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Epitaxial Growth of Large-Area Monolayers and van der
Waals Heterostructures of Transition-Metal Chalcogenides

via Assisted Nucleation
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Naina Kushwaha, Chiara Bigi, Yoshiko Nanao, Bruno K. Saika, Olivia R. Armitage,

Peter Wahl, Pierre Couture, and Phil D. C. King*

The transition-metal chalcogenides include some of the most important and
ubiquitous families of 2D materials. They host an exceptional variety of
electronic and collective states, which can in principle be readily tuned by
combining different compounds in van der Waals heterostructures. Achieving
this, however, presents a significant materials challenge. The highest quality
heterostructures are usually fabricated by stacking layers exfoliated from bulk
crystals, which — while producing excellent prototype devices — is time
consuming, cannot be easily scaled, and can lead to significant complications
for materials stability and contamination. Growth via the ultra-high vacuum
deposition technique of molecular-beam epitaxy (MBE) should be a premier
route for 2D heterostructure fabrication, but efforts to achieve this are
complicated by non-uniform layer coverage, unfavorable growth
morphologies, and the presence of significant rotational disorder of the grown
epilayer. This work demonstrates a dramatic enhancement in the quality of
MBE grown 2D materials by exploiting simultaneous deposition of a sacrificial
species from an electron-beam evaporator during the growth. This approach
dramatically enhances the nucleation of the desired epi-layer, in turn enabling
the synthesis of large-area, uniform monolayers with enhanced quasiparticle
lifetimes, and facilitating the growth of epitaxial van der Waals hetero-
structures.

1. Introduction

The layered transition-metal chalcogenides
(TMCs) are formed of blocks of covalently
bonded transition-metals (M) and chalco-
gens (X = S, Se, Te), which are stacked to-
gether with only weak van der Waals (vdW)
forces between the layers. The most fa-
mous structure is of MX, type, but the
family contains a plethora of other binary
(e.g., M,X;) and ternary (e.g., M,Y,X,, Y
= Si, Ge) phases. Their van der Waals na-
ture allows for the ready isolation of sin-
gle layers of these compounds, which to-
gether host a huge variety of electronic,
magnetic, and collective states: from spin-
valley locked semiconductors'*! to elec-
trically tunable magnets*®! and supercon-
ducting and charge-density wave (CDW)
systems.l®! Most commonly, the fabrica-
tion of TMC monolayers (MLs) is per-
formed by mechanical exfoliation, in the
same way as for the isolation of graphene
from bulk graphite.!®) This has been
shown to yield monolayer flakes of high
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Figure 1. MBE growth of 2D transition-metal chalcogenides. a) Schematic of an MBE growth setup showing high-purity molecular beams focused
towards a heated substrate in the centre of a UHV chamber. b) Schematic illustration of the various options available to physisorbed species at
the substrate surface during growth. c) AFM image showing the surface morphology of a typical TiSe, monolayer growth on an HOPG substrate.
d) RHEED image during the growth of the sample shown in (c). The line cut shows clear diffraction streaks from both HOPG (black) and TiSe,

(red).

crystallinity and low defect density,['"'2] which can be stacked
together to form state-of-the-art prototypical devices through
a careful and time-consuming transfer process.'*1% While
recently, methods have been developed to perform such device
assembly in an ultra-high vacuum (UHV) environment,!17:18]
devices are typically fabricated in air or an inert gas-filled glove
box, which can lead to complications via the incorporation of
contaminants into the assembled device structurel'®?°! and the
degradation of air-sensitive materials.[?!]

As an alternative to this challenging top-down assembly of
2D TMCs, chemical vapor deposition (CVD) has become estab-
lished as the de facto standard for the bottom-up synthesis of 2D
materials.[2223] This technique has been demonstrated to be effec-
tive in producing large-area monolayers and bilayers with good
control of material thickness up to the wafer scale.l**2%] How-
ever, the higher synthesis temperatures required by CVD (typi-
cally in the range of 850-1100 °C) raises some challenges, espe-
cially in the case of synthesising heterostructures using a two-
step route, where a lower temperature is required for the second
or subsequent layers in order to protect the bottom layer.[?:28]
Lowering the synthesis temperature can cause the formation of
randomly-aligned domains,?>%! which can occur in particular
if the thermodynamically stable state cannot be reached in the
early nucleation period. Additionally, impurities from the precur-
sor molecules used in the growth can become incorporated into
the grown layer.[2:3]

In principle, molecular-beam epitaxy (MBE) should be the
ideal method to overcome these challenges. It is a precise UHV-
based deposition technique, with growth proceeding on a single-
crystalline substrate from molecular beams of ultra-pure elemen-
tal sources (Figure 1a). It is well-established as the “gold stan-
dard” for the epitaxial growth of conventional semiconductors
and their heterostructures, yielding devices with the highest elec-
tron mobilities, 3!l lowest defect densities and most uniform layer
structures.32331 However, efforts to utilize MBE for the fabrica-
tion of monolayers or heterostructures of 2D materials have, to
date, proved extremely challenging.

To illustrate the complexities observed, we show in Figure 1
the results of a typical MBE growth of a representative 2D-
TMC (here TiSe, grown atop a graphite (HOPG) substrate, see
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Experimental Section). A large number of small inhomogeneous
islands originate from nucleation of the epilayer growth at sub-
strate step edges, which leads to the formation of unfavorable
growth fronts resulting in rotated domains and multilayer growth
patches (Figure 1b,c). A lower density of larger islands are formed
away from these step edges. These evolve from much-preferred
spontaneous or substrate defect-mediated nucleation clusters.
The absence of surface dangling bonds in vdW materials means
that, under ideal conditions, diffusing adatoms on the growth
surface would be captured at the active growth edge of such
clusters, undergoing edge diffusion (see Figure 1b) and caus-
ing the growth to progress dominantly in-plane, resulting in a
layer-by-layer growth mode. In reality,3*l however, the first TMC
monolayer island acts as an energetically favorable substrate for
adatoms with lower mobility. The result is a partial coverage of
the substrate, with exposed substrate regions co-existing with
multi-layer epi-islands as evident in our atomic force microscopy
(AFM) measurements shown in Figure 1c, as well as via the pres-
ence of pronounced diffraction streaks from the epilayer and the
underlying graphite substrate in reflection high-energy electron
diffraction (RHEED) measurements (Figure 1d).

Further increase in the monolayer coverage will also increase
the multilayer coverage: to date, even the most successful at-
tempts to use MBE for the growth of large-area TMCs have gen-
erally not yielded individual islands with sizes greater than ca.
one micrometer.3*35] While a proof of principle for larger-area
growth has been demonstrated via a complex multi-step growth
procedure,®®! this required extremely high growth temperatures
- likely leading to significant chalcogen vacancy formation in the
film — and impractically slow growth rates. A widely applicable
growth method for the large-area growth of uniform epitaxial
monolayers of TMCs has thus remained elusive. Here, we report
how such improved growth modes can readily be achieved via the
co-evaporation of a sacrificial species from an electron beam (e-
beam) evaporator during the epitaxial growth. We show how this
can lead to continuous epitaxial monolayers that have excellent
azimuthal order, improved electronic lifetimes, and whose size
is limited only by the growth substrate. Our work thus demon-
strates the first growth of large-area vdW heterostructures via an
all-UHYV approach.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 2. Influence of Ge co-evaporation on the growth of TiSe,. a-d) AFM topographies of TiSe, samples grown on an HOPG substrate with co-
evaporation of small quantities of Ge. An increasing flux of Ge from 0 nA to 1 nA shows the striking influence of the additive on the epilayer morphology
(see Figure S12 (Supporting Information) for corresponding height profiles from the AFM). e) Dependence of monolayer (ML) surface coverage, and
bi- and multi-layer formation relative to the monolayer area (BL/ML) on the additive flux, as estimated from our AFM measurements. f) RHEED image
for the film grown with 1 nA Ge flux showing only the TiSe, film streaks present. Analysis of the corresponding line cut indicates a spacing consistent
with pure ML TiSe,. g) ARPES spectrum of a TiSe, sample grown without Ge and measured at T = 17 K, showing the electronic structure of ML TiSe,
in the CDW phase. Signatures of initial bilayer (BL) formation are also evident. (h) Same as (g) on a sample grown with 1 nA of Ge, showing the
unperturbed electronic structure of ML TiSe, and persistence of its CDW. i) Schematic illustration of the Ge e-beam assisted MBE growth process for 2D
TMC materials. An incoming excited Ge ion (step 1) induces a defect in the van der Waals substrate (step 2), leading to dangling bonds which promote

nucleation of the TMC island (step 3).

2. Results and Discussion

2.1. E-Beam Assisted Epitaxial Growth of Monolayer TiSe,

Key to growing larger-area monolayers of TMCs is the suppres-
sion of multilayer formation and enhancing the seeding of the
growth by increasing the adatom cluster-based nucleation sites.
We show in Figure 2 how this can be achieved by employing de-
position of a non-reactive sacrificial species from an e-beam evap-
orator during the MBE growth. We show this here for Ge as the
sacrificial species, enhancing the growth of a TiSe, layer on an
HOPG substrate. In the traditional growth mode, with evapora-
tion of only Ti and Se (Figure 2a), the growth progresses in the
regular manner discussed above, with a large number of small
fractal islands forming due to nucleation at defects and a smaller
number of larger fractal-triangular islands forming from intrin-
sic nucleation clusters, which themselves show substantial mul-
tilayer formation. Indeed, the monolayer coverage for the sample
shown here is less than 60%, while already there is around 10%
of the film surface covered by two or more layers (Figure 2e).
Adding the deposition of a trace amount of Ge from an e-
beam evaporator during the growth, with all other growth pa-
rameters remaining unchanged, we find a dramatic and imme-
diate improvement in the obtained film morphology and mono-
layer coverage. We measure the supply of Ge as a charged particle
current through the integrated flux-meter of the used electron-
beam evaporator. Adding just 0.25 nA of Ge during the growth
(Figure 2b), we find an increase in the monolayer coverage to
around 80% - indicating a significant increase in growth rate
— while the bilayer coverage drops to less than 5%. Moreover,
the fractal-triangular morphology [**! (Figure 1b) has transformed
into a more thermodynamically favorable case of fully triangular

Adv. Mater. 2024, 2402254 2402254 (3 of 9)

islands. The growth rate and monolayer coverage are further in-
creased by increasing the Ge flux up to 1 nA, without signifi-
cant increase in the bilayer coverage (Figure 2a—e), leading to the
formation of a near-continuous monolayer (Figure 2d). Indeed,
the corresponding RHEED measurements now show only the
diffraction streaks from the epilayer (Figure 2f), without signa-
tures of the substrate (cf. Figure 1d), confirming a near-complete
monolayer coverage across the sample.

While the morphological properties of the epilayer are clearly
enhanced by the co-evaporation of Ge during the growth, a key
question is whether this detrimentally affects the monolayer
properties in another way. We confirmed from the RHEED streak
spacing (Figure 2f) that the TiSe, lattice constant is identical to
that of layers grown without the additional Ge co-evaporation
(Figure 1d), and equal within error to that of bulk TiSe,. As a sen-
sitive test of the influence of the Ge supplied on the electronic
properties of the monolayer, we show in Figure 2gh the elec-
tronic structure of samples grown with and without Ge supply
as measured by in situ angle-resolved photoemission (ARPES,
see Experimental Section). While the broad band structure is
qualitatively similar between the two samples, we find that the
measured linewidth is in fact around 30% smaller for the sam-
ple grown with Ge, pointing to an enhanced carrier lifetime and
reduced quasiparticle scattering (see Figure S1, Supporting In-
formation). In both samples, a clear replica of the dispersive va-
lence band states from the I'-point are observed at the M-point,
indicating that a charge-density wave instability that this system
hosts is unaffected by the use of Ge. Furthermore, the conduction
band filling is identical within our resolution for the two samples,
meaning that the Ge does not cause any additional Se vacancies
to form, or lead to other carrier doping in the sample. Mean-
while, signatures of an additional band splitting (labeled BL in
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Figure 2g), which arises due to bilayer interactions are strongly
suppressed for the sample grown with Ge as compared to the
one without Ge, in line with our AFM measurements showing
the dramatic enhancement of the ratio of monolayer:bilayer cov-
erage in the two samples (Figure 2e).

Together, our combined AFM and ARPES measurements thus
suggest that both the mesoscale structure and microscopic sam-
ple quality are enhanced for our Ge e-beam assisted growth
method presented here. Moreover, they suggest that there is neg-
ligible incorporation of Ge as impurities in films grown in this
way, something we have also confirmed via chemical analysis
(Figures S2 and S3, Supporting Information), while atomic-scale
imaging via STM shows excellent crystalline order and low de-
fect densities of ca. 0.1% (Figure S4, Supporting Information).
We thus conclude that there is no significant incorporation of
the Ge into the growing film.

A key question, therefore, is what causes the dramatic en-
hancement to the epitaxial growth demonstrated here. In anal-
ogy to the use of surface-active species as surfactants in the MBE
growth of conventional semiconductors, 32! one possibility is
that the mobile Ge adatoms can be more readily caught into an ac-
tive edge of a growing epi-island than for the Ti atoms, occupying
the metal vacancy sites until they are preferentially replaced by Ti
adatoms as the growth proceeds.[***] Interestingly, however, we
do not find the same enhancement in growth quality when Ge is
evaporated from an effusion cell, even when the Ge flux is tuned
over several orders of magnitude (Figure S5, Supporting Infor-
mation). This rules out any significant direct surfactant effect of
the Ge atoms.

Instead, it points to a crucial role of the specific mode of de-
livery of the sacrificial species. In this respect, we note that Ge
evaporated from an effusion cell consists of mainly low-energy
neutral molecules, while, in comparison, e-beam evaporators in
general introduce a significant quantity of highly excited ions. In
fact, ion-beam assisted deposition - where the substrate is contin-
uously bombarded with a high energy ion-beam - is known to be a
powerful method for tuning growth morphologies of elemental
metals,[**] thought to occur mainly via the transfer of kinetic
energy to the adatoms and thus enabling increased surface diffu-
sion and adhesion.

While the Ge ions could play such a role here, the incoming
ion beam may also induce substrate defects, which in turn would
act as new nucleation sites, seeding the growth (Figure 2i).1*I
To distinguish between these scenarios, we have separated the
exposure of the substrate to the Ge e-beam from the growth of
the TiSe, layer. As shown in Figure S6 (Supporting Information),
we find that this two-step growth process yields almost identical
monolayer TiSe, films to growths performed with co-evaporation
of the Ge with the Ti. This strongly points to enhanced nucleation
as the primary driver of the improved growth methodologies we
find here.

We have further confirmed this by studying both the initial
stages of the growth (Figure S7, Supporting Information) and
how this evolves with deposition time to yield smooth monolayer
growth (Figure S8, Supporting Information). Specifically, we find
that a dramatically-enhanced nucleation site density leads to the
initial growth of a larger number of small growth domains. With
the increased number of islands, and thus smaller inter-island
separation, the diffusing adatoms that land on the substrate
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surface can more easily reach a growing island, explaining the
enhanced growth rate that we observe. Moreover, with the now
smaller island size, adatoms that land on the island surface can
readily migrate to the edge of the island where they can partic-
ipate in edge diffusion, contributing to the growth of the initial
monolayer rather than seeding bi/multi-layer growth as was evi-
dent in Figure 1c. Only after the longest deposition times, as the
initial monolayer is essentially completed, do small additional tri-
angular islands start to form on the growth surface, reflecting the
start of nucleation for the second layer. It will be interesting to
explore the detailed energetics of this process further in future
theoretical calculations. Already here, however, our experimen-
tal measurements demonstrate how a true layer-by-layer growth
mode can be realized for the first time in van der Waals epitaxy.

2.2. Generality of the Nucleation-Assisted Growth Process in 2D
TMCs

We show in Figure 3 that this approach is not limited to TiSe,
growth, but can be effectively applied across a wide range of
chalcogenide-based 2D materials growth. We first consider the
sister transition-metal dichalcogenide VSe,, which can be ex-
pected to behave similarly to TiSe,, except that a lower metal atom
mobility leads to a more fractal-like branched morphology at the
growth temperature of 600 °C used here (see Table S1, Support-
ing Information for detailed growth conditions) when not uti-
lizing the Ge e-beam, with nucleation occurring predominantly
at substrate step edges (Figure 3a). When Ge is co-evaporated
from the e-beam evaporator, however (Figure 3b), the free nu-
cleation of the islands is substantially increased - similar to, but
even more significantly than, the case of TiSe,. Indeed, we find
that the islands have merged into a near-complete monolayer
of VSe,, with only few gaps or bilayer islands visible. Electronic
structure measurements of the VSe, films grown with and with-
out Ge show similar band dispersions, with characteristic signa-
tures of the charge-density wave ground statel?! visible in both
cases. As already observed in monolayer TiSe,, we find a reduced
linewidth in the spectrum of monolayer VSe, grown with our e-
beam method, indicating reduced scattering and confirming the
improved crystalline quality.

Our method, however, is not limited to transition-metal
dichalcogenides, and we show in Figure 3c—f how this can be
used to enable the epitaxial growth of single Cr,X; (X = Se, Te)
quintuple-layer structures, a compound of current interest as a
putative 2D magnet.[**3 Although Cr,Se, is a nominally stable
compound, our attempts to obtain high-quality monolayers of
these samples using conventional methods repeatedly suffered
from poor intrinsic quality as judged by broad signals in our
spectroscopic measurements (Figure 3c). In contrast, with en-
hanced nucleation from our e-beam-assisted approach, we find
monolayer (with 1 ML indicating one Se-Cr-Se-Cr-Se block) thick-
ness uniformity. The quality of our spectroscopic data is, in turn,
markedly enhanced, with much sharper linewidths and better re-
solved bands. As well as being of strong practical benefit to facili-
tate future electronic structure studies of this system, this further
points to a striking ability of our e-beam-assisted approach to not
only enhance the large-scale structures, but also the microscopic
crystalline structure and reduce defect densities.

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH
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Figure 3. Influence of co-evaporation of Ge from an e-beam evaporator on the growth of various TMCs. 2 X 2 um AFM images and ARPES spectra
measured along normal emission at 10 K from four different materials: a,b) VSe,, ¢,d) Cr, _ sSes, e,f) Cr, _ sTe; and g,h) NbSe,, for samples grown
without (a,c,e,g) and with (b,d,f,h) Ge co-evaporation (1 nA). While substantial multilayer formation is found without Ge suppply, the growths grown with
Ge co-evaporation exhibit almost exclusively monolayer terraces (see also Figure S12, Supporting Information). Due to randomly-oriented azimuthal
domains in the substrate, smaller than the probing beam spot, the ARPES measurements are azimuthally averaged, but still show a clear improve-
ment in quasiparticle lifetimes with the addition of Ge during the growth. Note that for the quintuple-layer Cr-based materials, a range of different Cr
concentrations are possible as these form a family of self-intercalation compounds. We thus refer to these as Cr, _ 5X; here.

We find similar, although arguably even more dramatic,
changes for the Cr,Te, sister compound. With the larger Te or-
bitals and stronger inter-layer bonding, we find that 3D island
growth is favored without the Ge co-evaporation (see the highly
multi-layer growth in Figure 3e, and the diffuse and poorly-
resolved spectra in our ARPES measurements). However, with
our e-beam-assisted growth method (Figure 3f), a transition to a
2D layer-by-layer growth mode is obtained, with near-complete
monolayer coverage and negligible bilayer growth, while the
ARPES measurements show a similar improvement in mea-
sured linewidth as for the Cr,Se; compound.

The influence of the e-beam assisted growth is more subtle in
the case of heavier transition-metals such as Nb (Figure 3g,h).
Here, the transition metal of interest is already evaporated from
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an e-beam evaporator which, combined with the low mobility of
the Nb and high sticking co-efficient on the surface, means thata
significant number of nucleation sites are already expected with-
out the aid of the Ge ions from the e-beam (Figure 3g). The is-
land sizes and shapes (Figure 3h) are thus only slightly enhanced
when using the new technique. Nonetheless, we do note a large
suppression in the formation of chain-like features on the sur-
face when utilizing the Ge. These are metal-metal chains that
can form due to the low surface diffusion lengths of the metal
adatoms here, which in turn can act as unfavorable, long nucle-
ation step edges. Thus, while the effect of the Ge e-beam is not
as dramatic for NbSe, as for the other systems investigated here,
we conclude that it does still make a positive contribution in ef-
forts to stabilize more uniform monolayers. Consistent with the
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Figure 4. Large-area growth of ML TiSe, on natural graphite. a) AFM topography of a TiSe, sample grown on a natural graphite substrate (NG) with
no Ge flux, showing low coverage and significant bilayer formation. b) Sample grown with 1 nA of Ge flux showing near-complete ML coverage with
only small gaps in the film and negligible multi-layer formation. c) Larger area topography of the sample shown in (b). d) LEED image from the Ge
e-beam-assisted sample growth, showing negligible rotational disorder and good epitaxial alignment of the film (TiSe,) and NG substrate.

more subtle change in the growth morphology, we find our mea-
sured ARPES spectra to be much more similar between the two
samples than for the systems discussed above.

We note that the e-beam aided growth method proposed here
is not limited to Ge as a sacrificial species. Other species can
be used, as long as they are evaporable from the e-beam source
and do not form stable bonds with the chalcogen species un-
der the growth conditions used. As an example, we show in
Figure S9 (Supporting Information) the case of using Ag as an ac-
tive species, evaporated from the e-beam source, where we find a
similar increase in surface coverage and nucleation as for the use
of Ge. In both cases, co-evaporation of just the sacrificial species
with the chalcogen using typical flux and temperature parame-
ters yield no coverage on the growth substrate following 2 h of
growth (Figure S10, Supporting Information). This confirms that
these do not form stable binary compounds under the growth
conditions used, and are thus able to induce nucleation sites but
without incorporating into the grown film.

This points to the generality of the e-beam assisted growth pro-
cess here, and the wide flexibility in materials choice that can be
made to facilitate the growth of TMC films in the desired layer-
by-layer manner. Another advantage of our method is that it al-
lows the use of growth conditions (such as very low metal fluxes
and high temperatures) that would otherwise yield impractically
low growth rates, but which become feasible with dramatic en-
hancements in growth rates found here (e.g. Figure S9, Support-
ing Information). It should also be readily possible to extend the
approach demonstrated here to the growth of important S-based
TMC compounds, where we would expect similar considerations

to apply.

2.3. Growth of Large-Area Monolayers and van der Waals
Heterostructures

Despite the generality of the approach, it is still crucial to uti-
lize the highest quality growth substrate in order to avoid un-
favorable nucleation sites from the substrate itself. While the
HOPG substrates used in the studies discussed above are ideal
for easy preparation and growth investigations, even the highest
quality commercially-available HOPG is comprised of small in-
plane grains that are rotationally misaligned, which prevents the
growth of continuous large-area films across the grain boundary.
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We show instead growth of TiSe, on a natural graphite substrate
in Figure 4a. Here, the surface is atomically flat and well-ordered
over a length scale of tens of micrometers. The higher quality
of the growth substrate is already visible in our measurements
without utilising the e-beam assisted growth (Figure 4a), by the
lack of nucleation at step edges. While this leads to the growth of
sharp and well-ordered triangular domains, the surface coverage
is very low, and most of the TiSe, islands already exhibit the onset
of significant bilayer formation.

In contrast, by using the Ge co-evaporation, we obtain a
near-complete monolayer coverage, with almost no exposed sub-
strate visible (<2 %) and almost no bilayer regions present
(<3 %, Figure 4b). In fact, we find the grown layer to be es-
sentially completely uniform across the substrate, as shown in
our 10 x 10 um AFM topography in Figure 4c, with small
cracks now appearing which may have resulted from the relax-
ation of residual strains during the cooling process following
the growth. Similar AFM measurements are found at macro-
scopically different regions on the substrate, suggesting uni-
form coverage. Moreover, our low-energy electron diffraction
(LEED) measurements shown in Figure 4d indicate that the epi-
layer grows with excellent azimuthal order across the entire sub-
strate (our LEED beam spot probes a region of ca. 0.5 mm di-
ameter). The substrate Bragg spots are only very weakly vis-
ible — again reflecting the full coverage — but are in excel-
lent alignment with the TiSe, spots, again reflecting negligi-
ble rotational disorder and an excellent epitaxial registry be-
tween the substrate and the monolayer grown atop, despite the
large lattice mismatch. We note that the formation of some do-
main boundaries are still visible in the AFM measurements in
Figure 4b, where initial growth domains merge. This likely re-
flects the formation of mirror twin domain boundaries. These
could themselves be further suppressed by use of a threefold
symmetric substrate such as hBN or MoS,, where careful con-
trol of the growth conditions can be used to favor the forma-
tion of a single mirror domain from the initial stages of the
growth.>!]

Already, the enhanced size and uniformity of the as-grown
monolayers obtained here opens the door, for the first time, for
using MBE to grow epitaxial vdW heterostructures layer by layer.
As a proof-of-principle of this approach, we show in Figure 5a
TiSe,/VSe, heterostructure grown atop a natural graphite
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Figure 5. Epitaxial growth of large-area vdW heterostructures. a) Crystal structure of the heterostructure (side view) showing the graphite substrate and
monolayer VSe, on top of monolayer TiSe,. b,c) AFM topographies showing the morphology of the natural graphite/TiSe,/VSe, heterostructure, again
showing a near-complete and uniform coverage of each layer in the heterostructure stack.

substrate (Figure 5a). The initial TiSe, monolayer was grown as
described above, while the growth temperature was reduced to
400°C for deposition of the top VSe, layer to reduce any potential
intermixing at the TiSe, - VSe, interface. As shown in Figure 5b,c,
the VSe, layer has almost fully covered the TiSe, layer beneath, al-
though we stopped the growth just before a full VSe, monolayer
is completed. This leaves small gaps in the VSe, layer through
which we can use AFM to confirm the TiSe,/VSe, layer stack-
ing sequence (see inset in Figure 5b and Figure S11, Supporting
Information).

3. Conclusion

Our work thus demonstrates how enhanced nucleation induced
by self-ions of sacrificial species can be used to dramatically en-
hance the MBE growth of monolayer transition-metal dichalco-
genides and vdW materials. Combined with judicious choice of
the growth substrate, we have shown how this can be used to
realize uniform monolayers across multi-micron length scales,
which opens new possibilities to, e.g., perform transport mea-
surements on such MBE-grown monolayers or to lithographi-
cally define device structures. To further facilitate all-epitaxial de-
vice strucutres, it will be interesting to extend our growth stud-
ies to other, non van der Waals, substrates such as silicon. Al-
ready for the van der Waals substrates investigated here, we have
shown how the improved materials quality is reflected not only in
the mesoscopic morphological properties, but also in the carrier
lifetimes as judged from electronic structure measurements, and
have demonstrated how our growth method facilitates the epitax-
ial growth of vertical heterostructures of distinct 2D materials.
This is particularly exciting for air-sensitive materials, including
most of the materials studied here, as it provides a route to fabri-
cate such large-area and high-quality heterostructure samples in
a fully UHV environment, opening new possibilities for realiz-
ing proximity coupling at their interfaces to control the plethora
of emergent states that 2D TMCs host.

4. Experimental Section

MBE Growth: The 2D TMCs were grown using a DCA R450 MBE sys-
tem, on highly oriented pyrolytic graphite (HOPG) and natural graphite
(NG) substrates. The growth chamber had a base pressure of ~2 x 10710
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mbar and a working pressure of ~2 X 107° mbar during growth. Substrates
were degassed at ~200°C in the load lock for ca. 12 h before transferring
to the growth chamber. The quality of the substrate surface was moni-
tored using in situ RHEED. Prior to growth, the substrates were further
annealed at 700 — 800 °C for 30 min before cooling to growth temper-
ature. Full growth parameters for all samples were listed in the Support-
ing Information. Growth temperatures were measured by a thermocouple
placed behind the substrate heater, which likely overestimates the true sur-
face temperature by around 150-200°C.

For transition metal sources, high temperature effusion cells were uti-
lized containing 3N5 pure Ti, 3N5 pure Cr, and 4N pure V, and an e-beam
evaporator containing 3N5 pure Nb. The Ge and Ag sacrificial species were
also evaporated from the same Focus EFM 3T triple e-beam evaporator. A
valved cracker cell was used to generate a 5N pure Se flux. The cracker zone
of the Se source was maintained at an elevated temperature of 500°C dur-
ing growth, to generate cracked Se monomers or dimers and to prevent
condensation near the valve. 5N pure Te was evaporated from a home-
built Knudsen cell. A beam-equivalent pressure (BEP) of 1 x 1077 mbar
and 5 x 1078 mbar for the Se and Te sources was used, respectively, as
estimated by positioning a retractable beam flux monitoring ion gauge in
front of the substrate, just before the growth. While the low flux of the
transition-metal sources make it hard to obtain an accurate estimate of
their BEP using this method, it was estimated that they were approximately
two orders of magnitude lower than for the chalcogen sources, to combat
the higher vapor pressures and lower sticking coefficients of the chalcogen
species.

Film Characterization: ARPES and XPS were performed on samples
transferred under vacuum, utilizing a Specs Phoibos 225 analyzer, and
probed using 21.2 eV and 1486.7 eV photons from a He plasma lamp and
a monochromated X-ray source, respectively. The samples were cooled
to 10 K (17 K) for the ARPES measurements in Figure 3 (Figure 2),
while the XPS measurements were also performed at 10 K. LEED mea-
surements were performed using an OCI LEED optics, using an electron
energy of 100 eV, with the samples again transferred from the growth
chamber under UHV. STM measurements were performed in a home-
built UHV STM operating at temperatures down to 1.5K. Bias voltages
were applied to the sample, with the tip at virtual ground. The sample
was transferred from the growth system to the STM using a vacuum
suitcase.

The morphologies of the as-grown samples were analyzed ex situ, after
removing the samples from vacuum and immediately transferring them
to an Ar-filled glovebox. A Park Systems NX10 AFM placed in the glove-
box was used for all topographic measurements shown here, with mea-
surements performed in non-contact mode. The quantitative analysis of
surface areas was done by grain selection based on height thresholds.
The compositional stoichiometry of epilayers was further probed using
Rutherford Backscattering Spectrometry (RBS) with a 2 MeV He™ beam,
with a spot size of 10 pm X 10 um and a beam current of 1 nA. RBS
spectra were analyzed with SIMNRA.[®2] Particle-induced X-ray emission
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(PIXE) data were collected using 2.5 MeV He't beam to better character-
ize Ge, with a spot size of 5 um X 5 um. Samples for RBS and PIXIE were
capped with thin amorphous layers of Se before removing them from the
growth chamber.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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