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1. Introduction

Layer-dependent dielectric and optical properties
of centimeter-scale 2D WSe,: evolution from a
single layer to few layersf

Honggang Gu,

1° Baokun Song, © £ Mingsheng Fang,? Yilun Hong
Xiuguo Chen, | (

Hao Jiang, ©2 @ Wencai Ren 2 *° and Shiyuan Liu

Two-dimensional (2D) materials usually exhibit interesting layer-dependent dielectric and optical pro-
perties, which play important roles in structure optimization and performance improvement of related
devices. Recently, 2D WSe, has attracted considerable attention in atomically thin electronics and opto-
electronics, due to its exotic photoelectric properties. In this paper, high-quality, continuous, and centi-
meter-scale 2D WSe, with different layers on a sapphire substrate are prepared by an ultrafast ambient-
pressure chemical vapor deposition method. We comprehensively investigate the evolution of the layer-
dependent dielectric and optical properties of 2D WSe, from a single layer to five layers by spectroscopic
ellipsometry over an ultra-broad energy range (0.73-6.42 eV). We identify the critical points (CPs) in the
dielectric function spectra of 2D WSe, with different layers, and reveal physical origins of the corres-
ponding optical transitions at these CPs by the CP analysis method and first-principles calculations.
Results demonstrate that the center energies of these CPs exhibit intriguing layer-dependencies, which
can be interpreted as the alternative domination of the decreasing exciton binding energy and the striking
band renormalization. For the first time, we found that the imaginary part of the dielectric function of
WSe, at these CPs exhibits a valley-like shape versus the layer number, and the bottom appears at
3-layers. This non-monotonic evolution is explained as a competition between the layer-dependent
decrease of the exciton effect and the layer-dependent increase of the joint density of states.

strongly depend on the intrinsic dielectric and optical properties
(usually described with the dielectric function and the complex

Recently, a two-dimensional transition metal dichalcogenide
(2D-TMDC) WSe, has attracted considerable attention in atom-
ically thin electronics and optoelectronics due to its exotic
photoelectric properties, such as layer-modulated bandgaps,’
moderate mobility (~200 cm* V™' s7'), a high on-off ratio
(10%),>* and a prominent spin-orbit coupling (SOC) effect.*
The use of 2D WSe,, in the forms of intrinsic (doped) 2D WSe,
and customized heterostructures hybridized with other 2D
materials, significantly improves the performances of related opto-
electronic devices and endows them with many distinctive
properties.”® Performances of these optoelectronic devices
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refractive index, respectively, which can be converted to each
other) of 2D WSe, and these properties usually exhibit obvious
layer-dependencies.” " Therefore, comprehensively investigating
the dielectric and optical properties of WSe, with different layers
(L) and revealing the underlying physical mechanisms are instruc-
tive to the design and optimization of these novel devices."”
Typical experimental techniques used to study the optical
properties of 2D WSe, mainly include photoluminescence (PL)
spectroscopy,”™® Raman spectroscopy,”>'* and reflection
(transmission and absorption) spectroscopy.”'® To some
extent, these techniques can indeed help obtain some physico-
chemical information of 2D WSe,, such as the optical
bandgap, lattice structure, absorption characteristic, etc.
However, the intrinsic dielectric and optical parameters of 2D
WSe,, including the dielectric function (¢ = &; — ie,, where &
and ¢, refer to the real part and imaginary part of the dielectric
function) and the complex refractive index (N = n - i, where n
and k refer to the refractive index and the extinction coeffi-
cient, respectively), cannot be derived from these spectra
directly. So far, experimental studies on the layer-dependent
dielectric and optical parameters of 2D WSe, have scarcely

This journal is © The Royal Society of Chemistry 2019
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been reported. Commonly used techniques to determine the
dielectric function and complex refractive index of 2D WSe,
include the reflection (or absorption) spectrum method,'
differential reflection (or transmission) spectrum method,®
scattering-type scanning near-field optical microscopy
(s-SNOM),"”2® and ellipsometry.>'>* With the reflection (or
absorption) spectrum method, Li et al. obtained the dielectric
function of the monolayer WSe, over an energy range of
1.5-3.0 eV by combining a Kramers-Kronig (K-K) constrained
variational analysis."> This method depends on the absolute
detected light intensity, which can be easily affected by the
experimental environment. Moreover, to obtain both the real
and imaginary parts of the dielectric function, the K-K
relationship needs to be applied, which introduces some inevi-
table errors to the final results.”> Morozov et al. simultaneously
measured the frequency-dependent reflection (transmission)
spectra and corresponding differential spectra of monolayer
WSe,, and extracted the dielectric function without employing
the K-K relationship."® Although this method avoids the use of
the K-K relationship, it requires repeated experiments, longer
measurement time, and expensive subsequent calculations to
obtain accurate results. s-SNOM is sensitive to the optical an-
isotropy in 2D materials, and can be used to determine the
dielectric tensor of a thin film.'® It has been recently devel-
oped to probe the optical anisotropy in 2D van der Waals
materials,"®'® and to investigate the plasmonic and polaritonic
properties in 2D materials, metamaterials, quantum materials,
etc.”® Compared with the techniques discussed above, ellipso-
metry detects the polarization state changes of polarized light
before and after reaction (reflection or transmission) with the
samples, and the dielectric and optical parameters of 2D
materials can be accurately extracted from the ellipsometric
spectra without any additional functions.>® Eichfeld et al.
measured the ellipsometric spectra of WSe, films with
different thicknesses and obtained their complex refractive
indices over a wavelength range of 200-1000 nm.*" Similarly,
Diware et al. extracted the dielectric functions and thicknesses
of 1L and 3L WSe, from the measured ellipsometric spectra by
using multilayer optical calculations with appropriate optical
models.”*** However, the existing ellipsometric studies on 2D
WSe, failed to reveal the evolution of layer-dependent dielec-
tric and optical properties due to the lack of high-quality
materials with continuous layers. Moreover, the physical mecha-
nisms behind these properties of 2D WSe, have not been under-
stood yet. In addition to the above experimental studies, some
researchers carried out investigations on the dielectric and
optical properties of 2D WSe, on the basis of theoretical
calculations.”””*® By using the first-principles calculations, Johari
et al. gave convincing explanations for the layer-dependent dielec-
tric properties of WSe, by analyzing the calculated electron
energy loss spectra.”” Kumar et al. also studied the relationship
between the dielectric response and the layer number of WSe, by
means of ab initio calculations.”® However, these theoretical
results lack sufficient experimental verification.

In this paper, we prepared high-quality, continuous, and
centimeter-scale layer-gradient 2D WSe, specimens on sap-
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phire by an ultrafast ambient-pressure chemical vapor depo-
sition method. The evolution of the dielectric and optical pro-
perties of 1-5L WSe, is comprehensively investigated by spec-
troscopic ellipsometry over an energy range of 0.73-6.42 €V,
and the physical mechanisms behind these layer-dependent
properties are revealed. A systematic method based on the
critical point (CP) analysis and first-principles calculations is
proposed to identify the spatial positions in the Brillouin zone
(BZ), energy bands, and carrier types of the optical transitions
occurring at the CPs of 2D WSe,. By using the proposed
method, up to eight critical points (CPs) A-H are distinguished
in the in-plane dielectric function spectra of 2D WSe,, and
their corresponding transitions are further identified from the
band structures and projected density of states (PDOS). We
find that the center energies of these CPs exhibit intriguing
layer-dependencies, and interpret them as the competition
between the exciton binding energy and the striking shrinkage
of energy bands. Results demonstrate that the imaginary part
of the in-plane dielectric function at these CPs exhibits a
valley-like shape versus the layer number of WSe,, and the
valley bottom appears at 3L. We explain the non-monotonous
evolution of the layer-dependent dielectric function as a joint
contribution from the exciton effect and the joint density of
states (JDOS).

2. Experimental section

2.1. Preparation of centimetre-scale 2D WSe,

High-quality, continuous, centimeter-scale 2D WSe, films were
grown on gold foil (99.95 wt%, 100 um thick, 2 x 1 cm? size,
Alfa Aesar) by an ultrafast ambient-pressure chemical vapor
deposition method using WO; powder and Se pellets as pre-
cursors (Fig. 1a). After growth, the 2D WSe, samples were
transferred onto polished sapphire substrates (1 cm x 1 cm)
with a nondestructive electrochemical bubbling method. The
detailed growth process and transfer procedure can be found
in our previous publications.”>*°

2.2. Characterization of 2D WSe,

An Escalab 250Xi X-ray photoelectron spectrometer with an Al-
Ko radiation source (1486.6 eV) was used to analyze the
elemental composition of the WSe, films. The surface rough-
ness and thicknesses of the WSe, films were characterized by
atomic force microscopy (AFM) (Bruker Dimension ICON).
High-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) imaging was performed on an
aberration-corrected and monochromated transmission elec-
tron microscope (TEM) (Nion UltraSTEM 100) operating at 60
kv. The Raman spectra of the WSe, specimens were recorded
by using an argon ion laser Raman spectrometer (LabRAM
HR800, Horiba Jobin Yvon) with a 532 nm line. A commercial
spectroscopic ellipsometer (ME-L Mueller matrix ellipsometer,
Wuhan Eoptics Technology Co., Wuhan, China) was used
to investigate the dielectric and optical properties of
WSe, specimens, whose applicable energy region covers
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Fig. 1 (a) Schematic diagram of the ultrafast ambient-pressure CVD method. (b) Photographs of 0—5L WSe, on the sapphire substrates. (c and d)

Measured XPS spectra and the corresponding peak-differentiation-imitating analysis results for monolayer WSe,. (e and f) Optical images of mono-
layer WSe, transferred on a sapphire substrate. (e) Center region. (f) Edge region. (g) AFM image of monolayer WSe,, and the high profiles across the
white solid line. The white box indicates the area that was used to evaluate the surface roughness. (h) HAADF-STEM image of monolayer WSe,. (i)
Typical Raman spectrum of monolayer WSe;; the wavelength of the detection laser is 532 nm.

0.73-6.42 eV,>>?713% and an incident angle of 65° is optimally
selected in the ellipsometric measurement.

2.3. First-principles calculations

All the first-principles calculations were performed with the
Vienna ab initio package (VASP v5.4.1).>* The structures were
optimized with the PBE functional based on PAW pseudo-
potentials.** Periodic images of monolayers and multilayers were
separated by 15 A of vacuum, and van der Waals corrections
vdw-D2 were taken into consideration. The criterion for the
convergence of forces and total energy was set to 0.01 eV A™*
and 107" eV. The electronic properties were calculated with the
HSE06 hybrid functional based on PAW pseudopotentials.®® In
all cases, the kinetic energy cutoff was set at 700 eV and the
BZ sampled with an 8 x 8 x 1 [-centered k-point mesh for
monolayer WSe, and an 8 x 8 x 2 I'-centered k-point mesh for
multilayer WSe,. The calculations were performed taking the
SOC effect into consideration.

3. Results and discussion

Fig. 1b clearly shows that the optical contrast gradually
increases from the bare sapphire substrate to 5L WSe,. As
shown in Fig. 1c and d, we performed X-ray photoelectron

22764 | Nanoscale, 2019, 11, 22762-22771

spectroscopy (XPS) on monolayer WSe, and each XPS peak
could be well fitted with one Voigt function, implying that only
one tungsten- or selenium-containing chemical species exists
at the surface. Moreover, the center energies of these XPS
peaks agree well with a previous experimental report.>® Optical
images of the central and edge regions of the monolayer WSe,
specimen (see Fig. le and f) show that the WSe, film has
uniform thickness. AFM measurements show that monolayer
WSe, has a thickness of 0.75 nm and low surface roughness
(Fig. 1g). The HAADF-STEM image shows a clear hexagonal
lattice structure without vacancies and defects (Fig. 1h). As
shown in Fig. 1i, by analyzing the Raman spectrum of monolayer
WSe,, four characteristic Raman modes can be distinguished,
including first-order out-of-plane mode A, first-order in-plane
mode E,,', overtone of the long acoustic phonon branch at the M
point (we refer to it as 2LA(M)), and a phonon mode of the
E-symmetry optical branch at the K point of the BZ (named E(K)).
The center frequencies of these Raman modes agree with those
of the mechanically exfoliated monolayer WSe, flakes."*” All
these results confirm that our CVD-grown WSe, is a high-quality
monolayer film. The XPS results (Fig. S17), thicknesses (Fig. S2
and Table S17), surface roughness (Fig. S21), and Raman spectra
(Fig. S3t) of 2-5L WSe, films are summarized in the ESL

To perform the ellipsometric analysis on the 2D WSe, speci-
mens, a vertical stacking optical model (Fig. 2a) is constructed

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 (a) Optical model of the 2D WSe, film on the sapphire substrate,
and the geometric relationships between the instrument coordinate
system (x-o-y) and the dielectric functions. The incident angle ¢, = 65°.
(b) Ellipsometric analysis results for monolayer WSe,.

to approximately embody the optical structure of the WSe,
film on the sapphire substrate. The optical model contains 4
layers including the ambient air layer, the WSe, film layer, a
Bruggeman interlayer®® (50% WSe, and 50% sapphire), and
the sapphire substrate. The interlayer is a unique consider-
ation of the surface roughness of the sapphire substrate. The
transferred WSe, film gradually adheres to the microprofile of
the sapphire during the annealing process, forming an ultra-
thin transition layer. The Bruggeman interlayer is able to
describe the properties of the transition layer to some extent,
improving the final ellipsometric analysis results.*>*® Actually,
layered 2D WSe, can be regarded as an optical uniaxial
material, whose dielectric properties can be described by a
second-order dielectric tensor ¢ = diag(e,, €., €). Here, ¢, and
€. denote the ordinary and the extraordinary dielectric func-
tions, respectively. It should be noted that we use a minus sign
in front of the imaginary parts of the dielectric functions, i.e.,
€0 = €01 — l€op AN €. = €¢1 — I€ey, and we take the same sign con-
vention for the complex refractive indices. As shown in Fig. 2a,
the direction of ¢, is perpendicular to the surface of 2D WSe,
(parallel to the z-axis of the instrument coordinate system), and
&, lies in the surface of 2D WSe, (x-0-y plane). Thus, in this work,
eo(¢e) also refers to the in-plane (out-of-plane) dielectric func-
tion of 2D WSe,. To physically embody the dielectric properties
of 2D WSe, over the concerned energy range, ¢, is parameter-
ized using a combined classical oscillator model, including 3
Cody-Lorentz oscillators and 5 Lorentz oscillators, and e, is
parameterized with a Tauc-Lorentz oscillator.*’ These oscil-

This journal is © The Royal Society of Chemistry 2019
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lators can effectively describe the quasiparticle transitions
occurring at the semiconductors.’®*> Based on the established
optical model and dielectric model, theoretical ellipsometric
spectra (‘P(E), A(E)) of the WSe, films can be calculated using
the optical interference theory in multilayer films.*® Then, the
dielectric functions and thicknesses of the WSe, films can be
simultaneously extracted by fitting the measured ellipsometric
spectra with theoretically calculated ones. Analysis results
(Fig. 2b and Fig. S4}) exhibit excellent goodness of fit. Further
information on the ellipsometric analysis aiming at 2D
materials is available in our previous reports.*® It should be
noted that although sapphire is also a uniaxial crystal, consider-
ing the extremely weak birefringence (~107%) over the concerned
spectral range,*® the optical anisotropy in the sapphire substrate
is neglected in the ellipsometric analysis for convenience.

Since the thickness of the 2D WSe, film we used is severely
limited (<3.5 nm), the out-of-plane dielectric functions may
contribute trivially to the optical response in ellipsometric
measurement due to the difficulty in exciting the vertical
dipole.**** In addition, the 2D WSe, film in this work is poly-
crystalline, in which the assumption of optical anisotropy is
not strict.** The above two reasons may make the extracted
out-of-plane dielectric function less stable and reliable. More
importantly, the in-plane dielectric functions contain many
more features than the out-of-plane dielectric functions, which
can help us reveal more intrinsic optical and dielectric pro-
perties as well as the evolution of 2D WSe,. Thus, in this work,
we will mainly focus on the layer-dependencies that the in-
plane dielectric functions exhibit.

The in-plane dielectric functions and complex refractive
indices of 1-5L WSe, films over the concerned spectral range
(0.73-6.42 eV) are plotted in Fig. 3a and b. Both real parts (&)
(Fig. 3a) and imaginary parts (&) (Fig. 3b) of the in-plane
dielectric function spectra for the WSe, films present intricate
layer-dependencies over the whole spectral range. It can be
interpreted as the externalization related to the quasiparticle
transitions, including normal optical transitions, peculiar
exciton and trion transitions, etc. These transitions are closely
related to the band structures of the materials. In 2D
materials, the band structure is sensitive to the geometric size,
especially the layer number, due to the prominent quantum
confinement effect in the vertical direction. Specifically, the
layer-dependent band structure of 2D WSe, is the direct physi-
cal origin of the size effect exhibited in the dielectric function
spectra. Up to eight CPs can be clearly distinguished in the in-
plane dielectric function spectra as labeled by uppercase A-H
in Fig. 3b, and their magnitudes and shapes are different from
each other. For the four low-energy CPs (A-D), they present
relatively larger magnitudes and narrower full widths at half
maximum (FWHMs) compared with those of high-energy CPs
E-H. These phenomena suggest that the transitions associated
with the low-energy CPs may be relatively explicit and under-
standable. In other words, the transitions requiring higher
energy to excite are restricted to some extent. In contrast, the
broader FWHMs and the weaker intensities of high-energy CPs
E-H imply that the transition behaviors related to these CPs

Nanoscale, 2019, 11, 22762-22771 | 22765
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In-plane dielectric function spectra of 1-5L WSe, measured using SE. (a) Real part ¢o3. (b) Imaginary part &,,. In-plane complex refractive

index spectra of 1-5L WSe; films. (c) Refractive index n,,. (d) Extinction coefficient .

are likely to be multifarious and competitive. It is worth
noting that the CPs of monolayer WSe, are sharper compared
with those of multilayer WSe,, which can be understood as a
lack of interlayer interactions in the monolayer material and
the transitions associated with the out-of-plane direction are
limited to an intralayer.” The in-plane complex refractive
indices of 1-5L WSe, can be calculated from the in-plane
dielectric functions according to the formula N* = ¢, and the
results are presented in Fig. 3c and d. When the excitation
energy is larger than 3 eV, the refractive index n, of monolayer
WSe, is smaller than that of multilayer WSe,, while the extinc-
tion coefficient x, of monolayer WSe, is larger than that of
multilayer WSe,. The former phenomenon can be explained as
the absence of interlayer interactions in monolayer WSe,. The
latter can be attributed to the significantly enhanced excitonic
behavior induced by the quantum confinement effect, which
is expected to increase the absorption of the excitation energy.
To further identify the physical origins of these optical tran-
sitions occurring at the CPs, we propose a systematic and
analytical method by combining the CP analysis and the first-
principles calculations. The proposed method has the ability
to determine the spatial positions, energy bands, and carrier
types of the transitions occurring at a specific CP. Firstly, the
CP analysis method is applied to precisely determine the para-
meters of CPs, and meanwhile the first principles method is
adopted to calculate the band structure and PDOS. The energy

22766 | Nanoscale, 2019, 11, 22762-22771

differences between the CBs and VBs (Ec.y) are calculated
based on the band structure. Then, these results are drawn
together in a figure in a specific sequence, in which the CP
analysis results, the energy differences Ec_y, the band struc-
ture, and the PDOS are in the lower right corner, lower left
corner, upper left corner and upper right corner, respectively.
What’s more, the Ec_y is a bond linking the CPs and the band
structure, and the Ec_y subfigure is carefully aligned with the
CPs and the band structure subfigures according to the energy
axis and the momentum space, respectively. Also, the band
structure subfigure is aligned with the PDOS subfigure accord-
ing to the energy axis. Finally, the transitions occurring at the
CPs are precisely identified according to the following steps.
(1) Equal-energy lines (EELs) are drawn throughout the CPs
and the E¢_y subfigures according the center energies of the CPs.
The tangent points between EELs and the Ecy curves can be
regarded as the transition positions. This is because the JDOS at
the tangent point is singular, where the transition strength
reaches an extreme value. The JDOS can be expressed as*®

ds;

1
DOS(Ecy) = — | =——
J ( CV) 4R3J|VkEC—V|7

(1)

where, S; represents the constant energy surface defined by
Ecy(k) = constant. Thus, the tangent point appears when
VkchV =0.

This journal is © The Royal Society of Chemistry 2019
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(2) Equal-momentum lines (EMLs) are drawn throughout
the Ec_y and the band structure subfigures to distinguish the
energy bands involved in the transitions of the CPs.

(3) EELs are drawn throughout the band structure and the
PDOS subfigures to figure out the specific carrier types respon-
sible for the transitions.

Based on the proposed method, the underlying mecha-
nisms of the transitions at the CPs of 2D WSe, with different
layers can be revealed. Taking monolayer WSe, as an example,
we performed first-principles calculations on the band struc-
tures (Fig. 4a) and the PDOS (Fig. 4b), and the CP analysis on
the in-plane dielectric function spectra (Fig. 4d). Furthermore,
the energy differences (Ec_y) between the first four CBs and
the first four VBs are evaluated and presented in Fig. 4c.
Detailed analysis procedures for other WSe, specimens can be
found in the ‘Critical point analysis’ and ‘Transitions of 2-5L
WSe,’ parts. Analysis results are presented in Fig. S5 and
Table S2 of the ESL. ¥

The specific spatial positions in the BZ, energy bands and
carrier types of the transitions occurring at the CPs for 2D
WSe, can be identified by drawing EELs (green dashed lines
throughout Fig. 4c and d and Fig. 4a and b) and EMLs (green
dashed lines throughout Fig. 4a and c). The red dots in Fig. 4c
represent the transition positions in the BZ, and the blue
dashed lines in Fig. 4a and b mark out the specific energy
bands and carrier types involved in the transitions.

View Article Online
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Specifically, the CPs A and B are associated with the direct
transitions between the maxima of splitting VBs (V; and V,)
and the minimum of the CB (C;) at the K point of the BZ. The
VB splitting phenomenon is mainly caused by the intralayer
SOC effect.””"*® The origins of CPs D and E can be assigned to
the transitions from V;(V,) to C,(C,) respectively, whose spatial
positions may cover the range from 0.54 I'-K to 0.74 ['-K in the
BZ (the region identified by red and blue open circles in
Fig. 4a). In this interval, V;(V,) is almost parallel to C,(C,), and
the striking band nesting leads to a prominent increase of the
transition strength.”® The multiple direct transitions from
V1/V, to C4/C, at the M point in the BZ make major contribution
to the formation of the CP F. The broad CP G corresponds to
the direct transitions that occur between the V;/V, to the CB
minimum at the K point in the BZ. Above the CP G, there
exists a rarely reported high-energy and broad CP H at about
5.9 eV. We conjecture that it may be relevant to the multipli-
cate transitions from V;/V, to the higher CBs. It should be
pointed out that since the strength is extremely weak and the
center energy may be beyond the spectral range of SE, we
failed to extract detailed parameters of CP H exactly. In
addition, due to the absence of a definite tangent point as pre-
sented in Fig. 4c, we cannot clearly identify the CP C using the
proposed method. In the light of the band nesting phenom-
enon as discussed above, we think that the direct transitions
from V,/V, to C,/C, near the I" point of the BZ may give rise to
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(a and b) Band structure and PDOS of monolayer WSe, obtained from the first-principles calculations. (c) Energy differences Ec_y between
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the CP C.'®*° The major contribution of the PDOS is from the
electrons in 4p orbitals of Se atoms and 5d orbitals of W
atoms. Specifically, the electrons in 5d orbitals of W atoms are
the major carriers at the VBs and CBs relevant to these CPs.
Fig. 5 presents the changes of the center energies (E,) and
the imaginary parts ¢,, of the in-plane dielectric functions at
the CPs versus the layer number of 2D WSe,. The changing pat-
terns of the E,-L curves can be roughly divided into two types
with different background colors as shown in Fig. 5a. For the
first five CPs (A-E), the center energies E, exhibit general red-
shift tendencies with the increase of L, while the center ener-
gies of the high-energy CPs (F and G) evolve following a non-
monotonous pattern, first increasing (blueshift) and then
decreasing (redshift) with the increase of L, and their maxima
appear at about L = 3. The underlying driving mechanism of
these diverse changes can be partly attributed to a competition
between two factors: (1) the layer-dependent decreasing
exciton binding energy; and (2) the mutual contractions
between CBs and VBs as WSe, undergoes a 2D-to-3D tran-
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Fig. 5 (a) Center energies of the critical points (CPs) A—G versus the

layer number L. (b) The imaginary part e,, of the in-plane dielectric
function at these CPs versus L. (c and d) Energy splitting values between
CPs B(E) and A(D) versus L.
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sition. In detail, the exciton binding energy can be expressed
as EP = pe*/2[he,(n — 1/2)],°" where n, 4, e, i, and &, stand for
the quantum number, the excitonic reduced mass, the charge
of a free electron, the reduced Planck constant, and the dielec-
tric function experienced by the n-th exciton, respectively. For
an exciton at a specific energy level, its binding energy can be
simply written as E! « 1/e,”. By performing a simple analysis
of the first-derivative of 1/¢,%, we find that E} presents a decel-
eration attenuation as ¢, increases. Considering that the mag-
nitude of ¢, is positively correlated with the thickness of
shielding 2D materials (2D WSe, here),>>>® the exciton
binding energy will decrease with the increase of L.

For CPs A-E, the second factor dominates their center ener-
gies when L < 3, while the evolution of the center energies
does not follow an apparent pattern as L changes from 3 to 5.
In particular, for CPs A and C, the second factor still has a
major influence on their center energies, while for the CPs B,
D, and E, the competition between the above two factors
gradually becomes significant. When L changes from 3 to 4,
the sharply reduced exciton binding energies caused by the
increasing out-of-plane dielectric shielding lead to a note-
worthy blueshift of the center energies, whereas, as L goes up
to 5, the prominent redshifts of the band-to-band absorption
edge take back control of the center energies. For CPs F and G,
the exciton effect in a high-energy range is expected to be
more remarkable than that in the low-energy range, and the
strongly decreasing exciton binding energies with the increase
of L cause an obvious blueshift in the center energies when
L < 3. When L > 3, the gradually enhanced interlayer inter-
actions in multilayer WSe, may further promote the shrinkage
between CBs and VBs,'*** which results in the redshifts in the
center energies of CPs F and G. The redshift phenomenon also
indicates that the electronic states associated with these tran-
sitions occurring at CPs F and G are extended in the out-of-
plane direction.’

As illustrated in Fig. 5b, the imaginary parts of the in-plane
dielectric function ¢4, at above CPs demonstrate similar evol-
ution patterns versus the layer number L. It can be seen that
the e,,-L curves exhibit obvious valley shapes, whose bottom
parts appear at L = 3. As shown in Fig. 5b, the ¢,,-L curves can
be divided into two regions (region I and region II) based on
the bottom parts. In region I, the magnitude of ¢, exhibits a
layer-dependent decrease, while in region II, &,, increases with
the increasing layer number L. To figure out the physical
mechanism behind the interesting layer-dependency that the
dielectric function of 2D WSe, exhibits, those parameters that
have major influence on the dielectric function are investi-
gated with the help of quantum mechanics. The imaginary
part of the in-plane dielectric function ¢,, is associated with
the interband transitions and can be written as*®°

! )

he \* 20012
€nn(E) =|——=) JDOS - |P, v —mmm———
() = (reg) 1008 IO T

where h and m, refer to the Planck constant and the mass of a
free electron, respectively. P. denotes the optical matrix
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element, which represents the probability of the transition.
|U|?> is an index to evaluate the effect of an exciton on the
strength of the interband transition, and y is a damping coeffi-
cient determining the bandwidth of the interband transition.
Given that the excitation energy E and the energy difference
Ecv are equal at the CP and Pcv is layer-independent, the
strength of ¢, is just proportional to the JDOS and the exciton
effect parameter |U|>. In other words, &, can be simply written
as &qp  JDOS-|U|*. Therefore, we can deduce that the alternat-
ing domination of the JDOS and the exciton effect results in
the valley in the &,,-L curves.

Actually, for a thermal equilibrium system, the strength of
the exciton effect can be represented by the exciton binding
energy. To be specific, the exciton effect will be strong (weak)
when the exciton binding energy is large (small). According to
the above analysis of the exciton binding energy and some pre-
vious reports,>*>°° we believe that the exciton effect decreases
when WSe, changes from a monolayer to the bulk limit. The
JDOS means the density of paired initial-final states participat-
ing in the optical transition with a certain energy.*® Different
from the layer-dependent decreasing exciton effect, the JDOS
exhibits a monotonic layer-dependent increase. The accelera-
tion of the JDOS gradually reduces and eventually approaches
zero from a monolayer to the bulk.

In region I in Fig. 5b, with the increase of the layer number
L, the rapidly decreasing exciton effect dominates the evol-
ution trend for e,, at these CPs, while, in region II, the
uptrend of &,, is mainly induced by the striking increase of the
JDOS, and the weakened exciton effect also promotes this
phenomenon. For WSe,, the change rates of the exciton effect
and the JDOS reach a balance when L = 3, and the valley-like
eop—L curve appears at the bottom (Fig. 5b). Apparently, the
layer-dependent changing rates (decreasing rates in region I
and increasing rates in region II) of ¢,, at different CPs are
different from each other. This can be explained as a joint
impact of two factors: (1) the out-of-plane dielectric shielding
effect experienced by the exciton with a larger (smaller) Bohr
radius is stronger (weaker), meaning that the strength of the
exciton effect at different CPs shows dissimilar layer-depen-
dencies; (2) the JDOSs at these CPs are different from each
other (Fig. 5b), suggesting that the optical transition strength
is different at these CPs. Furthermore, the steeper attenuation
of &4, for low-energy CPs A-D indicates that the exciton effects
at these two CPs exhibit a stronger layer-dependency. For the
remaining CPs, the relatively moderate decrease of ¢, arises
from a collaborative influence of the weaker layer-sensibility of
the exciton effect and the gradually significant offset from the
increasing JDOS. Similar interpretations can be applied to
comprehend the different increasing rates of ¢,, presented in
region II.

Fig. 5c and d present the experimental center energy differ-
ences between A(D) and B(E) compared with the theoretically
calculated results (Fig. 4a and Fig. S51). This phenomenon can
be assigned to the energy band split induced by the SOC
effect.”’>° The energy splitting values between CPs A and B
(Ep-s) for WSe, specimens with different layers are 420 + 10

This journal is © The Royal Society of Chemistry 2019

View Article Online

Paper

meV (solid black balls, Fig. 5c), which agree well with the
theoretical values 415 + 10 meV (blue asterisks, Fig. 5c). It is
obvious that Eg , values are nearly independent of the layer
number L, especially for the monolayer and bilayer (L = 1, 2).
The energy splitting values Eg 5 for the monolayer and bilayer
are mainly induced by the intralayer SOC effect. The interlayer
coupling only makes a weak contribution to enlarge the split-
ting slightly when L changes from 3 to 5. Similarly, the experi-
mental and calculated energy splitting values between the CPs
D and E (Egp) (480 = 40 meV for the experiment; 510 =
50 meV for the calculation) are relatively consistent with each
other (Fig. 5d). It can be found that the Ex p data undergo a
similar changing rule to Eg_,, which is because CPs E and D
are caused by the SOC-induced band nesting phenomenon.*

4. Conclusions

In summary, we firstly prepared high-quality, continuous, and
centimeter-scale 2D WSe, with different layers on sapphire by
an ultrafast ambient-pressure chemical vapor deposition
method. Then, the evolution of layer-dependent dielectric and
optical properties of 2D WSe, from a single layer to 5 layers
was comprehensively investigated by broadband (0.73-6.42 eV)
spectroscopic ellipsometry. We propose a systematic method
based on the CP analysis and first-principles calculations to
identify the spatial positions in the BZ, energy bands, and
carrier types of the optical transitions occurring at the CPs of
2D WSe,. Dielectric functions and the complex refractive
indices of 1-5L WSe, are determined from the measured ellip-
sometric parameters, and up to eight CPs (A-H) are distin-
guished in the in-plane dielectric function spectra. Specific
transitions responsible for these CPs are further precisely
identified by using the proposed method. Results demonstrate
that the layer-dependent evolution of the center energies of
these CPs occurs according to two different rules. For the five
low-energy CPs (A-E), their center energies exhibit general red-
shift tendencies as the layer number increases, while the
center energies of the high-energy CPs (F and G) firstly present
a blueshift (L < 3) and then a redshift (L > 3). The underlying
physical cause of the distinctive layer-dependency is explained
as the alternate domination of the layer-dependent decreasing
exciton binding energy and the band renormalization. We find
that the imaginary part of the in-plane dielectric functions pre-
sents a valley shape versus the layer number of the WSe,, and
the valley bottom appears at 3L. This layer-dependent fluctu-
ation can be attributed to the joint contribution from the
decreasing exciton effect and the increasing JDOS. In addition,
the layer-dependent energy band split induced by the SOC
effect is studied, and the experimental energy splitting values
between CPs A(D) and B(E) show high agreement with the
theoretical results. These layer-dependent dielectric and
optical properties of 2D WSe, revealed in this work are promis-
ing in advancing the fundamental understanding of the elec-
tronic structures, which is helpful for the optimal design and
performance improvement of related devices.
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