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ABSTRACT: Chemical vapor deposition (CVD) growth of atomically thin 2D materials,
such as transition metal dichalcogenides (TMDs), is a complex process that has not been
completely understood. Large-scale growth of monolayer TMDs often leads to
polycrystalline films with heterogeneous morphological and optical properties. Previous
optical studies of 2D materials by far-field photoluminescence (PL) provided insights into
CVD growth mechanisms of simple crystals, which were, however, limited in spatial
resolution due to the diffraction limit. Here we performed correlated morphological and
tip-enhanced PL (TEPL) imaging of CVD-grown polycrystalline monolayer molybdenum
diselenide (MoSe2) flakes with heterogeneous optical response. We observed nanoscale
spatial variations of the optical band gap due to growth-induced thermal strain, revealing the different roles of aligned particles (APs)
at crystal edges and grain boundaries (GBs) in thermal strain relaxation. TEPL imaging showed the strain-free near-field PL at GBs,
revealing the direct connection between MoSe2 and APs. These results may be used to improve nanoscale bandgap engineering
techniques and CVD growth scalability, leading to optimized crystal growth and high performance optoelectronic nanodevices.

■ INTRODUCTION
The reduced dimensionality of 2D materials leads to distinct
properties compared to bulk. Monolayer transition metal
dichalcogenides (TMDs) exhibit direct band gaps for
applications in optoelectronic devices,1 for example, light
emitting diodes,2,3 single photon emitters,4,5 sensing,6,7 and
solar cells.8 Monolayer MoS2 is the most widely studied
TMD.9,10 MoSe2 may have advantages due to its narrower
band gap, narrower line width, and tunable excitonic
properties.11,12

The bright photoluminescence (PL) in TMDs can be
controlled by applied strain.13−15 CVD-grown TMD crystals
often have a native nonuniform strain as a result of different
thermal expansion coefficients compared to the substrate.16

Previous studies of strain and structure heterogeneity provided
insights into CVD growth mechanisms.16,17 Earlier morpho-
logical studies revealed two kinds of nanoparticles that played a
role in the CVD growth, namely, the randomly dispersed
random particles (RPs), and the aligned particles (APs) at the
crystal edges.17 They proposed a 3-step mechanism of MoSe2
CVD growth which included (i) reduction and evaporation of
MoO3 and Se; (ii) formation of RPs with MoOxSey
composition (0.22 < x < 1.25 and 0.13 < y < 0.5); (iii)
selenization of the RPs by the vapor-phase Se to form MoSe2
and APs with MoOz composition (z > 1.5 and trace amounts
of Se) as reaction byproducts.17 RPs were shown to be the in-

plane feedstock sources of Mo. APs were shown to contain the
oxygen expelled from MoSe2 edges in the form of MoOz
nanoscale agglomerates. This solid−vapor reaction was shown
to be reversible at the edges, and the detachment of the APs
from the edges was related to crystal quality. However, the role
of the APs at the grain boundaries (GBs) of polycrystalline
flakes was not thoroughly investigated. The crystal growth at
the GBs is slower than at the edges due to the slower in-plane
reactant diffusion rates from the surrounding RPs toward the
nucleation center.17 The detachment of the APs from MoSe2
in the GB areas may affect the optical properties of the
polycrystalline samples. Understanding the nanoscale morphol-
ogy and optical properties of the GBs requires high resolution
near-field characterization techniques.
To achieve a more accurate spectroscopic characterization,

higher spatial resolution than that provided by the conven-
tional confocal PL is needed. Mapping local band gap variation
is essential for fabricating optoelectronic devices.18,19 However,
confocal microscopy is restricted by the diffraction limit, and
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therefore, is insufficient. Near-field imaging techniques,20−35

such as TEPL imaging, are required for accurate band gap
characterization. In TEPL imaging, a plasmonic scanning
probe tip is used for increasing the spatial resolution of the PL
signals. By focusing the excitation laser beam on the plasmonic
tip, localized plasmons can be generated at the tip apex.36−38

The strong near fields generated by the surface plasmons
interact with the sample and enhance the PL signals providing
high spatial resolution imaging.
Here, we performed TEPL measurements of CVD-grown

monolayer polycrystalline MoSe2 with nanoscale spatial
resolution, providing an improved characterization of the
band gap correlated with the morphology compared with the
conventional far-field imaging. We observed heterogeneous
distribution of the PL shifts at the crystal edges and GBs,
indicating the role of APs in CVD growth and strain relaxation.
Our results may be used to better understand the local
properties of 2D materials and to improve optoelectronic
devices.

■ EXPERIMENTAL METHODS
Synthesis. Monolayer MoSe2 was synthesized in a home-

built CVD furnace.17 MoO3 and Se powders (Sigma- Aldrich),
used as Mo and Se sources, were placed in the center and the
upstream location of the furnace, respectively. Clean SiO2/Si
substrates facing the MoO3 source were placed in the furnace
center. Typically, when the furnace temperature ramps to 750
°C, after 15 min purging, MoO3 evaporates and reacts with the
flowing Se carried by H2 gas (∼50 sccm), forming monolayer
MoSe2 on the SiO2/Si substrate. After 10 min growth, the
furnace was naturally cooled down to room temperature.
Characterization. Confocal Raman and PL spectroscopies

were used to characterize the monolayer MoSe2 by Raman
peak position and Raman/PL intensity ratio. The experiments
were carried out using the LabRAM Raman microscope
(Horiba Scientific).
Correlated Atomic Force Microscopy (AFM) and Tip-

Enhanced Photoluminescence (TEPL). AFM and TEPL
measurements were carried out using the state-of-the-art
commercial system (OmegaScopeTM 1000, coupled with
LabRAM Evolution spectrometer, Horiba Scientific). Silicon
tips were used for AFM, and Au-coated tips with apex radius
∼20 nm were used for TEPL measurements. The 660 nm laser
was focused using objective lens (NA = 0.9) on the tip apex,
and the sample was scanned while recording at each point both
the near-field (NF) and the far-field (FF) PL signals with a
tip−sample distance of ∼0.3 nm and ∼20 nm, respectively.
AFM and FF PL measurements were performed in the tapping
mode with a 20 nm average tip−sample distance (TSD). NF
TEPL imaging was performed in the contact mode. We
separated the NF and FF signals by subtracting the tip-out
(TSD = 20 nm) from the tip-in (TSD = 0.36 nm) signals. The
subtracted maps are pure NF maps and do not contain any FF
contribution. Using backscattering configuration with a 659.38
nm edge filter, the scattered signal was collected and detected
by spectrometer with 600 g/mm grating coupled to a CCD
camera. The PL signal was collected by the illumination
objective. The angle between the incident laser optical axis and
the horizontal sample plane was 25°. The angle between the
tip and the sample plane was 78°. The incident light
polarization was along the tip axis. The tip and the laser
were stationary during the experiments, while the sample stage
was scanned. The localized surface plasmons of the tip enhance

the electromagnetic field, leading to the enhanced PL emission.
The laser power was 1 mW and the step size of the scan was 67
nm, with 0.2 s acquisition time. The detailed setup for the
TEPL experiments was previously described.23

■ RESULTS AND DISCUSSION
The schematic of the experimental setup in Figure 1 shows a
single monolayer MoSe2 crystal on the SiO2/Si substrate

grown using the CVD method described above. The crystal
edges are decorated by APs. The PL signals from the
unstrained (U) edge of the crystal are shown in blue, while
the PL of the strained (S) center region is red. The 660 nm
laser was focused at the apex of the Au tip. The TEPL signal
was collected with the same microscope objective that was
used for excitation. We define the perimeter width of the
unstrained (blue) edge as the full width half-maximum (fwhm)
of the line profile perpendicular to the crystal edge as shown by
arrows in Figure 1. Polycrystalline flakes have a single or
multiple nucleation centers in a common location, forming
flower-like morphologies. The adjacent MoSe2 crystals form
GBs which are also decorated with APs. The APs at crystal
edges and at GBs may have different properties and functions.
Figures 2 and 3 show the morphology and PL imaging of

polycrystalline monolayer MoSe2 flakes (referred to as flakes 1
and 2 in the following). Flake 1 consists of seven merged
crystals with straight edges labeled 1′−7′. The AFM height
image in Figure 2a confirms the monolayer thickness of <1 nm.
It also shows the presence of APs at the edges and at the GBs
between the crystals. AFM was used to determine ∼16 nm
average height of the APs at the edges, and ∼10 nm average
height of the APs in the GB regions (see the corresponding
discussion in what follows).
Normalized FF (Figure 2b) and NF (Figure 2c) PL spectra

from the center (red line) and edge (blue line) areas of crystal
7′ (highlighted by red and blue boxes in Figure 2h) indicate
∼10 meV shift of the FF and NF peak positions, ΔFF and ΔNF,
respectively. This spectral shift is attributed to thermal strain as
discussed below. The similarity between the FF and NF
spectral profiles indicates the absence of local tip-induced
strain effects.21 For comparison, we also show the total PL
signals integrated over the whole flake in both normalized FF
and NF signals (Figure 2d).
We used NF imaging to investigate the spatial distribution of

the PL signals. Figure 2e−h and Figure 2i−l show the maps of

Figure 1. Schematic of the experimental setup for the correlated AFM
and TEPL imaging of MoSe2 crystals. The unstrained (U) edge and
strained (S) center of the crystal emit PL signals of different energies.
The crystal edges are decorated by the aligned particles (APs). The
near-field PL signal is generated by focusing the 660 nm laser at the
apex of the Au-coated tip. The unstrained (blue) perimeter width is
indicated by arrows.
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integrated FF and NF PL signals, respectively. The FF (Figure
2e) and NF (Figure 2i) PL wavelength maps integrated show
the strain-induced PL red shift starting at the crystal edges
toward the crystal center areas. The NF and FF PL maps were
obtained with the spatial resolution of ∼80 nm and ∼480 nm,
respectively, as shown in the Supporting Information Figure
S1b and S 1d, respectively. Due to the higher resolution, the
NF map in Figure 2i provides a more detailed picture of the
heterogeneous PL distribution compared to the FF map in
Figure 2e. It shows more clearly the decrease of the PL signal
in the GB regions between the crystals. We performed
Gaussian fitting of the PL spectra and plotted the integrated
intensities of the separated spectral components that
correspond to the unshifted (blue) PL of the crystal edges
(Figure 2f,j) and the red-shifted (red) PL of the crystal center
areas (Figure 2g,k). We also plotted their overlapped maps in
Figure 2h,l. All PL maps in Figure 2 except maps h and l were
overlapped with the AFM height images to correlate the flake
morphology with the optical response. Interestingly, the
unshifted PL maps in Figure 2f,j show the predominant PL
signals both at the flake edges and at the flake center.
Furthermore, the central part of the flake has a stronger
unshifted PL compared to the edges. Moreover, the uneven,
heterogeneous width of the unshifted PL perimeter was
observed over the whole flake area. Note that the low intensity

brown color in Figure 2f,j is due to the spatial overlap of the
unstrained PL with the AFM images. It does not indicate any
presence of the strained PL.
Figure 3 shows the morphology and PL imaging of a

polycrystalline monolayer MoSe2 flake (referred to as flake 2
below). It consists of 12 merged crystals labeled 1−12 with
curved edges, decorated with APs at the edges and at the GBs.
The edge curvature was previously attributed to the edge
termination properties.39,40

Normalized FF (Figure 3b) and NF (Figure 3c) PL spectra
from the center (red line) and edge (blue line) areas of crystal
12 (highlighted by red and blue boxes in Figure 3h) indicate
the FF and NF spectral shifts of ΔFF ∼ 10 meV and ΔNF ∼ 15
meV, respectively. This difference between the FF and NF
spectral shifts is attributed to the combination of the thermal
strain, as discussed above, and an additional local tip-induced
strain due to the tip−sample interaction.21 For comparison, we
also show the total PL signals integrated over the whole flake
(Figure 3d). However, the total PL does not clearly show the
tip-induced spectral peak shift due to the relatively small NF
intensity compared to the FF signal. The smaller size and
curved edges of flake 2 allow for a larger contribution of the
tip−sample interaction to the NF PL.
The observed PL red shift at the center of the MoSe2 crystals

is caused by tensile strain due to the difference in thermal

Figure 2.Morphology and PL imaging of polycrystalline MoSe2 (flake 1) with straight edges. (a) AFM height image with individual crystals labeled
1′−7′. (b) Normalized far-field (FF) PL spectra and (c) normalized near-filed (NF) PL spectra from the center and edge of crystal 7′ shown by
highlighted red and blue boxes in panel h. (d) Normalized FF and NF spectra averaged over the whole flake corresponding to FF (e) and NF (i)
PL wavelength maps. FF (f,g,h) and NF (j,k,l) PL maps obtained by Gaussian fitting of the edge (blue) and center (red) areas, overlapped with
AFM images.
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expansion coefficients of MoSe2 and the supporting SiO2
substrate.41,42 Similar thermal strain was previously observed
in CVD-grown MoS2.

16,39 We estimated the thermal strain
using the previously reported temperature dependence of the
thermal expansion coefficient of MoSe2

43

= + × + ×a t t3.3 0.24 10 0.012 104 7 2 (1)

using the temperature (t) during CVD growth (750 °C) and
the room temperature (23 °C):

= ° °
°

=a(750 C) (23 C)
(23 C)

0.54%

which agrees with the experimental PL spectral shift.
The FF PL imaging was not able to resolve the individual

crystals 2−11, which appear as one blurred area in Figure
3e,f,h. On the other hand, the high spatial resolution of NF PL
allowed for resolving individual crystals in Figure 3i,j,l. The NF
PL images fit well into the AP-decorated outlines of the
individual crystals in Figure 3j. Figure 3g,k show the absence of
strain in the FF and NF PL images of small crystals 2−11.
Large crystals 1 and 12 show regions of strain in the center
areas.
Figure 4 shows how the unstrained and strained NF PL

signals correlate with the AP topography at the crystal edges
using line profiles. The unstrained (blue) and strained (red)

NF PL images in Figure 4a and 4e, respectively, show uneven,
heterogeneous distributions, with the predominant strained PL
at the crystal center. Figure 4i shows the overlap of both
strained and unstrained NF PL maps with the AFM height
image showing APs at the edges. Figure 4a shows three dashed
lines that correspond to the line profiles in Figure 4 panels b−d
and f−h, that are approximately perpendicular to the edges.
The NF PL signals were obtained by subtracting the tip-out
from the tip-in PL signals. The tip-out signals contain only the
FF PL, while the tip-in signals contain both FF and NF PL
contributions. Line profiles 1−3 were obtained for the varying
distance between the APs at the opposite crystal edges. The
distance between the APs in profile 1 is larger than the average
size of the strain-free perimeter and contains both strained and
unstrained PL signals. Both PL signals vanish at the AP
positions in Figure 4b,f, which indicates the absence of MoSe2
and the detachment of the APs from the edges. Interestingly,
the unstrained PL signal in the middle of the profile in Figure
4b shows negative values, which correspond to the maximum
of the strained PL profile in Figure 4f. This indicates the effect
of the tip in NF PL imaging by the tip-induced local strain.
Negative NF values mean that the unstrained tip-in PL signal is
smaller than the tip-out signal, and the tip affects the MoSe2
optical response. However, the tip-induced effect is only ∼10%
of the total PL intensity and does not obscure the results of
imaging the native thermal strain. Profile 3 corresponds to the

Figure 3. Morphology and PL imaging of polycrystalline MoSe2 (flake 2) with curved edges. (a) AFM height image with individual crystals labeled
1−12. (b) Normalized far-field (FF) PL spectra and (c) normalized near-field (NF) PL spectra from the center and edge of crystal 12 shown by
highlighted red and blue boxes in panel h. (d) Normalized FF and NF spectra averaged over the whole flake corresponding to FF (e) and NF (i)
PL wavelength maps. FF (f,g,h) and NF (j,k,l) PL maps obtained by Gaussian fitting of the edge (blue) and center (red) areas, overlapped with
AFM images.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.2c03728
J. Phys. Chem. C 2022, 126, 13821−13829

13824

https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03728?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.2c03728?fig=fig3&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.2c03728?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


distance between the APs of less than 1 μm, where the
unstrained PL is dominant. Similar profiles are shown for
smaller crystals with an interparticle distance of 0.6 μm (Figure
S2a −d) and 1 μm (Figure S2e−h). They demonstrate the
advantage of high-resolution NF PL imaging that is able to
resolve nanoscale local strain variations. In contrast, the
corresponding FF PL imaging cannot provide the same level of
precision in the correlation between the topography and
optical response. Figure S3 shows the correlated AFM and FF
PL line profiles across MoSe2 crystal 12 of flake 2. Contrary to
Figure 4, Figure S3 presents incorrect and misleading
information, showing nonzero unstrained and strained FF PL
signals at the positions of the APs at the crystal edges. On the
other hand, the corresponding NF PL maps and profiles in
Figure 4 show the absence of the PL signal at the APs,
indicating that the APs are not directly connected to the crystal
edges. The FF PL fails to provide this information, which is
directly relevant to the mechanistic understanding of the CVD
growth mechanism.
Figure 4 panels j and k show AFM and NF PL line profiles

parallel to the MoSe2 crystal edge, which correspond to the
white arrow in Figure 4i, while the AFM height profiles
correspond to the APs on the left of the white arrow. The
strained and unstrained PL signals show anticorrelated
behavior with the minimum strain-free perimeter correspond-
ing to the largest AP height and the maximum strained PL.

This correlation between the AP height and strain indicates the
role of APs in optical properties of MoSe2 crystals.
Next we investigated the properties of APs at GBs and their

role in MoSe2 PL. Figure 5 panels a and i show the AFM
height images of crystal 7′ of flake 1 and crystals 10 and 11 of
flake 2, respectively, highlighting APs at the crystal edges
(referred to as APEs for distinction) and APs at GBs (referred
to as APGs). The average height and width of the APEs and
APGs for both flakes show that APGs are smaller than APEs
(Figure 5d,j). Overlapped AFM and NF PL images of the
unstrained (blue) and strained (red) PL signals in Figure 5b
show the presence of PL signals at the GBs (see also the
zoomed-in GB region in Figure 5c). This shows that the APGs
are not detached from the adjacent MoSe2 crystals in the GB
regions. The spatial resolution of TEPL is 80 nm as shown in
Figure S1, which is smaller than the average APE or APG
width. Therefore, scanning the GB area with the plasmonic tip
generates a continuous NF PL map with 80 nm resolution,
providing evidence of the preserved direct contact between the
APGs and MoSe2 crystals. This is different from the previously
considered CVD growth mechanism without any direct
contact between the APs and edges, where the APs were
detached from the MoSe2 crystals.

17 The slower growth rate at
GBs compared to the crystal edges may explain the smaller size
of APGs compared to APEs.

Figure 4. Correlated topographic (AFM) and optical (NF PL) line profiles across MoSe2 crystal 12 of flake 2. Separated unstrained (a), strained
(e), and combined (i) NF PL images overlapped with AFM height maps. Dashed and solid arrows in panels a and i indicate positions of line
profiles perpendicular and parallel to the crystal edges, respectively, in the unstrained (b−d, j) and strained (f−h, k) PL signals.
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Figure 5g,h show the unstrained and strained NF PL maps,
respectively, of crystals 10 and 11 of flake 2 overlapped with
AFM height image. The line profiles that correspond to dashed
arrows are shown in Figure 5e,f. These results are in agreement
with the corresponding maps for flake 1 shown above and
support the conclusion that the APGs are smaller than APEs,
and they preserve the unstrained PL signals. For example,
Figure 5e shows significant NF PL signals on top of the middle

and right APGs between crystals 11−10 and 10−9,
respectively. The corresponding strained NF PL signals in
Figure 5f show the opposite behavior compared to the
unstrained PL. In contrast, the corresponding FF PL signals in
Figure S4 provide different and misleading information due to
the lower resolution. For example, the unstrained (blue) and
strained (red) FF PL profiles in Figure S4d,f, respectively, do
not show any significant correlation with the AFM height

Figure 5. Correlated AFM and NF PL imaging of APs at the crystal edges (APEs) and APs at GBs (APGs). AFM height images of crystal 7′ of flake
1 (a) and crystals 10−11 of flake 2 (i) show the comparison between the average height and width of APEs and APGs d and j, respectively. (b)
Overlapped AFM and NF PL images of the unstrained (blue) and strained (red) signals. (c) Zoomed-in GB region. Correlated AFM height and
NF unstrained (e) and strained (f) PL profiles that correspond to the dashed arrows in the NF PL maps g and h, respectively.

Figure 6. Dependence of the strain-free perimeter width on the APE and APG height for polycrystalline MoSe2 flakes with straight (a−c) and
curved (d−f) edges.
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profiles (black lines in these figures). The APG between
crystals 11 and 10 show both unstrained and strained FF PL
signals due to the mixed contributions of the surrounding
areas. These results highlight the significant advantages of the
NF versus FF PL signals that are relevant to the mechanistic
understanding of optical properties of CVD-grown 2D
materials. The possible drawbacks of TEPL are weaker NF
PL signals compared to the FF PL (Figure S5). Despite this,
our results showed good signal-to-noise levels.
Figure 6 shows the dependence of the strain-free perimeter

width on the APE and APG height for polycrystalline MoSe2
flakes with straight (Figure 6a−c) and curved (Figure 6d−f)
edges. We obtained the average of the perimeter width of the
unstrained (blue) edge as the full width half-maximum (fwhm)
of the average line profile perpendicular to the crystal edge as
shown by arrows in Figure 1. We used several (5−10) line
profiles at different locations along each crystal edge. The
intensity scale of the unstrained NF PL maps in Figure 6a,d
was adjusted to highlight the differences between the APE and
APG areas. Figure 6a shows stronger PL signal in the APG
areas close to the center of flake 1 with straight edges. On the
other hand, a different behavior was observed in Figure 6d for
flake 2 with curved edges, where the strain-free PL was weaker
at the flake center close to the APG areas compared to the
APEs. This indicates different growth kinetics and strain
relaxation related to edge shape.
Previous studies of the strain-free perimeter of CVD-grown

MoS2 showed the difference between the PL of crystals with
straight and curved edges.39 The curved edges showed a larger
FF PL strain-free perimeter that was related to different edge
termination. However, the CVD growth mechanism was
different, and no APs were involved. No strain-free PL was
observed at GBs. Here, our NF PL signals have higher spatial
resolution compared to the FF PL. We observed larger
absolute values and larger variations of the strain-free
perimeter at the APGs compared to APEs for crystals with
straight edges (Figure 6b,c). On the other hand, we observed
smaller values and smaller variations of the perimeter at the
APGs compared to APEs for crystals with curved edges (Figure
6e,f).
The difference between the strain-free perimeter width of

APGs varies significantly because the in-plane material
diffusion rate from outside of the crystals toward GBs
decreases with the increase of the crystal size. On the other
hand, the diffusion rate toward crystal edges stays constant
during the whole CVD growth. Therefore, the strain-free
perimeter of APEs does not vary much. The smaller perimeter
width of APGs of flake 2 is attributed to the smaller size of
flake 2 crystals 1−12 compared to the larger size of flake 1
crystals 1′-7′. No significant correlation between the perimeter
width and AP width was observed.
Based on these results we propose that APs play an

important role in strain relaxation in GB areas of polycrystal-
line MoSe2 flakes. Our experiments showed that the APs are
detached from MoSe2 at the flake outer edges. However, they
are attached at GBs. This attachment may play a role in the
reversible growth reaction at the end of the CVD growth
period, especially, during the cooling stage, when the thermal
strain is induced.
The direct contact between MoSe2 and GBs is further

supported by the increased strained NF PL line profiles in
Figure 5f at the positions of GBs. This indicates the effect of
the tip in NF PL imaging of MoSe2 by the tip-induced local

strain while placing the tip on APG. Since the MoSe2 and GB
are connected, the force of ∼50−100 nN on APG by the tip
affects the PL signal of MoSe2. Also, another effect, namely, the
increase of the tip-MoSe2 distance when the tip is on top of
APG, leads to a slight decrease of the unstrained NF PL signals
on top of APGs in Figure 5e.

■ CONCLUSIONS
Our results indicate higher crystal quality at the center of the
flakes compared to flake edges based on the overall NF PL
distribution and on connections between APs and crystal
edges. Figures 2i and 3i show more homogeneous NF PL
patterns in the centers. For example, crystal 1 of both flakes 1
and 2 has a significantly smaller PL intensity compared to
other crystals. The intensities of small crystals of flake 2 vary.
The connection between the APs and crystal edges was
previously related to crystal quality, where the connected
crystals were shown to be of higher quality.17 Here we showed
that the connection between MoSe2 and APGs is correlated
with the size of the strain-free perimeter. The crystals with
straight edges had a larger perimeter at the GBs and possibly
higher quality, that is, a smaller number of defects. Straight and
curved edge morphologies were previously attributed to Mo
zigzag (Mo-zz) and S zigzag (S-zz) edge termination in
MoS2.

39,40 We expect similar behavior in MoSe2. The previous
three-step model ab initio simulations were performed using
the Se-zz edges. Our observed differences in the NF PL
properties of these crystals suggest possible modifications of
the growth mechanism at the Mo-zz edge.
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