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Abstract: The growth of single-layer MoS2 with chemical vapor deposition is an established method that
can produce large-area and high quality samples. In this article, we investigate the geometrical and
optical properties of hundreds of individual single-layer MoS2 crystallites grown on a highly-polished
sapphire substrate. Most of the crystallites are oriented along the terraces of the sapphire substrate
and have an area comprised between 10 µm2 and 60 µm2 . Differential reflectance measurements
performed on these crystallites show that the area of the MoS2 crystallites has an influence on the
position and broadening of the B exciton while the orientation does not influence the A and B
excitons of MoS2 . These measurements demonstrate that differential reflectance measurements have
the potential to be used to characterize the homogeneity of large-area chemical vapor deposition
(CVD)-grown samples.
Keywords: two dimensional materials; chemical vapor deposition; MoS2 ; reflectance; exciton

1. Introduction
Rapidly after the first works on mechanically exfoliated MoS2 , part of the efforts of the scientific
community working on two-dimensional (2D) materials focused on developing synthesis methods
that could provide large-area single-layer MoS2 [1–6]. Chemical vapor deposition (CVD)-based
growth methods, which were already successfully used in the growth of graphene, are nowadays
standard techniques to grow large-area samples of single-layer MoS2 and other transition metal
dichalcogenides [7–12]. In fact, CVD samples have shown remarkable electronic and optical properties
approaching those of mechanically exfoliated material [13–16].
Although some techniques such as Raman spectroscopy and photoluminescence (PL) mapping
have been used to investigate the structural and electronic properties of 2D layers based CVD
growth [17–21], a thorough statistical study of the uniformity of the as-grown samples is still
somewhat lacking. In this work we use micro-reflectance spectroscopy measurements to investigate
the differential reflectance spectra of hundreds of CVD-grown MoS2 flakes grown on a highly-polished
sapphire substrate. This technique is a very fast and non-destructive characterization tool that allows
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mechanical exfoliated single-layer MoS2 [24] (A 1.90 eV, B 2.04 eV) we see that an overall blueshift of
that an overall blueshift of 24 meV is present in both the A and B exciton position of CVD‐grown
24 meV is present in both the A and B exciton position of CVD-grown MoS2 . The difference between
MoS2. The difference between the A and B mean energy is 140 meV, which is comparable with
the A and B mean energy is 140 meV, which is comparable with previous studies of single-layer
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In order to get a deeper insight in this spectrum‐to‐spectrum fluctuations observed in CVD MoS2
In order to get a deeper insight in this spectrum-to-spectrum fluctuations observed in CVD MoS2
sample, we investigate the correlations between the A and B exciton energy and FWHM and the
sample, we investigate the correlations between the A and B exciton energy and FWHM and the
geometrical parameters of the MoS2 islands such as the area and the orientation. Figure 4a shows the
geometrical parameters of the MoS2 islands such as the area and the orientation. Figure 4a shows the
correlation between the A exciton energy with the triangle orientation. The bottom plot represents a
correlation between the A exciton energy with the triangle orientation. The bottom plot represents
scatter plot of the A exciton energy as a function of the island orientation (black dots) on top of a color
a scatter plot of the A exciton energy as a function of the island orientation (black dots) on top of
map which depends on the data points density [30]. The scatter plot shows two clouds of data points
a color map which depends on the data points density [30]. The scatter plot shows two clouds of
corresponding to the most probable orientation (0° or equivalently
60°) and the least probable
data points corresponding to the most probable orientation (0◦ or equivalently 60◦ ) and the least
orientation (30° or 90°). Both clouds appear to be centered at the same A energy suggesting that the
probable orientation (30◦ or 90◦ ). Both clouds appear to be centered at the same A energy suggesting
orientation does not affect the excitons in CVD MoS2. In the top panel we have included two one‐
that the orientation does not affect the excitons in CVD MoS2 . In the top panel we have included
dimensional conditional histograms of the A exciton energy, each constructed only from the islands
two one-dimensional conditional histograms of the A exciton energy, each constructed only from
belonging to one of the two orientation populations. The conditional histograms of the two
the islands belonging to one of the two orientation populations. The conditional histograms of the
populations appear similar and by fitting each histogram to a Gaussian peak we find that the
two populations appear similar and by fitting each histogram to a Gaussian peak we find that the
difference in energy of the A exciton between the 0° and 30° orientation is (0.1 ± 0.1) meV, which can
difference in energy of the A exciton between the 0◦ and 30◦ orientation is (0.1 ± 0.1) meV, which can
be considered zero within the experimental uncertainty. The uncertainty is calculated by propagating
be considered zero within the experimental uncertainty. The uncertainty is calculated by propagating
the standard errors of the peaks center. Similar conclusions hold for the energy of exciton B, presented
the standard errors of the peaks center. Similar conclusions hold for the energy of exciton B, presented
in Figure 4b, the difference in the energy of the B exciton between triangles with 0° and 30° orientation
in Figure 4b, the difference in the energy of the B exciton between triangles with 0◦ and 30◦ orientation
is (0.4 ± 0.3) meV. We performed the same correlation analysis for the broadening (FWHM) of the A
is (0.4 ± 0.3) meV. We performed the same correlation analysis for the broadening (FWHM) of the A
and B peaks. Figure 4c,d report similar plots for the excitons peak FWHM. Again we do not observe
and B peaks. Figure 4c,d report similar plots for the excitons peak FWHM. Again we do not observe
a correlation between the broadening of the excitons and the orientation of the MoS2 islands and
a correlation between the broadening of the excitons and the orientation of the MoS2 islands and
finding a negligible difference between the two distributions, (0.4 ± 0.5) meV in the case of exciton A
finding a negligible difference between the two distributions, (0.4 ± 0.5) meV in the case of exciton A
and (1.5 ± 0.9) meV in the case of B. This small difference in average excitons energy for the different
and (1.5 ± 0.9) meV in the case of B. This small difference in average excitons energy for the different
MoS2 orientations might be due to the different MoS2/sapphire interaction that could induce a
MoS2 orientations might be due to the different MoS2 /sapphire interaction that could induce a different
different strain in the MoS2 layers with the 0° and 30° orientations [11,31].
strain in the MoS2 layers with the 0◦ and 30◦ orientations [11,31].
Finally, we perform the same correlation analysis discussed in Figure 4 to the MoS2 islands area
instead of the orientation. Figure 5a,b show the correlation between the A and B exciton energy with
the triangle area. The scatter plot shows two clouds of data points corresponding to the smallest
triangle area (≈20 µm2 ) and to the largest area (≈47 µm2 ). Interestingly, while for exciton A both
clouds appear to be centered at the same energy, in the case of exciton B the points related to the smaller
area are shifted toward smaller energy. In the top panel we have included one-dimensional conditional
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histograms of the A (B) exciton energy, which are constructed only from the islands belonging to one of
the two area populations. The conditional histograms of the two populations appear similar for the A
exciton energy, and by fitting each histogram to a Gaussian peak we find that the difference in energy
of the A exciton, between the small and the large area populations, is (0.4 ± 0.1) meV. In the case of
the B exciton instead we find that the smaller area islands have an energy (3.0 ± 0.2) meV smaller
than the large area ones. We performed the same correlation analysis for the broadening (FWHM)
of the A and B peaks and Figure 5c,d report similar plots for the excitons peak FWHM. We do not
observe a correlation between the broadening of the A exciton and the area of the MoS2 islands finding
a negligible difference of (0.5 ± 0.5) meV between the two distributions. The B exciton FWHM shows
Electronicsa2017,
6, 28 difference of (7.5 ± 1.0) meV between large and small areas.
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Finally, we perform the same correlation analysis discussed in Figure 4 to the MoS2 islands area
instead of the orientation. Figure 5a,b show the correlation between the A and B exciton energy with
the triangle area. The scatter plot shows two clouds of data points corresponding to the smallest
triangle area (≈20 μm2) and to the largest area (≈47 μm2). Interestingly, while for exciton A both clouds
appear to be centered at the same energy, in the case of exciton B the points related to the smaller
area are shifted toward smaller energy. In the top panel we have included one‐dimensional
conditional histograms of the A (B) exciton energy, which are constructed only from the islands
belonging to one of the two area populations. The conditional histograms of the two populations
appear similar for the A exciton energy, and by fitting each histogram to a Gaussian peak we find
that the difference in energy of the A exciton, between the small and the large area populations, is
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4. Discussions
4. Discussions
The results of the previous section indicate that the orientation of the MoS2 crystallites in respect to
The results of the previous section indicate that the orientation of the MoS2 crystallites in respect
the sapphire substrate does not affect the A and B excitons energy or broadening. Conversely, the area
to the sapphire substrate does not affect the A and B excitons energy or broadening. Conversely, the
of the crystal shows a correlation with the position and broadening of the B exciton. From literature it
area of the crystal shows a correlation with the position and broadening of the B exciton. From
is known that CVD-grown MoS2 can show non-homogeneous strain [21,32,33]. One of the possible
literature it is known that CVD‐grown MoS2 can show non‐homogeneous strain [21,32,33]. One of the
scenarios is that in our sample the CVD growth method introduces strain in the MoS2 lattice, thus
possible scenarios is that in our sample the CVD growth method introduces strain in the MoS2 lattice,
modifying the bands of MoS2 and the excitons. The area of the MoS2 crystallite can determine the
thus modifying the bands of MoS2 and the excitons. The area of the MoS2 crystallite can determine
amount of strain transfer with the substrate and thus influence the band structure. A full understanding
the amount of strain transfer with the substrate and thus influence the band structure. A full
of this effect is still missing, but it deserves further investigation in future works.
understanding of this effect is still missing, but it deserves further investigation in future works.
To conclude, we employed micro-reflectance spectroscopy to statistically study the variation
To conclude, we employed micro‐reflectance spectroscopy to statistically study the variation in
in the optical properties of single-layer MoS2 triangular crystallites grown by CVD on a sapphire
the optical properties of single‐layer MoS2 triangular crystallites grown by CVD on a sapphire
substrate. We measured the spectra at 550 positions in the sample and we found the distributions
substrate. We measured the spectra at 550 positions in the sample and we found the distributions of
of the A and B exciton energies and broadening. Interestingly, we found a correlation between the B
the A and B exciton energies and broadening. Interestingly, we found a correlation between the B
exciton energy and broadening and the MoS2 crystallite area. We thus demonstrate that this technique
exciton energy and broadening and the MoS2 crystallite area. We thus demonstrate that this technique
has the potential to be used to characterize the homogeneity of large area CVD grown samples.
has the potential to be used to characterize the homogeneity of large area CVD grown samples.
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