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ABSTRACT: Valley excitons dominate the optoelectronic response of transition-metal 12 

dichalcogenides and are drastically impacted by structural and environmental inhomogeneities 13 

localized in these materials. Critical to understanding and controlling these nanoscale excitonic 14 

changes is the ability to correlate the imaging of excitonic states with crystalline structures at the 15 

atomic scale. Here we apply the scanning tunneling microscope-induced luminescence microscopy 16 

to image valley excitons in a semiconducting transition-metal dichalcogenide monolayer 17 

decoupled by a 10-nanometre-thick hexagonal-boron-nitride flake incorporated in a lateral 18 

mailto:rzhang@ahu.edu.cn


 2 

homojunction on an Au electrode surface. This design enables the observation of chiral excitonic 1 

emission arising from neutral and charged valley-polarized excitons of the monolayer 2 

semiconductor at ambipolar voltages with a quantum efficiency up to ~10−5 photon/electron. The 3 

measured light helicity demonstrates remarkable circular polarization dependent with the sample 4 

voltage, reaching as high as 40%. The real-space luminescence imaging mapsat sub-nanometre 5 

resolutionof the valley excitons reveal striking spatial variations associated with localized 6 

inhomogeneities, including surface impurities and possibly nanoscale dielectric and/or potential 7 

disorders in the monolayer. Our study opens new avenues for two-dimensional materials to explore 8 

and tailor their optoelectronic processes at the atomic scale. 9 

KEYWORDS: WSe2, boron nitride, scanning tunneling microscope-induced luminescence, 10 

circular polarization, imaging of valley excitons 11 
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Two-dimensional (2D) semiconductors, particularly the monolayer transition-metal 13 

dichalcogenides (TMDs), have drawn considerable attention because of their extraordinary 14 

excitonic properties. Greatly enhanced electron-hole interactions in two dimensions lead to the 15 

generation of tightly bound excitons with large exciton binding energy in the TMD monolayers, 16 

making them ideal systems for studying fundamental physics of light-matter interactions and 17 

promising candidates for practical applications in ultrathin optoelectronic devices1–5. Moreover, 18 

their unique property of coupled spin and valley (i.e., spin-valley locking) degrees of freedom, 19 

given by the inversion-symmetry breaking together with the strong spin-orbit coupling, establishes 20 

them as new platforms for valleytronics and light manipulation through access and control of the 21 

valley polarization based on the charge carriers’ valley degree of freedom1,6–9. The rich properties 22 

based on valley-polarized excitons have been intensively addressed in TMD monolayers and their 23 
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van der Waals (vdW) heterostructures by photoluminescence (PL) spectroscopies. These optical 1 

studies have highlighted the fact that valley excitons as well as their polarization are extremely 2 

sensitive to their immediate structural and environmental changes, including atomic impurities10–3 

13, nanoscale strain gradients14–17, dielectric disorders18–21, and moiré potentials22–26. Resolving 4 

these localized excitonic changes requires us to image these valley excitons together with their 5 

local structures with a spatial resolution down to the atomic scale. This is a crucial step toward 6 

understanding their structure-property correlations, but remains challenging for conventional 7 

diffraction-limited optical methods. 8 

This goal has been attempted by using scanning probe microscopy combined with near-field 9 

excitation and/or detection methods27–31. In particular, by utilizing the extremely confined 10 

tunneling currents in a scanning tunneling microscope (STM), excitons can also be formed in the 11 

near field of an STM tip, giving rise to the electroluminescence (EL) of the studied material with 12 

atomic-scale resolution. This method is the so-called STM-induced luminescence (STML) 13 

spectroscopy, which has been previously used to atomically resolve the EL of single molecules32–14 

36. This approach has also been applied to TMD materials under various conditions. However, 15 

these measurements are usually restricted by either the limited system stability and spatial 16 

resolution under ambient conditions28,29 or the severe luminescence quenching due to direct 17 

electron transfer between the TMD and conductive substrate under cryogenic ultrahigh vacuum 18 

(UHV) conditions27,31. A recent study demonstrated that, by inserting a few-layer graphene flake 19 

in between a TMD monolayer and a metallic substrate surface to weaken the interfacial coupling, 20 

the STML was preserved at negative sample voltages, allowing the observation of exciton features 21 

from different local structures in a TMD monolayer37. Nevertheless, the challenge remains in 22 

establishing an effective STML experiment to locally observe excitonic phenomena in TMD 23 



 4 

semiconductors, particularly due to the intrinsic difficulty of constructing a proper sample 1 

architecture that allows both electrical conduction and electronic decoupling required for the 2 

STML measurements on monolayer TMDs. Moreover, the ability to locally visualize and control 3 

valley excitons in nanoscale structures of 2D semiconductors needs to be experimentally 4 

demonstrated by using STM-based methods. 5 

Here we observe valley-polarized excitons in a TMD monolayer with sub-nanometre spatial 6 

resolution by using STML imaging and spectroscopy. We initiate this work by assembling a lateral 7 

homojunction of a WSe2 monolayer, consisting of directly coupled and electronically decoupled 8 

regions on an Au electrode surface. This sample design enables the decoupled WSe2 atomic layer 9 

to conduct electric currents while being disengaged from electronic coupling with the metallic 10 

electrode, allowing the observation of prominent STML arising from neutral and charged valley 11 

excitons at ambipolar voltages. We further demonstrate the ability to locally probe the excitonic 12 

response under the influence of surface impurities and nanoscale environmental disorders by 13 

utilizing the combined STM and STML imaging to directly map the spatial distribution of these 14 

valley excitons together with their local morphology information down to the sub-nanometre scale. 15 

RESULTS AND DISCUSSION 16 

Sample fabrication and PL imaging. Figure 1a shows an illustration of our STM-induced 17 

luminescence experiment on a BN-decoupled WSe2 monolayer semiconductor (WSe2/BN) 18 

comprised in a lateral homojunction of WSe2/BN-WSe2/Au supported by an Au electrode surface 19 

(see also Section 1 in Supporting Information). The lateral homojunction was fabricated by 20 

consecutively stamping an insulating hexagonal BN flake (~10 nm thick) and an exfoliated 21 

monolayer WSe2 flake onto a clean Au film pre-deposited on an SiO2 substrate by 22 
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micromechanical transfer (Methods), as shown by the optical micrograph in Fig. 1b. The whole 1 

WSe2 flake (orange outline) was simultaneously stacked on top of bare and BN-covered Au (white 2 

outline) surface areas, forming the two regions of WSe2/Au and WSe2/BN (dashed magenta 3 

outline). The ~10-nm-thick BN dielectric film works as an excellent decoupling layer to prevent 4 

Fermi-level pinning on metallic surfaces38 and suppress luminescence quenching due to the direct 5 

electronic coupling and resultant electron transfer between the WSe2 atomic layer and Au 6 

electrode27,31, ensuring the voltage-tunable potential change and prominent excitonic radiation of 7 

the WSe2/BN region. Moreover, it also interrupts electron transmission directly in between the tip 8 

and the Au electrode, funneling charge currents through the BN-supported WSe2 atomic layer 9 

beneath the tip, which is beneficial for the exciton generation. These properties make the 10 

(decoupled) WSe2/BN region highly favorable to a STML experiment. Figure 1c shows the PL 11 

imaging of the whole device of the WSe2 lateral homojunction measured at room temperature 12 

(~300 K) in the ambient air, in which the WSe2/BN region exhibits much stronger PL emission 13 

compared to that of the WSe2/Au region due to application of the underlying BN film. This bright 14 

region can be easily accessed in our UHV STM system by using a home-built optical microscopic 15 

setup (Section 2 in Supporting Information). Figure 1d shows a large-scale STM topography taken 16 

from a location of the boundary in the lateral junction, revealing the surface areas of WSe2/BN 17 

(left) and WSe2/Au (right). The former is highly flat due to the nature of vdW stacking between 18 

2D materials, whereas the latter shows considerable corrugations, probably due to the strains and 19 

encapsulated adsorbates formed during the transfer and/or grained structures native to the Au 20 

electrode surface. Figure 1e (top black curve) presents the height profile taken along a line crossing 21 

the boundary of the lateral junction indicated in the STM image (Fig. 1d). It shows that the film 22 

thickness of the underlying BN is ~5 nm on the periphery and ~10 nm in the interior of the flake, 23 
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as illustrated in Fig. 1e. While both thicknesses of the film are able to isolate the WSe2 monolayer 1 

from the Au surface, we select the wider central areas in the WSe2/BN region to perform the STML 2 

measurements. 3 

PL and STML characteristics of the WSe2/BN structure. Figure 1f shows both the PL and 4 

STML spectra measured from different areas of the sample installed in the STM maintained at 78 5 

K under the UHV condition. The BN film on Au (BN/Au) is PL-silent in the detected spectral 6 

range, as shown by the featureless flat curve (grey) in the top panel. In contrast, prominent exciton 7 

features arise in the WSe2/BN area, indicated by the high peaks in the PL spectrum (red curve in 8 

Fig. 1f). Similar excitonic features with lower intensities arise in the WSe2/Au area, possibly 9 

because of the encapsulated adsorbates that weakens the WSe2-Au interfacial coupling29. The 10 

emission energies of these identified excitons range from ~1.5 eV to ~1.8 eV (Section 3 in 11 

Supporting Information), consistent with previous results7,13,39–43. The high-energy peak at ~1.731 12 

eV corresponds to the neutral (X0) intravalley exciton, and the next peak at ~1.683 eV is red-13 

shifted by ~48 meV relative to X0, close to either the previously-assigned charged exciton (trion) 14 

or the dark  exciton (XD) feature. This peak is primarily attributed to a bright trion instead of a XD 15 

state, based on its circular polarization which we show in the following. Moreover, the n-type 16 

nature of the WSe2 monolayer, revealed by a separate STM measurement of this material (Section 17 

4 in Supporting Information), further implies that the observed trion is most likely to be X–. 18 

By contrast, the dominant low-energy emission band is more complicated. It is primarily 19 

composed of a strong emission (X′) at ~1.63 eV and a shoulder peak (X″) at ~1.60 eV (Section 3 20 

in Supporting Information). These low-energy excitons (in the range of 1.60−1.65 eV) are usually 21 

attributed to the interplay with crystalline phonons and/or structural defects of the material, such 22 
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as the prominent phonon replicas of charged excitons at ~1.63 eV43,44 and the donor-bound 1 

excitons at ~1.60 eV in WSe2 monolayers13. We tentatively assigned X′ and X″ features to be the 2 

fine structures of X–. However, further gate-controlled studies are needed to clarify their correct 3 

origins. 4 

Figure 1f also shows in the lower panel the representative STML spectra recorded with the tip 5 

positioned on top of a defect-free area of the WSe2/BN surface. They were acquired when the tip 6 

is engaged (2 nA) in different surface locations at +8 V (orange) and -8 V (brown), respectively. 7 

STM images of these surface locations show the triangular lattice of WSe2 surface with a distance 8 

of ~3.3 Å (inset), consistent with previous results45,46. The valley excitonic features are 9 

characterized by the sharp (≈15 meV) emission peaks positioned at ~1.73 eV, ~1.69 eV, ~1.63 eV, 10 

and ~1.59 eV in the STML spectra, in line with that of X0, X−, X′, and X″ features observed in the 11 

PL spectrum. We note the spectral change of relative peak intensity in between the STML spectra 12 

acquired at +8V and −8 V, in which the latter shows relatively lower peak intensity of X0 and 13 

higher intensity of X″ (a negatively charged exciton). A likely reason is that the WSe2 monolayer 14 

may be doped by electrons from the substrate at the high negative bias voltages, and is expected 15 

to show the predominant emission peaks of negative trions, which we discuss in the following. 16 

Other possibilities, such as the spatial inhomogeneity of the WSe2/BN surface and/or the coupling 17 

with the Ag tip plasmons, may also influence the spectral profile of the light emitted from the STM 18 

junction47. 19 

    Ambipolar operation in the STM-induced excitonic luminescence from WSe2/BN. Figure 20 

2a presents in the upper panel the photon-counting rates (PCRs) from the avalanche photodiode 21 

detector as a function of VS, measured from different locations. The averaged PCR curve (red) 22 
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reveals the STML onset (vertical dashed lines) in both negative (VS ≲ −3.4 V) and positive (VS ≳ 1 

+5.3 V) voltage ranges, similar to TMD light-emitting transistors3,44,48,49. Figure 2a (lower panel) 2 

also presents the differential conductance (dI/dV) characteristics measured from different locations 3 

on the WSe2/BN surface. The averaged dI/dV curve (black) also reveals an ambipolar transport 4 

through the WSe2 monolayer at sample voltages VS ≲ −3.4 V and ≳ +1.8 V. A series of STML 5 

spectra acquired at different sample voltages is presented in Fig. 2b, distinctively showing the four 6 

featured excitonic states (X0, X−, X′, and X″). The plot of energy-integrated intensity as a function 7 

of VS (blue dots in Fig. 2a) reproduces the onset feature shown in the PCR curve (red). 8 

Because the bias is applied primarily along the in-plane WSe2 film with a distance (a few µm) 9 

between the tip tunneling spot and the WSe2/Au junction much greater than a normal tip-substrate 10 

gap (a few nm), the amplitude of VS required to bring the WSe2 bands into resonance with the tip’s 11 

states has to be greater than that measured from the monolayer electronically coupled with the 12 

substrate. This explains why the energy gap of ~5.2 eV estimated in the dI/dV curve (Fig. 2a) is 13 

much greater than the quasiparticle energy bandgap (~2.19 eV) normally observed from the 14 

WSe2/G surface (Section 4 in Supporting Information). 15 

In our STM measurements, the electrical conduction is established by an out-of-plane 16 

electron/hole tunneling between the Ag tip and the WSe2 film and an in-plane charge transport 17 

through the WSe2 film with the Au substrate. The STM tip works as a mobile drain terminal on 18 

top of the WSe2 surface, while the Au substrate functions as a source contact such that the applied 19 

bias VS provides an in-plane electric field along the WSe2 film on BN in the lateral device. 20 

Moreover, the tip’s proximity to the WSe2 surface also shifts the energy bands due to the tip-21 

induced band bending (TIBB), locally gating the surface region right below the tip. Therefore, the 22 
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energy band diagram of the dI/dV resonance and STML process in our case can be considered as 1 

a combination of a diagram of STM tunneling with a semiconductor surface and a charge transport 2 

diagram of a lateral semiconductor-metal junction. Figure 2c-d shows the band alignment diagram 3 

at the voltages for the dI/dV and STML onset observed in Fig. 2a (also see Section 5 in Supporting 4 

Information). The upward shift in both the WSe2 conduction and valence bands (CB and VB) at 5 

the WSe2/Au interface denotes the (Schottky) energy barrier formed by their direct contact due to 6 

their different work functions, whereas the band bending of the WSe2 in the tunneling junction 7 

indicates the TIBB given by the tip gating, which shifts the bands upwards (downwards) when the 8 

Au substrate is positively (negatively) biased.  9 

In the range of VS > 0, the electron conduction from the tip to the Au substrate takes place only 10 

when the WSe2 CB is brought into resonance with the STM tip by applying VS of ~+1.8 V to the 11 

Au substrate, giving rise to the dI/dV threshold (Fig. 2a), as depicted in Fig. 2c. The electrical 12 

conduction is established by an electron tunneling (1) through the vacuum gap, an in-plane charge 13 

transport in the WSe2, and an electron transfer (2) through the WSe2-Au energy barrier. However, 14 

this unipolar transport is not able to cause the exciton generation unless the tunneling electrons 15 

become ‘hot’ enough at a much higher positive VS. When VS is increased to be ~+5.3 V, the ‘hot’ 16 

electrons (1) tunneling into the WSe2 CB may transfer their excess energy to the WSe2 via an 17 

inelastic coupling (2) to give rise to an excitonic excitation-emission process (3), possibly assisted 18 

by the Ag tip plasmons, as illustrated in Fig. 2d. We estimate that this extra energy of the ‘hot’ 19 

tunneling electron at +5.3 V relative to the potential of the WS2 CB edge is close to the optical gap 20 

(EX0 ≈ 1.74 eV) observed in the STML spectra (Section 5 in Supporting Information). The ‘cooled’ 21 

electron (4) after decay is finally transferred into the Au substrate through the WSe2/Au interface 22 

with a lowered energy barrier.  23 
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When the substrate’s EF is elevated by a negative VS, the electrostatic potential of the WSe2 1 

bands is up-shifted by a local TIBB and an in-plane electric field built in the WSe2 film, as 2 

illustrated by the diagram shown in Fig. 2e. The dI/dV threshold occurs at the resonance of the 3 

WSe2 VB, where the hole tunneling (1) from the tip flows through the VB and finally into the 4 

substrate (2). We estimate that the CB is also possible to be brought into the bias window when VS 5 

is at ∼−3.4 V (Section 5 in Supporting Information), allowing a simultaneous electron transfer 6 

from the substrate (3) flowing into the potential trap in the WSe2 defined by the TIBB. These 7 

simultaneously injected electrons may have a chance to recombine with the tunneling holes and 8 

form excitons, leading to subsequent excitonic emission (4) from the STM junction. Note that the 9 

electron injection should be limited by the WSe2/Au energy barrier, which may cause a relatively 10 

lower STML efficiency in the negative voltages than in the positive bias. This perhaps could 11 

explain the ~100-times lower STML intensity observed in Fig. 2b. It is expected that a 12 

considerably larger amplitude of VS may increase the electron injection through the barrier and 13 

possibly results in a boost in the exciton generation as well as the light emission. This perhaps 14 

could account for the increase of the photon-counting rate observed at VS < ~−6 V (Fig. 2a). 15 

EL phenomena are usually relative to the process of either an ambipolar injection (i.e., 16 

simultaneous injection of electrons and holes)29,34,35, or a unipolar transport involving inelastic 17 

electron tunneling 28,32,47 and/or many-body states transitions33,37,50 possibly assisted by plasmons. 18 

However, the many-body states explanation, which has to involve a transient molecular ionization 19 

followed by a recombination with an electron (or hole) tunneling from the substrate33,50,51, can be 20 

ruled out at first, because in our case the latter process (the electron transmission from the Au 21 

substrate) is prevented by the BN flake. We may further exclude the possibility of being an 22 

ambipolar injection for the STML observed in VS > 0, because the hole injection from the Au 23 
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substrate through the WSe2 VB is also expected to be prohibited due to the Fermi-level pinning 1 

and the energy barrier formed at the WSe2/Au interface38. Therefore, the observed STML at VS ≳ 2 

+5.3 V (Fig. 2a) is most likely resulted from an inelastic electron tunneling, possibly mediated by 3 

the plasmons of the Ag tip. On the contrary, the bias voltage of −3.4 V is not sufficient to provide 4 

the tunneling holes enough energy for excitonic excitation via an inelastic interaction process. But 5 

it is possible to activate an ambipolar injection to give rise to the STML as we estimate (Section 5 6 

in Supporting Information). 7 

A quantum yield of ~10−5 photon/electron is estimated from the STML measured at 78 K 8 

(assuming a detection efficiency of ~8%), which is nearly two orders of magnitude greater than 9 

for the experiments on TMD monolayers deposited on conductive surfaces28,29,37. This relatively 10 

higher efficiency value likely results from the use of the thick BN material, which significantly 11 

suppresses the nonradiative exciton decay via direct electron transfer with the Au substrate and/or 12 

increases the exciton formation probability by directing the tunneling currents to the WSe2 film 13 

without electron transmission. A higher emission yield can be expected with a lower working 14 

temperature by suppressing the nonradiative decay via phonon-assisted relaxation.  15 

    Circularly polarized STML. Of a particular interest of few-layer TMD materials is the 16 

excitonic valley polarization. WSe2 monolayers usually show valley-dependent circularly 17 

polarized PL because of the spin-valley locking effect1,39,43. The two valley excitons emit circularly 18 

polarized light with left (σ−) and right (σ+) rotations, as illustrated in Fig. 3a. Valley polarization 19 

has been optically addressed with circularly polarized light; however, it still remains to 20 

demonstrate such ability using a STM-based method. We acquired the polarization-resolved 21 

STML spectra at each given voltage by evenly splitting and polarizing the detected light after a 22 
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quarter-wave plate and subsequently analyzing the two polarized beams in the same detection 1 

system (Section 1 in Supporting Information), avoiding the interference from unexpected changes 2 

between different measurements, such as the changes of the tip status and/or surface location. 3 

Figure 3b,c shows the σ− (blue) and σ+ (red) polarized STML spectra measured at different bias 4 

voltages. It is found that σ− light generally shows higher intensities than σ+ light, giving net 5 

circularly polarized light at each applied voltage. We determine the degree of circular polarization 6 

by using the helicity of the STML defined by η = (Iσ− − Iσ+) / (Iσ− + Iσ+), where Iσ± is the energy-7 

integrated peak intensity in the detected STML spectra for polarization σ±. Figure 3d plots the 8 

peak polarization as a function of VS for the four valley exciton states (X0, X−, X′ and X″). It shows 9 

that η roughly grows with the increasing amplitude of VS and reaches a maximum of ~40% in X′ 10 

at +8 V, demonstrating strong excitonic emission polarization generated by the STM. While this 11 

trend is consistent across different excitonic species, our data is limited and this behavior would 12 

benefit from further studies. 13 

Unlike the valley-specific optical excitation with circularly polarized light in PL spectroscopy, 14 

electrical generation of valley-polarized excitonic emission usually requires the electrical 15 

excitation capable of populating a specific valley through, for instance, spin injection or producing 16 

inequivalent contributions between the two valleys by external electric fields5,8,48,49. Previous 17 

studies have demonstrated in lateral TMD p-n junctions that the in-plane anisotropy of the 18 

electron-hole wavefunction overlap and/or Fermi pockets between K− and K+ valleys may play a 19 

role in the generation of circularly polarized EL as a result of valley exciton polarization9,48. It is 20 

believed that in-plane external electric fields displace the electron and hole wavefunctions 21 

oppositely in the TMD plane and consequently produce different electron-hole overlaps in K− and 22 
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K+ valleys due to their anisotropic distributions in the momentum space, resulting in different 1 

exciton transition dipole strengths (proportional to the electron-hole overlap) and EL intensities in 2 

the two valleys48. In vertical junctions, out-of-plane external electric fields are also able to move 3 

the electron and hole distributions apart along the junction and consequently reduce their spatial 4 

overlap. This enables a tunability of valley polarization for bright excitons in monolayer WSe2 5 

through control of the valley depolarization induced by the Coulomb exchange interaction (which 6 

is also proportional to the electron-hole overlap)52. This mechanism accounts for our finding of 7 

the voltage-dependent light helicity identified in the polarization-resolved STML spectroscopy 8 

(Fig. 3b,c). However, a uniform out-of-plane electric field is unlikely to break the in-plane 9 

(rotational) symmetry of K valleys and cause an imbalance in the emission intensity in the two 10 

valleys, unless a lateral inhomogeneity of the perpendicular electric filed occurs within the TMD’s 11 

plane, such as a confinement potential in TMD films. This is possible in our experiments, where 12 

the TIBB given by a nanometre-curved STM tip may gradually change the material’s local 13 

potential by a few hundred millielectron volt in an area with radius of several tens of nanometre53–14 

55, equivalent to an in-plane gradient field reaching up to ~10–3 V/Å and comparable with the 15 

strength of the in-plane electric field in the chiral light-emitting transistor48. And a particular local 16 

potential distribution in WSe2 surface due to an asymmetric tip shape may also account for the 17 

favored generation of σ− polarization measured in our STML spectra. Another possibility is an 18 

excitonic interaction with the Ag tip plasmons that may mediate the polarization and dynamics of 19 

valley excitons of a semiconductor56-58, and possibly modify the polarization of the emitted light. 20 

However, further STML studies by using multiple tips of different materials and shapes are needed 21 

to determine their role. 22 
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Mapping nanoscale excitonic changes in WSe2/BN by sub-nanometre-resolved STML 1 

imaging and spectroscopy. Figure 4a,b shows the STM topography and simultaneous STML-2 

photon mapping taken from an surface area of the WSe2/BN structure. This area contains several 3 

surface impurities appeared as the small protrusions in the topography, such as the two apparently 4 

different impurities (D1 and D2) indicated in Fig. 4a. Sudden height drops arise in their immediate 5 

vicinity, similar to the feature of defect ionization due to tip proximity45,54,55. This behavior is also 6 

evident by the dark pits in the photon mapping (Fig. 4b), suggesting the same origin as that for the 7 

topographic change. This sharp photon intensity change provides a measure of the spatial 8 

resolution for the STML imaging. In Fig. 4c, we show that the STML resolution reaches up to ~0.5 9 

nm, which was estimated from the step edges in the PCR curve taken along a line (L1) crossing 10 

the dark pit in the photon mapping (Fig. 4b). 11 

The STML imaging also reveals strong spatial variations of the excitonic emission in the defect-12 

free flat surface areas, as shown by the large bright emission spots in the photon mapping (Fig. 13 

4b). Figure 4d shows the PCR curve taken along a line (L2) in a flat area (left side in Fig. 4a) 14 

containing two emission centers (triangle and square) separated by ~40 nm in the WSe2 monolayer. 15 

Their photon intensities are found to vary by nearly two times in the magnitude. A slight depression 16 

caused by the point defect D2 is also visible in the curve.  17 

We further acquired the STML spectra from the surface locations mentioned above in Fig. 4b, 18 

which are shown in Fig. 4e. Compared to the typical STML feature observed at the middle-left 19 

position (circle), the spectra in the dark pits and bright centers change significantly. The presence 20 

of the point defects (D1 and D2) not only lowers the total emission intensity, but also modifies the 21 

relative intensity (spectral shape) between the emission peaks. For example, in the STML spectrum 22 

of D1 the high-energy peaks of X0 and X− are diminished and the low-energy peaks below X″ are 23 
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enhanced. On the contrary, the flat areas that show the bright emission (triangle and square) 1 

generate much stronger luminescence arising from the low-energy X′ and X″, which is particularly 2 

manifested by the strikingly high peak of X″ in the spectrum taken at the top-right location 3 

(triangle). 4 

It is surprising that the bright emission centers are seen to be localized in flat areas rather than 5 

by the point defects on the surface. We consider the following reasons for the large bright emission 6 

spots imaged in flat areas. We first rule out defect- and strain-induced emission from the likely 7 

explanations as no atomic defects and structural undulations are imaged in the (left side) flat area 8 

in Fig. 4a. The tip-WSe2 gap distance, which can dramatically change the emission intensity due 9 

to the interplay between the plasmonic enhancement and charge-transfer-induced quenching33,57, 10 

stays nearly constant during the STM scanning (constant-current mode), therefore, the influence 11 

from the gap distance variation may be also negligible, provided that local electronic property of 12 

this flat area is spatially homogenous. The most likely remaining explanation is associated with 13 

nanoscale environmental inhomogeneities in the WSe2 monolayer, particularly the local dielectric 14 

and/or potential disorders caused by nanoscale adsorbates, structure changes, and charged 15 

impurities in the underlying interfaces, which can considerably alter the electronic structure, 16 

exciton binding energy, and charge carrier distribution of the neighboring monolayer 17 

semiconductors18,19,37,58, and consequently result in nanoscale spatial fluctuations in the optical 18 

response. However, for the disappearance of defect-localized emission in the STML imaging, we 19 

consider the following possibilities. First, the working temperature (78 K) is still not sufficient to 20 

suppress the residual thermal effect that can smear out the nondegeneracy of the defect-bound 21 

electronic states and/or lowers the probability of trapping free excitons by the defect potentials, 22 

which was previously verified to be below ~20 K for TMD materials10. Second, the relatively high 23 
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voltage (8 V), applied for recording the high-contrast STML imaging and spectra, may have 1 

ionized the defects and thus altered their electronic and optical responses, resulting in sudden 2 

topographic and optical changes just as the pit structures shown in the STM and STML images. 3 

Another possibility is that the nature of these observed defects inherently inhibits the excitonic 4 

luminescence via an unknown nonradiative decay.  5 

CONCLUSION 6 

In conclusion, we have realized the spatially-resolved observation of valley excitons in a TMD 7 

monolayer by using STM-induced luminescence microscopy and spectroscopy. The primary 8 

challenge in doing this is to establish effective electronic isolation for a semiconducting TMD 9 

monolayer on a conductive STM electrode surface in order to mitigate the severe luminescence 10 

quenching due to interfacial coupling. We accomplished this task through construction of a TMD 11 

lateral homojunction on a metallic electrode surface comprised of electronically coupled and 12 

decoupled regions by utilizing an insulating hexagonal BN film as a dielectric spacer, in which the 13 

decoupled region works as an effective platform for the STML experiment. This design enables 14 

the observation of STML arising from neutral and charged valley excitons in the TMD monolayer 15 

operative at ambipolar voltages with a quantum yield up to ~10−5 photon/electron. The STML 16 

imaging and spectroscopy with sub-nanometre resolution enables a real-space inspection on the 17 

correlation between the excitonic states and local structure inhomogeneities including surface 18 

impurities and possibly nanoscale dielectric and/or potential disorders in the material. Together 19 

with the ability to generate and regulate excitonic emission polarization, we demonstrate that the 20 

STM combined with electroluminescence spectroscopy can be a unique tool to resolve and control 21 

optoelectronic processes in 2D materials at the atomic scale. 22 



 17 

 1 

 2 

Figure 1. STML experiment on a hexagonal-BN-decoupled WSe2 monolayer. (a) Schematic for 3 

the STML experiment. (b),(c) Optical micrograph and PL imaging of the WSe2/BN−WSe2/Au 4 

lateral junction on an Au electrode surface prepared by mechanical transfer. The BN flake (bottom) 5 

and WSe2 monolayer (top) are highlighted in white and orange, respectively. The WSe2/BN region 6 

is marked in magenta. The PL imaging (550-1000 nm) was acquired at room temperature on a 7 

home-built laser-scanning confocal microscope with a 532 nm laser excitation. (d) Large-scale 8 

STM image (4 V, 50 pA) of the lateral junction, showing the regions of WSe2/BN (right) and 9 

WSe2/Au (left). (e) Height profile taken along the black line in (d) revealing the thickness of the 10 

underlying BN flake. The bottom cartoon depicts the side-view of the lateral junction’s geometry. 11 

(f) Upper panel: PL spectra measured from the regions of WSe2/BN (red), WSe2/Au (blue), and 12 

BN/Au (grey), respectively. Lower panel: Typical STML spectra (2 nA, 300 s) acquired from 13 
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defect-free surface areas of WSe2/BN at VS of 8 V (orange) and −8 V (brown). Inset: Atomically 1 

resolved STM image (−3 V, 0.1 nA) showing a surface area of WSe2/BN for the STML 2 

measurement. Scale bar, 0.5 nm. The high-energy peaks at 1.731 and 1.683 eV are the neutral (X0) 3 

and negatively charged (X−) exciton features of the WSe2 monolayer. X′ (~1.63 eV) and X′′ (~1.59 4 

eV) denote the low-energy excitons that may be the fine structures of X−. 5 

 6 

 7 

Figure 2. Ambipolar operation of the STM-induced excitonic luminescence from WSe2/BN. (a) 8 

Plots of the measured photon counting rates (PCRs) (upper panel) and dI/dV intensities (lower 9 

panel) as a function of VS. Grey circles are the raw data measured from different surface areas, and 10 

red curves are the averaged results. The horizontal dashed line marks the detection limit (~400 Hz) 11 
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of the avalanche photodiode. The blue dots indicate the energy-integrated STML intensities (1.4-1 

1.8 eV). The vertical dashed lines mark the voltage positions for the dI/dV and STML onset. (b) 2 

STML spectra (2 nA, 600 s) acquired at the different positive (upper) and negative (lower) sample 3 

voltages as indicated. The scale bar for STML intensity is normalized by the amount of tunneling 4 

charges. The featured excitons of the WSe2 monolayer are indicated by the vertical dashed lines. 5 

(c)-(e) Schematic showing the energy band alignment for the dI/dV and STML onset indicated in 6 

(a). The dashed blue (red) arrow indicates the electron (hole) tunneling from the tip through the 7 

vacuum junction to the WSe2 surface, and the solid blue (red) arrow indicates the electron (hole) 8 

transfer with the Au electrode through the WSe2/Au junction for VS < 0 (VS > 0). The blue wavy 9 

arrow denotes an inelastic decay followed by an energy transfer (magenta red arrow) for an 10 

excitonic excitation-emission process (orange wavy arrow). CB (VB) denotes the conduction 11 

(valence) band of WSe2, and EF denotes the Fermi energy. TIBB denotes the tip-induce band 12 

bending given by the tip gating on the local WSe2 surface in the tunneling junction. The upward 13 

band bending due to Schottky contact at the WSe2/Au interface is also denoted. At ~+1.8 V (c), a 14 

unipolar electron transport through the WSe2 CB to the Au substrate (2) is threshold by a resonant 15 

electron tunneling (1) from the tip. The tunneling electrons in the CB become ‘hot’ by further 16 

increasing VS to ~+5.3 V (d), and may transfer their excess energy to the WSe2 film via an inelastic 17 

coupling, leading to an excitonic excitation-emission process (3). An ambipolar injection 18 

(simultaneous injection of holes (1) and holes (3)) process is proposed to explain the observed 19 

STML starting at ~−3.4 V (e), which is discussed in main text. 20 

 21 



 20 

 1 

Figure 3. Excitonic valley polarization generated by STM. (a) Schematic representation for the 2 

WSe2 excitons formed in K− and K+ valleys. Bright excitons (e.g., X0 and X−) formed between the 3 

valleys with parallel spins emit valley-dependent circularly polarized light, whereas dark (spin-4 

forbidden) excitons (XD) formed between the valleys with opposite spins usually show valley-5 

independent linear polarization. (b),(c) Circularly polarized STML spectra measured from the 6 

WSe2/BN surface at various positive (a) and negative (b) VS with the tunneling current of 4 nA for 7 

600 s.  At each given VS, σ− and σ+ resolved STML spectra were acquired and analyzed 8 

simultaneously. (d) Helicity (η = (Iσ− − Iσ−) / (Iσ− + Iσ−)) of the four featured excitons (X0, X−, X′, 9 

and X″) extracted from the STML spectra in (b) and (c) at different voltages. 10 

 11 

 12 
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Figure 4. Nanoscale excitonic changes in WSe2/BN revealed by sub-nm resolved STML-photon 1 

mapping and spectroscopy. STM topography (a) and simultaneous STML-photon mapping (b) of 2 

a flat surface area of the heterostructure (taken at 8 V, 2 nA). Two surface impurities (D1 and D2) 3 

are indicated by the white arrows. (c),(d), Line profile of the photon intensity taken along the grey 4 

dashed lines (L1 and L2) in (b). In L1, two bright impurities (containing D1) cause marked 5 

decreases in the photon intensity, seen as the sharp steps in the data curve (c). The spatial resolution 6 

of the STML-photon mapping estimated from the step edges is ~0.7 and ~0.5 nm, respectively. In 7 

L2, a slight intensity decrease also occurs due to the presence of D2. Bright emission centers are 8 

evident by the largely increased photon intensities at the locations marked by the open triangle and 9 

square. (e) STML spectra (acquisition time: 120 s) acquired with the tip parked on top of the five 10 

locations as marked in (b). The vertical dashed lines indicate the positions of the four featured 11 

excitonic states (X0, X−, X′, and X″).  12 

 13 

METHODS 14 

Sample fabrication. The WSe2-monolayer lateral homojunction device was made using a dry 15 

transfer method on a home-built micromechanical positioning stage. Large-size hexagonal BN 16 

flake and WSe2 monolayer were mechanically exfoliated from their bulk crystals by using thin 17 

films of polydimethylsiloxane. They were sequentially transferred onto an Au film (300 nm) 18 

surface pre-deposited on SiO2/Si substrate with a precise alignment. The central area of WSe2 19 

monolayer was intentionally aligned with an edge of the bottom BN flake, in order to form a lateral 20 

homojunction composed of two different regions of WSe2/BN and WSe2/Au on the Au surface. 21 

The whole device was then integrated onto a sample holder and introduced into the STM system. 22 



 22 

The sample was annealed at 200 °C for 12 h in the ultrahigh vacuum chamber to reduce surface 1 

adsorbates before STM measurements. 2 

Optical characterization. The PL imaging of the device was carried out in ambient air at room 3 

temperature (~300 K) with a home-built laser-scanning confocal microscopy setup. The PL spectra 4 

were acquired from the different regions of the device installed in the sample stage of the STM 5 

system maintained in an ultrahigh vacuum (~1 × 10–10 Torr) at 78 K. A linearly polarized 6 

continuous-wave laser beam at a wavelength of 532 nm (~0.25 mW) was used for the optical 7 

excitation, and the PL signals were detected by a liquid-nitrogen-cooled charge-coupled device 8 

array after the dispersion via a monochromator equipped with a grating with 600 grooves mm–1. 9 

STM and STML measurements. STM and STML measurements were performed in a 10 

commercial STM operating in an ultrahigh vacuum at a cryogenic temperature (78 K). Sharp silver 11 

tips were used for both STM and STML measurements, which were fabricated by electrochemical 12 

etching and polishing and cleaned by an ultrahigh vacuum outgassing. These tips were further 13 

modified by controlled indentations on a clean Ag(111) surface, in order to make them suitable for 14 

the STM imaging, dI/dV measurements, and more importantly, the optimal detection of the 15 

excitonic emission from the WSe2 monolayer. A standard lock-in detection (modulation: 20 mV 16 

(rms), 3.1 kHz) was used to obtain the dI/dV signal intensities in the dI/dV spectra. The STML 17 

signal from the junction was delivered into a monochromator equipped with a liquid-nitrogen-18 

cooled charge-coupled device array via a home-built confocal system (Section 1 in Supporting 19 

Information). A grating with 150 grooves mm–1 was used to disperse the light signals with a 20 

spectral resolution of ~0.7 nm (≈ 5 meV), which can retain the collected light from the junction as 21 

much as possible. The STML imaging was synchronized with the STM topography imaging, which 22 
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was acquired with an avalanche photon diode detector via another light collection and coupling 1 

system. 2 
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