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Spatially resolved electron-energy-loss spectroscopy (EELS) is performed at diffuse interfaces between
MoS2 and MoSe2 single layers. With a monochromated electron source (20 meV) we successfully probe
excitons near the interface by obtaining the low loss spectra at the nanometer scale. The exciton maps
clearly show variations even with a 10 nm separation between measurements; consequently, the optical
band gap can be measured with nanometer-scale resolution, which is 50 times smaller than the wavelength
of the emitted photons. By performing core-loss EELS at the same regions, we observe that variations in the
excitonic signature follow the chemical composition. The exciton peaks are observed to be broader at
interfaces and heterogeneous regions, possibly due to interface roughness and alloying effects. Moreover,
we do not observe shifts of the exciton peak across the interface, possibly because the interface width is not
much larger than the exciton Bohr radius.
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The extraordinary and unexpected properties of two-
dimensional materials make them a rich ground for the
observation of new physical phenomena and, also, a
probable component in future devices. Transition metal
dichalcogenides (TMD), such as MoS2 or WSe2, have been
shown to suffer a transition from an indirect-gap semi-
conductor in bulk to a direct semiconductor in single layers
[1,2]. As in graphene, the two distinct valleys in momentum
space can be used to carry information in TMD. Moreover,
spin-orbit coupling splits the valence band of these materi-
als, opening the possibility to another parameter to control
carriers [3]. The valence band splitting results in two
excitonic states, which have been observed in photoelec-
tron spectroscopy [4] and optical absorption [5]. These
special properties of two-dimensional TMD make them
interesting candidates for applications in optoeletronics,
particularly at the nanoscale. To understand, characterize,
and improve these materials it is fundamental to observe
their excitations at their typical length scales. For excitons,
the scale (its Bohr radius) may vary greatly, from 2.8 nm in
GaN [6] to over 1 μm in highly excited Rydberg excitons
in Cu2O [7]. In MoS2 and MoSe2 theory predicts the
exciton wave function extent to be of the order of 7 nm [5]
and 3 nm [8], respectively. Therefore, much can be learned
by probing them at the nanometer scale, far below the
wavelength of light emitted by these excitons (of the order
of 600 nm). The optical band gaps are expected to be
around 1.6 and 1.9 eV for MoSe2 and MoS2, respectively.
Standard optical techniques, such as photoluminescence,

cannot probe excitons at the subwavelength limit due to the

diffraction limit. Traditional electron-energy-loss spectros-
copy (EELS) in transmission mode does allow mapping
at the required scale but is limited to excitations above a
few eV due to the large zero-loss peak tail [9–13]. High
resolution EELS allows measurements of vibrational
modes of molecules (better than 10 meV resolution), but
without any spatial resolution [14–16]. Electron mono-
chromators fitted to electron microscopes have allowed
spatially resolved measurements with a spectral resolution
of the order of 100 meV [17,18]. Although this gives access
to EELS experiments in the visible range, the zero-loss tail
still hinders measurements. Recently, a new generation of
electron monochromators has allowed measurements of
phonons in hBN with some spatial resolution [19].
In this Letter we demonstrate that mapping excitons in

subwavelength scales is possible (Fig. 1). As an example,
we have measured the spatial variation of excitons in
MoS2-MoSe2 interfaces in single two-dimensional hetero-
geneous layers of MoS2ð1−xÞSe2x (0 ≤ x ≤ 1). We observed
that exciton peaks are broader at interfaces, possibly due to
interface roughness. This was performing EELS experi-
ments using a monochromated 30 keVelectron beam with a
full width at half maximum (FWHM) of the order of
20 meV in a scanning transmission electron microscope
with the sample at 150 K. The size of the electron beam was
1 nm. In our experiments we have observed freestanding
MoS2ð1−xÞSe2x single layers of TMD which allow high
spatial resolution. These layers are heterogenenous, with
regions rich in S or Se, as shown in the high angle annular
dark field (HAADF) image in Fig. 2(a). Locally, regions
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with sharp interfaces can be found in the nanometer
scale [Fig. 2(b)]. However, more generally, the interfaces
between different regions in these layers are not abrupt, as
show in Figs. 2(c)–2(f). Still, regions consisting mainly of
MoS2 and MoSe2 can be located.
In Fig. 2(g) the electron-energy-loss (EEL) spectra of

pure single-layer MoS2 and MoSe2 measured with a
monochromated electron beam are shown. Losses below
2 eV are discernible without deconvolution. Two sharp
peaks between 1.5 and 2.1 eV (A exciton) and a broader
peak at around 3.0 eV (B exciton) are observed. The two
A peaks are perceptible for both materials. The first A
exciton and the splitting to the second one are 1.88 eV
(1.64 eV) and 0.14 eV (0.19 eV) for MoS2 (MoSe2). The
MoS2 and MoSe2 excitons measured using photolumines-
cence experiments appear at 1.93 eV [20] and 1.63 eV [21]
at 77 K. Our measurements for the energy position of the
excitons agree with those measured in direct-gap single
layers using optical techniques. Unlike optical experiments,
the electron source can excite higher losses. For this reason
the B exciton at around 3 eV (2.7 eV) for MoS2 (MoSe2)
can also be observed, which was theoretically predicted [5].
For a thin anisotropic system, such as a two-dimensional
monolayer, an EEL spectrum is directly related to the
parallel (relative to the surface of the monolayer) dielectric
function ϵ∥ðωÞ [22,23]. For this reason, in such conditions,
low loss EELS measures the optical absorption of the
system [22].
The prominent interest in EELS based on scanning

electron microscopy is the ability to detect spatial variations
of the excitations. In a typical EELS experiment (Fig. 1),

the electron beam is scanned over the sample and a
spectrum of the energy lost by electrons provides infor-
mation about various excitations and, in the low loss range,
reflects the local density of optical states [24,25]. If the size
of the electron beam R is sufficiently small, the highest
possible spatial resolution will be limited by the size of
the excitation created and delocalization effects. Also, sub-
wavelength spatial resolution is only possible for thin
specimens.
As shown in Fig. 3, we have acquired 112 × 6 EEL

spectra with a 0.9 nm increment across a MoS2-MoSe2
interface in a single-layer MoS2ð1−xÞSe2x sample. The
contribution of each material to the measured 672 spectra
has been quantified using a multiple linear fit algorithm.
We impose that each spectrum is a linear superposition of
the two materials’ contribution. This is not necessarily true,
as alloying (among other effects, such as electromagnetic
coupling) may change the energy gap, as observed in

FIG. 1 (color online). EELS experiments have been performed
in scanning transmission mode where a narrow electron beam
(yellow cone, width R ∼ 1 nm) is used to probe excitons across a
diffuse interface. For the pure regions, the area probed will be
limited by the size of the exciton wave function (represented by
ellipses), as it is larger than R, and delocalization effects.
Interestingly, using a narrow electron probe allows access to
the energy-loss spectrum of materials at scales far below the
wavelength of the emitted light (arrows in the drawing).

FIG. 2 (color online). (a) HAADF images of a MoS2ð1−xÞSe2x
layer. (b) Example of a region with a sharper interface, which can
be found locally. (c)–(f) Chemical mapping of a nanometrically
mixed region of MoS2 and MoSe2. (c)–(f) shows the HAADF, the
S Lmap, the SeM map, and the S L and SeM edges respectively.
(g) Low loss EELS spectra of MoS2 (purple) and MoSe2
(orange). Two main features are seen. The first one, marked
A, is associated with excitons. It is split in two energy-loss peaks
due to spin-orbit coupling [5]. The second feature, marked B, is
also associated with an exciton. The red curve is a photo-
luminescence spectrum taken from the heterogeneous sample
shown in (a).
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photoluminescence in Mo1−xS2WxS2 [26] and in
MoS2ð1−xÞSe2x [21]. However, we estimated with this
simple analysis the spatial extent of the region where
the exciton signature changes from MoS2 to MoSe2. The
references used have been normalized to ensure that the
coefficients were between 0 and 1. In Figs. 3(b) and 3(c),
we observe that the energy-loss spectrum changes com-
pletely from one material to the other in 50 or 60 nm.
Across the interface the spectra do not show abrupt changes
but suffer gradual alterations. This gradual change can be
explained by the diffuse chemical profile of the interface
and also by delocalization effects. The dotted profiles in
Fig. 3(c) show the intensities of the S L and Se M edges
(purple and orange, respectively) measured in the same
region. The intensity of these edges is proportional to the
chemical composition [10]. The variation of the exciton

contribution in each material follows the compositional
change. An atomically resolved image of a typical interface
is shown in Fig. 3(a), where a rough interface is observed,
probably due to diffusion or interdiffusion during the
growth process. The length scale of the region where the
composition changes in this typical image is smaller than in
the chemical and exciton maps discussed in what follows.
Yet, it exemplifies a diffuse interface at the atomic scale.
In the EELS maps we do not observe a continuous shift

of the exciton energy following the chemical changes. That
is, the first A exciton peak in MoS2 does not continuously
shift to the first A exciton peak in MoSe2. In Fig. 3(d), five
spectra taken from the EELS map are shown [positions
marked in the map in Fig. 3(b)]. A clear broadening of the
exciton lines is observed. This indicates that in interfaces
that are not wide enough when compared to the exciton
wave function extent, the exciton energy does not follow
the chemical profile. In simpler terms, even if an interme-
diary chemical composition is present (MoS1Se1, for
example) in a narrow interface the exciton does not show
an intermediary energy such as observed in a homogeneous
alloyed layer (1.65 eV for MoS1Se1 [21]). This behavior
might be reasonably expected in luminescence experi-
ments, where the exciton can diffuse to and recombine
in the adjacent lower band gap material. But EELS
experiments measure directly the energy lost. In this case,
one should be able to probe the local states within the
interface.
The observation of these variations in the spectral

signature in scales of the order of 10 nm indicates that
the spatial resolution might indeed be better than one would
expect for low loss EELS. It is known that a fast electron
can lose energy creating an excitation even if “it propagates
outside the material," an effect known as delocalization
[10,27,28]. This effect is larger for smaller energy losses
and for this reason poor spatial resolution is expected at
lower energy losses. However, as remarked by Garcia de
Abajo [25], “the field diverges at the origin as” the inverse
of the distance from the origin, “so that large interaction
contrast is expected across small distances in the region
close to the trajectory.”Moreover, from a technical point of
view, if the spectra of two regions are sufficiently different,
spatially resolved mapping allows discerning of the two
responses. An analogous behavior allowed the observation
of quantum wells separated by 5 nm in cathodolumines-
cence experiments using spectrum imaging [29].
In fact, in areas with smaller regions of alternating high S

and Se content sharper variations of the exciton signal can
be detected. In this region, the HAADF profile [Fig. 4(b)]
shows an interface sharper than 5 nm, of the order or
smaller than the size of the excitons here, in contrast to that
shown in Fig. 3. In such regions, maps of the fitting
components of the A exciton for MoS2 and MoSe2 in
Fig. 4(a) show that the exciton signals follow closely the
HAADF signal, which is proportional to a power of the

FIG. 3 (color online). (a) Typical HAADF image of MoS2-
MoSe2 interfaces, showing a diffuse chemical profile. (b) Maps
of the fitting coefficients for MoS2 (above) and MoSe2 (below).
(c) Comparison of the fitting coefficient profiles from with the
chemical profiles measured from core-loss EELS of the S L and
Se M edges. (d) Five spectra integrated at different positions
across the interface, with positions marked by colored squares
and numbers in (b). (e) Projection of the EELS map in the spatial
direction perpendicular to the interface. The change from MoS2
to MoSe2 is followed by peak broadening but no apparent
spectral shift.
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local chemical composition (Zα, where usually 1.4 <
α < 2) [10]. Changes in spectra integrated in regions
separated by about 10 nm can be seen, as exemplified
by three spectra in Fig. 4(c), showing that deep subwave-
length variations can be mapped. In these regions, the
excitonic peaks are not as sharp and separable as in the
larger region shown in Fig. 3. One possibility to interpret
this result is the inherent nonlocal character of low energy
excitations. However, this alone does not explain why the
peaks are broader. A second possibility is that hetero-
geneous alloying leads to a broadening of the energy-loss
lines, as is known to occur in other excitonic systems
[30,31]. In fact, we have observed chemical heterogeneities
in this sample using EELS with atomic resolution, as
exemplified in Fig. 2. A direct correlation of local chemical
heterogeneities, interface roughness, and exciton behavior
will surely benefit the understanding and control of these
materials.
EELS experiments have been performed on a JEOL

ARM200 microscope equipped with a Schottky field
emission gun, a JEOL double Wien filter monochromator,
and an EEL spectrometer. A Gatan Quantum spectrometer
modified for low primary energy operation (15–60 keV)
with higher stability was used. All EELS experiments have
been performed in scanning mode using 30 keV electrons.
Typical parameters of the probe were an energy profile
FWHM between 20 and 36 meV, current of 35 pA, and
convergence semiangle of 12 mrad. The EELS collection
semiangle was 33 mrad. The energy dispersion of the
spectrometer was set to 2 meV/channel. Samples were
cooled down to about 150 K using a liquid nitrogen–cooled
sample holder. EELS maps have been acquired using the
dual-EELS mode, where a fast acquisition (1 ms time scale)
in series with a long acquisition (100 ms to 1 s time scales)

allows the observation of the unsaturated zero-loss peak
and the desired spectrum. The long acquisition times used
for the higher-loss spectra did not lead to a substantial
energy resolution loss. The dispersion of the spectrometer
was checked over long time scales showing no significant
changes. Finally, the absolute energy scale has been
calibrated using optical data for the MoS2 exciton absorp-
tion [5] at 1.88 eV. Atomically resolved HAADF images
and core loss EELS maps [Figs. 2(a)–(f) and 3(a)] have
been acquired at 60 kV in a JEOL 2100F electron micro-
scope acquired in a JEOL 2100F equipped with a cold field
emission electron gun and double JEOL aberration cor-
rectors. The MoS2ð1−xÞSe2x sample has been produced by
sulfurization of MoSe2 flakes at 700 °C for 3 h [32].
To conclude we have used a monochromated electron

source to spatially map the energy-loss spectra of excitons
in 2D materials. We have shown that subwavelength
measurements, far below the wavelength of light emitted
by these excitations, are possible. We have observed that
spectra across diffuse MoS2-MoSe2 interfaces show con-
tributions from the excitons from both materials, but no
shifts. Exciton mapping at the subwavelength limit in
different systems is naturally of great interest, even more
if coupled to other well-established electron microscopy
techniques. This improvement in the detectability of low
energy excitations (due to the zero-loss tail suppression)
with high spatial resolution will help elucidate different
problems, such as understanding the effects of local hetero-
geneities in exciton confinement (in zero, one, two, or three
dimensions), the origin and behavior of excitations at
interfaces (such as in MoSe2-WSe2 [33,34]), the abruptness
of the electronic transition between metallic and semi-
conductor phases in single layers in MoS2 [35,36], the local
behavior of point defects, and the influence of the local
structure of dopants on their electronic properties (for
example, how the luminescence of a dopant depends on
the local structure of the matrix).
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