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ABSTRACT: The complex optical conductivities of two-dimensaionl (2D) materials
are fundamental for extended applications of related optoelectronic devices. Here, we
systematically investigate the layer-dependent evolutions in the complex optical
conductivities of 1−6 layer 2D MoS2 over an ultrawide spectral range (0.73−6.42 eV)
by spectroscopic ellipsometry. We identify five feature peaks (A−E) in the optical
conductivity spectra, which present interesting layer dependencies due to the scaling
effect. Results suggest that the center energies of peaks A and B are nearly layer-
independent, while those of peaks C and D exhibit redshifts as the layer increases. We
interpret these layer-dependent evolutions as the competition between the decreasing
exciton effect and the prominent band shrinkage with the increasing layer number.
Additionally, the applicability of the classical slab model and the surface current model
in evaluating the optical conductivities of 2D MoS2 with different layers is discussed
from an experimental perspective.

Two-dimensional (2D) materials, such as graphene,
transition metal dichalcogenides (TMDCs), hexagonal

boron nitride, etc., have received intense interest in many
fields, covering condensed matter physics, material sciences,
and optoelectronics.1−3 In comparison with the zero-gap
graphene, 2D TMDCs are more suitable for applications in the
new type of optoelectronic and nanoelectronic devices because
of their widely tunable band gaps and relatively high carrier
mobility.4−6 Among various 2D TMDCs, the 2D MoS2 is the
first one fabricated in laboratories and has been widely
introduced into many devices.7−9 The performances of these
MoS2-based devices are closely related to the inherent optical
properties of 2D MoS2.

10,11 The complicating factor is that the
optical properties of 2D MoS2 are sensitive to the layer
number, which makes it more challenging to predict the
performances of those devices.12 For instance, the size and
type of the band gap have been confirmed to be dependent on
the layer number of MoS2.

13 To provide a parametrized
guidance for the design and optimization of MoS2-based
devices, it is crucial to accurately and comprehensively
characterize the optical properties of 2D MoS2.
Generally, there are three pairs of complex parameters that

can be used unambiguously to evaluate the optical properties
of an optoelectronic material, namely, the dielectric function ε
= εr − iεi, the complex refractive index N = n − iκ (n and κ
refer to the refractive index and the extinction coefficient,
respectively), and the complex optical conductivity σ = σr + iσi.
The dielectric function and the complex refractive index of 2D
MoS2 have been widely studied by various techniques, such as

ellipsometry, reflection/absorption spectrometry, and the
optical contrast method.12,14−20 In contrast, the complex
optical conductivity is directly related to the photocurrent and
photoresistance, which is highly desirable for the development
of relevant optoelectronic devices, especially photoconductors,
photovoltaics, photodetectors, etc.21−23 However, there is little
reported research that provides a systematic investigation into
the complex optical conductivity of 2D MoS2 with different
layers because of the controversy involving optical modeling
and the lack of sufficient high-quality and layer-controlled 2D
MoS2 samples.24,25 At present, two main models are used to
obtain the optical conductivity of 2D materials. The first one is
the classical slab model (CSM), in which the 2D material is
regarded as a homogeneous slab with a finite thickness.26 The
second one is called the surface current model (SCM), in
which the 2D material is treated as an infinitely thin sheet with
light-induced surface currents.27,28 In the CSM, both the
interface effect and propagation effect of the polarized light
reacting with the 2D materials are taken into account, where
the thickness of the 2D material is involved. In the SCM, only
the reaction between the polarized light and the 2D material at
the interface is considered.
Following the basic principle of the CSM, the reflectance

spectrum of the mechanical exfoliated monolayer MoS2 under
normal incidence was measured by Li et al., and the real part of
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the in-plane complex optical conductivity of the monolayer
MoS2 was calculated.18 This measurement approach can be
traced to the work conducted by Liang,29 in which the bulk
transition metal dichalcogenides were regarded as uniaxial
anisotropic materials and the in-plane and out-of-plane
reflectivity was measured. Jia et al. extracted the complex
optical conductivities of 2D MoS2 with different layers over the
energy range of 1.5−3.0 eV from the reflectance R and the
transmittance T at normal incidence,26 and these R and T were
calculated by using reported complex refractive indices of 2D
MoS2.

15 Morozov et al. obtained the complex optical
conductivity of the monolayer MoS2 from measured R and T
by using the SCM without involving the thickness.30 Using a
nondegenerate ultrafast optical pump−probe technique, Wang
et al. obtained the transient complex optical conductivity of 3−
27 layer MoS2 films.31 In addition, some researchers were
devoted to predicting the complex optical conductivity of 2D
MoS2 by using first-principles calculations.32,33 In summary,
most of the studies mainly focus on the optical conductivity of
the monolayer 2D MoS2 over a narrow spectral range. The
layer-dependent complex optical conductivity of 2D MoS2 over
a wide spectral range has not yet been investigated adequately,
particularly from the view of experiments. Moreover, the
existing results remain inconsistent and controversial,24,26−28

and the applicability of the CSM and the SCM in evaluating
the complex optical conductivities of a 2D material needs to be
experimentally discussed.
In this work, we systematically investigate the layer-

dependent evolutions in the complex optical conductivities
of 2D MoS2 films over an ultrabroad energy range (0.73−6.42
eV) by spectroscopic ellipsometry (SE). Wafer-scale, high-
quality, layer-controllable 2D MoS2 thin films with different
layers are prepared on the sapphire substrates by the two-step
method. The complex optical conductivities are comparatively
evaluated by the SCM and the CSM from the measured
ellipsometric parameters and the extracted complex refractive
index, respectively. The applicability of the SCM and the CSM
in evaluating the optical conductivity of 2D MoS2 is discussed

according to the experimental results. Up to five intrinsic
feature peaks (A−E) are found in the complex optical
conductivity spectra of 2D MoS2 over the concerned spectral
range, which can be attributed to the interband optical
transitions and exciton transitions. More importantly, we study
the layer dependencies found in the optical conductivity over
the ultrabroad energy range (0.73−6.42 eV) and reveal the
underlying physical mechanisms forming these evolutions.
Wafer-scale, high-quality, layer-controllable 2D MoS2 is

prepared by an approach called the two-step method.12,34

Detailed fabrication processes can be found in Experimental
Methods. Figure 1a illustrates a photograph of a 3L 2D MoS2
on the 2 in. sapphire wafer. The uniform optical contrast
indicates that the MoS2 film prepared by us exhibits an
extremely uniform thickness over the entire wafer scale. As
shown in Figure 1b,c, the thicknesses of the 2D MoS2 are
determined by high-resolution transmission electron micros-
copy (TEM). The clear layered structures shown in the TEM
images indicate that the 2D MoS2 are of high crystal quality.
The surface roughness of these 2D MoS2 samples is measured
by the atomic force microscope as shown in Figure 1d−g, and
the Rq for all of these specimens is lower than 0.4 nm,
indicating the samples have excellent flatness. The Raman
spectra of five points along the diameter of the 3L MoS2 wafer
as shown in Figure 1a are measured and plotted in Figure 1h.
The frequent differences between the two typical Raman peaks
A1g and E2g

1 are stable at 23.5 cm−1 (Figure 1i), which is
consistent with the result of the mechanical exfoliated 3L
MoS2.

35,36 In addition, the full width at half maximums of the
Raman peaks of the 2D MoS2 prepared by us are as narrow as
those of the mechanical exfoliated 2D MoS2.

36 The measure-
ment results from the Raman spectroscopy confirms that the
2D MoS2 prepared by us presents excellent crystal quality and
uniformity.
The ellipsometric spectra of the 2D MoS2 are measured by a

commercial ellipsometer, and the complex refractive indices of
the 2D MoS2 are obtained by performing the ellipsometric
analysis. The basic principles of ellipsometry and the

Figure 1. (a) Photograph of the 2 in. 3L MoS2 on sapphire substrate prepared by the two-step method. (b and c) Cross-sectionsl TEM images of
3L and 4L MoS2. The thicknesses of these two samples are 1.91 and 2.42 nm, respectively. (d−i) AFM images and surface roughness of 1−6L
MoS2. The scanning area is 1 μm × 1 μm. (j) Raman spectra of five testing points along the diameter of the 3L MoS2 wafer. The wavelength of the
detection laser is 532 nm. (k) Frequency differences between the A1g and E2g

1 Raman peaks.
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experimental setup together with the detailed ellipsometric
analysis procedures can be found in the Supporting
Information (Figures S1 and S2) and previous publica-
tions.37−40 The measured ellipsometric spectra and the
extracted complex refractive indices of 2D MoS2 with different
layers are presented in Figures S3 and S4. In this work, the
CSM and SCM are adopted to comparatively evaluate the
complex optical conductivity of 2D MoS2. In the CSM, the 2D
material is considered as a slab with finite thickness d as shown

in Figure 2a, and the complex optical conductivity can be
calculated by the complex refractive index and thickness18,28,33

σ ω ε ω ω= [ − ]d N( ) i ( ) 12D 0 2D
2

(1)

where d and N2D are the thickness and the complex refractive
index of the 2D material, respectively; ε0 and ω stand for the
free-space permittivity and the angular frequency of the light,
respectively. In contrast, in the SCM, a truly 2D material is
regarded as an infinite thin interface as shown in Figure 2b,27

and the complex optical conductivity can be extracted directly
from the measured ellipsometric parameters without involving
the thickness24,27

σ ε ω σ
σ ε ω σ
σ ε ω σ
σ ε ω σ

Ψ· Δ =
− + +
+ + +

·
+ + +
− − −

N C N C Z C C
N C N C Z C C
N C N C Z
N C N C Z

tan exp(i )
(i / )
(i / )
i /
i /

2 i 1 t i 0 r 0 i t

2 i 1 t i 0 r 0 i t

1 i 2 t i 0 r 0

1 i 2 t i 0 r 0 (2)

where Ψ and Δ are ellipsometric parameters and Z0 = 120π Ω
represents the vacuum impedance; N1 and N2 are the complex
refractive indices of the superstrate and the substrate of the 2D
material, respectively. In the case of Figure 2b, N1 = NAir = 1
and N2 = NSapphire. NSapphire can be determined by the SE Ci =
cos θi and Ct = cos θt, where θi and θt represent the incident
angle and refractive angle in the substrate, respectively.
Figure 3a,b comparatively presents complex optical con-

ductivities of the 2D MoS2 with different layers evaluated by
the CSM and the SCM, which have been normalized by 2e2/h
(e and h refer to the electron charge and the Planck constant).
The sign of σi under 2.74 eV in our work is contrary to the
result given by Wang et al.31 The negative σi observed by
Wang et al. could partly be attributed to the significantly
decreased mobility of charge carriers, because recombination
of photoexcited carriers under ultrafast optical pump−probe
beams can increase the carrier effective mass and the scattering
probability.26 Five obvious feature peaks (labeled with
uppercase letters A−E) can be observed in the optical
conductivity spectra. The inset in Figure 3a illustrates the
band structure of the 2D MoS2, and the optical transitions
occurring at these feature peaks are specified. The direct

Figure 2. Schematic diagrams for the optical models of 2D MoS2 on
the sapphire substrate: (a) the classical slab model and (b) the surface
current model.

Figure 3. Complex optical conductivities of 1−6L MoS2: (a) real part (σr) and (b) imaginary part (σi). The inset in panel a is the schematic (not to
scale) of the band structure of 2D MoS2. (c and d) Differences of the complex optical conductivities calculated by CSM and SCM. The vertical
coordinate δσr = σr

CSM − σr
SCM (δσi = σi

CSM − σi
SCM), where σr

CSM (σi
CSM) and σr

SCM (σi
SCM) stand for the real (imaginary) parts of the complex optical

conductivities obtained from the CSM and the SCM, respectively.
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transitions between the split valence bands (VB1 and VB1′) and
the first conduction band (CB1) lead to the formations of the
CPs A and B, which occur at the K point of the brillouin zone
(BZ). The physical origins of peaks C and D are similar, which
mainly stem from the particle−hole excitations between
approximately parallel bands (VB1 and CB1) apart along the
Γ−K symmetry line in the BZ.12,32 In other words, in this
region of the BZ, the prominent band nesting induces
singularities of the joint density of state and further leads to
the high optical conductivity.41 The high-energy peak E can be
understood as the optical transitions from VB2 to CB1.

12 In
addition, it can be observed that there are two regions [(I)
2.95−3.58 eV and (II) 4.10−6.42 eV, highlighted by the blue
background] where the imaginary parts of the complex optical
conductivities σi are negative. This is expected to render some
novel insights for the design of MoS2-based metamaterials and
sensors.27,42,43 Specifically, the negative σi is mainly from the
partial plasma resonance. It can be attributed to the saturation
of the four unoccupied “d” bands (there are 18 valence
electrons), which are separated by a small gap or a density-of-
states minimum from the “s/p” conduction bands at higher
energies (see Figure 5 in ref 44).44,45 The plasma response
generally exhibits a polarization-dependent absorption feature.
Thus, the polarization-dependent absorber based on the 2D
MoS2 nanostructures (metamaterials) can be designed. By
virtue of the surface plasmon resonance occurring at these two

regions, some new types of biosensors, gas sensors, and
chemical sensors are expected to be developed.
Although there have been some reports about the features of

CSM and SCM in calculating the complex optical
conductivities of 2D materials,25,46,47 the applicability of
these two models for 2D materials with different layers has
not been investigated adequately from the perspective of
experiment. In light of the experimental results, a brief
discussion about the feasibility of these two models will be
given. First, the differences between the complex optical
conductivities obtained from these two models are calculated
and plotted in Figure 3c,d.
According to previous publications,27,28 the SCM is

considered to be more suitable for a monolayer material.
The feasibility of CSM in calculating the complex optical
conductivity of a truly 2D material is questioned because of the
lack of a rigorous definition for the complex refractive indices
in a truly 2D material, and the propagation effect of light in
truly 2D materials is extremely weak.24,27,28,30 However, our
experimental results suggest that the complex optical
conductivities of the monolayer MoS2 derived by these two
models appear almost identical (|δσr| ≤ 1 and |δσr| ≤ 4) except
for some slight inconsistency in the imaginary part σi over the
high-energy region. This indicates that the CSM is also capable
of assessing the complex optical conductivity of the monolayer
MoS2 with high reliability over the concerned spectral range.
For the multilayer MoS2, using the CSM to calculate the

Figure 4. (a and b) Center energies of feature peaks A−E in the CSM-calculated complex optical conductivity versus the layer number of 2D MoS2.
(c and d) Center energies of feature peaks A, B, C, and E in the SCM-calculated complex optical conductivity versus the layer number of 2D MoS2.
Dashed lines in the panels a−d are just drawn as a guide to the eye. (e−g) Schematic diagrams of the competition mechanisms between the
decreasing exciton binding energy and the band shrinkage. (e) Default local electronic band structure of the monolayer 2D MoS2 with exciton
ground state (blue line between the CB and the VB). (f) The decreasing Eb dominates EExciton. (g) The band shrinkage dominates EExciton.
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complex optical conductivity should be more advisable because
the propagation effect in the multilayer MoS2 gets stronger
gradually. As shown in Figure 3c,d, the differences between the
optical conductivities calculated by CSM and SCM get larger
with the increasing layer number of 2D MoS2. Specifically, with
the increase of the layer number of MoS2, the criterion 2πn(ω)
d/λ ≪ 1 that the SCM depends on is no longer satisfied,18 and
the propagation effect of the light cannot be ignored any more,
thereby making SCM less and less suitable for extracting the
complex optical conductivity of the multilayer 2D MoS2,
especially in the high-energy (short-wavelength) region. Thus,
the differences between the optical conductivities calculated by
CSM and SCM are larger in the high-energy region. The
complex optical conductivities obtained by the SCM appear
obviously smaller than those obtained by the CSM. These
phenomena can be explained by noting that the SCM neglects
the contribution of light absorption and propagation within the
multilayer MoS2 films.
Next, we will further investigate the scaling effect in the

complex optical conductivity of 2D MoS2, whose physical
origin is the prominent layer-sensitive quantum confinement
effect in 2D MoS2. It can be obviously observed from Figure
3a,b that over the entire spectral range, the real parts of the
complex optical conductivities σr for 2D MoS2 films become
larger as the thickness d increases, while the imaginary parts σi
also present a segmented layer dependency. To some extent, σr
represents the energy loss component caused by the light-
induced conduction current, and σi can characterize the energy
storage capacity of 2D MoS2, which may be associated with the
properties of the light-induced displacement current. The
absolute values for both the real and the imaginary parts of the
complex optical conductivity exhibit layer-dependent increase,
indicating that the light-induced current gradually increases
with the increasing layer number of 2D MoS2. This is because
the thickened MoS2 films can provide sufficient carriers for the
optoelectronic conversion process.
To further reveal the scaling effect on the optical

conductivity of 2D MoS2, we will investigate and discuss the
layer-dependent shifts in the center energies of the feature
peaks shown in the optical conductivity spectra. These peaks
have been marked out in Figure 3a,b, and their underlying
physical origins have been discussed above. For convenience,
the center energies of the peaks in the real and imaginary parts
of the complex optical conductivity are abbreviated as E0

Re and
E0
Im, respectively. Specific center energies for these feature

peaks, including extreme peaks and shoulder peaks, are
determined by calculating the first-order and second-order
differential spectra of the complex optical conductivity spectra.
Specifically, the positions of extreme peaks correspond to the
zero-cross points in the first-order differential curves of the
complex optical conductivity spectra, whereas the center
energies of those shoulder peaks are equal to the local
minimums in the second-order differential curves of the optical
conductivity spectra. It is worth noting that peak D in the
complex optical conductivity spectra calculated by SCM
cannot be exactly determined because the second-order
differential spectra of the complex optical conductivities
exhibit extremely drastic fluctuations. The detailed analysis
method can be found in the Supporting Information. Layer-
dependent center energies of these peaks are presented in
Figure 4a−d. It can be seen that center energies of peaks A and
B are nearly independent with the layer number L. The
underlying physical origin of the layer-independent center

energies of peaks A and B is that the shrinkage of the bands at
the K point of the BZ and decrease of the excitonic binding
energy almost cancel each other.48,49 There is a stable splitting
value of about 0.17 eV in E0

Re (0.13 eV in E0
Im) between the

center energies of peaks A and B. The major inducement of
this splitting phenomenon comes from the intralayer spin−
orbit coupling (SOC) effect.50 For peaks C and D, their center
energies exhibit slight redshifts as L increases. For the high-
energy peak E, the center energy exhibits an obvious layer-
dependent blueshift for the imaginary part but exhibits a
redshift for the real part.
We introduce the competitive mechanisms between two

factors to account for these distinctive layer-dependent shifts in
the optical conductivity of 2D MoS2. One factor is the
decreasing exciton binding energy as L increases, and the other
is the shrinkage of the bands when the MoS2 film undergoes a
transition from the monolayer to the multilayer. The driving
mechanisms of these two factors on the center energies of
these peaks have been schematically illustrated in Figure 4e−g.
Here, EExciton, Eb, and Eg are the exciton transition energy, the
exciton binding energy, and the energy gap between the CB
and the VB, respectively. As a reference, we assume the case in
Figure 4e as the default condition for the local electronic band
structure of the monolayer MoS2. The exciton ground states
(dashed black lines) are taken into account in Figure 4e−g.
With the increase of L, Eb and Eg will decrease with different
magnitudes. It is worth noting that the decreasing Eb will
enlarge EExciton, while the decreasing Eg will reduce EExciton.
Thus, the final value of EExciton for a 2D MoS2 film with a
specified L hinges on the relative changes of Eb and Eg. Because
the feature peaks in the optical conductivity spectra of 2D
MoS2 exhibit intense excitonic behavior, the center energies of
these peaks are approximately equal to the value of EExciton. In
this view, we can make the following inferences: When the
change of Eb is larger than that of Eg as shown in Figure 4f,
EExciton increases, resulting in a blueshift in the center energy of
the feature peak. In contrast, when the change of Eb is smaller
than that of Eg as shown in Figure 4g, EExciton is reduced,
leading to a redshift in the center energy of the feature peak.
When the changes in Eb and Eg are equal to each other, the
center energy remains unchanged just like the cases of peaks A
and B. On the basis of the above analysis and discussion, we
can deduce that the redshifts in center energies of peaks C and
D are associated with the striking contractive energy gaps
between CBs and VBs. Given that the exciton effect in the
high-energy peak E is more sensitive to the layer number, we
conjecture the blue-shifted E0

Re may be due to the fast decaying
exciton binding energies. However, the abnormal redshift in
E0
Im of peak E cannot be explained by the above competition

mechanisms, whose physical origin needs to be further
investigated.
In summary, by combining SE with the CSM and the SCM,

we extract the complex optical conductivities of 2D MoS2 with
different layers over an ultrabroad spectral range (0.73−6.42
eV) and further investigate their layer-dependent evolution
mainly induced by the scaling effect. Five feature peaks (A−E)
are observed in the complex conductivity spectra, and their
center energies exhibit different intriguing layer dependencies.
As the layer number increases, the center energies of peaks A
and B remain unchanged, and the center energies of peaks C
and D exhibit redshifts. For the high-energy peak E, the center
energy of the real part exhibits a blueshift with the layer
number increasing, while the center energy of the imaginary
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part shows an abnormal redshift. We attribute most of these
novel layer-dependent evolutions to the alternative domination
of the decreasing exciton binding energy and the band
renormalization as the 2D MoS2 film undergoes a transition
from the monolayer to multilayer. Moreover, the applicability
of the CSM and the SCM in evaluating the complex optical
conductivity of 2D MoS2 with different layers is discussed from
the point of view of experiments for the first time. We find that
the complex optical conductivity of the monolayer MoS2
obtained from the CSM is nearly equal to that of the SCM,
especially in low-energy regions. For the multilayer (especially
L ≥ 5), because the infinite thin sheet hypothesis in the SCM
is no longer consistent with the actual film thickness, the SCM
is less reliable than the CSM in evaluating complex optical
conductivity of 2D MoS2.

■ EXPERIMENTAL METHODS
Sample Preparation and Characterization. Wafer-scale, high-
quality, layer-controllable MoS2 films are prepared by an
approach called the two-step method.12,33 The ultrathin and
uniform MoO3 films are deposited on a sapphire substrate by
an electron gun, and then the 2D MoS2 is obtained by a
subsequent sulfuration process with gaseous H2S. The layer
number of the 2D MoS2 can be controlled by adjusting the
thickness of precursor MoO3. The Raman spectra of the MoS2
specimens were measured by using an argon ion laser Raman
spectrometer (LabRAM HR800, Horiba JobinYvon); the
wavelength of the detection laser is 532 nm. A TEM system
(JEOL ARM200F) and an atomic force microscope (Bruker
Dimension ICON) were used to check the thicknesses and
surface roughness of the MoS2 films. A commercial SE (ME-L
Mueller matrix ellipsometer, Wuhan Eoptics Technology Co.,
China) was used to investigate the optical conductivities of
MoS2 specimens, whose applicable energy region covers 0.73−
6.42 eV.37,38 The probing spot diameter of the ellipsometer
could be as small as 200 μm by using a pair of focusing probes.
Multi-incidence measurement mode was performed to reduce
correlations among the fitting parameters, and the incident
angles were chosen as 60°, 65°, and 70°.
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Basic principles of ellipsometry and the experimental set-up

Ellipsometry is a widely used optical technique that can simultaneously gain the optical and 

geometrical parameters of nanofilms and nanomaterials in a nondestructive manner by 

detecting the polarization state changes of the light after interacting with the samples.1-3 As 

shown in Figure S1a, the polarization state changes are usually described by two ellipsometric 

angles {Ψ(ω), Δ(ω)} (ω: the angular frequency of light), which can be expressed as

(S1)p stan exp(i ) / ,r r  

where, tanΨ and Δ represent amplitude ratio and phase difference between the p- and s- 

components of the polarized light respectively, and rp and rs refer to the amplitude reflection 

coefficients for p-polarization and s-polarization, which can be written as

(S2)p s rp ip rs is/ =( / ) / ( / ).r r E E E E

Here, Eip and Eis represent the electric field vectors of incident p- and s-polarizations, and Erp 

and Ers represent the electric field vectors of reflected p- and s-polarizations (Figure S1a).

Figure S1b gives a photograph of the spectroscopic ellipsometer (ME-L Mueller matrix 

ellipsometer from Wuhan E-optics Technology Co., China) used in our work.2,3 It contains a 

light source, a polarization state generator (PSG), a sample stage, a polarization state analyzer 

(PSA), and a detector. The PSG modulates the polarization state of the light emitted from the 

light source, while the PSA demodulates the polarization state of the light after reacting with 

the samples. The ellipsometric spectra {Ψ(ω), Δ(ω)} can be obtained by analyzing the light 

intensity signals recorded by the detector. The ellipsometer covers an energy range of 
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0.73‒6.42 eV. In the experiments, multi-incidence measurement mode is chosen to reduce 

correlations among the fitting parameters with the incident angles set as 60°, 65°, and 70°. 

The diameter of the probing spot can be focused to 200 μm by using a pair of focusing probes. 

It is helpful for the measurement of some submillimeter samples.

Figure S1. (a) Basic principles of ellipsometry. (b) A photograph of the experimental set-up.

Ellipsometric analysis of 2D MoS2

Ellipsometry is a model-based technique. To analyze the measured ellipsometric spectra, 

two models need to be constructed, namely the optical model and the dielectric function 

model. The optical model describes the light propagation through the optical stack of the 

sample calculated by the transfer matrix method. While the dielectric function model gives 

the dispersive properties of the material which would be involved in the optical model. The 

theoretical ellipsometric spectra of the sample can be calculated with the above two models.1 

By fitting the measured ellipsometric spectra with the theoretical calculated ones, the basic 

optical parameters (such as the complex refractive index and the dielectric function) and 

geometrical parameters (such as the thickness and the surface roughness) of the sample can be 

obtained simultaneously.
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The optical model for the 2D MoS2 samples is a vertical stacking multilayer structure, 

including the ambient air, the 2D MoS2, the Bruggeman interlayer, and the sapphire substrate 

(Figure S2). The Bruggeman interlayer contains 50% 2D MoS2 and 50% sapphire substrate, 

which can effectively describe the transition interface between two materials.1 The goodness 

of the ellipsometric fit can be further improved by introducing the Bruggeman interlayer. A 

generalized oscillator model combining a Cody-Lorentz oscillator and five Lorentz oscillators 

is used to embody the dielectric properties of the 2D MoS2.1,4,5 On the basic of the above two 

models, the theoretical ellipsometric spectra of the 2D MoS2 can be calculated. Figure S3 

illustrates the measured and best-fitting ellipsometric spectra of the 2D MoS2 with different 

layers. Obviously, the theoretical ellipsometric spectra are in good agreement with the 

experimental ellipsometric spectra, indicating that the models established by us are 

reasonable.

Figure S2. Optical model of the 2D MoS2 on sapphire substrate used in the ellipsometric 

analysis.
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Figure S3. Measured and best fitting ellipsometric spectra {Ψ(ω), Δ(ω)} of the 1‒6L MoS2 

on the sapphire substrates.

Complex refractive index of 2D MoS2
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Figures S4a,b demonstrate the complex refractive indices, including the refractive indices n 

and the extinction coefficients κ, of the 2D MoS2 films with different layers extracted from 

the measured ellipsometric spectra. The complex optical indices of the 2D MoS2 exhibits 

non-monotonic layer-dependencies due to the competition between the decreasing exciton 

effect and increasing joint density of state (JDOS).6 This competition reaches a balance when 

the layer number of 2D MoS2 is about 3‒4, which may be the main reason for the similar 

complex refractive indices of 3L and 4L MoS2. The absorption peaks appearing on the 

extinction coefficient spectra are associated with the optical transitions and the prominent 

exciton effect in 2D-MoS2.7 The first two peaks in the low-energy region can be assigned to 

the direct transitions from the first valance band (VB) and its quantized subband to the 

conductive band (CB) minimum at the K point of the Brillouin zone (BZ).8 The splitting 

quantized subband is related to the quantum confinement in the out-of-plane direction (the 

direction parallel to the c-axis of the MoS2).9 For those peaks in the high-energy interval, 

broad full widths at half maximum indicate that the multiple-transition behavior may play a 

major role in the formations of these peaks. The thicknesses of 1‒6L MoS2 specimens 

measured by SE are 0.60 nm, 1.15 nm, 1.89 nm, 2.40 nm, 3.05 nm, and 3.53 nm, respectively.
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Figure S4. Complex refractive indices of 1‒6L MoS2. (a) Refractive indices. (b) Extinction 

coefficients.

Determination of feature peaks in the optical conductivity of 2D MoS2

The center energies of the feature peaks in optical conductivity spectra of the 2D MoS2 can 

be determined by analyzing zero-cross points in the first-order and the local minimums in the 

second-order differential spectra of the optical conductivity spectra. As shown in Figure 

S5a‒f and Figure S6a‒f, the black (blue) solid lines represent the first-order differential 

spectra of the real (imaginary) parts of the complex optical conductivity spectra for the 1‒6L 

MoS2. The center energies of the extreme peaks A, B, C, and E in the optical conductivity 

spectra (Figure 3a,b) correspond to the positive-to-negative zero-cross points with the 

increasing energy. As shown in Figure S5a‒f and Figure S6a‒f, the zero-cross points marked 

by red (green) dots are equal to the center energies of the extreme peaks in the real 

(imaginary) parts of the optical conductivity spectra. For the special shoulder peak D in 

Figure 3a,b, its center energies are equal to the local minimums in the second-order 

differential spectra of the complex optical conductivities. However, the specific positions of 
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peak D in the complex optical conductivity spectra calculated by SCM cannot be determined 

according to the above methods because the second-order differential spectra of the complex 

optical conductivities exhibit extremely drastic fluctuations. Specifically, the complex optical 

conductivity spectra obtained by the SCM are calculated from the measured ellipsometric 

spectra wavelength by wavelength, which inevitably contain some environmental random 

noise. When we calculate the second-order differential spectra of the of the complex optical 

conductivities, the local fluctuating noise signals are extremely amplified and prevent us from 

finding the local minimum in the second-order differential spectra. The fluctuation 

phenomena can also be observed in the first-order differential spectra of the complex optical 

conductivities obtained by SCM, as shown in Figure S6a‒f. Fortunately, these fluctuations are 

not very drastic in the first-order differential spectra. According to the overall trends of these 

fluctuation curves, we roughly mark the positions of feature peaks A, B, C, and E. The center 

energies of peaks A‒E in the real and imaginary parts of the optical conductivity spectra 

calculated by CSM and SCM are summarized in Table S1 and Table S2.
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Figure S5. Differential spectra of CSM calculated complex optical conductivities of 1‒6L 

MoS2. (a‒f) First-order differential spectra. (g‒l) Second-order differential spectra.
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Figure S6. First-order differential spectra of SCM calculated complex optical conductivities 

of 1‒6L MoS2.

Photoluminescence of 2D MoS2

To further confirm the layer-dependency that the complex optical conductivity spectra of 

the 2D MoS2 exhibits, the photoluminescence (PL) spectra of 1‒6L MoS2 are measured and 

uniformly plotted in Figure S7a. It is obvious that there are two feature PL peaks (A and B) in 

Figure S7a, which correspond the first two feature peaks in the complex optical conductivity 

spectra of the 2D MoS2. The center energies of the PL peaks A and B in the monolayer MoS2 

are slightly larger than those of the non-monolayer MoS2. This can be mainly attributed to 

that the non-monolayer MoS2 is indirect bandgap semiconductor whose indirect bandgap is 

smaller than the direct bandgap of the monolayer MoS2. To some extent, the PL response 
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from the indirect bandgap causes the redshift of the peak A in the PL spectrum of the 

non-monolayer MoS2. As illustrated in Figure S7b, the positions of peaks A and B in the PL 

spectra of the 2D MoS2 also exhibit insignificant layer-dependencies, which are 

consistent with the layer-independencies that the complex optical conductivity of the 

2D MoS2 exhibits (Figure 4a‒d).

Figure S7. (a) Photoluminescence of 1‒6L MoS2, the wavelength of the detection laser is 

514nm. (b) Center energies of PL peaks A and B versus the layer number of 2D MoS2.
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Table S1. Feature peaks (A‒E) in the CSM calculated σ (E) of 1‒6L MoS2

CSM
r

CSM
iL

A B C D E A B C D E
1 1.87 2.03 2.88 3.15 4.11 1.86 1.98 2.66 3.11 3.86
2 1.90 2.09 2.85 3.14 4.32 1.87 2.00 2.58 3.08 3.86
3 1.87 2.05 2.86 3.14 4.30 1.85 1.98 2.59 3.09 3.85
4 1.88 2.05 2.83 3.14 4.30 1.85 1.98 2.57 3.09 3.84
5 1.89 2.08 2.85 3.12 4.32 1.86 2.01 2.54 3.08 3.87
6 1.86 2.03 2.80 3.11 4.34 1.84 1.97 2.54 3.03 3.83

Table S2. Feature peaks (A, B, C, E) in the SCM calculated σ (E) of 1‒6L MoS2

SCM
r

SCM
iL

A B C E A B C E
1 1.87 2.02 2.86 4.07 1.85 1.98 2.69 3.92
2 1.91 2.14 2.85 4.25 1.87 2.04 2.55 3.84
3 1.87 2.03 2.82 4.17 1.84 1.98 2.58 3.78
4 1.88 2.01 2.82 4.19 1.84 1.96 2.57 3.74
5 1.88 2.03 2.78 4.22 1.84 1.96 2.49 3.72
6 1.86 2.01 2.75 4.22 1.82 1.96 2.50 3.72
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