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ABSTRACT.  

Two-dimensional materials with engineered composition and structure will provide designer 

materials beyond conventional semiconductors. However, the potentials of defect engineering 

remain largely untapped, because it hinges on a precise understanding of electronic structure and 

excitonic properties, which are not yet predictable by theory alone. Here, we utilize correlative, 

nanoscale photoemission spectroscopy to visualize how local introduction of defects modifies 

electronic and excitonic properties of two-dimensional materials at the nanoscale. As a model 

system, we study chemical vapor deposition grown monolayer WS2, a prototypical, direct gap, 

two-dimensional semiconductor. By cross-correlating nanoscale angle resolved photoemission 

spectroscopy, core level spectroscopy and photoluminescence, we unravel how local variations 

in defect density influence electronic structure, lateral band alignment and excitonic phenomena 

in synthetic WS2 monolayers.  

 

Transition metal dichalcogenides (TMDs) and other layered materials have recently regained 

significant interest because of their emergent properties when reduced to single layers.1,2 

Atomically thin layers of TMDs provide a versatile and structurally commensurate library of 

two-dimensional (2D) materials, with the most prominent examples being the tungsten and 

molybdenum-based semiconductors MoS2, MoSe2, WS2 and WSe2. These materials form a 

toolbox for studying fundamental quantum phenomena in low-dimensional solid state systems as 
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well as for future applications in electronics, optics or catalysis.3–5 Due to the strong electronic 

confinement and the reduced electrostatic screening in two dimensions,2,6 the electronic and 

optical properties of 2D materials are generally more susceptible to strain, surface modifications 

or structural defects than those of their bulk counterparts.7–9 While structural defects in 

semiconductors are usually considered detrimental, the large tunability of 2D materials provides 

an effective way to create functional properties by defect engineering beyond the conventional 

concept of doping in bulk semiconductors.10 For example, point defects in TMDs are considered 

to enable single photon quantum emitters and to represent active sites in catalytic processes on 

the otherwise inert TMD surfaces,5,11,12 while line defects are predicted to act as spin polarizers 

and have been shown to host exotic quantum phases, such as charge density waves.13,14 Although 

defect structures with similar functionality exist also in bulk materials, e.g. color centers in wide 

gap semiconductors, the interfacial nature of 2D materials provides enhanced opportunities to 

access, utilize and even combine different defect types in a controlled manner and to engineer 

functionality in these materials. However, such defect engineering necessitates a complete 

characterization and understanding how their electronic and optical properties are modified at the 

nanoscale. So far, structural defects in 2D TMDs have been studied experimentally either 

directly by atomic resolution scanning probe and electron microscopy or indirectly by diffraction 

limited optical methods.8,15–19 Although scanning probe and electron microscopy provide 

unmatched spatial resolution, these methods often lack information about macroscopic 

parameters, such as chemical composition and ordering effects. Yet, a multimodal cross-

correlative approach with information about structure-function-relationships is particularly useful 

for understanding properties of low-dimensional materials at the nanoscale. The interplay 

between phenomena at different relevant length scales, such as inter-defect distances, the exciton 
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Bohr radius, screening lengths, crystal domain sizes, and exciton diffusion lengths, gives rise to a 

complex nanoscale heterogeneity of the optical and electronic properties.20,21 For example, recent 

experiments achieved an indirect correlation between the atomic structure measured at the sub-

nano scale and the excitonic properties measured at the sub-micron scale.19 Especially in view of 

integrating functional 2D materials into wafer-scale (opto)electronics, it will also be critical to 

understand the role of spatial inhomogeneity on electronic and optical functionality.  

Here, we utilize correlative, nanoscale photoemission spectroscopy as a powerful tool to study 

electronic and chemical properties of 2D materials with a spatial resolution down to 150 nm. As 

a model system, we study chemical vapor deposition (CVD) grown monolayer WS2, a 

prototypical direct gap semiconductor of the TMD family. By cross-correlating multimodal 

information from nanoscale angle resolved photoemission spectroscopy (nano-ARPES), 

nanoscale core level spectroscopy (nano-XPS) and micro-photoluminescence (µPL) imaging, we 

unravel how local variations in defect density influence electronic structure, lateral band 

alignment and excitonic phenomena in synthetic monolayer WS2. 

Results and discussion 

Nano-ARPES necessitates a flat and conductive substrate that has a well-defined surface 

normal vector for preserving momentum resolution. While h-BN and epitaxial graphene can be 

excellent substrates for photoemission studies of 2D materials, where very narrow linewidths and 

a high degree of decoupling from the conductive support material are achieved,22–24 supporting 

2D materials on high-k oxides, such as TiO2 or SrTiO3, adds the possibility of tuning the 

electronic properties via the dielectric properties of the substrate.25 First, the stoichiometry of the 

oxide substrates (i.e. oxygen concentration) can control the charge doping from the substrate to 
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the 2D materials. Second, complex metal oxides are known to host a range of correlated 

phenomena, and therefore the ability to interface 2D materials and strongly correlated materials  

provides significant opportunities for engineering emerging interface phenomena in these 

material systems.26 In this context, Nb-doped rutile TiO2 has been demonstrated to be suitable as 

substrate for photoemission studies of transferred 2D materials.22 In the temperature range that is 

commonly used for growth of tungsten based TMDs (~800 ℃ - 900 ℃), 27,28 the TiO2 substrate 

is etched by reducing agents such as sulfur or hydrogen (Supporting Information S1). Therefore, 

we utilized a water-assisted, low-temperature CVD-process to directly grow monolayer WS2 on 

TiO2 single crystal substrates.29 Pre-depositing a WO3 layer onto the TiO2 substrate by atomic 

layer deposition and using perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt (PTAS) as 

seeding promoter, we synthesized micro-domains of WS2 at a growth temperature of 600 ℃ that 

exhibit mostly dendritic shapes and a surface coverage of approximately 50%, (Figure 1a). This 

growth temperature is among the lowest for WS2 monolayers that has been reported in literature.  
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Figure 1. Correlating excitons, trions and surface potential in WS2 monolayers. (a) Electron 

microscope image of CVD grown WS2 (dark) on TiO2 (light). (b) Integrated photoluminescence 

(PL) intensity of a WS2 monolayer (log-scale) showing a bright edge region and a dim center 

region. For the sake of clarity, these regions are separated by a gray line. The gray areas indicate 

the substrate. (c) Contact potential difference map (ΔCPD = ϕsample - ϕtip) of the same region as in 

b imaged with Kelvin probe force microscopy (KPFM). The CPD indicates an upwards shift of 

the bands in the edge region. (d) Representative PL spectra from the edge and from the center 

(triangles in (b)). At the edge, the spectrum is deconvolved into a main peak at EX0 = 2.0 eV 

(neutral exciton) and a low energy shoulder at EX+ = 1.96 eV (charged trion). At the center, the 

spectrum is well described by a single peak at EX0 = 1.98 eV. (e) Histogram of EX0
 - EX+. The 
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cut-off of the histogram at 28 meV (dashed line) coincides with the trion binding energy in WS2. 

Spatial maps of (f) exciton emission intensity IX0 and (g) trion emission intensity IX+. 

Atomic force microscopy and Raman spectroscopy (Supporting Information S1) confirm that 

the domains consist exclusively of monolayers. Most of the micro domains exhibit point-like 

contaminations around the center (Figure 1a), which are likely nucleation sites.30 Figure 1b 

displays a spatially resolved PL intensity map of a monolayer domain under ambient conditions. 

The overall PL efficiency is enhanced near the edges compared to the center region of the 

domain. Within the center region, lines of quenched PL are visible, which can be assigned to 

inter-grain boundaries.31 Intensity and spectral variations of PL emission that are correlated with 

morphological features, such as grain boundaries and edge regions, are commonly observed in 

synthetic 2D materials, which is attributed to material heterogeneity caused by variations in the 

growth process.20,29,32,33 Especially for large scale synthesis of functional 2D materials, it is 

important to understand the impact of such nanoscale heterogeneity on the electronic and optical 

properties. Therefore, we employed a set of complementary spectroscopic techniques to correlate 

excitons, band structure and material properties for the particular case of WS2. To image changes 

in the electronic potential, we used Kelvin probe force microscopy (KPFM). Figure 1c shows a 

map of variation of the contact potential difference (ΔCPD) of the same monolayer domain as in 

Figure 1b under ambient conditions. The ΔCPD = (ϕsample - ϕtip) is the difference between the 

surface potential of the sample (ϕsample) and the work function of the tip (ϕtip). The surface 

potential increases by about ΔCDP ≈ 100 meV in the edge region indicating an upwards shift of 

the bands. We verified this systematic variation of the surface potential for various monolayer 

domains and for both ambient conditions and dry nitrogen environment (Supporting Information 

S2). The increase in surface potential is correlated with an increase in PL intensity, as it is clear 
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by comparing Figure 1b and Figure 1c. In the bright edge region, the PL spectra (Figure 1d) 

comprise two distinct emission peaks, a main peak X0 at ~2.0 eV and a low-energy shoulder X+ 

at ~1.96 eV. As discussed later in detail, the main peak can be assigned to emission from neutral 

excitons and the low energy shoulder to emission from trions. By contrast, the spectrum is well 

described by a single excitonic peak (X0 at ~1.98 eV) in the dim center region. The slight blue-

shift of the exciton from 1.98 eV in the center to 2.0 eV in the edge region would be in 

agreement with the expected band gap and exciton binding energy renormalization due to an 

increased density of free charge carriers.34 We deconvolved each spectrum in the hyperspectral 

PL maps assuming two Voigt profiles for the contributions X0 and X+ (Supporting Information 

S3). This analysis allows us to plot a histogram of the energy difference between exciton and 

trion emission EX0-EX+ (Figure 1e). Importantly, the histogram demonstrates that the minimum 

energetic separation is 28 meV, which coincides with the value of the trion binding energy in 

intrinsic monolayer WS2.
35 Values EX0-EX+ > 28 meV can be understood as the effect of 

increased free charge carrier density. This finding confirms the tentative assignment of the low 

energy shoulder in the PL spectrum to the trion. Furthermore, Figs. 1f and 1g demonstrate that 

the trion emission appears exclusively in the edge region, while the exciton appears throughout 

the monolayer domain, indicating an increased density of free charge carriers in the edge region. 

We verified this particular optical structure with distinct center and edge regions for additional 

monolayer domains (Supporting Information S3). The above histogram analysis provides a 

simple method to extract the trion binding energy in hyperspectral maps by leveraging intrinsic 

spatial fluctuations of charge density that modulate the energy separation between trion and 

exciton emission.  
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In the following, we will discuss how the observed heterogeneity of the excitonic phenomena 

is related to the local electronic band structure and ultimately to the material properties. To this 

end, we employed synchrotron based nano-ARPES equipped with Fresnel zone plate optics for 

focusing the beam and achieving high spatial resolution (Figure 2a).  

 

Figure 2. Band structure mapping of monolayer WS2 by nano-ARPES. (a) Schematic of 

nanoscale photoemission spectroscopy setup of the MAESTRO beamline at the Advanced Light 

Source. The X-ray beam from the entrance slit (70 μm) is imaged with the help of a Fresnel zone 

plate and an order sorting aperture (OSA) onto the sample (minimum spot size ~150 nm). 

Locally emitted photoelectrons are collected by the analyzer, and spatial resolution is achieved 

by scanning the sample stage. (b) Spatial photoemission map integrated around the Γ-point of 

WS2. The image resolves a triangular WS2 monolayer domain on the TiO2 substrate. (c) Line cut 

E(x) along the black line in b revealing distinct edge and center regions. The valence band is 

shifted upwards in the edge region. The spectrum was integrated in a wide k-range around the Γ-
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point bounded by |k| < 0.4 Å-1. (d) Averaged photoemission spectrum showing the electronic 

dispersion E(k) from the center of the WS2 domain (white dashed line in b) resolving the valence 

band near the Γ-point with the band maximum EVB = -1.46 eV and FWHM = 0.6 eV (indicated by 

white triangles). (e) Averaged photoemission spectrum E(k) from the edge region (between 

orange and white dashed lines in b). In the edge region, the valence band is significantly 

broadened (FWHM = 0.9 eV, white triangles) and the spectral valence band maximum is shifted 

up in energy to EVB = -1.34 eV. 

Photoemission spectroscopy was carried out at room temperature with an approximately 150 

nm wide (FWHM) X-ray spot (Ephoton = 98.5 eV)  on the same substrate that was used for the 

optical characterization, albeit not on the exact same WS2 domain. However, we verified that the 

ARPES measurements were taken in a region of the substrate with monolayer domains that 

showed equivalent morphology and optical properties to the one reported in Figure 1. The full 

nano-ARPES dataset contains the four-dimensional (E,k,x,y)-dependence of the photoemission 

intensity, where E is the binding energy, k is the in-plane momentum along a specific direction in 

the Brillouin zone defined by the detector geometry, and x and y are the spatial coordinates on 

the sample. It is therefore possible to extract a photoemission spectrum containing the electronic 

dispersion E(k) at each measured position (x,y) on the sample. To visualize this large dataset, it is 

instructive to plot integrated spectra that project along specific coordinates. Along this line, 

Figure 2b shows a spatial photoemission map where the photoemission intensity from the WS2 

valence band was integrated around the Γ-point at |k| < 0.4 Å-1. The image resolves a WS2 

domain exhibiting a similar contrast between a center (area within dashed white lines in Figure 

2b) and an edge region (area between dashed orange and white lines in Figure 2b) as observed in 

the PL intensity and surface potential (Figure 1). In Figure 2c, to further visualize how the band 
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structure changes from the center to the edge region, we plot the energy-resolved photoemission 

intensity (integrated over the momentum range of |k| < 0.4 Å-1) along the horizontal black line in 

Figure 2b. Figure 2c clearly shows a distinct center and edge region and it is suggestive of an 

upwards band bending of the valence band at Γ in the edge region. Therefore, Figure 2d and 2e 

depict the photoemission spectra that are averaged spatially across the center and edge region, 

respectively. Within the center region, the dispersion of the valence band near the Γ-point is well 

resolved with a width FWHM = 0.6 eV and maximum at EVB = -1.46 eV. The parameters were 

extracted from the analysis of the energy and momentum distribution curves around Γ. The 

Fermi-edge was determined from the continuum of TiO2 bands and set to E = 0 eV. The values 

of the linewidth and the valence band maximum at Γ of the as-grown films agree well with a 

previous study of mechanically transferred films onto identical TiO2 substrates (FWHM = 550 

meV and EVB = 1.43 eV).22 By contrast, the averaged photoemission spectrum of the edge region 

(Figure 2e) has a maximum at EVB = -1.34 eV. Furthermore, we find a significant broadening of 

the overall dispersion to FWHM = 0.9 eV compared to 0.6 eV for the center region. Both the 

magnitude ΔEVB ≈ 120 meV and the spatial pattern of the valence band shift are consistent with 

the surface potential shift ΔCPD ≈ 100 meV measured in KPFM under ambient conditions. We 

reproduced equivalent results on different monolayer domains (Supporting Information S4). 

While the CPD can be influenced by the presence of adsorbates at the surface (e.g. H2O or O2), 

photoemission experiments were conducted under UHV, thus supporting that the observed 

potential shift is intrinsic and not caused by surface adsorbates under ambient conditions. The 

broadening of the valence band rather points towards an increased level of disorder in the edge 

region due to defects, which in turn may explain the shift of the valence band and the increased 

free charge carrier density. 
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To pinpoint the origin of the apparent heterogeneity, we recorded hyperspectral images of the 

sulfur and tungsten core levels to locally determine the chemical properties of the WS2 film. In 

Figs. 3a-3d, we show representative W 4f and S 2p core level spectra that were acquired in the 

pristine center region (Figs. 3a and 3b) and in the disordered edge region (Figs. 3c and 3d), 

respectively.  

 

Figure 3. Nanoscale defect imaging by XPS. XPS spectra of the W 4f and S 2p core level 

measured in the center region (a,b) and in the edge region (c,d) of a monolayer WS2 domain. 

The spectra are deconvolved using a main peak (green), a defect peak (blue) at lower binding 

energy and their respective spin-orbit doublets. The defect peak arises from sulfur deficient WS2. 

(e) Spatial map of the defect concentration cdef calculated from the areas of the defect and main 

peak in the W 4f core level spectrum. (f) Spatial map of the energetic shift of the valence band 

maximum ΔEVB extracted from the nano-ARPES data. The shift of the valence band correlates 

with the concentration of defects in the monolayer WS2. (g) Interplay between defect 

concentration, band alignment and excitonic properties in monolayer WS2 domains. Excitonic 

emission dominates in regions of low defect density. Sulfur deficiency leads to an upwards shift 
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of the bands by about 0.2 eV and the excitonic emission is modified by trions and/or localized 

excitons.  

The spectra consist of a main spin-orbit doublet at E = 31.8 eV for W 4f and E = 161.4 eV for 

S 2p matching pristine WS2 and a second doublet shifted by ΔE ≈ -0.4 eV. The solid lines in 

Figs. 3a-3d are deconvolved contributions of these doublets for both the sulfur and tungsten 

spectrum. Details of the XPS analysis are found in S5. Such additional peaks in the core level 

spectrum of MoS2 and WS2 were attributed either to the metallic 1T phase 7,36,37 or sulfur 

deficiency. 38,39 The presence of a metallic phase is not supported by our ARPES and PL data, 

and furthermore the observed core level shifts of ΔEW4f = -0.38 eV and ΔES2p = -0.45 eV are 

significantly smaller than the reported shift of ΔE = -1 eV for 1T-WS2.
7 Instead, the core level 

shift towards smaller binding energies is indicative of reduced WS2-x, i.e. sulfur deficiency in the 

WS2
 film. Accordingly, we label the doublets as main and defect peaks. In the limit of low defect 

density, the defect density can be estimated by a weighted area ratio of the main and defect peak 

that takes into account a nearest neighbor interaction on surrounding sulfur and tungsten atoms.38 

Table 1 shows the defect density for the edge and center region estimated from the representative 

core level spectra in Figure 3a-d. 

Table 1. Defect cdef concentration from nanoscale XPS.  

 
center region edge region 

cdef from W 4f 4.2% ± 0.4% 8.7% ± 1.3% 

cdef from S 2p 3.9% ± 0.5% 10.2% ± 0.8% 
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Importantly, the defect densities calculated from the S 2p spectra are in agreement with those 

calculated from the W 4f spectra within the experimental error, which further corroborates the 

assignment of the defect peak to sulfur deficiency.38 Analysis of the integrated sulfur to tungsten 

ratio confirms a decrease of the sulfur content by approximately 10% in the edge region 

compared to the center region (Supporting Information S5). Tungsten oxide core levels would 

appear at higher binding energies with ΔE ≈ + 3 eV for WO3 and ΔE ≈ + 0.3 eV for WO2 with 

respect to WS2. In the respective energy range we do not detect any significant contributions 

within the experimental error. Based on the above analysis, we deconvolved the full 

hyperspectral dataset of the W 4f core level and reconstructed a spatial map of the sulfur 

deficiency cdef (Figure 3e), showing a highly defective edge region (cdef ≈ 10%) and a moderately 

defective center region (cdef ≈ 3%). Furthermore, we also observe an additional highly defective 

area right at the center of the monolayer domain, which we attribute to nucleation sites of the 

crystal growth (Figure 1a). This multimodal analysis provides a consistent qualitative picture, but 

we note that the model in ref. 38 was derived explicitly for low vacancy density, i.e. under the 

assumption of non-neighboring defects. However, in the edge region of the WS2 domains, the 

defect density is high and the defect peak becomes comparable to the main peak in the core level 

spectrum. Therefore, this particular model may fail to accurately estimate the defect density. 

Furthermore, we cannot exclude contributions from other types of defects, such as anti-site 

defects, substitutional defects, or defect complexes.10 In particular, we speculate that also for 

WS2 on TiO2, sulfur vacancies may be efficiently passivated by substitutional atoms as recent 

results suggest for WS2 grown on graphene.41 Finally, we compare the defect density to the 

variation in valence band position ΔEVB (Figure 3f). The valence band position exhibits a near-

perfect correlation with the defect density, and we conclude that the distinct spatial patterns of 
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PL, surface potential, and valence band share a common origin and can be attributed to domains 

of abruptly changing defect density within the WS2 monolayers. Analysis of the S 2p level yields 

equivalent results (Supporting Information S5). In general, strain originating at intra-grain or 

layer boundaries can also contribute to excitonic nanoscale heterogeneity in 2D materials.42 

Overall, we find a strong statistical correlation between spatial maps of the intensity of the A1g 

Raman mode and the energy of the exciton emission, which we interpret as a signature of local 

strain (Supporting Information S6). However, this appears independent of the apparent 

distinction between the edge and center region. Consequently, we resolve predominantly the 

effect of defects on band structure and exciton emission, when comparing edge and center 

region, superimposed on the smaller effect of local strain. To further corroborate our conclusion 

of such defect heterogeneity in our samples, we used low temperature photoluminescence 

spectroscopy. Consistent with the XPS and ARPES analysis, we observe an enhanced emission 

from defect bound excitons in the edge region at T = 77 K (Supporting Information S7). Our 

work shows strong agreement with recent experiments that correlated sulfur vacancies at the 

edges of CVD-grown WS2 domains, which were resolved by high resolution electron 

microscopy, to enhanced emission from defect bound excitons.19 Our results provide further 

insights how these defects impact the band structure and band alignment expanding the 

possibility to modify the band structure of 2D materials via defect engineering (Figure 3g). 

Specifically, in the pristine center region, the Fermi level is located approximately mid-gap about 

1.5 eV above the valence band at Γ, and the optical properties are dominated by excitons. In the 

edge region, the increased defect density leads to a broadening and shift of the valence band by 

about 0.2 eV. Furthermore, the edge region becomes effectively hole doped and the optical 

properties are dominated by exciton complexes rather than neutral excitons, including positively 
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charged trions and defect bound excitons. Since the potential shift of the valence band correlates 

with the work function determined by Kelvin probe microscopy, we can also determine the 

alignment of the vacuum level as indicated in Figure 3g. We note that the exact conduction band 

position (indicated by the dotted line in Fig 3g) cannot be inferred directly from the ARPES 

spectrum or the Kelvin probe spectroscopy. The underlying reason is that the increased charge 

carrier and defect density in the edge region may lead to a renormalization of the band gap. In 

principle, measurement of the exciton binding energy by photoluminescence excitation 

spectroscopy could provide further experimental insights into the interplay of defect density and 

band renormalization effects.40 

Conclusions 

In summary, we employed spatially resolved photoemission spectroscopy to directly visualize 

how local modifications of the material chemistry, in particular introduction of sulfur deficiency, 

change the electronic band structure of synthetic monolayer WS2. A low temperature chemical 

vapor deposition process enabled direct synthesis of monolayer WS2 on conductive TiO2 

substrates for correlated photoemission, Kelvin probe and PL microscopy. With nano-ARPES, 

we found that high sulfur deficiency introduces a broadening and upwards shift of the valence 

band by about 300 meV and 120 meV, respectively. This band bending effectively results in the 

formation of lateral heterointerfaces between intrinsic (pristine) and p-doped (defective) regions. 

The defective regions occurred exclusively at the edges of the WS2 crystallites, and they are 

likely due to variations in the growth process. The spatial distribution of the sulfur defect density 

exhibits a one-to-one correspondence with emission dominated by trions and defect bound 

excitons, which we identified by hyperspectral µPL imaging. Thereby, the identified, defect-

induced nanoscale band structure modification not only provides a unified picture of nanoscale 
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heterogeneity, but it also reveals the possibility to precisely tailor lateral heterointerfaces in such 

two-dimensional materials. The demonstrated capability to map electronic structure and material 

parameters with high spatial resolution enables precisely exploring extrinsic and intrinsic 

heterogeneity in 2D materials, such as band bendings in lateral heterostructures or interlayer 

coupling in vertical heterostructures. 

Methods 

Synthesis. Monolayer WS2 was grown by a water-assisted chemical vapor deposition process on 

Nb-doped rutile (100)-TiO2 single crystals (Shinkosha). The monolayers were synthesized from 

WO3 template films that were pre-deposited directly onto the substrate by atomic layer 

deposition. Perylene-3,4,9,10-tetracarboxylic acid tetrapotassium salt was used as a seeding 

promoter. The growth took place in a horizontal tube furnace at T = 600 °C under Ar (100 sccm) 

and H2S (1 sccm) flow. A detailed description of the process is given in Supporting Information 

S1.  

Optical and morphological characterization of microstructures. Morphology and optical 

properties of the synthesized structures were characterized by atomic force microscopy (Park 

NX-10, tapping mode) and combined Raman/photoluminescence spectroscopy (WITEC Alpha 

300R, λexcitation = 532 nm, 100x objective, NA = 0.9). The optical power was 100 nW - 1 μW and 

no photo bleaching was observed. Kelvin probe force microscopy was carried out with a Bruker 

Dimension Icon in frequency modulated peak force mode under ambient conditions and in dry 

nitrogen atmosphere (rel. humidity < 2%, O2 < 1%). 

Angle resolved photoemission and X-ray photoemission spectroscopy. Angle resolved 

photoemission intensity maps were recorded using a focused synchrotron beam and a Scienta 
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R4000 analyzer at the MAESTRO beamline at the Advanced Light Source. A Fresnel zone plate 

was used as focusing element. For ARPES, the photon energy was set to Eph = 98.5 eV, the 

detector resolution was 125 meV, and the sample was held at room temperature. For XPS, the 

photoemission spectra were recorded at a photon energy Eph = 98.8 eV with a detector resolution 

of 250 meV for W 4f and Eph = 190.7 eV with a detector resolution of 195 meV for S 2p. The 

base pressure during the measurements was below 10-11 mbar. ARPES was conducted on the 

same substrates as used for KPFM and optical characterization. The samples were grown ex-situ 

(as detailed in Supporting Information S1), exposed to ambient conditions, and then transferred 

into the nano-ARPES chamber. Prior to the X-ray measurements, the samples were annealed at 

200 °C in vacuum for 30 min to remove surface adsorbates. 
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