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Abstract
MoS2/WS2 heterostructures make them significant due to their ability to integrate the advantageous properties of both materi-
als, thereby facilitating the emergence of novel functionalities. Achieving uniform, large-area layers and thoroughly exploring 
their properties for potential applications is essential. This research investigated the phonon and exciton characteristics of 
MoS2/WS2 heterostructures deposited using chemical vapor deposition (CVD) and metal–organic chemical vapor deposition 
(MOCVD) on sapphire and SiO2 substrates and their individual layers. We employed polarized Raman and photolumines-
cence (PL) spectroscopy to analyze these materials. The study identified notable PL emissions characterized by overtone-like 
features in two distinct energy regions within the MoS2/WS2/SiO2/Si heterostructures. These emissions, denoted as XA1 and 
XA2, were detected at 2.134 eV and 2.155 eV, respectively. In the heterostructure (MoS2/WS2) on sapphire and SiO2/Si, the 
MoS2 originated PL-extinction ratios are 1.6306 and 0.9638, respectively, and the WS2 originated PL-extinction ratios are 
1.055 and 0.8519, respectively.

Introduction

The recent rapid advancement of digital technology over the 
last two decades has created a commensurate, ever-increas-
ing need for electronic devices with high performance/high 
computing power. In an effort to meet these demands, sci-
entists are researching new materials to enhance the per-
formance of existing electronics, while also searching for 
new technologies and alternative energy sources to address 
global warming and the energy crisis.

Layered transition-metal dichalcogenides (TMDs) have 
attracted significant attention due to their distinctive prop-
erties. These compounds, composed of transition metals 
(group IV, V, VI, VII, IX, and X) combined with chalcogens 
(S, Se, and Te), exhibit over 40 different variations [1, 2]. 
Their electronic structure, which can vary from metallic to 
semiconducting, offers a wide range of applications in elec-
tronics, optoelectronics, spintronics, sensors, energy storage, 
and energy conversion, demonstrating the vast potential and 
versatility of TMDs [3–8]. The shift from an indirect to a 
direct band gap in TMDs as their thickness decreases from 
bulk to monolayer creates exciting opportunities for applica-
tions in nanoscale electronic and optoelectronic devices [9]. 
Recent advancements suggest that TMDs could be promis-
ing alternatives to silicon (Si) in front-end-of-line (FEOL) 
technologies due to significant improvements in their perfor-
mance characteristics. For example, short channel transistors 
based on monolayer MoS2 has shown a high on-state current 
of 1.23 mA/μm under source-to-drain bias of 1 V, an on/off 
ratio over 108 and an intrinsic delay of 74 fs, outperforming 
equivalent silicon complementary metal–oxide–semiconduc-
tor technologies and satisfied the 2028 roadmap target [10]. 
Furthermore, the tunable bandgap and broad optical absorp-
tion properties of TMDs facilitate a variety of optoelectronic 
artificial synaptic devices, such as optogenetic neuromorphic 
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devices and photo-tunable memory devices for neuromor-
phic computing [11].

Furthermore, the stacking of different layers of TMDs to 
form van der Waals heterostructures provides an excellent 
opportunity to enhance and tailor novel electronic and opto-
electronic properties. For example, the type-II band align-
ment between two types of TMD monolayers-typically found 
in many TMD heterostructures—promotes the creation of 
interlayer excitons. This characteristic can be utilized to 
develop excitonic integrated circuits that could serve as the 
counterpart of electronic integrated circuits [12].

In our study, we studied the polarization-dependent pho-
nons and excitons in MoS2/WS2 heterostructures grown on 
sapphire and SiO2/Si substrates. The synthesis of molybde-
num disulfide (MoS2) and tungsten disulfide (WS2) layers on 
silicon dioxide/silicon (SiO2/Si) substrates was conducted 
utilizing the metal–organic chemical vapor deposition 
(MOCVD) technique with precisely controlled gas-phase 
precursors to improve uniformity in the PARADIM user 
facility at Cornell University [13, 14]. In addition, MoS2, 
WS2, and MoS2/WS2 layers were grown on sapphire sub-
strates and MoS2 layers on WS2/SiO2/Si substrates, using 
a proprietary chemical vapor deposition system (CVD) at 
Clark Atlanta University.

Materials and methods

The MoS2/WS2 heterostructures were grown using a two-
step method on two different substrates: Sapphire and SiO2/
Si. The CVD method was employed for the growth of MoS2, 
WS2, and MoS2/WS2 heterostructures on the sapphire sub-
strates. In contrast, the MOCVD method was used to grow 
MoS2 and WS2 on SiO2/Si substrates, followed by CVD 
to produce the MoS2/WS2 heterostructure on the SiO2/Si 
substrate.

Detailed description is available in the Supplementary file 
under the Materials and Methods section.

Results and discussions

The supplementary Fig.  S1 shows the confocal optical 
microscope images for each layer: (a) MoS2/sapphire, (b) 
WS2/sapphire, (c) MoS2/WS2/sapphire, (d) MoS2/SiO2/Si, 
(e) WS2/SiO2/Si, and MoS2/WS2/SiO2/Si. The confocal 
microscopy image of the monolayer films (samples labeled 
(a) and (b) above) implies full coverage on the substrate, and 
based on the uniformity of the image color and intensities, it 
is assumed to be a uniform film. Additionally, in the images 
of heterostructures, it was observed that MoS2 is uniformly 
deposited on WS2, forming a well-defined heterostructure on 
the sapphire substrate. For the heterostructure on the SiO2/

Si substrate, we found that MoS2 uniformly covers a 1 × 2 
cm2 area of the WS2 layer grown on the SiO2/Si substrate 
using MOCVD.

Analysis of phonon modes by polarized raman spectra
Figure 1 shows unpolarized and both parallel and perpen-

dicular polarized Raman spectra of the samples. In the case 
of parallel polarization, both the excitation and scattered 
electric field are in the x direction, while for cross-polariza-
tion, they are in the x and y directions. The supplementary 
Table S1 summarizes the phonon modes excited by the 
532 nm laser for our samples MoS2, WS2, and MoS2/WS2 
on sapphire and SiO2/Si (shown in parentheses) substrates 
measured with the unpolarized light. As shown in Fig. 1a 
and Table S1, the Raman phonon modes were observed for 
MoS2/sapphire at 179.0  cm−1, 377.7  cm−1, 384.2  cm−1, 
405.0 cm−1, 417.0 cm−1, 451.4 cm−1, and 597.4 cm−1 and 
they were previously assigned to A1g (M)-LA(M), E�(M)

LO2 , 
E1
2g
(Γ) , A1g (Γ), A1g (M), 2LA (M), and E�(M)

LO2 + LA(M) , 
respectively [15]. However, for our MoS2 sample on a SiO2/
Si substrate (see Fig. 1d), in addition to the two dominant 
phonon modes observed at ~ 379 cm−1 [E1

2g
(Γ)], ~ 403.3 cm−1 

[A1g (Γ)], five additional Raman peaks were detected at 
226 cm−1, 272 cm−1, 303 cm−1, 360 cm−1, and 432.5 cm−1. 
Among these, the peak at 303 cm−1 is attributed to the trans-
verse acoustic (TA) phonon mode originating from the 
underlying silicon substrate [16, 17]. The peak observed at 
226 cm−1 [LA(M)] has been previously attributed to the par-
tial oxidation of MoS2 upon exposure to ambient conditions, 
leading to the formation of molybdenum oxides [18, 19]. 
Given that our MoS2/SiO2/Si sample has been measured 
after approximately three years, it is reasonable to expect the 
presence of molybdenum oxides due to this extended expo-
sure to ambient environmental conditions and other aging-
related degradation effects on the structure. Therefore, the 
observations regarding the MoS2/SiO2/Si are discussed sepa-
rately as a case study in the supplementary document.

Similarly, the phonon modes observed for WS2 on sap-
phire (see Fig. 1b) and on SiO2/Si (see Fig. 1e) substrates, 
along with their assigned modes, are listed in Table S1. The 
number of layers in these four samples was determined by 
the peak frequency difference between A1g(Γ) (out-of-plane 
optical vibration of S atoms along the c axis) and E1

2g
(Γ) (in-

plane optical vibration of the Mo + S atoms in the basal 
plane) [16]. Our findings revealed the following differences 
and layer numbers: For MoS2 on sapphire, the difference was 
20.8 cm−1, indicating a monolayer; for MoS2 on SiO2/Si, it 
was 24.3 cm−1, corresponding to three layers; for WS2 on 
sapphire, the difference was 65 cm−1, signifying a mon-
olayer; and for WS2 on SiO2/Si, it was 68.9 cm−1, also indic-
ative of three layers [20–22].

We then analyzed the Raman spectra of our vertical 
MoS2/WS2 heterostructures, which were grown on sapphire 
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(see Fig. 1c) and SiO2/Si (see Fig. 1f) substrates using the 
CVD method. A summary of the phonon frequencies and 
their corresponding modes can be found in Table S1. The 
detected peaks at 175.4 cm−1 (173.0  cm−1), 198.4  cm−1 
(194.0  cm−1), 296.5  cm−1 (293.9  cm−1), 322.8  cm−1 
(315.8  cm−1), 348.9  cm−1 (343.3  cm−1), 354.0  cm−1 
(349.8 cm−1), 417.0 cm−1 (415.8 cm−1), and 588.4 cm−1 
(578.3  cm−1) can be ascribed to the E�(M)

TO2 − LA(M) , 
E�(M)

LO2 − LA(M) , 2LA(M) − 2E2
2g
(M) , E��(M)

TO1 , 2LA(M) , 
E1
2g
(Γ) , A1g(Γ) and A1g(M) + LA(M) phonon modes of the 

WS2 film, respectively. Additionally, the peaks located at 
224.5  cm−1 (230.5  cm−1), 379.5  cm−1 (376.8  cm−1), 
384.3 cm−1 (381.7 cm−1), 406.4 cm−1 (406.9 cm−1), and 
453.0 cm−1 (452.0 cm−1) can be ascribed to the LA (M), 
E�(M)

LO2 , E1
2g
(Γ) , A1g(Γ) and 2LA(M) phonon modes of 

MoS2 layers, respectively. These results confirm that the lay-
ers formed are heterostructures of MoS2 and WS2.

The full width at half maximum (FWHM) values for the 
E1
2g
(Γ) and A1g(Γ) modes in TMDs layers are effective indi-

cators of crystalline quality [23]. This study employed Ren-
ishaw wire software to analyze the Raman spectra of MoS2, 
WS2, and MoS2/WS2 layered materials deposited on both 
sapphire and SiO2/Si substrates. This analysis enabled accu-
rate determination of the FWHM values, phonon mode posi-
tions, and peak intensities. A comprehensive summary of 
the fitting results for both unpolarized and polarized light is 
presented in Tables S2 and S3, as well as Table 1. For the 
MoS2 layers on sapphire, a low FWHM values were found 
at 2.8 cm−1 for the E1

2g
(Γ) mode and 5.0 cm−1 for the A1g(Γ) 

mode, indicating high crystalline quality. In the case of WS2 

Fig. 1   Raman spectra of (a) MoS2/sapphire, (b) WS2/sapphire, (c) 
MoS2/WS2/sapphire, (d) MoS2/SiO2/Si, (e)WS2/SiO2/Si, and (f) 
MoS2/WS2/SiO2/Si, collected under unpolarized, parallel-polarized 
(back scattering configuration z(x,x)z′ in the Porto notation), and 
perpendicular-polarized (back scattering configuration z(x,y)z′ in the 

Porto notation) light. The insert in each panel displays confocal opti-
cal microscope images of the corresponding layers, captured using a 
20 × objective lens. A 5 mW, 532  nm (2.33  eV) laser was used for 
excitation (under non-resonant)
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layers grown on sapphire, we observed the FWHM values 
of 6.9 cm−1 for the E1

2g
(Γ) mode and 4.5 cm−1 for the A1g(Γ) 

mode, which again reflects a high crystalline quality. In con-
trast, the FWHM values for WS2 on the SiO2/Si substrate 
were notably higher, at 13.4 cm−1 for the E1

2g
(Γ) mode and 

7.3 cm−1 for the A1g(Γ) mode, further indicating that the 
sapphire substrate facilitates improved crystallinity for WS2.

The analysis of the MoS2/WS2 heterostructure on sap-
phire yielded FWHM values of 4.1 cm−1 for the E1

2g
(Γ) mode 

and 6.4 cm−1 for the A1g(Γ) mode in the MoS2 layer. In the 
corresponding WS2 layer, FWHM values of 7.7 cm−1 for the 
E1
2g
(Γ) mode and 5.3  cm−1 for the A1g(Γ) mode were 

recorded. In contrast, the MoS2/WS2 heterostructure on the 
SiO2/Si substrate exhibited FWHM values of 6.2 cm−1 for 
the E1

2g
(Γ)  mode and 10.1 cm−1 for the A1g(Γ)  mode in the 

MoS2 layer, while the WS2 layer presented FWHM values 
of 8.2 cm−1 for the E1

2g
(Γ) mode and 6.5 cm−1 for the A1g(Γ) 

mode. These findings further validate the superior crystal-
line quality of the MoS2/WS2 layers on sapphire. Overall, 
these findings highlight the importance of substrate choice 
in optimizing the crystallinity of TMD materials.

The textures of these films were analyzed using parallel 
and perpendicular polarized Raman spectra [24]. The 
peak ratio of A1g(Γ)/E

1
2g
(Γ) was determined by fitting the 

Raman spectra for each parallel and perpendicular polari-
zation, and those values are listed in Tables S2 and S3, and 
Table 1. Our study reveals that the intensity and area ratios 
of the A1g(Γ)/E

1
2g
(Γ) Raman modes in MoS2 films decrease 

under both parallel and cross-polarization configurations 
when changing the substrate from sapphire to SiO2/Si. 
This behavior suggests a potential reorientation of the 
crystal grains from an out-of-plane to an in-plane align-
ment. In contrast, WS2 films exhibit an increase in the 
A1g(Γ)/E

1
2g
(Γ) ratio under parallel polarization upon the 

same substrate transition, indicating a tendency toward 
out-of-plane grain orientation. Notably, the A1g(Γ) mode 
is not observed under cross-polarization for WS2 on SiO2/
Si. In MoS2/WS2 heterostructures, the ratio of A1g(Γ)

/E1
2g
(Γ) for MoS2 increases with the substrate change for 

both polarization configurations, whereas WS2 exhibits a 
decrease under parallel polarization, suggesting a contrast-
ing reorientation behavior within the heterostructure.

Analysis of polarized-PL spectra
Figures 2 and 3 present the measured and fitted PL 

spectra for our films on sapphire and SiO2/Si substrates 
under unpolarized, parallel polarized, and perpendicular 
polarized light. Table S3 summarizes the assigned PL 
peaks, and their energies observed for these films. The PL 
spectra of MoS2 sapphire substrates are found to be exhibit 
three characteristic peaks—designated as A−, A, and B—
corresponding to the trion, the direct bandgap exfig

citon, and the excitonic transition associated with 
valence band splitting due to spin–orbit coupling in MoS2, 
respectively [25– 27] A strong PL signal was observed for 
WS2 on sapphire, with an intensity more than 20 times 
greater than that on SiO2/Si and over 57 times stronger 
than the PL signal of MoS2 on sapphire. Further, for the 
WS2 on sapphire, only the A− and A excitonic peaks were 
observed. In contrast, the WS2/SiO2/Si sample displayed 
an additional emission peak at 1.752 eV. This peak is 
attributed to either a biexciton (Axx) or defect-related 
emissions, such as defect-bound excitons or other radia-
tive processes associated with defects [27–29]. The pho-
toluminescence spectrum of the heterostructure on sap-
phire shows three distinct emission peaks. The first two 
peaks, the A− trion at 1.763 eV and the A exciton peak at 
1.874 eV, are associated with MoS2. The third peak, the A 
exciton peak at 1.975 eV, is related to WS2. These confirm 
the presence of electronic transitions from both MoS2 and 
WS2 within the heterostructure. We observed notable PL 
emissions exhibiting repeated or overtone-like character-
istics in two distinct energy regions within MoS2/WS2/
SiO2/Si heterostructures (see Fig. 3). In the first energy 
region, we identified the following PL peaks: The trion 
at 1.910 eV (WS2), the A exciton at 1.941 eV (WS2), and 
the A exciton at 1.867 eV (MoS2). In the second region, 
the peaks at 2.134 eV and 2.155 eV are attributed to XA1 
and XA2, respectively. The origins of these two transitions 
remain under investigation. These emissions are assumed 
to be due to the B exciton in MoS2, as it can arise from 
spin–orbit-splitting of the valence band, at K-point, which 
in general appears around 2.1  eV. These energies can 
slightly vary with strain, dielectric environment, and dop-
ing. The SiO₂/Si substrate can induce the strain and the 
necessary dielectric environment. Furthermore, the two 
nearby PL features can be one due to natural B-excitation 
and the other due to B-trions or special inhomogeneity of 
the 2D lattice, causing variations in strain. The ~ 20 meV 
separation (2.134 vs 2.155 eV) is a reasonable value to 
assume for trion or strain effects.

Upon comparing the PL spectra for each polarization, we 
found a shift (3–4 meV) between peak positions between 
the unpolarized and polarized spectra across all films. The 
extinction ratios (parallel to perpendicular (s/p)) of peak 
intensities for the A-type PL peaks for MoS2 on sapphire 
and SiO2/Si substrates are 0.9268 and 0.6437, respectively. 
Those ratios for WS2 on sapphire and SiO2/Si, respectively, 
are 1.1888 and 1.0499. In the heterostructure (MoS2/WS2) 
on sapphire and SiO2/Si, the MoS2 originated PL-extinc-
tion ratios are 1.6306 and 0.9638, respectively, and the 
WS2 originated PL-extinction ratios are 1.055, and 0.8519, 
respectively.

Tabulated are the peak position, the full width at half 
maximum (FWHM), and A1g(Γ)/E

1
2g
(Γ) ratios of the peak 
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intensity (height) and peak area for the two phonon modes 
relevant to each material (MoS2 and WS2) in MoS2/WS2 
heterostructures on sapphire and on SiO2/Si substrates, Here, 

the values presented in parentheses correspond to the 2D 
film(s) grown on the SiO2/Si substrate.

Fig. 2   Photoluminescence (PL) spectra of MoS2, WS2, and MoS2/
WS2 on sapphire under (a) unpolarized, (b) parallel-polarized (back 
scattering configuration z(x,x)z′ in the Porto notation), and (c) per-
pendicular-polarized (back scattering configuration z(x,y)z′ in the 
Porto notation) light excitation. Panels (d)-(f) show the measured and 

deconvoluted PL spectra (unlabeled curves) under unpolarized excita-
tion (curves shown in (a)) for (d) MoS2, (e) WS2, and (f) MoS2/WS2 
on sapphire. A 0.5 mW, 532 nm (2.33 eV) laser served as the excita-
tion source
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Fig. 3   Photoluminescence (PL) spectra of MoS2, WS2, and MoS2/
WS2 on SiO2/Si under (a) unpolarized, (b) parallel-polarized (back 
scattering configuration z(x,x)z′ in the Porto notation), and (c) per-
pendicular-polarized (back scattering configuration z(x,y)z′ in the 
Porto notation) light excitation. Panels (d)-(f) show the measured and 

deconvoluted PL spectra (unlabeled curves) under unpolarized excita-
tion (the curves shown in (a)) for (d) MoS2, (e) WS2, and (f) MoS2/
WS2 on SiO2/Si. A 5 mW, 532 nm (2.33 eV) laser was used as the 
excitation source
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Summary

This study explored the polarization-dependent phonons and 
excitons in MoS2/WS2 heterostructures synthesized on sap-
phire and SiO2/Si substrates utilizing CVD and MOCVD. 
The confocal microscopy image of the film implies full cov-
erage and a uniform film. Narrow Raman peaks imply good 
quality films with minimal defects.

Raman spectroscopy analysis indicated that the intensity 
and area ratios of the A1g(Γ)/E

1
2g
(Γ) Raman modes in the 

MoS2 films decreased under both parallel and cross-polari-
zation configurations when transitioning the substrate from 
sapphire to SiO2/Si. This phenomenon suggests a possible 
reorientation of the crystal grains from an out-of-plane 
alignment to an in-plane configuration. In contrast, the ratio 
for WS2 displayed a trend toward out-of-plane orientation 
under parallel polarization conditions during the same sub-
strate transition. The WS2/SiO2/Si sample exhibited an addi-
tional emission peak at 1.752 eV, which may be attributed 
to biexcitons or defect-related emissions. The PL spectrum 
of the heterostructure on sapphire revealed three distinct 
emission peaks: The A− at 1.763 eV and the A at 1.874 eV, 
associated with MoS2, and the A peak at 1.975 eV, linked to 
WS2. These results confirm the presence of electronic transi-
tions involving both MoS2 and WS2 within the heterostruc-
ture. Furthermore, the study identified notable PL emissions 
characterized by overtone-like features in the MoS2/WS2/
SiO2/Si heterostructures. These emissions, denoted as XA1 
and XA2, were detected at 2.134 eV and 2.155 eV, respec-
tively. It is assumed to be due to the B exciton in MoS2, from 
spin–orbit-splitting of the valence band at K-point, or due to 
the natural B-excitation and the B-trions.

The polarized-PL-extinction ratios (s/p) for the A-type 
PL in the MoS2/WS2 on sapphire and SiO2/Si originated in 
MoS2 and WS2, respectively, are 1.6306, 0.9638, and 1.055, 
0.8519.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1557/​s43580-​025-​01395-5.
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Materials and Methods: 

The growth of MoS2 or WS2 on sapphire substrates was achieved through CVD using a quartz tube 
furnace with two separate heating zones. The growth of MoS2 on sapphire was carried out by 
placing ~35 mg of MoO3 powder in a boat located in the high-temperature zone of the furnace. A 
cleaned substrate was then positioned upside down above this boat, directly above the MoO3 
powder. Meanwhile, sulfur powder (~ 670 mg) was placed in a separate boat located in the low-
temperature zone. The temperature for the MoO3 source was set to 680 °C. An argon (Ar) mixture 
with 5% hydrogen (H2) was used as the carrier gas, with a flow rate of 100 sccm. The same 
procedure and growth parameters were used to grow the second layer (MoS2) on top of the first 
layer (WS2) to form the heterostructure on sapphire and SiO2/Si substrates. 

In the case of WS2 on sapphire growth, 30 mg of WO3, mixed with 5 mg of KCl (seeding promoter), 
was placed in a boat, and the substrate was placed above it. The temperature of the mixture (WO3 
+ KCl) was set at 1010 °C, and the carrier gas was Ar with a flow rate of 125 sccm. The temperature 
of the sulfur source was 250 °C. The growth process was consistently maintained for 30 minutes 
in all samples, while the growth chamber was maintained at atmospheric pressure. 

The growth of MoS2 and WS2 on SiO2/Si substrates by MOCVD was conducted in a 95 mm inner-
diameter hot-wall quartz tube furnace. Molybdenum hexacarbonyl (Mo(CO)₆, MHC, Sigma-



Aldrich, 99.9%), tungsten hexacarbonyl (W(CO)₆, THC, Sigma-Aldrich, 99.9%), and diethyl 
sulfide ((C₂H₅)₂S, DES, Sigma-Aldrich, 98%) served as the precursors for Mo, W, and S, 
respectively, with argon as the carrier gas. For MoS2 growth, the conditions were 600 °C, 5.98 
Torr, with precursor flow rates of 6 sccm MHC, 0.3 sccm DES, 1 sccm H₂, and 1200 sccm Ar, over 
a duration of 2.25 hours. For WS₂, the growth was carried out at 635 °C and 6.38 Torr, using flow 
rates of 20 sccm THC, 1.6 sccm DES, 5 sccm H2, and 1200 sccm Ar, for 3 hours. Sodium chloride 
was placed in the upstream region as a seeding promoter. 

 

The samples were first observed, and their surface morphology was examined using a confocal 
laser optical microscope (Keyence-VK-X3000 3D profiler) with 100x objective lenses. Then, the 
samples were analyzed using a Raman microscope (Renishaw-inVia), which was capable of 
measuring the photoluminescence (PL) of the films in addition to Raman measurements. For the 
PL measurements, the laser was set to 0.5 mW at 532 nm with an objective at 100x, a 1.00 s 
exposure time, and 10 accumulations. For the Raman spectra, the laser was set to 5 mW at 532 nm 
with an objective at 100x, a 10.00 s exposure time, and 10 accumulations. The spot size is 0.763 
µm. 

An area of 2 × 2 cm2 with good uniform coverage of MoS2 spans on the sapphire substrate was 
selected for the second layer growth in the WS2/MoS2 heterostructure on sapphire, while an area 
of 1 × 2 cm2 of WS2 coverage was selected for MoS2/WS2 heterostructure on sapphire. 

  

 

 



 

Fig. S1 Shows the confocal optical microscope image of the (a) MoS2/sapphire, (b) WS2/sapphire, (c) 
MoS2/WS2/sapphire, (d) MoS2/SiO2/Si, (e) WS2/SiO2/Si, and (f) MoS2/WS2/SiO2/Si layers. The objective 
lens was 20x. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1 Observed Raman phonon mode positions and corresponding mode assignments for MoS2, WS2, 
and MoS2/WS2 films on sapphire and SiO2/Si substrates, measured using unpolarized light. Here, the 
frequencies indicated in parentheses correspond to the layers grown on the SiO2/Si substrate. 

 MoS2/sapphire 
(MoS2/SiO2/Si) 

 WS2/sapphire 
(WS2/SiO2/Si) 

 MoS2/WS2/sapphire 
(MoS2/WS2/SiO2/Si) 

Phonon 
mode 

Peak 
(cm-1) 

Phonon 
mode 

Peak 
(cm-1) 

Phonon mode Peak 
(cm-1) 

A!"(M)
− LA(M) 

179.0 E#(M)$%!
− LA(M) 

176.9 (172.5) E#(M)$%! −
LA(M) [WS2] 

175.4 (173.0) 

LA(M) (226) E#(M)&%!
− LA(M) 

193.8 (196.1) E#(M)&%! −
LA(M) [ WS2] 

198.4 (194.0) 

TO (M) (272) E##(M)$%"
− TA(M) 

213.3 LA (M) [MoS2] 224.5 (230.5) 

TA (Si) (303) A!"(M)
− LA(M) 

231.1 (233.8) 2LA(M) −
2E'"' (M) [WS2] 

296.5 (293.9) 

TO(M) (360) 2LA(M)
− 3E'"' (M) 

266.8 (259.0) E##(M)$%" 	[WS2] 322.8 (315.8) 

E#(M)&%! 377.7  2LA(M)
− 2E'"' (M) 

298.2 2LA(M)	[WS2] 348.9 (343.3) 

E'"! (Γ) 384.2 (379) * 312.4 (310.6) E'"! (Γ)	[WS2] 354.0 (349.8) 
A!"(Γ) 405.0 (403.3) E##(M)$%" 325.2 (336.9) E#(M)&%! 	[MoS2] 379.5 (376.8) 
A!"(M) 417.0 2LA(M) 349.5  E'"! (Γ)	[MoS2] 384.3 (381.7) 

* (432.5) E'"! (Γ) 354.9 (346.0) A!"(Γ)	[MoS2] 406.4 (406.9) 
2LA(M) 451.4 A!"(Γ) 419.9 (414.9) A!"(Γ)	[WS2] 417.0 (415.8) 
E#(M)&%!
+ LA(M) 

597.4 A!"(M)
+ LA(M) 

584.1 (575.8) 2LA(M) [MoS2] 453.0 (452.0) 

    A!"(M) +
LA(M)	[WS2)] 

588.4 (578.3) 

*Not identified 

 

 

 

 

 

 

 

 

 



Table S2 Summary of observed phonon mode positions, full width at half maximum (FWHM), and the 
intensity and area ratios of the 𝐴!((𝛤)/𝐸'(! (𝛤) for MoS2 on sapphire and SiO2/Si substrates, measured 
under unpolarized, parallel-polarized, and perpendicular-polarized light. Here, the frequencies indicated 
in parentheses correspond to the layers grown on the SiO2/Si substrate. 

MoS2/sapphire (MoS2/SiO2/Si)   
Phonon 
modes 

Unpolarized Parallel polarized 
z(x, x)z՛ 

Perpendicular polarizad  
z(x, y)z՛ 

 Posi. 
(cm-1) 

FWHM 
(cm-1) 

A!"(Γ)
/E'"! (Γ)	 

Posi. 
(cm-1) 

FWHM 
(cm-1) 

A!"(Γ)/
E'"! (Γ)
(cm-1) 

Posi. 
(cm-1) 

FWHM 
(cm-1) 

A!"(Γ)
/E'"! (Γ) 

E#(M)&%! 377.7  16.8  Height:
2.56  
(2.73) 
 
Area: 
5.77 
(3.43) 

377.4 15.8 Height: 
2.79 
(2.81) 
 
Area: 
6.80 
(3.57) 
 

378.0 15.7 Height:
0.084 
(0.125) 
 
Area: 
0.519 
(0.100) 
 

E'"! (Γ) 
 

384.2 
(379.0) 

2.8  
(6.1) 

384.2 
(379.0) 

2.8 
(5.7) 

384.2 
(379.0) 

2.8 
(6.3) 

A!"(Γ) 405.0 
(403.3) 

5.0  
(8.4) 

405.0 
(403.3) 

5.0 
(8.4) 

405.2 
(404.2) 

6.6 
(7.4) 

A!"(M) 417.0 3.4 417.0 2.9 452.4 20.7 
2LA(M) 451.4 30.0 451.4 26.6   
E#(M)&%!
+ LA(M) 

597.4 28.3 597.7 11.9   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S3 Summary of observed phonon mode positions, full width at half maximum (FWHM), and the 
intensity and area ratios of the 𝐴!((𝛤)/𝐸'(! (𝛤) for WS2 on sapphire and SiO2/Si substrates, measured 
under unpolarized, parallel-polarized, and perpendicular-polarized light. Here, the frequencies indicated 
in parentheses correspond to the layers grown on the SiO2/Si substrate. 

WS2/sapphire (WS2/SiO2/Si)   
Phonon 
modes 

Unpolarized Parallel polarized 
z (x, x) z՛ 

Perpendicular polarizad  
z (x, y) z՛ 

 Posi. 
(cm-1) 

FWH
M 
(cm-1) 

A!"(Γ)
/E'"! (Γ) 

Posi. 
(cm-1) 

FWHM 
(cm-1) 

A!"(Γ)
/E'"! (Γ) 

Posi. 
(cm-1) 

FWHM 
(cm-1) 

A!"(Γ)
/E'"! (Γ) 

E#(M)$%!
− LA(M) 

176.9 
(172.5) 

7.5 
(7.2) 

Height: 
0.174 
(0.164) 
 
 
 
 
Area: 
0.168 
(1.295) 

176.9 
(172.3
) 

7.2  
(7.5) 

Height:
0.176 
(1.928) 
 
 
 
 
Area: 
0.152 
(1.474) 
 

172.1 
(171.6
) 

14.7 
(13.8) 

Height: 
- 
(0.188) 
 
 
 
 
Area: 
- 
(0.517)         
 

E#(M)&%!
− LA(M) 

193.8 
(196.1) 

4.8  
(5.6) 

193.7 
(195.7
) 

4.8  
(6.5) 

193.1 
(191.4
) 

7.7  
(4.4) 

E##(M)$%"
− TA(M) 

213.3 10.4 212.7 9.8 212.8 11.3 

A!"(M)
− LA(M) 

231.1 
(233.8) 

6.4 
(11.9) 

231.1 
(234.0
) 

6.5 
(14.7) 

230.6 5.8 

2LA(M)
− 3E'"' (M) 

266.8 
(259.0) 

10.7 
(15.8) 

267.4 
(258.6
) 

13.7 
(16.0) 

- - 

2LA(M)
− 2E'"' (M) 

298.2 4.3 297.9 4.9 - - 

 312.4 
(310.6) 

-  
(33.7) 

- 
(313.1
) 

(39.2) 311 
(303.2
) 

(30.8) 

E##(M)$%" 325.2 
(336.9) 

13.4 
(22.9) 

324.9 
(338.9
) 

13.4 
(21.3) 

324.3 40.4 

2LA(M) 349.5  12.6 348.9 13.1 353.7 
(343.0
) 

8.7 
(27.4) 

E'"! (Γ) 354.9 
(346.0) 

6.9 
(13.4) 

354.6 
(346.3
) 

7.1 
(12.1) 

357.1 
(354.3
) 

2.6  
(5.9) 

A!"(Γ) 419.9 
(414.9) 

4.5  
(7.3) 

419.8 
(414.9
) 

4.2  
(7.3) 

- 
(414.8
) 

-  
(11.4) 

A!"(M)
+ LA(M) 

584.1 
(575.8) 

9.3 
(13.0) 

585.0 
(575.8
) 

9.2 
(13.5) 

584.3 
(575.8
) 

8.4 
(18.9) 

 



Table S4 Unpolarized photoluminescence peak energies, energy separations, and relative peak intensities 
obtained from spectral fitting of MoS2, WS2, and MoS2/WS2 on sapphire and SiO2/Si substrates. 

Peak label Peak Energy (eV) Energy Separations 
(meV) 

Peak Intensity (Counts) 

MoS2 Sapphire SiO2/Si Sapphire SiO2/Si Sapphire SiO2/Si 
A- 
A 
B 

1.800 
1.863 
1.971 

1.741 
1.759 
1.923 

63 
- 

108 

18 
- 

164 

2557 
4147 
828 

4495 
7176 
902 

WS2 Sapphire SiO2/Si Sapphire SiO2/Si Sapphire SiO2/Si 
L or Axx 

A- 
A 

- 
1.924 
1.969 

1.752 
1.877 
1.923 

- 
- 

45 

125 
- 

46 

- 
24753 
235121 

975 
9423 
11863 

MoS2/WS2 Sapphire SiO2/Si Sapphire SiO2/Si Sapphire SiO2/Si 
A- 
A 
A 

XA1 
XA2 

1.763 (MoS2) 
1.874 (MoS2) 
1.975 (WS2) 

 

1.910 (WS2) 
1.867 (MoS2) 
1.941 (WS2) 

2.134 
2.155 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

926 
2956 
2335 

- 
- 

1500 
2373 
763 
390 
364 

 

Table S5 Parallel polarized photoluminescence peak energies, energy separations, and relative peak 
intensities obtained from spectral fitting of MoS2, WS2, and MoS2/WS2 on sapphire and SiO2/Si 
substrates. 

Peak label Peak Energy (eV) Energy Separations 
(meV) 

Peak Intensity (Counts) 

MoS2 Sapphire  SiO2/Si Sapphire SiO2/Si Sapphire SiO2/Si 
A- 
A 
B 

1.796 
1.865 
1.973 

1.743 
1.761 
1.926 

69 
- 

108 

18 
- 

165 

1148 
2534 
387 

2530 
4152 
447 

WS2 Sapphire  SiO2/Si Sapphire SiO2/Si Sapphire SiO2/Si 
L or Axx 

A- 
A 

- 
1.922 
1.968 

1.743 
1.869 
1.922 

- 
- 

46 

126 
- 

53 

- 
11930 

106776 

455 
4145 
5031 

MoS2/WS2  Sapphire SiO2/Si Sapphire SiO2/Si Sapphire SiO2/Si 
A- 
A 
A 

XA1 
XA2 

1.782 (MoS2) 
1.874 (MoS2) 

 1.974 (WS2) 
 

1.903 (WS2) 
1.865 (MoS2) 
1.941 (WS2) 

2.134 
2.155 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

667 
2185 
1435 

- 
- 

768 
1306 
374 
202 
181 

 

 



Table S6 Perpendicular polarized photoluminescence peak energies, energy separations, and relative peak 
intensities obtained from spectral fitting of MoS2, WS2, and MoS2/WS2 on sapphire and SiO2/Si 
substrates. 

Peak label Peak Energy (eV) Energy Separations 
(meV) 

Peak Intensity (Counts) 

MoS2 Sapphire  SiO2/Si Sapphire SiO2/Si Sapphire SiO2/Si 
A- 
A 
B 

1.823 
1.868 
1.999 

1.746 
1.768 
1.922 

45 
- 

131 

22 
- 

154 

1606 
2734 
331 

3015 
6450 
480 

WS2 Sapphire  SiO2/Si Sapphire SiO2/Si Sapphire SiO2/Si 
L or Axx 

A- 
A 

- 
1.926 
1.967 

1.733 
1.858 
1.921 

- 
- 

41 

125 
- 

63 

- 
10035 
98642 

448 
3948 
4563 

MoS2/WS2 Sapphire  SiO2/Si Sapphire SiO2/Si Sapphire SiO2/Si 
A- 
A 
A 

XA1 
XA2 

1.754 (MoS2) 
1.873 (MoS2) 

 1.978 (WS2) 
 

1.903 (WS2) 
1.865 (MoS2) 
1.941 (WS2) 

2.134 
2.155 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

458 
1340 
1021 

- 
- 

703 
1355 
439 
125 
93 

 

 

 

• Case study: MoS2/SiO2/Si aged film  

The Raman and PL spectra analysis of the aged MoS2 film on SiO2/Si substrate is separately 
presented here. 

As of discussed earlier for our MoS2 sample on a SiO2/Si substrate (see Fig. 1(d)), in addition to 
the two dominant phonon modes observed at ~379 cm-1 [E!"# (Γ)], ~ 403.3 cm-1 [A1g (Γ)], five 
additional Raman peaks were detected at 226 cm-1, 272 cm-1, 303 cm-1, 360 cm-1, and 432.5 cm-1. 
Among these, the peak at 303 cm-1 is attributed to the transverse acoustic (TA) phonon mode 
originating from the underlying silicon substrate [16, 17]. The peak observed at  226 cm-1 [LA(M)] 
has been previously attributed to the partial oxidation of MoS2 upon exposure to ambient 
conditions, leading to the formation of molybdenum oxides [18, 19].  Additionally, the peak 272 
cm-1 has been linked to the vibrational energy states of MoO3, suggesting oxidation (e.g., MoS2 + 
3/2 O2 → MoO3 + 2 SO2) that can occur under higher laser power (5 mW) [19].  Further, we 
detected another the defect-induced peak at ∼360 cm-1 which has been assigned to the transverse 
optical (TO) branch at the M point as reported by Sandro Mignuzzi et al. [18]. We have not yet 
identified the peak at 432.5 cm-1, which remains under investigation. 

In contrast, the FWHM values for MoS2 on the SiO2/Si substrate were slightly higher, measuring 
6.1 cm⁻¹ for the E!"# (Γ) mode and 8.4 cm⁻¹ for the A#"(Γ) mode. These findings indicate that the 
MoS2 layers on sapphire exhibit better crystallinity compared to those on SiO2/Si. 



The PL spectra of MoS2 grown on both substrates (Fig. 2 and 3) found exhibit three characteristic 
peaks - designated as A-, A, and B - corresponding to the trion, the direct bandgap exciton, and the 
excitonic transition associated with valence band splitting due to spin-orbit coupling in MoS2, 
respectively [25, 26]. The spin-orbit splitting is 164 meV for MoS2 on SiO2/Si which is higher than 
the value (152 meV) reported for the monolayer of MoS2 [30]. This can be due to slow and small 
structural changes by aging or the strains underlying SiO2/Si substrate. 
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