
Length- And Thickness-Dependent Optical Response of Liquid-
Exfoliated Transition Metal Dichalcogenides

Synnatschke, K., Cieslik, P. A., Harvey, A., Castellanos-Gomez, A., Tian, T., Shih, C. J., Chernikov, A., Santos,
E. J. G., Coleman, J. N., & Backes, C. (2019). Length- And Thickness-Dependent Optical Response of Liquid-
Exfoliated Transition Metal Dichalcogenides. Chemistry of Materials.
https://doi.org/10.1021/acs.chemmater.9b02905

Published in:
Chemistry of Materials

Document Version:
Peer reviewed version

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

Publisher rights
Copyright 2019 ACS. This work is made available online in accordance with the publisher’s policies. Please refer to any applicable terms of
use of the publisher.

General rights
Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy
The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:23. May. 2023

https://doi.org/10.1021/acs.chemmater.9b02905
https://pure.qub.ac.uk/en/publications/6cf3f350-8bdd-4719-ad48-fe69659a2375


1 
 

Length and thickness dependent optical response of liquid-exfoliated 

transition metal dichalcogenides 

Kevin Synnatschke,1 Patrick Cieslik,1 Andrew Harvey,2 Andres Castellanos-Gomez,3 Tian 

Tian,4 Chih-Jen Shih,4 Alexey Chernikov,6 Elton J. G. Santos,5* Jonathan N. Coleman,2* 

Claudia Backes1* 

1Chair of Applied Physical Chemistry, Ruprecht-Karls University Heidelberg, Im Neuenheimer 

Feld 253, 69120 Heidelberg, Germany 

2School of Physics and CRANN & AMBER Research Centres, Trinity College Dublin, Dublin 

2, Ireland 

3Materials Science Factory. Instituto de Ciencia de Materiales de Madrid (ICMM-CSIC), 

Madrid, E-28049, Spain 

4Institute for Chemical and Bioengineering, ETH Zürich, 8093 Zürich, Switzerland 

5School of Mathematics and Physics, Queen's University Belfast, BT7 1NN, United Kingdom 

6Department of Physics, University of Regensburg, Regensburg D-93040, Germany. 

*E.Santos@qub.ac.uk 

*colemaj@tcd.ie 

*backes@uni-heidelberg.de 

 

 

ABSTRACT: Due to their reduced dimensionality, 2D materials show intriguing optical 

properties and strong light matter interaction. In particular group VI transition metal 

dichalcogenides (TMDs) have been extensively studied and proof of principle optical 

applications demonstrated. Most studies to date focus on individual mono-or bilayered 

micromechanically-exfoliated samples which often display significant variations between 

flakes. In this work, we study size-dependent optical properties of four group VI TMD 

materials; WS2; MoS2; WSe2 and MoSe2, each consisting of ensembles of nanosheets 

suspended in the liquid environment. Samples were produced by liquid phase exfoliation and 

size-selected using cascade centrifugation with size and layer number distributions quantified 

by statistical atomic force microscopy. Differences in lateral size and layer number are 
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reflected in systematic changes in the optical extinction and absorbance spectra, which we 

exploit to establish quantitative spectroscopic metrics to facilitate measurement of nanosheet 

dimensions for each of the four materials. The lowest energy resonance, referred to as A-

exciton, is analyzed in more detail. In all cases, an exponential red-shift with increasing layer 

number is observed. Our experimental data, backed up with first principle calculations, reveals 

that the magnitude of the shift is dependent on the molecular mass of the central metal atom 

(W, Mo), while the rate at which the peak shifts from monolayer to bulk depends on the band 

gap of the semiconductor. 

 

Introduction 

Over the last decade, the study of 2-dimensional (2D) materials has become one of the most 

vibrant areas of nano-materials science. One of the most well-known families of 2D materials 

are the transition metal dichalcogenides (TMDs), which has over 40 members, including 

widely studied materials such as MoS2 and WS2. Many members of the TMD family are 

semiconducting1, 2 and so are interesting for a number of application areas from optoelectronics 

to energy generation.3-11  

Due to their reduced dimensionality, 2D materials in general, and TMDs in particular, exhibit 

remarkable physical properties; for instance, the group VI TMDs (MoS2, WS2, MoSe2, WSe2) 

are direct bandgap semiconductors in the monolayer form, but display an indirect bandgap as 

few-layer and bulk materials.12 They show interband transitions in the visible and near-IR range 

with monolayers attractive for optoelectronic applications due to the possibility of efficient 

light emission.13, 14 The optical properties of such 2D materials are dominated by tightly bound 

excitons with typical binding energies of several 100s of meV, considerably larger than their 

bulk counter parts.15 As a result, due to strong 2D confinement and reduced dielectric screening 

leading to small exciton radii, light-matter coupling is relatively strong compared to the 

majority of traditional inorganic semiconductors. 

Although the electronic structure of TMDs has been studied quite heavily, a number of 

relatively basic properties are still not well-understood at a quantitative level. For example, the 

lowest energy optical transition in the absorbance spectrum, sometimes referred to as the 

optical gap, is excitonic in nature and represents the lowest excitation energy of the lowest 

energy exciton, the so-called A-exciton. Importantly, this resonance, EA, is distinct from the 

free particle bandgap, Eg, which is considerably larger than the optical gap in 2D materials. 
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The difference between these quantities is the exciton binding energy, Eb: g A bE E E= + . Even 

today, the absolute values of Eg and Eb are not precisely known for all TMDs, especially for 

few-layered sheets, i.e. those thicknesses between monolayers and bulk. This is partially due 

to the presence of external contributions in the majority of studied samples stemming from 

environmental, doping, and strain inhomogeneities, and partially due to the lack of large-

number statistics.  

Of the parameters introduced above, EA is easily observable in experiments, for example using 

linear absorbance or reflection spectroscopy as well as in photoluminescence (PL) and 

determines a number of key properties such as the onset of optical absorbance in the material. 

Interestingly, its evolution with changing layer thickness reflects several fundamental 

contributions.15 It is affected both by the hybridization of the electron states (i.e., essentially 

the conventional quantum confinement effect) and by the changes in the effective strength of 

the Coulomb interaction. The modification of the Coulomb interaction leads to the 

renormalization of both the freeparticle bandgap and exciton binding energy- effects which 

introduce shifts of similar magnitude, but opposite signs to EA. The accurate determination of 

these quantities is thus very challenging, partially due to the inherent broadening of the relevant 

optical transition. However, interest in these parameters strongly motivates accurate thickness-

dependent measurements of EA, ideally involving large number statistics and performed across 

the family of semiconducting TMDs. 

A number of papers have reported measurements of EA as a function of thickness for individual 

micromechanically-cleaved nanosheets via linear spectroscopy.12, 16-20 However, such 

measurements may generally contain scatter and uncertainty due to the lack of ensemble 

averaging as well as factors such as strain and influence of the substrate in the individual flakes. 

As a result, it appears to be very useful to carefully investigate the thickness dependence of EA 

on large ensembles of nanosheets, ideally in a well-defined dielectric environment. 

With this in mind, we suggest that nanosheets of known thickness distribution in the liquid 

phase may be an ideal model system fulfilling the above mentioned requirements. These can 

be prepared by liquid phase exfoliation (LPE) which is a widely-used technique for producing 

nanosheets from bulk layered crystals. LPE involves the production of 2D nanosheets by 

ultrasonication or shearing of layered materials in stabilizing liquids such as solvents or 

surfactant solutions.21-23 This method yields dispersions with nanosheet concentrations of ~gL-

1 which are reasonably stable against aggregation.24-26 While this procedure initially gives 
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nanosheets with broad size distributions,18, 27 ensembles with large monolayer fractions can be 

also produced after size selection.17, 18 Due to its simplicity and scalability,22, 28 LPE has been 

applied to a range of 2D materials including graphene,29-31 BN,32, 33 TMDs,21, 34-36 GaS,37 

InSe,38 SnS39 or GeTe40 among others. 

Recently, it has been demonstrated that high quality nanosheets dispersions can be produced 

by LPE which exhibit excitonic properties, such as narrow-linewidth photoluminescence, 

which are similar to that observed for micromechanically-cleaved TMDs.18 Such 

measurements have been enabled by improved size selection protocols, e.g. liquid cascade 

centrifugation (LCC), coupled with the ability to determine nanosheet size and thickness 

distributions accurately by statistical atomic force microscopy.18, 27, 41 The combination of these 

capabilities allows us to prepare sets of fractionated dispersions, where both nanosheet 

thickness and lateral size can be systematically varied. Such dispersions also contain very large 

numbers of nanosheets, such that spectroscopic measurements probe the ensemble, allowing 

reliable and reproducible measurements of average properties. In principle, such measurements 

can be used to study the fundamental physical properties of nanosheets in a high-throughput 

manner, for example by absorbance and PL spectroscopy. In addition, because every nanosheet 

is surrounded by the same solvent or surfactant coating, we would expect the dielectric 

environment experienced by the nanosheets to be quite uniform,42 rendering the influence of 

the environment essentially equal for all individual flakes in the solution. 

Here, we fabricate dispersions of MoS2, WS2, MoSe2 and WSe2 nanosheets by LPE, before 

using LCC to generate factions with a range of well-defined and statistically quantified size- 

and thickness-distributions, carefully confirmed by structural analysis techniques. For all four 

materials, we accurately measured the extinction, absorbance, scattering and 

photoluminescence spectra in dispersion for each size-selected fraction. We find systematic 

variations in the extinction and absorbance spectral shape with nanosheet lateral size, which 

we associate with edge effects. In addition, we find well-defined variations in the energy of the 

fundamental A-exciton transition, strongly correlated with changes to nanosheet thickness. In 

practical terms, these results provide reliable quantitative metrics to determine nanosheet 

lateral size and thickness from absorbance/extinction spectra. In addition, this data allows us 

to consistently study the scaling of electronic bandstructure and exciton energies with 

nanosheet thickness across a set of TMDs within the same experimental framework. 
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Results and Discussion 

Size selection and microscopic characterization of the TMD dispersions 

In this work, we probe the lateral size- and thickness-dependence of the optical response of 

large populations of 2D nanosheets dispersed in liquids, focusing on the currently most 

prominent semiconducting TMD materials: MoS2, WS2, MoSe2 and WSe2. The advantage of 

this approach over an analysis of a few individual nanosheets (e.g. obtained by 

micromechanical cleavage) is that each optical measurement probes an ensemble, effectively 

averaging over very large numbers of nanosheets, typically ~1010 cm-3. An initial challenge is 

that liquid-suspended nanosheets are inherently poly-disperse so that appropriate size selection 

and statistical size measurements are required. This will be described below with additional 

data shown in the SI (figures S1-10). 

Polydisperse stock dispersions were produced by probe-sonicating commercially available 

TMD powders in an aqueous solution of the surfactant sodium cholate (SC, see methods and 

previous reports17, 18). The as-obtained dispersions were then size-selected using liquid cascade 

centrifugation as described previously.18 In brief, a stock dispersion is first centrifuged at low 

centrifugal acceleration (expressed as relative centrifugal force in units of the earth’s 

gravitational force, g, subsequently referred to as RCF or g-force,) to remove any pristine, non-

exfoliated material in the sediment (100 g). The supernatant is then centrifuged at slightly 

higher RCF (400 g). A clear separation between sediment and supernatant is observed. The 

supernatant (containing smaller nanosheets) is decanted as completely as possible and the 

sediment (containing larger nanosheets) collected, re-dispersed in fresh aqueous SC, and 

retained for analysis. In turn, the supernatant is centrifuged at higher RCF (1,000 g). Again 

supernatant and sediment are separated, the sediment collected and the supernatant centrifuged 

at higher RCF. In this study, this process was continued until six fractions were collected in the 

sediments after each step. The final supernatant containing very small nanosheets (<25 nm) 

was discarded. Samples are denoted by indicating the upper and lower centrifugation boundary. 

For example, the sediment collected after centrifugation at 1,000 g of the supernatant obtained 

from the 400 g step is denoted as 0.4-1k g. 

The size-selected dispersions were diluted with water, drop-cast onto SiO2/Si wafers and 

subjected to statistical atomic force microscopy (AFM). Representative images of large (0.4-

1k g) and small (10-22k g) MoSe2 flake dispersions are shown in figure 1 A and B, respectively. 

For each sample, 200-350 of such individually deposited nanosheets were analyzed and their 
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length (L, longest dimension), width (W, perpendicular to L) and thickness recorded. To 

convert the measured apparent AFM thickness to layer number (N), the AFM thickness is 

divided by 1.9 nm which is the apparent height of a surfactant-exfoliated TMD monolayer17, 18 

as found by step height analysis.41 To correct the nanosheet length from AFM for cantilever 

broadening and pixilation, a subset of samples were subjected to transmission electron 

microscopy (TEM, Figure S7-S8) and mean nanosheet length of each dispersion from AFM 

and TEM compared. This resulted in a simple equation to correct the nanosheet length extracted 

from AFM (Figure S9). 

After such corrections, histograms showing the distributions of nanosheet L and N are obtained, 

with examples shown for large and small MoSe2 nanosheets (Fig 1C, D). From such 

histograms, we can extract arithmetic means of layer number, <N>, and length, <L>, in each 

dispersion (all data see SI, Figures S1-6). However, since thinner nanosheets tend to be smaller 

in lateral size, as shown in previous reports,17, 18 <N> does not properly include the contribution 

of larger nanosheets. Thus, when a correlation to the spectroscopic data is targeted, it is more 

appropriate to calculate the mean layer number weighted by the volume fraction (Vf) of each 

nanosheet. We term this weighted layer number, 
Vf

N  with the difference between this 

quantity and <N> similar to the difference between weight-averaged and number-averaged 

molecular weight in polymer physics. The volume fraction weighted mean layer number can 

be found from the AFM data from nanosheet length (L), width (W) and thickness (i.e. layer 

number, N) using: 

2

all NS

all NS

Vf

N LW

N
NLW

=



       (Eq 1) 

As shown in the SI (Figure S10), 
Vf

N  is closely correlated with <N> for all four TMDs 

studied. This allows <N> to be estimated from 
Vf

N  if required or vice versa. 

To characterize the outcome of the size selection, we plot 
Vf

N  and <L> as function of the 

midpoint of the centrifugal acceleration used in LCC in Fig 1 E, F for all size-selected 

dispersions. Interestingly, the data for all four martials fall roughly on a master curve for 
Vf

N  

and <L>, despite the fact that these materials have significantly different densities. This 

suggests that the underlying separation mechanism in centrifugation is more complicated than 
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simple mass fractionation, probably due to the high aspect ratio of the nanosheets. Both 
Vf

N  

and <L> fall as power-laws with the central g-force: 0.38( )
Vf

N g force − −  and 

0.4( )L g force − − . 

In addition to mean nanosheet layer number and length, AFM can be used to determine the 

volume fraction of monolayers ( ,f MLV ) in a dispersion. Note that, since the monolayer 

population is low in samples extracted at low centrifugal acceleration, a significant number of 

AFM counts (>300) is required. In figure 1G, we plot the monolayer volume fraction as 

function of the midpoint of the centrifugal acceleration. Again, we find the data from all four 

TMDs to collapse on the same curve supporting the robustness of the size selection and the 

accuracy of the AFM statistical analysis. We find the monolayer volume fraction to increase 

with central acceleration before eventually leveling off (empirical function: 

1
1.3

, 1.2 70( )f MLV g force
−

− = + −  . Clearly, we would expect ,f MLV  to scale with 
Vf

N . In 

figure 1H, we plot the monolayer volume fraction as function of 
Vf

N  finding a well-defined 

empirical correlation, consistent with: 

1
3.4

, 0.9 0.1f ML Vf
V N

−

 = +
 

       Eq 2 

Thus, equation 2 allows the monolayer volume fraction to be estimated from 
Vf

N  (or 

arithmetic mean <N>) for any of the four TMDs under study. This is extremely useful given 

that the latter parameter can be extracted more easily from AFM statistics and, as we shall see 

below, can be determined from spectroscopic data. 

Size dependent optical extinction spectra  

The simplest optical response for which we might expect size-dependent effects is extinction 

spectroscopy. Indeed, size-dependent changes to extinction coefficient spectra have been 

observed for a number of 2D materials.17, 18, 24, 37, 43-46  Here, extinction spectra were measured 

for all size-selected dispersions of each of the four TMDs. These spectra were converted to 

extinction coefficient, , spectra using the nanosheet concentration, C, as determined by drying 

and weighing (the extinction coefficient is defined via the transmittance, T via 10 ClT −= , 

where l is the cuvette thickness). For example, the extinction coefficient spectra for the size-

selected MoSe2 dispersions are shown in figure 2A (see SI figures S11-17 for all spectra). The 
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spectra show the signatures of excitonic transitions associated with TMDs.2, 47 In particular, the 

fundamental A-excitonic resonance (e.g. at ~790 nm for MoSe2), is associated with transitions 

at the K-point in the Brillouin zone. Importantly, this energy is generally lower than the 

corresponding free-particle bandgap transition by an amount equal to the exciton binding 

energy as described in the introduction. In line with previous observations, for each TMD, the 

position of this peak varies over the fractions (figure 2A inset), as will be discussed in detail 

below. In addition, it is clear that the extinction coefficient spectra systematically vary with 

nanosheet size.  

When measuring size-dependent optical responses, it is important to realize that for 

nanoparticle suspensions, extinction contains contributions from light scattering as well as 

absorbance.17, 18, 48, 49 Scattering is particularly significant for large nanosheets in the high-

wavelength regime where absorbance is negligible.17 This is clear for the fraction containing 

the largest nanosheets in figure 2A, where scattering contributes strongly to the optical 

response at energies below the A-exciton resonance. We illustrate this further in figure 2B, 

where we plot the extinction coefficient at the A-exciton as function of nanosheet lateral size 

for the four TMDs. The extinction coefficient remains largely invariant for <L> below ~150 

nm before it increases steeply due to scattering. However, it has been shown that the scattering 

spectra of liquid-exfoliated TMDs roughly follow the absorbance spectra in shape in the 

resonant regime.17 This allows us to, in principle, extract any size-dependent information 

encoded in the absorbance from the extinction spectra, albeit with some restrictions in terms of 

peak position as discussed below.  

Dependence of spectral profile on nanosheet length 

From the data in figure 2A, it is clear that extinction coefficients at low wavelengths (high 

energy) decrease with increasing nanosheet size. This behavior was previously attributed to 

differences in electronic structure between nanosheet edges and center regions, resulting in 

distinct absorbance coefficients at nanosheet edge versus basal plane.17 Coupled with length-

dependent scattering effects,50 such effects can lead to strongly length-dependent extinction 

coefficients as shown in figure 2C, where the extinction coefficient at 250 nm is plotted as 

function of <L> for the four TMDs. In all cases, the extinction coefficient at 250 nm falls with 

increasing nanosheet size. This size dependence of the extinction coefficient is of great 

practical use because it allows mean nanosheet length to be extracted from extinction spectra 

as previously shown for MoS2 and WS2.17, 18 We demonstrate this in figure 2D by plotting the 
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ratio of extinction measured at two wavelengths (1 and 2, see legend) versus the mean 

nanosheet length measured by AFM. Applying a simple theoretical model17 to describe edge 

effects, we expect extinction intensity ratios to scale with <L> according to equation 3: 

1 11

2 2 2

( )

( )

A L BExt
R

Ext A L B





+
= =

+
        Eq (3) 

where the parameters A and B are obtained from fitting and are given in table 1 (B2 was fixed 

at 1nm in all cases to reduce the number of fit parameters). This equation quantitatively links 

the nanosheet lateral size to the spectra profile and allows mean nanosheet lengths to be 

estimated from extinction spectra for any of these TMD materials. Note that using peak 

intensity ratios has the advantage that spectra can be measured in arbitrary units on the y-axis), 

i.e. without knowledge of nanosheet concentration.  

Dependence of the exciton transition energies on the nanosheet thickness 

As described in the introduction, we expect both the free-particle bandgap and the exciton 

binding energy to scale with the nanosheet thickness leading to a dependence of the A-exciton 

energy on <N>. In the following, we discuss these thickness effects and show that they provide 

access to fundamental processes associated with the intrinsic changes of the interlayer 

electronic hybridization and dielectric screening effects with the number of layers. The inset in 

figure 2A shows that the positions of excitonic transitions shift across the size-selected TMD 

dispersions (example of MoSe2 shown here, all TMDs see SI figures S12-17). Such shifts were 

previously observed for LPE WS2 and MoS2 and ascribed to variations in nanosheet thickness 

via confinement effects, although the exact origin was not described in detail.17, 18 In the 

following, we discuss such nanosheet thickness effects on the exciton energy for the four TMDs 

under study: WS2, MoS2, WSe2 and MoSe2.  

First, we need to consider the contribution of light scattering to the extinction spectra which 

cannot be neglected in dispersions containing larger/thick nanosheets. Transmission, and so 

extinction measurements, include contributions from both absorbance and scattering of light 

such that the extinction coefficient is the sum of absorbance and scattering coefficients.17 In 

the nonresonant regime, i.e., for photon energies below the onset of optical absorbance, the 

contribution from scattering is dominant and follows a powerlaw in wavelength as described 

in detail elsewhere.50 Such powerlaw behavior is observed in the extinction spectra of all TMD 

fractions isolated at low centrifugal acceleration (see SI, Figures S11-S17) at wavelengths 

above that of the A-exciton. In the resonant regime, the scattering is red-shifted to the 
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absorbance and thus can have an impact on the apparent positions of excitonic transitions in 

extinction spectra.17  

To isolate the effect of scattering, optical spectra were acquired in the center of an integrating 

sphere, where scattered light is collected and therefore absorbance (Abs) measured.17 To 

illustrate that scattering contributes to the extinction spectra in samples containing 

larger/thicker nanosheets, the extinction/absorbance/scattering coefficient spectra of the largest 

fraction of MoSe2 (0.1-0.4k g) are shown in figure 3A. In this particular sample, the scattering 

coefficient is larger than the absorbance coefficient. 

Although excitonic peaks measured on ensembles (e.g., the A-exciton peak in figure 2A) 

appear as single resonances, they can contain information about the nanosheet thickness 

distribution within the ensemble and represent a weighted average of all nanosheets in a given 

dispersion.18 As a result, such peaks are best analyzed via their second derivative, as double 

differentiation results in a significant narrowing (~1/3) of any component peaks. This can 

allow for the separation of individual contributions in case of sufficiently large spectral shifts, 

especially for samples with high mono- to few-layer fraction.18 In addition, the background - 

from scattering or partial overlap with the B-exciton - is essentially eliminated, allowing for a 

more precise determination of the shifts in the peak positions even without more 

comprehensive data fitting that can be error-prone due to the uncertainty in number of 

components. The second derivative in the A-exciton region in figure 3B further shows the 

effect of scattering on the A-exciton peak position: In the absorbance spectrum, the A-exciton 

is observed at 1.542 eV, while it is red-shifted to 1.502 eV in the scattering spectrum, with the 

value for extinction being in between. While, on a practical note, such shifts are small, they 

will have an impact when it comes to understanding the nature of the excitonic shifts. 

Therefore, we only discuss absorbance spectra in the following, with data from extinction 

(which is practically more useful in terms of metrics for layer number) shown in the SI. 

In figure 3C the second derivative of the absorbance in the A-exciton region of the four TMDs 

under study is displayed for fractions containing thick (0.4-1k g) and thin (10-22k g) 

nanosheets. In each case, the A-exciton is significantly red-shifted in the dispersions containing 

thick nanosheets (thin lines) compared to the monolayer-rich counterparts (thick lines). Only 

in the case of WS2 do we observe a well-resolved fine-structure in the spectrum associated with 

the dispersion of thin nanosheets. Such fine structure is attributed to contributions from 

monolayers, as well as few-layers to the spectrum.18 That such splitting is clearly observed for 
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WS2 but not the other TMDs can be attributed to the inherently narrower linewidths in WS2 as 

described below. The position of the peaks in the d2Abs/dE2 curves of the monolayer-rich 

samples are given in table 2. 

In addition, photoluminescence measurements (excitation 430 nm) were performed on the most 

monolayer-rich dispersions (see table 2 for mean nanosheet thicknesses and monolayer 

contents). For additional PL data see SI, figure S18. For all four TMDs, the PL can be fit well 

to a single Lorentzian suggesting that predominantly excitonic emission is observed with 

negligible contributions from trions, consistent with reasonably small doping in the studied 

systems.51 The PL peak positions and full width at half maximum (FWHM) values are 

summarized in table 2 and compared with the absorbance positions extracted from the second 

derivative spectra in figure 3C. As is also observed for micromechanically-cleaved TMDs the 

room-temperature line-width is narrowest for WS2 and is somewhat larger for MoSe2, MoS2, 

and WSe2.52 This observation is consistent with previous experimental and theoretical 

findings53 demonstrating that, at elevated temperatures such as room temperature, the exciton 

linewidth is dominated by exciton-phonon scattering in samples with sufficiently small 

inhomogeneous broadening. While a number of potential pathways contribute to exciton-

phonon interaction, the coupling of A-excitons to low-energy acoustic phonons in particular is 

found to be much weaker in WS2. Among the reasons behind this are lower effective masses 

of the electrons and holes54 combined with smaller deformation potential matrix elements.55 

This results in significantly reduced linewidths, both in PL and absorbance, for WS2 compared 

to the other TMDs. 

For WS2 (
Vf

N =1.6), the PL position (2.032 eV) coincides closely with the higher energy 

monolayer peak of the corresponding d2Abs/dE2 curve (2.034 eV). This is implies a minor 

Stokes-shift (~2 meV). However, for the other three TMDs, especially for the selenides, the 

Stokes shifts are not negligible. For example, the 10-22k g WSe2 dispersion with a monolayer 

volume fraction of ~30% and 
Vf

N =2.3 has an A-exciton absorbance at 1.664 eV with PL 

centered at 1.657 eV. This implies a Stokes shift of 7 meV which is still a lower estimate given 

the absorbance contains a ~70% contribution from few-layers which redshifts the observed 

absorbance peak relative to the true monolayer-only peak, whereas only the monolayer is 

detected in PL. Similarly, in spite of only <30% of the nanosheets being monolayer in the 

monolayer-richest MoSe2 dispersion, the PL (only monolayers) is red-shifted to the absorbance 

by 4 meV. Since the absorbance peaks are averaged over all nanosheet thicknesses in the 
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particular samples, this implies a much larger Stokes shift for the selenides compared to WS2. 

In the MoS2 sample, the photoluminescence is blue-shifted compared to the absorbance 

resonance. This can only be understood if the actual Stokes shift of monolayer PL to monolayer 

absorbance- a value that is not directly accessible- is small. Taken together, no quantitative 

information on the monolayer absorbance is directly accessible in any case except WS2, where 

the monolayer and few-layer transitions resulting in splitting of the A-exciton peak are 

separately observed due to smaller linewidths of the exciton resonance. 

In addition to producing monolayer-enriched samples, LPE in combination with size selection, 

allows us to obtain fractions with varying thickness distributions. This enables a consistent and 

statistically meaningful analysis of the A-exciton transition energy (from absorbance spectra) 

with mean layer number for nanosheet ensembles (from AFM). This data is plotted in figure 

3E-H for the four TMDs under study. In all cases, we see a fall-off in exciton position towards 

lower energies with increasing nanosheet thickness with reductions of 32-65 meV observed, 

consistent with previous data.16-18 We have also included a comparison with literature data 

(reflectance spectroscopy) for individual micromechanically-cleaved nanosheets (although the 

precise origin of the thickness dependent shifts is rarely discussed in detail).12, 19, 20 While the 

literature data is more scattered than the LPE data, probably due to sheet-to-sheet variations, it 

agrees reasonably well with our observations in large ensembles. Here, we further emphasize 

that our approach of measuring ensembles in liquids suppresses individual sampling error due 

to its inherent averaging. However, we note that some literature data obtained from 

microreflectance spectra on micromechanically exfoliated nanosheets16 do displays deviations 

from our data (analyzed and discussed in detail in the SI, Figure S19-22). The main sources of 

discrepancy are related to differences in sample type (potentially strain, intercalation), as well 

as type of measurement (see SI section 2.3). 

In general, we find the decrease in A-exciton position with increasing layer number (figure 3E-

H), to be consistent with an exponential decay of the form: 

0( 1)/

, , ,( ) Vf
N N

A A Bulk A ML A BulkE E E E e
− −

= + −       Eq. (4) 

where EA is the measured exciton energy, EA,bulk is the exciton energy of the bulk layered 

crystal, EAML is the exciton energy of a monolayer and N0 is a characteristic, phenomenological 

decay constant describing the rate at which the monolayer A-exciton energy approaches the 

values for the bulk with increasing layer number. Fit parameters obtained by fitting equation 4 

to the data in figure 3E-H are given in table 3. We note that this empirical fitting procedure is 
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not restricted to TMDs, but can be potentially applied to any exfoliated 2D materials where 

excitonic shifts with layer number are observed.  

Firstly, as illustrated in figure 4A, we find that the values of EA,Bulk extracted by fitting the 

curves in figure 3E-H match well to the equivalent data extracted from literature (see Ref. 52, 

56, 57). It is challenging to compare the values of EA,ML extracted from the fits to literature values, 

due to the significant differences in dielectric environment between individual monolayers on 

a substrate (as generally measured in the literature) and our surfactant-coated monolayers. In 

addition, other than for WS2, we cannot use our absorbance data to infer a ML energy due to 

the lack of observable mono/few-layer splitting. As a result, we must compare the fit data to 

the PL line positions reported above. As shown in figure 4B, the values of EA,ML extracted by 

fitting the curves in figure 3E-H match well to the positions of the PL peaks shown in figure 

3D except for larger Stokes shifts of the selenides compared to the sulfides as described above. 

Overall, this supports the validity of the data fitting and suggests that limited data sets might 

best fit by fixing EA,bulk and/or EA,ML using literature values. 

The difference between EA,ML and EA,Bulk is plotted for each material in figure 4C. This 

parameter represents the entire range over which the exciton position can vary for different 

nanosheet thicknesses. Interestingly the values of this parameter are very similar for the W-

based compounds at 67 and 65 meV (WS2 and WSe2 respectively) while the Mo-compounds 

are also similar at 49 and 56 meV (for MoS2 and MoSe2 respectively). Furthermore, as plotted 

in figure 4D, we find the decay constant, N0, to scale roughly linearly with EA,Bulk as obtained 

from the LPE fits. 

To understand these observations in more detail, it is worth considering the factors which 

control the energetic position of the A-exciton. In general, the energy of an excitonic resonance 

is determined by the energy of the free-particle bandgap, Eg, corresponding to the onset of 

unbound electrons and holes, minus the excitonic binding energy, Eb.15 Due to sizable dielectric 

screening effects in bulk, the exciton binding energy tends to be relatively small in 3D 

materials, with bulk MoS2, for example, showing Eb~50 meV (figure 4E).58 However, in 

confined systems such as 2D nanosheets or 1D nanotubes, exciton binding energies can be 

considerably larger than in 3D systems.15 For 2D systems, quantum confinement of the excitons 

in one layer would contribute a factor of 4 to the binding energy in comparison to a full 3D 

hydrogenic model, even though in bulk, the excitons may be largely localized within a single 

layer already (as discussed in the early literature).59 An additional, and arguably the strongest, 

contribution arises due to reduced dielectric screening of the environment as the layer number 
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decreases, strongly enhancing the effective strength of the Coulomb interaction between charge 

carriers. Stronger Coulomb interaction leads in turn both to an increase of the exciton binding 

energy and to a shift of the free-particle bandgap transition on the similar order of magnitude15 

as the thickness changes from bulk to monolayer. While the absolute peak position of the 

exciton resonance EA is relatively simple to measure in experiment using a range of techniques, 

both Eg and Eb are significantly harder to obtain, typically requiring either independent 

knowledge of the free-particle bandgap, e.g., through tunneling spectroscopy60 or the 

observation of higher excited states.61 The reported literature data for transition metal 

dichalcogenides is somewhat scattered due to both challenges associated with the interpretation 

of the experiments, but also due to inter-sample variations, in particular with respect to 

differences in static dielectric screening and potential contributions from residual doping.15 It 

appears reasonable, however, that the exciton binding energies should be on the order of 0.5-

0.6 eV in freestanding samples,62 yet can be significantly smaller due to additional 

environmental screening when placed on substrates or, by analogy, in the presence of 

surfactants.63, 64  

For quasi-2D materials such as few-layer nanosheets, both Eg and Eb are known to scale with 

nanosheet thickness, N. However, the resulting absolute change of the fundamental optical 

transition is a non-trivial combination of several contributions. First, the free-particle bandgap 

is determined by the inter-layer hybridization of the respective electronic states, essentially 

mirroring the quantum confinement effect observed in III-V and II-VI quantum well systems.65 

In semiconducting TMDs these effects can be indeed relatively strong, e.g., for  and /Q/ 

valleys due to the significant contributions of the chalcogen orbitals at the layer surface to the 

respective electronic wavefunctions. This leads to sizable overlap integrals from the respective 

states in neighboring layers. The electron wavefunctions at the K-points of the Brillouin zone, 

that determine the onset of optical absorbance, however, are largely localized at the metal 

atoms in the middle of the individual layers. Thus, they couple only weakly to the proximate 

layers, as discussed extensively in the literature.12, 66 Nevertheless, even a small finite coupling 

would contribute to the shift of the bandgap to lower energies with increasing layer thickness. 

Secondly, the effective strength of the Coulomb interaction also changes with the layer number, 

largely due to the changes in the environmental screening of the individual layers. The value 

of the screening itself depends both on the dielectric permittivity of the nanosheet and its 

surroundings, and is therefore also distance dependent. Importantly, the overall efficiency of 

the dielectric screening increases with the number of layers and leads both to shift of the free-
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particle bandgap Eg towards lower energies and to a decrease of the exciton binding energy Eg. 

While the two effects partially cancel each other out, a remaining shift of the resulting absolute 

transition energy can remain. Thus, the thickness dependence of both Eg and Eb will generally 

lead to a thickness dependence of the exciton energy, EA, observed figure 3 E-H: 

( ) ( ) ( )A g bE N E N E N= −         Eq 5 

However, what is particularly interesting is the scale of the thickness variation of each quantity. 

As shown schematically in figure 4F, for a material like MoS2, both Eg and Eb vary by ~300-

400 meV going from monolayer to bulk. However, for the same material EA varies by only 30-

40 meV over the same thickness range. Because of this small variation, the EA versus <N> 

curves such as those in figure 3E-H are almost flat compared to the much larger expected 

variations of Eg and Eb.  

Our detailed observations and the resulting trends should be thus considered within this general 

framework of changes in the electron hybridization and Coulomb effects. Considering the 

latter, we can understand an important part of the contributions to the dependence of N0 on 

EA,bulk presented in figure 4D, from the Moss relation - a higher bandgap results in lower 

intrinsic materials permittivity. For higher bandgaps, this would directly result in a smaller 

contribution of the nanosheet permittivity to the effective dielectric screening and thus in a 

smaller contribution of the Coulomb effects to the thickness dependence. That would in turn 

lead to a larger value of the phenomenological decay constant, N0, consistent with figure 4D. 

The microscopic origin of this effect is discussed in more detail in the following section. 

Theoretical description of the exciton shifts 

To verify our proposed mechanism of the thickness-dependent exciton peak energy, we 

quantitatively investigate the evolution of both Eg(N) and Eb(N) using first principles methods 

(See Methods for details). Due to the large computational effort required for the simulations of 

the many-body excitonic properties for several layers (N>10) into the systems, full-scale 

G0W0
67 and G0W0-BSE68 methods become impractical. A few approximation methods are 

developed to explain the evolution of quasi-particle bandgap69 and exciton binding energy63 of 

2D materials due to influence of dielectric environment, which indicates the evolution of Eg(N) 

and Eb(N) might be unified by the same theoretical framework taking dielectric screening into 

account. Inspired by this, we use the recently developed quantum electrostatic heterostructure 

(QEH) approach.70, 71 The QEH model assumes the dielectric screening of multilayer 2D 

material stack, which is characterized by the generally spatially (or momentum) dependent 
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dielectric function ε-1, can be represented by the density response function χi of the individual 

2D layers. Due to the fact that interlayer excitons usually have smaller binding energy 

compared with the intralayer exciton,72 we only calculate the latter exciton binding energy, 

which is obtained by solving the 2D Schrödinger equation3: 

2

*
( ) ( ) ( )

2
N

ex

W r F r EF r
m

 
− + = 
 

       Eq 6 

where 
*

exm  is the in-plane effective mass of the exciton, E is the eigenenergy, F(r) is the wave 

function of the exciton, and 
1 2( ) /NW r e r −= −  is the screened Coulomb interaction energy 

inside a 2D stack of N layers, which is further computed by the QEH model. Conversely, 

dielectric screening is also found to influence the bandgap of 2D materials, both in 

experiments73 and theory.74 To simulate the evolution of the quasiparticle eigenenergy caused 

by the dielectric screening of multilayers, we adapted the GΔW-QEH model which is shown 

to correctly capture the change of band structure of 2D stacks and heterostructures,70, 75 which 

corrects the eigenenergies from G0W0 calculation by the degree of screening: 

, ,

, , 0 0( )i N i i scr

n k n k nkE E G W E= +         Eq 7 

where 
,

,

i HS

n kE  is the eigenenergy of layer i in the N-layer stack, , 0 0( )i

n kE G W  is the eigenenergy 

for layer i from G0W0 calculations, and 
,i scr

nkE  is the correction due to dielectric screening. 

The GΔW-QEH model is shown to effectively describe the dielectrically-renormalized quasi-

particle bandgap of 2D materials at the K point, where the effect of hybridization on the 

bandgap is minimal 75. The Eg(N) and Eb(N) values are therefore obtained from GΔW-QEH 

and QEH models, respectively, using the ab initio package GPAW.76  

To test the models, we first calculate the band structures of the 2D materials studied in the 

experiments. As shown in Figure 5A, GΔW-QEH model predicts that when increasing the layer 

number N (color from violet to red), the eigenenergies of the CBs are shifted towards lower 

energy near the K-point, thus reducing the bandgap Eg(N). Furthermore, we superimpose the 

position of the A exciton energy EA(N) schematically as horizontal lines below the CB band 

for illustration purposes, as calculated using Eq. (5). For better clarity, only the lowest/highest 

bands in the CB/VB are included for every multilayer system, and the energy maxima of VB 

are aligned. As can be seen, the changes of the absolute energy of the exciton ground state 

transitions EA(N) is significantly smaller than that of the shifts in the quasiparticle band 

structure and, in particular, the bandgap Eg(N), which is in agreement with the experimental 
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results. We then take a closer look at the magnitudes of Eg(N) and Eb(N) as calculated by the 

QEH models. As shown in Figure 5B, both Eg(N) (circles) and Eb(N) (triangles) show similar 

trends of decrease with increasing layer number N: the differences between Eg(N=1) and 

Eg(N=∞) are about 0.4~0.5 eV, and the differences between Eb(N=1) and Eb(N=∞) are about 

~0.35 eV. Notably, the results of MoS2 agree with those reported by Cho et al.69 using 

electrostatically-renormalized electronic and optical gaps. The trends of both Eg(N) and Eb(N) 

can be well-fitted using the exponential model as in Eq. (4), giving the characteristic decay 

length N0, as defined in Eq. (4), to be 3.5 for Eg and 2.2 for Eb, indicating the influence of layer-

dependent dielectric screening is quite similar for both electronic and optical gaps. The A-

exciton transition energy calculated by the QEH models is shown in Figure 5C (squares) as 

compared with that obtained by experiments (stars). From the QEH models, the layer-

dependent variation of EA is reduced to 120~150 meV (Figure 5D) as compared with that of Eg 

and Eb, confirming the mechanism illustrated in Figure 4. We note that the degree of variation 

predicted by the model is still larger than that experimentally observed, which may be 

explained by additional environmental dielectric screening77 via the solvents, that gives a close 

agreement with the measurements (inset in Fig. 5C). Finally, we compare the value of N0 

compared with that obtained from fitting of the experimental data, as shown in Figure 5E. 

Exponential fitting of the simulated EA(N) magnitudes gives N0 ~ 6 (stars), which is larger than 

that using the experimental data, indicating the experimental observed exciton decay is faster 

than from the model, which may again be caused by the environmental screening of the solvent. 

However, as Eb(N) is considered instead both theory and experiments agreed closely. In 

summary, although minor numerical discrepancy exists, our model is able to capture the 

experimentally observed layer-dependent evolution of exciton peak, and confirms the proposed 

mechanism of the combined effect of layer-dependent scaling of both bandgap and binding of 

2D material stacks. Furthermore, the evolution of both Eg(N) and Eb(N) can be unified by the 

layer-dependent dielectric screening, which provides a versatile approach to study Coulomb 

interaction effects in other low-dimensional materials.  

 

Conclusion 

In summary, we have measured optical extinction/absorbance/scattering and 

photoluminescence spectra of four group VI TMDs (WS2, MoS2, WSe2, MoSe2). In contrast to 

most reports in literature to date which focus on micromechanically-exfoliated samples, 

nanosheets in the liquid phase were analyzed. This bears the advantage that an ensemble of 
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sheet in the order of 1010 nanosheets are investigated in each measurement. In addition, the 

dielectric environment, i.e the surrounding liquid is quite homogeneous. As such, sample 

inhomogeneities from varying defect contents, inhomogeneous dielectric environment, strain, 

doping etc. that arise in flake by flake measurements of micromechanically cleaved samples 

are inherently averaged out. As such, even subtle differences in the layer number dependent 

optical response for few-layered nanosheets are accessible. 

To correlate the size-dependent optical response to the nanosheet dimensions, size distributions 

for each TMD were narrowed by size selection using liquid cascade centrifugation. This 

yielded ~6 size-selected fractions for each TMD. Using recent advances in size quantification 

by statistical atomic force microscopy,27 lateral size, L and layer number, N distributions were 

obtained. This size information was correlated to the optical spectra. Both lateral size and 

nanosheet layer number are reflected in well-defined changes in optical 

absorbance/extinction/scattering spectra. Practically speaking, this enables us to establish 

quantitative spectroscopic metrics for concentration, <L> and <N> for the four TMDs under 

study that can be used to determine these quantities accurately from optical spectra of unknown 

samples without microscopy statistics. 

Probably the most interesting change in optical spectra is a small, but systematic blue-shift of 

the A-exciton with decreasing layer number across the four TMDs. This shift arises from two 

effects of similar magnitude, but opposite sign: changes in the electronic bandgap, as well as 

exciton binding energy. Our experimental data, backed up by first principle calculations, shows 

that the magnitude of the shift of the A-exciton energy is larger for WS2 and WSe2 compared 

to MoS2 and MoSe2, i.e. depends on the molecular mass of the metal atoms. In contrast, the 

rate at which the A-exciton energy shifts from the monolayer to bulk value is widely dependent 

on the materials’ bandgap at the associated point in the Brillouin zone. 

To conclude, this work provides useful quantitative metrics for nanosheet concentration and 

dimensions from readily accessible optical extinction/ absorbance spectra. In addition, the data 

analysis shines light on the fundamental physical properties of the excitonic transitions as 

function of layer number, in particular in the regime of few-layered nanosheets which are more 

difficult to study in micromechanically-exfoliated samples. We expect that both methodology 

and data analysis can be applied to other layered materials potentially giving access to 

identifying unifying properties across a range of 2D materials.  
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Methods 

Sample Preparation 

TMD dispersions were prepared by probe sonicating the powder (WS2 Sigma Aldrich C1254; 

MoS2 Sigma Aldrich 69860, MoSe2 VWR 13112.14, WSe2 VWR 13084.18) with an initial 

concentration 20 gL-1 in an aqueous sodium cholate (SC) solution. The powder was immersed 

in 80 mL of aqueous surfactant solution (CSC= 6 gL-1). The mixture was sonicated under ice-

cooling in a 100 mL metal beaker by probe sonication using a solid flathead tip (Sonics VXC-

500, i.e. 500 W) for 1 h at 60 % amplitude with a pulse of 6 s on and 2 s off. During the 

sonication, the sonic probe was placed 1.5 cm from the bottom of the beaker. The dispersion 

was centrifuged in 20 mL aliquots using 50 mL vials in a Hettich Mikro 220R centrifuge 

equipped with a fixed-angle rotor 1016 at 2,660 g for 1.5 h. The supernatant was discarded and 

the sediment collected in 80 mL of fresh surfactant (CSC= 2 gL-1) and subjected to a second 

sonication using a solid flathead tip (Sonics VX-500) for 5 h at 60 % amplitude with a pulse of 

6 s on and 2 s off. From our experience, this two-step sonication procedure yields a higher 

concentration of exfoliated WS2 and removes impurities. 

To select nanosheets by size, we used liquid cascade centrifugation with sequentially increasing 

rotation speeds (2 h each step, 15°C). Centrifugation conditions are expressed as relative 

centrifugal field (RCF) in units of 103 x g (or k g) with g being the gravitational force. Two 

different rotors were used. For centrifugation at < 15,000 g, the JA25.50 fixed angle rotor and 

50 mL centrifuge tubes (VWR, order number 525-0402) were used filled with 20 mL of 

dispersion each. For centrifugation at > 15,000 g, the JA25.15 rotor was used with 14 mL vials 

(Beckman Coulter, order number 331374), filled with 10 mL dispersion each.  

The following procedure was applied as standard size selection of the primary cascade: 

Unexfoliated WS2 was removed by centrifugation at 100 g. The supernatant was subjected to 

further centrifugation at 400 g. The sediment was collected in fresh surfactant (CSC= 0.1 gL-1) 

at reduced volume (3-8 mL), while the supernatant was centrifuged at 1,000 g. Again, the 

sediment was collected and the supernatant subjected to centrifugation at higher speeds. This 

procedure was repeated with the following RCF: 5,000 g, 10,000 g, 22,000 g, 74,000 g. As 

sample nomenclature, the lower and upper boundary of the centrifugation are indicated. 

In addition to this primary cascade, a subset of these size-selected MoSe2 and WSe2 dispersions 

were centrifuged overnight (14 h) at 1/5th of the initial lower centrifugation boundary used to 

isolate the nanosheets initially. This procedure has previously shown to have the potential to 
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change <N> and <L> independently78 especially when included in more complicated 

secondary cascades.18 Specifically, the 0.1-0.4k g fraction was centrifuged at 25 g, the 0.4-1k 

g fraction at 80 g and the 1.5k g fraction at 200 g. In each case, the supernatant was subjected 

to analysis. 

Characterization 

Atomic force microscopy (AFM) was carried out on a Dimension ICON3 scanning probe 

microscope (Bruker AXS S.A.S.) with a 60 μm2 scan head in tapping mode in air under ambient 

conditions using aluminium coated silicon cantilevers (OTESP-R3). Image sizes for small 

nanosheets were 5x5 μm2 with 1024 lines, and 10x10 μm2 with 1024 line per image for larger 

nanosheets, respectively. A drop of the dispersion (10 μL) was drop-cast on pre-heated (150 

°C) Si/SiO2 wafer with an oxide layer of 300 nm. The high concentration dispersions collected 

after LCC were diluted with water (to optical densities at C-exciton of 0.1-0.2) immediately 

prior to deposition to reduce the surfactant concentrations. After deposition, the wafer was 

rinsed with ~5 mL of water and ~5 mL of isopropanol. The apparent thickness was converted 

to number of layers using previously elaborated step-height analysis of liquid-exfoliated 

nanosheets.  

Optical extinction was measured on a Varian Cary 6000i in quartz cuvettes with a pathlength 

of 0.4 cm in 0.5 nm increments and integration times of 0.1 s/nm. Samples were diluted to 

extinction values of <0.5 across the entire spectral region. To measure absorbance, the 

dispersions were placed in the center of an integrating sphere (external DRA-1800) and 

measured with integration times of 0.2 s/nm. To determine the extinction coefficients, 

nanosheet concentrations of a subset of dispersions were determined gravimetrically after 

filtration through alumina membranes, washing with ~ 500 mL of water, drying and weighing. 

Photoluminescence was measured using a Horiba Scientific Fluorlog-3 spectrometer equipped 

with a Xe lamp (450 W) and a PPD-900 photomultiplier tube detector. Measurements were 

taken under ambient conditions with double monochromators for excitation and emission. Prior 

to the measurement, the samples were diluted to an optical density of 0.4 (with respect to 1 cm 

pathlength) at 430 nm. The quartz cuvettes with 0.4 x 1 cm dimensions were placed inside the 

spectrometer so that the excitation light passed through the 0.4 cm side of the cuvette. Emission 

was collected in a 90° angle, i.e. after having passed through the 1 cm side. Bandwidths were 

5 nm, increments 1 nm and acquisition times 0.4 s/nm. To avoid artefacts from scattering of 
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the nanomaterial dispersion, appropriate a 550 nm cut-off filters was placed on the emission 

side. The excitation was corrected for the light intensity.  

Theoretical methods  

Theoretical models of the band structure and exciton binding energies were performed based 

on the QEH model71 using the ab initio package GPAW.76 Dielectric building blocks of 

monolayer MoS2, MoSe2, WS2 and WSe2 were retrieved from Ref. 71. Band structures of the 

2D material stacks studied were calculated using the GΔW-QEH method.75 

All structures were relaxed using the PBE exchange correlation functional until all forces on 

the atoms are smaller than 0.01 eV/Å, and the lattice sizes in the z-direction were chosen to be 

larger than 15 Å to minimize the influence of periodic images. Ground-state wavefunctions 

were using PBE exchange correlation functional, with a plane-wave energy cutoff of 800 eV, 

12x12x1 K-point grid, and a Fermi-Dirac distribution width of 0.01 eV.  Quasi-particle band 

structure was computed using the G0W0 approximation to the PBE ground state wavefunction, 

with a total number of 128 bands to ensure convergence. To compute the band structure of 2D 

materials stacks, the dielectric screening matrix was first computed from the QEH model for a 

2D material stack of N layers to compute the correction to the eigenvalues ΔEnk
i,scr, such 

correction was further applied to the G0W0 band structure of monolayer to obtain the band 

structure of N layers. The band structure was interpolated on the path Γ-M-K-Γ to obtain direct 

bandgap Eg(N) of N-layer stack. 

The exciton binding energy Eb(N) was computed using the 2D Schrödinger equation, with the 

screened Coulomb potential W obtained from the QEH model of N layers. The theoretical A-

exciton energy of N-layer 2D stack was then computed using EA(N) = Eg(N) – Eb(N). 
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Figures 

 

 

Figure 1: Quantification of average nanosheet dimensions by microscopy statistics. A, B) 

Representative AFM images of large (Sample 0.4-1k g, A) and small (Sample 10-22k g, B) 

MoSe2 nanosheets. C,D) AFM number of layer (C) and length (D) histograms of large and 

small MoSe2, respectively. E-H) Comparison of mean nanosheet dimensions (according to 

AFM) after cascade centrifugation of different TMDs. E) Layer number, F) Mean nanosheet 

length, G) monolayer volume fraction as function of central centrifugal acceleration. H) 

Relation between monolayer volume fraction and thickness. 
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Figure 2: Impact of lateral nanosheet size on optical spectra. A) Extinction coefficient 

spectra of MoSe2 with different size/thickness distributions from ultraviolet to near-infrared 

spectral range. The arrow indicates where length changes influence the extinction coefficient 

significantly. Inset: A-exciton. The extinction spectra of the other TMDs are shown in the SI. 

B) Extinction coefficient at the A-exciton versus mean nanosheet length for four TMDs. C) 

Extinction coefficient at 250 nm versus mean nanosheet length for four TMDs. In this length 

regime, it depends linearly on <L>. D) Extinction intensity ratios as function of nanosheet 

length for different liquid-exfoliated TMDs. For MoS2 and WS2, previously published data is 

included.17, 18  
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Figure 3: Impact of nanosheet layer number of optical properties. A) 

Extinction/absorbance/scattering spectra of a fraction of large MoSe2 nanosheets. The 

contribution from scattering is non-negligible and can even be larger than the absorbance. B) 

Second derivative of the A-exciton of the sample in A). Scattering in the non-resonant is red-
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shifted. Therefore, when scattering is non-negligible, extinction peak positions are red-shifted 

compared to absorbance. C) A-exciton second derivative of TMD absorbance spectra of 

dispersions containing thin (darker line) and thick (lighter line) nanosheets. The arrows indicate 

the thickness dependent shift, D) Photoluminescence spectra of monolayer-rich samples 

(measured in dispersion with an excitation wavelength of 435 nm), E-H) Plot of A-exciton 

energy from absorbance as function of layer number of the TMDs compared to data from 

literature adjusted by a constant offset in each case, E) WS2,20 F) MoS2,12 G) WSe2,20 H) 

MoSe2.19 For WS2 and MoS2, previously published data on LPE nanosheets is also included.17, 

18 Lines are exponential fits that are used to extract the A-exciton energy of the bulk, the 

monolayer and the rate at which the monolayer approaches the bulk values. 
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Figure 4: Results of fitting the exponential A-exciton – layer number dependence. A) Plot 

of the bulk exciton energy extracted from the fit of the LPE samples versus literature data.52 

The line represents y=x. B) Plot of bulk monolayer energy extracted from the fit of the LPE 

samples versus the position of the PL lines presented in figure 3D. C) Plot of the difference in 

monolayer and bulk exciton energies for the different TMDs. D) Decay constant representing 

rate at which the monolayer A-exciton approaches the bulk value as function of bulk exciton 

energy. E-F) Schematic representation of changes in the band gap at the K point and A-exciton 

binding energies as function of layer number. The indicated values are taken from the literature. 

15, 58 Both the band gap at the K-point and the A-exciton binding energies decrease by 0.3-0.35 

eV as the layer number is increased from monolayer to bulk. As a result, the optical gap (i.e. 

the measured A-exciton binding energy) only weakly depends on layer number, but in a well-

defined way (see figure 3).  
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Figure 5: Theoretical investigation of the evolution of A exciton peak using the QEH 

model.  A) Evolution of the band structure around the K point for several 2D semiconductors 

with the color map indicating the number of 2D layers. The valence band (VB) of all materials 

are set to zero at the Fermi level. The conduction band (CB) shifts to lower energy with 

increasing number of N due to the increased dielectric screening. The positions of the A exciton 

are schematically illustrated by using horizontal lines below the CB valley at the K point.  B) 

Calculated evolution of the band gap Eg(N) (circles) and the excitonic binding energy Eb(N) 

(triangles) as a function of the layer number N which indicates a similar trend of decay due to 

the dielectric screening. Solid lines represent the fitting results using exponential decay 

model. C) Comparison between the change of the energy of the A exciton, EA(N) - EA,Bulk, 

obtained from experimental data (stars) and the QEH model (squares), showing much small 

degree of change compared with Eg(N) and Eb(N). Solvent effects are considered in the inset 
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where the dielectric constant of the solvent (~1.37) is included. D) Comparison between the 

values of EA,ML - EA,Bulk from experimental data and QEH model. E) Comparison between the 

N0 values obtained from experimental data and fitting of Eg(N), Eb(N) and EA(B) data from 

QEH model. The values of N0 from simulation using Eb agree very close the with experimental 

observations. 

 

 

Table 1: Fit parameters found by fitting extinction ratio, R, versus mean nanosheet length 

(figure 2D) to eq 3, for each of the four TMDs. Once these parameters are known, equation 3 

can be rearrange to give <L> as a function of R. 

 1 (nm) 2 (nm) A1 (nm-1) B1 A2 (nm-1) B2 

MoS2 270 345 0.0144 1.97 0.0160 1 

MoSe2 280 390 0.0117 1.83 0.0154 1 

WS2 235 295 0.0159 2.20 0.0166 1 

WSe2 235 347 0.0143 2.20 0.0200 1 

 

 

Table 2: Mean nanosheet thickness, monolayer volume fraction, centre of A-exciton peak in 

second derivative of highly monolayer-enriched absorbance spectrum as well as centre and 

FWHM of PL spectra found by Lorentzian fitting. 

 
Vf

N  ML Vf Abs, E0 (eV) PL, E0 (eV) PL, E (meV) 

MoS2 1.6 60% 1.877 1.891 48 

MoSe2 2.5 27% 1.577 1.573 45 

WS2 1.6 60% 2.034 (ML 

component) 

2.032 33 

WSe2 2.3 31% 1.664 1.657 51 
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Table 3: Exponential decay fit parameters for A exciton position versus mean nanosheet 

thickness (layer number) data (figure 3 E-H). 

 EA,ML (eV) EA,Bulk (eV) N0 

MoS2 1.895 1.846 3.37 

MoSe2 1.599 1.544 2.80 

WS2 2.033 1.966 3.72 

WSe2 1.692 1.626 3.29 
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