
Electron transmission and mean free path in molybdenum disulfide at
electron-volt energies
Neu, P.S.; Siskins, M.; Krasovskii, E.E.; Tromp R.M.; Molen, S.J. van der

Citation
Neu, P. S., Siskins, M., Krasovskii, E. E., & Molen, S. J. van der. (2023). Electron
transmission and mean free path in molybdenum disulfide at electron-volt energies.
Physical Review B: Condensed Matter, 107(7). doi:10.1103/PhysRevB.107.075427
 
Version: Publisher's Version
License: Leiden University Non-exclusive license
Downloaded from: https://hdl.handle.net/1887/3629729
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:3
https://hdl.handle.net/1887/3629729


PHYSICAL REVIEW B 107, 075427 (2023)

Electron transmission and mean free path in molybdenum disulfide at electron-volt energies

Peter S. Neu ,1 Makars Šiškins ,2,* Eugene E. Krasovskii ,3,4,5 Rudolf M. Tromp ,1,6 and Sense Jan van der Molen 1,†

1Universiteit Leiden, Institute of Physics, Niels Bohrweg 2, Leiden, NL 2333 CA Leiden, The Netherlands
2Kavli Institute of Nanoscience Delft, Department of Quantum Nanoscience, Lorentzweg 1, NL 2628 CJ Delft, The Netherlands

3Universidad del Pais Vasco, Departamento de Polímeros y Materiales Avanzados: Física,
Química y Tecnología, Apartado de Correos 1072, San Sebastián/Donostia, País Vasco ES 20080, Spain

4Basque Foundation for Science, Plaza Euskadi 5, Bilbao, Bizkaia ES 48009, Spain
5Donostia International Physics Center, Paseo Manuel de Lardizabal, 4, San Sebastian, País Vasco ES 20018, Spain

6IBM Research, T.J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598, USA

(Received 28 November 2022; revised 6 February 2023; accepted 7 February 2023; published 21 February 2023)

In van der Waals (vdW) materials, the electron mean free path (MFP) is largely influenced by the discrete states
in the unoccupied band structure. So far, the influence of these states has only been measured in graphene, while
all measurements on other vdW materials lack energy resolution. Here, we present reflection and transmission
spectra of freestanding, few-layered molybdenum disulfide (MoS2) samples in the 0–55 eV electron range.
Our measurements reveal states of enhanced electron transmissivity above the vacuum level, that correspond to
the (unoccupied) density of states. We also show a full quantum-mechanical calculation that confirms a good
understanding of the elastic scattering in MoS2. A model is developed to extract the inelastic MFP spectrum,
which is a measure of the inelastic scattering cross section. As MoS2 is a complicated system of different atomic
planes, we expect that our methods generalize well to other van der Waals materials and heterostacks thereof.

DOI: 10.1103/PhysRevB.107.075427

I. INTRODUCTION

The electron mean free path (MFP) is a material-specific
quantity, describing the decay length of an electron beam
through a material at a specific electron energy. Especially the
MFP of low-energy electrons is important, as it affects the
probing depth and damage in scanning electron microscopy
(SEM) as well as the exposure of resists in electron beam
lithography. While the mean free path of electrons through
bulk solids has been researched for more than a century, it has
barely been studied in the comparably new class of van der
Waals materials. Moreover, subtle energy-dependent features,
intimately related to the unoccupied electron band structure,
have generally been missed due to a lack of energy and mo-
mentum resolution.

For many different solids, the electron MFP has been mea-
sured over a large energy range and determined to roughly
follow the same U-shape curve, the so-called universal curve
[1], which has a minimum around 30 eV, but is otherwise
featureless. Fewer reports are available for layered materials,
especially in the low-energy range. For graphene, the most
popular van der Waals material, the low-energy MFP has been
reported to be in the order of a few layers based on electron-
energy-loss spectroscopy (EELS) [2], measurements of the
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secondary electron spectrum generated in a SEM [3], and by
photoemission [4]. Recently, our group has demonstrated a
more direct method to extract the MFP from a combination
of low-energy electron microscopy (LEEM) and electron-volt
transmission electron microscopy (eV-TEM) [5,6]. In contrast
to the “universal” curve, our study on few-layer graphene
showed multiple maxima and minima depending on layer
count. These features are related to (unoccupied) interlayer
electron bands that are typical of van der Waals materials.
For the case of graphene, these can be understood within a
relatively simple model of Fabry-Pérot-like electron interfer-
ence between the consecutive layers, leading to well-defined
electron transmission resonances [7–10].

In this contribution, we use this methodology, i.e., the com-
bination of LEEM and eV-TEM, to study MoS2, a member
of a more complicated and diverse group of two-dimensional
materials: the transition metal dichalcogenides (TMDs). The
different TMDs are closely related in crystallographic struc-
ture, every layer consisting of a plane of transition metal
atoms sandwiched between two chalcogen atom (S, Se, Te)
planes. However, TMDs show significant variation in their
electric properties. Molybdenum disulfide (MoS2) is a promis-
ing TMD, having a band gap in the visible to IR range,
making it suitable for photovoltaic applications. Remarkably,
the band gap is indirect for multilayer MoS2, whereas it
becomes direct for monolayer MoS2. The chemical and semi-
conducting properties of MoS2 make it a popular substrate for
(high-energy) TEM analyses of catalysis [11–13]. The only
low-energy transmissivity measurements reported so far have
been performed with the “virtual substrate” method [14], i.e.,
by secondary electrons emitted from underlying substrates.
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FIG. 1. (a) eV-TEM image of two-, three- and four-layer (labeled
2L, 3L, and 4L) MoS2 flake covering a grid of holes, acquired by
transmitted low-energy electrons. In (b), a smaller scale reflection
image (LEEM) is shown, placed on top of the transmission image
in (a) to pinpoint its position. (c) shows the low-energy electron
microscope (LEEM) setup with the additional electron gun behind
the sample used for eV-TEM. (d) Reflection and transmission spectra
of the bi- and trilayer areas. The lines mark the minima in reflectivity,
i.e., states above the vacuum level where one expects corresponding
transmission maxima at the same energy.

II. EXPERIMENT

Here we report and analyze electron reflectivity and
transmissivity spectra of the 2H polytype of MoS2 in the
low-energy (0–55 eV) range, obtained by LEEM and eV-
TEM. We demonstrate that the energy-dependent structure
observed is convincingly explained from the distribution of
unoccupied electron states above the vacuum energy. From
the combination of these reflection and transmission spectra,
we deduce unique information on the elastic and inelastic
scattering electron path lengths within MoS2 vs energy.

For our experiments, a thin flake of exfoliated MoS2

(2H polytype) was transferred using the all-dry viscoelastic
method [11] onto a silicon nitride TEM grid (PELCO Holey
Silicon Nitride, 2.5-μm holes (optical images in the Supple-
mental Material [12], Fig. S1) that had been sputter-coated
with 5 nm Pt/Pd to improve conductivity. The sample was
gently annealed by laser heating (808 nm, 10.7 W, ∼300 ◦C)
in the UHV sample chamber of the LEEM instrument. In
aberration-corrected LEEM mode [13] we image the sample
using low-energy electrons specularly reflected from the sam-
ple [see sketch in Fig. 1(c)]. For eV-TEM, we use a second

electron source behind the sample to form transmission im-
ages of low-energy electrons transmitted without scattering
and/or energy loss [5,6]. As both methods are available in
the same instrument, we can image the same sample area in
both reflectivity and transmissivity, so that they can be readily
and directly compared. To illustrate this, a transmission image
(eV-TEM) of MoS2 on the holey SiN is shown in Fig. 1(a).
In Fig. 1(b), we show the same image, but with a reflection
(LEEM) image pasted on top of the eV-TEM image, so as
to demonstrate its position. To obtain detailed spectral in-
formation, we scan the energy of the electrons incident on
the sample in the range from 0 to 55 eV in steps of 0.1 eV
and record images in both transmission and reflection at each
energy. The energy resolution of the spectra is limited by the
energy spread of the respective electron guns, i.e., 0.3 eV for
the cold field emission gun in LEEM and 0.8 eV for the ther-
mal barium oxide emitter in eV-TEM. Note that in both LEEM
and eV-TEM a contrast aperture in the diffraction plane has
been inserted around the specular spot, so contributions of
inelastically and/or diffusely scattered electrons and higher
order diffraction spots are blocked.

III. RESULTS

The eV-TEM image, Fig. 1(a), shows three different layer
counts in the flake. (Note that the 50-nm-thick TEM grid
support is fully blocking the low-energy electrons outside the
holey structure). While the thinnest area of the flake is most
transmissive, the area on the left edge is not transmissive
enough to allow distinguishing the holes in the underlying
grid. Throughout the whole energy range the thinnest part is
most transmissive and the thickest part is least transmissive,
which is as one may expect in a system dominated by in-
elastic scattering. The LEEM image in Fig. 1(b) shows some
contamination of the sample, supposedly with residues from
the preparation process. These contaminants cluster together
upon the first illumination with the electron beam, which is
common for polycarbonate residues from the exfoliation and
stamping process. It stands out that the areas of lower layer
count are less contaminated, which indicates that either the
sticking coefficient is lower on these surfaces or that the con-
taminants diffused in between layers. Averaged over the area
of one covered hole, the contaminants reduce the reflected
intensity by ∼25% throughout the considered energy range
compared to small pristine areas.

The reflection and transmission data sets of images
recorded at 0–55 eV allow us to select areas of a specific layer
count and extract the corresponding spectra. We have chosen
flat, freestanding areas and for each energy have averaged over
a circular area that almost fills a TEM grid hole. Figure 1(d)
displays the spectra obtained, which have all been normalized
to the incoming electron flux. For completeness, Fig. 1(d)
also displays the dark count (DC), which was extracted from
an area on the TEM grid support blocking all electrons. The
transmission spectrum of the four-layer area is not shown,
as it is not distinguishable from the dark count. The dark
count is caused by the microchannel plate used to amplify the
electron signal: bright features, here predominantly the uncov-
ered TEM grid holes, will “bleed” into the adjacent detector
area. The apparent features in the dark count spectrum are
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thus an artifact of the automatic adaptive gain of the channel
plate [14] that prevents overexposure of the brightest features
in the image. For the analysis following, we therefore
subtracted the energy-dependent dark count from the trans-
mission spectra.

In Fig. 1(d), a set of characteristic reflectivity minima are
shown, marked by vertical lines. Their positions are consis-
tent with previous reports on MoS2 [15,16]. Furthermore,
they are consistent with calculations of the projected density
of (unoccupied) states (pDOS; Fig. S2 [12]): The projected
bands at the � point, i.e., at zero in-plane momentum, co-
incide with the reflection minima (transmission maxima) at
the same energy. Indeed, an incoming electron resonant with
an unoccupied state has a strongly enhanced probability of
propagating into the material, leading to a minimum in re-
flectivity, and a maximum in transmission. In general, the
electron reflectivity will thus depend on the dispersion of
the states, i.e., on their energy vs in-plane k vector, as given
by the pDOS and as demonstrated by recent angle-resolved
reflected-electron spectroscopy (ARRES) [10]. In the LEEM
and eV-TEM experiments reported here, the electrons are
incident and detected exclusively along the surface normal,
thus probing the electronic band structure at the � point only.
(Off-normal reflected/transmitted electrons are filtered out by
the contrast aperture.)

Of special importance is that all reflectance spectra
recorded show a dip around 5.4 eV. This dip is absent in
monolayer MoS2, as calculations and previous experiments
[15] show (see also below). We conclude that all areas of the
sample are at least two layers thick, although we had optically
preselected the thinnest MoS2 flakes during sample prepa-
ration. Whereas the study in Ref. [15] could only probe the
electron reflectivity, the current study also employs eV-TEM
to measure the transmissivity of the same sample area. The
high transmissivity of the thinnest area strongly suggests that
we are looking at two, three, and four layers of MoS2.

Let us now look at Fig. 1(d) in more detail. It shows a rather
broad window of maximum transmissivity at a remarkably
high energy range, i.e., from 10 to 25 eV. This feature is
in sharp contrast to the simple case of graphene where the
highest transmissivity is below 5 eV. We will discuss this
phenomenon in more detail below. Furthermore, Fig. 1(d)
shows that the maxima in transmission align with the min-
ima in reflection, as illustrated by the vertical lines. This is
exactly what a simple resonant theory, in which atomic layers
act as “semitransparent” mirrors would yield: at resonance,
there will be constructive interference for forward propagation
(transmission) and destructive interference in backward prop-
agation [5]. However, such a simple model will not suffice
here as it cannot explain all features. The reflection maximum
at 10 eV, for example, comes with a shoulder in transmis-
sion, on the flank of some broader feature. Furthermore, the
reflection minimum at 8.2 eV (dashed vertical line) has no
corresponding feature in transmission. We will attribute the
latter to strong inelastic scattering at this particular energy (see
below).

To gain further insight into the nature of the electron re-
flection and transmission, we calculated electron scattering by
one, two, and three layers of MoS2 using the ab initio method
based on Bloch waves developed in Ref. [17]. Its application
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FIG. 2. (a) Calculated probability density along the out-of-plane
direction for an electron wave incident from the top for one, two,
and three layers of MoS2, with the Mo and S planes marked as
dotted lines. (b) Comparison of the recorded reflection and trans-
mission (dark count subtracted) spectra and the calculated values.
The features of the reflection curves match well. The experimental
transmission spectrum appears more broadened as discussed in the
text.

to an isolated slab is described in Ref. [18]: In the scattering
region the wave function is a linear combination of the eigen-
functions of an auxiliary three-dimensional periodic crystal,
which contains the TMD sandwich as part of the unit cell. The
Bloch eigenfunctions of the auxiliary crystal are obtained in
terms of augmented plane waves (see Refs. [17,18]). Inelastic
scattering was taken into account by the optical potential,
which increases smoothly with energy as calculated for the
similar TMD, tungsten diselenide (WSe2), in Ref. [19] within
the GW approximation based on a full energy and momentum-
dependent ab initio dielectric function of WSe2. Figure 2(a)
shows the solution to the scattering problem for an electron
plane wave that is at normal incidence on the layers of MoS2

from the top side and is partially reflected and partially trans-
mitted. Note that it is the electron probability density that is
plotted. Inside the material, the electron density shows where
the electronic states are localized, whereas on the top vacuum
side we see the interference of the incoming wave with the
reflected wave. The electron wavelength in vacuum shortens
with increased energy, as is seen in the interference between
the incoming and reflected wave in front of the material.

Let us next focus on the (unoccupied) states involved
[see Fig. 2(a)]. The resonance at 1 eV has its highest
electron density within the layers, while the resonance at
4−5 eV, which is characteristic of the multilayer (n > 1, ab-
sent in the monolayer), is centered between the layers. This
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interlayer resonance, around 4.5 eV for the bilayer, splits into
two resonances for the trilayer, in theory causing a splitting
of the reflection minimum as in graphene, but that is beyond
the spectral resolution of our measurement. The electron den-
sity is not symmetrical but shifted towards the side of the
incoming electrons. For example, the state at 1 eV has most
of the electron density centered around the first layer, and it
considerably decreases towards the second or even the third
layer. Similarly, in the three-layer case the interlayer state at
4−5 eV has a higher electron density between the first and
second layer than between the second and third layer. The
fact that the electron density is shifted towards the side of
the incoming electrons intuitively explains why the reflection
spectra of two- and three-layer MoS2 largely coincide.

We note that the reflectivity and transmissivity spectra
shown in Fig. 2(b) are calculated for the specular beam. This
was done to make them comparable to the measurement,
where a diffraction-space aperture was placed around the (0,0)
beam. To mimic the resolution of our instrument, the theoret-
ical spectra were broadened by a Gaussian function with a
FWHM of 0.3 and 0.8 eV for LEEM and eV-TEM, respec-
tively. For the reflectivities, the measured features match the
calculations very well. The fact that the measured reflectivity
is lower than calculated is at least in part caused by the
contaminants discussed above.

For the transmissivity spectra the calculated and measured
spectra show qualitative correspondence, although there are
clear differences. For example, the transmission intensity
measured is generally lower than predicted by calculation,
although still of the same magnitude. We relate this to contam-
ination on the sample surface. In general, the energies of the
transmission maxima and minima in experiment and theory
match rather well, although the peaks and dips are less pro-
nounced in the experiment. For example, the sharp minimum
and maximum at a few eV as well as the large window of
enhanced transmissivity from 10 to 25 eV reproduce for both
the bilayer and the trilayer. But there is a clear outlier: a trans-
mission maximum at 8 eV is calculated but not observed. This
peak may be suppressed by inelastic loss processes [20,21].
The dip in reflectivity is less affected by inelastic loss, as
neither electrons that are transmitted elastically nor electrons
that scatter inelastically contribute to the reflectivity.

The LEEM-IV and eV-TEM spectra broaden with increas-
ing energy, an effect that has also been observed for multilayer
graphene [7,22]. We relate this to an increased loss in each
layer, comparable to how the finesse in a Fabry-Pérot res-
onator [23] decreases when the reflectivity of the mirrors goes
down. As the lifetime of an electron in an unoccupied state
decreases, the spectral features broaden. These losses could be
due to inelastic scattering, that generally increases with energy
as more scattering paths become available, or due to increased
elastic scattering out of the aperture. Note that increasing loss
effects as a function of energy are also incorporated in our
first-principles calculations via an energy-dependent optical
potential.

As introduced above, the transverse electron mean free
path of graphene has been determined by direct [5] and more
indirect methods, like photoemission [4], time of flight of sec-
ondary electrons [24], and deconvolution of EELS spectrum
[2]. Although the effects of multiple scattering increase the
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FIG. 3. (a) From the reflectivity and transmissivity observed in
the two-layer data, we calculate the mean free path λ. Using the
extracted λ in a simple model to predict the transmissivity (b) of the
three-layer sample yields reasonable agreement with the measured
spectra.

MFP if one also counts the distance traveled within the zigzag
path [25], in the case of MoS2 the transmissivity is so low that
we can make the approximation to neglect multiple scatter-
ing. This leads to the following simple model. Let us define
R(E ) as the fraction of electrons reflected at an energy E.
Then 1−R(E ) is the percentage of electrons traveling into the
material. The share of electrons that are actually transmitted
through the material, T (E ), is then equal to [1−R(E )] attenu-
ated by the losses within the film due to scattering within the
two or three layers of MoS2, respectively. With the thickness
d (in layers), the transmissivity can hence be written as

T (E ) = [1 − R(E )] exp[−d/λ(E )], (1)

where λ(E ) is the energy-dependent (inelastic) electron MFP.
Note that the reflectivity R(E ) in this model is independent of
layer count. This is justified by the reflection data shown in
Fig. 1(d). Applying this model for d = 2 layers, we obtain the
MFP vs energy curve shown in Fig. 3(a), which is between 0.3
and 0.7 layers, or 1.8 and 4.3 Å.

To check for consistency, we take the λ(E ) function ob-
tained for the two-layer case and calculate what should come
out for the three-layer case. In other words, we insert λ(E )
back into Eq. (1), together with the three-layer R(E ) function,
and subsequently set d to three layers. The transmissivity

075427-4



ELECTRON TRANSMISSION AND MEAN FREE PATH IN … PHYSICAL REVIEW B 107, 075427 (2023)

function calculated this way [Fig. 3(b)] follows the measured
one quite well up to an energy of 25 eV. At higher energies
the transmissivity is somewhat lower for the three-layer data
(until the noise of 10−4 dominates the spectrum). We relate
this to the somewhat higher contamination observed on the
surface of the trilayer.

IV. DISCUSSION

Next, we compare our data to the measurements of low-
energy MFP by Da et al. [26] who employ the “virtual
substrate” method. They report significantly larger MFP val-
ues of 15−30 Å for bilayer MoS2 (Fig. S3 [12]). Accordingly,
they also report a larger transmissivity of 45%–60%. We
propose that this significant difference of an order of mag-
nitude is inherent to the different measurement techniques:
In the virtual substrate method, the incident electrons, i.e.,
the secondary electrons emitted from the virtual substrate,
are nondirectional, so even after diffuse and/or inelastic scat-
tering they contribute to the measured signal. In contrast,
in our eV-TEM method, a collimated beam of electrons
is incident on the sample, and measures have been taken
to filter out all electrons that have been scattered diffusely
and/or inelastically. The contamination of the sample dis-
cussed above only has a minor effect, since assuming a 25%
higher value for T (E ) increases the calculated MFP by less
than 1 Å.

Da et al. also report a large window of increased MFP at
7–50 eV. This would correspond to what we see in the range
8–50 eV in Fig. 3(a), if one were to consider that the dip in
MFP around 32 eV is not visible in their data due to a decreas-
ing signal-to-noise ratio. Also, the MFP maxima at 2.3 and
5 eV cannot be distinguished in their measurements, which
may be related to the lack of collimation of the secondary
electron probe beam. Importantly, the unoccupied bands have
a dispersion depending on electron momentum, which will
further blur the features [9]. Hence, from the experimental

side there are differences in methodology and hence in mea-
surement resolution.

V. SUMMARY

To summarize, we have studied electron transmission
through MoS2 and have directly obtained the mean free path
as a function of electron energy, λ(E ), in the 0–55 eV energy
range. This demonstrates that we can extend the methodology
we previously applied to graphene [5,6] to the more complex
TMDs. In contrast to graphene, the maximum transmissivity
is found in a large window at 10−25 eV, rather than at energies
below 5 eV. As for graphene, the transmission maxima found
experimentally can be related to (resonant) electronic states
within the MoS2, as obtained by calculations. However, in a
more complicated system such as MoS2, these states are not
limited to simple interlayer resonances. Note that in contrast
to EELS, which measures the strength of inelastic scattering
as a function of energy loss, the inelastic mean free path
extracted here is a direct measure of the energy-dependent
scattering cross section as a function of initial electron
energy.

Having demonstrated our methodology for a rather com-
plex system such as MoS2, we expect our methods and
understanding to generalize to the other transition metal
dichalcogenides and to heterostacks of van der Waals mate-
rials. In all cases, unoccupied electron states will play a large
role in electron propagation and mean free paths.
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