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Abstract:  

Mirror twin boundaries (MTBs) observed in MoSe2 are formed due to incorporation of excess Mo into 
the lattice. In contrast, MTBs in WSe2 have a high formation energy and consequently are not present 
in this system. Here we show that V-doping of WSe2, achieved by co-deposition of V and W during 
molecular beam epitaxy (MBE) growth of WSe2, can also induce MTB formation in WSe2, as revealed by 
scanning tunneling microscopy. Our experimental results are supported by density functional theory 
calculations that show that V-doped WSe2 is susceptible to the incorporation of more V-atoms at 
interstitial sites. This increases the transition metal atom concentration in the lattice, and these excess 
atoms rearrange into MTBs, which is associated with energy lowering of the excess metal atoms. While 
formation of MTBs gives rise to the pinning of the Fermi-level and thus prevents V-induced electronic 
doping, MTBs do not appear to affect the magnetic properties, and a diluted ferromagnetic material is 
observed for low V-doping levels, as reported previously for V-doped WSe2. 

    



Group VIB transition metal dichalcogenides, specifically the 2H- Mo- and W- systems are among the 
prototypical two-dimensional (2D) semiconductors. Most of their fundamental properties and device 
performances have been studied by exfoliation of individual structural units from their respective bulk 
materials. However, direct growth methods are required for low-cost production of these materials to 
enable applications and importantly to modify their properties with dopants. Molecular beam epitaxy 
(MBE) and related physical vapor deposition methods are significant growth methods that enable their 
synthesis as mono- to few-layer films and to integrate them in van der Waals (vdW) heterostructures.1,2 
Thin films grown by direct growth methods, generally exhibit higher defect concentrations compared to 
bulk crystals. In addition, defect formation mechanisms in 2D materials can be significantly different from 
those in traditional materials that form 3D crystal structures. In the so called vdW epitaxy,3 the weak vdW 
interactions with the substrate prevent the formation of interface misfit defects. However, the lack of 3D 
bonding networks in 2D materials also implies less constraints on the crystal structure and therefore easier 
crystal modifications. This has been observed for the 2H-Mo dichalcogenides, that can exhibit an 
abundance of mirror twin boundaries (MTBs) between the grains in grown films.4,5,6,7,8,9,10 In MoSe2 and 
MoTe2, MTBs are observed as closed triangular loops or dense networks of line defects.11,12,13 In contrast, 
in MoS2, MTBs are only observed as boundaries of merging grains.14,15 This indicates that there are 
different formation mechanisms for MTBs in these materials.16 Systematic experimental and theoretical 
studies have shown that excess Mo is readily incorporated into interstitial sites of MoSe2 and MoTe2, but 
not of MoS2.17 It is the interstitials, or excess Mo-atoms, that are being converted into MTB triangular 
loops, as schematically illustrated in Fig. S1. The difference between MoS2 and MoTe2/MoSe2 is the energy 
cost for incorporating excess Mo into the lattice, at interstitial sites. Like MoS2, WSe2 also does not readily 
incorporate excess W and the formation energy of MTBs in WSe2 is high.18 Thus, the formation of MTBs 
in pure WSe2 is unfavorable and consequently MBE grown WSe2 films are free of MTB loops.19,20,21,22 
However, while incorporation of excess Mo- or W- atoms may be unfavorable, this does not exclude the 
possibility for hetero-atoms to be incorporated at interstitial sites. The incorporation of such hetero-
atoms has been discussed theoretically for Mo-dichalcogenides23 and has been demonstrated 
experimentally.24 This raises the question if hetero-transition metals may be incorporated into WSe2 
during growth and if this can lead to MTB formation in this material. To study this, we co-deposit vanadium 
and tungsten with selenium in an MBE chamber and characterize the grown materials with STM. While 
pure WSe2 is free of MTBs, the V-doped samples exhibit high density of MTB grains and grain boundary 
loops. This indicates that excess TM can be incorporated in V-doped WSe2 (in excess of the TM- 
dichalcogenide composition) and consequently this can trigger the formation of MTBs also in WSe2. DFT 
calculations clarify the mechanism and role of V in the formation of MTBs in WSe2.  

MTBs in TMDs are exciting crystal modifications as they exhibit truly one-dimensional metallic properties 
embedded in a semiconducting host material. As such, it has been shown that these MTBs exhibit 
Tomonaga Luttinger quantum liquid behavior and consequently separate spin- and charge- excitation, 
generally known as the separation of spin- and charge- degrees of freedom, are observed in MTBs in Mo-
dichalcogenides.6,15 The formation of MTBs in WSe2 expands this family of MTBs and will enable tuning 
and further investigation of their electronic properties. In a more applied sense, MTBs have been shown 
to be potentially active sites for electrocatalytic hydrogen evolution reactions25 and thus introducing their 
formation in TMDs that do not easily form MTBs intrinsically is an important step for making novel 
catalytic materials. In some cases, a very high-density a MTB network may be achieved, and such uniform 
arrangements of MTBs may be considered a new 2D material.26 In many applications, however, defect 
formation may be undesirable. Therefore, a detailed understanding of the defect formation mechanisms 



is required to counteract their formation. In this respect, the findings reported here that the incorporation 
of impurity dopants can facilitate the formation of MTBs in WSe2 is of relevance for controlling the 
synthesis of 2D materials.      

Detailed information on technical aspects of sample preparation, sample characterization and analysis, 
and computation can be found in the supplementary information. Figure 1 shows STM images of pure 
WSe2 grown at 400˚C on an HOPG substrate. The pristine samples without dopants consist of monolayer 
islands with some bi- and multilayer regions. Atomically resolved images of the monolayer regions reveal 
a moiré structure due to the lattice-misfit between the substrate and the WSe2 lattices. In large scale STM 
images the island edges appear bright, an indication of their metallic nature, which is generally observed 
for WSe2 and MoX2 (X= S, Se, Te).27,28,29,30 In addition, some bright grain boundaries are observed that form 
because of rotational misalignment between the grains. Importantly though, there are only very rare 
indications of twin grain boundaries in these undoped samples.22 In addition we varied the growth 
conditions by varying the growth temperature or the W-flux, i.e., the W:Se ratio. STM images, shown in 
Fig. S4, indicate that MTBs are not formed in pristine WSe2 over the whole range of accessible growth 
conditions.  

 

Fig. 1: STM and XPS characterization of pure WSe2 grown on HOPG substrate. (a) large scale STM image 
showing the island structure with bare HOPG in between the WSe2 islands. Some bilayer regions and 
isolated trilayers can be found. (b) at a smaller scale bright edges of the WSe2 islands are apparent. These 
bright edges are associated with band gap states at the edges. (c) atomic resolution images of the WSe2 
monolayer shows a moiré structure but few atomic scale defects. The W-4f and Se-3d core level spectra 
are shown in (d) and (e), respectively.  

Samples with different vanadium concentration were grown, and the sample morphology changes 
dramatically when vanadium is co-deposited with tungsten, which is shown in Fig. 2. In this case the 
sample exhibits straight line-defects that form preferentially triangular closed loops or a crisscrossing 
network of lines at 60-degree angles relative to each other. These line defects are best observed at below 
-1.3 V bias voltage (see supplement Fig. S2), i.e., tunneling conditions close to the band edge of the 
semiconducting pristine WSe2. At these tunneling conditions the line defects appear as bright double 
rows. The structure and appearance in STM are in analogy to that of MTBs observed in MoSe2 and MoTe2 



and thus are assigned as such. The double row appearance arises from the higher tunneling probabilities 
at the Se-sites adjacent to the MTB, as has been confirmed by simulated STM images for MoSe2.17 In 
between the MTBs the same moiré structure as for the pristine WSe2 monolayers can be observed. High 
resolution STM images are shown in Fig. S3. The amount of vanadium in the samples have been 
determined from XPS. Fig. 2 shows XPS of W-4f and V-2p for different samples and corresponding STM 
images. For all samples the W 4f7/2 binding energy is measured as 32.47 ± 0.02 eV. The lack of any shift in 
the W-4f binding energy with or without V-doping, suggesting that there is no significant change of the 
Fermi-level position within the band gap of WSe2. The metallic MTBs in MoSe2 and MoTe2 have been 
shown to pin the Fermi-level around mid-gap13,17 and similar Fermi-level pinning is expected for MTB-
modified WSe2 so that V-induced p-doping is prevented.  

The MTB networks are inhomogeneous across the sample, with some areas exhibiting very dense 
networks while others only show isolated triangular loops. This inhomogeneity may suggest that the 
formation of MTBs is not determined by the uniform flux of V and W on the surface but may be a 
consequence of post-growth incorporation of vanadium into the sample. Such processes were invoked 
for MTB formation in MoSe2/MoTe2 for which post-growth incorporation of Mo was shown to cause MTB 
formation.16,17 Thus, WSe2 regions that have grown first will have been exposed to more vanadium during 
growth and thus more vanadium can be incorporated resulting in formation of denser MTB networks in 
these areas. An analysis of the MTB density (total length of the MTBs per unit area) is presented in Fig. S5 
for the samples shown in Fig. 2. With increasing vanadium concentration, we also observe the formation 
of secondary phase at the edges of the grown WSe2 islands. This secondary phase along the edges is only 
observed for high V-concentrations above ~10%. This suggests that the vanadium solubility in WSe2 is 
limited and if the concentration is becoming too high the V is pushed out of the growing island where it 
forms a phase with high vanadium concentration along the edges of the WSe2 islands. In Fig. 2(c) this is 
clearly observed by a bright rim that decorates the monolayer islands. See also Fig. S6 to help distinguish 
between MTB networks and secondary phase. The bright contrast may suggest that this phase is metallic 
or has a much smaller band gap than WSe2. Also note that the width of the bright contrast around the 
island edges of this secondary phase is ~5 nm (see Fig. S6) and thus much wider than the atomic scale 
bright edges observed for pure WSe2 islands. It would be desirable to identify the atomic position of the 
V-dopants in these samples. However, our STM imaging does not unambiguously distinguish between 
defects such as Se-vacancies and V-impurities. Some bright protrusions that are visible in the STM images 
for doped samples are also observed in pristine WSe2 samples (Fig.1) and thus may not be associated with 
V-dopants. A recent study of V:WSe2, grown under similar conditions as shown here, also report scanning 
transmission electron microscopy which helped to identify V-dopants substituting for W-atoms as well as 
V-atoms within the MTBs.31 We may expect similar V-distribution in the samples reported here.   



 

Fig. 2: XPS and STM characterization of V-doped WSe2. The V concentration increases from (a) 0.6 %, (b) 
2%, to (c) 14 %. 

Several studies of vanadium doped WSe2 have report ferromagnetic properties and thus V:WSe2 system 
has been suggested to be a 2D diluted magnetic semiconductor.32,33,34 The saturation magnetization for 
V:WSe2 in CVD grown samples have been shown to reach a maximum for ~4 at% doping and for larger 
amount the magnetization disappears, which may be related to a solubility limit of V in WSe2.35 Fig. 3 
shows vibrating sample magnetometry (VSM) measurements on three samples grown by MBE. The un-
doped WSe2 sample does not show any significant magnetization with a very small signal associated with 
defects. For a sample doped with a vanadium concentration of ~2 at% shows the highest saturation 
magnetization, which then drops almost back to zero for the higher doped sample at 12 at%. This is 
consistent with previous reports for dopant induced magnetization in WSe2. Also, the magnetization 
characteristics of a narrow hysteresis loop with a coercive field of only 140 Oe and persistence of the 
magnetization to RT is similar to the reported data. The growth of V-doped WSe2 by MBE is significantly 
different from that reported previously which was done by CVD growth. The lower growth temperature 
in MBE may enable a higher V-concentration. Most importantly TEM investigation of CVD grown samples 
does not show the formation of MTB-networks. This is similar to observations for Mo-dichalcogenides 
where MTB networks are only commonly observed in MBE growth, suggesting that a lower growth 
temperature is important to obtain MTB networks. Similar trends for the magnetic properties with V-
concentration between CVD and MBE grown samples, however, suggest that the MTB networks are not 
significantly influencing the magnetic properties. While this agrees with our expectation that V is 
randomly incorporated into the WSe2 lattice and is not primarily located in the MTBs, the Fermi-level 



position of WSe2 is anticipated to be affected by MTBs. The metallic mid-gap states of the MTBs pin the 
Fermi-level and thus prevent a p-type doping of WSe2 as shown for CVD grown samples.36,37 An 
enhancement of magnetic ordering by post-growth annealing induced Se-vacancies has been recently 
reported,38 and the electron transfer from MTB networks may have similar magnetism enhancing effects 
as proposed for Se-vacancies.   

 

Fig. 3: Magnetization versus applied magnetic field hysteresis plots taken at 5K for 3 different samples. 
Pristine WSe2 and a sample doped with 12% V show negligible magnetization, while the sample with 2% V 
doping exhibits magnetization with a small (140 Oe) coercive field.    

In order to understand the mechanism behind the formation of a high-density MTB network, we simulated 
the relevant atomic processes using density-functional theory (DFT) calculations. First, the existence of 
MTBs necessitates sample stoichiometry with excess metal atoms (or selenium deficiency). Formation of 
MTB networks directly at the growth front during expansion of the islands seems unlikely, since the 
network appears independent of the edge details and there should be different mechanisms for forming 
the MTBs parallel and perpendicular to the edge. Thus we consider  transformations in the sample interior 
by incorporation of excess metal atoms, as was demonstrated for MTB formation in MoSe2 and MoTe2.17 
In this previous work on MTBs of Mo-dichalcogenides, Mo-atoms were deposited on pristine surfaces and 
we proposed a mechanism wherein the metal atoms are first absorbed into interstitial sites and then a 
transformation to MTB loops occurs as several excess Mo-atoms interact.17  Modeling MBE growth using 
DFT is challenging since we cannot assume equilibrium conditions as the temperature is relatively low 
(compared to CVD or other growth methods) and the process may be affected by the kinetics. However, 
low energy configurations are still preferred as long as there exists a viable kinetic pathway.  



 

Fig. 4: (a,b) Illustration of the process for incorporation of V in W-sites during the propagation of the 
growth front (a) and some possible processes for V adatoms (b). (c) Formation energy of various types of 
defects as a function of the number of added metal atoms. Here Wad stands for extra W atoms in the 
adatom positions, Wint for W interstitials, Vad and Vint stand for extra V atoms in the adatom and interstitial 
positions, and W-MTB, N-V and 3N-V MTB correspond to MTB loops consisting of only W or containing N 
or 3N V atoms. (d) Structure and energies of V interstitial. (e) Evolution of the structure from isolated point 
defects to MTB loops and corresponding energy differences. Red cross denotes the site at which V 
interstitial is absorbed and small black arrows denote the movement of neighboring metal atoms. 

In Fig. 4(a,b) we illustrate the relevant processes, and in Fig. 4(c) we show the formation energies of 
various types of defects (adatoms Wad/Vad, interstitials Wint/Vint, and MTB loops consisting of only W or 
containing N or 3N V atoms) as functions of the number of metal atoms added to the system (and 
calculated under metal-rich conditions, see also Table S1 for numerical values under different conditions). 
Based on the calculated values, we propose the following mechanism: (i) V atoms arriving at the growth 
front can be incorporated into the lattice as substitutional V@W defects, as illustrated in Fig. 4(a). The 
formation energy of V@W configuration is -0.13 eV, i.e., being negative it is limited only by the V supply. 
(ii) V (or some molecules involving V, W, and/or Se) landing on the surface can migrate to edges, desorb, 
or absorb into interstitial sites, Fig. 4(b). The lowest energy configuration for an additional V atom is at 
the interstitial site, -0.44 eV lower than adatom-site, and thus such configuration is favored. In practice, if 
equilibrium can be assumed, the concentration of interstitials might still be low due to the relatively high 
formation energy of 3.25 eV, Fig. 4(d). However, when V@W already exists in the lattice, the formation 
energy decreases dramatically to 1.30 eV, 0.42 eV, and -0.17 eV for 1, 2, and 3 V@W defects in the 
neighboring lattice sites, respectively, Fig. 4(e). That is, pre-existing V@W make the absorption of V into 
the interstitial sites of the lattice more probable. In contrast, without pre-existing V@W defects, V 



incorporation is energetically prohibitive, and V is expected to remain at the surface. This can be tested 
experimentally by V-deposition on pristine WSe2 islands. It is found that on such islands V forms V-clusters 
(see Fig. S7). (iii) Finally, the MTBs can form and expand in the same way as proposed in our previous 
work.17 In Figure 4(e) we demonstrate one possible pathway and the related energy differences. First, 
addition of second V interstitial next to the V@W+Vint yields a spontaneous transformation to the minimal 
MTB loop that will act as a seed for further growth. When more V interstitials are added, the structure is 
distorted towards the MTB loop structure, but an additional step is required to complete the 
transformation. Nevertheless, all the steps show marked energy lowering. 

As shown in Fig. 4(c), the formation energy of the V-containing MTB loops remains low. "N-V MTB loop" 
refers to a case where all additional atoms required to grow the MTB loop arise from absorbed V, in which 
case N V atoms are needed for the MTB loop with edge length of N lattice constants (or, correspondingly, 
about 1/6 of the total atoms in the loop are V). The formation energy remains nearly constant, meaning 
that there is essentially no energy cost involved in increasing the size of the MTB loop after the seed is 
formed. Moreover, if additional V is present in the MTB loop, the formation energy can be further 
lowered, as shown in the "3N-V MTB loop" case where half of the MTB atoms are V. The formation 
energies in Fig. 4(c) also demonstrate why MTB loops are unlikely when W is the only metal species. First, 
the formation energies of isolated W defects are much higher than those of the corresponding V defects, 
and importantly the lowest energy configuration is found for the W-sub defect (Table S1), thus limiting 
absorption to the interstitial sites. Second, the MTB loop formation energies without V are much higher 
than with V and increasing with the size of the MTB loop. Also the induced stress on the supercell is clearly 
smaller with V, the main reason for much smaller formation energies of V-containing MTBs is the smaller 
ionic radii of V and thus reduced strain after incorporating additional metal atoms into the lattice. 

In conclusion, MTBs in pristine WSe2 have a large formation energy18  and consequently are not observed 
in MBE grown pure WSe2 films. In contrast, V-doping of WSe2 in MBE growth triggers the formation of 
MTBs and thus the inclusion of substantial V (V@W) modifies the growth process of WSe2. Our DFT 
calculations reveal that substitutional V-atoms in WSe2 lower the formation energies for V-interstitials, 
and this facilitates V-adatoms to be absorbed at interstitial sites. These additional V-atoms in the WSe2 
lattice can then evolve into MTBs and ‘capture’ additional V-atoms that are deposited on the surface 
during the growth process. The growth of the MTB-loops does not cost any energy and thus, once 
nucleated, they will grow as more V-atoms are incorporated. This mechanism explains the formation of 
MTB networks observed in the experiments when V and W are co-deposited in a Se-background. This 
behavior of V is consistent with recent reports for Nb-deposition on WSe2 (Nb is p-type dopant in WSe2) 
that showed that Nb can diffuse into WSe2 and replace W.39,40 The MTB formation in WSe2 may be 
compared to MoSe2 or MoTe2 which do not require impurity atoms for MTB formation. The difference is 
that in MoSe2 or MoTe2 vapor deposited excess Mo can be incorporated into interstitial sites and thus 
induce MTB formation, while this process is energetically prohibited for W-atoms in WSe2. Thus, to obtain 
an excess TM-concentration in WSe2, which then can rearrange into MTBs, an impurity TM is needed. We 
note that V atoms in MTBs do not have magnetic moments according to our calculations, and thus do not 
affect magnetic properties of the V-doped WSe2 samples, and the observed magnetization originates from 
isolated V impurities. For Mo-dichalcogenides, the propensity of TM to incorporate into the 2D lattice has 
been screened by DFT calculations for all the TMs,23 a similar computational approach for WSe2 may give 
guidance to which elements may be incorporated into WSe2, in addition to V and Nb.  
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