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Abstract

Interplay between defects like mirror twin boundaries (MTBs) and dopants may provide
additional opportunities for furthering the research on two-dimensional monolayer (ML)
transition metal dichalcogenides (TMDs). In this work, we successfully dope rhenium (Re)
into molecular beam epitaxy grown ML MoSe; and confirm the formation of a new type of
MTBs, named 4|4E-M (M represents metal, Mo/Re) according to the configuration. Data
from statistic atomic resolution scanning transmission electron microscopy (STEM) also
reveals a preferable MTB enrichment of Re dopants, rather than intra-domain. In conjunction
with density functional theory calculation results, we propose the possible routes for Re
doping induced formation of 4[4E-M MTBs. Electronic structures of Re doped MTBs in ML
MoSe; are also predicted theoretically and then preliminarily tested by scanning tunnelling

microscopy and spectroscopy.
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1. Introduction

Monolayer (ML) transition metal dichalcogenides (TMDs)
MX; (M for transition metals, X for chalcogens), as an
important family of two-dimensional (2D) materials, hold
promise for potential applications in nanoelectronics[1],
optoelectronics[2], and catalysis[3]. Given that defects play a

XXXX-XXXX/ XX/ XXXXXX

more prominent role in 2D materials compared to their bulk
counterparts, the investigation of defects in 2D TMDs has
garnered increasing attention, resulting in a considerable body
of research[4-7].

Defects can be categorized into two primary categories
based on their origins: intrinsic defects, such as vacancies[8,9]
and grain boundaries[10,11], and extrinsic defects like

© xxxx IOP Publishing Ltd



Journal XX (XXXX) XXXXXX

Author et al

dopants[12,13]. Of them, vacancy is a frequently observed
intrinsic defect in 2D TMDs due to its formation energy,
which could compromise the 2D TMD devices performance
such as the lowering of carrier mobility[14]. On the other side,
vacancies also hold potential advantages, like sulphur
vacancies in MoS; serving as active centres for high efficient
CO; hydrogenation[15]. Incorporation of extrinsic dopants,
has been widely utilized to modulate the electronic structures
and chem-physical properties of 2D TMDs[16-19].
Depending on valance electron characteristics, dopants can be
either isoelectronic or non-isoelectronic. Isoelectronic doping
like the inter-substitution between transition metal element
(such as Mo and W) and chalcogen (S, Se, and Te) has been
successful through the full concentration range, which
allowed for a wide tuning of 2D TMD band gaps[20,21]. Non-
isoelectronic doping in 2D TMDs has been typically realized
by substituting metal element (Mo/W) in group VI TMDs with
group V (like V, Nb)[22-24] and group VII (like Mn, Re)[25—
27] metals. Thus, due to their distinct valence electrons,
electronic doping (e.g. Re as the acceptor, and Nb as the
donor) and atomic defects and novel phases are introduced
into the host 2D TMDs[24,28]. For example, Re doping into
ML MoS; could drive a H-to-T' phase transition due to the
above-threshold level injection of extra electrons[13,29].

Mirror twin boundaries (MTBSs), also denoted as inversion
domain boundaries, are recognized as one of the most
intriguing line defects in 2D TMDs for their physical
properties[30] such as charge density waves (CDW)[31,32],
and Tomonaga-Luttinger liquid (TLL)[33,34] and other one-
dimensional (1D) physics[34]. Of particular interest is the
ability to adjust the MTB in terms of density, structure and
composition. In this regard, Coelho et al.[35] achieved MTB
formation by post deposition of Mo and Ti onto annealed
MoSe; and MoTe,. Similarly, Wang et al.[24] and Pathirage
et al.[36] introduced Nb and V doping into WSe,, a material
not predisposed to MTB formation, yet still resulting in high
density of MTBs. Moreover, in Nb doped WSe;[24] and our
previously reported Re doped MoSe;[37], a novel MTB
configuration emerged along the metal zigzag (M-zz)
direction, distinct from the previously reported chalcogen
zigzag (X-zz) orientation[4,38].

Co-introduction of MTBs and dopants into 2D TMDs and
the associated research remain sacrificed. Interplays between
MTBs and dopants may provide further opportunities to tune
the electronic structures of the MTBs and the host 2D TMDs.
For example, the charge transfer from Re dopants to the 1D
metallic MTBs may further boost the electron-electron
interactions in MTBs, a desirable feature for 1D physics.

Molecular beam epitaxy (MBE) has proven effective in
fabricating 2D TMDs with high-density MTBs[39,40]. Thus,
we employ MBE to prepare Re doped MoSe; samples to delve
deeper into the characteristics of this newly identified MTB
configuration. Utilizing techniques such as atomic resolution

scanning transmission electron microscopy (STEM), density
functional theory (DFT), and scanning tunnelling
microscopy/spectroscopy (STM/S), we elucidate the process
of MTB formation and its impact on electronic structure
following Re doping.

2. Materials and methods

2.1 Sample Preparation

Three sets of samples were prepared by MBE on highly
oriented pyrolytic graphite (HOPG) substrates, primarily
differing in the concentration of Re doping, i.e., undoped,
lightly Re doped, and heavily Re doped MoSe; as a
comparison. Pristine undoped MoSe, ML was grown at a
substrate temperature of ~400°C with Mo and Se fluxes (flux
ratio Mo/Se ~ 1/10) applied to the substrate at the same time,
and the sample was later annealed at ~500°C without Se
irradiation. For the lightly doped sample, MoSe; was initially
grown following the above standard procedure, then the
sample was annealed at ~600°C without Se irradiation to
reduce the density of MTBs[37,41]. Subsequently, the Re
source was applied for 1 minute and incorporated into the
MoSe;. In the case of the heavily doped sample, after the
standard growth and annealing procedure of MoSe; the Re and
Se sources were applied for 40 minutes at a substrate
temperature of ~300°C to dope Re atoms into MoSe, as well
as to grow ReSe,-MoSe; heterostructure. Finally, all sources
were closed to complete the growth process.

2.2 ADF-STEM characterization

As grown Re doped MoSe; films on HOPG were
transferred onto copper based lacey carbon film TEM grids via
the micromechanical exfoliation using paraffin wax as the
coating and protection layer. To achieve a clean sample, the
paraffin wax coated sample was washed with acetone
repeatedly. Atomic resolution annular dark field STEM
(ADF-STEM) was performed in a probe-side spherical
aberration corrected STEM (Thermofisher Titan Chemi
STEM). This microscope was operated at an acceleration
voltage of 200 kV, a convergence angle of 30 mrad, and a
collection angle of 53-200 mrad, respectively.

2.3 STM/S Characterization

STM/S measurements were carried out in a Unisoku USM
1500 STM at 77K. A constant-current mode with the
tunnelling current of 100 pA was applied for the STM
measurements. Tungsten tips were calibrated on clean
Ag(111) surface before scanning the samples.

2.4 DFT calculations

All calculations were carried out with the Vienna Ab-initio
Simulation Package (VASP) using the Perdew-Burke-
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Figure 1. ADF-STEM images depicting the (a) lightly doped MoSe2 and (b) heavily doped MoSez, respectively. Blue areas in (a) and
(b) highlight the presence of MTBs consisting of bright atoms in Re doped MoSe:. T' phase (orthogonal) ReSe2 domains are observed
at the edges in (b). (c) Atomically resolved ADF-STEM image from lightly doped samples showing the presence of Re dopants (marked
by white circles) occupying the sublattice of Mo within MoSe2 domains and in the MTB regions. The triangles indicate the orientations

of the domains.

Ernzernof (PBE) exchange-correlation function. The plane
wave cut-off was set to 400 eV. The defects were modelled in
a 10x10 supercell, with the Brillouin zone sampled using only
the T point. Zero eV is set to valence band maximum in
electronic structure calculations.

3. Results and discussion

3.1. Distribution of Re dopants and MTBs

Figures 1a and 1b present low magnification ADF-STEM
images depicting the morphology of MBE grown lightly and
heavily Re doped MoSe, MLs, respectively. Given that ADF-
STEM provides atomic number (Z) contrast[42] and Re is
significantly heavier than Mo, we can unambiguously
distinguish between the two metal atoms in ADF-STEM
images. Notably, in the heavily doped sample (Figure 1b), the
ML MoSe; domain with darker contrast is enclosed by
brighter contrast regions resembling rows of adjacent bright
lines. These regions, characterized through atomic resolution
ADF-STEM, were confirmed to be ML T' phase ML-ReSe;
(detailed in Figure S1 in Sl) due to the over Re doping, which
is consistent with previous studies[43,44]. Such a H to T'
phase transition is attributed to the Peierls distortion induced
by the extra d-orbital electron of Re. Excluding T'-ReSe,
bright Re dopants are distributed across the MoSe; films in
both samples with some of them tend to aggregate along
MTBs as highlighted by the blue areas in Figures 1a and 1b.
The heavily Re doped ML MoSe, sample exhibits a more
pronounced presence of MTBs with the aggregation of bright
Re dopants compared to the lightly doped one, implying a
correlation between Re doping concentration and the
formation of these MTBs.

A representative atomic resolution ADF-STEM image
from lightly doped sample is given in Figure 1c showing the
location and distribution of Re dopants within a sample area

containing an MTB that connects two adjacent MoSe;
domains (located in the upper left and lower right regions with
amirror-symmetry relative to each other). As seen, Re dopants
consistently occupy the Mo sublattice sites, i.e. substituting
Mo in the doped MoSe,, no matter inside the domains or along
the MTB. In this area, the majority of Re dopants (14 out of
16) are predominantly located within the MTB, i.e., an MTB
enriched Re dopant, rather than intra-domain. Further
statistics will be presented later. Due to the 1D nature of MTB,
Re dopants along the MTBs manifest as bright stripes
observed in Figures 1a and 1b. In addition to the enrichment
of Re observed along the MTBs, we also observe Re
enrichment at the edges of the MoSe: films in the lightly doped
sample (detailed in Figure S2 in Sl). Thus, the formation of
ReSe, could be hypothetically attributed to the higher
chemical reactivity of the MoSe, edges, wherein a part of Re
atoms may be captured by the MoSe; edges during migration,
and subsequently initiating nucleation and growth of ReSe,
locally.

To further uncover the correlation between Re dopants and
MTBs, atomic resolution ADF-STEM images and the low-
pass filtered[45] ones showing the distribution of Re dopants
and MTBs across a large area of undoped, lightly doped, and
heavily doped ML MoSe, samples are presented in Figures 2a-
2¢ and Figures 2d-2f, respectively. The top and bottom panels
(a-d, b-e, and c-f) are respectively recorded from the same area
where the visibility of Re dopants on the MTBs (marked with
white boxes in Figures 2b and 2c¢) and MTBs (decorated with
black boxes in Figures 2e and 2f) is different. As seen, In the
undoped sample (Figures 2a and 2d), the MTBs are
predominantly aligned along the zigzag direction, forming
triangular shaped network with 60° intersection angles,
consistent with previously reported findings[40,46]. In
contrast, MTBs in the Re doped samples (Figures 2e and 2f)
exhibit more intricate geometries than that in undoped sample
(Figure 2d), including both 60° angles and additional 120°
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Figure 2. MTB profiles in pristine and Re doped MoSe: samples (a—c) ADF-STEM images of (a) undoped MoSez, (b) lightly
Re doped MoSez, and (c) heavily Re doped MoSe2, respectively. (d-f) Filtered ADF-STEM images corresponding to (a-c) in
false colour showing the distribution of MTBs (red lines) in (d) undoped MoSez, (e) lightly Re doped MoSez, and (f) heavily
Re doped MoSez, respectively. The blue and red (cold and warm) coloured regions represent hexagonal domains and defective
areas like MTBs, respectively. The white boxes in (b) and (c) highlight MTB segments consisting of bright atoms in Re doped
MoSez, and black boxes in (e) and (f) point out the same position which seems to be located at MTBs. Scale bar: 2 nm.

angles (not found in undoped sample) between adjacent MTB
segments. Due to the symmetry constrain, for a MoSe;
domain, if one of its edges is X-zz, any of its neighbouring
edge with a 60° angle to it must also be X-zz, and those with
a 120° angle to it should appear in M-zz configuration. Since
the MTBs in undoped MoSe, are oriented along the X-zz
direction, the appearance of 120° angles in the Re doped
samples (Figures 2e and 2f) indicates the existence of MTBs
along the M-zz direction, which has never been reported in
undoped MoSe; and is energetically unpreferred[47].

3.2. Atomic structure of 4[4E-M MTBs

To elucidate the atomic structure of MTBs along M-zz
directions and the distribution of Re atoms within them, we
present an atomic resolution ADF-STEM image in Figure 3a.
MTBs oriented along X-zz and M-zz directions are
highlighted in yellow and blue, respectively. The yellow-
highlighted MTBs aligned along the X-zz direction exhibit the
typical 4]4P-X configuration. In Figure 3b, a zoom-in image
containing a segment of the MTB along M-zz direction is
presented, with its atomic structural model overlaid. It is
evident that the MTB along M-zz direction behaves as a series

of edge-sharing four-member rings, hence named 4|4E-M
configuration[47]. This configuration displays a distortion
(Figure S3 in Sl), akin to the Peierls distortion observed in T'-
ReSe; (the thermodynamically stable phase), which may also
arise  from the extra electrons introduced by Re
dopants[12,48]. Additionally, a discrepancy in coordination
emerges between these scenarios, whereas Re atoms exhibit
octahedral coordination in T'-ReSe,, they assume trigonal
prism coordination in 4/4E-M MTBs.

It is worth noting that there are two reported
scenarios[4,24] that can lead to the presence of 120° kinks in
4|4P-X MTBs. The first scenario involves octagonal rings[4],
while the second pertains to the 4/4E-M MTBs observed in Nb
doped WSe;[24] and Re doped MoSe;[37]. To explore the
potential correlation between these two phenomena, we
provide ADF-STEM images (Figures 3c and 3d) for both
types of MTB kinks with their atomic structural models
superimposed. In Figure 3c, an octagonal ring serves as the
kink connecting two segments of 4/4P-X MTBs. Similarly,
Figure 3d illustrates a segment of 4/4E-M MTB connecting
two 4/4P-X MTB segments. Notably, if we consider the
hexagonal ring below the 4/4E-M MTB in Figure 3d as part of
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Figure 3. Structure of 4/4E-M MTBs and their relationship with
octagonal rings. (a) A representative atomic resolution ADF-
STEM image of Re doped MoSez. 4/4P-X MTBs are highlighted
with yellow regions, and 4[4E-M MTBs with blue regions,
respectively. (b) Zoom-in image from the white rectangular region
in (a) showing the atomic structure of 44E-M MTB, where the
triangles connecting three metal atoms in one hexagon indicate
the orientations of the domains. (c), An ADF-STEM image of an
octagonal ring connecting two 4/4P-X MTB segments. (d) An
ADF-STEM image of 4/4E-M MTB connecting two 4[4P-X MTB
segments.

the MTB structure, it is possible to identify three edge-sharing
octagonal rings (with an additional metal atom at the centre of
each octagon). Thus, it can be inferred that the 4[4E-M MTB
represents a special configuration, an extended form of the
octagonal ring, which is induced by Re doping within our
samples. Besides, we conducted a statistical analysis to
investigate the presence of periodicity in the Re dopants
within the MTBs, no discernible periodic pattern was
identified.

3.3. Formation of 4|4E-M MTBs induced by Re dopants

We conduct a statistical analysis of the density of Re atoms
in various regions and the density of MTBs, with the results
presented in Table 1, giving the total Re concentration of
approximately 3.0% in atomic percentage (all subsequent
concentrations are in atomic percentages) for the lightly doped

sample, and 6.8% for the heavily doped sample. In both cases,
Re atoms exhibit evident enrichment within MTBs. More than
1/2 and 3/4 of Mo atoms in the 4J4E-M MTB are substituted
by Re atoms in the cases of lightly and heavily doped samples,
respectively. Furthermore, the Re doping concentration within
the MoSe, domains (non-MTB regions) increases with the
increase of overall doping concentration. It is notable that, in
terms of percentage increase, the concentration of Re within
the MoSe, domains of the heavily doped sample increases
from 1.5% to 2.7% by nearly 1-fold, whereas within the 4|4E-
M MTBs, it increases by less than 50% (from 56.4% to
78.1%). This might be attributed to the low Re concentration
within the MoSe, domains, providing ample available Mo
sites for substitution, while the concentration of Re within
4/4E-M MTBs is already substantial in the lightly doped
sample and thus similar increase cannot be attained.
Interestingly, within the 4/4P-X MTBs, both lightly and
heavily doped samples present a similar Re doping
concentration of approximately 11%. This implies a potential
saturation point for Re doping within the 4|4P-X MTBs under
our typical MBE conditions. We speculate that this
phenomenon might be related to the formation of 4|4E-M
MTBs, suggesting that structural transitions might occur in
4/4P-X MTBs once Re doping surpasses a threshold, leading
to the formation of 4/4E-M MTBs. This observed threshold
concentration of Re in 4]4P-X MTBs may share some
similarity with the previously reported thresholds associated
with phase transition induced by Re doping[13,29]. The
structural changes occur upon exceeding a threshold
concentration, which is about 40% for phase transition[13]
and about 11% for the formation of 4[4E-M MTBs here. In
4/4P-X MTBs, Re atoms occupy metal sites in a rectangular
arrangement. We speculate that as the concentration of Re in
MTBs increases, the energy of the rectangular arrangement
rises, leading to a structural transformation to 4/4E-M MTBs.
The transformed 4]4E-M MTBs may be energetically
favourable, since the Re atoms in them adopt a zigzag
arrangement at the metal sites, resembling the arrangement
found in stable T'-ReSe; (although with different Se
coordination configurations).

The statistical analysis of MTB densities with different
configurations provided in Table 1 shows that, as the
concentration of Re in the samples increases, the density of
4|4E-M MTB:s also increases, providing further evidence for
Re dopants’ role in the formation of 4/4E-M MTBs.

Table 1. Statistical analyses of Re concentration and the density of MTB

Concentration of Re dopants (%) Density of MTB (nm/nm?)
Total* Pristine 414P-X 4/4E-M Total MTB 414P-X 4/4E-M
domain
Lightly doped 3.0 15 11.3 56.4 0.140 0.119 0.021
reavtly 6.8 27 10.9 78.1 0.320 0.189 0.131
oped
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*Including pristine domain and MTBs.
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Figure 4. The formation energies of 4/4P-X MTBs and 4|4E-M MTBs with different Re concentration. (a) Formation energy
as a function of the number of Re atoms added to (b) MTB Loop1 and (c) MTB Loop2. Loopl is constructed with three 4|4P-
X MTB segments, while Loop2 is constructed with three 4/4P-X MTB segments and one 4/4E-M MTB segment.

Additionally, we observe an increase in the density of 4|4P-X
MTBs, which may be attributed to the ability of Re, similar to
previously reported transition metals like Mo[35], Nb[24], and
V[36], to induce the formation of 4|4P-X MTBs. It is
noteworthy that prior to Re deposition, we annealed MoSe; at
600°C, which reduced the density of 4/4P-X MTBs in MoSe;.
This implies that the subsequent introduction of Re
simultaneously increases the densities of both types of MTBs,
but the overall proportion of 4/4E-M MTBs to total MTBs
increases significantly (from 15% in the lightly doped sample
to 41% in the heavily doped sample). Combining this
observation with the previously discussed threshold of ~11%
Re concentration in 4|4P-X MTBs, we speculate that Re
atoms, like other transition metals, induce the formation of
4|4P-X MTBs upon their initial incorporation into the MoSe;
films. As the Re concentration within MTBs surpasses the
threshold, the 4|4P-X MTBs begin to transform into 4/4E-M
MTBs.

DFT calculations are further employed to understand the
impact of Re doping on the formation of various MTB
configurations, i.e., 4/4P-X and 4|4E-M (Figure 4a), utilizing
finite MTB-loop models as depicted in Figures 4b and 4c. In
the following, the length of MTBs is defined using the lattice
parameter “a” (approximately 3.3 A) of MoSe;, along the
zigzag direction, which corresponds to one four-membered
ring for 4/4P-X and two four-membered rings for 4[4E-M,
respectively. MTB-loop model T (Loopl in Figure 4b) is a
triangular loop constructed by three 4|4P-X MTB segments,

each with a length of 6a. MTB-loop model I (Loop2 in Figure
4c), derived from Loopl by truncating one corner, has the
same number of atoms but consists one 4|4E-M MTB segment
with the length of 3a, two shorter 4/4P-X MTB segments with
the length of 3a, and one 4|4P-X MTB segment with a length
of 6a. Thus, the energy of the MTB-loop model can be written
as:

E(loop, M, N) = E(pristine) + nytwmo

+Ny(4|4P — X) + My(4|4E — M)

+24(Se/Se) + 23(Se/Mo) (D
where E refers to the total energy, y is the formation energy
per basic unit (edge energy) of the MTB, N (M) is the total
length of 4/4P-X (4]4E-M), f3 is the corner energy, Nmo and zumo
are the number of added Mo atoms and their chemical
potentials, respectively.

Upon increasing the length of a 4/4E-M MTB by 1a, the
total length of 4|4P-X MTB decreases by 2a. Then, the total
energy of this new loop is:

E(loop,M + 1, N — 2) = E(pristine) + nyoimo
+(N — 2)y(4]4P — X)
+(M + 1)y (4]4E — M)
+2B(Se/Se) + 23(Se/Mo) (2)

Comparing Equations (1) and (2), the edge energy for 4|4E-
M MTB can be derived as:

y(4|4E — M) = E(loop,M + 1,N — 2)

—E(loop, M,N) + 2y(4]4P —-X) (3)
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The calculated energy difference between E(loop,3,12) and
E(loop,2,14) is 0.245 eV according to DFT, and y(4]4P-X) is
taken as 0.1 eV (at Mo-rich limit) from literature[30,47], we
could obtain y(4|4E-M) as approximately 0.45 eV. Since the
edge energy of 4/4E-M (0.45 eV) is higher than that of 4/4P-X
(0.1 eV), one would not expect to see a high density of 4/4E-
M MTBs.

The above analysis is based on pristine MoSe; system with
no extrinsic dopants. To approach the experimental results, we
now proceed to substitute some of the Mo atoms in MTBs with
Re dopants for both the 4|4P-X in Loopl, 4|4P-X and 4|4E-M
in Loop2. The formation energies of these systems are
calculated with the number of Re dopants up to 3. The
formation energy is defined as:

E¢ = E(loop + Re) — E(loop, 0,18)
+nge[E(Rey,) — E (pristine)]

4)
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Here, the formation energy is given in relative to the Loopl
without Re dopants, and [E(Rewmo)-E(pristine)] stands for the
formation energy of a single Remo substitutional defect in a
perfect MoSe; lattice.

Formation energies of three systems are calculated with the
number of Re dopants varying from 0 to 3 are calculated and
plotted in Figure 4a. In the absence of Re dopant, Loop2
(yellow and red) has higher formation energies compared to
Loopl (blue). After the Re substitution, the formation energy
decreases across all three cases where the reduction for the
case of 4/4E-M MTB is more profound. As read from Figure
4a, after the incorporation of two Re dopants into the subject
MTB (corresponding to a 33.3% of Rewmo defects), Loop2
becomes energetically favourable, over Loopl, indicating the
Rewmo defect (substituting Mo with Re) can stabilize the MTB-
loop system for both 4|4P-X and 4|4E-M. In specific, such
stabilization effect is more pronounced for the 4|4E-M case

40 1 2

JL & MR 6
‘S S IPPLICE OO e

¢ v ¢V ¢V vV V¥ v V Vv vV ¥ v

Figure 5. Three possible formation routes of Re doped 4|4E-M MTBs. (a) Route A: first, the Mo atoms
arrowed on the 4|4P-X MTB are displaced to the centre of the hexagonal rings, leading to the formation of an
octagonal ring (red), after which Read incorporates into the octagonal ring to form a 4/4E-M MTB segment.
(b) Route B: a Read incorporates into the domain as a Reint next to a 4[4P-X MTB (in blue), and then the 4|4E-
M MTB segment forms after displacement of Mo atoms. (c) Route C: a Read replaces the Mo atom on the
4|4P-X MTB, resulting a Moint and a Rewmo in the MTB, thus a 4/4E-M MTB segment forms via displacement
of Mo atoms. The top and side views of the incorporation process are illustrated in each panel. The red, blue,
yellow, and green areas indicate the octagonal rings, 4|4P-X MTBs, 4|4E-M MTBs, the four-member rings

shared by 4[4P-X and 4|4E-M MTBs, respectively.
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than the 4|4P-X. Such a trend is consistent when the Re doping
concentration further increases. This result indicates that 4|4E-
M MTBs observed in our experiments can be attributed to the
high concentration of Re doping into MTBs (Recall that the
Re doping ratio reaches 56.4% or even 78.1% within the MTB
as shown in Table 1).

Above experimental analysis and DFT calculation enable
us to propose several formation routes for the 4|4P-X MTBs
in Re doped MoSe; as shown Figures 5a-5c. All routes start
from a single straight 4/4P-X MTB and involve two main
steps, Mo displacement and Re insertion, although differing in
the order of these processes and the atomic details of the Re
insertion. Start from Route A (Figure 5a), it involves first
displacement of Mo atoms from their regular sites within the
MTB to the centres of neighbouring hexagons, resulting in the
formation of an octagonal ring and the right moving of the
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bottom MTB segment by one unit (ii in Figure 5a).
Subsequently, when Re atoms are introduced as adatoms
(Read), seeking energetically favourable adsorption sites, such
as the octagonal rings that provide more space than other sites
(iii in Figure 5a). Once Reqq is incorporated into the octagonal
ring, the 4J4E-M MTB is formed (iv in Figure 53a).

In routes B and C, the Re is inserted into the lattice before
Mo displacement. If there is no octagonal ring, it is reasonable
to assume the Reaq prefers to stay along the MTBs due to the
strain effect, and its exact site can be either above the centre
of hexagon (ii in Figure 5b) or above a Mo atom (ii in Figure
5¢). More specifically, in route B, the Reaq then incorporates
into the lattice (iii in Figure 5b), becoming an interstitial defect
(Reint). Differently in route C, the Reaq occupies the sublattice
of the Mo atom beneath after the original Mo atom shifts to
the centre of hexagon (iii in Figure 5c), resulting in a Mo
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Figure 6. DFT calculated band structures and DOSs of 4|[4E-M MTBSs. (a, ¢) The top and side view of (a) unit cell
and (c) super cell models with a 50% Re substitution to the Mo atoms in 4/4E-M MTBs. The cells used in
calculations are indicated by black rectangles. The super cell structure model in (c) shows a distortion. (b, d) The
band structures (left panels) and DOSs localized in 4/4E-M MTBs (right panels) calculated by (b) unit cell and (d)
super cell models. Spin-up and spin-down band structures are shown in (d). Blue lines: pristine MoSez bands, orange

lines: 4/4E-M MTB bands.
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Figure 7. Experimental results from STM/S. The typical STM images of (a) Re doped ML MoSe2 (20 nm x 20 nm. Bias -0.2 V). (b)
STS spectra captured from three MTBs with different length in Re doped ML MoSez sample.

interstitial (Moin;) and a substitutional defect (Rewmo). After the
formation of Rejy in Route B and Remo and Mojr in Route C,
the atomic configurations in two systems are essentially the
same, except for the exchanged positions of Re and Mo atom.
Both are then followed by the Mo displacement to yield 4J4E-
M MTB (iv in Figures 5b and 5¢). Repeating these processes,
more Re atoms are incorporated into the MoSe;, and the
product 4/4E-M MTBs progressively extend.

3.4. Electronic structure of 4|4E-M MTBs

We then calculate electronic structures of 4/4E-M MTBs.
We first calculate using the unit cell model, as illustrated in
Figure 6a. And Figure 6b present the resulting band structure
and density of states (DOS). In Figure 6a, the structural model
depicts a 50% concentration of Re within the MTB,
comparable to our statistical findings (56.4%) in the lightly
doped sample. Both the band structure and DOS (Figure 6b)
reveal the presence of electron-like bands localized at the
MTBEs, crossing the Fermi level (the dashed horizontal line),
indicating a metallic behavior of MTBs. Notably, there are
four MTB bands in the gap, likely originating from the broken
symmetry in the out-of-plane direction shown in the side view
(Figure 6a). In addition to the 50% concentration, we have also
calculated scenarios with 0% and 100% Re concentration
(Figures S4a-d in ESIY). As the Re concentration increases,
the bands shift to lower energy while the Fermi-level remains
at the same level. In other words, the MTB bands are occupied
at higher levels due to the extra electrons from Re dopants. For
comparison we also calculated the band structures of 4/4P-X
MTBs (Figure S5 in ESIt). They also exhibit a similar trend,
i.e., the bands shift to lower energies with increasing Re
concentration. Electronic conductivity of 44E-M MTB should

be superior to that of 4/4P-X MTB as it contains more metallic
bands crossing Fermi level (four vs. two).

We further perform DFT calculations on the electronic
structures of 4|[4E-M MTBs at 0%, 50%, and 100% Re
concentrations using a super cell (twice the size of the unit cell)
model. Figures 6¢ and 6d display the structural models utilized
for DFT calculations and the resulting band structure and DOS
at 50% Re concentration, while the remaining scenarios are
presented in Figures S4e-h in ESI{. Notably, periodic atomic
distortions within 4/4E-M MTBs are observed in Figure 6c,
absent in the undistorted structure of Figure 6a. This periodic
distortion is more pronounced within the metal sublattice,
evidenced by the lateral distances between adjacent metal
atoms in Figure 6a (3.32 A) transitioning to periodic variations
of adjacent Re atoms at 2.88 A and 3.76 A, as well as adjacent
Mo atoms at 2.92 A and 3.72 A in Figure 6¢. This periodic
distortion aligns with the distortion observed in our ADF-
STEM results (Figure S3a in ESI{). In comparison to the
undistorted structure of Figure 6a, this distortion leads to a
reduction of system energy and opens a gap of ~0.3 eV.
Through a comparative analysis of DFT calculations for three
distinct Re concentrations within the MTB, we note an
increase in the degree of distortion with rising Re
concentration. Assessing the difference in periodic Re/Mo
atomic distances as a metric, we observe values of 52 pm at
0%, 80 pm for Mo and 88 pm for Re at 50%, and 90 pm at
100% Re concentrations, respectively. Moreover, the gap size
diminishes with increasing Re concentration, decreasing from
~0.5 eV at 0% to ~0.3 eV at 50%. At 100% Re concentration
within 44E-M MTB, two electron-like bands intersect the
Fermi level, indicating a metallic behavior.

Low-temperature STM/S is utilized to experimentally
reveal the electronic structure of 4|[4E-M MTBs (Figure 7). As
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seen from STM, the morphology of MTBs in Re doped MoSe»
(Figure 7a) are quite different from conventional 4[4P-X
MTBs in as-grown (non-doped) MoSe; samples[34]: MTBs in
Re doped MoSe; distribute randomly without a uniform
wagon-wheel arrangement as the 4/4P-X MTBs do. However,
similar to 4/4P-X MTBs, STM reveals the presence of a 3a
periodicity (~1 nm) charge modulation at the MTB sites.
Additionally, STS measurements unveil the existence of small
energy gaps in the electronic structure of 4[4E-M MTB:s.
Further STS measurements on various MTBs find the gap
sizes have a relatively large variation depending on the MTB
lengths, typical examples are shown in Figure 7b. With
increasing MTB length, the gap size diminishes from 0.24 eV
to 0.10 eV. Given the presence of gaps in all STS
measurements, it is evident that the existence of this gap
cannot be solely attributed to quantum confinement effects.

Both CDW and quantum confined TLL could account for
the observed gap openings in the 4[4E-M MTBs. In our ADF-
STEM experiments, we observe a distortion in 4/4E-M MTBs
(akin to the Peierls distortion observed in T'-ReSe;), which is
also found in DFT calculations, both supporting the presence
of CDW. However, the experimentally observed distortion is
not as periodic as indicated by the DFT calculations. This
discrepancy may stem from the fact that the actual behavior of
Re atoms substituting Mo atoms deviates from the periodicity
assumed in the computational models. Additionally, while
both ADF-STEM and DFT results reveal a distortion with a
periodicity of twice the lattice constant (2a), the charge
modulation observed in low-temperature STM corresponds to
a 3a periodicity. This misalignment between the periodicities
of lattice distortion and charge modulation suggests that the
lattice distortion we observe may not be the primary cause of
the observed gap.

Next, we turn our attention to the variation in gap sizes
observed in the STS experiments. Previous reports suggested
that Peierls-type CDW gap sizes would remain consistent
across different intrinsic MTBs[31,32,49]. In terms of MTBs
induced by extrinsic doping such as Re atoms, the varying Re
concentrations in MTBs here may influence the CDW gap
size. The DFT results suggest that with increasing Re
concentration in 4/4E-M MTBs, the gap size diminishes, until
all Mo atoms in the MTB are replaced by Re, resulting in
metallic behaviour. Therefore, CDW with different Re
concentrations could account for the observed variation of gap
sizes. Besides CDW, quantum confined TLL could also lead
to observed gap variations, as the electron-electron interaction
induced gap sizes depend on the MTB length (Eq~1/L)[33,34].
Indeed, typical STS spectra in Figure 7b show different gap
sizes with respect to different MTB lengths. While STS
experimental results indicate a trend of decreasing gap size
with increasing MTB length, the small variation in MTB
lengths in our samples (ranging from 2 to 5 nm) precludes a
definitive statistical analysis.
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The rigorous proving of the TLL nature of the MTBs in Re
doped MoSe; would require more experimental verifications,
such as STS measured from the same MTB but at various
temperatures, and fittings of STS spectra taken on long MTBs
to the theoretical predicted power-law suppression at the
Fermi level. Based on present results, we can only confidently
conclude the following: i. There is a consistent presence of
gaps at the Fermi level; ii. The gap sizes vary among MTBs,
indicative of quantum confined TLL or Peierls-type CDW
under different Re concentration.

Indeed, if the MTBs in Re doped MoSe; are confirmed to
be TLLs, the electron-electron interaction could be stronger
than that in 4/4P-X MTBs in MoSe; as Re atoms provide extra
electrons confined in the 1D metallic system (verifications are
needed both theoretically and experimentally as their atomic
structure are not the same). As a result, this could lead to an
elevated charge velocity. If the spin-rotation invariance is
retained, one could expect a larger separation between charge
and spin velocities, which is favourable in physics research.

4, Conclusion

We have successfully fabricated ML MoSe, samples with
varying levels of Re doping using MBE. Utilizing atomic
resolution ADF-STEM, we have identified a novel MTB
configuration termed 4J4E-M. By means of statistical analysis
of Re concentration and MTB density, in conjunction with
DFT calculations, we attributed the primary cause of 4/4E-M
MTB formation to Re doping and proposed possible routes for
the formation of 4/4E-M MTBs: Re atoms tend to substitute
for Mo atoms within MTBs, and as Re doping concentration
increases, the 4]4E-M configuration becomes energetically
more stable compared to the 4]4P-X configuration, thus
prompting the emergence of 4/4E-M MTBs. The electronic
structures of MTBs in Re doped MoSe, were also studied via
DFT and STM/S, potentially attributed to CDW or quantum
confined TLL. Our work not only expands our understanding
of defect engineering in 2D TMDs but also opens new avenues
for exploring novel physical phenomena.
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