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ABSTRACT:  Using scanning tunneling spectroscopy (STS) and optical reflectance contrast 

measurements, we examine band-gap properties of single layers of transition metal 

dichalcogenide (TMDC) alloys: MoS2, Mo0.5W0.5S2, Mo0.25W0.75S2, Mo0.1W0.9S2, and WS2. The 

quasi-particle band gap, spin-orbit separation of the excitonic transitions at the K/K’ point in the 

Brillouin zone, and binding energies of the A exciton are extracted from STS and optical data. 

The exciton binding energies change roughly linearly with tungsten concentration.  For our 

samples on an insulating substrate, we report quasi-particle band gaps from 2.17 ± 0.04 eV 

(MoS2) to 2.38 ± 0.06 eV (WS2), with A exciton binding energies ranging from 310 to 420 meV. 

 

PACS numbers: 74.55.+v, 71.35.Cc, 73.22.-f 
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I. INTRODUCTION 

Atomically thin, two-dimensional (2D) materials such as graphene and transition metal 

dichalcogenides (TMDCs) have been the focus of much recent interest. The TMDCs exhibit 

phenomena ranging from an indirect-to-direct band gap transition in the monolayer limit [1-8], 

efficient light-matter interactions [9-14], strong coupling of the valley and spin degrees of 

freedom [15-19], and pronounced many-body effects [20-22].  The basic electronic properties of 

TMDC monolayers, including their band gaps and exciton binding energies, have also been the 

subject of recent studies [23-27].   In addition to these fundamental materials investigations, 

many promising electronic and optoelectronic device concepts have been explored based on 

TMDC monolayer materials [28-29].  

 An important possibility for the TMDC family is the use of alloys to continuously tune 

the band gap of the material between the stoichiometric end points. Monolayer TMDC alloys 

have already been investigated both theoretically [30-31] and experimentally [32-39].  In 

particular, Mo1–xWxS2 monolayers, the subject of the present paper, were investigated both 

optical and electrically by Chen et al. [40-41]. While this work demonstrated the appreciable 

tunability of the optical band gap as a function of composition in the alloy, the variation the 

exciton binding energy or, equivalently, of the quasi-particle band gap with composition was not 

directly addressed.  In view of exciton binding energies of hundreds of meV, the distinction 

between the optical band gap and the quasi-particle band gap must be borne in mind, and the 

variation of the exciton binding energy is potential significant. 
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In the present work, we further investigate the Mo1–xWxS2 monolayer alloys using two 

complementary experimental techniques, one optical and one electrical, to obtain information 

about the optical and quasi-particle band gaps and, by comparison, of the exciton binding energy.  

The principal optical measurement is reflection contrast spectroscopy, which yields the 

absorption spectrum of the sample and, hence, very directly, the optical band gap or exciton 

transition energy.  This approach is similar to measurement of the photoluminescence spectrum, 

but is less perturbed by the potential influence of defect states. The measurement of the optical 

contrast spectra also allow us to clearly identify the higher-lying spin-orbit split B exciton (in 

addition to the band-edge A exciton) [20,42] and thus to track the energy separation of these two 

states as a function of alloy composition. The electrical technique employed to obtain the quasi-

particle band gap is scanning tunneling spectroscopy, under of conditions of tunneling both into 

and out of the sample.  Analysis of the tunneling spectra reveals information about the energy of 

the band edges of the conduction and valence bands and, hence, the quasi-particle band gap of 

the material.  A similar method of measuring the quasi-particle band gap using scanning 

tunneling spectroscopy was utilized by Ugeda et al. [43] for a different TMDC system. In our 

study, we perform detailed characterization of the two stoichiometric compounds and three 

alloys in the Mo1–xWxS2 family: MoS2, Mo0.5W0.5S2, Mo0.25W0.75S2, Mo0.1W0.9S2, and WS2.   

II. EXPERIMENTAL METHODS 

A. Sample Preparation 

We prepared TMDC samples on fused quartz substrates using mechanical exfoliation of 

stoichiometric and alloyed bulk crystals from a commercial supplier (2D Semiconductors). The 

exfoliated monolayers were identified by means of photoluminescence (PL) and Raman 
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spectroscopy, as well as atomic force microscopy (AFM) (see Supplementary Material) [44]. The 

PL spectra were compatible with previously reported results for the corresponding monolayer 

alloy [40-41]. While the use of a transparent substrate was helpful for precise analysis of the 

reflection contrast spectra, as discussed below, for the scanning tunneling microscopy (STM) 

measurements, we needed further processing to make electrical contact to the samples.  This was 

accomplished by evaporating a metal contact using a shadow mask.  The use of a shadow mask 

allowed us to avoid the sample degradation that is often encountered in conventional lithographic 

processing. Further information about sample preparation for the STM measurements is provided 

in the Supplementary Material [44].  

B. Reflectance Contrast Measurements 

For the reflectance contrast measurements, the broadband emission from a tungsten halogen 

lamp was spatially filtered by a pinhole and then focused onto the sample to a spot size of about 

2 μm using a 40x objective. The reflected light was collected by the same objected and analyzed 

with a spectrometer equipped with liquid-nitrogen-cooled CCD camera. All measurements on the 

alloyed samples were performed at room temperature. 

The reflectance contrast, ΔR/R, is given by the difference in the reflectance of the substrate 

with and without the TMDC monolayer normalized by the reflectance of the bare substrate: 

ΔR/R = (R-R0)/R0, where R is the reflection from the substrate with the sample and R0 is the 

reflection from the bare fused quartz substrate.  For transparent substrates and relatively small 

values of ΔR/R, the reflectance contrast is proportional to the absorption of the TMDC layer, 

with a constant of proportionality determined by the known substrate refractive index [45]. In the 
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analysis below, we present both the measured ΔR/R spectra and the corresponding absorption of 

the monolayer. 

C. Scanning Tunneling Microscopy and Spectroscopy Measurements 

Both STM and STS measurements were conducted at room temperature on a commercial 

instrument (Omicron VT) with a tungsten tip [46-48]. Each sample was annealed in the STM 

chamber under ultrahigh vacuum (UHV) at 450 K for two hours prior to performing the 

measurements. The constant current mode was used to collect all STM images, with a tunneling 

voltage of V = +1.5 Volts.  

 

FIG. 1. (Color online) STM topography image for a Mo0.5W0.5S2 monolayer (5 nm x 5 nm area, 

V = +1.5 V, I = 100 pA).  The TMDC lattice structure (light blue) is superimposed as a guide to 
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the eye.  A topography scan along the dotted grey line matches the expected lattice period. The 

Fourier transform of the real-space image (lower left) displays the expected periodicity.  

A typical STM image of a monolayer of Mo0.5W0.5S2 is presented in Figure 1. It reveals the 

expected structure and periodicity. The electronic structure of the monolayer alloys was probed 

by STS measurements.  The spectra were collected by turning off the feedback for the tip height 

and recording the tunneling current I while quickly ramping the tunneling voltage V. The process 

was repeated, after reactivating the feedback mechanism, at different spatial locations on the 

sample to improve the signal-to-noise ratio. The resulting averaged I-V curves were numerically 

differentiated to obtain dI/dV spectra, which we present and discuss in this paper.   

III. EXPERIMENTAL RESULTS 

A. Reflectance Contrast Spectra 

The measured reflectance contrast spectra of the stoichiometric and alloyed monolayers are 

presented in Fig. 2.  We also present the corresponding optical absorption of the monolayers, 

inferred from the reflectance contrast spectra using the relation described above [45].  The two 

strong peaks in the spectra are the A and B excitonic transitions, which arise from the spin-split 

bands at the K and K’ points of the Brillouin zone. The energy difference of the A and B 

excitons is attributed mostly from the valence band splitting [19,49-50]. As can be seen in Fig. 2 

and summarized in Table 1, the A exciton transition energy increases monotonically with W 

concentration. In addition, the A-B energy separation increases significantly with increasing W 

concentration (also summarized in Table 1), reflecting the stronger spin-orbit interaction of the 

heavier element W compared with the lighter element Mo.   
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FIG. 2. (Color Online) Reflectance contrast spectra (left vertical scale) and optical absorption 

(right scale) for monolayers of the three indicated Mo1–xWxS2 alloys and two stoichiometric end 

compounds. The transition energies of the A and B excitons, indicated by dotted lines in the 

figure, are summarized in Table 1. 

B. Scanning Tunneling Spectroscopy 

In Fig. 3 we present the dI/dV spectra for the five different samples over a voltage range from -

2V to +2V.  For each sample, we collected eighty sets of STS data. To assess the reproducibility 

of the data, randomly selected subsets of data were averaged and are compared in Figure 3. The 

variation among the different spectra is indicative of the reproducibility of the measurements.  



 8

  

FIG. 3. (Color online) dI/dV spectra from the STS measurements of the Mo1–xWxS2 alloys and 

stoichiometric monolayers. Each of the solid curves is an average of 16 randomly selected data 

sets. The dotted lines are fits to the model described in the text. The locations of the band edges 

are indicated by the arrows. 

IV. DISCUSSION 

A. Model for Tunneling Spectra 

Our primary aim in analyzing the scanning tunneling spectra is to extract the quasi-particle 

band gap for each of the different TMDC alloy monolayers.  While the band gap corresponds 

roughly to the region where we observe negligible tunneling current, to determine a reliable 

value for the band gap from the experimental data, we need to develop a model for the variation 

in tunneling current with tip bias.  Here we describe tunneling from different regions in the 



 9

Brillouin zone of a 2D electronic band, as well as the influence of the finite (300 K) 

measurement temperature.  

The tunneling current from a given band in the solid can be expressed as [51]: 
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where  is the Fermi energy, kT is the thermal energy, and V is the tunneling voltage, as above.  

The term in brackets accounts for the effect of finite temperature in the tip and sample. The 

tunneling current depends on the local density of states (LDOS) of the sample  and tip , as 

well as the tunneling probability T(z,V) for tip height z and tunneling voltage V. (See 

Supplementary Material for additional details.) We describe the tunneling probability by a 

simple model [52]: 
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where Φs and Φt are the work functions of the sample and tip, respectively, and m is the free 

electron mass.  Here  is the energy associated with the in-plane motion of an electron 

with in-plane momentum  and effective mass m*, which is assumed to dominate the tunneling 

process. This term is included to describe electron tunneling from the sample away from the 

center of the Brillouin zone, relevant for tunneling from K/K’ point for the TMDC monolayers. 

This treatment of role of parallel momentum in the tunneling probability was also implemented 

in another recent work [52]. 
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B. Determination of Quasi-Particle Band Gaps from STS Data 

Using the model described above, we have fit the experimental dI/dV spectra for the five 

different sample compositions under study.  In these simulations, the tip LDOS is assumed to be 

a constant, while the LDOS of the sample is a step function appropriate for a 2D parabolic band.  

In the expression for the tunneling probability T, we use Φs = 5.1 eV (work function of 

monolayer MoS2) [53-54] or 5.8 eV (work function of monolayer WS2) [55], and Φt = 4.5 eV 

(work function of tungsten metal tip).  We assume that tunneling is dominated by the behavior at 

the K/K’ points the Brillouin zone and consequently use  [56]. The effective masses 

of the electrons (m*) are taken as 0.35m and 0.3m for MoS2 and WS2, respectively [57]. 

Parameters for the alloyed samples were assumed to vary linearly with composition between 

MoS2 and WS2. The initial tip-to-sample distance was taken to be z = 5 Å. 

As can be seen from the results in Fig. 3, we are able to obtain a good fit to the experimental 

data using this simple model.  The key adjustable parameters in the fits are the energies for the 

quasi-particle band gaps.  Although it is a relatively small correction for most tunneling voltages, 

we have included not only the upper valence band, but also the lower, spin-orbit split band, with 

a separation determined by the experimental A-B exciton energy splitting.  The fits shown in Fig. 

3 are based on least-squares regressions, as described in detail in the Supplementary Material.  

In obtaining an accurate value for the quasi-particle band gaps, we also need to account for the 

modest effect of the tip in perturbing charge state of the sample by tip-induced band bending 

(TIBB) in the 2D layer.  As discussed in detail in the Supplementary Materials, we have 

evaluated TIBB by means of a simulation tool developed by R. Feenstra (SEMITIP v6) [58-60]. 

An important parameter in determining the degree of TIBB is the charge density in the 

11.3 Å3k −≈
‖



 11

monolayer.  We have assumed a carrier density of 2 x 1012 cm-2, based on measurements of 

monolayer WS2 after an annealing step [61]. The expected amount of TIBB, including bending 

of both the VB and CB, is ~30 meV. This value must be subtracted from the quasi-particle band 

gap inferred from the STS spectra.  

From this analysis, we obtain values for the valence and conduction band edges, the difference 

of which yields the quasi-particle band gaps. The results are shown in Table 1 (and Figure 4) for 

both the stoichiometric compounds and the Mo1–xWxS2 alloys. The quasi-particle band gaps of 

the MoS2 and WS2 monolayer were found to be 2.17 ± 0.04 eV and 2.38 ± 0.06, respectively. 

These values lie in the range of quasi-particle band gaps reported by other researchers for MoS2 

and WS2 [43, 62-64].  For the alloys, we see a monotonic variation with composition between 

the two end stoichiometric compounds (Table 1 and represented graphically in Figure 4).  
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FIG. 4. (Color online) (a) The quasi-particle band gap and A exciton binding energies, which 

required the STS and reflectance contrast data to be inferred, are presented in blue and purple, 

respectively. (b) The energy of the A and B exciton and the A-B separation is shown here as a 

purple sphere, purple square, and green curve, respectively. The A-B separation is caused by 

spin-orbit coupling and varies semi-linearly with tungsten concentration. 
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Before leaving the interpretation of the quasi-particle band gap deduced from the STS data, we 

wish to comment on the assumption made above that the gap inferred from these measurements 

corresponds to that at the K point of the Brillouin zone.  In particular, because the tunneling 

probability decreases with increasing later momentum of the carriers, as indicated in Eqn. (2), 

tunneling from other parts of the Brillouin zone may be favored over tunneling into or out of 

states at the K points, even if the latter has the lowest energy, and might, in principle, dominate 

the tunnel spectra.  In particular, for the CB of MoS2, the Q point (between K and Γ) has the next 

lowest energy after the K point [28,65-66], about 250 meV higher in energy [52]. If we interpret 

the measured STS gap of 2.17 eV as occurring to the Q point of the CB, then the gap to the K 

point around 1.92 eV.  Comparing this energy to the measured A exciton transition energy of 

1.86 eV, we would then infer an exciton binding energy in monolayer MoS2 below 100 meV.  

This small exciton binding energy is incompatible with generally expected monolayer TMDC 

binding energies from previous experiments [23-27].  We therefore conclude that under our 

experimental conditions we are measuring the direct quasi-particle band gap at the K point.  This 

interpretation is consistent with previously reported results [60]. 

C. Variation of Measured Quantities with Alloy Composition
 

In Table 1 and Figure 4 we present both the quasi-particle band gaps inferred for the five Mo1–

xWxS2 monolayers and the corresponding A exciton transition energies inferred from the 

reflection contrast measurements.  Comparing these values immediately yields the exciton 

binding energies for the family of samples. There is an overall trend for the exciton binding 

energy to increase with tungsten concentration, yielding 310 ± 40 meV and 360 ± 50 meV for 

MoS2 and WS2, respectively. Previous optical studies have revealed comparable or larger values 

[23-27,67-68]. For the case of MoS2, binding energies in this range are to be expected when the 
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effective environmental dielectric screening is approximately 2 [69]. For the case of WS2, our 

room temperature value falls within the uncertainty of previously measured [23,25].  

The trends in band gap trends with alloy composition are in agreement with density functional 

theory calculations presented in [40]. However, the trend for the binding energies is found to 

possibly have non-monotonic behavior, with a decrease in the exciton binding energy from 

Mo0.1W0.9S2 to WS2.  This behavior may reflect variations in the effective masses of the carriers 

[31,70]. 

TABLE I. Values of the alloy band gaps (including TIBB effects), A exciton and its 

binding energy (including TIBB effects), B exciton, and A-B exciton separation.  

Material: MoS
2
 Mo

0.5
W

0.5
S

2
 Mo

0.25
W

0.75
S

2
 Mo

0.1
W

0.9
S

2
 WS

2
 

Band gap (eV): 2.17 ± 0.04 2.20 ± 0.06 2.27 ± 0.06 2.36 ± 0.06 2.38 ± 0.06 

A exciton 

energy (eV) 

1.86 1.87 1.90 1.94 2.02 

B exciton 

energy (eV) 

2.00 2.10 2.17 2.27 2.40 

Binding energy 

(meV) 

310 ± 40 330 ± 50 370 ± 60 420 ± 50 360 ± 60 

A-B splitting 

(meV) 

140 230 270 330 400 

 

V. CONCLUSIONS 
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In conclusion, we studied the optical response of MoS2, Mo0.5W0.5S2, Mo0.25W0.75S2, 

Mo0.1W0.9S2, and WS2 over a spectral range of 1.7 – 2.5 eV using reflectance spectroscopy, and 

examined the behavior of the band gap of each of the materials using scanning tunneling 

spectroscopy. We find that a number of the properties of the TMDC alloys are dependent on the 

concentration of the transition metal, including the position of the A and B exciton, the A-B 

separation energy as it reflects the nature of the spin-orbit coupling, the band gap, and the A 

exciton binding energies. 
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