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Vertical van der Waals heterostructures have aroused great attention for their promising application in
next-generation nanoelectronic and optoelectronic devices. The dielectric screening effect plays a key
role in the properties of two-dimensional (2D) heterostructures. Here, we studied the dielectric screening
effects on the excitonic properties and critical points (CPs) of the WS,/MoS, heterostructure using spec-
troscopic ellipsometry (SE). Owing to the type-Il band alignment of the WS,/MoS, heterostructure,
charged carriers spatially separated and created an interlayer exciton, and the transition energy and
binding energy have been accurately found to be 1.58 + 0.050 eV and 431.39 + 127.818 meV by SE,
respectively. We found that stacking the WS,/MoS; vertical heterostructure increases the effective dielec-
tric screening compared with the monolayer counterparts. The increased effective dielectric screening in
the WS,/MoS, heterostructure weakens the long-range Coulomb force between electrons and holes.
Consequently, the quasi-particle band gap and the exciton binding energies are reduced, and because of
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the orbital overlap, more CPs are produced in the WS,/MoS, heterostructure in the high photon energy
range. Our results not only shed light on the interpretation of recent first-principles studies, but also
provide important physical support for improving the performance of heterostructure-based opto-

rsc.li/nanoscale electronic devices with tunable functionalities.

(TMDs), have been explored." Different from bulk materials,
2D materials have exotic properties due to their reduced

1. Introduction
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Recently, inspired by the discovery of graphene, more two-
dimensional (2D) materials, such as black phosphorus, hexag-
onal boron nitride, and transition metal dichalcogenides
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1 Electronic supplementary information (ESI) available: AFM images of 1L-MoS,,
1L-WS,, and WS,/MoS, heterostructure samples; PL spectra of sapphire sub-
strate, which we used in all three samples; PL spectra analysis of 1L-MoS,,
1L-WS,, and WS,/MoS, heterostructure samples; detailed information of the
point-by-point method used to fit the ellipsometric parameters, including the
optical model and the specific self-check procedure; SCP model fitting CP pro-
perties of the films, at the same time, all the fitting parameters of CPs are listed
in Table S1; excitonic properties fitting parameters are shown in Table S2. See
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dimensions and quantum confinement effects.””’

Moreover, the weak van der Waals (vdW) bonding between
the layers and the dangling-bond-free surface of the 2D layered
materials make it possible to construct arbitrary vertical vdW
heterostructures ~ without the restriction of lattice
matching.">®° The stacked heterostructures can not only pre-
serve the inherently unique physical properties of the individ-
ual layers but also create new properties through interlayer
charge transfer,”'*"> interlayer coupling (interlayer
distance),>>'®  dielectric  screening,®'*™® and crystal
orientation.®” Among the various vertical vdW hetero-
structures, MoS,/WS, heterostructures have attracted wide-
spread attention in the field of optoelectronics, especially in
light detection and light-harvesting devices.”'* This is due to
their type-II (staggered gap) band alignment revealed by recent
first-principles studies.'” Type-II band alignment promotes the
charge transfer and separation at the interface,>'®'” which sig-
nificantly enhances the efficiency of sunlight capture.'®

It is known that environmental dielectric screening plays a
crucial role in tuning the electronic band structure and exciton
binding energy of monolayer (1L) 2D materials,">'® and the

This journal is © The Royal Society of Chemistry 2020
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exciton binding energy connects the optical transition energy
to the quasi-particle band gap.* By modifying the long-range
Coulomb interaction between electrons and holes, the band
gap and exciton binding energy can be tailored on the order of
several hundred meV.'® Turning this argument around, one
can engineer the exciton binding energy and critical point (CP)
properties by tailoring environmental dielectric screening
through the formation of hybrid structures,®'? using different
substrates™'? or implementing a gate field.” For many of these
intriguing new observations, a thorough understanding of how
dielectric screening affects the optical properties of 2D
materials is fundamentally important for further modulating
excitonic properties. Nonetheless, studies on environmental
dielectric screening are still at the theoretical stage, and experi-
mental demonstrations are still lacking, which gives us motiv-
ation to systematically explore the role of dielectric screening
in vertical heterostructures.

In this work, we revealed the broadband CPs and excitonic
properties of the WS,/MoS, heterostructure by spectroscopic
ellipsometry (SE), which is a submonolayer-sensitive and non-
destructive technique for investigating the optical properties of
2D materials and their heterostructures.®>°>* Here, eight CPs
(named in order of transition energies: Ay—Hy;) of 1L-MoS,,
nine CPs (named in order of transition energies: Aw-Iy) of
1L-WS,, and ten CPs of the WS,/MoS, heterostructure (named
in order of transition energies: Ay—J;;) were obtained, the tran-
sition energies of which are in accordance with the transitions
in electronic band structures predicted by previous theoretical
studies. The Van Hove singularities of these CPs were discussed
in detail. Moreover, the spin-orbit splitting energies of
1L-TMD films were obtained and the binding energies of the
excitons in 1L-WS,, 1L-MoS,, and the WS,/MoS, hetero-
structure were obtained. The discrete states of the exciton
observed in 1L-TMD thin films and their heterostructure were
modeled using a broadened Lorentzian line shape, from
which we obtained the binding energies of the excitons in
1L-WS,, 1L-MoS,, and the WS,/MoS, heterostructure. Our
results not only provide experimental support for theoretical
calculations, but also provide guidance for engineering the
excitonic properties and electronic band structures of 2D
materials by constructing vertical vdW heterostructures, which
is crucial to the potential optoelectronic applications based on
vertical vdW heterostructures.

2. Experimental section
2.1. Synthesis of monolayer and heterostructure samples

Large-area 1L-WS, and 1L-MoS, samples (1 x 1 cm?®) were
grown on SiO,/Si substrates separately by the chemical vapor
deposition (CVD) method and then transferred onto sapphire
substrates.”>** By using sapphire substrates, the back-reflec-
tion of light in the SiO, vanishes, thus improving the accuracy
of SE fitting.>® The 1L samples were annealed at 350 °C for 2 h
in a vacuum. Then, the MoS, film was transferred onto the
WS, film, followed by the same annealing procedure. The
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annealing process is necessary for forming a clean interface
between MoS, and WS,, which is required for efficient charge
transfer and excellent excitonic behaviour.>®

2.2. Morphological characterization

Atomic force microscopy (AFM, AIST-NT System) was carried
out in the contact mode, with the aim of evaluating the
surface roughness of the individual transferred samples of
1L-WS,, 1L-MoS,, and the WS,/MoS, heterostructure on sap-
phire substrates.

2.3. Optical spectroscopic examination

Raman and photoluminescence (PL, SPEX/403) spectra were
measured at room temperature and excitation wavelength of
532 nm. The transmission spectra of our samples were
obtained using a spectrophotometer (Jinghua UV1901) with
the wavelength in the range of 360 to 1100 nm. The optical
properties of the three samples were explored by SE
(J. A. Woollam, Inc. M2000X-FB-300XTF) at room temperature.
Ellipsometric data (y, A) were collected over a photon energy
range from 1.2 to 6.5 eV (513 data points) at a fixed incident
angle of 65 degrees.

3. Results and discussion
3.1. Basic characterization

Fig. 1a shows a schematic illustration of the WS,/MoS, hetero-
structure. With reference to the reported theoretically calcu-
lated conduction band minimum (CBM) and valence band
maximum (VBM) levels of 1L-MoS, and 1L-WS,,”” the band
alignment of the WS,/MoS, heterostructure is shown in
Fig. 1b. This shows that the WS,/MoS, heterostructure is of
type-II band alignment, in which electrons and holes are
inclined to transfer across the interface between the two
1L-TMDs layers. The Raman spectra of 1L-WS,, 1L-MoS,, and
the WS,/MoS, heterostructure are presented in Fig. 1c, which
also shows the decisive monolayer structures of the MoS, and
WS, films.?**” Meanwhile, the in-plane mode E,,' and out-
plane mode Ay, of the heterostructure film slightly redshifts,
compared with the corresponding 1L-TMD films, due to the
charge transfer and strain in the interface between the two
1L-TMDs."*° The AFM images shown in ESI (Fig. Sia-cf)
demonstrate that there are no discernible contamination of
the surface of 1L-WS,, 1L-MoS,, and WS,/MoS, heterostructure
films transferred on sapphire substrates.

PL spectra of 1L-WS,, 1L-MoS,, and the WS,/MoS, hetero-
structure are shown in ESI as Fig. S3.7 The energies of neutral
A excitons (X,) of 1L-MoS, and 1L-WS, are 1.85 eV and 2.00 eV,
respectively. Charged excitons (trions) have also been observed
in the PL spectra of 1L-WS,, 1L-MoS,, and the WS,/MoS,
heterostructure. We decomposed the PL spectra of WS,/MoS,
heterostructure into four major components by Gaussian
fitting, which are interlayer exciton (1.60 eV), 1L-MoS, intra-
layer trion (1.79 eV), 1L-MoS, intralayer A exciton (1.87 eV),
and 1L-WS, intralayer A exciton (2.00 eV), respectively. The
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Fig. 1 (a) Schematic illustration of the WS,/MoS, heterostructure film. (b) Illustration of type-Il band alignment of the WS,/MoS, heterostructure.
(c) Raman spectra of monolayer MoS, and WS, and WS,/MoS, heterostructure samples with the wavenumber varying from 280 to 460 cm™, where
only the typical peaks of these three types of samples were displayed for comparison. The Raman results were obtained under 532 nm laser exci-
tation at room temperature, and the detailed multiple peaks were obtained by Lorentz fitting.

interlayer exciton stems from the band alignment of the WS,/
MoS, heterostructure as shown in Fig. 1b. Detailed infor-
mation is supplied in the ESL{

3.2. Dielectric functions and optical conductivities

The complex dielectric functions (¢(E)) of the 1L-WS,,
1L-MoS,, and WS,/MoS, heterostructure films were derived by
fitting the ellipsometric (y, 4) spectra using the point-by-point
method.*" A vertical stacking optical model consisting of sap-
phire substrate/thin film sample/air ambient was used in the
fitting procedure. The detailed fitting process and self-check
demonstration are presented in the ESI (section 3).f Fig. 2a
shows the complex dielectric functions of the samples, from
which the real part of the complex film conductivity (in units
of G, = 2¢*/h) of all samples was derived (shown in Fig. 2b).
The detailed calculation equations are introduced in the ESI
(section 3.2).f The optical properties of thin films can be
expressed through the real part of the complex film conduc-
tivity. Neglecting the excitonic effect, the optical conductivity
of 1L-TMDs can be described by a step function:**

O(hw — Ey), (1)

indicating they are indeed direct bandgap semiconductors.
The WS,/MoS, heterostructure is an indirect semiconductor,
which is also confirmed by the absorption coefficient spectra
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or absorbance spectra (shown in ESI as Fig. S6bf). As shown in
a previous theoretical study, the CBM of the WS,/MoS, hetero-
structure locates at the K point in the BZ, but the VBM locates
at the T point in the BZ."” Furthermore, the intrinsic optical
conductivity relates to the mobility and lifetime of carriers as
well as the temperature:

2 2
ng-t pqr
6:0n+0p:”‘Zﬂn+Pﬂlﬂp: m*n_‘_m_*p’ (2)
n P

where n, 6, 7, and m, denote the concentration, optical con-
ductivity, lifetime, and effective mass of electrons in thin
films, respectively; and p, o, 75, and m; denote those of holes.
In addition, photoexcitation can produce an additional optical
conductivity via optical injection of charged carriers, which

can be calculated from eqn (3):

Ac = Angun + Apgup = Ang(pn + pp), (3)

where Ag is the additional optical conductivity; An and Ap are
the concentrations of the optical injected charged carriers (for
electrons and holes: An = Ap); and y,, and u,, denote the mobi-
lity of electrons and holes, respectively. According to a previous
study,?® the exciton diffusion coefficients of carriers in the
heterostructure are similar to that of the carriers in individual
1L-TMDs. That is to say, the spatial indirect nature of the
charge-transfer excitons in WS,/MoS, heterostructures does

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 (a) Complex dielectric functions ((E)); and (b) the real part of the complex film conductivity (of(E), in units of Go = 2e?/h) of the 1L-MoS,,
1L-WS, and WS,/MoS, heterostructure samples. The purple, orange, and blue areas represent the My, M, and non-defined types of Van Hove singu-

larities, respectively.

not significantly change its in-plane mobility. Thus, the WS,/
MoS, heterostructure film shows the largest optical conduc-
tivity compared to that of 1L-TMDs, indicating its largest
photoexcitation charged carrier concentration, according to
eqn (3). Although the photoexcitation electrons transfer across
layers forming interlayer excitons, leading to the PL quenching
feature (shown as Fig. S371), the electrostatic Coulomb force
binds the electrons and holes together to form charged trans-
fer excitons (interlayer and intralayer excitons). These charged
transfer excitons will still contribute to the total optical con-
ductivity. Our findings can be extended to other hetero-
structures with type-II band alignment, which will provide gui-
dance for optoelectronic and electronic devices based on
heterostructures.

3.3. Critical points and corresponding Van Hove singularities

The series of sharp peaks in the dielectric function spectra are
assigned to CPs. It is not accurate to extract the transition
energies of CPs by simply locating the energies at which the
peaks occur.>' Here, we numerically differentiate the dielectric
functions. In the vicinity of a CP, the dielectric response can
be represented by the standard critical point (SCP) model:*>">

¢(E) = C — Ae ™ (E — Eq, + il')", (4)

where C is the nonresonant part due to other CPs; A is the
amplitude; ¢ is the phase angle representing the coupling
between two CPs;® and Eg, is the threshold energy (i.e. CP
energy). As the CPs represent the interband transitions, the Ey,
is the corresponding interband energy difference where the
transitions occur, and I" is the phenomenological broadening
parameter relating to scattering rates.>' In particular, the expo-
nent n takes the value of —1/2, 0 (logarithmic, i.e., In(E — Ey, +

This journal is © The Royal Society of Chemistry 2020

il), and 1/2 for one-dimensional (1D), 2D, and three-dimen-
sional (3D) CPs, respectively. In addition, in order to remove
the background disturbance signal, the CP properties were
obtained by fitting the second derivative of the complex dielec-
tric functions (real and imaginary parts simultaneously) with
respect to photon energy (d’*¢/dE®). Here, we took n = —1. The
equation is given as eqn (5):*>">*

d’s 24e'

dE?>  (E — Ey, +il')?

(5)

Fig. S7a in ESIf shows the d®s/dE” of the 1L-TMDs and the
heterostructure, in which the CP energies are depicted as verti-
cal dashed lines. Notably, before the fitting procedure, a
smoothening process was implemented on the d’e/dE?
spectra, using the Savitzky-Golay method.?® Fig. S7bt depicts
the experimental and best-match fitting curves for d’e/dE?,
which are in excellent agreement with each other as expected.
We labelled the CP energies in order of increasing energy as
A-J, and distinguished the CPs for three samples using
different subscripts (subscripts M, W, and H represent the CPs
of 1L-MoS,, 1L-WS,, and the WS,/MoS, heterostructure,
respectively). The extracted CP energies (Eg) of 1L-WS,,
1L-MoS,, and the WS,/MoS, heterostructure derived from
eqn (5) are summarized in Table 1 and plotted in Fig. 3a.
Meanwhile, all the fitting parameters are provided in ESI as
Table S1.1 Notably, the effective vertical dielectric constants of
1L-WS,, 1L-MoS, and the bilayer TMD heterostructure are 6.0,
6.3 and 6.5, respectively.>® Thus, the artificial WS,/MoS,
heterostructure has the strongest dielectric screening effect
compared with the monolayer counterparts. Consequently, the
CP energies redshift in the heterostructure film compared with
that of the 1L-WS, and 1L-MoS, film. This is a consequence of

Nanoscale, 2020, 12, 23732-23739 | 23735
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Table 1 CP energies (Ey,) for monolayer and heterostructure samples.
Mo, My, and the non-defined type of Van Hove singularities are indicated
in purple, orange, and blue, respectively

CP energies/eV MoS, WS, WS,/MoS,

A 1.88 £ 0.016 2.02 £ 0.015 1.86 + 0.044
B 2.00 + 0.111 2.40 + 0.024 1.89 + 0.018
C 2.87 £ 0.014 2.82 + 0.207 2.03 + 0.005
D 3.27 £ 0.178 3.09 + 0.015 2.28 +1.332
E 4.00 + 0.356 3.20 + 0.097 2.80 + 0.043
F 4.56 + 0.349 3.70 + 0.330 3.10 + 0.803
G 5.00 + 0.564 4.36 + 0.075 4.26 £ 0.737
H 5.96 + 0.553 4.50 + 0.458 4.50 £ 1.167
I — 5.75 £ 0.764 4.62 +1.100
] — — 5.52 + 0.243

the weakened Coulomb interactions, which decreases the elec-
tronic quasi-particle (QP) band gap (i.e. smaller CP energies).

Most recently, the specific transition positions of these
peaks in the BZ of 1L-WS, and 1L-MoS, films have been
studied in detail in the literature.>*"** As expected, our CP
energies of 1L-TMDs are in excellent agreement with that of
these previous studies. Thus, here we focus on the investi-
gation of specific transition positions of CPs in the WS,/MoS,
heterostructure and the types of Van Hove singularities of all
these samples.

CPs or singularities of the joint density of states (i.e., Van
Hove singularities) are expected to occur under two conditions:
first, the slopes of the valence and conduction bands are hori-
zontal; second, the slopes of the two bands are parallel.
Nevertheless, the CPs behave differently depending on their
type of Van Hove singularities.*® Most notably, 2D materials
only have M,, My, and M, types of Van Hove singularities.>*>°
As reported in previous studies, Ay, Aw, By and Cyy CPs are the
transitions at the K point in the BZ of 1L-MoS,, 1L-WS, and
the WS,/MoS, heterostructure, respectively.'”?”>® As expected,
the exact transition energies of the Ay, Aw, By and Cy; CPs are
consistent with the PL peaks in Fig. S3.f Remarkably, in the
case of the WS,/MoS, heterostructure, By CP is aligned to the
transition between two Mo orbits, in analogy with Ay CP,

View Article Online
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whereas the Cy; CP is attributed to the transition between two
W orbits, in analogy with the Ay CP.>'” These transitions
usually occur along the six equivalent [111] directions (K
point) of the BZ, referred to as the E; transition in 2D
materials. In addition, ¢, typically rises to an asymmetric peak
at the corresponding energy positions, as shown in Fig. 2a.
Furthermore, the groups of symmetry of 1L-MoS,, 1L-WS,, and
the WS,/MoS, heterostructure lack inversion symmetry, and as
a result the valence bands present a sizable spin-orbit inter-
action. This will lead to a split-off valence band labelled the E,
+ A, transition, corresponding to By, Bw, Dy and Ey CPs of
1L-MoS,, 1L-WS, and WS,/MoS, heterostructure samples,
respectively.>® Similar to the case of By and Cy CPs, Dy and
Ey are assigned to transitions between two Mo and W orbits,
in analogy with By, and Byy CP, respectively. Meanwhile, Ay; CP
is attributed to an interlayer transition from W to Mo orbits
locating at the K point in the BZ of the heterostructure,” where
the VBM locates at the WS, layer and CBM locates at the MoS,
layer.”'” More importantly, the band structures of the afore-
mentioned eight CPs (A-By;, A-Byw, and A-Dy) suggested that
these transitions are often modelled by a 2D M, type CP,
indexed purple in Fig. 2a and Table 1. The effect that many
more CPs occur at K points in the BZ of heterostructure com-
pared with the number of CPs in 1L-TMDs can be attributed to
the increased dielectric screening in the WS,/MoS, hetero-
structure, and the orbital overlap leads to nontrivial changes
in the higher conduction and deeper valence regions, ie.
hybridization energy gaps.*”

Furthermore, as shown in Fig. 2a (orange area, indexed
orange in Table 1 as well), the &,(E) of the three samples
reached a strong absolute maximum known as the E, peak.
The E, peak contains contributions from transitions occurring
over a large region in the BZ® thus explaining the strong
intensities of these peaks. Some of these transitions are associ-
ated with M, critical points.** As for WS,/MoS, heterostructure
films, referring to the previous calculation results of their
band structure,'” the E, peak results from the combined con-
tribution of the transitions in a wide area. It contains the area
between the I' points and A point (midpoint along I'-K direc-

7 9 1250
® MoS, a 8 ® Mos, : \’\,AVOSSZ c
6F| ®m WS, L4 . WS, 1000 | 2
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Fig. 3 (a) CP energies. Red circles, black squares, and blue triangles represent the CP energies of 1L-MoS,, 1L-WS, and the WS,/MoS, hetero-

structure, respectively. (b and c) Excitonic transition energies Ey and binding energies E, obtained by fitting the absorption coefficient spectrum

(a(E)) of the monolayer and heterostructure samples.
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tion), and the area from the midpoint along the M-T" direction
to the I' points in the BZ, wherever there exist parallel valence
bands and conduction bands. This distribution can be con-
firmed through the well agreement of the CP energies we
obtained and the required transition energies from valence
bands to the conduction band in the BZ. There are several
weaker structures labelled as E'y and E'; transitions, i.e. saddle
critical points, superimposed on the above features. These CPs
involve transitions between the valence bands to the higher
conduction bands at the BZ centre (I’ point) and along the
[111] directions, respectively.*® Moreover, no M, critical points
have been identified in the optical spectra, as a result of the
strong suppression of the singularity in the optical transition
strength. Moreover, in practice, the higher energy transitions
are usually found to contain contributions from several
different types of CPs.*® Thus, it is hard to define their singu-
larities. The non-defined type CPs are indexed blue in Fig. 2a
and Table 1.

According to the exacted transition energies of CPs in
Table 1, the spin-orbit splitting A, of 1L-WS, and 1L-MoS, can
be calculated by eqn (6):*°

AlM = BM —AM =120 meV (6)
A1W = Bw — Aw = 380 meV

where, Ay, and A;w represent the spin-orbit splitting of
1L-MoS, and 1L-WS,, respectively. The A; values of 1L-TMDs
obtained from eqn (6) agree well with that of previous first-
principles calculations.?”*

3.4. Exciton properties

The optical properties of 2D materials are not only strongly
correlated to their quasiparticle band structures but also sig-
nificantly influenced by the large excitonic effects.”” In particu-
lar, very recent first-principle calculation studies revealed that
the different natures of excitons in monolayer and hetero-
structure films are mainly caused by the dielectric screening,"
while the quantum confinement effect will not significantly
influence the vertical dielectric screening of van der Waals
semiconductors with few layers.® Thus, investigation of the
dielectric screening has become a very exciting research field
for exploring excitonic properties of heterostructures.

The absorption coefficient spectra (a(E)) of the samples are
depicted in ESI as Fig. Séb.f Nevertheless, because of the
strong excitonic effects in low-dimensional thin films, it is not
accurate to simply extract the gap energy using the linear extra-
polation of absorption coefficients (LEA) method.? Fortunately,
the discrete states of the exciton observed in 1L-TMDs and
heterostructure thin films can be modelled using a broaden
Lorentzian line shape:****!

[

aE)=tm| S YA 7)

p=aBc.. \m=1 " Eoy — _/2’ —E — iTexn
n

where f is the index number of valence band; n is the index
number of the excitonic excited states; I'cy , is the broadening
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parameter of the nth excited states; and Eqg is the transition
energy. Additionally, different from the CP transition energies
(Ew), owing to the weak attraction between electron and hole
pair building an exciton, Eos is numerically less than the
corresponding interband transition energies; Ao is an adjusta-
ble fitting parameter; and Ry is the Rydberg constant for the
exciton defined as:***°

&
Ry=—"M" :< K 2) x 13.6eV (8)
2(4regh) e Moér

where the 13.6 eV is the ionization energy for the hydrogen
atom, u denotes the reduced effective mass p~* = m, ' +my ?,
and m, is the effective mass of electron. In the case of 2D
materials, it is well known that the exciton binding energy is
enhanced due to spatial confinement and reduced environ-
ment dielectric screening. Thus, the exciton binding energy of
2D materials is defined as eqn (9):**

1

IR

Ry (9)

As for the excitonic ground state (n = 1), the excitonic
binding energy E:°(1) = 4R Due to the restriction of the
momentum conservation law and negligible photon wave
number in comparison to the first BZ, the spectrum of exci-
tons is a series of discrete levels. Where necessary, we have
assumed that the kinetic energy of the center of mass of exci-
tons is zero, and so the spectrum of excitons is given as:**

Eo(n) = E; — Ey(n) (10)

where E, is the QP band gap, which is equal to the CP energy
at Van Hove singularities. Using the aforementioned broadened
Lorentzian line shape, we obtained the excitonic transition
energies and binding energies of 1L-MoS,, 1L-WS,, and the
WS,/MoS, heterostructure. Owing to the limitations of the
model (eqn (7)), only the properties of the excitonic ground
state can be fitted. Our best-fitting curves and the measure-
ment curves are shown in ESI as Fig. S8.f The list of fitting
parameters is given as Table S2t in the ESL.}

Fig. 3b and c compare the transition energies (E,) and the
binding energies (E},) of the excitons in 1L-MoS,, 1L-WS,, and
the WS,/MoS, heterostructure. Consequently, compared with
conventional semiconductor materials, the large exciton
binding energies of 1L-WS,, 1L-MoS, and the WS,/MoS,
heterostructure have been experimentally proven, which is the
key factor rendering them stable even at room temperature. It
is apparent that the interlayer exciton (transition energy E:
1.58 + 0.050 eV) in the heterostructure presents a lower exci-
tonic binding energy (431.39 + 127.818 meV) than those of the
adjacent intralayer excitons (Fig. 3c), which can be attributed
to the special separation of the electrons and holes in the case
of interlayer ones. The fitted transition energy of the interlayer
exciton from a(E) is consistent with its PL peak position (1.60
eV), and the small oscillator strength of the interlayer exciton
peak in the (a(E)) (Fig. S8ct) is also the result of the spatially
separated charge carriers."” Moreover, from a practical point of

Nanoscale, 2020,12, 23732-23739 | 23737


https://doi.org/10.1039/d0nr04591h

Published on 03 November 2020. Downloaded by Changchun Institute of Optics, Fine Mechanics and Physics, CAS on 4/2/2021 4:48:27 AM.

Paper

view, this longer lifetime but lower binding energy exciton can
be used to optimize the performance of next-generation opto-
electronic and photonic devices based on excitons.

In addition, the internal Coulomb interaction, which deter-
mines the properties of excitons in 2D materials, is strongly
coupled with the surrounding dielectric medium. This is
referred to a dielectric screening effect.”” Stacking 11-MoS,
(emos2 = 6.3) on 1L-WS, (ews, = 6.0) reassembles the artificial
WS,/MoS, heterostructure with a larger effective dielectric con-
stant (ews, mos, = 6.5). Fig. 3c shows that, as expected, the
increased dielectric screening in the case of heterostructures
reduces the excitonic binding energy compared with those of
monolayer TMDs excitons, which results from the larger
screened electron-hole interaction in the WS,/MoS, hetero-
structure film, although there are two abnormal data points
(f = 2 and 7) that may be caused by calculation errors.
Furthermore, as shown in Fig. 3b, the increased dielectric
screening in the WS,/MoS, heterostructure film also redshifts
the transition energies of excitons compared to the 1L-TMD
ones. Meanwhile, as revealed by the aforementioned CP
section, the QP is decreased by the high surrounding dielectric
constant, as well as the excitonic binding energies. In these cir-
cumstances, the excitonic transition energies of 1L-TMDs are
higher than those of the WS,/MoS, heterostructure, indicating
that the regulatory effect of dielectric screening is not large
enough to change the relative positions of the exciton energy
levels, which depends on the QP band alignment of 1L-MoS,,
1L-WS,, and the WS,/MoS, heterostructure. Notably, the
dielectric screening of the substrate will influence not only the
CP positions but also the exciton transition energies and
binding energies of the upper film. Thus, based on the control
variable method, all the measurements in this study have been
carried out on sapphire substrates. The peak shift or energy
difference between our results and other studies that also used
sapphire substrates can be attributed to different synthesis
methods, transition procedures, annealing temperatures,
annealing time or other factors, because charge doping, strain
or inhomogeneity can cause changes in the linewidths and
position of the narrow exciton peaks in the spectral response.*?
Our results may provide a route to control optical and elec-
tronic properties of 1L-TMDs at room temperature, which
opens up possibilities for various optoelectronic applications,
such as photoelectric detectors with adjustable response
wavelengths.

4. Conclusion

In summary, we employed SE to investigate the excitonic and
critical points properties of the WS,/MoS, heterostructure. As
a result of the orbital hybridization in deeper valence and
higher conduction band regions of the WS,/MoS, hetero-
structure, more CPs were found. Also, the increasing dielectric
screening in the WS,/MoS, heterostructure weakens the
Coulomb interactions, which results in the redshift of the CP
energies, excitonic transition energies and binding energies in
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the heterostructure compared with those of 1L-TMDs films.
The decrease in CP energies indicates the reduced QP band
gap. Specifically, the environment dielectric has more effect on
the QP band than the excitonic binding energy. Moreover,
owing to the charge carrier spatial separation, the dipole oscil-
lator strength of the interlayer exciton is much smaller than
that of the intralayer exciton. Thus, the interlayer excitonic
peak in the absorption spectra is practically invisible, as pre-
dicted by Engin Torun et al. in a very recent first-principles
investigation.'” The transition energy (Ey: 1.58 + 0.050 V) and
binding energy (Ey: 431.39 + 127.818 meV) of the interlayer
exciton are obtained by fitting the absorption coefficient
spectra (a(E)) with a broaden Lorentzian line shape. In
addition, a larger optical conductivity was obtained in the
WS,/MoS, heterostructure than with that of 1L-WS, and
1L-MoS,. Our findings prove that stacked vertical hetero-
structures have emerged as a powerful strategy for tuning the
effective dielectric screening of 1L-TMD films, which is very
important for their applications in nanoelectronic and opto-
electronic devices.
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