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ABSTRACT: Material growth by van der Waals epitaxy has the potential to isolate
monolayer (ML) materials and synthesize ultrathin films not easily prepared by
exfoliation or other growth methods. Here, the synthesis of the early transition metal
(Ti, V, and Cr) tellurides by molecular beam epitaxy (MBE) in the mono- to few-
layer regime is investigated. The layered ditellurides of these materials are known for
their intriguing quantum- and layer dependent- properties. Here we show by a
combination of in situ sample characterization and comparison with computational
predictions that ML ditellurides with octahedral 1T structure are readily grown, but
for multilayers, the transition metal dichalcogenide (TMDC) formation competes
with self-intercalated compounds. CrTe2, a TMDC that is known to be metastable in
bulk and easily decomposes into intercalation compounds, has been synthesized successfully in the ML regime at low growth
temperatures. At elevated growth temperatures or for multilayers, only the intercalation compound, equivalent to a bulk
Cr3Te4, could be obtained. ML VTe2 is more stable and can be synthesized at higher growth temperatures in the ML regime,
but multilayers also convert to a bulk-equivalent V3Te4 compound. TiTe2 is the most stable of the TMDCs studied;
nevertheless, a detailed analysis of multilayers also indicates the presence of intercalated metals. Computation suggests that
the intercalation-induced distortion of the TMDC-layers is much reduced in Ti-telluride compared to V-, and Cr-telluride.
This makes the identification of intercalated materials by scanning tunneling microscopy more challenging for Ti-telluride.
The identification of self-intercalation compounds in MBE grown multilayer chalcogenides may explain observed lattice
distortions in previously reported MBE grown early transition metal chalcogenides. On the other hand, these intercalation
compounds in their ultrathin limit can be considered van der Waals materials in their own right. This class of materials is only
accessible by direct growth methods but may be used as “building blocks” in MBE-grown van der Waals heterostructures.
Controlling their growth is an important step for understanding and studying the properties of these materials.

KEYWORDS: transition metal dichalcogenides, tellurides, 2D materials, intercalation compounds, molecular beam epitaxy (MBE),
thin films, scanning tunneling microscopy

T he early transition metal (Ti, V, Cr) dichalcogenides
have been studied extensively for their many-body and
electron correlation effects, including charge density

wave (CDW)-1−6 superconductivity7−10 transitions, or ferro-
magnetic ordering.11 To utilize these materials in advanced van
der Waals heterostructures and exploiting proximity effects to
tune materials properties, recent work focused on the synthesis
of these materials in the mono- to few-layer regime.12−27 These
early transition metal chalcogenides are chemically sensitive to
the environment, challenging the ability to obtain monolayers
(MLs) of these materials by mechanical exfoliation or chemical
vapor transport growth. The ultraclean environment ensured in

molecular beam epitaxy (MBE) has thus been the most
promising approach for the direct growth of these materials.23

Growth on van der Waals substrates, such as graphene, HOPG,
or MoS2, has demonstrated that many of these materials grow
in a van der Waals epitaxy mode, i.e., they maintain the lattice
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constant of the bulk but align their in-plane crystallographic
orientation with that of the substrate. This enables the growth
of single-crystalline films on single-crystal substrates.
The early transition metal dichalcogenides (TMDCs)

usually exhibit an octahedral coordination of the metals to
the chalcogen atoms, known as the 1T structure. This is also
the case for the first-row transition metal ditellurides studied
here. In addition, VTe2 undergoes a structural transition below
∼480 K to a distorted 1T structure, known as the 1T′′ or
ribbon structure, which recently was considered to be
associated with a CDW transition for these bulk materials.28

In variance of these known bulk structures, work of MBE
grown multilayer structures have indicated structural variations
in scanning tunneling microscopy (STM) studies of TiTe2,

29

VSe2,
30,31 and VTe2.

32 These have been interpreted as a
transition into a distorted 1T-structure, known as the 1T′
structure30−32 or the occurrence of periodic lattice distortions
in a CDW.29 Such interpretations are controversial, though,
because these structures are not known for the bulk of these
compounds and explanations for their formation in thin film
form, such as interface-induced strain,29 is surprising because
of the usually low strain in van der Waals epitaxy. Here we
show that similar distortion of the TMDC layer is obtained by
self-intercalation of the transition metal in the van der Waals
gap, thus providing an alternative explanation for these
apparent structural variants in MBE grown multilayers. The
formation of such self-intercalation compounds in MBE
growth is not surprising because a compositional control of
chalcogenides is generally challenging due to the high
chalcogen vapor pressure, and the compositional phase
diagrams of these early TMDCs contain various intercalation
compounds with some of these phases exhibiting lower
formation energies than the dichalcogenides.
Here we investigate the challenges and opportunities for

synthesizing the early transition metal telluride van der Waals
systems by MBE. In a combined experiment and computa-
tional study, we show that multilayers prefer growing with self-
intercalated transition metals. In contrast, ML TMDCs can be
obtained under the right growth conditions, and we show that
even for known metastable compounds like CrTe2, TMDC
MLs can be grown by MBE. This understanding of the
formation and properties of MBE grown van der Waals
materials is a crucial step toward the controlled synthesis of
van der Waals heterostructures.

RESULTS AND DISCUSSIONS

An inspection of the compositional phase diagrams of the
early-transition metal tellurides shows the existence of several
structurally closely related compositions. These compounds
may be characterized as a NiAs-like crystal structure with
periodic metal vacancies in every second layer. More
instructively, they can also be described as an ordered
arrangement of metal atoms intercalated in the van der
Waals gap of layered TMDCs.33,34 Figure 1 illustrates how the
various compositions are related to the basic TMDC structure
and only differ by the amount of transition metals in between
the TMDC layers. Defining the density of transition metals in
the TMDC layer to 1 ML, then compounds with a 1/4, 1/3, or
1/2 ML intercalated transition metals in between the TMDC
layers are commonly observed intercalation compounds.
Depending on the composition, the intercalated atoms are
arranged in a 2 × 2, (√3 × √3)R30°, or 2 × 1 superstructure,
relative to a 1 × 1 unit cell of the TMDC. Clearly, in order to

form any of these intercalation compounds, two TMDC layers
are needed to sandwich the “extra” transition metals. Thus, if
one succeeds in reducing the growth to a single layer, one may
obtain TMDCs while for multilayers, the formation of TMDCs
may compete with the formation of these intercalation
compounds.
To assess the stability of the different phases, we conducted

total energy DFT calculations. Table 1 shows values of the

total energy per atom for ML TMDCs, as well as bilayers with
different amount of intercalated transition metals. Generally,
for the intercalation compounds, the material with 1/2 a ML of
extra metals is the energetically most favored structure.
Experimentally, it has been shown that ML ditellurides can

be obtained by MBE growth for TiTe2
17 and VTe2.

23−27 Here,
these MLs are the starting point to investigate few-layer films
of VxTey TixTey. In addition, we study CrxTey from mono- to
multilayer. In the following, we address these three early
TMDCs separately but conclude that they behave similarly.
We start our discussion with chromium telluride, the only
system in our list that does not have a thermodynamically

Figure 1. Schematic representation of the relationship between
TMDC ML (center) and different bulk compounds. The stacking
of TMDC layers results in a bulk MTe2 crystal, while additional M
atoms between TMDC layers (indicated as hatched circles) results
in various “self-intercalation” compounds. Bulk-compounds with
1/4, 1/3, or 1/2 of extra M atoms are known. The cross-sectional
and top views are shown, together with an indication of the
supercell of the arrangement of the intercalated atoms with respect
to the 1 × 1 unit cell of the TMDC layer.

Table 1. Computed Values of the Total Energy Per Atom of
the Composites Shown in Figure 1 for Bilayer
Configurations

Ti2+xTe4
[eV/atom]

V2+xTe4
[eV/atom]

Cr2+xTe4
[eV/atom]

monolayer TMDC
x = 0

−5.43 −5.44 −5.47

x = 1/4 −5.57 −5.60 −5.67
x = 1/3 −5.61 −5.63 −5.72
x = 1/2 −5.68 −5.75 −5.83
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stable MX2 composition. Chromium telluride is known to form
intercalation compounds with a preferred Cr3Te4 or Cr2Te3
composition,35 and thus an intercalation compound is
anticipated for multilayer films, but we will also show that
one can reduce the growth to a ML and obtain CrTe2 in this
ultrathin limit. After we have discussed chromium telluride, we
show that vanadium telluride behaves very similarly to
chromium telluride while for titanium telluride a distinction
between TMDCs and intercalation compounds by STM is
more challenging.
Chromium Telluride. Chromium tellurides have recently

attracted some interests due to their ferromagnetic proper-
ties.36−39 The layered-TMDC, CrTe2, is metastable and can

only be synthesized as a bulk material by first growing a
potassium intercalation compound, KCrTe2, and subsequently
chemically extracting the potassium layer.40,41 Annealing of
such formed CrTe2 decomposes into Cr2Te3 at 330 K,39

similarly to, but at even lower temperatures, the reported
decomposition of CrSe2 into Cr2Se3 and Se at 600 K.40

Previous reports of MBE growth of chromium telluride also
always resulted in either Cr3Te4 or Cr2Te3.

42−45 Thus, MBE
grown multilayer films are expected to form an intercalation
compound, and this may be a good starting point for
understanding STM investigations of such intercalation
materials.

Figure 2. LEED and STM characterization of MBE grown ultrathin Cr-telluride at growth temperature of ∼350 °C. (a) LEED of bilayer
CrxTey on MoS2 substrate, (b) Large scale STM and line profile of a partially covered HOPG substrate. The line profile indicates a bilayer
height step of 1.2 nm for the first layer. (c) Side view of the DFT calculated crystal structure of a bilayer CrTe2 with 1/2 layer of Cr
intercalation. (d) High-resolution STM of the bilayer regions with two rotational domains. (e) High-resolution STM showing 2 × 1 structure
with overlaid simulated STM image for the structure shown in (c). STM imaging conditions (sample bias, tunneling current): (b) 1.4 V, 0.9
nA; (d) 1.4 V, 0.9 nA; (e) 0.1 V, 0.7 nA.
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Previous studies of MBE grown chromium telluride were
mostly thicker films (∼100 nm) and characterized by XRD
and/or TEM. A previous STM study of MBE grown Cr-
telluride only showed large-scale terrace structures without
detailed atomic-scale information.41 Here we grow Cr-telluride
on van der Waals substrates, either HOPG or MoS2, at a
growth temperature of 350 °C. On MoS2, we obtain excellent
epitaxial growth (van der Waals epitaxy) and LEED character-
ization, shown in Figure 2a, shows a 2 × 2 structure with
respect to a hexagonal lattice, consistent with either Cr5Te8 or
Cr3Te4 crystal structure (see Figure 1) because a 2 × 2
hexagonal LEED pattern cannot distinguish between a true 2 ×
2 structure or the superpositioning of three rotational 2 × 1
domains. For few-layer films, diffraction spots from the MoS2
substrate are also still visible, indicating the crystallographic
alignment of the chromium telluride film with the substrate.
Large-scale STM images for ultrathin films on either MoS2 or
HOPG substrates, shown in Figure 2b, still exhibit areas that
expose the substrate (HOPG in the case Figure 2b). Line
profiles indicate that the first terrace has a height of ∼1.2 nm
and subsequent terraces increase in steps of ∼0.6 nm. This
suggests that at this growth temperature, chromium telluride
does not grow as a single layer TMDC, i.e., CrTe2, but the first
layer that forms is already an intercalated bilayer, i.e., two
TMDC layers with a layer of Cr intercalated (as illustrated in
Figure 2c). Only subsequent terrace steps are the height of an
additional TMDC layer (with an intercalated Cr-layer), i.e.,

steps of ∼0.6 nm. The fact that the first terrace is already an
intercalation system is demonstrated by high-resolution STM,
shown in Figure 2d. The STM image clearly resolves a 2 × 1
structure and not a simple hexagonal structure as would be the
case for a 1T-CrTe2 layer. The same 2 × 1 structure is
observed for all subsequent layers up to the thickest films
grown in this study of about 10 layers. As expected, we also
observe rotational domains of the 2 × 1 structure in the STM
images.
While the symmetry of the STM images agrees with an extra

1/2 ML of metals intercalated, i.e., Cr3Te4 structure, we also
performed DFT calculations of the structure and simulated its
STM images to confirm the agreement between STM images
and composition. Figure 2c shows the relaxed structure for a
bilayer with 1/2 ML of extra Cr atoms in the gap. The
intercalated atoms cause a buckling of the TMDC layer of
about 0.2 Å. This topographic corrugation of the surface is also
likely to cause the 2 × 1 contrast in STM. A simulated STM
image, using the Tersoff−Hamann approach,46 overlaid with
an experimental image, is shown in Figure 2e and shows good
agreement between experiment and calculation. Simulations of
other possible intercalation compounds can be found in
Supporting Information, Figure S1.
For chromium tellurides the intercalation compounds are

also reported47 to exhibit larger interlayer separations d, and
in-plane lattice constants a, as summarized in the table in

Figure 3. Cross-section HAADF-STEM image of CrxTey (inset is magnified from the blue box) (a) and respective FFT pattern (b). d* and a*
represent the reciprocal vectors of the intercalated compound. (c) Table of lattice constant values for different compounds versus
experimental values from TEM measurements (please see Supporting Information for a description of uncertainties).

Figure 4. CrxTey grown at low temperature (200 °C) on MoS2 substrate. (a) Large scale STM showing a step height of ∼0.6 nm for the first
layer (b), indicative of ML height. (c) LEED pattern, showing a hexagonal pattern for the ML sample and rotational alignment with the
MoS2 substrate. Atomic resolution STM image of (d) ML and (e) bilayer showing hexagonal pattern with the bilayer presenting an
additional height modulation without any long-range periodicity. (f) Large scale STM of multilayer sample. (g) Atomic resolution STM
image of multilayer shows 2 × 1 reconstruction. (h) LEED pattern of multilayer films showing a 2 × 1 superstructure. STM imaging
conditions (sample bias, tunneling current): (a) 1.3 V, 0.9 nA; (d) −10 mV, 0.8 nA; (e) −5 mV, 1.1 nA; (f) 1.3 V, 0.9 nA; (g) −5 mV, 0.9 nA.
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Figure 3, compared to 1T-CrTe2. To evaluate these lattice
parameters, cross-sectional high angle annular scanning
transmission electron microscopy (HAADF-STEM) studies
of multilayer films are conducted and shown in Figure 3. The
FFT pattern in part b represent the reciprocal unit cell vectors
d* and a* of the STEM image. The FFT is used to determine
the real space unit vectors d and a, which are given in Figure 3c
as measured values together with lattice parameters46 of known
compounds. These measurements further support that the
multilayer is an intercalation material and not a TMDC.
However, the small differences between the lattice constants of
the various intercalation compounds and similar atomic
structures projected along this direction do not allow a
conclusive determination of the composition of the inter-
calants.
We have shown that Cr telluride grown at or above 350 °C

on either HOPG or MoS2 substrates nucleates and grows as a
bilayer with 1/2 a ML of metals intercalated. Synthesis of ML
CrTe2 as a potential 2D ferromagnetic TMDC would be highly
desirable, though. Therefore, we investigated if ML materials
could be stabilized by reducing the growth temperature to
180−250 °C. Indeed, for these reduced growth temperatures,
STM reveals the formation of islands with only ∼0.6 nm step
height indicative of MLs, shown in Figure 4a,b. Such
monolayer films can be grown on both HOPG and MoS2
substrates at these reduced growth temperatures. Moreover,
compared to the bilayers formed at higher growth temper-
atures, the step edges of the ML are meandering without any
clear preferred crystallographic orientation. This may be
related to the isotropic hexagonal structure of 1T-TMDs
compared to the anisotropic structure in intercalated bilayers
where the intercalants link two layers and define specific
crystallographic directions. LEED for such MLs grown on
single crystal MoS2 substrates (see Figure 4c) also only shows
a simple hexagonal pattern. Using the diffraction spots from
the substrate and the known lattice constant of MoS2 (a =
0.315 nm) as a calibration, we determine the lattice constant of
the ML film to a = 0.36 nm, which is slightly smaller than the
lattice constant a = 0.39 nm determined for the bilayer and
multilayer films from LEED patterns shown in Figure 2a. Thus,
the step height, simple hexagonal pattern, and the lattice
constant agrees with CrTe2. Atomic resolution STM images of
the terraces of the first layer, shown in Figure 4d, corroborate
the simple hexagonal pattern. Atomic resolution images of
second layer islands show additional height modulations,
however, without any long-range periodicity, see Figure 4e. We

tentatively assign these modulations to disordered intercalated
atoms. The growth of multilayer films, shown in Figure 4f,
even at these lower growth temperatures, again results in a 2 ×
1 superstructure both in STM and LEED (see Figure 4g,h,
respectively) and thus is assigned to the same intercalation
compound as for the films grown at elevated temperatures.
Consequently, 1T-CrTe2 appears to be only grown successfully
as MLs and multilayers convert into intercalation compounds.
Nevertheless, the successful growth of ML CrTe2 will enable
their magnetic characterization in future studies.
To demonstrate that the lower growth temperatures are

required to obtain MLs, we conducted postgrowth annealing
experiments of low temperature grown ML. Annealing of the
ML in vacuum to just 300 °C for 30 min converts the
predominantly ML sample into a predominantly bilayer sample
(see Supporting Information, Figure S2). Moreover, LEED
shows a change of the lattice constant from 0.36 nm for the
ML to 0.38 for bilayer, consistent with a transition to an
intercalation compound. This clearly indicates that the ML is
not stable at elevated temperatures and the film is mobile
enough to massively rearrange. This also suggests that growth
at elevated temperatures will always result in the preferred
bilayer structure. The stabilization of the ML at low growth
temperature is likely a consequence of the growth kinetics, i.e.,
the diffusion of adatoms to the growth front of the monolayer.
To demonstrate that the ML is CrTe2 and does not have
excess Cr in the van der Waals gap between the substrate and
the CrTe2-ML, we conducted ab initio molecular dynamics
(AIMD) simulations for such structure on a MoS2 substrate.
The results for an “annealing” at 600 K are shown in Figure 5a
(similar simulations for excess Cr on top of the CrTe2 layer can
be found in Supporting Information, Figure S3a). In either
case with initially 1/2 ML of excess Cr on-top or below the
CrTe2 layer, the structure is not stable and annealing results in
an amorphous film. This contrasts with bilayer CrTe2 with

1/2
ML of Cr in between the two layers (intercalation compound),
shown in Figure 5b, that remains stable. These AIMD
simulations thus illustrate that if the ML can be stabilized it
will form CrTe2, and excess Cr are not stable in this structure.
In an actual growth scenario, “excess” Cr are thus likely
incorporated at the growth front of the CrTe2 ML island. For
bilayers, Cr in between two CrTe2 layers are stable and are in
fact a lower energy structure than just CrTe2 layers, as our total
energy calculations (Table 1) have shown. We further studied
the effect of excess Cr “deposited” on top of a bilayer CrTe2
(Supporting Information, Figure S3b). Upon annealing, such

Figure 5. Ab initio molecular dynamics simulations of the stability CrTe2-films with excess Cr atoms during annealing. (a) ML CrTe2 with
1/2

ML excess Cr in between the ML and a MoS2 substrate. This structure is not stable and disintegrates with annealing forming an “amorphous”
layer. (b) Bilayer CrTe2 with 1/2 ML Cr intercalated in between the two layers. This structure is stable with annealing. Movies of the
annealing process are available in the Supporting Information.
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Figure 6. VTe2 mono- and multilayer films grown on MoS2 substrate: (a) LEED pattern of ML shows a 1 × 1 pattern, indicative of epitaxial
growth of the film with a 1T structure. (b) Large scale STM image showing that the ML covers the surface uniformly. High resolution STM
shown in (c) resolves a simple hexagonal structure. Bi- and multilayer samples grown on MoS2 substrates exhibit a 2 × 2 LEED pattern as
shown in (d), indicative of three domains of a 2 × 1 reconstruction. DFT calculations of a bilayer VTe2 with

1/2 layer of V intercalated is also
shown in (d). The intercalation causes a large buckling of the Te-atoms in the TMDC layer with a corrugation of 0.45 Å. Large scale and
high resolution STM images are shown in (e) and (f), respectively. A simulated STM image of the structure in (d) is superimposed on the
experimental data in (f). STM imaging conditions (sample bias, tunneling current): (b) 1.2 V, 0.7 nA; (c) 0.2 V, 1.3 nA; (e) 1.2 V, 0.7 nA; (f)
−0.1 V, 2 nA.

Figure 7. Layer-dependent XPS spectra of V 2p and Te 3d used to compare the change of the Te/V peak intensities as a function of film
thickness for VxTey on HOPG samples.
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excess atoms get trapped in between the CrTe2 layers in a
process that will lead to an intercalation compound. This
indicated that during MBE growth Cr that is provided during
the deposition process can be easily incorporated in between
two CrTe2 layers, leading to an intercalation compound. It
should be mentioned that during an actual growth, there exist
other diffusion pathways for “excess” Cr to get into the gap of
two CrTe2 layers, e.g., from the edges of the growing film. In
summary, AIMD simulations verify that CrTe2 is formed as
ML, while in bi- and multilayers Cr easily intercalates in
between CrTe2 layers.
CrTe2 is known to be metastable in bulk, and thus the easy

formation of intercalation compounds in MBE agrees well with
this experience from bulk materials. Our total energy
calculations (Table 1) for different compounds suggest that
Ti- and V-telluride may behave similarly to Cr-telluride, and
this is explored in the next two subsections.
Vanadium Telluride. In the bulk, VTe2 adopts a distorted

1T structure below 480 K, known as the 1T′′ structure,48

similar to other group-VB ditellurides.49−51 However, it was
shown that MBE grown VTe2-MLs exhibits the undistorted 1T
structure. Moreover, this structure undergoes a 4 × 4 CDW
transition at low temperatures.25−27,32 In contrast to CrTe2,
the ML VTe2 can be obtained even at higher growth
temperatures, and an initial nucleation as bilayer films has
not been reported for VTe2. Importantly, we found that bi- and
multilayers of V telluride exhibit a 2 × 1 structure, very similar
to the one observed in multilayers of chromium ditelluride.
The comparison of LEED and STM studies of MBE grown
ML and multilayer samples is shown in Figure 6.
The multilayer structure was initially interpreted as a 1T′

structure because this would give a similar 2 × 1 super-
structure.32,52 However, no 1T′ structure is known for VTe2,
and the known 1T′′ of bulk VTe2, which should exhibit a 3 × 1
superstructure, was never observed in MBE grown multilayer
films. The similarities of the STM images of the vanadium
telluride films with those of Cr-telluride multilayers suggest
that an intercalation compound is also obtained for V
tellurides, i.e., TMDCs with 1/2 ML of excess V intercalated
in between the layers. This is reasonable considering that the
V3Te4 intercalation compound is a prominent phase in the
vanadium telluride phase diagram,53,54 and our DFT
calculations summarized in Table 1 also show that the
V3Te4-like bilayer structure has the lowest total energy
among the intercalation compounds. DFT calculations of the
crystal structure of a bilayer with 1/2 layer intercalation show
similar buckling in the TMDC layer as for Cr telluride, and
consequently, the simulated STM images also show
corrugation that is in close agreement with the experimental
data as shown in Figure 6f. Thus, the STM characterization of
the multilayer films is consistent with the formation of an
intercalation compound.
Further support for a transition from VTe2 in the ML to an

intercalation compound comes from a compositional analysis
by XPS (note that no such analysis has been done for
chromium telluride because of the overlap of the core-levels for
Cr-2p and Te-3d prevents such an analysis in chromium
telluride system). In this analysis, we compare the change of
the Te/V peak intensities as a function of film thickness,
without attempting an accurate compositional determination
because of poorly defined transmission function of our energy
analyzer. Thus, we only study the relative change in the
composition. Figure 7 shows XPS spectra for V-2p and Te-3d

with a Shirley background and the fitted peaks. Importantly,
the Te/V atomic ratio decreases with increasing film thickness.
This is consistent with vanadium being intercalated in between
TMDC layers, given rise to higher V concentration with
increasing film thickness compared to pure TMDC MLs.
However, the increase in XPS measurements appears to be
somewhat smaller than anticipated for an intercalation
compound. This may be related to background subtraction
in the V-spectrum, which is generally challenging because of
the presence of shakeup satellite in the V-2p spectrum.55,56 In
addition to a change in the Te/V peak intensity ratio, we also
observe a small shift of the V-2p (∼−0.3 eV) and Te-3d (∼0.4
eV) peaks to lower and higher binding energies, respectively, as
a function of film thickness. The shift of the Te-3d core-level
binding energy to higher binding energy for multilayer films
compared to the ML may have different contribution. For a
pure charge transfer (or chemical shift), one may expect a shift
in the opposite direction as the presence of more V-cations in
the compound should lead to more negative tellurium.
However, core-level shifts can have different origins.
Surrounding of the Te-sites with more cations, as is the case
for intercalation compounds, changes the electrostatic
potential at the Te-site, which would result in a shift to higher
binding energy57,58 as observed in our data and thus this is
consistent with the formation of a self-intercalation compound.
Finally, we also conducted a cross-sectional STEM analysis of
multilayer samples, see Supporting Information, Figure S4.
Both the in-plane lattice constant, as well as the interlayer
separation measured in STEM, are consistent with an
intercalation compound.
Thus, we conclude that chromium telluride and vanadium

telluride grow similarly in our MBE study. The main difference
appears in the ML regime, where the ML TMDC forms readily
for VTe2 while chromium telluride requires low growth
temperatures to stabilize it as a TMDC. This difference may
be understood in the relative stability of the layered TMDC
phases, where VTe2 is known to be a stable compound, while
CrTe2 is only metastable in bulk. In this respect, TiTe2, whose
TMDC phase has an even lower formation energy than that of
VTe2,

59 is an interesting case to be investigated and is
discussed next.

Titanium Telluride. Ultrathin TiTe2 has attracted interest
because it has been demonstrated that the ML exhibits a
CDW,17 while no CDW is known for bulk TiTe2. The CDW
transition temperature of the ML was determined from angle-
resolved photoemission spectroscopy (ARPES) studies to 92
K, while no CDW was observed for the bi- and multilayer
samples in this study. However, a recent study on multilayers
grown by MBE on InAs substrates observed a 2 × 2 sample
reconstruction that persisted to room temperature (the highest
temperature investigated).29 This structure was explained as a
room temperature CDW, but no transition temperature to a
normal phase could be given. Precise determination of the
lattice constants by synchrotron XRD, in this study, revealed
that the lattice constant slightly varied from the expected
values of TiTe2. This led the authors to conclude that the film
was strained through substrate effects, and it was proposed that
this strain induces a phonon instability that causes the CDW.60

We point out, however, that the measured lattice constants are
very close to the intercalation compound Ti5Te8 or Ti2Te3,
which would also exhibit a 2 × 2 or 2 × 1 superstructure in the
basal planes with respect to the TiTe2 hexagonal plane (see
Figure 1). Thus, the intercalation of excess Ti should be
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considered as a possible alternative explanation for the
observed 2 × 2 structure rather than a CDW instability. In
the specific case of titanium telluride, TiTe2, Ti3Te4, Ti2Te3,
and Ti5Te8 are all known phases61 and thus should be
considered as potential phases that can be obtained during
MBE growth.
Here, we investigate the growth of titanium telluride by

MBE on van der Waals substrates to elucidate the possibility
for the formation of intercalation compounds. We find that ML
growth on MoS2 or HOPG van der Waals substrates results in
1T-TiTe2 films, which is confirmed by both STM as well as
LEED, which only exhibits 1 × 1 structure, as shown in Figure
8. LT-STM studies at 20 K of the ML exhibits a 2 × 2
superstructure (see Supporting Information, Figure S5), which
is consistent with the reported CDW for ML TiTe2.

17 In
contrast to the well-ordered ML sample, second layer islands
exhibit contrast variations on the atomic scale with some short-
range order, e.g., a dominance of “brighter” atoms aligning in a
row, but no long-range periodicity is observed, as shown in the
insets of Figure 8b.
These defect structures persist in multilayer films. A lack of

long-range periodicity is also observed in LEED for multilayer
films grown on MoS2 substrates that continue to exhibit only 1
× 1 diffraction spots. Does this mean there are no intercalated
atoms in TiTe2? As STM indicates in multilayers, there are
clear corrugations that are on a short scale a 2 × 1 or 2 × 2
structure but lack long-range periodicity, and this may explain
the lack of superstructure in LEED. Furthermore, the
corrugation of these short-range corrugations is much weaker,
and detailed bias dependent STM studies, shown in Figure 9c,
indicate that these modulations are best observed at low bias
voltages.
DFT calculations of a bilayer TiTe2 with 1/2 a ML

intercalated Ti is shown in Figure 9a. It is apparent from the
calculated structure that the intercalant induced buckling of the
surface is much reduced compared to the same compositions
for V- and Cr- tellurides. Supporting Information, Table S1,
summarizes the calculated buckling in the surface layer for the
MxTey compounds. This weak buckling also gives rise to very
small contrast differences in simulated STM images, shown in
Figure 9b. Consequently, the experimental STM data are
consistent with the presence of intercalated Ti-atoms in
multilayer Ti telluride. Self-intercalation in multilayers is also

evident by comparing XPS intensity ratios for mono- and
multilayer films, shown in Figure 8c. Increasing the film
thickness from ML to multilayer, the Te-3d/Ti-2p ratio
decreased by about 30%, indicating a higher Ti concentration
in multilayer films.

CONCLUSIONS

The early transition metal (Ti, V, Cr) tellurides are known for
their many diverse quantum phenomena. Advances in tuning
properties of van der Waals materials by reducing their number
of layers and/or combining them into artificial van der Waals
heterostructures also increased the interest in growing such
ML and multilayer samples by molecular beam epitaxy (MBE).
However, in addition to these dichalcogenides, a series of
related compounds exist that share the dichalcogenide layer

Figure 8. TixTey multilayer sample. (a) LEED pattern of the film grown on MoS2 substrate showing a 1 × 1 pattern, indicative of a lack of
long-range periodicity for multilayer. (b) Large scale STM image showing complete ML with bilayer and trilayer island. High resolution
STM of a ML and bilayer region showing a 1 × 1 structure in both regions. Bilayer regions show contrast variations but no long-range
periodicity other than 1 × 1 structure. STM images were taken on a film grown on the HOPG substrate. (c) Layer-dependent XPS spectra of
Ti 2p and Te 3d used to compare the change of the Te/Ti peak intensities as a function of film thickness for TixTey on HOPG samples. STM
imaging conditions (sample bias, tunneling current): (b) large scale 1.2 V, 0.7 nA, red square −10 mV, 0.7 nA, blue square −0.1 V, 0.7 nA.

Figure 9. Structural characterization of self-intercalated TiTe2. (a)
DFT calculation of a bilayer TiTe2 with 1/2 a metal layer
intercalated. The intercalant induced corrugation of the surface
layer is much reduced compared to equivalent structures of V- or
Cr- tellurides. This also causes only very weak contrast in
simulated STM images shown in (b). Experimental bias depend-
ence STM images for TixTey multilayer sample grown on MoS2 are
shown in (c). Some structural modulations are seen at low bias
voltages that are consistent with local ordering in a 2 × 1 structure,
but no long-range order is observed. STM image information
(sample bias, tunneling current): (c) 10 mV, 0.9 nA; 50 mV, 0.9
nA; 100 mV, 0.9 nA.
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structure but have additional transition metals in between
these layers. These additional transition metals are periodically
ordered and covalently bound to the dichalcogenide layers.
These compounds are structurally very similar to the
dichalcogenides and thus are challenging to discern from the
dichalcogenides for ultrathin films. Here we showed that ML
synthesis of 1T-TMDC could be achieved for all three early
transition metal ditellurides by MBE, including for CrTe2, a
compound that is only metastable in its bulk form. For
multilayer growth, intercalation of transition metals in between
the TMDC layers is observed in all three early transition metal
tellurides studied here. For Cr- and V- tellurides, structures
consistent with M3Te4 are found, while for Ti-telluride, the
intercalants may only have local ordering. It should be pointed
out that the compositions obtained in MBE may be different
from those in other growth methods, and for example, vapor
phase transport growth has reported the synthesis of multilayer
1T-VTe2 platelets.62,63 Generally, the structural similarities
between TMDCs and some of the intercalation compounds
can easily lead to misinterpretation of ultrathin films grown by
MBE. While the unintentional formation of these intercalation-
like compounds can lead to wrong data interpretation, a
control of the composition of these materials can be used to
synthesize variations of van der Waals materials, e.g., bilayer
TMDCs with a single intercalated transition metal layer. We
demonstrated that these intercalation compounds can be
grown by van der Waals epitaxy on dissimilar van der Waals
substrates, which indicates their potential for the synthesis as
van der Waals heterostructures. Similarly, the growth of layered
materials has been demonstrated on intercalation compound
substrates (MBE grown Cr2Te3).

42 Moreover, intercalation
compounds, like V3Se4, have been incorporated in a bulk van
der Waals materials.64 These studies indicate that few-layer
intercalation compounds, terminated by TMDC layers, are an
extension of van der Waals materials and can be useful
“building-blocks” for MBE-grown van der Waals hetero-
structures.

METHODS

Experiment. The first row, early transition metal tellurides (VxTey,
TixTey, and CrxTey) have been grown by codeposition of the
transition metal and tellurium in an ultrahigh vacuum MBE chamber
on van der Waals substrates. In this study, we use HOPG-or MoS2
substrates. The substrates are freshly cleaved in air and subsequently
outgassed in vacuum at 300 °C for at least 2 h before growth. MoS2
substrates are synthetically grown commercial single crystalline
samples. V, Ti, and Cr are evaporated from a mini e-beam evaporator,
while Te is codeposited from a K-cell. The Te flux exceeds the
transition metal flux by a factor of ∼10. The improvement of the ML
CrTe2 film structure was observed after increasing Te:Cr flux ratio to
a factor of ∼20. Intercalated compounds of Cr3Te4, V3Te4, and Ti3Te4
were grown at the substrate temperature between 300 and 350 °C.
ML CrTe2 was stabilized for substrate temperatures of about 200 °C.
The growth rate of all the TMDs studied here was adjusted to ∼1
ML/15 min. The grown samples were transferred in situ from the
growth chamber to a surface analysis chamber. The analysis chamber
is equipped with LEED, room temperature STM, and XPS. XPS
studies are performed with Al Kα radiation from a nonmonochrom-
atized dual anode X-ray source. The photoemitted electrons were
detected with a Scienta R3000 hemispherical analyzer. Electrochemi-
cally etched tungsten tips were used for STM studies using an
Omicron STM-1. Additional LT-STM studies were performed on ML
TiTe2 using an RHK Pan style closed-cycle STM cooled to ∼20 K.
For these studies, the samples were transferred in a vacuum suitcase
from the growth chamber to the LT STM, without exposure to air.

STEM studies were conducted at the High Magnetic Field Laboratory
in Tallahassee. For transfer, the samples were capped with a ∼20 nm
thick tellurium layer. A focus ion beam (FIB) was used to cut a thin
lamella into the samples for cross-sectional analysis.

Computation. All the calculations were performed within density
functional theory (DFT) as implemented in the Vienna Ab Initio
Simulation Package (VASP) code65−68 with Projector augmented
wave pseudopotentials69,70 and PBE71 (GGA) functional. For the
sampling of the Brillouin zone, a dense 30 × 30 × 1 grid was used,
while the plane wave energy cutoff was set to 500 eV. All the
structures were optimized until the forces exerted on atoms were
smaller than 10−5 eV/Å. STM images were simulated using Tersoff−
Hamann method,45 based on partial charge densities calculated by
VASP. In the case of pristine bilayers, the van der Waals D3
correction method of Grimme et al.72 with Becke − Jonson damping
was applied.73

The AIMD simulations were conducted using the OpenMX
numerical code74 which implements Nose−́Hoover molecular
dynamics.75−77 As in the case of VASP calculations, the GGA PBE
parametrization of XC part of the DFT Hamiltonian was used. For all
the cases, the MD simulation lasted for 2 ps at temperatures of T =
500 K and T = 600 K.
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