Atomic Scale Microstructure

and Properties of Se-Deficient

Two-Dimensional MoSe,

Ossi Lehtinen,*" Hannu-Pekka Komsa,* Artem Pulkin,’ Michael Brian Whitwick,” Ming-Wei Chen,*
Tibor Lehnert,” Michael J. Mohn,’ Oleg V. Yazyev,® Andras Kis, Ute Kaiser," and Arkady V. Krasheninnikov'

TGroup of Electron Microscopy of Materials Science, Central Facility for Electron Microscopy, University of Ulm, 89081 Ulm, Germany, COMP Centre of Excellence,
Department of Applied Physics, Aalto University, P.0. Box 11100, FI-00076 Aalto, Finland, Snstitute of Theoretical Physics, Ecole Polytechnique Fédérale de
Lausanne (EPFL), CH-1015 Lausanne, Switzerland, “Electrical Engineering Institute, Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne,
Switzerland, and HDepartment of Applied Physics, Aalto University, P.0. Box 11100, FI-00076 Aalto, Finland

ABSTRACT We study the atomic scale microstructure of non-
stoichiometric two-dimensional (2D) transition metal dichalcogenide
MoSe, _, by employing aberration-corrected high-resolution trans-
mission electron microscopy. We show that a Se-deficit in single
layers of MoSe, grown by molecular beam epitaxy gives rise to a
dense network of mirror-twin-boundaries (MTBs) decorating the 2D-
grains. With the use of density functional theory calculations, we

further demonstrate that MTBs are thermodynamically stable
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structures in Se-deficient sheets. These line defects host spatially localized states with energies close to the valence band minimum, thus giving rise

to enhanced conductance along straight MTBs. However, electronic transport calculations show that the transmission of hole charge carriers across MTBs is

strongly suppressed due to band bending effects. We further observe formation of MTBs during in situ removal of Se atoms by the electron beam of the

microscope, thus confirming that MTBs appear due to Se-deficit, and not coalescence of individual grains during growth. At a very high local Se-deficit, the

2D sheet becomes unstable and transforms to a nanowire. Our results on Se-deficient MoSe, suggest routes toward engineering the properties of 2D

transition metal dichalcogenides by deviations from the stoichiometric composition.
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Itering the atomic composition of a
Amaterial away from its perfect stoi-
chiometric ratio is a standard ap-
proach for tailoring its properties. Perhaps
the most famous example is the rich phase
diagram of the Fe—FesC system, where
materials with diverse characteristics can
be manufactured by varying the composi-
tion and the growth history.! One can ex-
pect that the same approach should also
work for two-dimensional (2D) systems.
However, engineering of 2D materials by
deviations from the 'perfect’ stoichiometric
balance between the primary components
is a largely unexplored topic to this date.
This is particularly relevant to 2D transi-
tion metal dichalcogenides (TMDs). Recently,
significant efforts have been directed to-
ward producing 2D TMDs, due to their
intriguing electronic properties,? with vari-
ations of the chemical vapor deposition
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(CVD) technique®~? being the most promis-
ing in terms of large-scale production. The
typical aim of such efforts has been the
production of high-quality crystals at the
perfect 1:2 stoichiometric composition, or 2D
TMD random alloys ternary compounds'®"!
with mixing either in the chalcogen'* ' or
metal'>'® sublattice. However, defects and
dopant atoms can also be used to modify
the properties of these materials.'”” ~2* Re-
cently, Kim et al.?® studied the influence of
nonstoichiometry on the transport prop-
erties of CVD 2D MoS,_, sheets and found
increased mobilities in connection with a
S-deficit, demonstrating the feasibility of
engineering of 2D TMDs by moving away
from the stoichiometric composition. More-
over, the thermoelectric properties, charge
carrier concentrations®® and mass density?’
of bulk MoSe, are influenced by small devia-
tions from the stoichiometric composition.
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Thus, as controlled composition engineering of the
materials can take place only when the atomic scale
morphology resulting from a given growth process can
be predicted, microscopic information on the exact
atomic structure of nonstoichiometric samples is essen-
tial for the optimization of growth process and complete
understanding of the behavior of the new materials.

In terms of the phase diagram of the 2D TMDs, the
reduced dimensionality imposes a strong limitation
on the useful range of compositions; however only
some distinct phases, such as the hexagonal 2H,
rhombohedral 3R, and tetragonal 1T structures of
TMDs, are layered and thus can form stable/metastable
2D structures.”® Moving down in Se-content in the
Mo—Se bulk system, for example, leads eventually to
the crossing of the MoSe,—MosSe,; phase boundary
and the crystal structure becoming three-dimensional.

Here, we explore the atomic scale microstructure of
Se-deficient 2D MoSe,_, sheets, where the 2D topol-
ogy is retained despite moving away from the stoichio-
metric composition. We investigate single layer 2D
MoSe,_, grown by molecular beam epitaxy (MBE)
using aberration-corrected high-resolution transmis-
sion electron microscopy (AC-HRTEM) at 80 kV. The
investigated material is found to be a nanocrystalline
film with a MoSe; ¢3¢y in-grain composition. The
Mo—Se imbalance is manifested as mirror-twin-
boundaries (MTB) decorating individual grains, and
the composition can be determined by measuring
the areal density of the MTBs in AC-HRTEM images.
Our calculations based on the density functional
theory (DFT) indicate that such a configuration is
energetically favorable in Se-deficient conditions. The
calculated electronic band structure of the experimen-
tally observed MTB presents evidence for localized
states in a wide energy range in the semiconductor
gap near the bottom of the conduction band. Our
calculations of the ballistic electronic transport using
the nonequilibrium Green's function approach across
the MTB defect shows high transmission for the elec-
tron charge carriers, but low conductivity for the holes.
We further demonstrate the formation of such bound-
aries in situ, when the electron beam of the TEM
gradually removes Se atoms from the lattice and
eventually the lattice spontaneously reorganizes
locally into a mirror-domain. With further removal of
Se, the 2D sheet is transformed into a nanowire, that is,
a 2D to 1D transition is observed.

RESULTS AND DISCUSSION

Single layer 2D MoSe, samples were grown in a
customized MBE system, and the as-grown films were
transferred onto TEM grids using poly(methyl
methacrylate) (PMMA) as a temporary support, as
described in more detail in the Materials and Meth-
ods section. The samples were then investigated in
an aberration-corrected high-resolution transmission
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electron microscope (FEI Titan 80—300), operated
at 80 kVv.

At first impression, the sample was observed to
consist of a free-standing membrane of single layer
MoSe, with a very fine grain-structure (only few small
multilayer patches are present, as confirmed by ex-
tensive survey of the material using HRTEM, see Sup-
porting Information Figure 4). A 130 nm x 130 nm area
is shown in Figure 1a with color coding applied to
highlight grain distributions and orientations within
the membrane (see Supporting Information Figure 1
and ref 29 for details on the generation of such an
image). All the grains have the basal plane aligned with
the membrane surface, but have seemingly random
in-plane orientations, and the grains have diameters in
the range of few tens of nanometers. The grains are
stitched together by tilt-grain-boundaries consisting
of rows of dislocations (Figure 1 b), similar to what
has been observed earlier for MoSe,,” MoS,,%%° and
graphene.3°~33 The small size of the grains can be
tentatively explained by a high density of nucleation
sites during growth of the membrane.

However, close examination of the images indicated
that individual grains have additional structure. The
grains consist of the regular trigonal MoSe, lattice
decorated by another type of very straight boundaries
running through the grains, making sharp turns and
occasionally forming closed triangular loops (these
boundaries become also visible as a side effect of the
orientation mapping, see Figure 1a). In Figure 1c, the
positions of the Mo and the dual Se atoms are partly
overlaid in the AC-HRTEM image, where the darkest
spots correspond to the Se sites (ie., dark atom
contrast), the lighter spots to single Mo atoms, and
the bright spots to the empty centers of the hexagons.
On the basis of the identification of the atom positions
(see also simulated image in Supporting Information
Figure 5), the boundaries can be identified as mirror-
twin-boundaries (MTBs), or, equivalently, as 60/180/
300° tilt grain boundaries, where the leading Se edges
of two adjacent MoSe, lattices meet (see Figure 1d
for the structural model). With respect to edge type
classification, we use the standard nomenclature.®
The Se- and Mo-edges are shown in Supporting In-
formation Figure 4a, and they are classified according
to the atom types at the zigzag edge just after cutting
the ideal lattice, independent of what kind of atoms are
later on attached to the edge (e.g., the Mo edge may
have zero, one or two Se atoms attached to the edge
Mo atoms). The lattice on the opposite sides of these
boundaries has seemingly the same orientation, but
with an important distinction: the trigonal MoSe,
lattice is mirrored across the boundary, that is, the
Mo and the dual Se sites are interchanged. While
the Se-sublattice continues uninterrupted over the
boundary, the Mo-sublattice has a discontinuity at
the MTB resulting in Se-atoms at the boundary binding
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Figure 1. Atomic scale microstructure of a free-standing 2D Mo—Se layer imaged by AC-HRTEM. (a) The grain structure, with
the color coding corresponding to different grain orientations. The map is generated in digital postprocessing, by selecting
different orientations in the fast Fourier transform of the image and compositing the images (see Supporting Information
Figure 1 for details). (b) A close-up view of a tilt grain boundary. The brighter lattice sites are Se vacancies and their
concentration increases rapidly during imaging due to the electron beam.>* (c) A close-up view of a mirror-twin-boundary
(MTB) embedded within a grain, with Mo and Se positions partly overlaid with circles. (d) A structural model of the MTB. (e) An
image acquired at a special focus condition placing the MoSe, lattice frequency at a minimum of the contrast transfer-
function (see the inset FFT). At such imaging conditions, the MTBs become highly visible (the linear features), even when
covered by contamination. The spots within the grains are Se vacancies.

to four Mo-atoms instead of three.>>® No other types of
MTBs were found in the sample. At various locations, a
Se site appears lighter, which is due to either one or
both of the Se atoms missing, and the number of such
sites increases during imaging. These are Se vacancies
produced by the electron beam of the microscope.>*

MTBs have also been reported earlier in MoSe,° and
MoS,.”?° Recently, a very high density of MTBs was
observed in a MoSe, monolayer grown on top of
graphene,®” and features in a MoSe, thin film grown
on top of a cleaved MoS, surface®®* can also be
explained by MTBs. The structure of the MTBs is inter-
preted differently in ref 37 from what we observe here,
but the uncorrected HRTEM images presented in that
work do not allow unambiguous interpretation of the
atomic structure,*® and in our opinion, it cannot be
excluded that the structure of the boundaries is actu-
ally identical to what is observed here and in other
reports on MTBs in MoSe,.’

An important feature of an MTB, in the context of
nonstoichiometry and atomic structure, is that the Mo-
density is higher at the boundary as compared to the
perfect MoSe, lattice, which has an interesting conse-
quence: as the MTBs are observed in significant den-
sities within the grains, a measurable deviation from
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the stoichiometric 1:2 ratio of Mo and Se is present, and
the MTBs can be interpreted as an atomic scale feature
resulting from the nonstoichiometry of the sample.

To quantify the density deviation, ie., extract the
exact composition of the grains, we acquired a large
number of HRTEM images of the sample. The imaging
was conducted in a nonstandard imaging mode (see
Figure 1e). That is, when the objective lens is adjusted
away from the 'optimal' Scherzer focus to a specific
underfocus, where the spatial frequency of the MoSe,
lattice coincides with a zero-crossover in the contrast-
transfer-function of the microscope, the image conttri-
bution of the continuous lattice is 'filtered’ out and the
discontinuities in the lattice become more visible, even
when covered by contamination. Using such imaging
conditions greatly improved the speed and reliability of
the MTB mapping. It should be pointed out that a similar
effect can be achieved through numerical filtering in the
Fourier transform of the image in postprocessing.

A total area of 18700 nm? was imaged and analyzed
and within this area a total length of 1730 nm of MTBs
was measured. The number of extra Mo atoms per unit
length associated with a MTB is 1.00 Mo/nm, and
consequently, the Se to Mo ratio within the grains is
determined to be 1:1.983(1) (assuming an uncertainty
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of £100 nm in the measured total MTB length). The
mass density of the material was calculated to be
0.32(2)% higher than perfect MoSe,, keeping in mind
that the Mo density is increased at the MTBs. The tilt-
grain-boundaries can be Mo- or Se-rich®® as well. How-
ever, our analysis is limited to the in-grain composition,
excluding the edges of the grains, and thus the composi-
tion of the tilt-boundaries is not accounted for. As already
mentioned, a high density of Se-vacancies is also visible
in the HRTEM images. This can be attributed to genera-
tion of vacancies by the electron beam during imaging®*
as discussed later, and is thus not accounted for in the
composition determination of the pristine material.

Although observation of the atomic structure during
growth is not possible, insights into the growth history
and thus the origin of the MTBs can be gained by
analyzing the observed structures. Two possible scenar-
ios can be imagined for forming the MTBs during
growth (postgrowth formation is discussed later). First,
the observed type of MTBs can form when two adjacent
grains merge. This requires (a) that the grains grow in
the direction of the leading Se-edge, and (b) that the
mistilt of the two merging grains is close to 180° (due to
the trigonal symmetry of the lattice, mistilts of 60° and
300° are equal to 180°). Second, the MTBs could form
during the growth of individual grains, where, eg.,
formation of MTBs would be initiated during the growth
of the grain and the growth would continue with an
MTB extending in the growth direction.

For assessing the validity of the first scenario, we can
look at the distribution of the grain orientations, and the
frequency at which MTBs are observed as compared to
other tilt boundaries. No preferred orientation of indivi-
dual grains is found (see Supporting Information Figure 2),
which means we should have a uniform distribution of
mistilt angles of the grain boundaries. Thus, the hy-
phothesis of MTB formation through merging of grow-
ing adjacent grains can be tested by looking at the
mistilt angle distribution in the sample. According to
earlier calculations,”® the grain boundary energy
decreases within a 10° deviation from the optimal
180° orientation, and if we assume that grains meeting
within this range reorient to optimize the energy and
form MTBs, the expected fraction of MTBs among all
grain boundaries is one in six. However, a density of
0.097(6) nm/nm? of tilt-grain boundaries is observed in
the sample, which is almost identical to the density of
MTBs (0.093(5) nm/nm?), meaning that the MTBs are
overrepresented. For a one-to-one ratio between other
tilt-boundaries and MTBs, formation of MTBs should
take place at up to £30° deviation from the ideal 180°
tilt, and even if few degree mistilts over the MTBs are
occasionally seen in the sample (see for example the
lower left MTB in Figure 1e), high mistilts over MTBs of
up to 30° are never observed. On the basis of this,
formation of the MTBs simply due to merging of mis-
oriented neighboring grains can be ruled out.
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As formation due to merging of grains does not
seem to be a plausible explanation for the appearance
of the MTBs, we need to look into the second scenario:
Formation of MTBs during the growth of individual
grains. Here, formation of MTBs would be initiated
during the growth of the grain and the growth would
continue with an MTB extending in the growth direc-
tion. As shown below by our DFT calculations, moving
to Mo-rich growth conditions significantly lowers the
formation energy of MTBs, giving rise to an increased
density during growth. Also, Se has a low sticking
coefficient,*’*? which can result in a local Se-deficit
even at excess deposition rates. Locations in the
sample with multiple MTBs radially emanating from
the same point in a star like pattern are observed (see
Supporting Information Figure 3a), which can be inter-
preted as nucleation sites of the grains, supporting the
hyphothesis of formation of MTBs during grain growth
in the growth direction. Currently, precise control of
this process is not possible, however, and further work
is necessary to enable controlled growth of MTBs
embedded in larger crystallites.

An additional insight into the growth history can be
gained from the boundary statistics: as MTBs where the
leading Mo-edges of the grains meet (see the struc-
tures 4—6 in Figure 2a) are never observed in the
sample, the grain growth can be deduced to have
taken place in the leading Se-edge direction. As dis-
cussed in more detail in the Supporting Information,
our DFT calculations show that, indeed, the environ-
ment influences the energetics of different edge ter-
minations, with the leading Se-edge being the lowest
energy configuration in a Mo-rich environment, while
the leading Mo-edge is preferred at Se-rich conditions
(see Supporting Information for details).

Until now, we have observed a specific kind of atomic
scale microstructure associated with a deviation from
the perfect 1:2 Mo—Se ratio in the sample, namely MTBs
embedded within the grains. To learn whether this is
actually the preferred microstructure within the 2D
Mo—Se phase diagram when moving down in Se con-
tent from the stoichiometric 1:2 ratio, we conducted DFT
calculations, determining the energetics of a number of
defect structures with a Se-deficit.

We start by considering the relative energies of
various types of MTBs to find out whether the MTBs
observed in the experiments correspond to those hav-
ing the lowest energy, or if formation is determined by
other factors, i.e., kinetics of the growth process. The
energies and geometries of the candidate structures are
shown in Figure 2a,b and classified as forming either
from two Mo- or Se-edges facing each other (see further
discussion in Supporting Information). Structure (1)
corresponds to the one observed in our samples, (2)
was observed in**in MoS,, (3) and (6) were suggested in
ref 44, (&) was proposed in ref 37 and is analogous to (1)
with Mo/Se;, sites swapped, and a structure similar to (5)
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Figure 2. Calculated energetics of twin boundary structures (a) Atomic structures of the MTB candidates considered.
The structures are grouped depending on whether they are constructed from Mo- or Se-edges. (b) The calculated formation
energies of all MTBs as well as single (SV) and double vacancy (DV) lines as a function of the Se chemical potential. (c) Heats of
formation of defective MoSe, systems compared to the energies of the bulk MoSe, and MosSe, phases. The chemical
potentials for Mo and Se are taken from the reference phases. The calculated energies are scaled to the number of Mo atoms in

the system and plotted as a function of their Se/Mo fraction.

was suggested in ref 36 (although we found that our
structure with the two domains shifted by half a lattice
constant along the boundary is lower in energy by
0.6 eV). The calculations are carried out in a ribbon
geometry. The formation energy is defined as

E" = E(MTB) — (Nwoltyo + Nseltse +2y) (1)

where E(MTB) is the total energy from the supercell
calculation and y is the edge energy (see Supporting
Information). ns. and ny, are the numbers of Se and Mo
atoms in the supercell. Chemical potentials ty and use
are determined through the condition of the equilibri-
um with MoSey: umo + 2 tse = E(MoSe,) (where E(MoSe,)
is the energy from a primitive cell of MoSe,), and limited
by the Mo bulk phase in the Mo-rich end and by the Seg
molecule on the Se-rich end. Among the candidates,
structure (1) has the lowest energy by a fairly large
margin of 0.3 eV, but all MTB structures constructed from
Se-edges seem to be favored over those with Mo-edges.
We also estimated the MTB formation energy by con-
structing supercells with triangular mirror domains
(similar to that shown in Figure 4). The formation energy
for structure (1) at the Mo-rich limit is 0.12 eV, about
0.2 eV higher than that from the ribbon calculation,
which can be assigned to differences in relaxation and
on the position of the Fermi-level in the system.

We also considered vacancy line structures, similar
to what we have previously observed in MoS,,'*®
where the lines were found to be energetically favorable,
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as compared to isolated vacancies. Their formation
energies are also shown in Figure 2b but are found to
be much higher than those for the MTBs for the whole
range of chemical potentials.

Reports in literature concerning the phase diagram
of Mo/Se systems are scarce. MoSe, and MosSe,
are known to be stable phases, but the behavior at
the intermediate stoichiometries appears to be un-
known.*® Thus, the question, whether the MTB-rich
structures are lower in energy than a system with
coexisting MoSe,/MosSe, phases, needs to be an-
swered. In Figure 2c, we plot heat of formation H for
all these systems as a function of their Se/Mo content.
As usual, itis defined as H=E — Nyolimo — Nseltse, Where
E is the total energy of the system composed from ny,
molybdenum and ns. selenium atoms, and o and use
are the chemical potentials of Mo and Se atoms in
the reference phases. Clearly, the structures where
Se-deficiency is due to a large concentration of MTBs
are favored over systems consisting of a combination
of MoSe, and MosSe, phases. For the case of MoSe,
structures with large concentration of vacancies, the
situation is different—they are even higher in energies
than the mixed phases. Thus, we propose that
Se-deficiency in MoSe, under thermal equilibrium
manifests itself in the formation of MTBs and conse-
quently in a large density of inversion domains.

We also analyzed the electronic structure of MTBs,
Figure 3. Two bands predominantly localized at the
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Figure 3. Atomic and electronic structures and density of states of the MTB. (a) The band structure and (b) corresponding
density-of-states from a ribbon calculation with one MTB. The states are colored by the projection to different regions of the
system (orange, near MTB region; green, edge region; black, bulk region). (c—e) The atomic structure of the MTB system together
with the charge density isosurface visualization of wave functions of the two MTB-localized states (i) and (ii) within the gap.

MTB can be distinguished. The squared absolute value
of the wave functions indicate that both are derived
from the surrounding Mo atoms. The additional den-
sity of states brought in from these bands covers a wide
energy range within the gap that could be suggestive
of higher conductivity along the MTBs, at least for
straight periodic boundaries. In a more realistic picture,
one has to include also backscattering of 1D conduc-
tance channels on the turns and junctions of domain
boundaries. There is a chance that such scattering
effects would considerably reduce the conductance
due to the extra channels. Suppression of localized
electronic states at the turns of periodic grain bound-
aries has recently been observed in epitaxial polycrys-
talline graphene grown on the SiC substrate.*” Indeed,
our electrical measurements (to be published in an-
other article) performed on the samples showed no
improvement, either due to this effect or to the high
density of tilt-grain-boundaries in the sample, which
may dominate the transport characteristics of the
sample due to increased scattering.’

To gain further insight into the transport properties,
we performed nonequilibrium Green's function calcu-
lations of the transmission of ballistic charge carriers
across the MTBs. Figure 4a shows the momentum- and
energy-resolved transmission probabilities. For the
electron charge carriers (E > 1.45 eV), we find only
moderately reduced transmission which is likely to be
governed by the resonant scattering involving the
localized states discussed above. For the holes (E <
0 eV), however, we observe much stronger suppression
of the transmission. As one can see from the right panel
in Figure 4a, the momentum-averaged transmission
(T(E)) is exponentially decreasing with decreasing the
energy of the hole charge carriers. This behavior can be
ascribed to the potential bending at the MTB defect,
which is clearly exposed in Figure 4b. The nonstoichoi-
metric composition of the defect results in downward
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Figure 4. Electronic transport across the MTB defect. (a)
Momentum and energy-resolved ballistic charge-carrier
transmission probabilities across the MTB. The contours of
electronic bands of pristine monolayer MoSe, are shown as
dashed lines with the energy of the valence band maximum
set as reference. Right panel presents the momentum
averaged transmission (T) on the logarithmic scale. (b)
The calculated self-consistent Hartree potential along the
transport direction and averaged over the planes perpen-
dicular it. Corresponding structure of an MTB defect is
presented on the same scale.

bending of electrostatic potential by ca. 0.1 eV in a
relatively wide region around the defect. Such poten-
tial bending acts as an effective barrier for the low-
energy hole charge carriers, while its effect on the
electron charge carriers is much less pronounced.

In addition to imaging MTBs in the as-grown samples,
formation of mirror-domains was observed also in situ
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Figure 5. Evolution of 2D MoSe; during 80 kV electron irradiation. (a and b) A single and double Se vacancy induced by the
electron beam. (c) Line profiles measured across the single (red line) and double (yellow line) vacancies, with a line profile over
pristine MoSe, lattice as a reference (blue line). (d) An area in MoSe,, where a number of isolated vacancies are present. (e) Part
of the vacancies have aggregated into a linear structure. (f) The vacancy line has reoriented itself. (g) A frame, during which
many atoms within a triangular area are in motion, rendering the exact structure indiscernible. (h) A mirror-twin-domain has
appeared, accompanied by an edge dislocation. (i) Frame h, with the yellow lines overlaid denoting the mirror-twin-
boundary, and red lines with the length of 10 unit cells, indicating the presence of a dislocation. (j) The atomic structure of the

newly formed mirror-twin-domain.

under the beam due to production of Se vacancies under
the 80 keV irradiation (see Figure 5, panels a and b, for
examples of single and double Se vacancies, respec-
tively, with corresponding line-profiles in panel ¢, and
Supporting Information Figure 5 for simulated images).
Due to the relatively high mass of Se, the removal of the
Se atoms cannot be explained by direct knock-on
damage,'®** and should be attributed to inelastic
processes such as ionization/radiolysis***° or beam-
mediated chemical etching.>® By measuring the rate at
which vacancies are formed, and taking the electron
dose rate into account, a vacancy production cross
section of 3.9(4) barn was determined, which is compar-
able to the value of 4.5(4) obtained earlier for free-
standing MoS,* at 80 keV. The exact experimental
conditions, such as beam intensity, quality of the vacuum
and sample preparation may influence the damage
rates, however, as even the absence of any electron
beam damage at 80 keV in MoS, has been reported.””
Evolution of a selected area in a MoSe;, is presented
in Figure 5d—i.In frame d, numerous isolated vacancies
produced under the electron beam are already visible.
During continuous exposure, the number of vacancies
increases and the vacancies migrate to form a linear
vacancy aggregate (frame e). Subsequently, the
vacancy aggregate changes orientation in frame f. In
frame g, a reorganization of the lattice inside a trian-
gular area is underway, resulting in a locally blurred
image, which makes the atomic structure indiscernible.
In frame h, the crystal has settled into a new stable
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configuration, i.e., a small mirror-twin-domain and a
neighboring edge dislocation (the dislocation is visible
already in frame g), while the number of Se-vacancies
within the area has decreased. In panel (i) the new
mirror-domain and a path of 3 x 10 lattice steps
around the dislocation are overlaid on the micrograph
of panel h, verifying the presence of the dislocation.
An atomic model of the interpreted final structure is
shown in panel (j). This sequence lends further support
to the hypothesis that a MTB is the energetically
preferred structure in the presence of a Se-deficit.
Supporting Information Movie 1 shows the evolu-
tion of another sample area over a 1 min time interval
at a dose rate of 3.7 x 10° e/(nm? s). An increasing
number of vacancies are generated which migrate
under the beam to first form linear vacancy aggregates,
and later multiple small mirror domains. Also growth of
the domains and migration of the MTBs are observed
during the exposure. The large mirror domain at the
lower left corner is present from the beginning of the
imaging, and is assumed to have formed during the
growth of the material. The slightly different appear-
ance of the lattice at the opposite sides of the bound-
ary can be attributed to residual A, astigmatism.*°
Formation of an edge dislocation is a prerequisite for
the formation of a mirror-twin-domain inside a pre-
existing MoSe, crystal when the formation path is via
removal of Se atoms (as opposed to formation during
the growth of the crystal). When the mirror domain is
formed, the Se-vacancies are eliminated, and surplus
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Mo is introduced at the MTBs. The extra atoms are
attained by 'pulling' the neighboring crystal lattice
toward the new mirror domain, which leads to the
formation of the dislocation. In the presented case, a
hole in the MoSe, crystal close to the newly created
dislocation allowed the dislocation to form without the
formation of a complementary oppositely oriented
dislocation, which would be required in the general
case of a continuous crystal. Importantly, closed MTB
loops without an associated dislocation are observed
in the as-grown samples (see Supporting Information
Figure 3b), which precludes formation of such domains
in the pristine sample from Se vacancies after growth.

Many of the MTBs do not form closed loops, however,
and thus, this kind of analysis is not possible in all the
cases. Still, appearance of the MTBs observed already at
the beginning of the imaging due to electron beam
removal of Se does not seem likely. First, the mirror
boundaries are in place already when imaging at low
magnifications, and consequently, low dose-rates/Se
vacancy concentrations. Second, the mirror domains
and MTBs formed under the electron beam have much
smaller dimensions and are typically connected to other
extensive disorder in the lattice as compared to the
relatively long and regular MTBs observed from the
beginning, suggesting a different origin. Supporting
Information Movie 1 shows the generally disordered
state of the lattice at the time when the new mirror
domains start appearing due to the electron beam.

Another comprehensive reorganization of the crystal
structure takes place when moving further down in Se
content during prolonged irradiation. A 2D to 1D transi-
tion takes place when neighboring growing holes form
constrictions in the suspended layer and eventually the
material self-organizes into nanowires (see Figure 6a,b),
which has been observed also earlier in MoSe,>* and
MoS,.>2 The structural formula of the wires is MoSe, as
confirmed by DFT calculations (the relaxed structural
model is shown in Figure 6c,d) and HRTEM images
simulations (Figure 6e, as simulated by the QSTEM
software package™). In the context of the 2D MoSe,
phase diagram, this event can be viewed as crossing the
2D—1D phase boundary on the Se-poor side.

CONCLUSIONS

In conclusion, using aberration-corrected high-
resolution transmission electron microscopy, and atom-
istic calculations, we have investigated the morphol-
ogy of a Se-deficient 2D MoSe,_, grown by molecular
beam epitaxy, at the atomic scale. The Se—Mo

MATERIALS AND METHODS

Single layer MoSe, was grown by a customized MBE system
from Omicron Co. Our substrate was 270 nm silicon dioxide
(Si0,) on 525 um n-type Si chips (12 mm x 12 mm). The
substrates were outgassed at 300 °C in the preparation
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Figure 6. 2D to 1D transition resulting from prolonged
electron irradiation. (a and b) AC-HRTEM images of MoSe
nanowires suspended over holes in the 2D MoSe, layer. (cand
d) Side and end projection of a DFT relaxed structural model
of the nanowire. (e) Simulated HRTEM image of the nanowire.

imbalance was observed to be manifested as linear
mirror-twin-boundaries decorating the individual
grains in the film. The exact composition of the grains
was measured to be MoSe; gg3(1) and the total density
of the material was determined to be 0.032(2)% higher
than the density of perfect MoSe,. On the basis of
density functional theory calculations, the observed
structures were concluded to be thermodynamically
stable in the case of a Se-deficit. Wide midgap states
were predicted to be associated with the mirror-twin-
boundaries. The ballistic transmission of charge car-
riers across the MTB defects is only moderately affected
in the case of electrons, but strongly suppressed for the
holes as a result of potential bending effect. In situ
formation of mirror-domains during gradual removal
of Se atoms by the electron beam was also observed,
which supports the prediction that the mirror-twin-
boundaries are the preferred structure in the case of a
Se-deficit. Finally, a 2D to 1D transformation was found
in the case of a high Se-deficit, corresponding to the
crossing of the boundary of the 2D phase.

Our results show how the atomic scale microstruc-
ture of the binary 2D TMDs can be manipulated by the
means of varying the exact composition. However,
further work is required to attain control over the
precise growth conditions to be able to produce the
materials at exact predetermined compositions and
crystal domain sizes. Drawing a parallel to the long
tradition of materials science of bulk solids, this would
open up vast possibilities for engineering the proper-
ties of this new class of 2D systems.

chamber and were transferred to the growth chamber. The
growth was carried out at 450 °C. A Kundsen cell and an
electron beam source were used for Selenium (Se) and
Molybdenum (Mo) evaporation, respectively. The flux was
calibrated and measured by the quartz crystal microbalance
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with a Mo/Se flux ratio ~1:30. Reflection high-energy electron
diffraction (RHEED) was used to monitor in situ the formation
of the crystalline structure during growth. Continuous liquid
nitrogen was flowing during the ramping temperature and
growth phase, with a base pressure of growth chamber at
~107"° mB.

To prepare samples for TEM characterization, the as-grown
films were first coated with ~500 nm PMMA, and were cured at
180 °C for 5 min. PMMA-embedded films were then lifted off in
30% KOH4q) at 60 °C. The samples were then transferred into a
deionized water (DI) bath, and TEM grids were put underneath
in order to well-attach the floating films. The grids with the
attached films atop were then baked at 60 °C to gently
vaporize water and also to relieve wrinkles. After completely
drying out, samples were dipped into acetone to remove
PMMA residues and were rinsed by DI afterward.

AC-HRTEM characterization was conducted using an FEI
Titan 80-300 microscope equipped with an image side hexa-
pole spherical aberration corrector. The microscope was op-
erated at 80 kV, and the extraction voltage of the field emission
gun was lowered to 2 kV in order to reduce the energy spread
of the beam. The spherical aberration coefficient was cor-
rected to <20 um, and the imaging was done at negative
defocus, resulting in atoms appearing as dark spots.

Density-functional theory calculations were carried out in
the plane-wave basis and within the projector-augmented
wave (PAW) description of the core regions, as implemented
in the VASP code.>**> We adopt the exchange-correlation
functional proposed by Perdew, Burke, and Ernzerhof
(PBE).>® A 500 eV cutoff and 12 k-points along the periodic
dimension(s) yield converged total energies. Our calculations
accounted for the spin polarization while the spin—orbit
interaction was neglected. The ballistic charge-carrier trans-
mission was calculated using the nonequilibrium Green's
function technique within the DFT framework as implemented
in OpenMX code.>’*® The Hamiltonian was expressed in the
localized pseudoatomic basis set (Mo:s2p2d2f1, Se:s2p1d1f1).
The length of rectangular scattering region containing the
relaxed MTB defect was set to 6.5 nm along the transport
direction.
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