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Introduction

Exploration and expansion of 2D materials property 
libraries [1–4] and applications demonstrates their 
potential to be relevant in next-generation electronic, 
optoelectronic, sensing and energy harvesting 
applications [4, 5]. Recently, large scale synthesis 
of 2D materials brings these materials one step 
closer to industrially compatible applications [6–8]. 
However, the current quality of synthetic materials 
cannot meet the requirements for investigations in 
spintronics [9], topological devices [10] and quantum 
physics [11, 12] due to high defect density and orders 

of magnitude defect density variation based on 
different growth methods (~1012 cm−2 for high purity 
MOCVD grown WSe2 [6] and 1013–1014 cm−2 for 
powder based CVD grown MoS2 [13], and 1011–1012 
cm−2 for mechanically exfoliated MoS2 [14]). Defect 
populations in a single-crystal flake are often spatially 
non-uniform and are closely related to uncontrolled 
modulation of parameters during growth, leaving 
a crystal with heterogeneous response to external 
probes [15].

Heterogeneity in synthetic 2D films is typically 
probed by optical measurements such as photolu-
minescence (PL) mapping and second harmonic 
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Abstract
Synthetic two-dimensional (2D) materials provide an opportunity to realize large-scale applications 
in next generation electronic and optoelectronic devices. One of the biggest challenges of synthetic 
2D materials is the lateral heterogeneity such as non-uniform strain, composition and defect density. 
The electronic and optical properties are found to be not uniform in many cases, even within a 
single crystalline domain, potentially limiting synthetic 2D materials in advanced devices. In this 
work, we probe the origin of the widely observed lateral heterogeneities in synthetic monolayer 
MoS2. Epitaxial single crystalline domains (~10 µm) are optically homogeneous and uniform with 
0.3%–0.4% tensile strain, while misoriented domains (>20 µm) exhibit distinct photoluminescence 
(PL) emissions from the center to the edge, along with released strain at the center. Temperature-
dependent Raman and PL mapping reveals that the center of non-epitaxial domains exhibits an 
enhanced PL due to increased defect density. Density function theory (DFT) calculations suggest 
that oxygen defects can readily lead the loss of epitaxy, consistent with our observation of a MoOx 
core–shell structure that only exists in misoriented domains. Combining experiment and DFT, we 
hypothesize that two growth mechanisms, solid–solid and vapor–solid growth, may be responsible 
for the lateral heterogeneities.
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generation (SHG) [15–19]. Depending on the local 
defect density and misorientation [17], or strain [15], 
the PL intensity of monolayer MoS2 can be reduced 
or enhanced. This is exemplified in the work by Bao 
and Borys et  al [20], who utilize a near-field nano-
probe to visualize the local heterogeneity and iden-
tify two distinct optoelectronic regions with sub- 
wavelength resolution (<60 nm) in synthetic mono
layer MoS2 on SiO2. The edge region of a single crys-
talline domain is energetically disordered with hybrid 
emission from excitons and trions, due to higher sulfur 
vacancies along the edge of the MoS2 domain. Recent 
studies demonstrate that oxygen defects, particularly 
Mo–O bonding, is able to enhance the PL by tens of 
times and significantly increase the carrier life time 
[16, 17]. Furthermore, Carozo et  al combines low 
temperature PL and high-resolution scanning trans-
mission electron microscopy (HRSTEM) to identify 
the highly sulfur deficient WS2 edge regions can intro-
duce defect-bound excitons visible at low temperature 
(77 K), marked as the first unambiguous assignment of 
defect-related PL to a specific type in 2D TMDs [21].

Heterogeneity depends on substrate choice. This 
is evident when comparing as-grown monolayer WS2 
single crystalline domains to transferred domains to 
a new SiO2 substrate, where a 50 meV shift of ground 
state exciton and ~0.25% reduction of tensile strain is 
identified [22], indicating the film-substrate coupling 
during the growth may play an important role in the 
heterogeneity. Indeed, the film-substrate interaction 
is stronger than the ideal van der Waals interaction, 
especially in epitaxy [6, 17]. To date, most heteroge-
neity studies on synthetic 2D materials are on SiO2  
[15, 20, 22], with few on ‘epi-ready’ substrates such as 
sapphire [6]. As epitaxy is one of the most important 
techniques to achieve the industrially compatible 2D 
materials, it is critical to understand the origin of het-
erogeneities resulting from epitaxial growth.

In this work, we demonstrate that the origin of 
lateral heterogeneity in epitaxial monolayer MoS2 

on sapphire is oxygen rich defects in single crystal-
line domains. Small domains (S-MoS2 hereafter,  
~10 µm) exhibit aligned crystal orientation, and uni-
form PL emission and strain, while large domains 
(L-MoS2 hereafter, >20 µm) lose orientation align-
ment and exhibit a sharp lateral transition under optical 
probes. Doubled PL intensity and 0.3%−0.4% released 
tensile strain is observed in the center region (~15 µm) 
of L-MoS2. Counterintuitively, this region correlates to 
a highly defective region, as characterized by PL map-
ping of defect emission at low temperature (5 K). The 
observation of a MoOx core shell structure in the center 
of L-MoS2 along with density functional theory (DFT) 
calculations suggest that the O defect may be respon-
sible for the loss of epitaxy and lateral heterogeneities. 
Moreover, based on all the experimental and compu-
tational results, we propose two distinct growth mech
anisms respectively dominating the earlier growth of 
L-MoS2 and the later growth of S-MoS2, explaining 
their difference in defect such as MoOx density and 
orientation uniformity. L-MoS2 nucleates earlier and 
is grown under a solid–solid mechanism, where MoOx 
is condensed on the substrate and subsequently sulfur-
ized, resulting in an O-defective center region. S-MoS2 
nucleates later, after which both S-MoS2 and the edge 
region of L-MoS2 are grown under a vapor–solid mech
anism, where MoS2 is formed in vapor-phase and con-
densed onto the substrate.

Results and discussion

Domain size is a key indicator of epitaxial MoS2 
orientation, strain, and electron concentration 
heterogeneities. Monolayer MoS2 on sapphire is 
synthesized by powder vaporization (figure 1(a)), in 
which 2 mg MoO3 and 200 mg S powder is heated to 
800 °C and 130 °C respectively, with 100 sccm Ar as 
the carrier gas (figures 1(a) and Figure  S1a (stacks.
iop.org/TDM/6/025008/mmedia)) [17, 23]. Optical 
microscopy (OM) images (figures S1(b) and (c)) show 

Figure 1.  Domain size dependent heterogeneity in synthetic monolayer MoS2. (a) Schematic of the growth of monolayer MoS2; 
(b) AFM images of L-MoS2 (left) and S-MoS2 (right), indicating no secondary layer on monolayer MoS2; (c) Raman spectra 
extracted from point scan at the center of L-MoS2 (black) and S-MoS2 (red), variations in A1 and E′ peak suggests higher electron 
concentration and tensile strain in S-MoS2; (d) PL spectra comparison between L-MoS2 (bottom) and S-MoS2 (top). Trions 
emission is dominating in S-MoS2, while both excitons and trions emission are observed in L-MoS2.
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that growth includes aligned S-MoS2 and randomly 
oriented L-MoS2. Figure  1(b) is an atomic force 
microscopy (AFM) image of L-MoS2 (left) and S-MoS2 
(right), both are monolayer in thickness without 
particles/3D islands. Raman and PL measurements 
performed at the center of each type of domains show 
that the A1 peak of S-MoS2 is 1.4 cm−1 red shifted, 
broadened and quenched compared to L-MoS2, 
indicating higher electron concentration in S-MoS2 
[24]. E′ peak of S-MoS2 is 1.2 cm−1 blue shifted. 
Applying the strain/E′ shift ratio: 3.2–4 cm−1/% in 
literature [25–27], the S-MoS2 exhibits 0.3%–0.4% 
tensile strain. PL spectra comparison between L-MoS2 
and S-MoS2 shows further distinction. The PL spectra 
of S-MoS2 are dominated by trions emission with 
negligible excitons emission, while L-MoS2 shows 
exciton emission and trion emission with similar 
spectral weights. The energy difference between the 
exciton peak and trion peak is 58 meV, indicating 
the high electron concentration in the MoS2 film 
in both cases, agreeing with Raman measurements 
(figures 1(c) and (d)) [28]. The relatively higher trions 
bounding energy can be due to the higher electron 
concentration [17, 28].

Heterogeneity is characterized by a sharp transition 
in the L-MoS2 single crystalline domain. Figures 2(a)–
(c) presents the A1 intensity, PL intensity and E′ posi-
tion maps of S- and L-MoS2 as the indicator of electron 
concentration, PL emission and strain, respectively. 
The electron concentration, PL emission and strain 
is consistently more uniform in S-MoS2 than L-MoS2. 
The center of L-MoS2 exhibits lower electron concen-
tration, higher PL emission and lower tensile strain 
compared to the edge. Local properties are compared 
by averaging a 3  ×  3 pixel region (2.25 µm2) from the 
PL and Raman map from three locations [1–3] noted in 
figure 2(a) of the L-MoS2. Quenching of exciton emis-
sion from the center to the edge reveals an increased 
electron concentration (figure 2(d)) [28]. Representa-
tive Raman spectra further confirms the trend of elec-
tron concentration as A1 peak is redshifted, quenched 
and broadened (figure 2(e)) [24]. Red shift of E′ peak 
from the center to the edge suggests higher tensile 

strain along the edge of MoS2 [26]. The lateral PL vari-
ations (peak intensity, peak position from the center to 
the edge of the domain) are substantial regardless the 
laser power. Power-dependent PL shows the increased 
photo-induced trions as the power increase (figure S2) 
[29]. However, the photo-induced trions emission is 
negligible compared to the change from the center to 
the edge of the domain. Trions emission always domi-
nates the emission at the edge while excitons emission 
contributes most at the center under all characterized 
laser powers (figure S3). Interestingly, the local, lateral 
changes of PL and Raman characteristics are sudden 
instead of gradual, indicating that the origin of the het-
erogeneity cannot only be attributed to the depletion 
of MoO3.

Raman and PL heterogeneities spatially correlate 
with heterogeneous defect concentrations, evident by 
low temperature PL. Low-temperature PL measure-
ments are carried out at 5 K using 532 nm (2.33 eV) 
laser excitation to probe the effects of domain sizes and 
associated growth mechanisms on excitonic emission 
[21, 30]. Spectra from all domains required the sub-
traction of the background PL from the sapphire sub-
strate (figure S5). The grown flakes typically range in 
size from 10 µm to 50 µm, with an A-exciton emission 
at 1.88 eV [15]. As the temperature is reduced, a low-
energy defect emission at 1.7 eV begins to dominate 
the PL spectra, especially as the domain size increases. 
The size-dependent low temperature PL spectra  
(figure 3(a)), clearly shows that the defect emission 
peak increases as the domain size increase, suggesting 
that higher defect concentration exists as the domain 
grows larger. Spatial PL intensity map integrated in 
the range of 1.6 eV–1.8 eV (defect emission region) 
further provides the insights of the lateral distribution 
of defects density (figures 3(b) and (c)). While the ~10 
µm domains exhibit a low intensity defect emission 
relative to exciton recombination process (figure 3(b)), 
defect emission dominates the PL spectra at the center 
of large flakes (~30 µm) (figure 3(c)). The lateral defect 
density comparison (figures S6(a) and (b)) suggests 
that the defect density, particularly sulfur vacancies at 
the center of a large triangular domain is ~2×  higher 

Figure 2.  Local heterogeneity of MoS2 monolayer. (a) and (b) A1 intensity, PL intensity and E′ intensity map of S-MoS2 (top 
row) and L-MoS2 (bottom row). The results show that the strain and optical properties of S-MoS2 are more uniform in the single 
crystalline domain, while the center region of L-MoS2 exhibits higher electron concentration and lower strain; (d) and  
(e) representative PL and Raman spectra extracted from 1 to 3 labeled in figure (a).

2D Mater. 6 (2019) 025008
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than the edge of a large domains and small domains. 
Interestingly, the contour of the defect-concentrated 
center region of L-MoS2 matches well with the shape of 
PL-enhanced domain centers in L-MoS2 (figure 2(b)). 
Prior works [16, 17] demonstrate that oxygen rich 
defects (i.e. O at sulfur vacancies [14]), can be respon-
sible for the defect-enhanced PL of MoS2. Indeed, x-ray 
photoelectron spectroscopy (XPS) measurements 
confirms a 12% higher Mo–O concentration in the 
L-MoS2 region. Figure 3(d) shows the XPS comparison 
between Mo 3d spectra acquired in the L-MoS2 region 
(red curve) and S-MoS2 region (blue curve). Beyond 
the significant Mo–S bonding at 229.6 eV and 232.7 eV, 
Mo–O boding at 235.5 eV is clearly visualized in both 
cases. Mo–O bonding in L-MoS2 exhibits clearly higher 
intensity than S-MoS2 [17, 31]. Detailed peak fitting 
and analysis (figure S7) suggests ~23% Mo intensity 
comes from Mo–O in L-MoS2, while 11% Mo intensity 
is from Mo–O in S-MoS2, confirming the O defect is 
responsible for the PL enhancement in this study. Note 
that the noisier XPS spectra from L-MoS2 is attributed 
to the lower coverage of MoS2 (figures S1(b) and (c)). 
Attempts are made to identify the defect type via high 
resolution scanning transmission electron microscopy 
(HRSTEM). However, we are not able to distinguish 
the contrast between 2-O and 1-S due to their equal Z 
number.

Density functional theory (DFT) calculations 
indicate that oxygen defects can lead to a loss of epi-
taxy. The orientation locking of MoS2 on sapphire at 
0/60° is a robust registry effect, since stacking at these 
preferred angles are energetically more favorable than 

intermediate angles by 100 meV/MoS2 unit (estimated 
as an upper bound by previous DFT calculations) 
[32], compared to the weaker 2 meV orientational 
preference per MoS2 unit for stacking on hBN. The 
strong orientation selectivity is related to the overall 
strong adhesion between the exposed surface of Al 
atoms on the sapphire surface and the bottom layer 
sulfur in MoS2 (with attractive electrostatic interac-
tions in addition to vdW), as quantified by their ~30 
meV Å−2 adhesion energy from DFT calculations 
[33], stronger than the typical 20 meV Å−2 interlayer 
adhesion between the conventional vdW heterostacks 
[34]. Interruption of this strong orientation selectiv-
ity requires two ingredients: an initial mis-registration 
during nucleation, and that it remains incorrect during 
subsequent growth due to defect pinning. To investi-
gate possible substrate pinning, we employ DFT to cal-
culate the interaction between a sapphire substrate and 
a simple, innocuous oxygen defect in the MoS2—an 
isolated oxygen substitution of sulfur OS (figure 3(e)). 
Compared with the average adhesion between a sap-
phire surface and a MoS2 monolayer including one OS 
(averaged over multiple interlayer translational offsets 
in the lateral direction, each structurally relaxed), the 
adhesion when OS is near a surface Al atoms is stronger 
by 0.1 eV (per OS), so that OS–Al affinity can be charac-
terized by the same strength. Given sufficient concen-
tration, multiple defects pinning at surface Al atoms 
can overpower the orientation selectivity demanded 
by lattice commensuration. The use of OS only serves 
as a conservative example that a simple defect like 
one isolated oxygen substitution of sulfur can easily  

Figure 3.  Defect and growth mechanism of PV grown MoS2. (a) Size-dependent PL spectra from the center of MoS2 domains 
taken at 5 K. The defect emission increases with the domain size; (b) and (c) 5 K spatial PL map of S-MoS2 and L-MoS2 in defect 
emission range, respectively. The defect emission is negligible in S-MoS2, while the defect emission is concentrated at the center 
platelet of L-MoS2; (d) XPS comparison in Mo 3d region between L-MoS2 and S-MoS2, suggesting 12% higher Mo–O concentration 
in L-MoS2. (e) An oxygen substitution of sulfur OS pins to a surface Al atom by 0.1 eV; (f) Hypothesized growth mechanisms of 
PV grown MoS2, which can be responsible for the lateral heterogeneities; (g) HRTEM image of the centerplate of L-MoS2, a clear 
core–shell structure is observed.

2D Mater. 6 (2019) 025008
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disable substrate epitaxy, in reality more complex oxy-
gen defects are expected since a simple OS would not 
yield the defect emission observed in low temperature 
PL, likely with even stronger substrate pinning poten-
tials. In the current work, we find a MoOx core–shell 
structure only at the center of L-MoS2 using high-res-
olution transmission electron microscope (HRTEM) 
(figure 3(g)), suggesting that the initial nucleation 
seeds of L-MoS2 are MoOx or O-rich MoS2 (solid–
solid growth) [35]. Further HRSTEM image and core-
lated energy dispersive spectroscopy (EDS) map con-
firms the high oxygen concentration at the core–shell  
(figure S8). In the oxide-based PV growth of MoS2, 
many intermediate products such as (MoO3)3 clusters, 
reduced MoO3−x and MoO2 can form near the sub-
strate surface [35]. Products with lower melting point 
such as (MoO3)3 clusters (Tm  =  795 °C), maintain 
high vapor pressure and can react with sulfur vapor to 
form MoS2 in vapor phase, while other products with 
higher melting point such as MoO2 (Tm  =  1100 °C), 
is condensed on the substrate, followed by sulfuriza-
tion. If it is not rapidly sulfurized to persist in vapor 
phase, MoO2 clusters have to condense on the sub-
strate as the nuclei due to the higher melting point of 
MoO2. Since the crystal structure of MoO2 (distorted 
rutile) is different from sapphire (hexagonal), the sap-
phire substrate is not able to guide the orientation of 
MoO2, leading to loss of epitaxy. We have thus shown 
that in both limits—the O-rich limit where the nuclea-
tion seed is MoOx (as identified by HRTEM) and the 
O-poor limit where domains contain dilute amounts 
of oxygen point defects (as conservatively estimated 
from DFT calculations)—epitaxy is destroyed.

The measured release of tensile strain (figures 
1(c) and 2(c)) in L-MoS2 is a direct consequence 
of its loss of epitaxy. The < 1% tensile strain in epi-
taxial MoS2 (S-MoS2) on sapphire is likely due to the 
small deviation from a 3:2 lattice commensuration 
(aMoS2  =  3.15 Å [36], asapp  =  4.76 Å [37], lattice mis-
match  =  1 − 3.15×3

4.76×2 ≈ 1%). Epitaxial S-MoS2 nucle-
ates later than L-MoS2 and is grown under the vapor–
solid mechanism (figure 3(f)), where MoS2 is formed 
before condensation on the substrate. Therefore, 
S-MoS2 has sufficiently large crystalline areas and low 
oxygen-defects to allow epitaxy on the substrate due to 
their shared hexagonal crystal structure, 3:2 commen-
surability and orientation-dependent stacking ener-
gies [32, 38] between MoS2 and sapphire. In contrast, 
L-MoS2 nucleates with MoOx clusters in the early stage 
and is grown under the solid–solid mechanism Inter-
estingly, the optical and defect properties along the 
edge of the L-MoS2 is similar to the epitaxial S-MoS2, 
which is attributed to the edge guided vapor-solid dep-
osition [39], providing another evidence that epitaxial 
S-MoS2 nucleates later than L-MoS2.

In summary, we report the lateral size dependent 
heterogeneity of PV grown monolayer MoS2 on sap-
phire. PL and Raman characterizations suggest strong 
film/substrate interaction (strain) when the single 

crystalline domain is epitaxial, featuring small and 
oriented domains, while the tensile strain is relaxed at 
the center platelet of MoS2 single crystals when epitaxy 
fails, featuring large and misoriented domains. Low-T 
PL measurements reveal that the relaxed interaction 
is closely related to the concentrated defects, agreeing 
with 12% higher Mo–O concentration identified by 
XPS. Evident by DFT calculations, the defects, specifi-
cally O defects, are responsible for the failure of epi-
taxy. All the evidence indicates two distinct growth 
mechanisms: vapor–solid epitaxy and solid–solid sul-
furization may be the origin of the heterogeneities.
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