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In this study, we report on the controllable chemical vapor deposition (CVD) synthesis of monolayer MoSe; flakes
with different shapes such as hexagons, triangles, sawtooth hexagons, dendrites and fractals deposited on SiO2/Si
substrates. This broad range of morphologies is due to the change in the vapor composition resulting from the
confinement of the MoOg3 and Se vapor and to the variation in the growth rate of the variable shaped MoSe,
crystals. It is also revealed that the photoluminescence (PL) response of the MoSe; flakes is strongly affected by

their shape and size. Our findings will open new avenues towards achieving morphology-controlled monolayer
MoSe; flakes for optoelectronic and energy harvesting systems.

1. Introduction

2D transition metal dichalcogenides (TMDs) with chemical formula
MX3 (M =Mo, Wand X =S, Se) [1,2] have promising properties due to
their electronic characteristics, their sizable bandgap around 1-2 eV [3],
high spin-orbit coupling [1,4,5] and non-zero Berry curvature [6].
Furthermore, the direct electronic transition that occurs in the mono-
layers related to quantum and dielectric confinement [7], rather than
the indirect electronic transition that occurs in the bulk [8-10], pro-
motes the integration of these groundbreaking layered materials into
ultra-thin field effect transistors (FETs) [11-15] with a high on/off
current ratio and lower response time, ultrasensitive photodetectors
[16,17], photovoltaic cells [18] and catalytic applications [19,20]. This
versatility of applications even includes the combination of TMDs with
different materials such as ferroelectrics, creating novel heterostructures
[21,22] that are the building blocks of electronic and optoelectronic
devices.

Within the TMDs materials, MoSe; has been less studied than MoS,
due to the higher chemical reactivity and lower vaporization tempera-
ture of S compared to Se [23]. However, the strong light-matter
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interaction of MoSe; and its direct bandgap close to that of silicon (1.5
eV), supported by a high intensity photoluminescence (PL) effect, make
it a preferred material for solar spectrum-related applications [17].
Among all the methods used to grow TMDs [24-31], the CVD tech-
nique has the highest yield at the lowest cost, guaranteeing the crys-
talline quality required by the many applications. The morphologies of
the CVD grown mono-to-few layer MoSe, flakes comprise triangles,
triangles with truncated vertices, hexagons, sawtooth hexagons, fractals,
etc [32]. However, it is not clear if all the different shaped MoSe2 flakes
are monolayers. Usually, monolayer triangular flakes display a reduced
number of defects due to their equilibrium configuration [33] and thus,
are the preferred ones for optoelectronic applications. On the contrary,
sawtooth morphologies and fractals are important for (photo)catalytic
applications due to the high number of active sites [34]. Therefore, in
order to achieve monolayer growth with a given morphology and large
size, the growth parameters should be finely tuned. Moreover, also the
control of the PL response is relevant for the light-based applications.
Here, we report the CVD growth of single and few-layer MoSe; with
different domain shapes onto SiOy/Si substrates. The optimization of
experimental conditions allows the application of these materials in
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innovative projects, being a model of the interdependence between the
main characteristics of the system: the experimental parametric prop-
erties, the morphology characteristics and the PL response.

2. Experimental details

To synthetize MoSe; monolayer domains, atmospheric pressure
chemical vapor deposition technique (APCVD) was used because, in
other TMDs, it was shown to give rise to domains with larger lateral size
than low-pressure chemical vapor deposition (LPCVD) [5]. The APCVD
experimental set up shown in Fig. S1 consists of a 1-meter-long quartz
tube closed at its ends by flanges with passages for the gases inlet and
outlet, inserted in a two-zone temperature controlled tubular furnace
[35].

MoOg3 (Neyco, 99.99 % purity) and Se (Alfa Aesar, 99.999 % purity)
powder precursors were employed; they were placed in quartz boats,
inside the quartz tube, located at positions where the furnace tempera-
ture is 820 °C and 292 °C, respectively. Although several substrates have
been used in the synthesis of transition metal dichalcogenides, such as
silicon [17], sapphire [36,37], mica [17] and glass [38,39], 300 nm
SiO4/Si substrates were used since they provide greater contrast of the
MoSe; flakes when observed by optical microscopy [23]. The substrates
were also placed over quartz boats, next to the MoO3 powder (Fig. S1),
with the oxide surface facing down. Prior to their insertion in the APCVD
reactor, the substrates were cleaned with acetone (>99.5 % purity) and
isopropanol (> 99.5 % purity).

Before reaction, the quartz tube was flushed with 200 sccm of Argon
for two hours at room temperature, ensuring that no secondary chemical
reactions involving oxygen and, consequently, no contamination of the
samples occur. During the growth at high temperature a mixture of Ar
and Hj at variable fluxes entered the tube from upstream side. The MoOg
precursor is converted to MoOs.x by the Hy acting as reducing gas, an
indispensable condition for the growth of MoSe, monolayers [18,40]. In
the first 10 min after growth, an Ar flow of 10 sccm was applied and
afterwards the furnace cooled down to room temperature naturally.

The mass of MoO3 (0.08 g) was kept constant in all experiments,
while the effect that a variation in the mass of Se (0.32 g and 0.60 g)
caused on the layers morphology was studied. The distance between the
precursor holders (19.6 cm) was kept constant throughout the experi-
ments. Table S1 shows the experimental parameters used for preparing
the MoSe; samples.

The surface morphology of the samples was analyzed by optical
microscopy, scanning electron microscopy (SEM, Hitachi SEM S2400)
and atomic force microscopy (AFM, Multimode 8HR coupled to a
Nanoscope V, Digital Instruments, Bruker) in tapping mode, using
RTESP 300 probes with a resonance frequency of ca. 300 kHz (Bruker).
Raman spectroscopy (Horiba, LabRam HR800 Evolution system) and PL
measurements (T64000 Horiba monochromator) were performed to
evaluate the quality of the samples. Both spectroscopic techniques used
an excitation wavelength of 532 nm.

3. Results and discussion

The CVD technique, although experimentally simple, is para-
metrically complex. Factors such as the temperature of the precursors,
the total flow rate (Ar + Hp), the hydrogen concentration, the growth
time, the mass of the precursors and the distance between them, and the
substrate configuration have a strong impact on the morphology, lateral
size and nucleation density of the deposited structures. In this work, we
prepared several samples while varying one deposition parameter at a
time (Table S1), in order to make comparisons possible.

3.1. Morphological study

Firstly, we analyzed the influence of the total flow rate, ®r, from 30
sccm to 200 scem, on the morphology of the MoSe; flakes. For the lowest
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value, @7 = 30 sccm (sample 1), only rhombuses were found on the
substrate surface. The Raman spectrum of this sample could be assigned
to MoO5 and Mo401; [41,42], indicating an incomplete selenization of
MoOs3 .« probably due to the lack of Se supply because of the low flow
rate of the carrier gas.

Fig. 1 shows the SEM micrographs of samples 2-7. A higher flow rate
of 50 scem (Fig. 1a) produces hexagons with lateral sizes between 0.8
and 2.8 pm and truncated-vertices triangles with lateral sizes between
0.5 and 3.9 pm, both occupying a surface area of 28.3 %. Previously, it
has been shown that the hexagonal structure corresponds to a ratio of
the Mo:Se atoms of 1/2. If the ratio is less than this value, triangles with
Se-zz edges are synthesized due to the Mo-zz edges growing faster.
Otherwise, triangles with Mo-zz edges will form [33]. The hexagonal
morphology was previously obtained by changing the concentration of
hydrogen [13] and by varying the temperature of the warmest zone in
the furnace [43]. In our study, it is found that a change of the flow rate in
the domain of low fluxes also causes an equal rate of growth of the Mo-zz
and Se-zz edges thus, the formation of hexagonal morphology.

In samples 3 and 4, @1 = 60 sccm and 70 sccm (Fig. 1b-c), equilateral
triangles were obtained. In sample 3, the MoSe, synthesis occupies 40.9
% of the substrate surface area and the mean triangular lateral size is 2.8
um with the maximum size being 7.25 um, while in sample 4 the
nucleation density decreases and the lateral size increases, with triangles
reaching 14 ym. Thus, the role of total flow rate is not just to expand the
lateral size of the triangle, but also to suppress the development of
sawtooth shapes, both triangles and hexagons. Nevertheless, according
to Fig. 1d, an increase of the total flow rate to 80 sccm (sample 5) leads
to a decrease of the mean lateral size to 0.86 ym and the larger isolated
triangle of the figure reaches about 12.8 pm. The AFM images of sample
5 (Fig. 1g-i) reveal a triangle with an additional vertex, a six-point star,
and an isolated domain with several vertices. All isolated flakes have
height profiles taken along lines 1-3 on the AFM images that agree with
those reported for MoSe; monolayers [18]. Furthermore, the AFM im-
ages display a reliable data pattern: all domains have nanoparticles
between the vertices. From the observed results, we deduced that the
nanoparticles are the barriers that encircle the monolayers, preventing
the increase in triangular lateral growth. In previous observations
[21,44], it was assumed that these are Se nanoparticles. Although we
could not find the phase diagram of the Mo-Se system in the literature,
given the chemical similarity between the selenium and sulphur species
we can use the Mo-S phase diagram [45] to explain the presence of the
Se nanoparticles and thus, corroborate the previous assumptions. When
there is excess of Se in the gas phase, upon cooling there is formation of
solid MoSe; and liquid Se that can be segregated to the edges of the solid
domains by diffusion. Upon further cooling, the Se nanoparticles can
solidify or continue to diffuse along the boundary, coalescing into even
larger nanoparticles that solidify between the vertices. This would
explain the existence of nanoparticles accumulated on the edges of
triangles.

In contrast, from 100 sccm (sample 6) onwards the morphological
dynamics completely changes. Triangles with sharper vertices, called
three-point star, are visualized on the SEM micrograph of Fig. le. In
related work for MoS; [3], the three-point stars were synthesized when
the Mo-zz edges grow at least three times faster than the S-zz edges in the
primordial hexagonal nuclei. Extrapolating these findings to MoSey, this
confirms the presence of a Se-saturated atmosphere due to the increased
flux that carries more Se to the substrate. For &1 = 200 sccm (Fig. 1f,
sample 7), the fractal behavior without self-similarity predominates,
although some dendritic domains were also observed. Some of the
fractals resemble triangles but with fractal-like edges and interstices in
the middle of the isolated domains.

The growth kinetics is also dependent on the content of hydrogen in
the gas phase. To study the contribution of the reducing gas to the size
modification, a constant flow rate was maintained, which could be low
(@1 = 50 sccm), medium (P = 70 scem), or high (@1 = 200 scem). For
50 scem, samples 2 (15 %Hj) and 8 (10 %Hj) have well-developed



C. Gongzalez et al.

Height (nm)

Applied Surface Science 605 (2022) 154742

0.0 02 04 06 08 1.0 12
X (um)

-1.
0.0 0.2 04 0.6 0.8 1.0 1.2 14
X (um)

R
0.0 04 08 1.2 16 2.0 24
X (um)

Fig. 1. (a-f) SEM micrographs of MoSe, microstructures for a total flow rate of: (a) 50 sccm, (b) 60 sccm, (¢) 70 sccm, (d) 80 scem, (e) 100 scem and (f) 200 scem,
corresponding to samples 2-7, respectively. (g-i) AFM images of sample 5: (g) a triangle with an additional vertex, (h) a six-point star and (i) an isolated domain with
several vertices. Height profiles, taken along lines 1-3 on the AFM images are shown in the bottom panel.

hexagonal flakes, as shown on the SEM images (Figs. 1a and 2a). Only a
hexagon with a lateral size of 14 ym was obtained in sample 8 while the
maximum hexagonal edge is 2.8 ym for sample 2. Therefore, for the
lower fluxes, by increasing the %Hpj, although the hexagonal
morphology is conserved, there is an increase in nucleation density and,
concomitantly, a decrease in lateral size.

For 70 sccm and keeping the deposition time of 15 min, the per-
centage of Hy was changed from 10 % to 20 % (Fig. 2b-f). For 10 % Hy
(sample 9) and 12.5 % Hj (sample 10), small triangles with a high
nucleation density are distributed on the substrate surface, giving rise to
monolayers whose lateral size may reach up to ~ 40 pm. This was the
largest lateral size obtained in this work for perfectly triangular mono-
layers, whose height was checked by AFM to be 0.69 nm, although do-
mains with additional vertices and dimension greater than 40 pm were
also synthesized. At a relative percentage of hydrogen of 17.5 % and 20

% (samples 11 and 12), the triangular domains become more complex
resulting in sawtooth hexagons.

Similarly, for the same total flow rate (¢ = 70sccm) with a deposition
time of 10 min, the concentration of hydrogen was changed from 10 % to
17.5 %, as can be observed in Fig. 3a-c. As the concentration of Hs in-
creases, the triangular mean lateral size also increases in different pro-
portions. From 10 % to 15 % Hj, triangular mean lateral size increases
5.0 % while from 15 % to 17.5 % H; an increase of 153.6 % can be seen.
A slight variation in the hydrogen concentration in the tubular atmo-
sphere prompts to a more optimal reduction of MoO3 to MoOs3.4. Addi-
tionally, the number of layers of the triangles in samples 14 and 15 was
determined by AFM (Fig. 3d-e). The height profiles of 0.69 nm and 0.71
nm obtained in the triangles with a lateral size of 9.05 pm (sample 14)
and 8.57 pm (sample 15), respectively, confirm the presence of mono-
layers. It should be noted that in accordance with our previous results,
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Fig. 2. SEM micrographs of MoSe, domains for total flow rate of 50 sccm (a) and 70 sccm (b-f). The hydrogen relative percentages are: (a) 10% (sample 8), (b) 10%
(sample 9), (c) 12.5% (sample 10), (d) 15% (sample 4), (e) 17.5% (sample 11) and (f) 20% (sample 12).

some triangles are limited by nanoparticles, as seen on the AFM image of
sample 14. Nanoparticles, with a structure identical to fullerenes,
located in the center of some domains were analyzed in previous studies
[46,47] for MoS,, and it was concluded that they were constituted by
Mo034Sy, which after the sulfurization process acted as nuclei for the
growth of multilayer MoS,. In our samples, the nanoparticles appear on
top and at the boundaries of the monolayer domains, instead of in the
multilayer flakes, and should be constituted just of Se, as explained
above.

Thereafter, the total flow rate was increased to 200 sccm for a
deposition time of 15 min and a relative percentage of hydrogen of 10 %
(sample 16) and 15 % (sample 7). The SEM images of Fig. 4a-c illustrate
diverse morphologies, where sample 16 displays rounded vertices and
sample 7 contains fractal structures. An increase in the total flux and the
relative percentage of H is not a sufficient condition for the growth of
the domains, maintaining the triangular shape. With increased mass
transport, molecules have less time to diffuse to more thermodynami-
cally stable positions.

Moreover, the supply of precursors is one of the most significant
deposition parameters, as it determines the amount of material available
for the synthesis and, therefore, the Mo:Se ratio. All samples, apart from
sample 17 (Fig. 4c), maintained a constant mass of, approximately, 0.6 g
for Se and 0.08 g for MoOs. Sample 17 had the same MoOs mass as other
samples, while Se mass was reduced to ~ % and the maximum total flow
rate (200 sccm) with 15 % Hy was used. The development of fractal
domains without self-similarity predominate in image 4b, while sample
17 shows that dendritic domains were synthesized. The fractals in

sample 7 follow the diffusion-limited aggregation (DLA) growth model
[48], introduced by Witten and Sander [49] in 1981.

In contrast to an irregular morphology, dendrites with a high
nucleation density are represented in Fig. 4c. Dendrites are formed by
atoms that diffuse along preferential directions forming the “branches”
of the structure. Most of the dendritic structures in the SEM image have
the three crystallographic directions of a snowflake. However, larger
dendrites have more than six self-similar branches. In these structures
there was practically no coalescence: neighboring atoms introduce an
anisotropy and as dendrites only grow in lower energy directions, the
growth of that branch is suppressed. P.Wang et al. [48] suggested a
model based on nucleation, diffusion-limited aggregation of atoms to
neighboring nuclei and atoms, and relaxation of the aggregate structure,
the latter phase resulting from the temperature decrease. They
concluded that for high sticking coefficients, the fractal exhibits strong
dendritic characteristics with a smaller fractal dimension (Minkowski-
Bouligand dimension [50]).

There are two mechanisms that participate in the diffusion process:
the diffusion of atoms on the surface of the substrate until they reach the
lateral surface of a crystal, and the diffusion of atoms already aggregated
at the edges of the crystal, to fix themselves in thermodynamic positions.
Other studies concluded that the dominant morphology was fractal at
low temperatures since diffusion along the substrate surface dominates
rather than edge diffusion [32]. For a higher MoOgs vaporization rate,
more atoms reach the substrate and the predominant form is dendritic
[20]. Sample 7, with a high total flow rate, has a greater mass of Se that
participates in the chemical conversion. At the end of the growth time,
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Fig. 3. SEM micrographs of MoSe, flakes for total flow rate of 70 sccm, deposition time of 10 min and hydrogen relative percentage of: (a) 10%, (b) 15% and (c)
17.5%, corresponding to samples 13-15, respectively. (d-e) AFM images of samples 14 and 15. The height profiles, taken along lines 1 and 2 in the AFM images, are
shown on the right panel.

9
8
7
Frctal dimnsion = 1.72 6 | Fractal dimension =~ 1.82
4.0 5
0.6 0.8 1.0 1.2 1.4 1.6 1.8 2.0 2.2 0.00.51.0152.0253.03.54.045
log € log €

Fig. 4. SEM micrographs of the CVD-grown crystals on SiO,/Si substrates for total flow rate of 200 sccm and hydrogen relative percentage of: (a) 10 % (sample 16)
and (b) 15 % (sample 7). (c) Sample 17 has the same experimental parameters as sample 7 but a smaller m(Se)/m(MoO3) ratio as indicated on the figure. The size of
the dendrites D1, D2 and D3 are 14.7, 23.6 and 26.5 pm, respectively. The fractal dimensions of samples 7 (d) and 17 (e) were calculated using the box-
counting method.
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there will be a gaseous atmosphere very rich in Se and Mo. As the
cooling rate is fast at the beginning, just after the growth time, the atoms
will tend to deposit in a disorderly way on previous nucleation sites or
give rise to new nucleation points on the substrate (secondary nucle-
ation), as it occurs in sample 7, which would justify the existence of
fractals around some triangle-like structures.

However, in sample 17, a decrease in Se mass causes a higher partial
concentration of MoOs vapor, which justifies a high nucleation density.
As Mo atoms are heavier than Se atoms, Mo atoms spend longer trav-
eling on the substrate [32], increasing the probability of nucleation. As
the Se/Mo ratio is lower in sample 17 (4) than in sample 7 (7.5), the
smaller amount of Se atoms bond covalently to the Mo atoms found on
the substrate, forming more organized domains.

As the total flow rate is high, mass transport is more favorable than
diffusion along the surface of the substrate [23], so atoms deposit within
a very limited time to rearrange themselves. Atoms that deposit at the
beginning of the growth time have more time to rearrange themselves,
forming larger domains, than atoms that deposit closer to the end of the
growth time. This justifies the existence of large fractal hexagons with
many rounded edges in sample 7, where fractal triangles and small
fractals meet around, with a high nucleation density, and justifies the
existence of dendrites with more than six branches in sample 17. The
largest dendrites in sample 17 have a larger central region than the
smaller six-branch dendrites that are distributed around the larger
dendrites. Larger dendrites have a lower nucleation density than smaller
dendrites and a larger central zone, as mentioned above, so these
nucleation centers were the first to be formed and the atoms had more
time to rearrange themselves and aggregate to the center of the dendrite,
enabling the creation of a greater number of branches, contributing to
the growth of the structure.

The box-counting method was applied to calculate the dimension of
some representative fractals of samples 7 and 17, adapting a program
from the University of Toronto [51]. The fractal dimension is given by
the slope of the following linearization [48]:

log(N(g)) = — Dlog(¢) +log(k)

where ¢ is the side length of the boxes, k is a proportionality constant and
N(e) is the number of boxes to cover the fractal. The fractal dimensions
obtained for the SEM images in Fig. 4d and 4e were 1.72 and 1.82,
respectively, corroborating the fractal dimensions in the literature
[32,48].
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Fig. 5. Lateral size box plots of triangular monolayers that allow comparative
analysis of data heterogeneity. Sample 4 was not included despite having large
triangles due to its low density of triangular nucleation.
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Variability, heterogeneity and distribution patterns of the experi-
mental data related to triangular MoSe, domains were analyzed by box
plots with a lognormal distribution (Fig. 5). The number of points in the
box plots, the mean, the minimum and the maximum lateral size of the
triangles are given in the supporting information (Table S2). Thus, for
our experimental setup, the appropriate deposition conditions to reach
the maximum triangular lateral size are an intermediate total flow rate
(@1 = 70 sccm), a growth time of 15 min and a hydrogen concentration
of 10 % or 12.5 % (samples 9 and 10). In addition, sample 15 has the
highest mean lateral size of all samples and sample 9 has the highest
nucleation density (0.177 triangles pm~2).

3.2. Raman microprobe analysis

In addition to the previous techniques, the analysis by micro-Raman
spectroscopy constitutes a structural fingerprint for the identification of
the MoSe; phase and allows getting a support of the number of layers
measured by AFM. Raman spectra recorded at the center of different
monolayer flakes, as determined by AFM, such as a triangular flake, a
hexagon, and a small and a large fractal, revealed that they are all very
similar in what regards to the Raman peaks that are present and their
wave numbers. Fig. 6a-b displays the Raman spectra of a triangular
monolayer and monolayer dendrite D3, respectively.

In general, the E1g, A, E%g and E%g phonon modes of low dimen-
sional MoSe, can be observed. In particular, the out-of-plane A;q vi-
bration mode of the Se atoms [17] and the in-plane Eﬁg vibration mode
of the Mo and Se atoms located close to 241 and 287 cm ™%, respectively,
have been assigned to monolayer MoSe; [52-54], along with a value of
46 + 1 cm ™! for the difference A(E%g — Aé) [17,52,53]. In our case, the
Raman shifts of the Alg/E%g modes measured, for instance, for the
triangular flake of sample 9 and the small (D1) and large (D3) dendrites
of sample 17 were, respectively, 239.2/285.7 em ™}, 240.3/285.7 cm ™!
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Fig. 6. Raman spectra of (a) a triangular monolayer and (b) monolayer
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and 240.3/286.2 cm ™!, with the differences being 46.5, 45.5 and 45.9
cm™L. The set of these values clearly indicates that we are dealing with
MoSe; monolayers. Furthermore, importantly is the absence of the B§g
vibration mode at 353 ecm™! for the three samples here mentioned,
which confirms the intrinsic properties of the monolayers [53]. In
addition, Fig. 6 shows other peaks that can be attributed to Se [55] and
M04011 [42].

Therefore, regardless of whether the morphology is triangular or
hexagonal or fractal, all the structures reveal monolayer behavior,
which supports that for the experimental conditions utilized for pre-
paring these samples domains grow preferentially laterally, being
limited at the vertices by nanoparticles, instead of growing vertically
where bilayers and multilayers would be formed.

3.3. Photoluminescence properties

The PL properties are strongly affected by the shape and size of the
MoSe; flakes. Fig. 7a shows the PL spectra of triangular MoSe; flakes
corresponding to samples 2, 3 and 9 with different lateral sizes of 2.8,
7.25 and 40 pm, respectively. It is possible to observe a dominant PL
peak, which is the A-exciton (ground state exciton contribution), at 812
nm (1.527 eV) in the samples 2 and 3, while this PL peak is slightly
shifted to 816 nm (1.519 eV) in sample 9. Regarding the PL peak in-
tensity, it can be seen that it increases with the size of the triangles.
Moreover, a second smaller peak is present at ~90 nm below (i.e. at
~200 meV higher energy), which corresponds to the B-exciton (higher
spin—orbit split state) [56]. The ratio of the intensities of the A and B
peak emissions is usually connected to the defect density in the samples
[57]. To quantify the contribution of the B-emission feature to the PL
spectra, we followed the procedure of K.M. McCreary et al. [58]. Fig. 7b
shows the B-emission intensity and the B/A ratio as a function of A-
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Fig. 7. (a) PL spectra and (b) B-intensity and B/A ratio as a function of A-in-
tensity for monolayer MoSe; triangles of different size from samples 2, 3 and 9.
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emission intensity. It is possible to observe that the B-emission intensity
increases with A-emission, while the B/A ratio tends to decrease with the
increasing in the A-emission intensity, similarly to what was observed in
other TMDs flakes [58], providing a qualitative measure of the sample
quality.

The PL response of MoSe; monolayers with fractal shape was also
investigated. The PL response at the center of the dendrites marked in
Fig. 4c as D1, D2 and D3 is shown in Fig. 8a. It is possible to observe the
presence of the A- and B-emissions. Moreover, the intensity of the
dominant peak increases with the increase of the dendrites’ size, while
the PL peak position remains unchanged at 807 nm (1.536 eV). The B-
emission intensity and the B/A ratio as a function of A-emission intensity
is shown in Fig. 8b. As can be seen the B-emission intensity increases
with A-emission intensity, while B/A decreases with A-emission in-
tensity, thus suggesting that increasing the fractal size causes the
decrease of the defect density. To understand this effect, PL spectra were
recorded on two more places far from the center of the dendrite D3 (see
Fig. S2 in the supporting information). As can be seen all the three PL
spectra have their maximum intensity at the same wavelength, which is
the characteristic one of MoSe; monolayers. Nevertheless, it can also be
concluded that more defects should be present in the edges of the den-
dritic flake, responsible by the quite strong decrease of the PL intensity
observed near the edges. A similar behavior was recently reported for
dendritic MoSs, flakes [59].

Fig. 9 illustrates a comparative analysis of the best MoSe, mono-
layers with different shapes in terms of the PL response. Therefore,
Fig. 9a shows the PL response of a triangle, a dendrite and a hexagon of
monolayer MoSey, from samples 9, 17 and 2, respectively. Both A- and
B-emissions are present in all samples. The intensity of the A-peak
emission is higher in the triangle and comparable in the dendrite and the
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Fig. 8. (a) PL spectra and (b) B-intensity and B/A ratio as a function of A-in-
tensity for the dendrites with different sizes.
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Fig. 9. (a) PL spectra and (b) B-intensity and B/A ratio as a function of A-in-
tensity for monolayer MoSe, hexagon, triangle and dendrite from samples 2, 9
and 17, respectively.

hexagon. Contrary to the investigation of V. Singh et al. [41], who could
not find PL emission close to the 800 nm from hexagonal shaped do-
mains, the hexagon in Fig. 9a shows an A-peak emission at 807 nm,
similarly to the one observed in the fractal. The B-emission intensity and
the B/A ratio as a function of A-emission intensity are shown in Fig. 9b.
It is possible to conclude that MoSe; triangles have the lowest defect
density when compared to fractals and hexagons.

Therefore, this work provides an in-depth knowledge of the growth
mechanisms of large-scale atomically thin MoSe; material via CVD and
allows judicious selection of morphology to further fabricate high-
quality MoSe; structures with improved optical response for optoelec-
tronic devices.

4. Conclusions

In this work, MoSe; crystals were successfully synthesized by CVD
onto SiOy/Si substrates, using MoOs and Se powders as solid precursors.
The relation between the experimental parameters and the formation of
low-dimension MoSe; flakes with different shapes was established. It
was revealed that the diffusion of atoms on the surface of the substrate
and along the edges of the crystal, as well as the diffusion of atoms on the
surface of the MoSe; monolayers is responsible for the different shapes.
In addition, the characterization by SEM, AFM and Raman spectroscopy
confirmed that the as-grown MoSe; is a monolayer, regardless of
morphology. Moreover, a comprehensive study of the PL response of
monolayer triangles, fractals and hexagons is provided, showing that the
PL emission is higher in the case of triangular MoSey. Furthermore,
MoSe; triangles have the lowest defect density when compared to
fractals and hexagons.

In summary, this study reflects a comprehensive relation between
the formation of low-dimension MoSe; layers with different shapes and
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their optical response. Our investigations also provide insight into
morphological evolution during the CVD process that will prove to be
beneficial when applied in devices fabrication.
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