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Abstract

The photoluminescence (PL) of monolayer tungsten disulfide (WS2) is locally and

electrically controlled using the non-plasmonic tip and the tunneling current of a scan-

ning tunneling microscope (STM). The spatial and spectral distribution of the emitted
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light is determined using an optical microscope. When the STM tip is engaged, short-

range PL quenching due to near-field electromagnetic effects is present, independent

of the sign and value of the bias voltage applied to the tip-sample tunneling junction.

In addition, a bias voltage-dependent long-range PL quenching is measured when the

sample is positively biased. We explain these observations by considering the native

n-doping of monolayer WS2 and the charge carrier density gradients induced by elec-

tron tunneling in micrometer-scale areas around the tip position. The combination

of wide-field PL microscopy and charge carrier injection using an STM opens up new

ways of exploring the interplay between excitons and charge carriers in two-dimensional

semiconductors.

Keywords

nano-optics, exciton, 2D materials, scanning tunneling microscopy

Monolayer transition-metal dichalcogenides (TMDs) are direct-bandgap two-dimensional

(2D) semiconductors1–7 that have potentially groundbreaking applications in nanodevice

technologies thanks to their unique optical and electronic properties.8–16 Even at room tem-

perature, the photophysics of monolayer TMDs is governed by the exciton dynamics, i.e.,

the dynamics of bound electron-hole pairs that can diffuse in the 2D lattice and interact

with each other or with charge carriers. Manipulating the elementary excitonic processes

(i.e., exciton creation, diffusion and recombination) is key for the performance of TMD-based

devices. In particular, the control of the luminescence quantum yield is a long sought-after

goal in 2D optoelectronics and nanophotonics. Near-unity photoluminescence (PL) quantum

yield has been obtained in monolayer TMDs by eliminating non-radiative defect-mediated

recombinations through chemical passivation17 or by neutralizing the excess charge carriers

via electrostatic gating to prevent the formation of charged excitons (i.e., trions).18 Attempts

to control trion formation in monolayer TMDs on the nanoscale have been reported,19 e.g.,

using laser-excited charge transfer plasmons in the plasmonic tip-substrate nanocavity of an
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atomic force microscope.20 Nevertheless, distinguishing charge injection and electromagnetic

effects21,22 in such plasmon-based experiments is challenging. Moreover, most of the tech-

niques to locally control or excite excitons in 2D materials that are based on a scanning

probe20 (or a focused electron beam23) provide virtually no direct information about the dif-

fusion and local recombination processes of these excitons, a key aspect for the integration

of these materials in realistic devices.

In the present Letter, we report on the local electrical control of the PL quantum yield

of monolayer WS2 using the tip and current of a scanning tunneling microscope (STM).

We combine STM and wide-field laser-induced PL microscopy in real space to demonstrate

the reversible, bias and current-dependent modification of the PL quantum yield within a

microscale area around the tip. All experiments are carried out under ambient conditions on

monolayer WS2 deposited on a transparent conducting substrate and using a non-plasmonic

STM tip. At positive sample bias only and above a certain voltage threshold, long-range

quenching is observed, whose spatial distribution is consistent with the injection and dif-

fusion of charge carriers in the semiconductor. Based on PL spectroscopy, we demonstrate

the link between this long-range quenching effect and the formation of trions, due to the

local increase of the charge carrier density. At both negative and positive sample bias, a

comparatively shorter-range quenching effect is observed, which is of electromagnetic origin.

The results of this study open up new opportunities in TMD-based technology and in the

use of STM combined with wide-field optical microscopy to investigate exciton physics in 2D

semiconductors and their heterostructures on the nanoscale.

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.24 The STM tip is an

electrochemically etched tungsten wire, i.e., a metal that does not support surface plasmons

in the visible frequency range. Mechanically exfoliated WS2 microflakes are deposited onto

an indium-tin oxide (ITO)-coated glass coverslip (ITO thickness 85 nm) using a dry transfer

method.25 As shown in Fig. 1(b), the studied WS2 microflakes are fragmented into several
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Figure 1: (a) Schematics of the experiment: the sample, i.e., a thin exfoliated WS2 microflake
on an ITO-coated glass coverslip, is placed between the tungsten tip of an STM and a
high-NA oil immersion microscope objective. The PL of the sample is excited using a
collimated laser beam (excitation wavelength λ = 465.8 nm, laser power about 1 µW, i.e.,
about 0.012 W cm−2 at the sample) in normal incidence through the substrate (episcopic
illumination). The collected light is imaged on a CCD camera or on the entrance slit of a
spectrometer (longpass filter from λ = 491 nm). (b) White light transmission microscopy
image and [(c) to (i)] wide-field PL microscopy images of the same area of the sample. In (b),
1L and 2L designate mono and bilayer areas of the WS2 microflake, respectively. The STM
tip is vertically withdrawn several micrometers away from the surface in (c) and engaged,
i.e., in the tunnel regime with closed feedback loop in (d) to (i). Arrows indicate the lateral
position of the tip apex on the sample. The sample bias voltage is 1.5 V and the tunneling
current setpoint is 1 nA in (c) to (h) and 10 nA in (i).
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domains due to the exfoliation and transfer methods. In the PL image shown in Fig. 1(c), the

monolayer areas of the WS2 flakes are the bright areas, whereas the bilayer and thicker areas

of the flakes are almost as dark as the bare substrate. This is because multilayer WS2 has an

indirect electronic bandgap. PL from the sample is excited using a continuous-wave argon-

ion laser emitting at a wavelength of 465.8 nm, under wide-field episcopic illumination in

normal incidence. The laser power at the sample is about 0.012W cm−2. The emitted light is

collected through the substrate using an oil-immersion microscope objective of high numerical

aperture (NA = 1.49). Taking into account the detection efficiency of our setup and the

absorption coefficient of monolayer WS2,26 from the PL image shown in Fig. 1(c) we estimate

that the radiative quantum yield of the sample in the absence of the STM tip is about

0.007± 0.003 (more details are available in Sec. S2 of the Supplementary Information). This

result is in agreement with previous reports for monolayer WS2 at room temperature.18,27 In

all the reported experiments, where the PL is detected with the STM tip engaged, the STM-

induced electroluminescence (STML) of the sample28 is undetected or negligible as compared

to the detected PL signal. In particular, the STM-induced effects reported in this Letter are

observed regardless of whether the bias voltage applied to the tip-sample junction is lower

or higher than the STML onset voltage for this sample (Vs ≈ 1.8 V),29 which confirms that

these effects are not due to STML (more data is available in Sec. S7 of the Supplementary

Information).

Figures 1(d) to 1(i) show the results of experiments combining STM and wide-field laser-

induced PL microscopy, where the PL images are recorded in presence of the STM tip (i.e.,

the STM is operating in constant current mode with the feedback loop closed). The effect of

the biased tip-sample junction on the semiconductor PL quantum yield is spatially resolved in

real space using the optical microscope. Here, the sample bias is positive, i.e., the tunneling

electrons flow from the tip to the sample. Figs. 1(d) to 1(i) differ in the lateral position

of the STM tip, which is kept fixed during the acquisition of each image (i.e., the tip is

not scanning). This series of images reveals that the PL of a particular domain is partially
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quenched when the STM tip is placed above it during the measurement. The observed

effect extends spatially over an area of several tens (hundreds) of square micrometers for

a setpoint current of 1 nA (10 nA). The effect does not spread to other neighboring flake

domains. PL quenching is spatially limited by the edges or by internal cracks [see Figs. 1(f)

to 1(h)] of the targeted flake domain. This suggests that the observed effect is governed

by the diffusion of charge carriers in the WS2 monolayer. Here, we rule out the possibility

that the observed effect could result from “ionic gating”.30 By “ionic gating”, we mean that

the ions in a water layer adsorbed on top of the WS2 monolayer or bridging the tip-sample

junction act as a microscale electrode. Indeed, if such a water layer were short-circuiting the

tip-sample junction, strong fluctuations of the STM current and tip-sample distance would

be observed, especially at bias voltages exceeding the electrolysis potential of water.31 Such

an effect, however, is not experimentally observed (see Sec. S9). Most importantly, the PL

quenching is reversible, since it disappears once the STM tip is withdrawn and the tunneling

current stops flowing. Visibly, the PL of different areas of the same flake can successively

be quenched and recovered. Further details about the data shown in Fig. 1 may be found

in the Supplementary Information (see Secs. S1 and S3). Below, we analyze the bias and

current dependence of this quenching effect.

A selection of PL images recorded on a monolayer WS2 microflake is shown in chrono-

logical order in Figs. 2(a) to 2(e) (the status of the STM tip is specified at the top of the

figures). The result of the complete experiment, i.e., a series of 80 images acquired at a

rate of 1 frame s−1, is presented in Figs. 2(f) and 2(g). During the PL measurement, the

STM tip is engaged and the sample bias voltage is gradually increased from 0.5 to 1.5 V

in steps of 0.1 V, before the tip is finally withdrawn. The PL intensity integrated over a

circular area of radius ≈ 3 µm centered on the position of the tip is plotted in Fig. 2(f) versus

time, together with the applied bias voltage. The PL intensity integrated over all in-plane

directions is plotted versus the lateral distance from the tip in Fig. 2(g). In Figs. 2(f) and

2(g), the PL intensity is divided by its value at the beginning of the experiment; thus, it is
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Figure 2: [(a) to (e)] Laser-induced PL microscopy images of a monolayer WS2 microflake
on ITO in absence (a and e) or presence (b to d) of the STM tip, with different bias voltages
applied to tip-sample junction. The tunneling current setpoint is It = 3 nA. In the inset,
the area designated by the red square in (a) and (b) is shown with a magnified scale. In
(b), the tip is located in the center of the red square. In (c), the yellow circle is centered
on the tip position and its radius is 3.2 µm. (f) PL intensity (black dots) averaged over the
area designated by the yellow circle shown in (c) and STM bias voltage (red line) plotted
versus time. (g) PL intensity radial profile, averaged over all in-plane directions, for various
STM bias voltages. The PL intensity in (f) and (g) is taken from the same experiment as
the images shown in (a) to (e), and is divided by its value measured at time t = 0. (h)
PL intensity as in (f) and STM tunneling current setpoint (red line) versus time. The bias
voltage is kept constant at Vs = 3 V.
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the relative variation of the PL intensity that is considered, in order to get rid of all spatial

heterogeneities. The zoomed-in areas shown in the inset of Fig. 2(b) and the top curves in

Fig. 2(g) reveal that, at low bias voltage (Vs ≤ 0.8 eV), the PL is quenched within a localized

area around the tip. The resulting intensity dip has a full-width-at-half-maximum (FWHM)

of 0.25 to 0.30 µm, which is slightly larger than the ideal point spread function (PSF) of the

optical microscope (λ0/2NA ≈ 0.21 µm).

Several physical effects, which only occur in the near field of the tip, may contribute to

this “short-range” quenching. The effect of the strong electrostatic field in the biased tip-

sample junction (on the order of volts per nanometers) and the modification of the dielectric

screening of the excitons due to the presence of the tip may play a part. Due to the sharpness

of the STM tip (i.e., its typical angular aperture and curvature radius are 15◦ and 30 nm,

respectively32), such effects are expected to be localized within a nanoscale area under the tip

apex. Foremost, due to the extreme proximity of the metallic tip (in the tunnel regime, the

apex of the STM tip is at a distance of about 1 nm from the sample), ultrafast non-radiative

energy transfer from the exciton to the tip is expected in the nanoscale region under the

tip. Simple analytical calculations shown in the Supplementary Information (see Sec. S6)

confirm that the presence of the tungsten tip in the near field of the 2D semiconductor opens

up additional excitonic decay channels. These are almost entirely non-radiative within an

area that extends over lateral distances that are comparable to the radius of curvature of

the tip.

However, at higher bias voltage (Vs ≥ 1.1 eV), the presence of the tip and the associated

tunneling current yields a comparatively much larger, micrometer-sized, dark circular area.

The resulting intensity dip increases both in depth and in lateral spread as the bias voltage

is raised. At Vs = 1.5 eV [Fig. 2(d)], the PL averaged over a micrometer-scale area around

the tip (i.e., a disk of radius 3.2 µm) is reduced by a factor of two as compared to result

without the tip and tunneling current. As shown in Fig. 2(d), this “long-range” quenching

effect does not extend across the cracks separating the split domains of the monolayer flake;

8



thus, it must be of electronic origin, i.e., related to the transport of charge carriers in the

semiconductor. In Fig. 2(h), a similar experiment as that of Fig. 2(f) is carried out, where

the bias voltage is kept at 3 V and the setpoint current is decreased stepwise from 5 to

1 nA. Visibly, when the electronic current flowing from the tip to sample is lower, the PL

quenching is weaker. Figs. 2(f) and 2(h) also show that the PL fully recovers on a time scale

of about 10 to 20 s after the withdrawal of the tip. This inertia is not detected in Fig. 1

due to the longer acquisition time used (120 s). These observations are confirmed by the

additional data shown in the Supplementary Information (see Sec. S5).

The spatial distribution of the “long-range” quenching effect, its dependence on the tun-

neling current and its onset above a voltage threshold of about 1 V are consistent with the

electronic doping of the part of the monolayer of WS2 which is under the STM tip. This

electronic doping is due to electron injection via tunneling from the tip into the conduction

band of WS2. Indeed, partial electronic decoupling of the WS2 flake and the conducting sub-

strate is very likely due to the presence of a nanometer-thin layer of adsorbed water between

the substrate and the monolayer. The observation of such an interfacial water layer has been

reported for various exfoliated 2D materials transferred to solid substrates and is unavoid-

able when samples are prepared in ambient conditions.33–35 Thus, we expect that the STM

tip produces a spatial gradient in the charge carrier density of the semiconductor in the area

around the tip position. This may explain why the strength of the “long-range” quenching

effect decreases with lateral distance from the STM tip. Within this hypothesis, the voltage

threshold for the “long-range” quenching effect for positive sample bias corresponds to the

voltage beyond which the Fermi level of the tip lies above the conduction band minimum of

monolayer WS2 on ITO. Indeed, beyond this voltage threshold, electrons can tunnel into the

conduction band of the semiconductor, thus charging the WS2/ITO system, which may act

as a parallel-plate capacitor (more details about this interpretation provided in Sec. S4 of the

Supplementary Information). Here, we assume that the electrons injected in the conduction

band of the WS2 monolayer may diffuse laterally in the semiconductor for distances on the
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order of micrometers before they are evacuated in the underlying substrate.36,37 Such long

diffusions lengths are expected when the monolayer is partly decoupled from the substrate

by a thin layer of water.34 Below, we examine if similar behavior is observed at negative

sample bias, i.e., when tunneling electrons flow from sample to tip.
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Figure 3: [(a) to (e)] Laser-induced PL microscopy images of a monolayer WS2 microflake
on ITO in the absence or presence of the STM tip, at negative sample bias Vs = −3 V
(It = 1 nA). (f) PL intensity averaged over the area designated by a yellow circle in (a)
to (e) (black dots) plotted versus time. Biexponential decay curves are fit to the data to
guide the eye. The yellow circle in (a) to (e) is centered on the tip position and its radius
is 1.55 µm. (g) PL intensity radial profile, averaged over all in-plane directions. The PL
intensity in (f) and (g) is taken from the same experiment as the images in (a) to (e), and
is divided by the value measured at time t = 0.

Figure 3 shows the results of an experiment similar to that introduced in Fig. 2, except

that the sample is negatively biased. To simplify, we consider only one set of STM param-

eters (i.e., −3 V and 1 nA) and we focus on the spatial and temporal dynamics of the PL

quantum yield modification. Quenching around the tip position is also observed at negative

sample bias [see Figs. 3(a) to 3(e)]; however, its lateral extent around the tip is considerably

smaller, i.e., typically less than 1 µm, as compared to that which was seen for positive sample
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bias. Most remarkably, the radial intensity profiles shown in Fig. 3(g) reveal that, outside a

submicrometer-scale area around the tip position where PL is quenched, the PL is actually

enhanced by about 10%. The PL intensity variation averaged over a micrometer-scale area

around the tip [see Fig. 3(f)] exhibits a time dependence that is reminiscent of the charging

and discharging of a capacitor. PL enhancement and quenching of about 15% are tran-

siently observed in Fig. 3(f) immediately after tip engagement and withdrawal, respectively;

however, the averaged PL intensity tends to its initial value after a few tens of seconds.

The different behavior observed at negative sample bias as compared to positive bias

may result from the natural doping of WS2. Indeed, WS2 is known to be inherently n-doped

because of sulfur vacancies and WS2-based transistors usually are unipolar devices.38 Recent

publications on monolayer WS2 on ITO suggest that it is n-doped.29,39 Electron injection via

tunneling from the tip into the conduction band of the n-doped semiconductor will locally

increase the density of majority charge carriers, whereas the inverse effect may be obtained

if electrons tunnel from the sample to the tip. Thus, if higher charge carrier densities in the

semiconductor yield stronger PL quenching, we expect a stronger quenching effect at positive

as compared to negative sample bias. In other words, electron tunneling from the sample

to the tip tends to compensate for the native doping of monolayer WS2. Complementary

results are available in the Supplementary Information (see Sec. S8), where we examine

the effect of alternating positive and negative sample bias and futher demonstrate that the

quenching is due to electron tunneling-induced doping of the semiconductor. Below, in order

to elucidate the mechanisms behind the reported observations, we investigate bias-dependent

modifications of the spectral PL distribution.

In what follows, we use the entrance slit of an imaging spectrometer to select the PL

emitted from a narrow, micrometer-long band about the tip position. A series of PL spectra is

measured in the same area of the sample (i.e., same lateral position of the STM tip) at various

bias voltages. We successively measure the PL spectrum with the tip engaged and withdrawn,

i.e., in tunnel regime with the feedback loop closed and retracted micrometers away from
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Figure 4: Spectral PL distribution and bias-dependence of the STM-induced effect. (a)
selection of PL spectra of monolayer WS2 measured in the same area of the sample, where the
STM tip is either withdrawn or engaged, at various sample bias voltages. The chronological
order of the measurements is from top to bottom and the first spectrum (labeled “no tip”) is
measured (with the tip withdrawn) before any STM manipulation of the area. The intensity
of the PL spectra is normalized to unity. Data are fitted using a Voigt profile (magenta
curve) and the fit residue is plotted on the same graph (orange curve). (b) Integrated areas
under the curves of the fitted Voigt profile (magenta dots) and fit residue (orange stars)
shown in (a), plotted versus sample bias voltage. (c) Ratio between the integrated areas
under the curves of the fit residue and total emission spectrum, plotted versus sample bias
voltage (black dot: before any STM manipulation, red dots: tip engaged, blue dots: tip
withdrawn). Setpoint current is 3 nA for all the measurements involving the STM. PL: laser
excitation at λ = 465.8 nm, longpass filter from λ = 491 nm.
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the sample. We alternate positive and negative sample bias and increase the bias voltage

after each sequence. Figure 4(a) shows a selection of the measured PL spectra, the intensity

of which is normalized to unity. The PL spectrum measured before any STM manipulation

(see data labeled “no tip”) is well fitted using a single Voigt profile centered on 2.019 eV

with a FWHM of 35 meV. This is typical of a thermally broadened radiative recombination

of band-edge neutral excitons (A excitons) in monolayer WS2 at room temperature. The

fit residue, i.e., the data subtracted by the fit function, reveals an additional contribution

on the low-energy side of the main peak, which is shifted by 32 ± 3 meV and features an

exponential decay tail on its low-energy side. In previous studies, the latter contribution has

been either ascribed to a broadening of the exciton peak due to phonon coupling40,41 or the

radiative recombination of trions, i.e., charged excitons.5 Binding energies of 35 and 42 meV

have been reported for triplet and singlet trions in monolayer WS2,42 respectively, and the

asymmetry of the trionic PL peak has been related to the electron recoil effect.43,44 If the fit

residue in Fig. 4(a) is in fact due to trions, increasing the exciton-to-trion conversion rate

should increase the “weight” of the fit residue in the total emission spectrum. Moreover,

it has been reported that the dominant trion recombination pathway in a WS2 monolayer

at room temperature is non-radiative, whereas neutral exciton recombination is radiative.18

Therefore, a reduction of the overall PL quantum yield of the semiconductor is also expected

when more excitons are converted into trions.36

In the following, we determine if the electron tunneling-induced PL quenching effect

observed in monolayer WS2 is related to an increase of the conversion of excitons to trions.

We apply the same fit procedure as described above to all PL spectra [see Fig. 4(a)] and we

integrate the area under the Voigt profile and the fit residue over energy, in order to express

these two contributions in terms of integrated PL. The absolute value of the integrated

PL and the relative contribution of the fit residue are plotted as a function of the bias

voltage in Fig. 4(b) and 4(c), respectively. In Fig. 4(c), we find that the relative contribution

of the fit residue at negative sample bias almost equals that measured before any STM
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manipulation, no matter the value of the bias voltage, and is increased by a factor of about 2

at positive sample bias. Thus, assuming that the fit residue is trionic emission, the electron

tunneling-induced quenching of PL at positive sample bias indeed coincides with a relative

increase in the contribution of trions, which is most likely due to the increased density of

negative charge carriers in the semiconductor. Nonetheless, in terms of absolute value of the

integrated PL, the trion PL contribution does not increase at the expense of the excitonic

contribution; instead, both contributions decrease at positive sample bias [see Fig. 4(b)].

Thus, additional mechanisms on top of trion formation may be at play, which reduce the

radiative quantum yield of neutral excitons. Such mechanisms may include the Auger-like

non-radiative recombination of excitons, the rate of which is expected to increase with an

increase in the density of charge carriers in the semiconductor.

In conclusion, we have introduced a new method to locally and electrically control the

PL quantum yield of monolayer TMDs on transparent electrodes (i.e., ITO-coated glass)

using an STM equiped with a tungsten tip. Via a combination of STM and wide-field

PL microscopy, we uncover the effects of the biased tip-sample junction on the excitonic

properties a WS2 monolayer. The PL quantum yield is modified in two ways, both of which

are shown to be reversible. First of all, the near-field electromagnetic non-radiative transfer

of energy from excitons to the non-plasmonic tip quenches the PL in an almost diffraction-

limited area just below the tip. Secondly, bias and current-dependent PL quenching and

enhancement occur within micrometer-scale areas around the tip position. We ascribe such

“long-range” effects to lateral spatial gradients in the charge carrier density in the monolayer,

which presumably modify the relative PL contributions of neutral and charged excitons

and the radiative quantum yield of excitons. Such doping gradients result from electron

tunneling between the tip and the semiconductor and a partial electronic decoupling of

the monolayer from the underlying conducting substrate. Future work may include the

modeling of the charge carrier diffusion profile around the STM tip when it is engaged.

This may require solving the drift-diffusion equations while including the lateral electronic
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band bending induced by the biased tip-sample junction and by the tunneling current. It

is noteworthy that local electrostatic gating due to the electric field in the biased tunnel

junction and the local injection of charge carriers in the semiconductor are two effects that

inevitably coexist in the STM experiments reported here. Nevertheless, we believe that

the observation of a threshold bias voltage for the onset of long-range PL quenching is a

strong indication that long-range PL quenching is governed by local charge carrier injection.

Finally, the use of an STM tip as a nanoscale and scanning electrode in the wide-field PL

microscopy of semiconductors opens up prospects for the study of the exciton and charge

carrier interactions in more intricate TMD-based systems, e.g., strain and defect-engineered

TMD layers or van der Waals heterostructures.45,46
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