axis lattice parameter as the SnSe constituent is increased in
thickness, while the TSe, thickness is kept constant in the
[(SnSe)y,5],[TSe,], (T = Ti, V, Nb, or Ta) heterostructures
(0.5775—0.5806 nm).>***3°~% The added thickness due to
the interfaces on either side of SnSe is also similar to the
difference between the extrapolated TiSe, trilayer thickness in
the series [(SnSe);,s],.[ TiSe,]; relative to the thickness of a
TiSe, layer in 1T-TiSe,.”* The added thickness is probably due
to the structural mismatch at the incommensurate interface
between SnSe and TiSe,.

Figure 3 contains in-plane diffraction patterns that were
collected to provide information about the a—b-plane crystal
structures of the two constituents. All reflections in these scans
can be indexed as (hkO) reflections of either a hexagonal or a
rectangular unit cell. The intensity of the rectangular unit cell
decreases and that of the hexagonal cell increases as g
increases. This indicates that the rectangular unit cell is from
the SnSe constituent and the hexagonal unit cell is from the
TiSe, constituent. The position of the reflections remains
approximately the same for all g values, indicating that the in-
plane structures of the two constituents do not change
significantly with increasing TiSe, thickness.

The in-plane lattice parameters for each heterostructure are
summarized in Table 1. The g-axis lattice parameter for the
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Figure 3. In-plane diffraction patterns of the [(SnSe),,s] [TiSez]q
heterostructures. All reflections can be indexed to (hk0) planes of
either TiSe, or distorted SnSe, with the relative intensities of TiSe,
reflections increasing with increasing q.

TiSe, constituent varies only slightly as q is increased, with an
average value of 0.356(1) nm. This agrees with the values
previously reported for TiSe, in both [(SnSe),,s];[TiSe,]; and
[(SnSe),,s).[TiSe,];,>>** as well as other TiSe,-containing
heterostructures.”” °* Bulk TiSe, has an a-axis lattice
parameter of 0.354 nm, which is within the error of the values
found in Table 1. The SnSe rectangular basal plane unit cell
does not change drastically as the thickness of the TiSe,
constituent is increased. This is not surprising, as the SnSe
layer has the same environment, with the TiSe, interfaces
present on both sides of the single SnSe layer, in all of the
heterostructures. The average lattice parameters for the SnSe
basal plane summarized in Table 1 are 0.596(1) and 0.610(2)
nm for the g-axis and b-axis lattice parameters, respectively.
These are consistent with the values of 0.597(1) and 0.610(1)
nm previously reported for the [(SnSe),,s];[TiSe,]; hetero-
structure, but are larger than those in bulk SnSe.”*** The in-
plane lattice parameters of SnSe can vary considerably in a
heterostructure depending on the dichalcogenide with which it
is layered.®> The lattice parameters reflect the interactions
between SnSe and the dichalcogenide, demonstrating the
resulting tradeoffs in surface and volume free energy. The basal
plane areas of SnSe and TiSe, remain relatively constant as g is
increased, resulting in an average misfit parameter (1 + &) of
1.207(3) (Table 1). This misfit parameter is similar to what
was previously reported for [(SnSe),,s];[TiSe,]; and
[(SnSe) 5], [TiSe, ],

HAADEF-STEM was collected to provide local information
about the heterostructures including layer stacking arrange-
ment, constituent structures, extent of rotational disorder
between constituent layers, and amount of disproportionation.
Representative HAADF-STEM images of
[(SnSe),.5],[TiSe,],, with g = 3, 4, and 8, spanning the entire
film thickness are shown in Figure 4. The two different
constituent layers are distinguished by their z contrast, with
SnSe layers appearing brighter and TiSe, layers appearing
darker. In the SnSe layers, the Sn atoms are brighter than the
Se atoms. In all images, the targeted layering scheme is
observed, indicating that the desired heterostructures were
formed. Some damage from the focused ion beam sample
preparation is visible, and the image for ¢ = 8 has regions
where the SnSe bilayer is missing. To further probe the global
layering of the heterostructures, fast Fourier transforms
(FFTs), Figure 4, were taken from the representative
HAADEF-STEM images. The expected Fourier components
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Figure 4. HAADF-STEM

and FFET’s
[(SnSe),,5)1[TiSe,]5 (a, b), [(SnSe),,s),[TiSe,]s (¢, d), and
[(SnSe),,s],[TiSe,]s (e, f) and a higher-magnification HAADF-
STEM image of a region of the [(SnSe),,s],[TiSe,], sample (g).

images of the

for each of the targeted compounds are observed, and the
spacing between the Fourier components is consistent with the
period measured in the specular diffraction pattern. The full-
thickness HAADF-STEM images and their FFT indicate that
the desired layering scheme makes up the majority of the films,
which is consistent with the diffraction data discussed
previously.

To probe the layer arrangement and zone axis stacking, a
representative area from the [(SnSe),s];[TiSe,], sample is

magnified and shown in Figure 4g. In this image, various zone
axes and rotations off zone axes can be observed for both the
constituent layers. This demonstrates the rotational disorder
that occurs in the a—b-plane of the heterostructures. For both
the SnSe and TiSe,, layer regions can be located in the images
aligned with (100) and (110) zones axes. These regions are
not found in adjacent layers but are randomly distributed.
Various layering defects are present in the film, but the
majority of the area imaged is that of the targeted layering
sequence. For example, the bottom SnSe layer in Figure 4g
stops, while a TiSe, continues from that space. In the thicker
block of TiSe,, there are some unique stacking sequences
where there is either twinning of the TiSe, layers or places
where two different nucleation sites grew together. These
layering defects and stacking sequences perhaps provide an
opportunity to understand how the precursors self-assemble
into the [(SnSe);,s];[TiSe,]; compounds; however, a more
thorough investigation is required.

Room-temperature Seebeck coeflicients collected from the
[(SnSe),.;s];[TiSe,], heterostructures (Figure Sa) are all
negative, suggesting that electrons are the majority carrier.
The magnitude of the Seebeck coefficient becomes systemati-
cally larger with increasing g, indicating that the carrier
concentration decreases as the number of TiSe, layers is
increased if we assume that the effective mass of the carriers
does not change.®”®” Koumoto suggested that charge carriers
in [SnSe]; TiSe, result from the SnSe layer donating electrons
to the TiSe, layer, which dominate the conduction.'® If the
amount of charge donated by the SnSe layer is constant, then
the average electron concentration in the TiSe, layers would
decrease as q increases, which is consistent with the data and
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Figure S. Seebeck coefficients for the [(SnSe),,s],[TiSe,] o heterostructures plotted as a function of the number of TiSe, layers in the unit cell,
(a). Temperature-dependent Hall coefficients (b) and resistivity data for the [(SnSe),,5][TiSe,], heterostructures. The resistivity data are plotted
on two different resistivity scales ((c) g = 1—6 and (d) q = 8—15) so the temperature dependence in samples with thinner TiSe, layer blocks can be
observed. The solid lines in (b) are models calculated from a two-carrier model with variable range hopping (VRH) at low temperatures as
discussed in the text, which describes the entire temperature regime. The dashed lines in (b)—(d) show the fits to a VRH mechanism, which

describes the Hall coeflicient and resistivity at low temperatures.
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prior reports of (MX),(TiX,) (M = Pb or Snand X = § or Se)
compounds.””*>* The g-dependency of the Seebeck co-
efficient, however, has a much steeper negative slope for the g
< 3 heterostructures than for q > 3 heterostructures,
suggesting that there are two regimes dominated by different
phenomena.

Variable temperature resistivity data collected from the
[(SnSe),,s],[TiSe,], heterostructures are shown in Figure
5¢,d. The temperature-dependent resistivity generally increases
with more TiSe, layers present in the repeating unit (the g = 6
and 15 samples are exceptions). Samples g = 6 and 15 deviate
from the trend, presumably due to different defect concen-
trations impacting carrier concentrations and/or mobility
values. All samples have resistivity upturns as the temperature
is lowered, with the temperature where the uptumn begins
increasing as g gets larger. For samples with the largest number
of TiSe, layers in the repeating unit, the resistivity continually
goes up with decreasing temperature over the entire temper-
ature regime. The samples with smaller g have a decrease in
the resistivity with decreasing temperature from room
temperature. Below a certain sample-dependent temperature,
the resistivity increases as the temperature is decreased. The
initial decrease in the resistivity for the g = 1—4 and 6
heterostructures is consistent with the decreased electron—
phonon scattering with the lowering of temperature, as
expected for a metal. Overall, the rate of resistivity increase
at low temperatures for all of the samples is not as large as
would be expected for semiconducting behavior. For samples
with more TiSe, layers in the repeating unit, the uptum in the
temperature-dependent resistivity is similar to previous reports
on TiSe, where the samples were reported to have low defect
concentrations.”’

To further probe the transport behavior, Hall coefficients
were measured for the [(SnSe),,s];[TiSe,],; heterostructures
as a function of temperature (Figure 5b). Each heterostructure
exhibits a negative Hall coeflicient throughout the entire
temperature range, which is consistent with the negative room-
temperature Seebeck coefficients (Figure S5a). However, it
appears as if the samples with g > 8 will have positive Hall
coefficients at temperatures slightly above the range measured
(above ~300 K). At low temperatures, the negative Hall
coefficient with decreasing temperature suggests that electrons
dominate the transport properties in this regime. The increase
in the magnitude of the Hall coefficient with decreasing
temperature, which systematically increases as q gets larger,
implies that the carrier concentration decreases as the
temperature is decreased and decreases more in high g
heterostructures. The temperature dependence of the samples
with larger g values also suggests that there are two different
phenomena present, one that dominates at low temperatures
and one that dominates at high temperatures.

The transport properties of all samples in the low-
temperature regime suggest that the carrier concentration
decreases as temperature declines. As g, the number of TiSe,
layers in the repeating unit gets bigger, both the upturns in
resistivity and the systematic increase in the absolute
magnitude of the Hall coefficient get larger. The temperature
dependence of the resistivity at low temperatures cannot be fit
to an exponential for any of the samples (see Figure S1). This
suggests that the decrease in the resistivity as the temperature
is increased does not result from excitation across a band gap.
A charge or spin density wave would be consistent with a
decrease in carriers as the temperature is lowered; however, we
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did not find any discontinuities in lattice parameters as a
function of temperature (see Figure S2). Similar nonexponen-
tial temperature dependence in the resistivity and Hall
coefficient data has been observed in other materials and
attributed to variable range hopping (VRH). VRH is
commonly observed in disordered systems and is identified
by its characteristic In resistivity vs T '/* temperature
dependency.**~"*

The low-temperature transport data from all heterostruc-
tures was fit with a VRH model assuming a single-band
approximation at low temperatures. The resistivity data was fit
to the following equation

p(T) = p, expl(T,/T)"/*] (1)

where p(T) is the resistivity as a function of temperature, p, is
the resistivity when all of the carriers are mobile, T is the
temperature, and Ty is the characteristic temperature related
to the energy needed for hopping to occur.”' The temperature
dependence of the Hall coefficients was fit to the following

equation
exP[(T?M)IM]

leln,

_ -1
" len(T)

H

(2)

where n(T) is the number of mobile carriers and n, is the total
number of carriers that can become mobile. n, = 1/p eu where
p is the mobility. These equations fit the transport data below
150 K for all values of q well (Figure Sb—d).

As shown in Figure 6, the fitted n, values generally decrease
as the number of TiSe, layers in the unit cell increases. The
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Figure 6. Values of the number of carriers that can become mobile for
the low-temperature-activated process, n,, plotted as a function of the
number of TiSe, layers in the sample. n, values were obtained by
fitting the low-temperature transport data using a single-band, variable
range hopping model. The dashed line assumes that n, should vary as

NspsemTise,/q + 1, where q is the number of the TiSe, layers in the
heterostructures, and use the ng,s, 15, Obtained from the

[(SnSe);,5],[TiSe,], compound.

carriers donated by SnSe to adjacent TiSe, layers (ng,s. .rise,)
are diluted by additional TiSe, layers as g increases. If the
amount of charge donated is constant in this family of
compounds, an estimate for f1g,g. 1., Would be the value of n,
in the [(SnSe),,s];[TiSe,]; compound. This value is consistent
with the previous estimates of the amount of charge donated
from the SnSe or PbSe layers to TiSe, layers.””***® The
amount of charge donated is about 1/10 of an electron per
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Table 2. Parameters Obtained for Fits of the Temperature-Dependent Hall Coefficient and Resistivity Transport Data”

Hy (em® V7' s7h) He (em? V7' s7h) n; (em™)
q high T high T low T high T low T E, (meV) T, (K)
1 NA NA 3.75 NA 1.9 x 10* NA 0.5
2 NA NA 4.4 NA 1.5 x 10* NA 2
3 5 1 3.8 3.70 x 10 1.55 x 10* 110 11
4 6 1 3.8 5.92 x 10 9.5 x 10%° 107 7
6 6.5 1 5.0 8.46 x 10* 8.2 x 10%° 107 4
8 5 1 3.1 9.87 X 10* 9.5 x 10%° 113 120
11 5.5 1 2.85 1.11 X 10% 9.0 x 10*° 115 300
15 5.4 1 4.9 1.20 X 10% 6.8 x 10%° 113 120

“Parameters we determined assuming charge transfer from SnSe to TiSe, result in carriers that are localized at low temperature due to variable
range hopping, and at high temperatures, holes and additional electrons are created due to activation of carriers across a band gap requiring a two-
carrier model. The low-temperature parameters were used to fit the VRH model and the two-carrier model with VRH at low temperatures.

SnSe bilayer, which suggests that there is a significant
electrostatic interaction between the constituent layers that
helps to stabilize these compounds. n, would vary as
Nspse—Tise,/q + 1, where g is the number of TiSe, layers in

the heterostructures if the amount of charge donated was
constant. The calculated values from this simple model
consistently underestimate the n, values derived from the fits
to the data, suggesting that the amount of charge donation
increases as q increases (see Figure 6). Defects in the TiSe,
layers also become an increasingly important source of
potential carriers as g increases. The values of Ty obtained
from the fits increase systematically as q increases (see Table
2). The increase in the T, values correlates with a decrease in
the average carrier concentration, suggesting that decreased
screening causes an increase in localization. Edwards and
Sienko correlated the behavior of many systems that undergo a
metal to nonmetal transition,”* showing that carriers become
localized when the product of the carrier concentration and the
effective Bohr radius reach a critical value. The behavior
observed here suggests that a metal to nonmetal transition is
occurring, in part driven by disorder, as carrier concentration is
decreased. Further analysis looking at the derivatives of
conductivity has been proposed by Mébius to determine the
origin of the metal to nonmetal transition, but requires careful
temperature equilibration before the transport properties are
measured.”®

Mobility values were calculated directly from the resistivity
and Hall data at low temperatures where electrons dominate
the transport behavior. The average mobility values in the low-
temperature regime are given in Table 2. The values range
from 2.85 to 5.0 cm® V™' 57! with an average value of 4.0(8)
cm’? V™' s7! and do not systematically change as the number of
TiSe, layers is varied. These mobility values are similar to those
reported previously for the [(SnSe)y,s],,[TiSe,], misfit layer
compounds and low compared to the values previously
reported for bulk and thin-film TiSe,.”**"7¢

The Hall coefficient data above 150 K for samples with a
large number of TiSe, layers in the repeating unit cell suggests
that there is another process that results in the activation of
additional carriers. Recently, Watson et al. suggested that the
electrical properties of TiSe, are dominated by either electrons
or holes depending on the temperature regime. At low
temperatures, the transport behavior of TiSe, is dominated by
electrons from defects, but above 150 K, activation of intrinsic
carriers occurs and holes become increasingly important in the
transport. The influence of the activated holes becomes more
pronounced due to their higher mobility relative to their
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electron counterparts.”” We fit our transport data to the two-
carrier model suggested by Watson et al., with an additional
term for the electrons donated from SnSe to the TiSe, layers at
low temperature

(.20 — 2 _ 2
Hh ™ ™ Pohigh ) Me(high T) ~ H(low T) Me(low T)

! {lelp,my, + e (high T)e(high T) T H(iow T)"e(low T)]z}

()
In eq 3 Uy He(high Ty aNd fe(on 1) are the hole and electron
mobilities and #ny,, #y(10 1), and fg(ie 1) are the hole and
electron carrier concentrations, respectively.77 The mobility
values were assumed to be temperature independent. This
model is not sensitive to the mobility of the electrons created
from the high-temperature process because the larger number
of electrons from the low-temperature process dominates the
average electron mobility. We assumed that the mobility values
for the holes dominate the high-temperature process due to
their higher mobility, as suggested by Watson, and set ft,(jo 1)
=1 cm* V™' 5% The hole concentration was assumed to come
only from activation at high temperatures (eq 4)

_ [—Ea/kT]
My = Mi(highT) ©

(4)

The electron concentration was assumed to be the sum of the
low- and high-temperature carriers (eq S)

Mo = Me(lowT) + "e (highT) (5)
where

Meowt) = Migowr)/€xpL(T/ Ty)'*] (6)

" - o[~Ea/kT]

e(highT) — "i(highT) (7)

The fits are not very sensitive to the value of (g, 1) due to the
small temperature range, for which there is data. We set
Mi(high 1) tO be close to the density of Se atoms in TiSe, (fr;se,)-
Since charge transfer between SnSe and TiSe, will modify the
electronic structure of layers close to the interface, the fraction
of bulk-like TiSe, in each unit cell varies as

[(q —x)/(q + 1)] 8)

where q is the number of TiSe, layers in the unit cell, g + 1 is
the total number of layers (SnSe + TiSe,) in the unit cell, and x
is the number of layers near the interface that do not behave as
bulk TiSe, due to the charge transfer. Therefore,

Mithight) = Mise,[ (9 — %)/(q + 1)] (9)
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The high-temperature carrier concentration, ;g 1), calcu-
lated with x = 2 gave the most constant values for the hole
mobilities and high-temperature activation energy (E,) across
all samples. This is reasonable since there are two TiSe, layers
adjacent to SnSe, which will be most impacted by the charge
donated by SnSe to TiSe,.

The model does reasonably well at fitting the temperature
dependence of the Hall coefficients, with the solid lines in
Figure Sb demonstrating the result of the fits for each sample.
The low-temperature fitted values for the low-temperature Ty
(Table 2) and the low-temperature carrier concentration
(Mi(1ow 1)) (Figure 6) were used in these fits. The values for the
hole mobilities and high-temperature activation energy (E,) are
similar for all of the samples. The average activation energy for
the high-temperature carriers, ~0.11(1) €V, is similar to the
values previously reported for bulk TiSe,.”® The average hole
mobility value, p, is 5.4(1) ecm® V™' s7', which is higher than
the values previously reported for the [(SnSe); ﬂs]m[TiSez]q
misfit layer compounds® and lower than the range reported
previously for TiSe,.”*”® The hole mobility needs to be higher
than the mobility of the electrons created by excitation across
the gap to reproduce the decreasing absolute value of the Hall
coefficient observed as temperature increases.”’

The resistivity is given by the following equation

1 1

o Lleluym, + K 1%erigh ) F Hiiiow )ellow )]

(10)

where py, n,, U, and n, are defined as described above. The
values obtained for the carrier concentration, mobility,
activation energy, and characteristic hopping energy from
fitting the Hall coefficient data to the two-carrier model (Table
2) reproduce the low-temperature resistivity data reasonable
for all of the samples (Figure S). This suggests that the
resistivity can be described by a single carrier model in this
temperature range. The agreement at high temperature is not
good, as the model underestimates the resistivity. This suggests
that the assumption of a temperature-independent mobility is
not valid.

DFT was used to model the electronic structure of bulk
SnSe, TiSe,, the surfaces of each, and a large-scale epitaxial
model of the g = 1 system to further understand the properties
observed in the heterostructures. Following the computational
procedure detailed in the Methods and Materials section, three
key properties were obtained: (i) the electronic band gaps of
both bulk materials, (ii) the work functions for slab models
thereof, and (iii) representative charge densities in both the
slab and epitaxial models. Together, these properties provide
additional and complementary insights into the mechanism of
charge donation in the [(SnSe);,s];[TiSe,] o heterostructures.
The electronic band gaps of bulk SnSe and TiSe, were
computed using the hybrid generalized gradient approximation
(GGA) functional, HSE06,”” known to perform well for
narrow-gap semiconductors. As informed by the crystallog-
raphy, SnSe is modeled as face-centered cubic, whose band gap
is predicted to be 0.5 eV. Other crystal polymorphs were also
explored, and their band gaps are presented in Table SI,
Supporting Information. The work function (@ = 4.3 eV) was
recovered using a surface slab model and permits the
alignment of the valence band energy, and therefore computa-
tional Fermi level, to the vacuum (Figure 7). A seven-layer slab
was used to sufficiently account for the bulk, as well as its

5809

0 Vacuum level

P=43eV Sn| ®=55eV |OTi

' ® Se i Se
S -1 -: Il -
C | '
> ! 4
g -2 : 1
< '
) ] !
B -3} 1 4
c '
k= . |
® |
E-4—+EQ=OA5eV__EM: -
3 1 ! excitonic
3 >
& & L ' insulator i
50 EM

- EF B

heteroepitaxial misfit model

Figure 7. Vacuum-aligned density of states for SnSe and TiSe, slab
models. The frontier valence of SnSe is ~1.2 eV above that of TiSe,,
indicating that charge transfer from SnSe to TiSe, would occur at the
interface between them.

surface, and was aligned using a method previously
described.** A similar procedure was performed for TiSey;
however, both GGA and hybrid GGA approaches are known to
predict bulk metallicity in TiSe,*”®' despite experimental
evidence for a thermally activated transport mechanism.
Indeed, a narrow band gap (200—300 meV) is recovered
using a GW approach,”” but the procedure does not
significantly augment the work function. Here, the nature of
the gap is less important than the work function. Hence, TiSe,
is presented as a bulk metal with a work function of 5.5 eV
(Figure 7). A comparison of these computed work functions
suggests that spontaneous charge transfer should occur
between SnSe and TiSe,, as the valence band of the former
lays above the conduction band of the latter.

To test this hypothesis, a lattice-matched
[(SnSe),,5],[TiSe,], model was constructed, minimizing the
lattice mismatch by expanding the unit in the a—b plane to a 6
X 7 supercell, as shown in Figure 7. A Bader charge analysis*’
was done on bulk SnSe and TiSe, and the lattice-matched
[(SnSe),,5],[TiSe,], to provide a quantitative estimate of the
extent of charge transfer between the materials.

In the bulk structures, positive charges are observed on the
cations and negative charges are observed on the anions. The
smaller negative charge on the Se in TiSe, reflects the covalent
hybridization of the Ti and Se orbitals in this compound. By
comparing the charges in the bulk structures with the charges
calculated for the lattice-matched heterostructure, a charge
transfer from SnSe to TiSe, is observed in the heterostructure
(Table 3). The magnitude of the electron transfer from SnSe
to TiSe, is approximately 10%, in excellent agreement with the

Table 3. Average Atomic Charge of Bulk SnSe, Bulk TiSe,,
and the Average Charge Transfer between Them in the
Heterojunction

avg charge in avg charge in avg charge
bulk (b~%) heterostructure (b™3) transfer (b~>)
Sn 0.777 0.860 0.083
Ti 1.341 1.345 0.004
Se in =0.777 —0.729 0.048
SnSe
Se in —0.671 —0.747 —0.076
TiSe,
https://dx.doi.org/10.1021/acs.chemmater.0c01691
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experimental observation of 1/10th of an electron per formula
unit. Interestingly, the added charge in TiSe, is localized on the
Se rather than the Ti, reflecting the extent of covalent character
in the bonding of this compound. There is a net “ionic” bond
between the layers of SnSe and TiSe,, with higher electron
density in the lone pair of the Se atoms in TiSe, and a positive
charge in the SnSe planes. This picture agrees well with the
analysis of the transport properties, which suggests that the two
TiSe, layers adjacent to SnSe have different transport
properties than those not adjacent to SnSe. The added charge
to the conduction band indicated in the calculation agrees well
with the metallic-like conductivities observed for the small g
heterostructures above the hopping temperature. The calcu-
lation also provides a basis for the model shown in Figure 7. A
calculation of the stabilization energy of the ionic “bond”
between the layers is surprisingly high, 3.6 eV, suggesting that
this interaction is a key factor in stabilizing the hetero-
structures. This ionic interaction between the layers makes
[(SnSe),,s)1[TiSe,]; more stable than a physical mixture of
SnSe and TiSe, by ~0.09 eV, consistent with the
thermodynamic stability of the known misfit layer com-
pound."®

B CONCLUSIONS

A series of compounds [(SnSe)lm]l[TiSez]q were prepared,
and the structural data indicates that the structures of the
constituent layers are similar in all of the heterostructures. The
electrical properties suggest that charge donation from the
SnSe to the TiSe, layers occurs, resulting in metallic behavior
for samples with a low number of TiSe, layers. The carrier
concentration decreases as the number of TiSe, layers
increases. Localization of the carriers occurs at low temper-
ature, with the temperature required to activate the hopping of
these carriers increasing as the TiSe, layer thickness is
increased. DFT calculations show that the valence band of
SnSe is higher in energy than the conduction band of TiSe,,
supporting the experimentally suggested charge transfer from
SnSe to TiSe,. The calculations suggest that the charge transfer
between the constituents contributes a significant “ionic”
stabilization of these heterostructures, which may be the key
factor in their kinetic stability. Similar charge-transfer effects
will be present in all heterostructures to equalize the chemical
potential, and understanding how they modify properties is
necessary for the synthesis of novel materials with the designer
properties.
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