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The contributions of different damage mechanisms in single-layer MoSe2 were studied by investigating different MoSe2/graphene heterostructures by the aberration-corrected high–resolution transmission electron microscopy (AC–HRTEM) at 80 keV. The damage cross–sections were determined by
direct counting of atoms in the AC–HRTEM images. The contributions of damage mechanisms such
as knock–on damage or ionization effects were estimated by comparing the damage rates in different
heterostructure configurations, similarly to what has been earlier done with MoS2. The behaviour
of MoSe2 was found to be nearly identical to that of MoS2, which is an unexpected result, as the
knock-on mechanism should be suppressed in MoSe2 due to the high mass of Se, as compared to S.
Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4973809]
Modern transmission electron microscopes (TEM) allow
imaging materials at a single atom resolution with acceleration voltages in the range of 20–300 kV,1–3 foremost thanks
to the practical realization of aberration correctors (AC) for
transmission electron microscopy.4,5 However, high electron
doses are required for achieving a high enough signal to
noise ratio for accurate detection of the atom position in
the image. This sets strong requirements on the studied materials in terms of radiation damage resistance, and in practice
many materials are destroyed by the interaction with the
electrons before a clear image can be acquired. For controlling the radiation damage, that is, for finding the optimal
experimental conditions for each material, it is essential to
understand the underlying damage mechanisms.
Radiation damage in a TEM is often split into two categories. First, elastic damage or knock-on damage describes
the processes involving direct elastic collisions between the
imaging electrons and the target atoms. Upon each collision,
momentum is transferred to the target atom, and if the
momentum exceeds a material dependent critical limit, the
atom is displaced from its original position. This limit in
transferred momentum or kinetic energy leads into a threshold electron energy, below which knock-on damage should
not occur. The knock-on damage is the most studied mechanism,6–10 mainly due to the simplicity of the process, as compared to the other mechanisms. The recent experiments have
shown, however, that there is no sharp cut off in knock-on
damage due to the thermal vibrations of the target atoms,
and a finite displacement probability remains below the static
threshold.9 Even taking this effect into account, the knockon cross section becomes vanishingly small far below the
static threshold.
The second is a broader category grouping together all
the inelastic processes, where the imaging electrons interact
with the electronic system of the target, weakening or breaking bonds, heating the material and/or accumulating electrostatic charge.11,12 However, direct heating of the sample by
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the electron beam has been estimated to be minor,13 especially in a 2D material such as MoS2 and MoSe2.
Damage can occur also via indirect routes, such as
chemical etching, where the electrons break down residual
impurities such as oxygen molecules or water in the microscope, and the formed radicals in turn attack the sample
material causing its damage.
Recently, an experimental scheme for separating the
contributions of different damage mechanisms in single–
layer MoS2 was developed.14 In the experiments, MoS2/graphene heterostructures were investigated by HRTEM, and by
comparing the damage rates in different sample geometries,
estimates on the different damage mechanism contributions
were attained.
The following comparisons were used.14 (1) The difference between the damage cross section in a sample with the
entry surface covered with graphene (G/MoS2) and a sample
with the exit surface covered (MoS2/G) gives the knock-on
contribution. This lays on the assumption that only the
knock-on process has a directional dependence, that is, if the
entry surface is covered, the sulfur atoms at the bottom can
still be displaced into the vacuum (knock-on active), whereas
with covering the exit surface the displaced sulfur atoms
are stopped by the graphene layer (knock-on disabled). (2)
The difference between a free-standing MoS2 and G/MoS2
gives the inelastic contribution. This, in turn, is based on the
assumption that graphene, which is a supreme electric and
thermal conductor, quenches the electronic excitations and
dissipates any introduced heat and eliminates sample charging, thus removing the inelastic damage.15 Of the two, the
latter is more conjecture because the damage created by
inelastic collisions with high energy electrons is not fully
understood.
Here, to extend on the earlier study with MoS2, similar
experiments were conducted with MoSe2/graphene heterostructures. MoS2 and MoSe2 have identical crystal structures,
and they are isoelectronic,16–18 while the main difference is
the different masses of the chalcogen atoms (32.07 amu for
S and 79.0 amu for Se) and the higher amount of electrons
(34 for Se and 16 for S), which increase the probability for
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FIG. 1. (a) An optical microscopy image from a Quantifoil Au–grid with a G/MoSe2/G sandwich. The different layers are enlarged in the inset and framed
with colors, where the red and yellow flakes are graphene and the green one is MoSe2. The scale bar corresponds to 50 lm. (b) An electron diffraction pattern
of G/MoSe2/G with the MoSe2 peaks at 3.5 nm1 and graphene peaks at 4.7 nm1. The neighbouring graphene peaks correspond to two graphene layers, which
are in slightly different orientations. (c) A 80 kV AC–HRTEM image of G/MoSe2 (left area) and G/MoSe2/G (right area) after a total electron dose of
3.1  109 e/nm2. It is striking that the left area with the G/MoSe2 configuration is highly damaged, while the right area is still in a good condition. The scale bar
corresponds to 3 nm.

electron excitations due to the electron beam. As the momentum transfer from the impinging electrons to the target atoms
is dependent on the target atom mass, knock-on damage can
be expected to be suppressed in the case of MoSe2 with
80 keV electrons (the minimum threshold energy is 6.4 eV
for MoSe2 and 6.9 eV for MoS2 which corresponds, due to
the different masses, to a static threshold electron energy of
190 keV and 90 keV, respectively6). Furthermore, the
knock–on threshold for the chalcogen atoms in the upper
layer is lower because they are stopped by the subjacent
layers.6 On the other hand, the formation energy of chalcogen vacancy in MoSe2 is 6.1 eV, as compared to 6.7 eV in
MoS2, which can be reflected as increased vacancy yield
through inelastic processes.6 Surprisingly, MoSe2 has almost
identical behaviour to MoS2 in our experiment. This result
calls for critical assessment of the assumptions about the
damage mechanisms, especially the strict separation into the
elastic and inelastic categories, and the experimental scheme
employed here for the separation of the different
contributions.
The heterostructure samples were constructed from
mechanically exfoliated flakes on SiO2. In the preparation
process, the Au Quantifoil TEM grids were placed on top of
the MoSe2 or graphene flakes with the position precisely
controlled by a micromanipulator. The Quantifoil film was
brought into contact by evaporating isopropyl alcohol after
which the SiO2 was etched with KOH, releasing the grid
with the flake. The process was repeated to bring more flakes
on top of the previously transferred one(s), resulting in the
desired heterostructures.
Based on the optical microscopy images, as shown in
Figure 1(a), the heterostructure was located in the TEM.
Electron diffraction patterns were recorded to confirm the
presence of the required layers (see Figure 1(b) for an example of G/MoSe2/G) and the monolayer nature of the MoSe2
flake.19
Once the correct flake was located, AC–HRTEM image
sequences were acquired at high magnification to be able to
directly count the produced vacancies. The electron dose rate
was in the order of 106 e/(nm2 s) and a vacuum level was in
the order of 108 mbar during the experiment.
The effect of the graphene coating is evident in Figure
1(c), where the edge of the bottom graphene layer runs

through the field of view (that is, on the left there is a
G/MoSe2 structure and on the right G/MoSe2/G structure).
After an electron dose of 3  109 e/nm2, the G/MoSe2 is
heavily damaged, while on the G/MoSe2/G the structure is
still relatively intact.
Figure 2 shows the qualitative difference between
the four sample configurations. For every configuration, an
initial HRTEM image and an image after a dose of
/ ¼ 7:7  108 e =nm2 are shown. In the case of the freestanding MoSe2 (Fig. 2(a)), the sample was heavily damaged
by the dose with an extensive disorder and a large hole visible in the image. The images of G/MoSe2 (Fig. 2(b)) show
reduced damage, but the MoSe2 layer is still visibly damaged. The damage in MoSe2/G is further reduced (Fig. 2(c)).
The highest improvement in radiation resistance is found in
the G/MoSe2/G case: in Figure 2(d), it can be seen that the
vacancy concentration remains unchanged after a dose which
destroyed the free–standing MoSe2, although the migration
of vacancies is also taking place in this configuration.
For determining the vacancy production cross sections
for each heterostructure, frames from the beginning of the
image sequence and at a maximum vacancy concentration
of approximately 7% were compared, and the total number
of new vacancies was directly counted. Due to the stacked
structure of Mo atoms between Se in a monolayer, only Se
vacancies are produced by the electron beam. As the electron
dose between these frames is known, the probability of creating a vacancy per electron impact (i.e., the cross section r)
can be calculated by DV=ðN/Þ, where DV is the number of
new vacancies, N the total number of Se sites within the analyzed area, and / the electron dose in e/nm2.
Quantification of the damage rates is summarized in
Table I, and the numbers agree with the previous visual
assessment. The cross sections for the MoSe2, G/MoSe2,
MoSe2/G, and G/MoSe2/G configurations are determined to
be 4.1(4) b, 1.5(2) b, 0.44(4) b, and 0.011(4) b, respectively,
where b stands for barn (1038 m2) and the number in parenthesis is the confidence interval of the last digits. In earlier
studies, a damage cross section of 3.9 b for free-standing
MoSe2 (Ref. 10) was found, which is in good agreement
with our value. Compared to the free-standing case, the
damage resistance is increased by the factors of 2.7, 9.3
and 400 for the G/MoSe2, MoSe2/G, and G/MoSe2/G,
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FIG. 2. Comparison of the damage rate on TMDs under the electron beam for different heterostructure configurations. The initial HRTEM image and an image
after a dose of / ¼ 7:7  108 e =nm2 are shown. (a) Free–standing MoSe2. (b) MoSe2 with a protection layer of graphene on the entry surface of the electron
beam (G/MoSe2). (c) MoSe2 with graphene on the exit surface (MoSe2/G). (d) A sandwich where MoSe2 was coated with graphene from both sides (G/MoSe2/
G). The HRTEM images (a)–(d) show an increase in resistance against radiation damage going from free–standing to the G/MoSe2/G heterostructure. The
scale bar corresponds to 1 nm. The frames were numerically corrected for residual A2 astigmatism in the order of 100 nm.20

respectively. Damage in the graphene layers was not evaluated, but earlier studies have shown graphene to be stable
under an electron beam of 80 keV.9
Assuming that only the knock-on process depends on the
direction of the electron beam, the knock-on cross section can
be calculated as the difference between the two cross sections,
yielding 1.0(2) b. This accounts for 24% of the total vacancy
production cross section in the free-standing case.
The inelastic contribution can be estimated by assuming
that already coating a single side of MoSe2 with graphene
suppresses this damage channel due to the quick dissipation
of heat, charge, and electronic excitations by the graphene
layer. The difference between the cross sections for the
MoSe2 and G/MoSe2 cases yields 2.6(5) as the inelastic cross
section, accounting for 63% of the total damage production.
TABLE I. Quantitative results for the four different heterostructure configurations. N is the total number of the selenium atoms in the investigated area
and V is the number of the produced vacancies after a dose /. The damage–
cross–section r, which describes the vacancy production probability,
is
pﬃﬃﬃﬃ
determined
with DV=ðN/Þ. For the confidence intervals, we took N for N,
pﬃﬃﬃﬃ
V for V, and 1% for the electron dose that were assumed. The values for
the damage–cross–section of MoS2 were reproduced with permission from
Appl. Phys. Lett. 103, 203107 (2013). Copyright 2013 AIP Publishing LLC.
Configuration
MoSe2
G/MoSe2
MoSe2/G
G/MoSe2/G

N

DV

/ðe=nm2 Þ

r(b)

r(b) for MoS2

4305
4032
4799
2908

133
87
114
8

7.5  107
1.4  108
5.4  108
2.7  109

4.1 (4)
1.5 (2)
0.44 (5)
0.011 (4)

4.5 (4)
1.5 (2)
0.48 (4)
0.008 (3)

Taking into account that 24% of the damage is produced
by knock-on damage, 63% by heat, charge and/or electronic
excitations, then 13% of the damage has to be produced by
other mechanisms, such as chemical etching and further ionization effects.
The estimated significant contribution of knock-on damage brings the earlier conclusions14 into question, as the theoretical prediction would indicate no knock-on damage.6
Here, two possible explanations for this discrepancy can be
offered.
First, one has to ask whether the methodology employed
here is solid. More precisely, does the difference between
the G/MoSe2 and MoSe2/G cases really give the knock-on
cross section? As there is no other method available for isolating the knock-on contribution, the correctness of the
method cannot be externally evaluated.
The alternative interpretation would indicate a marked
shortcoming of the damage model, where the damage mechanisms are simply divided into the elastic and inelastic contributions. For example, a process where knock-on thresholds
are influenced by inelastic scattering events prior to an electron impact could play a significant role.
Two things can, however, be concluded from the experiment. First, there is a directional dependence in the damage
process, based on the difference between the G/MoSe2 and
MoSe2/G cases, even if the exact damage mechanism cannot
be determined. The damage rate is more strongly influenced
when the exit surface of the sample is covered with graphene, which implicates faster damage rates on the exit surface. As the direction of the electron beam is the only
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difference between the surfaces, the directional dependence
is clear.
The second conclusion, related to a comparison to the
earlier MoS2 results (given in the last column of Table I
(Ref. 14)), is that the mass of the chalcogen atom does not
seem to play a large role in the damage rates. Once again,
the more than two-fold difference between the masses of S
and Se allow one to expect a marked difference in the elastic
damage. As the difference between the cross sections for
MoS2 and MoSe2 is small or non-existent, taking the confidence intervals into account, one could conclude that the
damage occurs via the inelastic route. However, no clear
explanation for the directional dependence within the inelastic damage processes can be found here, which in turn would
imply a contribution from elastic collisions between the electrons and the atoms. Expanding on the earlier suggestion of a
two-step process, where inelastic processes first lower
locally the knock-on threshold, after which another electron
displaces the atom, it can be conjectured that if the threshold
becomes low enough, the knock-on cross-section becomes
very high, meaning that the first inelastic step would become
the rate limiting process, removing the mass dependence of
the rate.
Electron beam–induced damage mechanisms were studied in single–layer 2D MoSe2 in an aberration-corrected
high-resolution transmission electron microscope operated at
80 kV. The approach of the study was to construct different
graphene-MoSe2 heterostructures, which allow the control
over different damage mechanisms under the electron beam,
similar to what was done earlier with MoS2.14 A significant
contribution from the elastic (knock-on) damage was found,
which is a surprising result, as the high mass of the Se atoms
is expected to suppress the knock-on damage process at
80 kV.6 Comparing to the earlier results on MoS2, it was
observed that the mass of the chalcogen atom does not influence the damage rates. However, a directional dependence
of the damage process was found. Our explanation for the
results presented here is a two-step process, where first an
inelastic event significantly lowers locally the knock-on
threshold, after which a second electron displaces the atom
via an elastic collision. These results make the need for further studies on the damage mechanisms clear, like the devel-
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opment of an external test for the method employed here to
separating the damage mechanisms.
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