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The long sought-after goal of locally and spectroscopically probing the excitons of two-dimensional
(2D) semiconductors is attained using a scanning tunneling microscope (STM). Excitonic luminescence
from monolayer molybdenum diselenide (MoSe,) on a transparent conducting substrate is electrically
excited in the tunnel junction of an STM under ambient conditions. By comparing the results with
photoluminescence measurements, the emission mechanism is identified as the radiative recombination of
bright A excitons. STM-induced luminescence is observed at bias voltages as low as those that correspond
to the energy of the optical band gap of MoSe,. The proposed excitation mechanism is resonance energy
transfer from the tunneling current to the excitons in the semiconductor, i.e., through virtual photon
coupling. Additional mechanisms (e.g., charge injection) may come into play at bias voltages that are
higher than the electronic band gap. Photon emission quantum efficiencies of up to 10~7 photons per
electron are obtained, despite the lack of any participating plasmons. Our results demonstrate a new
technique for investigating the excitonic and optoelectronic properties of 2D semiconductors and their

heterostructures at the nanometer scale.

DOI: 10.1103/PhysRevLett.123.027402

Two-dimensional (2D) semiconductors such as transition
metal dichalcogenides (TMDs; MX,, M = Mo, W; X = S,
Se, Te) exhibit strong light-matter interactions, room-
temperature excitonic effects, and direct band gap emission
in the monolayer limit [1-6]. With such assets, TMDs are
of enormous interest for photonic and optoelectronic
applications in miniaturized photodetectors and light-
emitting devices [7-14]. Investigating the optoelectronic
response of 2D semiconductors at the nanometer scale may
not only provide fundamental insights into their rich
exciton manifold and complex exciton dynamics but also
lead to novel quantum devices. In this context, electrolu-
minescence has recently been reported in TMD-based
p — n junctions [9,10,15,16], tunnel junctions [14], and
quantum-light-emitting diodes [17]. However, in these
studies, spatial control over exciton formation was typically
limited to the micrometer scale due to the size of the
devices. Achieving such control down to the nanoscale is a
major challenge that has only been tackled using tip-
enhanced optical excitation until now [18,19]. One par-
ticularly promising approach that suppresses the need for
optical excitation is the use of a scanning tunneling
microscope (STM) because the tunnel current is an
extremely local low-energy electrical excitation [20-23].
Nonetheless, STM-induced excitonic luminescence (i.e.,
the radiative recombination of STM-excited excitons) in a
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monolayer TMD has not been reported. In previous
attempts, the emission of light resulted from the radiative
decay of the STM-excited plasmonic modes of the nano-
cavity formed between a gold tip and a gold surface [24].

In this Letter, we report the first observation of STM-
induced excitonic luminescence from a 2D semiconductor
(i.e., monolayer MoSe,) using a nonplasmonic tip and a
nonmetallic transparent conducting substrate. All experi-
ments are carried out under ambient conditions (i.e., in air
at room temperature) and the emitted light is collected in
transmission using an optical microscope. The observed
luminescence is attributed to the radiative recombination of
bright A excitons in MoSe,. The photon emission quantum
efficiency depends on the bias voltage V. The onset of
photon emission is at values of eV close to the optical band
gap of MoSe,, i.e., more than 0.5 eV lower than its
electronic band gap. The proposed excitation mechanism
is resonance energy transfer from the tunneling current to
the excitons in the semiconductor; thus, excitons are
created through virtual photon coupling [25]. This funda-
mentally differs from the charge injection mechanism
inferred, for the most part, in previous electroluminescence
studies [8—13]. Additional mechanisms (including charge
injection) may come into play for bias voltages that are
higher than the electronic band gap. Our results demon-
strate a new technique for locally probing the elementary
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FIG. 1. (a) Schematics of the experiment: the sample is placed
between the tungsten tip of an STM and a high-NA microscope
objective. The STM tip is grounded and the sample is positively
biased. (b) White-light transmission and (c) laser-induced photo-
luminescence optical microscopy images of the sample, i.e., a thin
exfoliated MoSe, microflake on an ITO-coated glass coverslip.
Most of the MoSe, microflake area has the thickness of a single
monolayer (I ML), except for a small bilayer (2 ML, i.e., two-
monolayer) area on the bottom left corner of the image. (d) Real-
space optical microscopy image of the STM-induced light from
monolayer MoSe,. In the inset of Fig. 1(d) is an intensity profile
taken along the dashed line in Fig. 1(d). For STM-LE, V, =4V,
I, = 5 nA, and the acquisition time is 200 s. (e) PL and STM-LE
spectra of monolayer MoSe,. PL is laser excitation at 1 =465.8 nm,
with the longpass filter from A = 491 nm. ForSTM-LE,V, =2 V,
I, =10 nA, and the acquisition time is 150 s. All spectra are
corrected for detection efficiency [30]. In the inset is a semilog plot
of the same data, clarifying the A and B exciton contributions.

interactions between electrons, excitons, and photons in 2D
semiconductors; such studies are not possible using on-chip
electroluminescent devices.

Figure 1(a) shows the experimental setup and the principle
of the experiment. An STM head operating in air is mounted
on top of an inverted optical microscope. Exfoliated MoSe,
microflakes are deposited onto an indium tin oxide (ITO)-
coated glass coverslip (ITO thickness of 85 nm) using a dry
transfer method [26] [see Fig. 1(b)]. The cracks and folds in
the flake, visible in Fig. 1(b), result from the transfer process.
Luminescence from the sample is electrically induced by the
tunneling of electrons from the STM tip (an electrochemi-
cally etched tungsten wire) to the sample. For comparison,
laser-induced photoluminescence (PL) is also measured
using a continuous-wave argon-ion laser emitting at a
wavelength of 465.8 nm. Figure 1(c) shows a widefield
PL microscopy image of the same area as in Fig. 1(b).
Monolayers of MoSe, are unambiguously distinguished
from multilayer specimens due to their bright direct-band
gap emission. The emitted light is detected in transmission
through the substrate using a high-numerical-aperture
(NA = 1.49) oil-immersion microscope objective. Optical
images are recorded using a cooled CCD camera. The spatial
and angular distributions of the emitted light are resolved by
imaging the front and back focal planes of the objective on
the camera (real-space and Fourier-space imaging), respec-
tively [27-29]. Luminescence spectra are measured using an
optical imaging spectrometer. In addition, photon mapping
of the STM-induced light emission (STM-LE) is obtained by
simultaneously scanning the sample surface with the STM
tip and recording the optical signal using an avalanche-
photodiode single-photon counting module. The photon
emission quantum efficiency is obtained by dividing the
optical signal by the measured current and expressing this
ratio as a number of emitted photons per tunneling electron.

In Fig. 1(d), the STM tip locally excites a monolayer
MoSe, domain [same area as the one framed in Fig. 1(b)]
and the spatial distribution of the resulting light is measured
in real space using the optical microscope. An intensity
profile taken along a line crossing the location of the STM
tip is shown in the inset. Not only is STM-LE emitted from
below the STM tip but also from a microscale area around
the tip, as defined by the flake boundaries. In addition,
localized emission from several “hot spots” (which are 1 to
2 ym away from the tip) is detected. Such observations
confirm that excitons in monolayer TMDs at room temper-
ature may diffuse micrometers away from the excitation
source before radiatively decaying [49-51]. Hot spots at the
flake edges and along folds and cracks in the flake may
result from longer exciton residence times, or trapping.
Below, the emission mechanism of STM-LE is investigated
using optical spectroscopy.

The STM-LE and PL spectra from monolayer MoSe,
shown in Fig. 1(e) are similar to each other. At a sample
bias of V, = 2 V and a current set point of 10 nA, an STM-
LE peak at 1.57 eV (1 =788 nm) is observed: the full
width of which is 74 meV at half-maximum (FWHM).
As shown in the Supplemental Material [30], the lower
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FWHMs are measured at lower currents, i.e., 55 meV at
0.1 nA for the 1.5-3.0 V bias range. Likewise, the PL
spectrum of monolayer MoSe, exhibits an emission peak at
1.58 eV: the FWHM of which is 45 meV. These values are
typical of the neutral A exciton in MoSe, at room temper-
ature [52]. The peaks in both spectra in Fig. 1(e) are
asymmetric on the low-energy side due to additional
contributions from charged excitons (trions) [S] and/or
vibronic transitions [53,54]. Such contributions cannot be
resolved at room temperature. In addition, the semilog plot
shown in Fig. 1(e) clearly shows the existence of a
secondary peak blueshifted by 180-190 meV with respect
to the A exciton. This shift matches the energy splitting of
the valence band due to spin-orbit coupling in monolayer
MoSe, [5]; thus, we ascribe the blueshifted peak to hot
luminescence from the B exciton [52]. The match between
the PL and STM-LE spectra shown in Fig. 1(e) is evidence
that they result from the same emission mechanism. Thus,
the dominant emission process of STM-LE from mono-
layer MoSe, on ITO is the radiative recombination of A
excitons in MoSe,. Other emission mechanisms such as
blackbody radiation or radiative electronic transitions
between tip and surface states may be ruled out because
of the close match of the results to the PL spectrum.
Figure 2 shows a Fourier-space image of the angular
distribution of the STM-LE from monolayer MoSe,, which
is analyzed using the simple analytical model of an
oscillating pointlike electric dipole on an air-glass interface.
This model is relevant to describe the far-field emission
pattern resulting from the radiative exciton recombination
because excitons in monolayer TMDs have a Bohr radius of
about 1 nm. The experimental image is juxtaposed with the
theoretical emission calculated for two different dipole
orientations with respect to the interface [55]. In Fig. 2(b),
the dipole is oriented out of plane, i.e., in the direction
perpendicular to the sample. In Fig. 2(c), for symmetry
reasons, we consider an average over randomly oriented in-
plane dipoles. As shown in Fig. 2(d), the experimental
radial profile clearly differs from that of an out-of-plane
electric dipole. In contrast, excellent agreement with the in-
plane dipole model is found, in particular, within the
subcritical angular range and for the angle of maximum
emission, without the use of any fitting parameters. These
observations confirm that the detected light is not due to a
nanocavity mode of the tip-surface junction because such a
mode would exhibit an emission pattern similar to that of an
out-of plane dipole [56]. These results also confirm that we
measure the luminescence of the bright exciton in mono-
layer MoSe,, which has an in-plane transition dipole
(unlike the dark exciton) [57]. Here, bright and dark
excitons refer to the spin-allowed and spin-forbidden
excitons that result from the conduction band splitting
due to spin-orbit coupling, respectively. In molybdenum-
based TMDs, bright A excitons have lower energy than
their dark counterparts; therefore, PL from monolayer

+ Experimental data
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FIG. 2. (a) Fourier-space optical image of the STM-LE mea-
sured on monolayer MoSe,. Theoretical emission patterns in
Fourier space, calculated for an oscillating pointlike electric
dipole on an air-glass interface, for (b) out-of-plane (along z) and
(c) random in-plane orientations of the dipole. (d) Radial profiles
taken from images in Figs. 2(a) to 2(c). The experimental profile
is corrected for apodization [59], i.e., multiplied by cos 8, where 6
is the emission angle in the substrate. k/ky = nsin® is the
normalized in-plane coordinate in Fourier space, where ky, = @w/c
is the photon wave vector modulus and # is the refractive index of
the substrate.

MoSe, is due to bright A excitons [5]. Thus, we con-
clusively demonstrate that the electrical excitation from the
STM induces luminescence from the same excitons as
those responsible for the photoluminescence of MoSe,. In
our work, no interaction with a plasmonic tip [19] or
substrate [58] renders the dark excitons optically active.
Neither the substrate nor the STM tip used support surface
plasmons within the investigated frequency range (the real
parts of the dielectric permittivities of tungsten and ITO are
positive).

Figures 3(a) and 3(b) show the STM topography
and photon emission quantum efficiency maps of an area
where both bilayer and monolayer MoSe, may be seen.
Height and intensity profiles taken along the same lines in
Figs. 3(a) and 3(b) are shown in Fig. 3(c). The emission of
light is spatially correlated with the presence of monolayer
MoSe, in the tunnel junction and reveals geometrical features
of the sample with deep subwavelength lateral resolution,
which is not attainable in standard optical microscopy. In
particular, the quantum efficiency map exhibits a sharp
transition between the bilayer and monolayer areas. This
transition occurs over a distance of less than 20 nm. The two
areas differ by 0.9 nm in STM height, i.e., close to the
expected thickness of one MoSe, layer (i.e., 0.65 nm). The
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FIG. 3. (a) STM topography of an area featuring bilayer and
monolayer MoSe,. (b) Photon emission quantum efficiency (i.e.,
the number of emitted photons per tunneling electron) obtained
from the ratio of the STM-LE photon map and STM current
simultaneously recorded with the STM topography shown in
Fig. 3(a). (c) Profiles taken along the same lines in Figs. 3(a) and
3(b). STM parameters are V, =4 V and I, = 10 nA.

photon emission quantum efficiencies measured on the two
areas differ from each other by two orders of magnitude.
Thus, monolayer vs bilayer MoSe, may be identified without
ambiguity. Furthermore, the imaging of nanoscale defects is
demonstrated, e.g., on folds that form in monolayer MoSe,
flakes due to the deposition process, and which may
extend over micrometers. As shown in Fig. 3(a), such folds
are 1.7+ 0.1 nm in height (as compared to the rest
of the monolayer) and 10 to 100 nm in lateral width. In
standard optical microscopy, such structures appear as
one-dimensional objects. In contrast, the map shown in
Fig. 3(b) reveals lateral variations of STM-LE on a 10 to
20 nm scale, with a decrease of the photon emission quantum
efficiency on the folds. Moreover, STM-LE makes it possible
to uncover geometrical features such as a “domain boundary”
in Fig. 3(b) (see profile P3); i.e., presumably, a nanometer-
wide crack in the monolayer, which is almost undetectable in
the STM topography image. This domain boundary has a

strong effect on the photon emission quantum efficiency,
which drops by a factor of about five over a distance of 10
to 20 nm.

In order to elucidate the excitation mechanism through
which excitons are electrically created in MoSe,, we
examine the dependence of the STM-LE on the bias
voltage. To this purpose, a series of STM-LE spectra from
monolayer MoSe, is measured at current set points of 0.1
and 10 nA, as well as sample biases V varying within the
1.3-4.0 V range [30]. The photon emission quantum
efficiency is obtained from the area beneath the STM-
LE peaks and the simultaneously measured tunnel current
integrated over the acquisition time. Figure 4 shows a plot
of the photon emission quantum efficiency vs bias voltage.
At V, =4V, about 3 x 107 photons per electron are
detected, which correspond to 10~7 photons per electron
after correction for the detection efficiency (i.e., 31% at
Ao = 783 nm). At both current set points of 0.1 and 10 nA,
the onset of luminescence occurs at electron energies close
to 1.5 eV, matching the optical gap of monolayer MoSe,
[5,60,61]. The latter observation is a strong indication that
the luminescence is excited by the resonance energy
transfer from the tunneling current to the excitons, i.e.,
through virtual photon coupling. A classical picture of the
proposed excitation mechanism is that the tunnel current
generates an oscillating electric dipole in the tip-surface gap
that transfers energy to the semiconductor via near-field
electromagnetic coupling. In a diodelike excitation mecha-
nism, however, where electrons and holes are injected in the
bands of the semiconductor, the onset of luminescence
would occur at an electron energy higher than the “free
particle” electronic band gap of monolayer MoSe, [23].
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FIG. 4. Photon emission quantum efficiency (i.e., the number
of emitted photons per tunneling electron) vs the sample bias
voltage, which are obtained from STM-induced luminescence
spectra of monolayer MoSe, measured at current set points of 0.1
and 10 nA (see spectra in [30]). The detection limit is defined
from the standard deviation of the dark current of the CCD
camera and the STM set point current. A vertical dotted line
indicates the optical gap energy of monolayer MoSe,.
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The energy of the electronic band gap of monolayer MoSe,
exceeds that of its optical band gap by more than 0.5 eV
[5,60,61]; thus, the two possible excitation mechanisms are
distinguished by determining the lowest bias voltage at
which luminescence is detected. Nevertheless, at suffi-
ciently high electron energies eV, above the electronic
band gap, the two processes (energy transfer and charge
injection) may be present (see the Supplemental Material
[30] for further details).

Finally, in the present work, we describe the excitation
mechanism in terms of virtual photon coupling because
energy transfer from the tunnel current to the excitons
occurs without the participation of an intermediary
optical mode such as a localized surface plasmon polariton
[62]. In a different context (i.e., STM electroluminescence
of single molecules), a comparable excitation mechanism
has recently been reported in terms of inelastic electron-
molecule scattering [63].

In conclusion, the local electrically excited excitonic
luminescence from a 2D semiconductor in the tunnel
junction of an STM has been detected using a nonmetallic,
transparent substrate (ITO-coated glass) and a nonplasmonic
(tungsten) tip combined with high-numerical-aperture col-
lection optics (i.e., an oil-immersion microscope objective).
In particular, the emitted light is unambiguously identified
as the radiative decay of bright A excitons in monolayer
MoSe,. This origin is fundamentally different from that
reported in a previous STM study of gold-supported
monolayer MoS, [24], where the emitted light was from
plasmons. Our approach, based on the absence of coupling
to a plasmonic tip or nanocavity, makes it possible to probe
locally the “native” excitonic properties of a 2D semi-
conductor. In addition, in our study, the onset of lumines-
cence at electron energies as low as the optical band gap of
monolayer MoSe, is consistent with a resonance energy
transfer mechanism from the tunneling current to excitons
in the 2D semiconductor. Real-space optical microscopy
images reveal that the excited excitons may diffuse over
micrometers from the STM tip before radiatively decaying;
ie., light may be emitted from a microscale area.
Nonetheless, the exciton creation process itself is highly
localized, which yields a lateral resolution on the order of 10
to 20 nm in photon maps recorded upon raster scanning the
STM tip across the sample. The present work demonstrates
the use of STM-LE as a tool to study exciton dynamics and
the optoelectronics properties of 2D semiconductors at the
nanometer scale. In particular, with this technique, such
investigations may be carried out in air under ambient
conditions, i.e., in the environment where devices based on
these materials will operate. We anticipate that such inves-
tigations will become crucial in the studies of van der Waals
heterostructures [64—66], TMD superlattices, and quantum-
well-based optoelectronic devices [67-69]. They will also
be of importance for the local control of exciton energies
and dynamics in strained TMDs [70,71], as well as the

localization of excitons in pointlike defects and their non-
classical emission properties [17].
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