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Abstract

In recent years nanomaterials have aroused a lot of interest among researchers. Nanomaterials
have a wide spectrum of applications ranging from electronics to catalysis. However, much is still
unknown about these nanomaterials: what material or composite material is the best for which
application and how to modify the properties of these materials in the desired way. This study
contributes to the fundamental knowledge of the two-dimensional nanomaterial molybdenum
diselenide, MoSe2. We investigate the thermostability of this material by in-situ transmission
electron microscopy. This technique allows to do real-time, atomic scale imaging while heating
up to over a thousand degrees Celsius. At this high temperatures, starting from around 850 ◦C
the material decomposed by the selenium sublimation into the vacuum of the elctron microscope.
At slightly more moderate temperatures (750 ◦C - 850 ◦C) only a significant amount of selenium
sublimates when irradiated by the electron beam. This moderate etching caused spontaneous
formation of nanowire networks. The nanowires can be connected to either pristine MoSe2 or
elemental molybdenum. Density Functional Theory calculations are used to assist the interpre-
tation of the results. Based on these calculations, many phases are concluded to be energetically
unstable, except for two two-dimensional phases (the H-phase and the T-phase) and the observed
Mo6Se6 nanowire.
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1 Introduction

Transmission Electron Microscopy (TEM) is a powerful tool in material science. It allows to
investigate structures up to atomic resolution. The effects that occur due to the nature of the
electron beam, like imaging effects at the edges of examined samples, can also be used to gain
insights. Furthermore, beam effects also play an important role in electron microscopy: the beam
can be destructive to the sample. Of course it is not directly necessary to call it a destructive
technique since the imaging damage can be kept small when applying only a small electron dose
or low voltage.

On the other hand, the ability to change the structure by high voltage electrons also paves the
way to other applications of the electron microscope than only imaging. When carried out in a
controlled manner, structures in the sample can be altered at atomic scale while imaging, which
is a powerful tool.

Using the electron beam to modify the sample is an example of in-situ electron microscopy: doing
experiments inside the microscope. However, using the electron beam is only one of the many
techniques one can use in-situ. Another important in-situ technique is heating. The sample can
be heated up to a few hundred or a thousand degrees Celsius while imaging. This opens the
way to investigating changes in the sample that might occur upon heating while it happens,
instead of only being able to image after the heating experiment. Besides heating, also other
in-situ experiments can be done like applying an electrical current or keeping the particles inside
a liquid or gas cell (typically all electron microscopy imaging is done in vacuum).

Here, electron microscopy in-situ heating is used for the material MoSe2. To support the ex-
perimental in-situ electron microscopy, Density Functional Theory (DFT) simulations are used.
It is commonly used to determine the structure, associated energy and electronic structure of a
compound. Furthermore, magnetic properties of the material can be predicted. In the calcula-
tions discussed here, the DFT code VASP (Vienna Ab-initio Simulation Package) is used. Other
programs can be used as well, as they are all based on the same principles.

Of course, eventually MoSe2 will decompose at a sufficiently high temperature. Thus, deter-
mining this decomposition temperature is not the objective of this study. What is interesting
to know is what happens before decomposition, finding out whether the structure remains the
same or changes. DFT is used to create an overview of possible phases of MoSe2. The energetic
favorability of the phases help to declare the phases found in experiment. Normally MoSe2 is
found in the H-phase. One question is whether the slightly higher energy T-phase is formed at
elevated temperatures. However also other structures might form, which has to be found out.
And in case of (partial) decomposition or etching, the question is in what manner this happens.
The same question arises for defects in the crystal structure. In all cases mentioned here, the role
of the electron beam is important. The distinction between areas imaged under electron beam
irradiation and areas that are not should be explicitly made since it already is shown extensively
that the beam can have a huge effect on structures found in the imaged imaged.

MoSe2 is a semiconductor and therefore has possible applications in electronics or catalysis.
Knowing what happens upon heating contributes to the fundamental knowledge of this material,
eventually leading to applications. Consider the T-phase, which is conducting in contrast to
the H-phase which is semi-conducting. When these or other distinct phases form upon heating,
knowledge gained in this study substantially contributes to the ability to control the formation
of these phases. The same holds for the the behaviour of edges and defects when exposed to
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high temperatures. The possibilities of high temperatures, with or without the assist of electron
beam irradiation, being a proper instrument to modify this material is explored.

2 Theoretical background

2.1 Two-dimensional materials

MoSe2 is a two-dimensional material: it consists of layers stacked together. The most well-
known 2D material undoubtedly is graphene. However, graphene is not the only 2D material
with interesting (electronic) properties. Transition metal oxides (TMOs) and transition metal
dichalcogenides (TMDs) are two classes of materials that have aroused much interest among
researchers. A typical semiconductor TMD is MX2 with M = Mo or W and X = S, Se or Te.
Of these, MoS2 is studied most because of its stability.[1] Moreover, in many cases, properties of
the bulk differ from those of the 2D material, the latter having only a few or even only one layer.
For example, some TMDs, like MoSe2, go from an indirect bandgap in the bulk to a direct one
when exfoliated.[2] This is an interesting feature to investigate because many TMOs and TMDs
are semiconducting with appropriate bandgaps (1-2 eV) for optoelectronics.[2] This means that
if we fully understand and are able to tune the electronic properties of the material, by making
large doped 2D layers or multi-layered stacks for example, the applications in the semiconductor
or catalyst industry can be vast.

2.1.1 Synthesis

Typically, TMDs can be found in bulk materials where sheets of the 2D-material are randomly
stacked together. Different techniques can be used to separate these layers. An easy method
to separate layers and obtaining the monolayers of high purity is using adhesive tape, which is
a form of mechanical cleavage of the layers.[2] A drawback is that the 2D material cannot be
obtained in large quantities and that size and thickness can hardly be controlled.[2] One has to
try and hope to extract a single layer, when desired.

Another method widely used for separating layers is liquid phase exfoliation (LPE). Bulk material
is brought in a solvent, the solvent molecules are able to intercalate between the layers, which
result in exfoliation. Probe sonication is often used to enhance this process.[3] Jawaid et al.[3]
investigated the mechanism behind the intercalation, with MoS2 as model for other TMDs.
They found that N -methyl-2-pyrrolidone (NMP) is the most effective solvent. Their technique is
solvent-assisted and thus additive free, in contradiction to Joensen[4] and co-workers who were
the first to separate thin layers TMD material. They used a lithium additive compound to form
H2 gas bubbles that separate the layers.

A last method to produce 2D-materials (or TMDs especially), that will not be discussed in detail
here, is chemical vapour deposition (CVD). In this method, a vapour is condensed on a substrate
to form the material bottom-up.[2] CVD is promising to obtain large flakes with high purity in
large amounts. Also, it can yield monolayer material, in contrast to using LPE on bulk material
where obtaining monolayer might be hard to achieve. Monolayer MoSe2 can be synthesised by
reacting MoO3 and Se at 750 ◦C on a Si wafer with silica top layer.[5] The reactants are carried
by a gas flow consisting of argon with 15% hydrogen.
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2.1.2 Applications

As stated before, the properties of 2D materials can differ from those of the bulk material.
This opens the door to many applications of this kind of nanomaterial. One of the interesting
properties of 2D TMDs is that they are semiconducting. Even better, this semiconduction can be
tuned by altering the structure of the material as shown for among others MoS2.[6] Applications
in the semiconductor industry are still immature, however seem promising. In many articles,
the possible applications are emphasized. The electronic properties can be tuned in a variaty
of ways; defects, doping, edges, nanowires, grain boundaries, etcetera. Already some nano-
electronic components have been shown to be possible on MoS2.[7]

2.2 Structure of TMDs

A single layer is quite similar for different kinds of TMDs, most of them have the same structure.
This structure consists of three atomic layers. The top and bottom layer are formed by hexag-
onal structures of the chalcogen atoms, the middle layer consists of the transition metal atoms.
MoSe2 has this structure. In its most common form, the molybdenum atoms have a trigonal
prismatic coordination, called the H-phase. In the T-phase, the molybdenum has an octahedral
coordination. Both phases imply that each is bound to six selenium atoms, and each selenium
atom to three molybdenum atoms.[2] In bulk material, the sheets are held together by Van der
Waals forces.[3] Upon exfoliation, the phase might change. For MoS2 it was found to change to
1T for monolayer.[8]
Layers can be stacked upon each other in a variety of orientations, in which monolayers are trans-
lated differently, like 3R (layers with three altenating translations). In bi-, tri- or few layered
MoSe2, oriented stacking is observed for most regions. Both 2H and 3R stacking occur for nat-
urally occuring MoSe2.[9] The number in front indicates the number of layers in one repetition.
Monolayer H-phase for example is indicated as 1H.

2.2.1 Defects

It is known that vacancies and other defects in graphene influence many of the properties of the
material. However, the effects of defects in TMDs have barely been studied.[10]

Zhou et al.[10] systematically studied defects in MoS2 using Annular Dark Field Scanning Trans-
mission Electron Microscopy (ADF-STEM). They identified six different point defects: mono-
sulfur vacancy, disulfur vacancy, a vacancy of molybdenum and three neighbouring sulfur atoms,
a vacancy of a Mo-atom and six neighbouring sulfur atoms, a Mo-atom replaced by two sulfur
atoms and two sulfur atoms replaced by one Mo-atom. Of these effects, the formation energy was
calculated by density functional theory. It turned out, single Mo-atom vacancies were not ob-
served alone, because the binding energy of the surrounding S-atoms decreases dramatically upon
removing the Mo-atom. Since the electron beam energy was lower than the knock-on thresh-
old, presumably the vacancies are caused by beam-induced ionisation or via contamination.[10]
Furthermore, the vacancies can, under the right conditions be filled with other elements to do
electron-beam-induced doping.[11]
It can be expected that MoSe2 exhibits similar point defects as MoS2. An elaborate study on
point defects in MoSe2 has not been done, but of course point defects have been observed in
MoSe2 using ADF-STEM.[9]
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Just as there is a variety of vacancies (point defects), there also is a variety of line defects and grain
boundaries (GBs) in 2D materials. These GBs can be seen in high resolution TEM (HR-TEM)
but also DFT-calculations are popular to predict different kind of boundaries, their stability and
formation energy. In graphene, these dislocations and GBs have been studied extensively[12].
In graphene, all GBs consist of pentagon-heptagon pairs (indicated 5|7). This is because the
formation energy of the boundary is only determined by the strain of the rings, which is lower
for 5|7 than for 4|8 for example.[12] Liu et al.[12] described GBs in 2D boron nitride (h-BN) and
found 4|8 is the most favourable boundary. Any strain can be relaxed in the z-direction Because
this is a multi-element structure, also the energy difference between homo- and hetero-elemental
bonding plays a role. In the calculations the energy is calculated by subtracting the total energy
of the pristine lattice from the energy of the altered one.[7] The dislocations are introduced
by removing some atoms from the lattice and reconnect the sides of the introduced cut. This
alteration is described by the Burgers vector.[7] GBs can be described as a series of dislocations.

TMDs show similar dislocations, however the z-direction is a more important factor because of
the three atomic layers, as Zou et al.[7] showed for MS2 (M = Mo, W). Here 4|8 was found
unstable, 5|7, 6|8 or 4|6 were found more stable, depending on the conditions (M- or S-rich
environment). Using DFT they were able to calculate the energy as function of the tilt angle
between the two regions separated by the GB.

In monolayer MoSe2 line defects are shown to be similar to those in MoS2. For example 21° (5|7)
and 60° (4|4P) GBs are found both in MoSe2 and MoS2.[9] The ’P’ in the latter indicates that
the two 4-fold rings are point-sharing. The 60° boundaries are also called mirror-twin-boundaries
(MTBs). Lehtinen et al.[13] studied this kind of GBs in MoSe2, both right after synthesis by CVD
and electron beam induced GB formation. For the CVD synthesized sample, they reasoned that
the MTBs are formed during the growth of an individual grain, not by the merge of two grain.
The quantity of GBs could be tuned by using Mo-rich or Se-rich conditions. More Se-deficit
MTBs were formed in Mo-rich conditions. To wit, the by Lethinen et al. observed MTBs have
a surplus of 1.00 nm−1 Mo atoms. Control on GBs during growth is not really possible, however
it is controllable using beam induced boundary formation. Lehtinen et al. did DFT calculations
on the MTBs. They found that MTBs are favoured over many Se-vacancies in MoSe2.

GBs have electronic properties different from the pristine 2D material. For example, calculations
show that the 60° GB is metallic, in contrast to semi-conducting pristine MoSe2 or MoS2.[9]
Using this, a complex electronic structure can be given to the 2D material. Also control over
edges of flakes is important to tune the electronic properties.[14]

2.3 Transmission Electron Microscopy (In-situ)

The studies stated in the above sections mainly used, besides the ones that are based on calcu-
lations, TEM or STEM to analyse the material. (S)TEM offers the ability to study materials
up to atomic scale. However, normally this isn’t a real-time investigation, experiments on the
sample are executed before it is imaged in the electron microscope. With in-situ TEM, one is
able to study the material while exposed to external stimuli.[1] These stimuli can be various,
including controlled electron beam irradiation, heating, applying an electrical current and ap-
plying mechanical stress. The first two are looked into in more detail here. On top of that, these
conditions can be combined with in-situ CVD.[15] Then, formation mechanism can be studied
in detail, possibly assisted by electron beam irradiation or heating.
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2.3.1 Electron beam irradiation

Electron beam damage (knock-on or ionisation) can be a negative side effect of the electron beam
and is worst for polymers or organic substances but also inorganic materials are affected by the
beam.[16] However, the beam can also be used as tool to alter the sample in quite a precise way.
One application is be the making of nanopores in the 2D-material.[1] Hereto, the transferred
beam energy should be close to the bonding energy of the atoms, to construct the hole in a
controllable way. Whenever there is a small hole, atoms at the edge will be knocked off more
easily[17], which matches the findings on vacancies described in section 2.2.1. Thus, larger holes
can be made quite easy.

As Liu et al.[17] show, this also paves the way for in-situ constructing of nanowires (NWs). They
found that when two holes meet, the material in between is narrowed and instead of breaking,
a NW with a width of 0.35 nm forms. Later, Lin et al.[18] also fabricated NWs, up to 10 nm
length, for other TMDs (MoSe2, WSe2 and again MoS2), as was expected to be possible as
well. For all three, Lin et al. found a 1:1 ratio of the elements in the NW, DFT calculations
predicted this structure to be the most stable. The NWs are even more stable than the edge of
the pristine material (higher sulphur vacancy formation energy).[17] This explains why the wires
are self-healing: when a S- or Se-atom is removed by the electron beam, it is quickly replaced by
diffusion.[18] Furthermore, it is was also possible to fabricate junctions and it was shown that
the wires are metallic.

This, however, was not the first time TMD nanowires were observed. In 1985, long fibers (up
to 10 µm) of the anorganic polymer MoSe were observed.[19] The production of the fibers was
totally different: Li2Mo6Se6 was dissolved, upon which bunches of fibers were observed (up to
20�A thin). Later, also single fibers were observed with the same structure as the one made
in-situ.[20]

2.3.2 Heating experiments

With in-situ heating, it is possible to maintain atomic resolution up to 1200 ◦C.[1] At higher
temperature, the thermal drift caused by expansion is the main reason of the loss of resolution.

Often, the objective of TEM in-situ heating experiments is an analysis on thermostability or
a controlled synthesis.[1] An example of a heating experiment on TMDs is an experiment by
Zink et al.[21] They synthesised amorphous spherical WS2 and MoS2 particles by metal-organic
CVD, upon which the temperature was raised. The most important change that was observed
for both species was the crystallisation with increasing temperature. However, even at low
temperatures (250 ◦C), crystalline areas could be seen. The crystalline lattices have the tendency
to align with the edge of the sphere, lowering the energy. Eventually, the spheres became hollow.
Another effect of the heating was the healing of defects. This can be an interesting application
of heating TMDs, because defects can have a negative effect on possible electronic applications.
Interestingly, irregular shaped particles did not become hollow, the healing of defects was the
only change observed.

Another example of in situ heating is the study of Sang et al.[14] into edge evolution upon heating
of W-substituted MoSe2 (Mo0.95W0.05Se2). The CVD-synthesized sample was heated rapidly to
500 ◦C. Four kinds of edges were found stable, of which the most simple is a Mo-zigzag edge
(comparable to a zigzag edge in graphene) terminated with Se. Se-zigzag edges were only found
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stable with a GB with a Mo-zigzag terminated with Se. The other two stable edges were Mo6Se6
nanowire-like edges, with the same structure of the NWs as discussed in section 2.3.1.

The edge structure has influence on the etching rate. NW-like edges prefer to etch in a direction
parallel to the edge, Se-terminated edges along the lateral direction. Sang et al. observed that a
hole consisting of NW-like edges grows towards a triangular hole, because zigzag-Mo-NW edges
etch faster than zigzag-Se-NW edges. These observations were supported by DFT-calculations.
However, carbon residue from CVD-synthesis influences edge formation. In areas with heavy
carbon residue, edges were not as straight as in areas with lower residue.

A final example, which is interesting for the experiment described here, is the phase transition
from the H-phase to the T-phase of MoS2 upon in-situ heating.[6] Lin et al. heated Re-doped
MoS2 (<1 at%) up to a few hundred degrees Celsius. The phase transition could clearly be seen
from the TEM image. The transition occurred via an intermediate state (α-phase) in which
zigzag-Mo rows lie closer to each other than in pristine 2H MoS2. When two α-phases with meet
with an angle of 60°, the strain makes S-atoms shift towards the T-phase. The resulting triangle
with this phase can further expand. The Re-doping is thought to be beneficial for easing the
α-phase formation. Furthermore, the electron beam irradiation plays an important role here.
Below a certain electron dose threshold, the phase transition does not occur, independent of
temperature. The dependence on radiation opens the door to selective irradiation if the beam
can be focused precise sufficiently. Since the H-phase is semiconducting and T-phase is metallic,
electronic structures might be produced using electron irradiation. Lin et al. already showed
immature prototypes like a junction that could be used as transistor.

When doing in-situ thermostability experiments, it is important to have a reference of the ex-
situ experiment. Already in 1969, NASA has done experiments on the thermal stability of
TMDs.[22] MoSe2 and other TMDs were heated after which the mass loss was measured. For
MoSe2 detectable mass loss started around 800 ◦C. In general, it was found that the selenides lost
weight at somewhat lower temperatures that the equivalent sulfides. Furthermore, the materials
were suspected to dissociate at lower temperatures, but this could not be detected. A fluorescence
measurement showed that all selenium had been gone above 1200 ◦C.

2.4 Principals of Density Functional Theory

The principle upon which DFT is based were first described by Hohenberg and Kohn[23]. They
showed that a given potential is determined by a unique charge density. They also concluded
that there exists an energy functional which expresses the energy of the system as function of
the electron density, and they proved that minimizing this functional gives the electron density
of the ground state.

However for computational feasibility, wavefunctions are introduced. This calculation is done in
a few steps listed below[24].

� Initial guess of charge density ρ(~r) based on ion positions.

� Calculation of the effective potential

Veff (~r) = Vext(~r) +
e2

4πε0

∫
ρ(~r′)

|~r − ~r′|
d~r′ + Vxc(ρ(~r))

This potential consists of known terms (potential by the lattice ions and Coulomb inter-

8



action between the electrons) and the still unknown exchange-correlation potential Vxc,
which is defined by[25]

Exc(ρ) =

∫
Vxc(ρ(~r))ρ(~r)d3~r

This exchange-correlation functional is part of the energy functional and it is quite a
challenge to find a proper one. In over fifty years, many functionals have been tried, but
it is hard to find one suitable for all systems.[25] In this report, only the functionals used
for this study will me mentioned.

� Using the effective potential in the Hamiltonian to solve the Kohn-Sham equations (wave
equations).

� With the resulting wavefunctions, the electron density is calculated.

� If this calculated density is consistent with the initial guess, the system has been electron-
ically converged. Otherwise the procedure is repeated with the newly found density as
guess in step 1.

Whenever the calculations including the wavefunctions are electronically converged, forces on
the ions present in the system can be calculated, which is simply the derivative of the energy
landscape. Ion positions can be altered in order to obtain a structure with lower energy, the
ionic relaxation. Note that this ionic step is completely classical, whereas the electronic steps
are quantum mechanical. After each ionic relaxation step, the electronic calculation has to be
converged self-consistently again.

For crystals there is a periodic structure, also in reciprocal space. VASP then only has to
do calculations in the unit cell of the crystal. The unit cell in reciprocal space is called the
first Brillouin zone. For two-dimensional materials, like MoSe2, there is only periodicity in two
dimensions. This problem is solved by also introducing periodicity in the z-direction, however
with a large cell parameter in this direction. This way, atoms of the different layers are so far
away that they do not interact. Of course, if one wants to simulate the bulk phase of a two-
dimensional material, this empty space must be made smaller. Important then is to include a
Van der Waals-term in the energy functional.

As a final remark on DFT, it is important to note that the described static DFT calculation
can only calculate energies and other properties at 0 K. Therefore it is not possible to directly
state that a structure with low energy in DFT is the most favourable at elevated temperature.
Conclusions can only be drawn if thoroughly supported by high-resolution TEM images and/or
other techniques like Energy-dispersive X-ray crystallograpphy (EDX). DFT must be seen as a
supplement to these techniques mention. However, conclusions from DFT make more sense if
applied to the sample cooled down to room temperature after heating.

3 Methods

The material MoSe2 is not synthesised by ourselves but bought commercially in bulk form. As
mentioned, MoSe2 consists of two-dimensional sheets held together by Van der Waals forces.
For imaging in the electron microscope, it is important that the sheets are exfoliated as much
as possible, preferably only one layer thick. Putting bulk material in the microscope would
result in many layers on top of each other which moreover are not aligned. When the sample is
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thick, nothing can be seen as the electron beam cannot penetrate in that case. On top of that,
misalignment of layers result in difficulty in determining the structure.

For the analysis of the experimental results, DFT calculations are used. Multiple phases are
modelled, of which most importantly the internal energy can be determined.

3.1 Liquid Phase Exfoliation

To separate the layers of MoSe2, liquid phase exfoliation (LPE) is used. Hereto, 44.2 mg MoSe2
is dissolved in 50 mL ethanol (for some experiments isopropylalcohol is used) and then diluted
with a factor 10. Since the layers are not directly exfoliated upon dissolving, probe sonication is
used to enhance the LPE process. The solution is probe sonicated with a 40 kHz probe sonicator
for a few hours. Since much energy is added to the solution, one must be careful that the
solutions does not get too hot. Therefore the pulse mode is used: the sonication is switched
on and off (10 seconds on, 3 seconds off) alternatingly. The peak power of the probe sonicator
is 40 W. However, still a visible amount of solvent is evaporated during probe sonication. The
concentration of MoSe2 thus changed, however for the experiment this is of low importance. To
prevent flakes from attaching again, just before use for each experiment, the solution is sonicated
under the same conditions for only 5 minutes. To image the MoSe2 in the microscope, a droplet
of the solution is dropcasted on a grid upon which the solvent evaporates and the MoSe2 remains.

3.2 In-situ heating

The sample was imaged mostly with a FEI Talos F200X electron microscope, with an electron
acceleration voltage op 200 kV. Some experiments were done on a FEI Titan electron microscope,
with a voltage of 300 kV. For the in-situ heating, special DENSsolutions heating holders are used,
to heat the sample from room temperature up to a maximum of around 1000 ◦C. Going upwards
in temperature is done in steps of at most 50 ◦C. This way it is assured that the Si3N4 support
membranes will not break upon a sudden temperature rise and furthermore it is possible to keep
track of changes in the sample while heating.

Most images were made in TEM Bright Field mode, because most of the times this gave a
better resolution than High Angle Annular Dark Field (HAADF) STEM mode. The resolution
can be seen directly from the screen but also the Fast Fourier Transform (FFT) image can
help. When more dots in a hexagonal pattern are visible in the FFT, the resolution is better.
Moreover, the FFT also helps to quickly determine whether there is a single orientation or
multiple: multiple hexagonal patterns in the FFT image indicate multiple orientations. However,
layers with different orientations on top of each other are also quickly spotted on the screen by
the Moiré patterns they produce. (figure 1) FFT is also useful afterwards for the analysis of
the images: the spots of the hexagonal pattern can be filtered out. After applying the reverse
Fourier transform, an enhanced image is obtained in which the structure of the material is better
visible.

The resolution can be cranked up by imaging a flake above a hole in the supporting material.
The MoSe2 is supported by silicon nitride (Si3N4). Si3N4 is amorphous and is not visible clearly
(in the FFT as vague rings) because it is thin. However when due to the high intensity electron
beam a hole has formed in the Si3N4 and a part of the flake is above this hole, the atomic
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Figure 1: TEM image of a Moiré pattern in multilayer MoSe2. This indicates the layers are not
aligned.

resolution is really clear (figure ??). When a hole has been formed in the Si3N4, it is important
to be careful with the strong electron beam, to prevent the hole from growing too large and
loosing the flake of MoSe2. When imaging with atomic resolution, a magnification of around 106

is needed, for which (at the FEI Talos electron microscope) a beam intensity of 106 e/nm2/s up
to 107 e/nm2/s is needed to obtain a sufficiently bright image. This is a high dose, which will
definitely expand the hole if there is one.

3.3 Energy-dispersive X-ray spectroscopy

In STEM mode, the electron microscope offers a powerful tool to determine which atoms are
in the sample: Energy-dispersive X-ray spectroscopy (EDX). An EDX detector in the electron
microscope measures X-rays emitted by the atoms in the sample upon irradiating with the
electron beam. Since every atom has its own characteristic emitted X-ray wavelengths, it is
possible to create a quantitative image of the atoms present. For MoSe2 a Mo:Se ratio of 1:2 is
expected at room temperature before intensively irradiating in the electron microscope. However,
more EDX measurements are done also after irradiation and heating. Due to limitations of the
equipment it is only possible to measure the EDX spectrum after cooling down and not during
heating.

3.4 Atomic Force Microscopy

When combined with other techniques, it is possible to gain a more complete view of the material
investigated. Here, besides in-situ heating of MoSe2, Atomic Force Microscopy (AFM) is used.
This technique provides a height map of a sample, which is suitable for a layered two-dimensional
material. Here, AFM can provide information on the manner MoSe2 is layered. Knowing this, it
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Figure 2: TEM image of a hole in the Si3N4 background. When a MoSe2 flake 'hangs 'over the
edge, better resolution can be achieved.

is more easy to interpret images from the electron microscope. From the same solution of MoSe2
a sample was dropcasted on a mica sheet and imaged with AFM. Unfortunately, the heating
chips used for in-situ TEM are not suitable to use for AFM. Therefore, only MoSe2 from the
stock solution is measured using AFM and not after in-situ heating.

3.5 Density Functional Theory calculations

Different phases of MoSe2, and other phases with an other ratio between Mo and Se atoms, are
examined using VASP[26][27][28][29]. PAW-potentials[30][31] are used for the atom potentials.
As exchange-correlation functional the PBE-method is used.[32] Because some of the phases
examined consist of monolayers, Van der Waals interactions might be quite important, therefore
a correction on the functional is added: the DFT-D3 correction method with Becke-Johnson
damping.[33][34] First, the structure is ionically relaxed by setting the NSW-tag to a value
higher than 0, which means ionic steps are done. Later, in a following calculation, information
about the phase is obtained, like the band structure, the density of states (DOS), and magnetic
moments. There is an important difference in calculating the first two. The band structure is
calculated along high-symmetry lines in the first Brillouin zone. Hereto, a path of k-points in
the first Brillouin zone must be defined by hand. The k-points define which points in the first
Brillouin zone VASP uses for the calculation. In a hexagonal structure commonly a triangular
shaped path is defined: from the central Γ-point via the K- and M-point back to the Γ-point.
On the other hand, the DOS is calculated with an automatically generated evenly distributed k-
mesh. This is the same k-mesh as used in the ionic relaxation calculations. For a two-dimensional
material, the height of the unit cell in the z-direction is large, which means a small first Brillouin
zone in the reciprocal z-direction. A suitable k-mesh (x*y*z) was found to be (16*16*1) or
(16*16*2). This is based on energy fluctuations between different mesh sizes. Large meshes
ensure low fluctuations, which should be below 0.5 meV/atom, but too large meshes have a long
calculation time. 1T-phase MoSe2 was used to determine the optimal size of the k-mesh (figure

12



(a) (b)

Figure 3: Fluctuations in energy of 1T-phase MoSe2. (a) The k-points on the horizontal axis
determine the number of k-points used in x- and y-direction of reciprocal space (k*k*1). For
k=16, the energy fluctuation are below 0.5 meV/atom. (b) ENCUT-variation for the MoSe2
1T-phase. For ENCUT=600, the fluctuations are below 0.5 meV/atom.

Figure 4: Atomic model of 1H phase MoSe2. All atomic models in this thesis are made with
VESTA software.[35]

3a). The same must be done for another parameter in VASP: the ENCUT- and ENAUG-tag
(figure 3b). These tags set the cutoff energy for the plane waves used in the calculation. It was
found that ENCUT = 600 eV is suitable with, by default, ENAUG = 1.4 x ENCUT = 840 eV.

3.5.1 MoSe2

For monolayer MoSe2, there are two main structures: the 1H and the 1T phase (figure 4 and 5).
Both are known from literature as discussed in section 2.2.

From these two structures the internal energy is calculated, and also the density of states (DOS)
and band structure. These data of these structures are already known from literature[36], the
calculations here serve as confirmation. The formation energy is calculated by equation 1. Equa-
tion 1 is the general form of the formation energy, for MoSe2 x = 1 and y = 2. The formation
energy thus is the energy with reference to the elements it contains, which implies elements al-
ways have formation energy 0 by definition. The molybdenum taken as reference here is in BCC
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Figure 5: Atomic model of 1T phase MoSe2

(a) (b)

Figure 6: Atomic model of H-type MoSe (a) Top view (b) Side view

phase and the selenium has a hexagonal structure (gray selenium).

Ef = EMoxSey − xEMo2 − y
1

3
ESe3 (1)

3.5.2 MoSe

Now, different phases of MoSe are examined. It is interesting to do DFT calculations on MoSe
structures (Mo:Se ratio of generally 1:1) because in heating experiments, it is possible that the
Mo:Se ratio changes and therefore new phases might form. As with the two MoSe2 phases, the
structures are relaxed and then some properties (formation energy, DOS and magnetization) are
calculated. The following phases are examined:

� MoSe H-bulk phase (figure 6)

� MoSe T-bulk phase (figure 7)

� Flat hexagonal MoSe (figure 8)

� Wavy hexagonal MoSe (figure 9)

� Flat square MoSe (figure 10)

Of course more structures are possible, the number of possible phases is infinitely large if all
Mo:Se ratios are allowed. Here, however, we stick to some simple ones which could possibly have
an energy sufficiently low to occur.

14



(a) (b)

Figure 7: Atomic model of T-type MoSe (a) Top view (b) Side view

Figure 8: Atomic model of flat, hexagonal MoSe

Figure 9: Atomic model of hexagonal MoSe

Figure 10: Atomic model of MoSe with a square lattice
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Table 1: Nanowires calculated with DFT

Nanowire Remark

Mo4Se4 (figure 11) Inspired by structure below
Mo6Se6 (figure 12) Found most favourable by refs [37] and [18]
Mo8Se8 (figure 13) Inspired by structure above

Mo10Se10 (figure 14) Inspired by structure above
Mo5Se4 (figure 15) Suggested by ref [17]

Figure 11: Atomic model of Mo4Se4 nanowire

3.5.3 Nanowires

With Mo and Se atoms, small nanowires can be constructed. For MoSe2 and materials similar
to MoSe2 like MoS2, nanowires have been observed clearly and also their structure have been
determined using DFT, among others by Lin et al.[18] as discussed in section 2.3.1. For all
materials they investigated, Lin et al. found a nanowire structure with Mo:Se ratio of 1:1. From
now on, this ribbon is refered to as the Mo6Se6 nanowire since both atoms are present in the unit
cell six times. The other nanowires investigated here are named in a similar manner. Different
nanowire structures are compared, following earlier comparisons[37][17]. Table 1 summarizes all
ribbons that is considered by DFT.

Note that the first four have a comparable structure. It is checked which of those four has the
lowest energy and what the reason is for that. For the most stable nanowire of the five above,
additional properties like the DOS, band structure and magnetism is calculated.

Figure 12: Atomic model of Mo6Se6 nanowire
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Figure 13: Atomic model of Mo8Se8 nanowire

Figure 14: Atomic model of Mo10Se10 nanowire

Figure 15: Atomic model of Mo54Se54 nanowire
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3.5.4 Threshold Displacement Energy

When investigating materials in the electron microscope, in general one wants to minimize effects
by the microscope itself i.e. electron beam effects. On the other hand, in some cases the beam
effects can be used to change the structure in a more or less controlled way, as discussed as one
of the forms of in-situ electron microscopy in section 2.3.1. In both cases it is useful to know how
susceptible the material is to the energy of incoming electrons. DFT can be used to calculate
the amount of energy Ef

vac,Se needed to remove a Se-atom from the structure, also called the
vacancy formation energy:

Ef
vac,Se = EMoxSey−1 +

1

3
ESe3 − EMoxSey (2)

Here, the term elemental selenium is added to equate the number of atoms in the equation.
Since VASP works with periodic lattices, a removal Se-atom is also periodic, and only using the
lattice unit cell is not sufficient. A larger supercell is defined in which one atom is removed.
Here Ef

vac,Se is calculated for H-phase MoSe2 and for the most stable nanowire. For the two-
dimensional MoSe2 a 4x4 supercell is used and for the one-dimensional ribbon a cell of 4 times
the length of the unit cell.

It is good to mention that the above is based on a static calculation. However, according to
Komsa et al.[11], this is in good agreement with the dynamically calculated displacement energy

Ed. Therefore we here use Ef
vac,Se to compare with the energy transferred by the electron beam

Ee. Ee is much lower than the beam energy itself and can be calculated by:[38]

Ee =
Ebeam

(
Ebeam + 2mec

2
)

Ebeam +
(
1 + me

M

)2 Mc2

2

(3)

Here, M is the mass of the atom in the structure to which the energy is transferred. As can
be seen in figure 16, the transferred energy is significantly lower than the beam energy. Ee

has to be compared to Ef
vac,Se to predict possible beam damage. However the two cannot be

compared straight away, since Ee does not take into account how strong the atom is bound to
the surrounding ones. Therefore, the needed electron voltage for beam damage should probably
be significantly higher than the value found by a one to one comparison.

4 Results and Discussion

First, it is good to discuss pristine (H-phase) MoSe2, to be better able to interpret changes upon
heating. Figure 17 shows a model of H-phase MoSe2 and high resolution TEM image.

This figure illustrates how this material looks at atomic scale. However when imaging in the
electron microscope, one first has to find a suitable area in the flake of MoSe2. Figure 18a
shows a flake of MoSe2. The shape and size is representative for the other flakes used in the
experiments presented here. However, the thickness is not (figure 18b), which is atypical for
the flakes observed in the electron microscope. There, for flakes of this size generally dozens of
layers are stacked upon each other indicated by Moiré patterns visible. In this AFM image the
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Figure 16: Tranferred energy to the structure as function of the beam energy (equation 3)

Figure 17: (a) Model of pristine H-phase MoSe2. (b) High resolution TEM image of MoSe2 at
room temperature. (c) FFT of the area indicated in (b). The middle ring of dots indicate the
family [101̄0], the next ring the family [112̄0]. (d) Atomic lattice after Fourier masking the FFT.
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(a)

(b)

Figure 18: (a) AFM image of a flake of MoSe2. (b) Height profile along the line indicated in (a)

thickness of the flake is measured to be ∼ 7�A, which is probably one layer MoSe2. However,
the height profile is not really flat, so for a more accurate measurement of the thickness a larger
flake has to be measured in order to obtain a better mean of the height of a surface.

In figure 19 a STEM image of a typical flake of MoSe2 is depicted. In this image it is clear that
at the edges of multi-layered flakes, thinner areas are found. When doing (in-situ) experiments,
generally the imaging is done at the edges of the flakes since there, there is the highest chance on
having only a single orientation. Such a thin area which is a good spot for imaging is depicted
in figure 20. Furthermore, EDX is used on this pristine flake (figure 19). Quantisation of this
measurement resulted in Mo:Se ratio of 1:1.9 which is really close to the theoretically expected
1:2 ratio.

The electronic properties of H-phase MoSe2 were calculated by DFT. The structure of the 1H-
phase (fig. 4) was relaxed and also that of the 1T-phase to make a direct comparison. As
expected, the H-phase has a slightly lower energy than the T-phase: respectively −0.60 eV/atom
and −0.37 eV/atom. Interesting to mention is the slight difference in cell size (not shape, both
are strictly hexagonal) between 1H (3.28�A) and 1T (3.23�A). It is clear that there is a difference
in lattice parameter between the phases. However, when doing experiments on this material, this
is not a good way to differentiate between the two phases for two reasons: the difference is small
and therefore hard to measure in TEM images and more importantly it is plausible that this
distance is strongly dependent on temperature, whereas DFT calculations only handle structures
at 0 K

For both the 1H- and 1T-phase the bandstructure and DOS (figures 21a and 21b) are determined.
The electronic properties of the two differ: 1H is semiconducting (indirect band gap of ∼ 1.5 eV)
and 1T is conducting (no band gap). From DOS-graphs which differentiate between the atom
species (not shown here), it follows that the d-orbitals of the molybdenum atoms are the main
contributors to the conduction in the 1T-phase.

Note that only monolayer phases are discussed here (therefore the ’1’ in 1T and 1H). Also bilayers
and bulk phases have been briefly examined. However, those structures are not discussed here
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Figure 19: (a) STEM image of a typical MoSe2 flake (b) EDX map showing Mo concentration
(c) EDX map showing Se concentration (d) EDX map showing both Mo and Se
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Figure 20: TEM images of the edge of a flake MoSe2 with a thin part. Note the possibility for
high resolution due to the disappeared Si3N4 background.

(a) Density of states of 1H-MoSe2 (b) Density of states of 1T-MoSe2
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(a) (b) (c) (d)

Figure 22: Stills of TEM recording showing MoSe2 with curling of the edge as an effect of the
electron beam (imaged at room temperature). Between each subsequent image is about 1 minute
of imaging.

since their properties resemble those of the monolayers, as expected the energy of these multilayer
phases was found significantly lower than the monolayers due to the Van der Waals forces.

4.1 Edge effects and Etching

The edge of a flake is most susceptible for changes upon heating since here the atoms are most
weakly bound. One of the first effects that was seen was an electron beam effect: the curling of
edges (figure 22). This effect was also seen before heating the sample, so it purely is an electron
beam effect.

This shows the destructive effect of the electron beam and emphasizes the importance of keeping
electron doses low if imaging effects are desired to be minimized. However, what can be seen
from these curling edges is the thickness of the layers. From another image with 13 layers visible
on edge, the thickness of one layer was found to be 0.69 nm. Note that this measurement might
not be very accurate since the angle of imaging is not known. AFM measurements presented as
discussed in section 4 are probably more accurate.

When instead of deforming the sample, atoms are removed, it is called etching. For 1H-phase
MoSe2 the energy needed to remove a Se-atom is, calculated with equation 2: Ef

vac,Se = 2.7 eV.
Using equation 3, this results in a theoretical minimum for the threshold electron beam energy of
around 89 keV. This thus is the theoretical minimum, in section 3.5.4 already was discussed that
the true threshold probably is even higher due to the bonding energy in the material. Considering
this, it makes sense that etching was found significantly more abundant at elevated temperatures.
At high temperatures, a part of the energy to break the bond is already provided by the thermal
energy. On top that, this minimum voltage only applies to a Se-atom in the middle of pristine
MoSe2, the atoms at an edge are more weakly bound in general. If one wants to prevent the
removal of Se-atoms by the electron beam, only low-voltage TEM can be used. The used here
used voltages of at minimum 200 keV do not count as low-voltage. How fast the etching process
is at high temperature can be seen in figure 23.

The etching is not evenly favourable in all directions. The hexagonal nature of the material
becomes visible here (figure 24), with almost all angles measured to be 120° and straight edges
along the lines in the lattice. The resolution is just not good enough to conclude this with highest
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Figure 23: Stills of TEM recording showing edges of MoSe2 etching at 1000 ◦C. Between two
subsequent images is only around 10 seconds continuous imaging. Note the fast rate of etching
indicated by the blue arrow. The yellow arrow is for reference indicating probably contamination.

Figure 24: Result of etching off layers MoSe2. Temperature: 750 ◦C
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certainty, but it is assumed that these are all zigzag edges. The edges appearing dark at the
TEM image might indicate an NW-terminating edge (as discussed by ref. [14]), however this
cannot be stated with certainty since the darker appearence can also be an artefact of a subtle
defocus. Two edges seen in figure 24 however do not comply with this (indicated with the black
arrows). The edge indicated with the arrow at the right could possibly be an armchair edge
since the angle with a zigzag edge is around 150°. However this is definitely not certain since
the angle could not be measured properly due to the edge being quite short. Moreover, the edge
indicated by the lower arrow is certainly not an armchair edge since the angle it makes with an
zigzag edge is around 160°, so it is neither a zigzag nor armchair edge. It could be something
in between, however it is not clear what kind of edge with this angle is stable. To investigate
this better, these kind of edges should be more observed at first. On the other hand, it also is
possible that it are not edges at all but nanowires, which can have all angles with respect to the
lattice.

This severe etching effect at high temperatures show that exposing this material to high temper-
atures can make it thinner by etching away some layers. Investigating this thinning at elevated
temperatures while not irradiated by the electron beam deserves some more attention, since here
the effects by the beam can certainly not be ignored.

4.2 Nanowires

Combining high temperatures with beam irradiation not only results in proper etching along the
lattice. When the temperature is high enough, spontaneous nanowires can form. It is not new to
observe nanowires for this material, they were reported earlier by among others Liu et al.[17] Liu
et al. produced this nanowires by making holes in the material with the electron beam; bringing
two holes together resulted in a nanowire in between. In the current study the beam is not used
to steer the nanowire formation, it is a spontaneous formation. Consequence is that the exact
location where the ribbons form cannot yet be controlled. Figure 25 shows the formation of a
network of nanowires from a first relatively pristine area MoSe2.

The formation of the nanowires depicted in figures 25 was in the temperature range of 750 ◦C to
900 ◦C. However, it is plausible that not the rise in temperature but the long time of imaging
(around 30 minutes for the series showed here) resulted in the observed phenomenon. In other
words, at a constant temperature of 750 ◦C probably the same would have happened, but at
a slower rate. The lowest temperature where these spontaneous nanowires were observed was
750 ◦C.

From the images it may be hard to distinguish between nanowires and edges as seen in figure
24. However this distinction is more easily made when looking at the videos from which the
images are taken. Edges etch away due to the electron beam, the etching direction normally is
perpendicular to the edge. Nanowires can be seen moving back and forth a bit without moving a
significant distance. On top of that, the nanowires do not necessarily follow the lattice direction
where edges do as discussed in section 4.1, at least for elevated temperatures. Furthermore please
note the nanowire junction in the middle of figure 25. This resembles the nanowire junction made
by Lin et al.[18].

Figure 26 shows a nanowire very clear without a background. The nanowire is not in focus
completely, which makes it somewhat hard to measure or estimate the width of the nanowire.
The nanowire being out of focus however makes it more clearly visible. A rough estimate of the
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Figure 25: Consecutive TEM images of a nanowire network formation during continuous imaging.
(a) 750 ◦C (b) 800 ◦C (c) 800 ◦C (d) 850 ◦C (e) 900 ◦C

Figure 26: TEM image of nanowire seen without Si3N4 background. T = 750 ◦C
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Figure 27: Lateral angle between the bonds, indicated for the Mo4Se4 nanowire.

width of the nanowire based on figure 26 is 5�A, which is about three atomic layers.

From the five nanowires examined using DFT, the Mo6Se6 nanowire is energetically the most
favourable with a formation energy of −0.230 eV/atom. This is still a positive formation energy
with respect to H-phase MoSe2. Why the Mo6Se6 is more favourable than the other nanowires
with comparable structure can esily be understood by looking at the atomic configuration of the
nanowires (figures 11, 12, 13 and 14. We leave out the Mo5Se4 nanowire because of its different
structure and significantly higher energy than the other four). Consider the angle between the
bonds: the Se-Mo-Se angle in lateral direction (indicated for the Mo4Se4 nanowire in figure
27). This value differs much for the ribbons. When plotted, its deviation from 180 deg matches
perfectly with the internal energy (figure 28). This observation can be explained by the steric
hindrance between the Se-atoms. When the lateral angle is at its maximum, this hindrance is
minimal and so is the energy. The longitudinal angle does not differ significantly between the
nanowires. The height of the unit cell is also approximately the same.

The size of this Mo6Se6 (a width of 6�A) nanowire matches perfectly with the nanowire seen in
the heating experiment (an approximate width of 5�A)

For the most stable nanowire, Mo6Se6, the DOS (figure 29) and magnetism were determined.
Magnetic effects are not expected for the MoSe nanowire since the magnetic moments on the
atoms are found equal to 0. As can be seen from the DOS, this nanowire does just as the
1T-phase not have a band gap, which makes the nanowire conducting. This is an interesting
feature, because of the difference with the 1H-phase. If one is able to construct these nanowires
in a controlled way, complex structures of semiconducting H-phase and conducting nanowires
can be constructed.

Also for the Mo6Se6 nanowire, the threshold displacement energy is calculated with equation 2:
Ef

vac,Se = 2.4 eV. This slightly lower than the threshold displacement energy found for H-phase
MoSe2. It therefor is more favourable to remove a Se-atom from the nanowire than form the
1H-phase. However, the difference in vacancy formation energy is small and more importantly,
Lin et al.[18] showed that the vacancy formation energy at the edge of the 1H-phase is even lower
than that of the nanowire. This implies that vacancies from both the 1H-phase and the nanowire
would travel to the edge, keeping both stable and self-healing. Noteworthy is that the threshold
displacement energies for both the H-phase and the nanowire Lin et al. found are significantly
higher than reported in the current study (about twice as high). Where this discrepancy comes
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Figure 28: Lateral angle of the four different nanowires compared with the formation energy of
these nanowires. The two are in perfect anticorrelation.

Figure 29: Density of states of Mo6Se6 nanowire
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Table 2: Energies found for all investigated structures

Structure Formation Energy (eV/atom)

Mo (BCC) 0 (by definition)
Se (hexagonal) 0 (by definition)

1H-MoSe2 -0.599
1T-MoSe2 -0.369

H-phase MoSe -0.002
T-phase MoSe -0.041

Flat hexagonal MoSe 1.578
Hexagonal MoSe 0.630

Square MoSe 1.460
Rectangular MoSe 1.309
Mo4Se4 Nanowire 0.226
Mo6Se6 Nanowire -0.230
Mo8Se8 Nanowire -0.110

Mo10Se10 Nanowire 0.083
Mo5Se4 Nanowire 0.690

from is not clear and should be looked into in more detail.

4.3 Other MoSe phases

Besides the nanowires also other kind of MoSe phases, listed in 3.5.2, were examined with DFT.
The most important property of the phases is the formation energy, to determine which phases are
energetically most favourable. All phases, inlcuding the nanowires already discussed in section
4.2, are shown in table 2.

Note that in table 2 also a new phase is added: flat, rectangular MoSe. During relaxation of the
square phase it turned out that this rectangular phase, with unit cell length:width ratio 1:1.35,
is energetically slightly more favourable. Though this is an interesting observation, in practice
neither of the two phases will be oberved since both formation energies are high. The square
phase could be prevented from relaxing to the rectangular shape by defining the initial unit
cell perfectly square, upon which it remained in this meta-stable square configuration. However
the rectangular MoSe clearly still is meta-stable (therefore the high energy) in z-direction. The
structure is held flat artificially by defining the initial structure perfectly. This has an even larger
effect on the energy, as is illustrated by the difference between hexagonal MoSe and perfectly
flat hexagonal MoSe.

To quickly determine which phases might occur in practice, all energies are put together in a
concave-hull plot (figure 30). It is clear directly that the 1H-phase is most stable and that none
of the MoSe phases has an energy sufficiently low to be stable. However, as mentioned before,
DFT calculations do not tell anything about kinetics. Since the energy for some phases to form
is only 0.2 eV/atom or 0.3 eV/atom, it is reasonable that these relatively low-energy phases (e.g.
the Mo6Se6 nanowire or the MoSe T-bulk phase) might be observed in practice, as was the case
in this study. Especially when irradiating with an electron beam in an electron microscope, there
is a change to form these phases since energy is provided by the electron beam. A sidenote that
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Figure 30: Concave-hull plot of all structures examined. The MoSe2 H-phase is the most stable.

(a) T = 20 ◦C (b) T = 800 ◦C (c) T = 900 ◦C (d) T = 950 ◦C

Figure 31: Consecutive STEM images of continuous in-situ heating of MoSe2 up to 950 ◦C

has to be made is that the pristine H-phase MoSe2 here is monolayer, whereas in experiment
mostly it is found in multilayer having a lower energy. Then the energy difference with the other
phases is somewhat higher.

In the in-situ TEM experiments in this study, no indications were found that other phases than
the H-phase and the nanowire phase were present. This is not surprising since the H-phase of
has the lowest energy and the Mo6Se6 nanowire has the lowest energy for a reduced selenium
concentration.

4.4 Energy-dispersive X-ray crystallography

As mentioned in section 3.3, EDX is important for investigating the ratio between molybdenum
and selenium. Heating has an enormous effect on a flake of MoSe2 (figure 31).

To interpret the STEM images in figure 31 in an appropriate way, one must know that the
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(a) T = 20 ◦C (b) T = 800 ◦C

Figure 32: STEM images of the effect of in-situ heating up to 800 ◦C. Only the right-bottom part
of the flake has been irradiated by the electron beam. The atomic ratios have been determined
by EDX (a) Mo:Se ratio 1:1.85 (b) Mo:Se ratio 1:1.59 (whole frame). Mo:Se ratio 1:0.47 (yellow
square)

time between images 31a and 31b is a couple of hours, the time between images 31b and 31c is
only a few minutes and the time between images 31c and 31d is about 30 minutes imaging this
flake at 900 ◦C. Other flakes in this same experiment looked the same after heating to 950 ◦C,
which means that this is not (only) an electron beam effect. In a later experiment, the a similar
evolution was observed (figures 32). Up to 800 ◦C the Mo:Se ratio only deviates significantly
from the theoretical 1:2 for pristine MoSe2 when irradiated by the electron beam. In a following
heating experiment, the same sample of figure 32 was heated further to above 900 ◦C and now
the whole flake had become poorer in selenium.

It is good to look again to figure 25. Because these images were taken at 750 ◦C, the Mo:Se ratio
would not change by heating only. By making this images, the area was irradiated intensively.
Some formed 'islands' are therefore suspected to be metallic molybdenum instead of a compound
consisting of both molybdenum and selenium. Especially the dark appearing 'islands' are sus-
pected to be molybedum. In one of them lattice fringes were visible (figure 33), which are closer
together (2.7�A) than what would be expected for MoSe2 (3.3�A). A distance of 2.7�A corresponds
to what could be expected for BCC elemental molybdenum. The TEM image in figure 34 gives
some more proof, it depicts an area with some nanowires. From the EDX measurement, it follows
that there indeed are parts with only molybdenum.

5 Conclusions and Outlook

Heating experiments done here show that there are some interesting phenomena happening at
elevated temperatures before MoSe2 decomposes completely where decomposing in the electron
microscope is obeserved as elemental molybdenum remaining and the selenium sublimating into
the vacuum. Until a temperature of around 850 ◦C the Mo:Se ratio can only be changed signifi-

31



Figure 33: TEM image of molybedum 'islands' as part of a nanowire network at 900 ◦C

Figure 34: Images of the right-bottom part of the flake in figure 32 T = 800 ◦C (a) TEM image
(b) STEM image of approximately the area indicated with the squares in figure (a) and 31b The
EDX maps in (c)-(e) show this same area. (c) EDX map showing Mo concentration (d) EDX
map showing Se concentration (e) EDX map showing both Mo and Se
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cantly by electron beam irradiation and not by heating only, above this temperature sublimation
of the selenium is spontaneous. However when combined with the electron beam, some interesting
structures can be created, like 'islands' of MoSe2 or elemental molybdenum with MoSe-nanowires
in between. Especially this last observation deserves some follow-up research since it could be
interesting for electronic applications. In this study, we have not been able to control the loca-
tion of the nanowire formation. Whenever the temperature is not too high, e.g. around 750 ◦C
and the beam irradiation not too strong, there are definitely opportunities to focus the electron
beam on certain areas in order to control the formation process. Furthermore additional exper-
iments with slightly better resolution are required to distinguish between the H-phase and the
T-phase. One of the goals of this study was to determine whether the T-phase would be seen at
elevated temperatures. However even after Fourier-filtering the images with atomic resolution,
the distinction between the phases could not be made unambiguously. The same holds for the
behaviour of defects when exposed to high temperatures. Resolution did not allow for tracking
any defects.

DFT supports the possible applications. In line with literature, the H-phase is found to be
semiconducting and the T-phase is metallic. The nanowires found in experiment are confirmed
to be Mo6Se6 nanowires which are also metallic. Although it has a higher threshold displacement
energy than pristine MoSe2 (respectively 2.4 eV and 2.7 eV), the nanowire is stable since the
threshold displacement energy at the edges can be expected to be lower.

Besides nanowires, also other phases have been examined. However most have an unexpectedly
high formation energy, from which the conclusion is drawn that those will not be found in
experiment. Based on the phases examined, the only three phases that are likely to be found
are the pristine H-phase, the slightly higher in energy T-phase and the Mo6Se6 nanowire. As
discussed, all three have been observed, in this study or in literature.

A final conclusion that can be drawn from this study is the thinning of the material due to the
sublimation discussed above alongside the straightening of the edges of the layers. Although the
straightening of edges has only been observed under irradiation with the electron beam, it is
reasonable to suspect this also to happen without the electron beam. Additions experiments are
needed to confirm this. In addition, DFT calculations on the edges have not been done in this
study, but would be helpful for understanding these edge effects.
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