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21 The research field of two dimensional (2D) materials strongly relies on optical
22 microscopy characterization tools to identify atomically thin materials and to determine
23 their number of layers. Moreover, optical microscopy-based techniques also opened the
24 door to study the optical properties of these nanomaterials. We present a comprehensive
25 study of the differential reflectance spectra of 2D semiconducting transition metal
26 dichalcogenides (TMDCs), MoS,, MoSe;, WS, and WSe,, with thickness ranging from
27 one layer up to six layers. We analyze the thickness-dependent energy of the different
28 excitonic features, indicating the change in the band structure of the different TMDC
29 materials with the number of layers. Our work provides a route to employ differential
30 reflectance spectroscopy for determining the number of layers of MoS,, MoSe,, WS, and
31 WSe:.

32

33  The isolation of atomically thin semiconducting TMDCs by mechanical exfoliation of

34  bulk layered crystals has aroused the interest of the nanoscience and nanotechnology
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community on these 2D semiconductors.[1-5] These materials have a band gap within
the visible part of the spectrum, bridging the gap between graphene (zero-gap
semiconductor) and hexagonal boron nitride (wide-gap semiconductor). Recently, the
band gap of semiconductor TMDCs has been exploited to fabricate optoelectronic devices
such as photodetectors [6—12] and solar cells.[13—17] Photoluminescence studies also
demonstrated that a reduction in thickness has a strong effect on the band structure of
MoS; and other semiconductor TMDCs.[18-20] However, the determination of the
intrinsic quantum efficiency and the photoresponse of photodetectors based on
semiconducting TMDCs requires of a comprehensive study of their reflectance and/or
transmittance with different number of layers in a wide spectral range, which is still

lacking.

Here we systematically study the differential reflectance of single- and few-layer MoS,
MoSez, WS, and WSe; from the near-infrared (1.4 eV) to the near-ultraviolet (3.0 eV).
The differential reflectance spectra show prominent features due to excitons. The

thickness dependence of these excitonic features is analyzed.

Single- and few-layer MoS>, MoSe>, WS, and WSe; samples are fabricated by
mechanical exfoliation of bulk layered crystals onto a polydimethil-siloxane (PDMS)
substrate (Gelfilm from Gelpak®[21]; see the Supporting Information for results obtained
with other substrates). We address the reader to the Materials and Methods section for
more details about the sample fabrication. Also note that all results shown in the main
text are obtained for the 2H polytype, which is the most common for this family of
materials. We address the reader to the Supporting Information for a comparison between

the 2H- and 3R-MoS; polytypes.

d0i:10.20944/preprints201808.0242.v1
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Figure la shows a transmission mode optical microscopy image of an exfoliatedMoS»
flake displaying regions with different number of layers, as determined from the position
of the Ez; and Ajg lines in their Raman spectra (Figure 1b).[22,23] Similar optical
microscopy images of MoSez, WS> and WSe; samples can be found in the Supporting
Information. The quantitative analysis of the red, green and blue channels of the
transmission mode optical images has been recently proven to be a effective alternative
way to determine the number of layers of TMDCs (see Ref. [24] and the Supporting
Information in Ref.[25]). Figure 1¢ shows the transmittance 7/7o (7" intensity of the light
transmitted through the flake, 7o: intensity of the light transmitted through the substrate)
extracted from the different regions of the transmission mode optical image shown in
Figure 1a. The blue channel shows the largest thickness dependence. Thus it can be very
useful to determine the number of layers. The blue channel transmittance drops
monotonically by ~9% per MoS: layer, in good agreement with the results reported in
Ref. [24]. We have found that the blue channel transmittance also shows a strong
thickness dependence for other TMDCs studied here: WS,, WSez or MoSe: (see the
Supporting Information for an analogue of Figure 1c for these materials). This strong
thickness dependence of the blue channel transmittance might be especially relevant to
determine the number of layers of relatively thick MoS, multilayers, as Raman
spectroscopy is only accurate to determine layers thinner than 4 layers (the Raman shift
difference between the Ex; and A quickly saturates for flakes thicker than 4 layers, see
Ref. [22]). Furthermore, for WS,, WSe; or MoSe: it is not trivial to determine the number
of layers with Raman spectroscopy as one might need a high resolution Raman system or
a system capable to resolve shear Raman modes occurring at low Raman shifts [26-31]
(see the Supporting Information to see the thickness dependent Raman spectra of WS,,

WSe; or MoSe»).

d0i:10.20944/preprints201808.0242.v1
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1 The optical spectra of the fabricated flakes are characterized by using a homebuilt micro-
2 reflectance and transmittance setup. We address the reader to References [32,33] for
3 details on this experimental setup. Briefly, the setup consists of a Motic BA310
4  metallurgical microscope supplemented with a modified trinocular port that sends part of
5  the reflected light to a fiber-coupled CCD spectrometer to be analyzed. The system can
6  be used to measure differential reflectance and transmittance. In the main text, we show
7  the results of differential reflectance measurements and we address the reader to the
8  Supporting Information for a comparison between differential reflectance and

9 transmittance measurements acquired on the same sample.

10  The differential reflectance spectrum is calculated as (R-Ro)/R and it is related to the

11 absorption coefficient of the material a(A) as[34,35]

R—R, 4n
12 = A
R mgz—1°W

13 where R is the intensity reflected by the flake, Ry the intensity reflected by the substrate,
14 n is the refractive index of the flake under study and no is the refractive index of the
15  substrate. Figure 2 shows the differential reflectance spectra measured on the single- and
16  few-layer regions for the different semiconductor TMDCs studied here. The spectra
17  acquired for this family of 2D materials show overall similar features: pronounced peaks
18  corresponding to the generation of excitons. The exact energy at which these peaks appear
19  is material-to-material dependent because those features are determined by the band
20  structures of these different compounds. The exciton peaks in Figure 2 are labelled A, B
21 and C (and D for WSe») following the nomenclature employed in the literature to name
22 the different excitons in semiconducting TMDCs.[18-20] The A exciton, occurring near
23 the absorption band edge, corresponds to direct band gap transitions at the K point in the

24 Brillouin zone.[18-20] This feature is the most studied one, as it is also the dominant one


http://dx.doi.org/10.20944/preprints201808.0242.v1
http://dx.doi.org/10.3390/nano8090725

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 14 August 2018 d0i:10.20944/preprints201808.0242.v1

1  in photoluminescence spectra. Close to the A exciton peak, at slightly higher energy, the
2 transition metal dichalcogenides show another prominent peak in their differential
3 reflectance spectra, corresponding to another direct band gap transition at the K point but
4 at higher energy that yields the creation of the so-called B excitons. For monolayer
5 TMDCs, the origin of this higher energy transition at the K point is related to the splitting
6  ofthe valence band due to the spin-orbit interaction. For multilayer systems, the splitting

7  of'the valence band is driven by a combination of spin-orbit- and interlayer interaction.

8 Apart from the narrow A and B exciton peaks, the differential reflectance spectra of

9  MoS», MoSe; and WS> also show other broader spectroscopic features in an energy range
10 from2.5eV to 2.9 eV (referred to as C exciton peak), which is due to singularities in the
11  joint density of states between the first valence and conduction bands in a circle around
12 the /" point (into the local minimum of the lowest conduction band between /" and K) that
13 leads to multiple optical transitions nearly degenerate in energy.[34,36—41] For WSe;, we
14  find instead of just one broad C exciton feature, two features labeled C and D as were
15 also reported in recent absorption measurements.[41] While the C exciton of WSe:
16  consists of several transitions along the /-K direction between the highest valence and
17  lowest conduction bands, the D exciton has largest contributions from the spin-split lower

18  valence band into the lowest conduction band [41].

19  The differential reflectance spectra have been fit to a sum of Gaussian/Lorentzian peaks
20  with a broad background to determine the peak position, width and magnitude of the
21  excitonic features as a function of the number of layers for the different 2D semiconductor
22 materials. The thin black lines in Figure 3 correspond to the resulting fits for the different
23 measured spectra and the empty circles highlight the energy value determined for the
24 different excitons from the fits. In order to visualize the thickness dependence of the

25  exciton energies, Figure 3 summarizes the determined exciton energies as a function of
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1 the number of layers for MoS2, MoSe2, WS> and WSe». The A exciton peak redshifts as
2 the thickness increases for all the studied materials, in agreement with previous
3 photoluminescence results. The B exciton, however, shows moderate thickness
4  dependence. As discussed above, for single layers the separation between the A and B
5  exciton peaks is due to the spin-orbit splitting of the valence band. Therefore, the larger
6  spin-orbit splitting induced by the heavier W atoms with respect to Mo atoms, is translated
7  to alarger separation of the A and B features in the differential reflectance spectra of W-
8 based TMDCs. Also, Se- based dichalcogenides exhibit a larger splitting between the A
9 and B exciton peaks than that of S- based dichalcogenides. Table 1 summarizes the values
10  of the splitting between the A and B excitons for the single-layer TMDCs studied in this
11  work, and compares these values with theoretical values obtained through ab initio

12 calculations (see the Supporting Information for more details about the calculations).

Material Experimental A-B splitting (meV) Theoretical A-B splitting (meV)
1L — MoS; 124 +5 152
1L —MoSe, | 219+10 218
1L — WS, 371 +5 420
IL — WSe, 398+ 10 464

13 Table 1. Comparison of the spin-orbit splitting extracted from the differential reflectance spectra and those

14 obtained from ab initio calculations including spin-orbit interaction.

15

16  Interestingly, we also find that the C exciton shows a prominent shift with the thickness,
17  even more pronounced than that of the A exciton. Note that the number of works studying
18 the C excitonic feature are still very scarce as most experiments employ
19  photoluminescence with green laser excitation (£ ~2 eV - 2.3 eV) to observe the generated

20  excitons.
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2 Insummary, we presented a systematic study of the differential reflectance spectra MoS,,
3 MoSez, WS; and WSe; from the near-infrared (1.4 eV) to the near-ultraviolet (3.0 eV).
4  The differential reflectance spectra show prominent features due to the generation of
5 excitons and the energy at which these features appear depends on the thickness of the
6 flakes because of quantum confinement effects. We propose to employ a combination of
7  a quantitative analysis of transmission mode optical images and differential reflectance

8 measurements to be used as an alternative method to determine the number of layers.

10 MATERIALS AND METHODS

11 We prepared MoSz, MoSez, WS; and WSe> nanosheets by mechanical exfoliation with
12 blue Nitto tape (Nitto Denko Co., SPV 224P) on a commercially available polydimethil-
13 siloxane substrates (Gel-Film from Gelpak®). MoSe>, WS, and WSe: bulk crystals were
14  synthetic (grown by vapor transport method), while the MoS, material employed in this
15  work is a naturally occurring molybdenite crystal (Moly Hill mine, Quebec, Canada). All
16  the materials studied in the main text were 2H polytype. In the Supporting Information
17  we also include results obtained for mechanically exfoliated natural 3R-MoS> (Mont St.
18  Hilaire, Quebec, Canada). Few-layer flakes are identified under an optical microscope
19 (Nikon Eclipse CI) and the number of layers is determined by their opacity in
20 transmission mode. The optical properties of the nanosheets have been studied with a
21 home-built micro-reflectance/transmittance setup, described in detail in Ref. [32].

22 The calculations of the absorption spectra were conducted using the GW-BSE method
23 within the LDA+GdW approximation[42]. Here, the dielectric screening is implemented
24 by an atom-resolved model function based on the random phase approximation. For the

25  structural parameters, we used the experimental values as reported in Ref.[43] (with a =
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1 3.160 A for MoS; and a = 3.299 A for MoSe,) and Ref.[44] (with a = 3.155 A for WS,
2 and a = 3.286 A for WSe,). We start with a DFT calculation within the LDA, using a
3 basis set of localized Gaussian orbitals and norm-conserving pseudopotentials that also
4  include spin-orbit interaction. The resulting wave functions and energies are used for a
5 subsequent GdW calculation, fully taking into account spin-orbit interaction. For the BSE
6 calculations, we use a 24 X 24 X 1 k-point grid for the mono- and bilayers and an 18 X
7 18 X 3 k-point grid for the bulk crystals. Notably, we use identical meshes both for the
8 quasiparticle corrections and the electron-hole interaction, so no interpolation scheme is
9 needed. The number of valence and conduction bands in the BSE Hamiltonian were
10  doubled when going from the monolayer (four/six) to the bilayer and bulk crystals
11 (eight/twelve). A detailed analysis of the convergence of the presented calculation is

12 found in the Supporting Information. For all absorption spectra, an artificial broadening

13 of 35 meV is applied.
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27  Figurel. (a) Transmission mode optical image of a mechanically exfoliated MoS, flake on PDMS
28  substrate. (b) Raman spectra measured on the different regions of the flakes. The thickness of
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the flake can be determined from the Raman shift difference between the Alg and E2g lines,
shown in panel (c). (d) Transmittance of the MoS; flake (extracted from the red, green and
blue channels of the trasnmission mode optical images) as a function of the number of layers.
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Figure 2. Differential reflectance spectra measured as a function of the number of layers for (a)
MoS,, (b) WS, (c) MoSe; and (d) WSe,. The spectra have been fitted to a sum of

10  Lorentzian/Gaussian peaks (solid thin black lines) to determine the position of the different

11  excitonic features (highlighted with white circles).
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4  Figure S1. Transmission mode optical images of mechanically exfoliated TMDCs onto PDMS
5  substrates. (a) MoS;. (b) WS,. (c) MoSe,. (d) WSe,. Single-layer areas have been highlighted
6  with a dashed black line.
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10  Figure S2. Trasmittance (extracted from the red, green and blue channels of the trasnmission
11  mode optical images) as a function of the number of layers. (a) MoS,. (b) WS,. (c) MoSe,. (d)
12 WSe;. The solid lines are guides to the eye.
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the blue channel of the same Mos; flakes shown in (a).
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2 One advantage of choosing PDMS as substrate for the characterization of TMDCs is that
3 once the flakes are fully characterized they can be easily transferred to another substrate
4 by means of an all-dry transfer method that exploits the viscoelasticity of PDMS to
5 accomplish the transfer of the flake.[45] Figure S5 shows some examples of TMDC flakes
6 that have been transferred from the PDMS substrate to a silicon substrate with a 285 nm
7 SiO; capping layer, which is one of the standard substrates employed in many laboratories

8  working with graphene and other 2D materials.
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For 2D materials supported on SiO,/Si substrates the quantitative analysis of their optical
contrast (defined as C = (Ifake-Lsubs)/(IfiaketIsubs)) 1S @ common method to identify
atomically thin flakes and to estimate their number of layers.[46—52] These analyses are
typically carried out by acquiring reflection mode optical images while the illumination
wavelength is selected by means of narrow bandpass filters[46,49,50], by hyperspectral
imaging [39,53], or by using the micro-reflectance setup employed in this work.[32,33]
Figure S6 shows a summary of the optical contrast spectra acquired for MoS,, WS,
MoSe; and WSe; flakes with different number of layers. Although this figure could be
used as a guide to determine the number of layers of TMDCs exfoliated onto SiO»/Si
substrates, the difference in optical contrast spectra between layers with different
thicknesses is more subtle than that measured onto the PDMS substrate by differential
reflectance. Also the spectra show a skewed ‘S’ shape because of the interference color
effect, due to the thin SiO» dielectric layer on top of the reflective silicon surface, which
hampers the identification of the excitonic features that are superimposed (still visible on
the MoS; flakes, Figure S6a). Therefore, these results illustrate that it is preferable to
characterize the TMDCs on the PDMS substrate (by means of the combination of the
quantitative analysis of the transmission mode optical images and the differential

reflectance/transmittance) prior to their transfer to SiO,/Si substrates.
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Figure S5. Transmission mode optical images (left panels) of MoS; (a), WS (c), MoSe: (e) and
WSe; (g) on PDMS substrates. Reflection mode optical images of the same flakes after transfer
onto SiO,/Si substrates (285 nm thick SiO3): MoS; (b), WS; (d), MoSe; (f) and WSe; (h). Note:
the images on Si0,/Si substrates have been flipped horizontally to facilitate the comparison
with the transmission mode images.
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Figure S6. Thickness dependence of the optical contrast measured for MoS; (a), WS; (b), MoSe;
(c) and WSe; (d) deposited onto SiO,/Si substrates (285 nm thick SiO>).
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1  Figure S7. Raman spectra mesured on MoS; (a), WS; (b), MoSe; (c) and WSe; (d) deposited
2 onto PDMS substrates.
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3 measurements carried out on the same MoS; flakes on PDMS. (c) Comparison between the
4  exciton energies determined from differential reflectance and transmittance measurements.
5  The slight variation between the two methods could be attributed to a slight increase of
6  temperature of the substrate during the transmittance measurements (leading to a slight
7  biaxial straining of the flakes).
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2 Now we turn our attention to the differential reflectance spectra outside the energy
3 window where the exciton resonances occur. We have found that the differential
4  reflectance magnitude increases monotonically with the number of layers. The results are
5 summarized in Figure 7, demonstrating that a quantitative analysis of epi-illumination
6 images can be used to determine the thickness of the MoS,, MoSe;, WS> and WSe»
7  samples. The quantitative analysis could be carried out by selecting the illumination
8  wavelength with narrow-bandpass filters, typically used in most laboratories to enhance

9 the optical contrast of 2D materials.
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14  spectra shown in Figure S6 at energies outside the excitonic resonance windows: (a) MoS,, (b)
15 WS, (c) MoSe; and (d) WSe,. The solid lines are guides to the eye.
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Figure S10. Comparison between different methods to measure the optical properties of 2D
materials (using 1L, 2L and 3L MoS; as testbed). In the multispectral measurements narrow
bandwidth filters are used to select the illumination wavelength. In the hyperspectral method
the illumination is carried out through a white-light source connected to a monochromator. In
the micro-transmittance measurement, we employ white light, which is collected through an
optical fiber (acting as a confocal pinhole) and sent to a CCD spectrometer.

Figure S11 shows an artistic representation of the crystal structure of 2H- (Figure S11 up) and
3R- (Figure S11 down) MX; crystals. The 2H and 3R phase differ in the bulk crystals, since it arises
from a different stacking of 2D layers, interacting by van der Waals forces. For instance, in MoS,,
the 2H phase presents unit cell parameters a = b = 3.1625 A and ¢ = 12.300 A (space group
P65/mmc), while the 3R phase presents unit cell parameters a = b = 3.1607 A and ¢ = 18.344 A
(space group R3m).!

The different stacking of the 2H and the 3R phase leads to slightly distinct band structures and,
therefore, different excitonic phenomena. In the case of MoS;, for example, the energy splitting
of the top of the valence band at the K point is smaller for the 3R-MoS; (0.14 eV) than for the
2H-Mo0S; (0.17 eV), which is translated in different exciton splitting 2. This different splitting can
be observed in the differential reflectance spectra (Figure S14 and Figure S15). In Figure S12 we
show optical microscopy images of mechanically exfoliated flakes of 2H- and 3R- MoS; mono-
and few-layer crystals on a PDMS substrate, where no difference can be depicted between the
two phases. Also, the transmittance extracted from transmission mode images seems very
similar for both 2H and 3R polytypes (Figure S13). Therefore, the quantitative analysis of the A
and B exciton energy difference seems the more reliable way to distinguish between the 2H and
the 3R polytypes.
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Figure $12. Transmission mode optical images of 2H-MoS; (a) and 3R-MoS; on PDMS. The
dashed regions highlight the single-layer regions. Note that MoS; single-layers of 2H and 3R
have the same structure and they only differ for multilayered stacks.
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Figure $13. Transmittance (extracted from the red, green and blue channels of the
trasnmission mode optical images) as a function of the number of layers for (a) 2H-MoS; and
(b) 3R-Mo0S,. The solid lines are guides to the eye.
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Figure S14. Differential reflectance spectra measured as a function of the number of layers for
(a) 2H-MoS;, (b) 3R-M0S,. The spectra have been fitted to a sum of Lorentzian/Gaussian peaks
(solid thin black lines) to determine the position of the different excitonic features (highlighted
with white circles).
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Figure S15. Thickness dependence of the exciton energies, extracted from the differential
reflectance spectra of (a) 2H-MoS; and (b) 3R-MoS,. The solid lines are guides to the eye.

Details on the ab initio calculations:

All calculations are performed using a code written on our own °.
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1  To end up with the absorption spectra of the four different TMDCs, we start with a DFT
2 calculation in the LDA approximation using three shells of localized Gaussian orbitals as basis
3 set. Each of the shells is composed of ten orbital functions covering the symmetries s, p, d and s'.
4 All orbitals inside one shell share the same material dependent decay constant, which are in a
5  range of 0.13 ag? to 2.5 ag?. The reciprocal space is sampled with a 12 x 12 X 1 k-point grid
6  for the mono- and bilayers and a 10 X 10 X 3 k-point grid for the bulk crystals. We use the
7  structural parameters as reported in Ref. * (for MoS, and MoSe;) and Ref. ° (for WS; and WSe,)
8  with experimental lattice constants of 3.160 A, 3.299 A, 3.155 A and 3.286 A for MoS,, MoSe;,
9 WS, and WSe;, respectively. The S or Se atoms of the mono- and bilayer system from neighboring
10  unit cells are vertically separated by at least 28 A vacuum to suppress interactions due to the
11  periodic continuation perpendicular to the layers (in the DFT). Spin-orbit interaction is included
12 in terms of corresponding pseudopotentials and all spin-split bands enter in the consecutive

13 quasiparticle calculation.

14  The quasiparticle corrections are calculated within the LDA+GdW © approximation, which allows
15  for well converged results at comparably low numerical costs. Figure S16 shows the convergence
16  behavior of the direct gaps at the high symmetry point K with respect to the auxiliary plane wave
17  basis to represent € and W. For this convergence study, the k-point grid is chosenas 12 X 12 X 1
18  for the mono- and bilayers and 12 X 12 X 3 for the bulk crystals. The data in Figure S1 show that
19  a plane wave basis of 2.5 Ry (205 plane waves) is already sufficient. At both levels, DFT and

20  GW, the spin-orbit interaction is fully taken into account.

21 Inorder to get the absorption spectra we solve the Bethe-Salpeter equation (BSE) using identical
22 k-point grids for the quasiparticle corrections and the electron-hole interactions therefore
23 avoiding the need of an interpolation scheme. The A exciton is the lowest optically bright
24 excitation. The B exciton corresponds to the next optically bright excitation that is not an excited
25  state of the A exciton. Figure S17 and Figure S18 summarize the convergence of the A and B
26 excitons. Apparently, a k-point grid of 24X 24 X 1 (mono-/bilayer) or 18 X 18 X 3 (bulk) yields

27  well-converged results. These k-point grids are employed for the data shown in Figure S19 and
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1  Figure S20. Since the C (D) exciton is composed of several excitations, we calculate the excitation
2 energy as a weighted sum over all excitations inside an energy window that is chosen such that
3  the leading and tailing edges of the peaks are dropped equally to the level of the absorption
4 Dbackground (see Figure S19 for more details). To account for uncertainties in the definition of the
5  C (D) exciton, we introduce an error in the respective energetic positions. For the monolayers we
6 include four valence and six conduction bands, while for the bilayer and bulk crystals these

7  numbers are doubled (since the number of atoms in the unit cell are doubled).
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9  Figure S16. Convergence of the quasiparticle gap at the K point with respect to the energy cutoff
10  usedin the LDA+GdW approach for the representation of € and W. For the mono- and bilayers
11  ak-pointgrid of 12 X 12 X 1 and for the bulk crystals a k-point grid of 12 X 12 X 3 is used. All
12 four materials MoS; (&), MoSe; (®), WSe; (¢) and WS, (a) show similar convergence behaviour
13 forall three numbers of layers. The grey line shows the chosen energy cutoff of 2.5 Ry employed
14  for preparing the subsequent BSE calculations.
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1  Figure S17. Convergence of the A and B exciton for all four TMDCs MoS; (), MoSe; (®), WS, (a)
2 and WSe; (¢) with respect to the k-point grid used in the BSE. For the monolayers four valence
3 andsix conduction bands are included and for the bilayers eight valence and twelve conduction
4  bands were taken into account. The solid lines are guides to the eye.
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6  Figure S18. Convergence of the A and B exciton for the bulk crystal of MoS; with respect to the
7  k-point grid applied in the BSE. Note that the number of bands were reduced to four valence
8  and six conduction bands for these calculations to facilitate the calculation with 24 X 24 X 3 k-
9  points. The solid lines are guides to the eye.
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Figure S19. Absorption spectra of MoS; (a), WS, (b), MoSe; (c) and WSe; (d) for all studied
number of layers. An artificial broadening of 35 meV is introduced and the spectra are vertically
shifted to distinguish between the different systems of one material. The energy window chosen
for the weighted sum of the respective C and D excitons are marked by the darker regions of the
spectra.
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2 Figure S20. Direct comparison between the exciton energies obtained experimentally and those
3 calculated for MoS; (a), WSz (b), MoSe; (c) and WSe; (d).
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