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In this Supplemental Material, additional STM-induced luminescence spectra are shown. The data
analysis, the experimental methods and the excitation mechanisms are discussed in more detail.
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FIG. S1. Ball-and-stick model of monolayer MoSe2. (a) Side
and (b) top views of the monolayer. These drawings are made
using the Jmol applet (http://www.cryst.ehu.es).

Figure S1 shows a ball-and-stick model of monolayer
MoSe2. Blue and orange balls represent molybdenum
and selenium atoms, respectively. A side and top view
of the monolayer are shown in Figs. S1(a) and S1(b), re-
spectively. Figure S2 shows an atomic-resolution STM
image of MoSe2 and dI/dV spectroscopy measurements
recorded on ITO and monolayer MoSe2 in ultrahigh vac-
uum, using a different STM than the one used in the
article.
dI/dV spectroscopy of bare ITO (at low temperature)

indicates that the Fermi level is nearly centered in the
bandgap of ITO, in agreement with previous STM stud-
ies [S1]. Nevertheless, we observe that, at room tempera-
ture, in air and within the investigated tunneling current
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FIG. S2. (a) Atomic-resolution STM image measured on
monolayer MoSe2 on ITO at 300 K in ultrahigh vacuum at
a sample bias of Vs = 2.4 V and a current setpoint of 10 pA.
(b) dI/dV spectroscopy measurements on bare ITO (setpoint:
Vs = 2.0 V, It = 100 pA) and on monolayer MoSe2 on ITO
(setpoint: Vs = 2.2 V, It = 400 pA), recorded under ultrahigh
vacuum at 4 K.

range (0.1 − 10 nA), STM measurements may be carried
out on ITO only at positive sample bias otherwise appar-
ent damage of the ITO occurs. Such asymmetric behav-
ior of ITO has been reported in previous studies [S2, S3]
and ascribed to surface-charge induced modifications of
the electron mobility [S3]. In addition, electrochemical
reactions may occur in air at negative sample bias (ox-
ide reduction of ITO). Therefore, all results shown in the
article are obtained using positive sample bias.
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FIG. S3. Intensity profile taken along the dashed line in the
real-space optical microscopy image of the STM-induced light
(STM-LE) from monolayer MoSe2 shown in the inset. The
experimental data are fit with a Gaussian curve of full width
at half maximum (FWHM) 0.44 µm. STM parameters: Vs =
4 V, It = 5 nA. Acquisition time: 200 s.

Intensity profile from a real-space optical image

Figure S3 shows in more detail the intensity profile
shown in the inset of Fig. 3(d) in the article. The STM
tip locally excites a monolayer MoSe2 domain and the
spatial distribution of the resulting light is measured in
real space using the optical microscope. The real-space
image is shown again in the inset of Fig. S3. The intensity
profile is taken along a line crossing the location of the
STM tip. The main peak is fit with a Gaussian curve of
full width at half maximum (FWHM) 0.44 µm.

Compared PL spectra of ITO and MoSe2

Figure S4 shows laser-induced photoluminescence (PL)
and STM-LE spectra measured on bare ITO and on
monolayer MoSe2. The data measured on monolayer
MoSe2 [see Fig. S4(a)] are the same data as shown in
the article [see Fig. 1(e)]. A semilog plot of these data
is shown in Fig. S4(b), revealing more clearly the con-
tribution from the B exciton. PL is also detected on
bare ITO, the relative intensity of which is three orders
of magnitude lower than that from monolayer MoSe2.
PL from ITO may be easily distinguished from that of
MoSe2 because its spectrum is comparatively broad and
consists of two peaks at 1.80 eV (λ = 690 nm) and 2.30 eV
(λ = 540 nm), the full widths of which are about 0.5 eV
at half maximum. The STM-LE spectrum of bare ITO
shown in Fig. S4(c) strongly differs from both the STM-
LE of monolayer MoSe2 and the PL of bare ITO, but
agrees well with the expected optical scattering response
of a sharp tungsten tip [S4].

Fourier-space images

Figure 2 in the article shows a Fourier-space image.
This represents the angular distribution of the STM-LE
from monolayer MoSe2, juxtaposed with the theoreti-
cal emission patterns of an oscillating point-like electric
dipole on an air-glass interface. This dipole may be ori-
ented out-of-plane or randomly in the xy plane (i.e., the
plane orthogonal to the tip axis and to the optical axis
of the microscope objective). Below, we explain why a
dipole randomly oriented in the xy plane (and not ori-
ented in a single direction in the xy plane) is considered
and why using only symmetry considerations we cannot
determine the orientation of the transition dipole mo-
ment from the experimental Fourier-space images. To
support this discussion, we show in Figure S5 the theo-
retical emission patterns of an oscillating point-like elec-
tric dipole on an air-glass interface, oriented (a) along the
x-axis, (b) along the y-axis, and (c) randomly oriented
in the xy plane.

In our study, the luminescent sample exhibits no opti-
cal anisotropy in the plane. We assume that there is no
preferential in-plane orientation for the transition dipole
moment of the bright excitons in monolayer MoSe2. In
addition, the excitation source (i.e., the tunnel current
between the tip and the sample) has cylindrical symme-
try with respect to the tunnel junction axis; therefore,
the excitation is isotropic in the plane. Thus, the mea-
sured luminescence images are averaged over all possible
in-plane orientations of the transition dipole moment of
the bright excitons. As a result, the measured Fourier-
space images exhibit circular symmetry with respect to
the center of Fourier space. Therefore, unlike in previous
work where single molecules with fixed in-plane orienta-
tion were considered [S5], the symmetry argument can-
not be used in our case to distinguish between in-plane
and out-of-plane emitting dipoles. In our case, emission
patterns averaged over all possible in-plane orientations
must be considered. Nevertheless, other arguments may
be used to distinguish between in-plane and out-of-plane
emitting dipoles. In particular, the subcritical angular
distribution is clearly different and the angle of maxi-
mum intensity is also not the same.

Mapping

Figures 3(a) and 3(b) in the article show the STM to-
pography and photon emission quantum efficiency maps
of an area where both bilayer and monolayer MoSe2 may
be seen. It is noteworthy that the combined information
from Figs. 3(a) and 3(b) is necessary to unambiguously
identify the bilayer and monolayer areas. The two ar-
eas differ by 0.9 nm in STM height, i.e., close to the
expected thickness of one MoSe2 layer (0.65 nm); how-
ever, their STM heights with respect to bare ITO (i.e.,
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FIG. S4. Laser-induced photoluminescence (PL) and STM-induced luminescence (STM-LE) spectra of monolayer MoSe2 and
bare ITO. The laser is emitting at a wavelength of 465.8 nm and a longpass filter from a wavelength of 491 nm is used at
detection. The STM current setpoint is 10 nA on MoSe2 and 0.1 nA on ITO. Sample bias is 2 V on MoSe2 and 4 V on
ITO. Acquisition time is 150 s. All spectra are corrected for the detection efficiency of the apparatus (objective transmission,
diffraction grating efficiency, and CCD quantum efficiency). In (b), a semilog plot of the same data shows more clearly the
A:1s and B:1s exciton contributions. In (c), the PL and STM-LE data measured on ITO are presented.
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FIG. S5. Theoretical emission patterns in Fourier-space, cal-
culated for an oscillating point-like electric dipole on an air-
glass interface, oriented (a) along the x-axis, (b) along the
y-axis, and (c) randomly in the xy plane.

2.7 ± 0.3 nm for the monolayer) are artificially high, pri-
marily due to the roughness (i.e., 2.3 nm rms) of the
underlying ITO surface. The photon emission quantum
efficiencies measured on the two areas differ from each
other by two orders of magnitude. Thus, monolayer ver-
sus bilayer MoSe2 may be identified without ambiguity.

The detection efficiency

In the article, we report a photon emission quantum
efficiency up to 10−7 photons per electron. Below, we
explain how the detection efficiency of the setup is esti-
mated. We define the detection efficiency as the prod-
uct of the transmission coefficient of the microscope ob-

jective, the quantum efficiency of the detector and the
diffraction efficiency of the grating in the spectrome-
ter. These technical specifications are obtained from
the providers. This yields, at the luminescence peak of
monolayer MoSe2 (λ0 = 784 nm), detection efficiencies
of 46% and 31% for photon mapping and optical spec-
trum measurements, respectively. Note that all spectra
shown in Fig. 1 are corrected for the detection efficiency
of the apparatus, whereas the photon counts obtained
from photon maps in Fig. 3 and those retrieved from op-
tical spectra in Fig. 4 in the article are not corrected for
the detection efficiency.

In addition, there must be light emitted from the front
side of the sample as well, which is not collected by the
microscope objective. This is not taken into account in
the detection efficiency. Thus, a photon emission quan-
tum efficiency up to 10−7 photons per electron actually
means, in our work, that up to 10−7 photons per elec-
tron are emitted in the collection cone of the microscope
objective. In order to evaluate the collection efficiency
of the objective, we have carried out numerical simula-
tions of the emission pattern for an oscillating electric
dipole on an ITO layer on glass. We used an analytical
model [S6], where we ignored the effect of the TMD layer.
The permittivity of ITO is taken from our ellipsometry
measurements, i.e., εr = 2.2967+0.0756i at 800 nm. If the
dipole is oriented parallel to the surface, we obtain that
12.4% of the radiated power is emitted above the surface,
61.1% in the substrate (among which 40.6% at supercrit-
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FIG. S6. STM-induced luminescence spectra of monolayer
MoSe2 versus sample bias at current setpoints of (a) 0.1 nA
and (b) 10 nA. Arrows and dashed lines indicate the maxi-
mum emitted photon energy and the expected quantum cutoff
eVs, respectively. Acquisition time is 150 s. All spectra are
corrected for the detection efficiency of the apparatus. The
spectra are vertically offset for clarity.

ical angles) and 26.5% is lost or guided in the ITO layer.
If the dipole is oriented orthogonally to the surface, we
obtain that 10.2% of the radiated power is emitted above
the surface, 59.1% in the substrate (among which 47.0%
at supercritical angles) and 30.6% is lost or guided in the
ITO layer. If one makes the approximation that the ob-
jective has an ideal angular aperture of 90○ (NA = 1.518),
instead of its actual limited aperture of 79○ (NA = 1.49),
then one obtains that more than 73% of the light emitted
in free space is collected (one obtains 85% for a dipole
orthogonal to the surface). Thus, neglecting the light
emitted on the front side yields an underestimation of
the total photon emission quantum efficiency by about
20 to 40%.

Bias and current dependence of the STM-LE spectra

Figures S6(a) and S6(b) show a series of spectra mea-
sured from monolayer MoSe2 at current setpoints of
0.1 nA and 10 nA, respectively, and sample biases Vs
varying within the 1.3-4.0 V range. The STM-LE spectra
are recorded while scanning the tip on a 500×50 nm2 area
on monolayer MoSe2 for averaging. The photon emission
quantum efficiency plotted versus Vs in Fig. 4 of the arti-
cle is obtained by dividing the area beneath the emission
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FIG. S7. Analysis of STM-induced luminescence spectra of
monolayer MoSe2 on ITO. Sample-bias dependence of the A
and B exciton energy at a current setpoint It = 10 nA. Exciton
energy and uncertainties (error bars) are obtained from the
fit of the emission peaks with Voigt profiles.

peaks by the integrated measured current.

The STM-LE peak position and lineshape are nearly
independent of Vs at a current setpoint of 0.1 nA. The
emission peak remains at 1.572±0.005 eV in energy and at
about 55 meV in FWHM within the 1.5−3.0 V bias range.
Stronger spectral dependence on Vs is found at a current
setpoint of 10 nA compared to 0.1 nA [see Fig. S6(b)].
The emission peaks increasingly broaden and redshift as
the sample bias is raised from 2 to 4 V. A quantitative
analysis of the red-shift versus Vs is shown in Fig. S7.

A general tendency is observed in Fig. S7, where
both the A and B exciton energies redshift by roughly
30 meV V−1 as the sample bias is increased within the
2−4 V range. Nevertheless, the data recorded at each bias
voltage exhibit a statistical variation, with a standard de-
viation that increases at higher sample bias. This bias-
dependent distribution is observed because each spec-
trum is measured on a “fresh” area of the sample, where
no STM-induced luminescence experiments have been
carried out before. Our motivation for proceeding in this
way is to prevent any effect from possible non-reversible
modifications of the luminescent sample by the STM tip.
The scanned areas on the sample may exhibit slight ge-
ometrical differences, e.g., in roughness or in density of
defects. In addition, different areas on the sample may
exhibit slightly different coupling to the underlying ITO
layer, which exhibits some spatial heterogeneity in sur-
face conductivity on the sub micrometer scale, due to its
granular geometry. Consequently, the effect of the strong
electric field in the tip-substrate junction on the energy
positions of the excitons may differ from an area to an-
other. Such variations are inherent of the experimental
method used, where the experiments are carried out in
air on samples that are not controlled at the atomic scale;
nonetheless, it is expected that such variations would not
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occur if similar experiments were carried out in surface
science conditions, in vacuum on an atomically flat sur-
face.

The increasing spectral broadening and the red shift
of the emission peaks when the sample bias is raised
from 2 V to 4 V may be explained in several ways.
First, exciton-exciton annihilation and exciton interac-
tions with charge carriers may yield such spectral mod-
ifications of the emission peaks. Due to the low current
(0.1 − 10 nA) and the low efficiency of the electrical ex-
citation process, exciton and charge carrier densities are
expected to be much lower than in previous photolumi-
nescence and electroluminescence studies. Nevertheless,
since the excitation is comparatively much more local-
ized in our case, exciton-exciton annihilation and exci-
ton interactions with charge carriers cannot be excluded.
Secondly, the observed spectral broadening and red shift
of the emission peaks may result from the Stark effect
due to the strong electric field in the tip-substrate junc-
tion. However, the contribution of the Stark effect is
difficult to model or to distinguish from other effects in
the present case, because all STM experiments are car-
ried out in constant current mode (not constant height)
and the spatial distribution of the in-plane and out-of-
plane components of the electric field in and around the
tip-substrate junction may be highly heterogeneous. Fi-
nally, the observed spectral broadening and red shift of
the emission peaks may also result from local heating
effects, due to the electronic current.

Overbias emission

Overbias (hν > eVs) emission is visible in Fig. S6 at
low sample bias (Vs ≤ 1.6 V), both at 0.1 nA and 10 nA.
Light is emitted up to 200 meV above the quantum cut-
off (eVs) at Vs = 1.4 V. The high-energy tail of the emis-
sion peak exceeds the quantum cutoff in energy by an
amount that apparently decreases when increasing the
sample bias. This is similar to previous STM-LE stud-
ies [S7]. Nonlinear electronic processes involving surface
plasmons [S8–S10] cannot be invoked here, since the tip
and the substrate are made of non-plasmonic materials.
Instead, overbias emission may be due to phonon-assisted
upconversion processes in the TMD [S11, S12], exciton-
exciton Auger scattering [S13, S14], or local heating ef-
fects under the STM tip. In general, overbias emission in
electroluminescence relies on excitation mechanisms in-
volving several electrons. Nevertheless, the data shown
in Figure 4 in the article, which have been measured at
setpoint currents of 0.1 nA and 10 nA, may not be used to
confirm a nonlinear dependence of the overbias emission
on the current. Additional experiments on the current
dependence of the overbias emission are necessary to ad-
dress this specific issue [S15].

Excitation mechanism

Below, we consider two excitation mechanisms that
may be involved in STM-LE from a direct-bandgap semi-
conductor. One mechanism relies on electrical charge
carrier injection as in a light emitting diode. In order
to create an electron-hole pair, an electron is injected
in the conduction band and, simultaneously, an electron
vacancy is created in the valence band of the semiconduc-
tor. For this process to occur, electrons must be allowed
to tunnel from the negatively biased electrode to the con-
duction band and from the valence band to the positively
biased electrode. This requires an energy level arrange-
ment that only occurs above a certain bias voltage. Such
a bias voltage is generally higher (in corresponding elec-
tron energy) than the electronic band gap energy of the
semiconductor [S16]. In contrast, a second mechanism
is possible, which is based on resonance energy transfer,
i.e., a coupling mediated by virtual photons [S17]. In a
classical picture, the tunnel current generates an oscillat-
ing electric dipole in the tip-surface gap, which transfers
energy to the semiconductor via near-field electromag-
netic coupling. The only requirement for this process to
occur is that the electron energy exceeds the optical gap
energy, which differs from the “free-particle” electronic
gap by the exciton binding energy. In particular, mono-
layer MoSe2 has an optical gap of 1.58 eV and an exciton
binding energy of 0.55 eV [S18–S20]. Therefore, the two
possible mechanisms may be distinguished by investigat-
ing the bias dependence of the photon emission quantum
efficiency and determining the lowest bias at which lumi-
nescence from MoSe2 may be detected.

As shown in Fig. 4 of the article, STM-induced lumi-
nescence begins at a bias voltage between 1.4 V and 1.5
V, which matches more closely the optical gap (1.58 eV)
than the free-particle electronic gap (2.13 eV). Thus, we
infer that the excitation mechanism is resonance energy
transfer. Nevertheless, at sufficiently high electron en-
ergies eVs above the electronic bandgap, additional ex-
citation mechanisms such as the diode-like mechanism
described above may come into play, provided that the
necessary energy level arrangement occurs.

Finally, we observe a slight difference, of about 0.1 to
0.2 eV, between the luminescence onset with increasing
bias and the optical bandgap energy. This difference is
consistent with the observation of overbias emission in
the spectra, where light is emitted up to 0.2 eV above
the quantum cut-off (eVs) at Vs = 1.4 V.

Dipole orientation

Here, we clarify the apparent contradiction that STM-
induced luminescence from monolayer MoSe2 on ITO is
primarily due to excitons that have in-plane oriented
transition dipole moments, even though the tunneling
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current is oriented along the direction orthogonal to the
sample plane.

Most often, the emission of light from below the tip of
an STM is ascribed to inelastic electric tunneling through
the tip-sample junction [S21–S23]. Within a classical de-
scription, such a process is equivalent to an oscillating
electric dipole, the orientation of which is orthogonal to
the surface of the sample [S24]. It is generally admitted
that the origin of this effect is the time-dependent fluctu-
ations of the electronic current (i.e., the shot noise) at op-
tical frequencies [S9, S10]. In the case of a metal surface,
taking into account image charges is crucial and primar-
ily out-of-plane optical modes are excited, due to strong
enhancement of the optical fields along the tip-sample
axis. However, in our case, the luminescent sample is
not on a metal surface. The substrate is transparent and
not metallic. Moreover, the tip is not plasmonic within
the investigated frequency range. As a result, the contri-
bution of image charges is comparatively weak. Never-
theless, due to the symmetry of the tip-surface junction,
inelastic electron tunneling is expected to be equivalent
to an electric dipole oscillating along the tip direction,
i.e., orthogonal to the surface. However, this does not
necessarily prevent the tunneling current from exciting
excitons having their transition dipole moment parallel
to the surface.

In the resonance energy transfer theory, the Ideal
Dipole Approximation (IDA) applies when the two cou-
pled systems are small compared to their separation dis-
tance. Within this approximation, the coupling between
two orthogonal electric dipoles is indeed not efficient.
However, the IDA is known to perform poorly, e.g., for
finite-sized organic molecules at separation distances be-
low 5 nm [S25]. Furthermore, the most recent literature
on STM-induced luminescence of single molecules is on
flat lying molecules that have in-plane transition dipole
moment (see, e.g., Ref [S16]). In addition, at the nanome-
ter scale, the STM tunnel junction cannot be described
as a point-like oscillating dipole. The 2D geometry of
the luminescent sample also makes the IDA inapplica-
ble. Finally, the observation of luminescence from the
bright excitons in MoSe2, which have in-plane transition
dipole moment, does not necessarily mean that a reso-
nance energy transfer only occurs from the tunnel cur-
rent to these bright excitons. A resonance energy transfer
may also occur from the tunnel current to the dark exci-
tons in MoSe2, which have out-of-plane transition dipole
moment and lie a few tens of meV above their bright
counterparts. The dark excitons are expected to convert
into the lower-energy bright excitons (through phonon
coupling) before decaying radiatively.

Plasmon-less excitation: advantages

In this work, the absence of surface plasmons is crucial
for two reasons. First, the absence of surface plasmons
means that the “native” properties of the emitter, and
not the properties of the emitter coupled to a plasmonic
tip, a plasmonic surface, or a tip-surface plasmonic cav-
ity, may be probed. This is key in the present study,
since the previous STM-induced luminescence studies on
2D semiconductors have not shown native excitonic prop-
erties; instead, only plasmonic emission was observed,
which does not reveal the excitonic properties of the 2D
semiconductors [S26]. Moreover, the presence of a local-
ized surface plasmon in the tip-surface gap is expected
to strongly modify the emission processes by enhancing
(by orders of magnitude) the radiative rate of the out-
of-plane modes of the emitter, as compared to the in-
plane modes [S27]. As a result, the emission may be
dominated by (otherwise dark) excitons that have an
out-of-plane transition dipole moment, to the expense of
(otherwise bright) excitons that have an in-plane transi-
tion dipole moment [S28, S29]. Secondly, the mechanisms
previously considered to explain STM-induced lumines-
cence from semiconducting nanostructures and organic
molecules involve the excitation of localized surface plas-
mons in the tip-surface gap, which makes it difficult to
identify the elementary excitation processes [S30]. Our
work shows that an energy transfer from the tunnel cur-
rent to the emitter may occur directly, through virtual
photons, without any coupling to a plasmonic mode.
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