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a b s t r a c t

Searching for novel two-dimensional (2D) materials with tunable electrical and optical properties is
significant to develop next-generation multifunctional nanoscale optoelectronic devices. The new
insulated Mg(OH)2 is a promising and stable 2D material to construct heterojunction with transition
metal dichalcogenides (TMDs). Here, WS2-Mg(OH)2 is experimentally designed and investigated. The
similarity of lattice constants for the two materials is confirmed with selected area electron diffraction
for the first time. By stacking Mg(OH)2 layers on WS2 monolayer, the Fermi level of WS2 is distinctly
elevated, making the WS2-Mg(OH)2 a promising heterostructure for constructing and optimizing tunable
electronic devices. We also showed the adjustable transition properties with enhanced coupling effect by
thinning the Mg(OH)2 layers in the heterostructure. This study not only demonstrates the tunable Fermi
levels and optical characteristics of WS2-Mg(OH)2, but also could promote the broad investigations of
novel 2D materials for various optoelectronic device applications in nanoscale.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Synthesized Mg(OH)2, a member of alkaline-earth hydroxides
(AEH) with formula X(OH)2, (X¼Mg or Ca), was studied as a new
member of two-dimensional (2D) materials [1]. Magnesium or
calcium hydroxides is one of the multifunctional materials, which
has many important applications in industry, technology, solid-
state electronics, and photovoltaic devices [2]. With strongly
bonded hydrogen and oxygen atoms in -OH groups creating
chemically passivated surfaces, the 2D AEH is stable in ambient
conditions. The prolonged environmental stability has been
determined by various approaches such as the surface morphology
and structured analysis, where no sign of surface degradation was
illustrated by Raman spectrawithin a three-month timeframe [3]. It
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is superior to metastable or unstable 2D materials such as silicene,
black phosphorus, MoTe2, and GaTe. However, the 2D Mg(OH)2 has
a band gap of around 5 eV, which greatly limits its application in
semiconductor device field [2]. As a consequence, beyond being
novel atomic-thick materials, lateral and vertical heterostructures
of these 2D crystals should also be taken into account.

As constituents of possible heterostructures, transition metal
dichalcogenides (TMDs) are very promising and attracting wide
attention and research. Those new members of 2D monolayer
materials possess tunable electronic properties from metallic to
wide-gap semiconducting and excellent mechanical properties
[4e7]. Moreover, TMDs have been used in various fields, such as
hydrogen storage, photonics, nanoelectronics, catalysis, and Li-ion
battery applications [8e12]. Among TMDs, WS2 was reported to
possess the lightest charge carriers and similar lattice constant with
Mg(OH)2, which significantly improves the electrical properties
and reduces lattice mismatch between the two materials [2].
Therefore, it is meaningful and practical for Mg(OH)2 to con-
structing heterostructures with WS2 for enhanced functionalities.

Here, we experimentally and theoretically reported the forma-
tion, tuning, and characterization ofWS2-Mg(OH)2 heterostructure.
By stacking Mg(OH)2 layers onWS2 monolayer, the Fermi levels are
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distinctly elevated, making the WS2-Mg(OH)2 a promising hetero-
structure for constructing p-n junctions with WS2 monolayer. The
built-in potential of the p-n junctions is tunable as the Fermi levels
of WS2-Mg(OH)2 increase with the thickness of Mg(OH)2 layers. As
a result, it is appropriate for WS2-Mg(OH)2 heterostructure to
optimize tunable electronic devices with short depletion region.
Furthermore, adjustable transition properties of WS2 monolayer by
stacking with Mg(OH)2 layers of different thickness are revealed.
Our results reveal that 2D material of Mg(OH)2 combined with
TMDs is an effective structure, and could lead to the emergence of
novel multifunctional nanoscale optoelectronic devices.

2. Experimental section

2.1. Synthesis of WS2-Mg(OH)2 heterostructure

The WS2 monolayers were grown by low-pressure chemical
vapor deposition (CVD) technique for 15min. The 285 nm SiO2/Si
substrates were cleaned using piranha solution (a volumetric
mixture of 3:1 of 98% H2SO4 to 35% H2O2), then placed face down on
the alumina boat which contains WO3 powder. The alumina boat
was placed inside the quartz tube in the second zone. The tem-
perature of the second zone was raised up to 800 �C with a heating
ramp of 10 �C min�1 and the deposition took place at 800 �C for
10min. At the same time, the temperature of the first zone was also
reached 200 �C so as to evaporate the sulfur powder. After the
deposition, the furnace was allowed to cool naturally to room
temperature. During the entire growth process, the argon flow rate
was maintained at 80 SCCM. The good crystallinity and thickness
for the monolayers are confirmed by the Raman mapping and
atomic force microscope (AFM) topographies. The detailed growth
process can be found in Ref. [6].

Analogues to graphene, few-layer Mg(OH)2 flakes are obtained
by overcoming the weak van der Waals interaction between layers
in the bulk crystals. They are peeled by micromechanical cleavage
using adhesive tape and applied to the substrates with large-area
continuous WS2 monolayers to prepare heterostructures. The
synthetic WS2-Mg(OH)2 are optically identified by optical micro-
scope. This method decreases the chance of redundant impurity
being introduced into the heterostructure by transfer.

2.2. Optical and electronic characterizations

Temperature dependent Raman/PL experiments were carried
out by a Jobin-Yvon LabRAM HR Evolution spectrometer and a
THMSE 600 heating/cooling stage (Linkam Scientific Instruments)
in the temperature range from liquid nitrogen temperature�196 �C
to 77 �C with a resolution of 0.1 �C. The WS2 monolayers was
excited by the 532 nm line of a solid-state laser and recorded in
back-scattering geometry with a resolution of better than 1 cm�1.
The laser beam was focused through a 50�microscope with a
working distance of 18mm. The output power of the 532 laser was
controlled to be 13.9 mW , which remains unchanged during the
whole experimental process. An air-cooled CCD (�70 �C) with a
1024� 256 pixels front illuminated chip was used to collect the
scattered signal dispersed on 1800 grooves/mm grating for Raman
and 300 grooves/mm grating for PL, respectively.

The topographies and surface potential distributions were
investigated via an AFM (Dimension Icon, Bruker) with Pt/Ir-coated
cantilevers in noncontact mode. An ac tip bias (2 kHz, 2000mV)
was applied here. The Kelvin probe force microscopy (KPFM) was
used to quantitatively characterize the discrepant contact potential
difference (CPD) distribution. We used Pt/Ir-coated with the can-
tilevers in the noncontact mode so that the topography and surface
potential signal can bemeasured simultaneously with amechanical
drive frequency of 68.3 kHz and an AC modulation of 2 V at 2 kHz.
Tip bias was adjusted to cancel out the capacitive force generated
by thework function disparity of ftip � fsample using the equation as
CPD� e ¼ ftip � fsample. The ftip can be easily obtained if fsample for
the gold film is assumed to be 5.4 eV. The work function of the
probe is always calibrated in advance by scanning a gold plate, and
the corresponding CPD resolution is �0.6mV. Accordingly, the
work function for the probe ftip is calibrated to be 4.8 eV. With the
foregone ftip, the information of work function for samples can be
derived by estimating the CPD distribution.

2.3. Computational details

The density functional theory (DFT) calculations were per-
formed with plane-wave pseudopotentials from the calculate
method of quantum mechanics [13,14]. The generalized gradient
approximation (GGA) for exchange-correlation termwas employed,
and the functional was adopted for structure optimization and
band gaps calculation [15]. The selected pseudopotential is Ultra-
soft Pseudopotentials. To acquire accurate results for bilayer
structures, DFT-D approach was included with the Ortmann-
Bechstedt-Schmidt (OBS) vdW correction [16], which gives the
structural parameters in good agreement with experimental values.
Geometry optimization was determined using the Broyden-
Fletcher-Goldfarb-Shenno (BFGS) minimization technique, with
thresholds of converged structure of energy change per atom
smaller than 10�5 eV/atom, and displacement of atoms during ge-
ometry optimization no more than 0.001 A. All calculations were
carried out using a 1� 1 supercell with vacuum thickness not
smaller than 17 Å and spin-orbit coupling was not included.

3. Results and discussion

3.1. Surface morphologies for Mg(OH)2 and WS2

For the 2D Mg(OH)2, it was fabricated successfully from its
layered bulk crystals and has a wide direct-gap of about 5 eV [17].
Fig. 1 (a) shows the optical image of mechanically exfoliated
Mg(OH)2 flakes. When the material is thinned to mono- and few-

layers (<10 layers), the shearing mode of the -OH group EOHg and
the traditional breathing/shearing modes (A1g/Eg) located at low
frequency cannot be observed in Raman spectra. It is on account of
low optical absorption coefficient of wide band gap Mg(OH)2.

However, the AOH
1g mode at high frequency is experimental

measurable. It is a breathing mode of the -OH group, which in-
volves O and H atom motion along the out of plane direction when
the alkaline atom is stationary [3]. Since both H and O atoms are
relatively light, its peak position appears at very high frequencies

(u~3675 cm�1). The presence of AOH
1g peak for 2D Mg(OH)2 can be

clearly seen at 3675 cm�1 from Raman mapping with 532 nm laser
in Fig. 1(c). The Raman intensity gradually decreases from thick to
2D regions due to weak scattering from the lessened amount of
materials. The normalized temperature-dependent Raman spectra
in Fig. 1(d) reveal almost no shift with temperature, which dem-
onstrates the stability of the 2D Mg(OH)2 flakes with chemically
passivated surfaces. It makes Mg(OH)2 flakes be considered as a
promising fresh and stable materials for constituting vertical het-
erostructures. Transmission electron microscopy (TEM) image and
selected area electron diffraction (SAED) pattern also confirm high
crystallinity of the synthesized materials as shown in Fig. 1(e). The
SAED pattern displays a hexagonal pattern and reveals the inter-
planar crystal spacing d¼ 0.271 and 0.471 nm, corresponding to the
(100) and (001) facets of Mg(OH)2. The corresponding energy



Fig. 1. (a) Optical microscope image of the mechanically exfoliated Mg(OH)2 flakes; (b)
The AFM topographies in the dashed frame region of panel (a); (c) Raman mapping
under the confocal measurements in the dashed frame region of panels (a); (d)
Temperature dependent Raman spectra of Mg(OH)2 flakes. The insert shows the
Raman spectrum at 100 K; (e) TEM image and SAED pattern taken from synthesized
crystals; (f) EDX spectrum of Mg(OH)2.

Fig. 2. (a) The AFM topography of WS2, confirming the monolayer nature of the
samples. The inset shows the optical image of WS2 monolayer; (b) Raman mapping at
417 cm�1 (A1g mode in WS2) of the WS2 monolayer; The inset illustrates the Raman
spectrum of WS2 excited by the 532 nm laser; (c) High-resolution TEM image and SAED
pattern for WS2; (d) EDX spectrum of WS2.
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dispersive X-ray (EDX) further verifies the Mg element in Mg(OH)2.
It was reported that the calculated lattice constants of the

Mg(OH)2 and WS2 are very close, indicating that there is a slight
lattice mismatch between the two materials [2]. As a result, WS2 is
outstanding in the TMDs for constructing heterostructures with
Mg(OH)2. Here, we synthesize the WS2 monolayer, whose mono-
layer nature is confirmed with the hight map in AFM topography
[Fig. 2(a)]. It's corresponding optical image is in the upper left
corner. The Raman mapping of the A1g mode for WS2 [Fig. 2(b)]
indicates the high quality of the sample. Fig. 2(c) shows high res-
olution TEM images of WS2 exhibiting the hexagonal lattice. The
monocrystalline nature of the sample is confirmed by the SAED
pattern in the corner. The interplanar crystal spacing d¼ 0.273 nm
corresponds to the (100) facets of WS2. The EDX of W element is
listed in Fig. 2(d), which confirms the sample is W based. It is
noteworthy that the interplanar crystal spacings for (100) facets of
WS2 (0.273 nm) and Mg(OH)2 (0.271 nm) are quite close. This
finding confirms the similarity of lattice constants for Mg(OH)2 and
WS2 experimentally for the first time.
3.2. Manipulation of surface potential for monolayer WS2 with
vertically stacked Mg(OH)2

Here, we exfoliated the Mg(OH)2 flakes on the large-area
continuous WS2 monolayers to prepare the WS2-Mg(OH)2 hetero-
structure, which is attributed to the mature synthetic conditions
and excellent method of mechanical exfoliation. This method de-
creases the chance of redundant impurity being introduced into the
heterostructure by transfer. The optical microscope image of the
vertical WS2-Mg(OH)2 heterostructure is revealed in Fig. 3(a). The
whole background is the monolayer of large area WS2 by CVD. The
pattern on the background displaysWS2 stackedwith Mg(OH)2 of 3
layers, 9 layers, and 15 layers, which has been confirmed by the
AFM topographies and hight map in Fig. 3(c) and (e). When theWS2
monolayer is overlapped with the stacking flakes, the Raman in-
tensity is reduced [18]. However, the thickness of the Mg(OH)2
layers has no significant influence on the intensity ofWS2-Mg(OH)2
heterostructures. It can be extracted distinctly from the intensity-
dependent Raman mapping at 416.7 cm�1 (A1g mode in WS2)of
the heterostructure in Fig. 3(b). The corresponding Raman spectra
of the points from WS2 monolayer, WS2-3L Mg(OH)2, WS2-9L
Mg(OH)2, and WS2-15 LMg(OH)2 (WS2 monolayer stacked with
Mg(OH)2 of three layers, nine layers, and 15 layers) are displayed in
Fig. S1. This phenomenon may due to the involved intervalley
scattering of electron or hole by phonons with large momenta in
Mg(OH)2 [19].

In order to illustrate the internal electrical structure of WS2-
Mg(OH)2 heterostructure, the discrepant contact potential differ-
ence (CPD) distribution for the heterostructure is further recorded
with Kelvin probe force microscopy (KPFM)(Dimension Icon,
Bruker), which is widely employed to probe the local variations in
the work functions of various surfaces [20]. From Fig. 3(c) and (d),
the sample topographies and surface potential images match
perfectly, which is rarely seen for the in-plane heterostructure [20].
Due to the long depletion region for the in-plane heterostructure,
the contrast feature of KPFM image is generally different from the
topographic image. The sharp boundary in Fig. 3(d) reveals the
short depletion region between WS2 and the vertically stacked



Fig. 3. (a) Optical microscope image of the vertical WS2-Mg(OH)2 heterostructure; (b)
Raman mapping at 416.7 cm�1 (A1g mode in WS2) in the confocal measurements of
heterostructure corresponding to panel (a); (c) The AFM topographies of the hetero-
structure; (d) The surface potential images of WS2-Mg(OH)2; (e) Cross-sectional height
profiles of the Mg(OH)2 on WS2 corresponding to the region in the dashed line of panel
(c); (f) The built-in potential distributions across the heterostructure corresponding to
the dashed line in panel (d).
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heterostructure, which is a promising characteristic for construct-
ing efficient p-n junctions. The mapping of the work function also
provides information about the composition and electronic states
of the local structures from the WS2 monolayer and WS2-Mg(OH)2
vertical heterostructure. The Fermi levels of WS2 and the hetero-
structure can be estimated from the surface potential map, in order
to obtain the scale of the space charge region, the value of built-in
potential and so on. The CPD between the KPFM tip and the local
area of WS2 or heterostructure can be written as
CPDWS2 � e ¼ ftip � fWS2 and CPDhetero � e ¼ ftip � fhetero. Here,
ftip, fWS2 and fhetero are the work functions of the tip, WS2, and
heterostructure, respectively. The ftip is calibrated to be 4.8 eV,
which is acquired by scanning the standard sample of gold film. The
difference between the Fermi levels ofWS2 and the heterostructure
is obtained by measuring the DCPDWS2�hetero on average, which is
defined as DEF ¼ fhetero � fWS2 ¼ ðCPDWS2 � CPDheteroÞ� e ¼
DCPDWS2�hetero � e. As shown in Fig. 3(f), we found that the value of
CPDhetero is less than CPDWS2. Thus, Fermi levels of the hetero-
structure region are higher than those of the monolayer WS2.
Moreover, the increasing layers of the Mg(OH)2 will elevate the
Fermi levels of the heterostructure. Consequently, monolayer WS2
and WS2-Mg(OH)2 heterostructure can serve as p-n junctions,
whereWS2 is on duty for p-side andWS2-Mg(OH)2 is on duty for n-
side. Furthermore, the built-in potential of the p-n junctions is
tunable as the Fermi levels of WS2-Mg(OH)2 increases with the
thickness of Mg(OH)2 layers. The built-in potential will lead to
effective charge transfer, with the separated electrons and holes
residing in two regions that can have a dominating effect on both
photovoltaic responses and light emission. As a result, WS2-
Mg(OH)2 is a promising heterostructure for constructing and
optimizing photovoltaic devices.

For the purpose of looking further into the internal excitonic
light emission, the luminescence characteristics for monolayerWS2
and WS2-Mg(OH)2 heterostructure are revealed in Fig. 4. The WS2-
Mg(OH)2 heterostructure forms a type II band alignment of ~1 eV,
where the valence band maximum (VBM) and conduction band
minimum (CBM) of Mg(OH)2 are higher than that of WS2 (Fig. 4 (a))
[2]. In type II heterojunctions, the CBM and VBM reside in two
materials and spatially separated charge carriers can be formed. As
a result, the type II band alignment and built-in potential in the
heterojunctions can facilitate the photoexcited electron-hole sep-
aration and lead to an enhanced photoswitching performance [21].
Fig. 4 (b) shows that theWS2 monolayer has a direct bandgap about
1.9 eV at the K-point. The calculated band structure and density of
states for WS2-Mg(OH)2 in Fig. 4 (c) shows that the VBM of the
heterojunction lying at the G point originates from Mg(OH)2. It
exclusively consists of px and py orbitals of the O atoms. While the
CBM of the structure at the K point arises from theWS2 layer, which
is characterized by the orbitals of W and S atoms. Furthermore, the
band structure of theWS2 in the heterostructure is disturbed by the
coupling effect of Mg(OH)2. It results in the narrowing of band gap
in WS2. From the PL mapping (Fig. 4 (e)) corresponding to the op-
tical microscope image in Fig. 4 (d), it can be obtained that the
transition for the WS2-Mg(OH)2 experiences a red shift from WS2
monolayer. The shift is more obvious from the PL spectra in Fig. 4
(d), which is extracted from the WS2 parts and heterostructure
area. Here, the PL peak for WS2 has to be fitted with three peaks.
Because the fitting results with two peaks can not match the
original spectra, which is shown in Fig. S2. As displayed in Fig. 4 (f),
the intrinsic transition for WS2 monolayer is split into the neutral
exciton (higher energy A0) and charged exciton or trion (lower
energy A�), which originate from the transition of WS2 in Fig. 4 (b)
and (c) [22e25]. By comparing the PL spectra for WS2 and WS2-
Mg(OH)2 in Fig. 4 (f), it is obvious that both the neutral exciton A0

and charged exciton A� in WS2 shift to the lower energy after
stacking the Mg(OH)2 layers. The transition offsets indicate the
disturbance of band structure for WS2 in the heterojunction. In
addition to this conventional phenomenon, an extra peak at lower
energy (labelled as L) is observed. It is most possible to be attrib-
uted to the defect sites in consideration of the large linewidth of
peak L, which is almost over 150meV.
3.3. Coupling behavior for WS2 and Mg(OH)2 with different
thickness

To provide an insight on the coupling effect ofWS2 andMg(OH)2
with different layers in Figs. 3 and 4, detailed variable temperature
PL spectra are performed. The PL intensity reveals obvious
quenching effect with increasing temperature forWS2-3L Mg(OH)2,
WS2-9L Mg(OH)2, and WS2-15 LMg(OH)2 in Fig. 5(a), (b), and (c).
The obvious decreasing of intensity is on account of the exponential
increasing of the nonradiative electron-hole recombination rate
[26]. The nonradiative channels, such as trapping by surface/defect/
ionized impurity states, become thermally activated with
increasing the temperature. The nonradiative lifetime tNR is



Fig. 4. (a) Schematic of the band alignment for type II heterostructure. (b) Theoretical electronic band structure of WS2 monolayer. (c) The band structure (left) and corresponding
partial density of states (right) of the vertical WS2-Mg(OH)2 heterostructure; (d) Optical microscope image of the vertical WS2-Mg(OH)2 heterostructure; (e) PL mapping in the
confocal measurements of WS2-Mg(OH)2; (f) Multiple-peak fitting to experimental PL spectra of WS2 and heterostructure.

Fig. 5. (a) Graphic model of temperature dependent PL spectra for WS2-3LMg(OH)2; (b) Graphic model of WS2-9LMg(OH)2; (c) Graphic model of WS2-15LMg(OH)2; (d), (e), and (f)
Normalized PL spectra of WS2-3LMg(OH)2, WS2-9LMg(OH)2, and WS2-15LMg(OH)2, respectively. The red line is the normalized PL spectra of WS2 monolayer; (g) The transition
excitons of WS2-3LMg(OH)2 (green), WS2-9LMg(OH)2 (light blue), and WS2-15LMg(OH)2 WS2 (dark blue). The spectra of heterostructures are fitted with intrinsic transition exciton
(X) and defect related exciton (L). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

F. Wang et al. / Journal of Alloys and Compounds 785 (2019) 156e162160



F. Wang et al. / Journal of Alloys and Compounds 785 (2019) 156e162 161
expressed as tNR ¼ t0exp
�

Ea
kBT

�
[18], where t0 is the pre-

exponential factor, Ea is the activation energy in the thermal
quenching process and kB is the Boltzmann constant. As a result, the
decreasing tNR with increasing temperature leads to the lumines-
cence quenching, which can be expressed as

I ¼ I0=
�
1þ A exp

�
� Ea

kBT

��
[27], where I0 is the intensity at 0 K, A is

a parameter related to radiative lifetime (tR) as A¼ tR=t0, and tR is
the radiative lifetime.

With the exception of the quenching effect with increasing the
temperature, the defect related exciton L for the large area WS2 is
especially evident at low temperature. It can be seen from the red
lines in the normalized PL of Fig. 5(d), (e), and (f). That is because
the thermal energy at low temperature is not enough to avoid the
trapping of the free mobile excitons in defect sites, and hence they
can be localized/trapped and recombine radiatively to emit
photons.

Obviously, the transitions in WS2-Mg(OH)2 heterojunctions
have a red shift fromWS2monolayer during thewhole temperature
changing process. It is attributed to the easily disturbed electronic
band structure in TMDs [28,29]. As a result, the stacked coupling
medium for WS2 monolayer is an important factor to manipulate
the electronic bandgap, no matter the coupling medium is homo-
geneous or heterogeneous [30,31]. Furthermore, some differences
emerge when the thickness of the Mg(OH)2 changes. For the pur-
pose of making comparison among WS2 and heterojunctions with
Mg(OH)2 layers of different thickness, we fitted the transition
exciton A0 and trion A� with one peak X. The fitting results are
displayed in Fig. 5(g), which make it clear that the coupling effect is
stronger for thinner Mg(OH)2 with WS2 monolayers. When WS2 is
stacked with Mg(OH)2 of three layers, the intrinsic exciton X is far
away from the original position (the red fitting curve for WS2)
under the coupling effect. With the increasing thickness of
Mg(OH)2, the redshift of the heterojunctions is weakened (the dark
and light blue fitting curve for WS2-9L Mg(OH)2 and WS2-
15 LMg(OH)2). The difference of shift between WS2-9L Mg(OH)2
and WS2-15 LMg(OH)2 is much less than that for WS2-3L Mg(OH)2.
It indicates that the band transition of the WS2 monolayer is easily
disturbed by the stacking materials. However, the disturbance is
reduced when the amount of molecule for the heterogeneous
materials is increasing. Band offsets in the heterojunction are ex-
pected to efficiently separate charge carriers or rectify charge flow,
offering a mechanism for designing atomically thin devices and
probing exotic two-dimensional physics [31]. As a consequence, the
larger transition offsets by more serious disturbance from thinner
Mg(OH)2 is more appropriate for constructing heterojunction with
stronger coupling effect, which could advance the electronic
devices.
4. Conclusion

In conclusion, the electronic and optical properties of the WS2-
Mg(OH)2 heterostructure have been investigated. We found that
the Fermi level of WS2 monolayer is elevated with increasing layers
of Mg(OH)2 under the effect of dielectric impact. Furthermore, the
depletion region between WS2 and the vertically stacked hetero-
structure becomes short. It makes WS2-Mg(OH)2 a promising het-
erostructure for constructing and optimizing photovoltaic devices.
In addition, we conclude that the coupling effect can be enhanced
when the thickness of Mg(OH)2 is sheared thinner in the hetero-
structure. The present results highlight the significance of hetero-
geneous coupling and charge transfer in tuning the light emission
and absorption of TMDs.
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