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Inelastic electron tunneling in a scanning tunneling microscope is used to generate excitons in monolayer
tungsten disulfide (WS2). Excitonic electroluminescence is measured both at positive and negative sample bias.
Using optical spectroscopy and Fourier-space optical microscopy, we show that the bias polarity of the tunnel
junction determines the spectral and angular distribution of the emitted light. At positive sample bias, only
emission from excitonic species featuring an in-plane transition dipole moment is detected. Based on the spectral
distribution of the emitted light, we infer that the dominant contribution is from charged excitons, i.e., trions. At
negative sample bias, additional contributions from lower-energy excitonic species are evidenced in the emission
spectra and the angular distribution of the emitted light reveals a mixed character of in-plane and out-of-plane
transition dipole moments.

DOI: 10.1103/PhysRevB.106.085419

I. INTRODUCTION

Monolayer transition-metal dichalocogenides (TMDs) are
two-dimensional (2D) semiconductors that are actively con-
sidered for future device technologies [1–5]. Moreover,
TMDs offer unique opportunities for fundamental research
on exciton physics in 2D materials. Recently, scanning tun-
neling microscopy (STM)-induced luminescence (STML)
has emerged as a promising nanoscopic probe of the opto-
electronic properties of monolayer TMDs [6–11]. There is
experimental evidence that, under certain conditions, STML
reveals the intrinsic excitonic species of the excited TMD
monolayer [7]. The nanoscale spatial resolution is the greatest
advantage of STML over far-field photoluminescence (PL)
microscopy, along with the fact that STML involves the injec-
tion of electrons, a process of technological importance. Thus,
the promise of STML is the understanding and nanoscale
control of the elementary excitation and emission processes of
future TMD-based excitonic devices. Nevertheless, the differ-
ences between STML and PL of 2D semiconductors and the
effect of the STM parameters on the STML of these materials
are still open questions. In particular, much remains to be done
to understand the dependence of such STML measurements
on the bias polarity of the tip-sample junction.

*These authors contributed equally to this paper.
†eric.le-moal@universite-paris-saclay.fr

In this paper, we compare the STML and PL spectra of
monolayer tungsten disulfide WS2 and report on the effect of
the bias polarity on the STML spectrum and radiation pattern.
All experiments are carried out under ambient conditions on
a transparent conducting substrate and using a nonplasmonic
tip to avoid extrinsic effects due to surface plasmons at the
emission frequencies of the excitons in the 2D semiconductor.
Thus, no plasmon modes participate in the excitation process
and the emitting excitons are not coupled to any plasmon
mode of the tip, substrate or tip-sample gap. The STML is
spatially and angularly resolved using an optical microscope.
The angular distribution of STML reveals the orientation of
the transition dipole moment of the emitters, which in gen-
eral is key for establishing the excitonic nature of STML
on 2D semiconductors [7]. Thus, this paper contributes to
the development of techniques that may be used to properly
identify features in STML spectra and to distinguish between
excitonic and nonexcitonic processes involved in the STML
of 2D semiconductors.

II. METHODS

Figure 1(a) shows the experimental setup and the principle
of the experiment. An air-operated STM head is mounted
on top of an inverted optical microscope [12–14]. Exfoli-
ated WS2 microflakes are deposited onto an indium tin oxide
(ITO)-coated glass coverslip using a dry transfer method [15]
(ITO thickness 85 nm). The STM tip is an electrochemically
etched tungsten wire. PL is excited using a linearly polarized
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FIG. 1. (a) Schematics of the experiment: The sample is a WS2 flake on an ITO-coated glass coverslip, which is placed between the
tungsten tip of an STM and a high-NA microscope objective. (b) STML quantum efficiency versus sample bias on a semilog scale, obtained
by integrating STML spectra over the [560,800] nm wavelength range ([1.550,2.214] eV energy range). The detection efficiency of the optical
setup [16] is taken into account. All STML measurements are carried out at a current set point of 10 nA. (c) PL and STML spectra of monolayer
WS2. PL: Laser excitation at λ = 465.8 nm (photon energy 2.662 eV), long-pass filter from λ = 491 nm (2.525 eV), i.e., both wavelengths are
well outside the plotted energy range. STML: Sample bias Vs = 3.4 V or −3.0 V, set point current It = 10 nA, acquisition time t = 150 s. All
spectra are fitted using a Voigt profile (blue line) with the same energy position (2.031 eV) and similar widths (PL: 35 meV, STML: 39 meV)
and the residual of the fit is plotted in red. Vertical dotted lines are shifted by 0 (blue), −35 (red), and −70 meV (magenta) with respect to the
energy position of the neutral A exciton (2.031 eV), which is inferred from the fit of the PL peak.

continuous-wave argon-ion laser emitting at a wavelength of
465.8 nm under wide-field illumination in normal incidence.
The emitted light is detected in transmission through the
substrate using a high-numerical-aperture (NA = 1.49) oil-
immersion microscope objective. The angular distribution of
the emitted light is measured by recording an image of the
back focal plane of the objective on a CCD camera, i.e.,
via Fourier-space optical microscopy. (A real-space optical
microscopy image is also shown in the Supplemental Material
[16].) All spectra are corrected for detection efficiency and
expressed in counts per time, electric current, and energy
units.

III. RESULTS AND DISCUSSION

Figure 1(b) shows the bias-dependence of the STML quan-
tum efficiency, i.e., the number of emitted photons (in the
collection solid angle) per tunneling electron, which is ob-
tained by integrating STML spectra measured on monolayer
WS2 at a current set point of 10 nA. Light is detected at
both bias polarities. Here, the highest quantum efficiencies
measured at positive and negative sample bias have the same

order of magnitude, i.e., 10−7 photons per tunneling electron.
In Fig. 1(b), the emission onset is observed at a voltage
value of about 1.8 V at positive sample bias and −1.5 V at
negative sample bias. Below these voltage thresholds, i.e., in
the range between the two dotted lines in Fig. 1(b), emission
from monolayer WS2 cannot be distinguished from the noise
background in the measured STML spectra.

In Fig. 1(c), we compare two STML spectra for a WS2

monolayer measured at sample biases of opposite signs and
a PL spectrum from the same sample. The PL spectrum fea-
tures a peak at 2.031 eV, which we assign to the radiative
recombination of the neutral A exciton (X ) [17,18]. The PL
spectrum fits a Voigt profile of full-width-at-half-maximum
(FWHM) 36 meV centered on 2.031 eV well, except for the
slight peak asymmetry revealed by the residual of the fit. Such
an asymmetry may result from phonon coupling or a minor
contribution from charged excitons, i.e., trions. According to
previous PL studies, the intravalley singlet (TS) and intervalley
triplet (TT ) trion energies are about 42 and 35 meV lower
than that of the neutral exciton, respectively [19–21]. Vertical
dotted lines at 2.031 eV (blue line) and redshifted by 35 meV
(red line) are added in Fig. 1(c) as a guide for the eye.
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FIG. 2. STML spectra versus sample bias and PL spectra of monolayer WS2. (a) Positive sample bias from 1.8 to 3.4 V (from bottom to
top); (b) same data as shown in (a), from 1.8 to 2.4 V, with a magnified intensity scale. (c) Negative sample bias from −1.4 to 3.0 V; intensity
is multiplied by 20 for the data measured at biases from −1.4 to −2.0 V. PL (black line, right scale): Laser excitation at λ = 465.8 nm (photon
energy 2.662 eV), longpass filter from λ = 491 nm (2.525 eV), i.e., both wavelengths are well outside the plotted energy range. STML (colored
lines, left scale): It = 10 nA, t = 150 s. In (b) and (c), vertical arrows indicate the quantum cutoff (eV s). Vertical dotted lines shifted by 0,
−35, and −70 meV with respect to the neutral A exciton energy (2.031 eV), as inferred from PL, are shown as a guide for the eye.

The STML spectrum at positive sample bias (Vs = 3.4 V)
exhibits a single intensity maximum at 2.026 eV and its
FWHM (68 meV) is about twice as large as that of the PL
peak. We assume that the STML spectrum is the sum of
several contributions centered at different energies, where the
highest-energy contribution is that of the neutral A exciton
(X ). Thus, we fit the high-energy side of the STML spec-
trum using a similar Voigt profile as for the PL peak (same
energy 2.031 eV, FWHM of 39 meV). The residual of the
fit reveals an asymmetric peak with an intensity maximum
redshifted by about 35 meV with respect to the higher-energy
peak, with a exponential decay tail on the low-energy side
[16]. Such an exponential tail has been previously reported
for trion PL peaks and ascribed to the electron recoil effect
[22,23]. The area under the curve of the fit residual is about
60% of the total emitted light. Based on this simple anal-
ysis, we infer that STML from monolayer WS2 at Vs > 0
primarily consists of the radiative recombination of charged
and neutral A excitons, with a slightly larger (60%) trionic
contribution.

The STML spectrum at negative sample bias (Vs =
−3.0 V) features two local intensity maxima, i.e., at 1.967 and
2.032 eV. We fit the higher-energy peak using the same Voigt
profile (same energy 2.031 eV, same FWHM 39 meV) as for
the STML spectrum recorded at Vs > 0. The residual of the fit
is an asymmetrical peak, the intensity maximum of which is
redshifted by about 70 meV with respect to the higher-energy
peak. The area under the curve of the fit residual is about
75% of the total emitted light. While a quantitative analysis

is difficult, from this simple analysis, we can infer that the
STML of monolayer WS2 at Vs < 0 features contributions
from excitonic species other than X and TS/TT , and that the
neutral A exciton is excited at both bias polarities. According
to previous PL studies [20,24], several different excitonic
complexes in monolayer WS2 have binding energies in the
range of 50 to 70 meV, including intravalley spin-forbidden
and intervalley momentum-forbidden trions and negatively
charged biexcitons. In addition, the energy position of the
lower-energy peak is also consistent with the luminescence
of localized excitonic states, which have been previously ob-
served in monolayer WS2 [19].

Below, we examine the dependence of the STML spectra
on the bias voltage. Figures 2(a) to 2(c) show the STML
spectra used to calculate the quantum efficiencies given in
Fig. 1(b). PL spectra measured on the same sample are added
in Figs. 2(a) and 2(c). The data shown in Fig. 2(b) are the same
as those shown in the bottom part of Fig. 2(a), using a different
intensity scale. Moreover, simplified energy diagrams of the
studied system are shown in Fig. 3 to aid in the discussion on
the possible excitation mechanisms.

First, we consider the STML data measured at Vs > 0
shown in Fig. 2(a). We observe a bias-dependent spectral shift,
which is most clearly visible at low voltage [see Fig. 2(b)],
and a clear effect of the quantum cutoff, where no light is
detected at a photon energy higher than e|Vs|. The onset of the
excitonic STML is between 2.0 and 2.1 V, i.e., when e|Vs| is
at least equal to the exciton energy (i.e., the optical gap). This
observation suggests that nonradiative energy transfer from
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inelastically ( 2©) to the conduction band of WS2 or to unoccupied sur-
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( 3©). (b) At negative sample bias, electrons may tunnel elastically ( 1©)
from the valence band of WS2 to the tip, thus creating holes in the
valence band or inelastically ( 2©) from ITO to the tip. At both bias
polarities, IET-induced energy transfer is one possible mechanism for
the creation of excitons in monolayer WS2. At negative sample bias,
excitons may also form from holes created in the valence band and
electrons already present in the conduction band of the n-doped WS2

monolayer. Note that the arrows are very simplistic representations
of the electronic processes.

the tunnel current to the semiconductor [7] is the mechanism
underlying the onset of the excitonic STML at Vs > 0. Such
energy transfer may occur through inelastic electron tunneling
from the tip to the WS2 monolayer or to the substrate, i.e., via
channels 2 and 3 in Fig. 3(a). Within this interpretation, we
may ascribe the bias-dependent spectral shift observed at low
voltage to an effect of the quantum cutoff. Up to Vs = 2.0 V,
the emitted light is almost entirely related to lower-energy
(possibly localized [19]) excitonic species or other radiative
processes (e.g., radiative electronic transitions between tip
and sample states [10]). Above Vs = 2.0 V, the relative con-
tribution of trions and excitons to the total radiated power
increases with the bias voltage and, beyond a certain voltage
[about 2.9 V in Fig. 2(a)], bias-dependent spectral shifts are
negligible.

Unlike what is measured at Vs > 0, the data recorded at
Vs < 0 do not exhibit a significant bias-dependent spectral
shift [see Fig. 2(c)]. From Vs = −3.0 to −1.8 V, all spectra
feature the same two characteristic peaks, i.e., a higher-energy
peak centered on the same energy position as the PL peak
(2.032 eV) and a comparatively broader and more asymmetric
peak shifted by about 70 meV as compared to the PL (i.e., at
1.967 eV). The intensity ratio of the two peaks, which slightly
varies from one spectrum to another in Fig. 2(c), does not de-
pend on the bias voltage. These two peaks are not present (or
cannot be distinguished from the background) in the spectrum
recorded at Vs = −1.5 V; thus, we estimate that the onset of
the excitonic STML is between −1.8 and −1.5 V. At Vs =
−1.8 V, overbias emission occurs at a photon energy about

0.2 eV higher than the quantum cutoff e|Vs| = 1.8 eV, with
clear evidence of neutral A exciton excitation. This inefficient
overbias emission may be due to multielectronic processes
[25,26]. All together, these observations are consistent with
an STML excitation mechanism based on hole injection in the
valence band of an n-doped semiconductor, which is described
as channel 1 in Fig. 3(b). Indeed, if the Fermi level of the
tip is lower in energy than the valence band maximum of the
WS2 monolayer, electron tunneling from the sample to the tip
may create holes in the valence band of the semiconductor.
These holes may bind with electrons already present in the
conduction band to form excitons [27] (assuming that the WS2

monolayer is n doped [28]). Nevertheless, such a mechanism
may coexist with or be superseded by energy transfer [7]
at Vs < −2.0 V [see channel 2 in Fig. 3(b)]. Foremost, the
absence of a spectral shift in the STML data recorded at
different bias voltages tends to rule out the possibility that the
lower-energy peak results from redshifted contributions of X
and TS/TT , e.g., due to the static electric field in the tunneling
junction (i.e., Stark effect).

Finally, we investigate the bias polarity-dependence of
the STML radiation pattern to study what excited excitonic
species lead to the emission of light. Figures 4(a) and 4(b)
show Fourier-space optical microscopy images [14] of the
angular distribution of the STML measured at positive (Vs =
3.5 V) and negative (Vs = −4.0 V) sample bias, respectively.
Intensity profiles from these images, averaged over all in-
plane directions, are plotted in Fig. 4(c) and compared to
simulations based on a simple analytical model. In the model,
we consider a pointlike oscillating electric dipole on an
air/glass interface, which is either oriented parallel (i.e., in-
plane) or perpendicular (i.e., out-of-plane) to the interface and
we calculate the far-field angular distribution of the radiated
power in glass [7]. At Vs > 0, the simulation of an in-plane
electric dipole reproduces the experimental data well. Such
good agreement confirms that the STML of monolayer WS2

at Vs > 0 results from radiative recombination of spin-bright
excitonic species (i.e., from the spin-allowed optical transi-
tions), whose transition dipole moment is in the plane of the
monolayer. This result is similar to our previous observations
for the STML of monolayer MoSe2 [7]; however, the result
is strikingly different for monolayer WS2 at Vs < 0. In this
case, the best fit is obtained using a linear combination of the
two simulated curves, i.e., an incoherent superposition of the
radiation patterns calculated for the in-plane and out-of-plane
electric dipoles. As shown in Fig. 4(c), we use a 0.45/0.55
in-plane/out-of-plane combination of the simulated curves
normalized to unity [16], which corresponds to 32% (68%)
of the detected light being emitted by out-of-plane (in-plane)
electric dipoles. This is an approximation, since we neglect the
frequency dependence of the detection efficiency in the exper-
iment. Nevertheless, this result indicates that the low-energy
peak in the STML spectra measured at Vs < 0 [see Figs. 1(c)
and 2(c)] is not purely out-of-plane electric dipoles, since the
area under the low-energy peak is about three times as large as
that behind the high-energy peak, which we assign to excitons
that have in-plane transition dipole moment. Therefore, the
low-energy peak itself must result from several contributions,
only a minor part of which corresponds to out-of-plane dipole
emission.
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FIG. 4. Bias polarity dependence of the STML radiation pattern. (a), (b) Fourier-space optical microscopy images of the STML measured
on monolayer WS2 at sample bias (a) Vs = 3.5 V and (b) Vs = −4.0 V (It = 10 nA). The inner and outer circles (yellow dashed lines) indicate
the critical angle of the air/glass interface and the largest collection angle, respectively. (c) Intensity profiles averaged over all directions in
Fourier space (black dots), taken from the images shown in a (top) and b (bottom), and simulations using the model of an oscillating electric
dipole on an air-glass interface. In the model, the dipole is oriented in-plane (blue curve) or out-of-plane (red curve) with respect to the
interface; moreover, we show a linear 0.45/0.55 combination of the two simulated curves (magenta curve). The experimental profiles are
corrected for apodization [29], i.e., multiplied by cos θ where θ is the collection angle. k‖/k0 = n sin θ is the normalized in-plane coordinate
in Fourier space, where k0 = ω/c is the photon wave-vector modulus and n is the refractive index of glass. Experimental data and simulated
curves are normalized to unity.

The observation of out-of-plane dipole contributions in
STML at (and only at) negative sample bias may be in-
terpreted in several different ways. On the one hand, part
of the emitted light may not be of excitonic origin. Based
only on the fit shown in Fig. 1(c), we cannot exclude the
presence of a spectrally broad contribution (of nonexcitonic
origin) in addition to the two STML peaks that we ascribe
to excitonic luminescence at Vs < 0. A spectrally broad con-
tribution of this type could explain the stronger and longer
low-energy tail observed at Vs < 0 as compared to Vs > 0
[see the 1.7 − 1.9 eV energy part of the spectra shown in
Figs. 1(c) and 2]. Indeed, radiative inelastic electron tunneling
between the tip and the monolayer may also occur without
the creation of excitons [10]. The transition dipole moment
associated with such a radiative process is oriented in the
tunneling current direction [30], i.e., perpendicular to the
sample surface. Given the use of a tip and a substrate that
are nonplasmonic within the investigated frequency range,
radiative inelastic electron tunneling of nonexcitonic origin
must also be of nonplasmonic origin. Although of compara-

tively low efficiency, radiative inelastic electron tunneling of
nonplasmonic origin may occur through the coupling of the
tunnel current to photonic states that have a nonzero projected
density of states in the tip-surface gap along the tunneling
direction. This nonplasmonic and nonexcitonic emission is
expected to be spectrally broad because the STML spectrum
of the empty tunneling junction, on ITO in the absence of a
TMD flake, is featureless and spans an energy range from the
near-infrared to the quantum cutoff [7,16]. Thus, nonexcitonic
emission could contribute to the low-energy background ob-
served in STML spectra at Vs < 0. However, Fourier-space
images systematically feature an out-of-plane dipole contri-
bution at Vs < 0, which we never observe at Vs > 0. Such a
bias polarity dependence is not expected for this nonexcitonic
emission, since such a phenomenon is based on energy trans-
fer from the tunnel current to photonic modes available in the
junction, the density of which is independent of the current
direction.

On the other hand, the STML of monolayer WS2 at Vs < 0
may not only result from the radiative decay of spin-bright but
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also spin-dark excitonic species (i.e., from spin-forbidden op-
tical transitions), which may have a nonzero transition dipole
moment perpendicular to the monolayer. Tip-enhanced PL mi-
croscopy of spin-dark excitons has been previously reported
[31]. The use of a plasmonic tip or nanocavity, e.g., a gold
tip on a gold surface, is required so the local electric field
enhancement compensates for the radiative quantum yield of
dark excitons, which is orders of magnitude lower than those
of spin-bright excitons. Here, this effect is not present, since
ITO and tungsten do not support surface plasmons in the
investigated frequency range [32], whatever the bias polarity.

Moreover, tip polarization effects may be responsible for
out-of-plane dipole contributions. Even spin-bright excitonic
species, which have an in-plane transition dipole, may induce
an image dipole in the tip that has both in-plane and out-
of-plane components, provided that the excitonic species are
located off the tip axis. The reason why such an effect depends
on bias polarity may reside in the in-plane spatial distribution
of emitting dipoles around the tip, which depends in turn on
the diffusion length of the excited excitonic species. Indeed,
the strength and orientation of the image dipole in the tip is
determined by the exciton-tip distance. Moreover, some of
the excited excitonic species may be localized or trapped in
or repelled from the junction due to the strong static electric
field [33].

IV. CONCLUSIONS

To conclude, we have investigated the STML of monolayer
WS2 on ITO-coated glass in air using an STM coupled to
an optical microscope. Thus, we have shown that the bias
polarity of the tip-sample junction has an effect on both the
spectral and radial distribution of the emitted light. At Vs > 0,
the dominant contribution to the STML of monolayer WS2

is from the radiative recombination of charged (trion) and
neutral A excitons, whereas at Vs < 0, other (lower-energy)
excitonic species also play a role. The STML excitation of
the neutral A exciton occurs for both bias polarites, and the
resulting emission energy is similar to that measured using
laser-induced PL spectroscopy. At Vs > 0, the STML radia-
tion pattern matches that of an in-plane transition dipole. This
demonstrates that only radiative recombinations of spin-bright
excitonic species are involved and also rules out contributions
from nonexcitonic processes. These conclusions are similar
to those found for monolayer MoSe2 [7]. At Vs < 0, the
STML radiation pattern results from a linear combination
of in-plane and out-of-plane electric dipoles, with a domi-
nant contribution of in-plane dipoles. Such an out-of-plane
dipole contribution, which is only observed at Vs < 0, could
result from the excitation of spin-dark excitons or inelastic

tunneling-induced light without the creation of excitons; how-
ever, such processes are not expected to depend on the bias
polarity. Nevertheless, tip polarization effects may yield an
out-of-plane dipole contribution, even if only excitons with an
in-plane transition dipole moment are excited. Such effects are
determined by the spatial distribution of the excitons around
the tip position. This distribution may depend on the bias
polarity due to the effect of the static electric field on the
exciton diffusion. Overall, the combination of STML spec-
troscopy and wide-field optical microscopy reveals crucial
information that is not accessible in a conventional STML
imaging mode, i.e., via tip-scanning photon mapping. In par-
ticular, the orientation of the transition dipole moment of the
emitters may be retrieved from their angular radiation pattern,
which is recorded using Fourier-space optical microscopy. In
principle, such information may be mapped on the nanome-
ter scale by simultaneously recording Fourier-space optical
microscopy images and scanning the tip. This opens up new
prospects, e.g., for the nanoscale study of emergent excitonic
physics in TMD van der Waals heterostructures [34]. Finally,
we suggest that more insight into the STML mechanisms of
TMD monolayers and heterostructures may be obtained from
STML experiments on gated TMD samples, where electro-
static tuning of the charge carrier density is possible.
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