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Correlative spectroscopic investigations of the mechanisms of
inhomogeneity in CVD-grown monolayer WS,
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ABSTRACT Chemical vapor deposition (CVD) has been
proved to be the most useful method to produce two-dimen-
sional (2D) materials, including tungsten disulfide (WS,).
However, the existence of inhomogeneity of strain, doping,
and defects in the CVD-grown WS, monolayers may sig-
nificantly influence the optical and electronic properties of the
materials, thus affecting their device applications. In this
work, we systematically characterized the inhomogeneity of
strain, doping, and nonradiative defect centers in mesoscopic-
size, triangular-shape monolayer WS, grown by CVD on
sapphire substrate by using spatially resolved micro-Raman
and photoluminescence (PL) spectroscopy. We performed
correlative analyses on the variations of the pertinent spectral
parameters (i.e., peak position, intensity, and full width at half
maximum) of Raman and PL signatures in two physical scales:
(1) the complete-data-set level, including the data of the whole
sample, and (2) the sub-data-set level for individual special
regions (e.g., apexes, edges, center) that exhibit distinctly
different strain, doping, and defect states. This study reveals
and explains the inhomogeneous strain, doping, and defects
across the WS, monolayer. Additionally, we find the in-
homogeneity substantially diminishes when a mesoscopic-size
triangle structure expands into a continuous film. Our work
demonstrates that the correlative analyses, supported with
physics insights, can offer comprehensive understanding on
the underlying mechanisms of the inhomogeneity and gui-
dance for optimizing the growth process and device processing
of 2D materials.

Keywords: tungsten disulfide, Raman spectroscopy, photo-
luminescence, chemical vapor deposition

INTRODUCTION

Few-monolayer transition metal dichalcogenides (TMDs) have
attracted tremendous interest in recent years due to their
interesting electronic and optical properties [1-3]. Unlike gra-
phene intrinsically with zero bandgap [4], monolayer semi-
conducting TMDs, such as MoS,, MoSe;, WS, and WSe,, have
direct bandgaps covering the visible to near-infrared spectral
range, offering great potentials in practical applications such as
light-emitting diodes (LEDs) [5], field-effect transistors (FET)
[6], photodetectors [7], and solar cells [8]. High-quality mono-
layer TMDs can be produced by mechanical exfoliation and

liquid-phase exfoliation [9], but these approaches are only sui-
table for the purpose of small-scale research. In contrast, che-
mical vapor deposition (CVD) has been proved to be a more
practical methodology to produce large-scale TMD monolayers
suitable for the realistic device applications [10]. Besides the
difference in size, transferred and epitaxially grown materials
may exhibit rather different properties [11,12]. Some differences
are intrinsic in nature. For instance, the film-substrate bonding
and thus charge exchange between the transferred and epitaxial
film [11,12], even the epitaxial films on different substrate types
[12-14] can be rather different; other differences are related to
extrinsic factors, such as contaminations, imperfect transfer to
other substrates, and growth inhomogeneity. Some inhomo-
geneities (e.g., wrinkles and bubbles) are inevitable for a trans-
ferred film as a result of imperfect contact with the supporting
substrate [15], and thus the epitaxial film is expected to be more
uniform. Most previous studies appear to emphasize the generic
differences between the epitaxial techniques (e.g., different
substrates [14]). In fact, even for the same substrate type, the
properties of CVD-grown TMD materials are very sensitive to
the growth conditions, such as the substrate condition, tem-
perature, gas flow rate, and precursors [16-18], just like the
growth of any other materials. Furthermore, depending on the
substrate condition and growth mechanism, a single epitaxial
TMD film might exhibit significant spatial inhomogeneity in the
film morphology, crystalline domain structure, impurities and
defects, which is particularly critical for fabricating micro/
nanoscale devices as well as fundamental understanding of the
material. Therefore, it is of immense importance to understand
the effects and underlying mechanisms of the inhomogeneity,
which could shed light on improving the crystalline quality and
tuning the properties of the monolayer TMDs.

It has been well documented that the direct-bandgap nature of
a monolayer TMD enables a strong light emission correspond-
ing to the band-edge excitonic transition, normally marked as
X, exciton in the literature [19,20]. In addition to the neutral
excitons, charged excitons, so called trions, may also form when
free charges are present. The trion transition often dominates
the photoluminescence (PL) spectrum, labeled as X,— for the
electron-bound exciton and X+ for the hole-bound exciton
[20]. Quite a few studies have reported that both neutral and
charged excitons are sensitive to doping and strain [21,22]. The
doping can induce various structural defects introduced in the
growth process, including point defects, dislocations, grain
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boundaries, edges, and substrates [23,24]. In most CVD-grown
TMD monolayers, the X,— trions rather than X,+ emerge
because of the native n-type doping, and the increase in the
electron carrier concentration enhances X,— emission in the PL
spectrum [20]. The strain that originates from the thermal
expansion coefficient (TEC) difference and lattice mismatch
between the substrate and the TMD monolayer may also modify
the optical properties of the material. For example, the epitaxial
tensile strain could induce redshifts in PL peak and Raman
mode frequencies [12,22]. In fact, both doping and strain effects
in most cases coexist in the CVD-grown film and are often non-
uniform across the material. Besides the doping and strain
effects, deep trap states also play important roles in determining
the (opto)electronic properties of the monolayer TMDs [25].

Despite a large volume of reports on monolayer TMDs, the
inhomogeneity of strain and doping effects in CVD-grown TMD
monolayers has only been examined briefly in the literature with
little in-depth investigation of the mechanisms [7,26,27], let
alone the non-uniformly distributed deep-state defects intro-
duced during the growth. In this work, we focus on the CVD-
grown monolayer WS, in one specific shape, i.e., triangular,
which is perhaps the most commonly observed shape for a small
size (of the order of tens of microns) epitaxial film. The varia-
tions of strain, doping, as well as deep defects across the as-
grown WS, monolayer films will be investigated with two spa-
tially resolved and mutually correlated spectroscopy techniques:
Raman and PL spectroscopy. The results of both techniques are
sensitive to strain, doping, and defects, which can provide
information for the underlying mechanisms to better under-
stand the growth process. By combining spatially resolved PL
and Raman techniques, we examine not only the correlations in
peak position, intensity and linewidth between PL and Raman
data from the entire triangular sample but also the correlations
for individual special regions (e.g., apexes, edges, and center) on
the triangular film that exhibit distinctly different strain, doping,
and defect states. The two-level correlation analysis, on both
global and regional scales, is more revealing, because different
mechanisms may be responsible for the same spectroscopic
change in different samples or locations. For instance, low PL
intensities in two samples or locations, A and B, might be due to
two very different mechanisms: nonradiative recombination in
A and doping in B. With this two-level correlation analysis and
the help of physical insights, for the first time, we are able to
disentangle the complexity of the three dominant mechanisms
(strain, doping, and defects) that contribute to the inhomo-
geneity in CVD-grown TMD monolayers.

RESULTS AND DISCUSSION

Growth and characterizations of monolayer WS,

WS, monolayers were synthesized on sapphire by CVD with the
sulfurization of WO; precursors at a temperature of 900°C,
involving the expanding and thinning of WS,,, flakes and
eventually forming large monolayer WS, triangles (in the order
of 10 um in size) [28]. One can envision that the sulfurization
process may vary dramatically within the monolayer triangle,
because the growth time is longer near the center than that along
the edge. Therefore, the composition deviation x could be either
positive or negative, varying from one region to another. In
addition, the interfacial interaction such as the chemical bonding
between the film and substrate may also be spatially dependent.
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The spatial variations in both composition and interfacial
bonding in turn cause inhomogeneous strain, doping, and defect
distributions over the triangle. It is important to investigate such
triangle structures because on the one hand, they can be directly
used for processing devices with a bottom-up approach, and on
the other hand, they are the precursors to form a continuous
film. In this work, p-Raman and PL measurements were per-
formed with a Horiba LabRAM HR800 system using a 441.6-nm
excitation laser with a 100x lens (NA = 0.9), and the spectral
resolution was better than 1 cm™. The reason to use 441.6-nm
excitation was to avoid the resonance Raman effect, caused by
the Xp exciton located at ~2.35 eV, which may complicate the
analysis [12]. Note that all the data were obtained right after the
growth of samples, and the oxidation of the WS, film is expected
to be negligible [29].

Fig. 1a shows an optical image of an as-grown WS, triangle
film on sapphire with an atomic force microscopy (AFM) image
shown in Fig. 1b, indicating the thickness of the WS, monolayer
is ~0.7 nm. For ease of reference, the different regions of the
triangle in Fig. la are classified into three categories: (1) apex
regions, as Al, A2, and A3, (2) edge regions, as E1, E2, and E3,
and (3) central region, as C. Fig. lc, d depict typical room-
temperature (RT) Raman and PL spectra acquired from the
region C with a laser power of ~120 uW. It is well known that
the layer number of TMDs can be determined by means of
Raman spectroscopy [30]. The frequency difference between two
major Raman modes, in-plain mode (E,') and out-of-plane
mode (A\y), increases monotonically with the layer number. The
frequency difference between Ezgl and A, is measured to be
60.5 cm™, indicating the film is monolayer [30]. For PL, a
pronounced asymmetric lineshape with its peak at around
~1.99 eV is observed. The PL spectrum is fitted with a Gaussian
lineshape function, and deconvoluted into two peaks with the
energies of 1.99 and 1.95 eV, respectively. The higher-energy
peak can be assigned to the X, exciton emission, while the
lower-energy peak is ascribed to the Xs— trion emission. The
trion binding energy is estimated to be ~40 meV, which is
consistent with the literature values [31]. A weak B exciton
emission is also visible at ~2.35 eV.

Inhomogeneity of Raman and PL mapping

It is known that Raman spectrum of monolayer TMDs,
including WS,, can be significantly affected by strain and doping
but in distinctly different ways. Under tensile strain, both Ey,'
and Aj; modes are expected to redshift in their peak positions,
but A;; mode is less sensitive to strain than E,,' mode [22,32]. In
contrast, due to the symmetry of conduction band edge state in
the monolayer WS,, the stronger electron-phonon coupling
makes A;, mode more sensitive to the doping concentration
than Ezgl mode, which results in more redshift or mode soft-
ening of Aj; mode [33,34]. Therefore, qualitatively, the shift of
Ezgl mode can be used to describe the strain distribution across
the WS, film, while A;; mode is to be adopted to analyze the
inhomogeneity of doping in the material. Similarly, PL lineshape
is susceptible to strain and doping effects as well, whereas PL
intensity is sensitive to the level of nonradiative recombination
centers induced by the defects. It has been reported that the PL
peak position redshifts when the in-plane tensile strain is applied
to the film, while the doping may also lead to the redshift in the
PL peak energy, but the effect only becomes appreciable when a
relatively high doping concentration is present in the film
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Figure 1 Characterizations of the CVD-grown monolayer WS,. (a) Optical image and (b) AFM image of a WS, triangle on sapphire substrate, respectively.
(c) Representative Raman and (d) PL spectra acquired from the central region of a triangle.

[35,36]. However, the increasing of the doping level normally
broadens the full width at half maximum (FWHM) of the PL
spectrum. Therefore, the peak energy of PL spectrum is a valid
indicator of strain, the FWHM can be utilized to probe the
doping concentration variation across the film, and the PL
intensity reflects the level of nonradiative recombination centers.

Correlations of the Raman and PL mapping results

Fig. 2 presents high spatial resolution Raman and PL mapping
results of the WS, triangle shown in Fig. la. In general, the
central region, except for the very center (likely the nucleation
site), appears to be more uniform for all spectroscopy para-
meters probed, whereas the edge and apex regions show more
variations. We first analyzed the peak positions. Apparently both
peak position and intensity of Raman modes and band-edge PL
exhibit inhomogeneity across the triangle. Similar inhomo-
geneity is also observed in other triangles from the same growth
procedure (Fig. S1). For the Raman mode peak positions, qua-
litatively, the map of the E,,' mode shown in Fig. 2a shares some
similarity with that of the A;; mode of Fig. 2b: the E3 region
shows redshifts relative to other regions or the spatially averaged
value, which is in stark contrast with the E1 and E2 regions that
instead show overall blueshifts. However, there are some subtle
differences between the two modes: A, exhibits redshifts in Al
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and A2, while in the central region (C), Ey,' shows slight red-
shifts and A,y blueshifts. The PL peak position map in Fig. 2c
exhibits the similar dominant patterns as those of Ep,' and Ay,
showing blueshifts in the E1 and E2 regions and redshift in E3.
These characteristics are likely related to the strain and doping
that were introduced during the growth process.

Strain is the most straightforward cause of the shifts of the
Raman and PL peaks. The strain is introduced to the film due to
the TEC difference between the sapphire and WS, [12,37,38],
during the final fast-cooling stage of the growth process [28].
However, the strain is likely inhomogeneous in the film. First,
we assume that strain is the only factor for the shifts of Raman
and PL peak positions. In order to quantitatively estimate the
variations of the growth-induced strain in the triangle from the
Raman and PL peak positions, we extracted the strain variations
based on the density-functional theory calculations reported
previously [12]. The deformation potentials for uniform strain
are —4.4 cm™'/%, —1.7 cm™'/%, and —140 meV/% for the E,'
and A, mode, and band gap E,, respectively. The maximum Ey,'
frequency difference over the triangle is estimated to be
3.26 cm™, and the corresponding strain difference is 0.74%. For
the A;; mode and PL peak positions, the corresponding max-
imum differences are 2.24 cm™ or 1.32% and 86.8 meV or
0.62%, respectively. Since the maximum strain differences
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Figure 2 Raman and PL mappings of the monolayer WS, (50 um x 50 um). (a—c) Peak position maps, (d-f) intensity maps, and (g-i) FWHM maps of the
E,,' mode, A, mode, and PL, respectively. (j) Representative PL spectra collected from P1, P2 and P3 locations. (k) Normalized PL spectra of (j).

extracted from the peak position maps of the E,,' and A;, modes
and PL are not necessary from the same measured locations, we
carried out a statistic analysis of the strain difference between the
edge and apex regions by subtracting the mean peak position of
the edge regions (E1, E2, and E3) from that of the apex regions
(A1, A2 and A3). The average frequency/photon energy differ-
ence between the edge and apex regions for the E;,' mode is
estimated to be 0.18 cm™, with that of A;, mode of 0.36 cm™,
and that of PL of 6.2 meV, which corresponds to strain differ-
ences of 0.045%, 0.21% and 0.041%, respectively. In both ana-
lyses, the strain differences extracted from the Ezgl mode match
quite well with those from PL. However, the abnormally large
values of strain differences extracted from the A;, mode imply
that the strain might not be the only mechanism for the inho-
mogeneity.

Fig. 3a, b depict the correlations between the Raman shifts and
PL peak, with color-coded data from different regions. In gen-
eral, there is a strong correlation in peak position between the
Ey;' and PL but weaker between the A}, and PL. We also note
that typically for the interior region, the PL peak position var-
iation is not as significant as the edge regions. As reported in the
literature, with a relatively small stress applied to the film, the
shift of Raman and PL peak positions show a linear dependence
on the strain [22]. If the strain is the only reason for the inho-
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mogeneity, there should be a strong correlation between the
Raman and PL peak position maps. The correlation coefficient
can be obtained by dividing the covariance of each variation by
their standard deviations, and the value always lies between —1
and 1. We calculated the correlation coefficients between the
E,,'/A1; and PL peak positions over the whole maps of the tri-
angle, yielding 0.856/0.616, respectively. The correlation coeffi-
cient between the Ey,' and A, peak position is 0.678. Here the
correlations between the Raman peak positions and PL peak
position are much higher in our WS, sample than that in the
MoS, samples in the previous study [27].

The correlation coefficients between Raman and PL peak
positions, though exhibiting strong correlations, are smaller than
1, also indicating that strain is not the only effect. To have a
closer examination of these correlations at the apex, edge and
central regions, as labelled in Fig. la, the regional correlation
coefficients between the peak positions of Ey,' and PL and those
of Ey;' and A, from these regions are calculated individually,
shown in Fig. 3¢, d. Since A;; and PL peak positions may be
impacted by various factors other than strain, we take the shift of
E,,' peak position, which is mostly affected by strain in the WS,
monolayer, as the indicator to represent the strain. As shown in
Fig. 3¢, the correlation coefficients of the peak positions between
E,,' and PL in Al and E3 are rather high, 0.83289 and 0.88803,
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Figure 3 Correlations between Raman and PL. Correlations between (a) Ep,' and PL peak positions, and (b) A and PL peak positions. Regional correlation
coefficients between (c) Ea' and PL peak positions, and (d) Ea' and Ay, peak positions at different regions of the monolayer WS, triangle. A;, peak position
map of the WS, triangle (e) before and (f) after subtracting the strain-induced shifts. Correlations between (g) E,,' and PL intensities, and (h) A;; and PL

intensities.

respectively, while those in other regions only show modest
correlations. Thus, the higher coefficients in Al and E3 regions
suggest that the inhomogeneity of the PL peak position map in
these two regions are mainly caused by the strain effect. Simi-
larly, the Al and E3 region, as well as A2, show strong local
correlations between the Ey,' and A, peak positions in Fig. 3d.
In general, the exterior regions have higher correlation coeffi-
cients than the central region. Therefore, as a whole, the cor-
relation coefficient between E,,' and PL is higher than that
between Ay, and PL, indicating that Ay, is likely more affected by
other effects. However, on the regional scale, in selected regions
(e.g., Al, A2, and E3) where the strain is the dominant pertur-
bation, Ezgl and Ay, can still be highly correlated.

Doping in the film, which has a minor effect on the shift of the
E;;' mode, can significantly affect the A;; mode and PL,
including the shift of peak position. Due to merging the doping-
induced shift of peak position with the strain-induced shift, the
correlation between the peak positions of E;,' and PL or E,,' and
Ay, is expected to be weakened, because the distribution of the
doping concentration in the film is also nonuniform. To further
evaluate the doping-induced shift of the A, peak position
quantitatively, the contribution of strain to the shift of the A,
peak position can be subtracted from the A, mode frequency, by
using the strain values that are extracted from the map of the
E;,' peak position. The original A;, peak position map of the
triangle is shown in Fig. 3e, and the new map of the A;; peak
position that attributes to doping alone is shown in Fig. 3f. The
net doping-related peak positions in the Al and A2 regions
clearly exhibit relative redshifts compared with other regions,
indicating that these regions bear different doping situations
from other regions.

By inspecting the intensity maps of Fig. 2d-f, the Al and A2
regions show relatively lower intensity than other regions,
consistently for Ezgl, A, and PL. CVD-grown TMD monolayers
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inevitably bear structural defects, such as interfacial defects
occurring at the surface of the substrate and/or the lower sulfur
layer, mono-sulfur vacancy (Vs), di-sulfur vacancy (Vs,), and
sulfur adatoms, which are originated from imperfections of the
growth process [24]. These sulfur-related defects have been
directly observed by scanning transmission electron microscopy
(STEM) in monolayer MoS, and WS, [24,39]. Among all these
defects, some are shallow defects that behave like carrier
dopants, such as Vg that has been observed to dominate in the
CVD-grown films and is an n-type dopant in the TMD mono-
layer [40]. Besides the shallow defects in the WS, layer, the
interaction between the substrate and film such as chemical
bonding may also give rise to charge transfer, which can sig-
nificantly tune the doping situation in the film [14]. The
reduction of intensity in Al and A2 can be primarily attributed
to the doping effect, which is consistent with the observed
redshifts in the A,; and PL peak positions. However, the
intensity reduction for E,,' in Al and A2 regions cannot be
explained by the doping effect, because doping has negligible
impact on the intensity of E;,' mode [33,41]. Instead, it could be
explained as that the Al and A2 regions are less strained than
the general region based on the E,' peak mapping result
(Fig. 2a), and thus, they do not benefit the resonant excitation
effect, which will be described below.

Regarding the intensity in the E3 region, both E,;' and PL
show enhanced intensity. It has been reported that the intensity
of Raman modes in WS, may be affected by the resonance effect
between the excitation laser energy and the Xc state of WS, [42],
and it is observed that in the epitaxial WS, films grown on the
sapphire substrate the E,;' mode intensity is enhanced with
increased tensile strain under 441.6 nm excitation [12]. There-
fore, we suggest that the observation of the enhanced intensity of
the E,,' mode in the E3 region is due to the strain induced
resonant excitation effect. The intensity enhancement is also
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expected for A, but to a less extent [42], which is consistent
with the weaker enhancement of A, in the E3 region, as shown
in Fig. 2e. As there is relatively more tensile strain in the E3
region, the overall PL peak energies in the E3 region redshift as
compared with its surrounding regions, leading to a self-locali-
zation effect where the locally excited carriers are trapped at the
excitation site instead of partially diffusing away in the general
regions [43]. We also note that there is a line in the E,;' intensity
map, which exhibits lower intensity than the surrounding
regions, extending from the center of the triangle to the E3
region. According to the Ey,' peak position map (Fig. 2a), E3
endures tensile strain different from other regions, and the strain
might be strong enough to deform the crystal structure or even
introduce a crack, which could significantly decrease the
intensity of the E,,' mode. This line can also be seen faintly in
the A, intensity map.

Fig. 3g, h plot the correlations between the Ezgl/Alg Raman
intensities and PL intensity. The correlation coefficients are
much weaker than those of the peak positions. This is under-
standable because the dominant influencing effects could be
rather different for the respective intensities. The E,,' intensity is
primarily affected by strain through the resonant effect; although
both the A, and PL intensity are sensitive to doping, PL is also
very sensitive to the nonradiative defects. Hence the correlations
between each other may not be as straightforward as those for
their peak positions. However, the calculated correlation coef-
ficients can still qualitatively explain the relationships between
the intensities of E,'/Aj, and PL in different regions. The
regional correlation coefficients are shown in Fig. S2. Between
the intensities of Ep;' and PL, among the three edge regions, E3
shows a correlation coefficient of 0.39682, stronger than E1 and
E2, which are 0.25584 and —0.13462, respectively. This also
explains that strain plays a more dominating role in E3, where
the increasing of tensile strain can increase both the intensities
of Ezgl and PL. Between the intensities of A;; and PL, for the
apex regions, the Al and A2 regions show positive correlations,
whose correlation coefficients are 0.42394 and 0.49174, respec-
tively, while the A3 region shows a negative correlation with a
correlation coefficient of —0.38397. Although showing positive
correlations in Al and A2 as they both are affected by doping,
the values are small, because PL is also sensitive to nonradiative
defects. As for the negative correlation in A3, doping effect is
likely weak, since Ajg is fairly uniform in terms of both peak
position and intensity; on the other hand, nonradiative centers
could potentially deplete the doping and thus, increase the Ay,
intensity but always lower the PL intensity. The intensities of A,
and PL in the A3 region are both higher than those in the Al
and A2 regions, indicating that the A3 region has less doping. In
the central region, both Ey,' and A;, Raman intensities are fairly
uniform, and they are higher than those in the Al and A2
regions, indicating that the central region has less doping.
However, the PL intensities in this region are weaker than most
regions, except for Al and A2. The correlation coefficients
between the intensities of Ep;'/A;, and PL are almost zero in this
region, implying that neither the strain nor doping effect is the
decisive factor of the inhomogeneity of Raman and PL intensity.
Rather, the inhomogeneity is caused by other subtle effects, such
as nonradiative deep defects.

Interestingly, PL in the regions between central and A1/A2
regions exhibits much higher intensities than in most others.
The high intensities in these two regions are different from those
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in E3. In E3, the tensile strain shrinks the bandgap so that free
excitons are held in this region, thus leading to the increase of
the PL intensity. However, in the regions between central and
A1/A2 regions, the PL peak positions are somewhat blue-shifted
compared with those in E3, so the localization effect, if any, is
likely very weak. Thus, one possible explanation to this obser-
vation is that these two regions have a better crystal quality than
others or bear less nonradiative defects. To gain more insight to
the PL intensity variation, we further explicitly examine three
representative locations: P1 (in Al), P2 (in C), and P3 (in
between Al and C, showing strong PL), as labelled in Fig. 2f.
The corresponding PL spectra are shown in Fig. 2j, and the
normalized spectra are shown in Fig. 2k. Compared with P3,
both P1 and P2 show much weaker PL intensity. However, P1
exhibits a redshift in the peak energy whereas P2 merely an
intensity reduction. We may interpret the intensity reduction at
P2 as due to the presence of a large density of non-radiative
recombination centers that do not usually affect the Raman
signal, as in the case for bulk semiconductors [44]. On the other
hand, the changes at P1 could be related to the defect induced
doping effect that is known to cause the formation of trions with
red-shifted and weakened PL [20]. Also, the Raman spectrum of
Ay, mode (Fig. S3) from P1 is broader than those from P2 and
P3, suggesting that P1 is inhomogeneous in doping. The exci-
tation power dependent PL was carried out at location P1 and P2
(Fig. S4). With increasing excitation density, the lineshape of the
normalized PL at P2 remains unchanged while that at P1 clearly
shows an increasing weight of X,— in the PL spectrum, which
also indicates the doping effect at P1. Therefore, we can con-
clude that the non-uniformity in PL intensity can be attributed
to the inhomogeneous distribution of defects that either behave
as non-radiative centers or contribute to doping.

For the linewidth mapping results shown in Fig. 2g-i, the
spatial variations for the Raman modes are smaller than that for
PL. The correlations between the Raman linewidths and PL
linewidth are shown in Fig. S5. The correlation coefficients
between each other turn out to be very small, demonstrating
weak or no correlation. Generally speaking, both strain and
doping can change the linewidth of Raman and PL. However,
both strain and doping may shift the PL peak position, and the
former can indirectly through inhomogeneity and the latter can
directly affect the PL linewidth. For the E,,' mode, shown in
Fig. 2g, the most noticeable inhomogeneity, linewidth broad-
ening, occurs in the E3 region with the largest strain deviation as
compared with the surrounding regions. For the Aj; mode,
Fig. 2h, the most linewidth broadening occurs in Al and A2
regions, which could be due to the inhomogeneity in doping in
these two regions. It has been reported that the out-of-plane
lattice vibrations can be affected by structural defects (e.g., sulfur
vacancy Vs) in monolayer WS,, similar to the generation
mechanism of the D mode in graphene [45]. With Vs in the
monolayer WS,, the D mode may split from the A;; mode with
increasing defect density. Therefore, the width of the A;; mode
will be broadened by the D mode if there are structural defects in
the CVD-grown film. For PL (Fig. 2i), the most apparent line-
width broadening occurs in the Al and A2 regions associated
with doping/defects. Significantly, the regions showing stronger
PL, as shown in PL intensity mapping (Fig. 2f), often exhibit
smaller linewidths. For instance, the PL linewidth at location P3
is much narrower than that at P1, which is consistent with the
suggestion of higher crystallinity of P3. The characteristics of
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Table 1 Summary of the characteristics at different regions of the WS, triangle®
Eyq' Ay PL
Regions Comments
f I w f I w I w
Al - | - R | | 1 More doping and less strain
A2 - | - R | 1 ! 1 More doping and less strain
Uniform and less nonradiative
A3 - - - - - - - - -
defects
E1l B - - B 1 - - - Less tensile strain
E2 B - - B 1 - - - Less tensile strain
E3 R 1 1 R - - 1 1 More tensile strain
C B B B B B B B B B Uniform with more
nonradiative defects
Line B | - B | - B - - Defective, less tensile strain

a) f: frequency; I: intensity; w: linewidth; E: energy; —: no significant change; |: decrease; 1: increase; R: redshift; B: blueshift; line: the crack in the E3 region.

‘0 I

vk

1.98

peak position (eV)

A

2.02

0 Intensity (a.u.) 2x108

50 FWHM (meV) )

Figure 4 Origin of the strain and doping inhomogeneity. (a) Schematic illustration of the expansion of the monolayer WS, triangle based on a KWC theory.
(b) Optical image of a continuous monolayer WS, film. The red dash-lined square indicates the mapped region by PL. (c—e) Maps of PL intensity, peak
position and FWHM of the continuous WS, film, respectively. The mapped region is 30 um x 30 um.

different regions are summarized in Table 1.

Origins of the inhomogeneity

As noted previously, the non-uniformity of Raman and PL maps
originates from the perturbations of local environment during
the monolayer growth. The growth process usually starts with
the planar nucleation of WS, nanoparticles, shown as a bright
spot at the center of the triangle in the optical image (Fig. 1a),
and then expands along all directions to form the monolayer
triangle. Though WS, has a hexagonal crystal structure, most as-
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grown WS, flakes maintain a triangular shape, which is the
consequence of a kinetic Wulff construction (KWC) mechanism
[46]. As shown in Fig. 4a, the growth rate along the apex
direction of the triangle usually is higher than that along the
edge direction. Even along the three apex or edge directions, the
growth rates may differ from each other. Due to the anisotropic
growth rate, the chemical bonding between the monolayer and
substrate in the apex regions could be non-uniform across the
triangle. Since a fast-cooling process at the final stage of the
growth from the growth temperature could create a contraction
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mismatch, the non-uniform bonding strength could lead to
inhomogeneous strain distribution across the triangle. In our
case, for example, the E3 region suffers more contraction force,
and hence more tensile strain emerges there. This explains the
most redshifts of the E,,' mode frequency as well as the PL peak
energy in the E3 region. In addition, one should keep in mind
that the nonuniformity of the substrate could have a significant
impact on the uniformity of the epitaxial film. It is known that
the sapphire surface may exhibit different atomic configurations,
thus, affecting the initial phase of the epitaxial III-nitride film
[47].

It is worth noting that the borderline of the triangle mostly
shows strong PL emission, as shown in Fig. 2f. According to the
correlation between PL intensity and nonradiative defect den-
sity, the WS, structure at the borderline contains less such
defects. In the growth of the monolayer, the atoms at the frontier
of the flake always become active sites for WS, compound to
deposit. Therefore, the crystallization quality at the borderline
regions tends to be better than other regions [48]. As a result, the
defect density in the borderline regions could be lower than the
most interior regions (with some exceptions, e.g., P3), leading to
a higher PL yield. Continuous WS, monolayer can be produced
when multiple adjacent triangles expand to connect with each
other to form a larger region (Fig. 4b, an optical image of a
continuous film). We performed PL mapping on such a
monolayer film, and the PL intensity, peak position and FWHM
maps are shown in Fig. 4c-e, respectively. As can be seen in the
maps, the variations of intensity, peak position and FWHM in
the continuous film are much smaller than those in the triangles.
With a longer growth time, the chemical bonding between the
WS, film and substrate is getting more uniform as well as the
WS, stoichiometry across the film. Thus, the distributions of
strain and doping concentration in the film becomes more
homogeneous, i.e., less variations in spectroscopic mapping.
Interestingly, the overall magnitude of the epitaxial strain is
reduced, manifesting as overall blueshift of the PL peak com-
pared with the triangular sample [12].

CONCLUSIONS

In summary, we have used p-Raman/PL mapping to study the
inhomogeneity of strain, doping and defects in the CVD-grown
epitaxial WS, monolayers by analyzing the peak position,
intensity and FWHM of Raman and PL spectra, and the corre-
lations between these properties. We have observed non-uni-
form strain in the as-grown WS, triangle and proposed that the
strain originates from the fast-cooling process at the final stage
of CVD growth. The maximum strain difference within the
triangle can be extracted and quantified statistically from the
peak position maps of the E,,' Raman mode and PL. Also, by
correlating the maps of PL and A, mode, we are able to examine
the doping and non-radiative defect inhomogeneity in the WS,
triangle. Our results provide a practical way to investigate the
inhomogeneity of CVD-grown two-dimensional materials and
insights to improve the growth process to achieve a better
material quality. We have found that although a strong
numerical correlation in the variations of two spectroscopy
quantities often indicates a common underlying mechanism, it is
not always the case when other multiple quantities are simul-
taneously analyzed, even within the same sample. This study
indicates the importance of understanding the interplay of
multiple physical mechanisms that may manifest rather differ-
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ently in different regions of one sample, not to mention in
samples prepared differently.
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