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g parameters in CVD grown
crystalline monolayer MoSe2†

Girija Shankar Papanai,ab Krishna Rani Sahoo,c Betsy Reshma G,bd Sarika Guptae

and Bipin Kumar Gupta *ab

The quality of as-synthesized monolayers plays a significant role in atomically thin semiconducting

transition metal dichalcogenides (TMDCs) to determine the electronic and optical properties. For

designing optoelectronic devices, exploring the effect of processing parameters on optical properties is

a prerequisite. In this view, we present the influence of processing parameters on the lattice and

quasiparticle dynamics of monolayer MoSe2. The lab-built chemical vapour deposition (CVD) setup is

used to synthesize monolayer MoSe2 flakes with varying shapes, including sharp triangle (ST), truncated

triangle (TT), hexagon, and rough edge circle (REC). In particular, the features of as-synthesized

monolayer MoSe2 flakes are examined using Raman and photoluminescence (PL) spectroscopy. Raman

spectra reveal that the frequency difference between the A1g and E12g peaks is >45 cm�1 in all the

monolayer samples. PL spectroscopy also shows that the synthesized MoSe2 flakes are monolayer in

nature with a direct band gap in the range of 1.50–1.58 eV. Furthermore, the variation in the direct band

gap is analyzed using the spectral weight of quasiparticles in PL emission, where the intensity ratio {I(A0)/

I(A�)} and trion binding energy are found to be �1.1–5.0 and �23.1–47.5 meV in different monolayer

MoSe2 samples. Hence, these observations manifest that the processing parameters make a substantial

contribution in tuning the vibrational and excitonic properties.
Introduction

Ultrathin two-dimensional transition metal dichalcogenides
(2D-TMDCs) have attracted considerable attention over the past
few years owing to their fascinating physical and chemical
properties.1 The broader electron orbitals of selenide (Se2�) in
comparison to sulde (S2�) open up new avenues for numerous
applications in the eld of optoelectronics,2,3 logic circuits,4 and
tunnel FET technology.5 Bulk MoSe2 has an indirect band gap of
�1.1 eV and crossovers into a direct band gap of �1.55 eV in its
monolayer form.6

There are various methods to synthesize monolayer and few-
layer MoSe2, including mechanical exfoliation, liquid-phase
exfoliation, ion insertion, molecular beam epitaxy,
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mation (ESI) available. See
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hydrothermal methods, and chemical vapor deposition.7,8

Among these, chemical vapor deposition is one of the preferred
methods which provides high quality, large area, uniform
thickness, and desired morphology of MoSe2 akes.9–11 However
the optimization of monolayer MoSe2 becomes challenging due
to poor chemical reactivity of selenium (Se) in comparison to
sulfur (S). Generally, solid precursors are converted into the
vapor phase during CVD growth of 2D-TMDCs, and deposited
over the substrate in the solid form viamolecular transport and
surface diffusion processes. Recently, Kim et al. synthesized
monolayer MoSe2 using a promoter assisted liquid phase CVD
process in which ammonium orthomolybdate [(NH4)2MoO4]
was used as a transition metal-containing precursor and
potassium iodide (KI) as a promoter.12 In another study, metal
chlorides, i.e., CaCl2 and SrCl2, were used as promoters to grow
monolayer MoSe2.13 In addition to this, mm-size monolayer
MoSe2 has been synthesized on a soda-lime glass substrate
using a beam bridge transition metal precursor supply by
another research group.14 Nevertheless, there are some draw-
backs to using promoters for large-area synthesis, which
include doping, and the formation of a metal oxide layer
underneath the monolayer TMDCs.15,16

To resolve such complications, promoter-free growth has
been taken into consideration in the present work. Next, in
photoluminescence study of CVD-grown monolayer MoSe2, the
peak position of A exciton varies from �1.48–1.57 eV in earlier
© 2022 The Author(s). Published by the Royal Society of Chemistry
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reports.9,10,17,18 The variation in PL peak position directly affects
nature of quasiparticles. In monolayer TMDCs, the quasipar-
ticle dynamics play a signicant role due to reduced dielectric
screening, strong quantum connement, and the larger effec-
tive masses of charge carriers. In a semiconductor, the funda-
mental optical excitation is electron–hole (e–h) pair which is
bounded via Coulomb attraction called an exciton. The binding
energy of exciton and trion is larger in monolayer TMDCs as
compared to quasi 2D semiconductors, namely GaAs quantum
well, which makes these carriers stable at ambient temperature.
There are several reports on the quasiparticles dynamics and
exciton–trion interaction in monolayer MoSe2.19–22 But inuence
of experimental parameters on the behavior of quasiparticles is
still missing. To explain this, quasiparticles behavior has been
examined at different growth conditions using PL emission
spectroscopy.

In this work, we report the synthesis of high-quality mono-
layer MoSe2 akes using a lab-built CVD setup at atmospheric
pressure. The lattice dynamics and charge carrier features have
been studied in detail under the inuence of processing
parameters in as-synthesized samples and as-obtained shapes.
To the best of our knowledge, inuence of experimental
parameters on Raman scattering and PL in CVD-grown mono-
layer MoSe2 akes is not reported yet.

Experimental section
Synthesis of MoSe2 akes

The monolayer MoSe2 akes have been synthesized using lab-
built CVD setup in a single zone furnace. This lab-built CVD
setup has also been used to synthesize the monolayer MoS2
akes in our previous work.23 Prior to synthesis, SiO2/Si (300
nm) substrates are sonicated in acetone and isopropyl alcohol
(IPA) for 10 min each to remove the surface adsorbates. Further,
the substrates have been rinsed with deionized water followed
by HF dip (2%) and blow-dried using N2 gas. For the reaction,
solid precursors molybdenum(VI) oxide (MoO3) powder (>99%,
Fisher Scientic) and selenium (Se) pellets (99.999%, CERAC)
have been loaded along with SiO2/Si substrate inside the quartz
tube (ID 60 mm � OD 65 mm � L 1200 mm). The MoO3 powder
(15–30 mg) has been placed in alumina boat (length � 9 cm) at
the center of split tube furnace. Se pellets (153–305 mg) have
been kept in second alumina boat at a separation of �20 cm
from MoO3 powder on upstream side of furnace. The Si/SiO2

substrates have been kept upside down above MoO3 powder's
loaded alumina boat towards the downstream side. The reac-
tion chamber has been pumped down up to a base pressure of
�2.8� 10�2 mbar and purged with high purity Ar gas for half an
hour. Aer purging, H2 (10–25 sccm) and Ar (60–200 sccm)
gases have been introduced in the reaction chamber at atmo-
spheric pressure and constantly maintained till the cooling
process. The temperature of furnace has been heated gradually
up to 770–810 �C within 70 min and hold for 15–32 min. Aer
the growth, furnace has been opened at 600 �C and allowed to
cool naturally in the presence of Ar and H2 gas up to 100 �C.
Aer cooling, samples have been taken out and used for further
characterizations.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Transfer of MoSe2 akes on TEM grid

The MoSe2 akes are transferred on holey carbon Cu TEM grid
using HF. The shiny/dark side of TEM grid is put over Si/SiO2

substrate in the region where akes need to be transferred. The
5% HF solution is drop casted on the region of TEM grid using
a micropipette and wait for 30 s. Aer this step, the TEM grid
with MoSe2 akes has soaked in DI water for several times and
dried at ambient condition.
Characterization

The XRD system Rigaku (MiniFlex II) is used to record the
diffraction pattern of MoO3 and Se precursors with Cu Ka1 (l ¼
1.5418 �A) as a radiation source. Optical microscopy has been
used to visualize the synthesized MoSe2 monolayer over Si
substrate having a SiO2 thickness of 300 nm (GMS-India). The
LEXT 3Dmeasuring laser microscope OLS5100 has been used in
the bright eld mode with objective lenses MPLAPON50XLEXT,
MPLAPON100XLEXT having NA, and the working distance of
0.95 and 0.35 mm, respectively. Additionally, Leica DM 2700M
equipped with Ramanmicroscope has also been used to capture
optical images in bright eld mode with 50� and 100�
magnication. Further, the surface morphologies of synthe-
sized MoSe2 akes have been probed using scanning electron
microscopy (FESEM Model: JEOL, JSM-7200F) under an accel-
eration voltage of 5–25 kV. For measuring the thickness of
MoSe2 akes, atomic force microscope (AFM Model: Keysight
5500) has been used in contact mode. The TEM images and
diffraction patterns have been captured with FEI Tecnai TF20
(accelerating voltage: 200 kV) equipped with a eld-emission
gun (FEG) source and a 4k � 4k Eagle CCD Camera. The
chemical states are examined at room temperature using ESCA+
(Omicron Nanotechnology, Oxford Instrument Germany)
equipped with monochromatic Al Ka source (hn ¼ 1486.7 eV).
The binding energy of C 1s core (284.6 eV) is taken as a refer-
ence, and a charge neutralizer of 2 keV is applied to overcome
the charging problem. UV-visible absorption spectrum of the
MoSe2 akes has been recorded using a UV-vis spectrometer
(AvaLight-DH-S-BAL) to study the optical transitions. Raman
and PL measurements have been employed using the Renishaw
inVia™ confocal Raman microscope with 50� magnication at
ambient condition. The Raman spectra have been recorded
using an excitation laser wavelength of 532 nm, having the
power of 2.5 mW under exposure time of 10 s with 2400 l mm�1

grating, respectively. The PL spectra have been captured using
an excitation wavelength of 633 nm having laser power of 5 mW
under exposure time of 10 s with 1800 l mm�1 grating,
respectively.
Results and discussion

The monolayer MoSe2 akes have been synthesized using the
lab-built CVD setup in a single zone furnace. The schematic
diagram of synthesis of MoSe2 akes using solid MoO3 and Se
precursors by the CVD method has been shown in Fig. S1 in the
ESI,† where the notations are in their usual meaning. Prior to
synthesis, MoO3 and Se precursors are also examined using
RSC Adv., 2022, 12, 13428–13439 | 13429
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Table 1 The different samples of monolayer MoSe2 flakes have been synthesized over Si/SiO2 substrate at different optimized processing
parameters

Sample name
Growth temperature
(�C)

MoO3 powder
(mg)

Se pellets
(mg)

H2 ow
(sccm) Ar ow (sccm)

Deposition time
(min)

MS-1 770 30 305 20 60 30
MS-2 770 20 252 15 60 20
MS-3 780 20 185 20 200 32
MS-4 780 15 155 20 60 20
MS-5 780 15 172 20 60 20
MS-6 790 15 153 15 60 20
MS-7 800 25 248 25 100 30
MS-8 810 30 302 10 60 15
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XRD, as displayed in Fig. S2 (in the ESI).† Past study interpreted
that the synthesis of monolayer MoSe2 takes place only when H2

gas is introduced in the reaction chamber.24 Here, H2 gas plays
a key role in creating a reducing environment for MoO3 in
addition to Se and facilitates the growth of MoSe2 monolayer.
The formation of monolayer MoSe2 occurs on the substrate via
reaction of MoO3 and Se in the presence of Ar and H2 gas. With
a similar analogy of MoS2 formation, the plausible stepwise
reaction can be expressed by the following equations:25

MoO3 þ x

2
Se/MoO3�x þ x

2
SeO2 (1)

MoO3�x þ 7� x

2
Se/MoSe2 þ 3� x

2
SeO2 (2)
Fig. 1 The optical images of eight different CVD-grown monolayer MoS
SiO2 thickness of 300 nm. (a and b) Sample MS-1. (c and d) Sample MS-2.
and l) Sample MS-6. (m and n) Sample MS-7. (o and p) Sample MS-8.

13430 | RSC Adv., 2022, 12, 13428–13439
Here, eqn (1) shows the reaction during the period of the
heating ramp, and eqn (2) describes the reaction in the period
of holding time of temperature during growth. To obtain high
quality MoSe2 monolayer, the number of processing parame-
ters, namely gas ow rate, location of substrate, growth
temperature, and growth time, need to be optimized. The best
samples of as-synthesized monolayer MoSe2 akes on Si/SiO2

substrate (MS-1 to MS-8) at different optimized conditions have
been tabulated in Table 1. The optical images of different
samples of monolayer MoSe2 akes over Si substrate having
SiO2 thickness of 300 nm have been illustrated in Fig. 1. The
contrast variation in optical images appears due to the different
optical settings of used microscopes. One can see the different
e2 samples are named MS-1 to MS-8, deposited on Si substrate having
(e and f) Sample MS-3. (g and h) Sample MS-4. (i and j) Sample MS-5. (k

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 SEM images of CVD grownmonolayer MoSe2 samples over Si/SiO2 substrate: (a and b) sample MS-3. (c and d) Sample MS-4. (e–i) Sample
MS-5. (j–l) Sample MS-6.
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shapes of MoSe2 akes, namely sharp triangle (ST), truncated
triangle (TT), hexagon, rough edge circle (REC), at varying
experimental conditions. The large area deposition of MoSe2
monolayer can be observed as well from Fig. 1d, f and h.
Further, the morphological evolution of monolayer MoSe2
akes has also been explored using scanning electron micros-
copy (SEM). Fig. 2 displays the SEM images of four samples, i.e.,
MS-3, MS-4, MS-5, and MS-6. These four samples are chosen for
SEM measurements due to more coverage of individual shapes
at one location over the Si/SiO2 substrate. The SEM images of as-
synthesized REC MoSe2 akes having non-uniform zig-zag (zz)
edges are shown in Fig. 2a–d. Fig. 2e–i exhibits the SEM images
of different shapes such as ST, TT, and hexagon, respectively.
The as-synthesized different shapes in MS-5 are obtained at
different locations on same substrate due to gradient in the
evaporation rate of Mo and Se. Fig. 2j–l presents the SEM
images of REC, ST, and hexagon shapes of monolayer MoSe2.
The precursor dynamics, which include evaporation, transport,
and chemical reaction, determine the different shapes of MoSe2
© 2022 The Author(s). Published by the Royal Society of Chemistry
akes. The different experimental conditions affect the process
of edge diffusion and attachment of atoms. Therefore, shape of
akes is transformed into another shape according to their
thermodynamic stability. As shown in Fig. 2, the sample MS-5
covers most of the region by high-quality single-crystal ST and
hexagon akes.

Next, the surface morphology of sample MS-4 shows iden-
tical REC shapes with high uniformity. It is generally known,
the compactness of any shape is dened by the area to perim-
eter ratio, and the REC has the large compactness.

The formation of REC shape resulted from the high growth
rate of both Mo and Se edges, suggesting that both edges have
insufficient time to diffuse on the preferable location of the
lattice. Under the Se rich atmosphere, Mo atoms have more
probability of attaching with Se atom instead of another
incoming Mo atom at the ake edge; enhance the lateral
growth. One can notice from the surface morphologies that the
nucleation takes place on substrate in a random manner.
However, color contrast in each sample indicates that the
RSC Adv., 2022, 12, 13428–13439 | 13431
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monolayer akes are formed with high uniformity (see Fig. 1).
Aer the nucleation process, monolayer growth takes place via
attachment and diffusion of adsorbed atoms on substrate.
Quantitatively, distribution of adsorbed atoms and the growth
rate can be represented by the following diffusion equation:26

vcn

vt
¼ DnV

2cn þ Fn � cn

sd;n
(3)

where cn, Dn, Fn, and sd denote the number of adsorbed atoms,
diffusion coefficient, adsorbed atoms supply rate, and effective
lifetime of adsorbed atoms before desorption. By tuning the
diffusion length l ¼ ffiffiffiffiffiffiffiffi

Dsd
p

and adsorbed atom supply rate (F),
the growth in lateral direction can be controlled. As the ow rate
of H2 and Ar gases increases, the number of adsorbed atoms
enhances. Consequently, probability of nucleation becomes
higher on the substrate. At the moment of high ow rate of H2

gas, the formation of MoO3�x speeds up along with the excess Se
vapor in reacting region, which makes more coverage of MoSe2
akes over the substrate. In case of low ow rate of H2 gas, the
amount of Se vapors can not transport sufficiently, and proba-
bility of MoSe2 coverage over the substrate becomes lower.
However, the shapes are not transformed into perfect ST, TT,
REC, and hexagon at a low H2 ow rate (MS-8). On the other
hand, most regions are covered by the hexagons (MS-7) at a high
ow rate of H2 gas. The effect of H2 ow on MoSe2 akes has
been previously reported in detail by another research group.27

Next, variation in temperature from 770 �C to 810 �C increases
the evaporation rate of precursors which directly inuence
growing rate of Mo and Se edge. Consequently, difference in Mo
and Se edge termination creates varying shapes on the
substrate. Further, in the course of a high ow rate of Ar gas,
smoothening on the ake side is minimized (MS-3). Moreover,
as growth time increases, MoSe2 akes start to merge together
and form the large area monolayer (MS-1 andMS-3). In addition
Fig. 3 (a) Top view of crystal structure of monolayer MoSe2. The pictoria
synthesized monolayer MoSe2 flakes: ST with (b) Mo-zz and (c) Se-zz te

13432 | RSC Adv., 2022, 12, 13428–13439
to this, merging of akes is also appeared in other samples
owing to the high precursor's weight ratio (MoO3 : Se). One
would conclude from these observations, the shape of MoSe2
akes can be tailored by varying processing parameters.

Now, we turn our attention towards the crystal structure of
monolayer MoSe2 and different atomic arrangements in ob-
tained shapes. The crystal structure of monolayer MoSe2
consists of a 2D hexagonal lattice, where Mo and Se atoms are
arranged in trigonal prismatic coordination (Fig. 3a). Further,
the possible atomic arrangements in different as-synthesized
shapes (ST, TT, hexagon, and REC) are represented in Fig. 3b–
f. Fig. 3b and c show the atomic arrangements with Mo-zz
termination and Se-zz termination in ST shape. One can
observe the difference in the arrangement of Mo and Se atoms
in TT, hexagon, and REC (see Fig. 3d–f). Based on the slowest
and fastest-growing faces (Mo-zz and Se-zz), one can determine
the shape of MoSe2 akes. The transformation from ST to REC
shapes is a direct consequence of the surface energies of both
Mo and Se edges. Apart from this, the variation in shape of
MoSe2 akes is ascribed to the change in Mo : Se ratio of
precursors.

In order to examine the quality and number of layers of as-
synthesized MoSe2 akes, Raman spectroscopy has been
carried out. Fig. 4a shows Raman spectra of as-synthesized
MoSe2 akes over Si/SiO2 and quartz substrate. The Raman
spectra are captured at the center of the MoSe2 akes. The most
pronounced single component peak (A1g) has been found at
239.75 and 239.89 cm�1 in Si/SiO2 and quartz substrate,
respectively. One can observe the A1g mode intensity is higher in
Si/SiO2 substrate than quartz substrate. The other major Raman
modes are observed at 170.53 cm�1 (E1g), 250.28 cm�1 (second-
order Raman mode) and 286.93 cm�1 (E12g) over Si/SiO2

substrate. The MoSe2 monolayer belongs to the space group
D1
3h and in case of the monolayer, the irreducible representation
l diagram of Mo and Se atomic arrangements in different shapes of as-
rmination; (d) TT, (e) hexagon, and (f) REC.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Raman spectrum of monolayer MoSe2 flakes on the Si/SiO2 and quartz substrate. (b) Raman spectra of different monolayer MoSe2
samples (MS-1 to MS-8) over Si/SiO2 substrate and vertically stacked for clarity. (c) Raman spectra of as-obtained shapes such as ST, TT, hexagon,
and REC of monolayer MoSe2 over Si/SiO2 substrate. The Raman spectra are stacked vertically for clarity, and the scale bar in each shape is 2 mm.
Peak position variation of A1g and E12g Raman modes (left vertical axis) and their frequency difference (right vertical axis): (d) in as-synthesized
samples and (e) in as-obtained shapes. Raman mapping in sample MS-3: (f) peak intensity, (g) peak position, and (h) peak width. Raman mapping
in sample MS-5: (i) peak intensity, (j) peak position, and (k) peak width. The scale bar is 5 mm in each mapped image.
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of the G phonons is described by G ¼ A0
1 þ E00 þ 2A00

2 þ 2E0. At G
point, MoSe2 monolayer has the nine-phononmodes having six-
optical and three-acoustic branches.28 The Raman active modes
A1g ðA0

1Þ relates to the out of plane vibrations of Se atoms and
E1
2g (E0) is attributed to in plane vibrations of Mo and Se atoms.

The E00 and A00
2 modes are not Raman active in monolayer. The

peak appeared close to 250 cm�1 is second order Raman mode
owing to double resonance process. The frequency difference
between A1g and peak close to 250 cm�1, A1g and E1

2g peaks are
found to be �10.53 cm�1 and �47.18 cm�1; the peak intensity
© 2022 The Author(s). Published by the Royal Society of Chemistry
close to �170 and �360 cm�1 is found to be negligible as
compared to A1g peak (see Fig. 4a).These above mentioned
features conrms that the synthesized MoSe2 akes are mono-
layer in nature and agrees well with the previous reports.29,30

Fig. 4b and c displays Raman spectra of different samples (MS-1
to MS-8) and different as-obtained shapes, i.e., ST, TT, hexagon,
and REC of monolayer MoSe2 at the center location. The
frequency difference between A1g and peak close to 250 cm�1 is
found to be >10 cm�1 suggesting that the as-synthesized
samples and as-obtained shapes are monolayers in nature.
RSC Adv., 2022, 12, 13428–13439 | 13433
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Fig. 6 Survey scan is captured on the as-synthesized monolayer
MoSe2 flakes deposited on the Si/SiO2 substrate. The identified
elements are marked.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 5
:3

9:
02

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The peak frequencies of A1g and E1
2g Raman modes, along with

their frequency differences in different as-synthesized samples
and as-obtained shapes of monolayer MoSe2 have been shown
in Fig. 4d and e. The frequency difference between these two
modes has been found to be >45 cm�1 which further conrms
that the as-synthesized samples and as-obtained shapes are
monolayers in nature.30 The peak frequency of A1g and
E1
2g Raman modes vary from 239.52 to 240.91 cm�1 in as-

synthesized samples and 284.83 to 287.38 cm�1 in as-
obtained shapes, respectively. One can notice that the varia-
tion in experimental parameters does not affect the frequency of
A1g mode signicantly. Moreover, to more thoroughly examine
the uniformity of A1g vibrational mode, Raman mapping has
been employed. Fig. 4f–h illustrates Raman mapping in sample
MS-3, and the intensity map shows the uniform color contrast at
centre as well as edge, as depicted in Fig. 4f. The peak position
map displays different color contrast at edge andmiddle region,
as can be seen from Fig. 4g. The peak width map reveals the
nearly uniform contrast except some regions nearby centre, as
shown in Fig. 4h. Fig. 4i–k shows the Ramanmapping in sample
MS-5 and color contrast shows the small variation in few loca-
tions in peak intensity, peak position and peak width mapping.
It can be noticed that Raman mapping of A1g mode shows
higher uniformity in MS-3 as compared to MS-5. These obser-
vations clearly conrm that the as-synthesized samples are high
in quality. Further, AFM has been employed to examine the
uniformity and thickness of monolayer MoSe2 akes over Si/
SiO2 substrate, which is shown in Fig. S3 (in the ESI).† Next,
TEM has been carried out to examine the crystalline structure of
CVD-grown MoSe2 akes. Fig. 5a shows the bright eld plan-
view TEM image of MoSe2 ake having REC shape at low
magnication. The high-resolution TEM (HRTEM) image is
shown in Fig. 5b, and inset shows the enhanced view of lattice
fringe which is marked by rectangular region. The lattice
spacing is measured from the HRTEM image and found to be
�0.28 nm, which corresponds to {101�0} planes. Fig. 5c displays
the selected area electron diffraction (SAED) pattern within the
REC shape, having one set of diffraction spots with six-fold
symmetry. These features conrm that the synthesized mono-
layer MoSe2 akes are single crystalline in nature. From the
Fig. 5 (a) The bright-field TEM image of transferred monolayer MoSe2
shows the enhanced view of the atomic arrangement of Mo and Se atom
symmetry of the MoSe2 structure.

13434 | RSC Adv., 2022, 12, 13428–13439
SAED pattern, one can also compute the lattice spacing corre-
sponds to {10�10} and {112�0} planes, which are determined to be
�0.28 nm and �0.16 nm and agree well with previous
reports.2,10,24 Furthermore, to examine the oxidation states and
atomic ratio in an as-synthesized monolayer MoSe2, X-ray
photoelectron spectroscopy (XPS) has been carried out. The
survey scan of as-synthesized MoSe2 akes deposited over Si/
SiO2 substrate is displayed in Fig. 6. The core-level spectra of Mo
3d and Se 3d are displayed in Fig. 7a and b. The spectra are
tted with the Gaussian–Lorentzian function, and the esti-
mated background is Shirley type. The Mo 3d spin–orbit
doublet comprises two peaks Mo 3d5/2 � 228.5 eV and Mo 3d3/2
� 231.8 eV, which corresponds to Mo4+ 3d states.

Additionally, a relatively more minor amount of MoO3 is
expectedly present in MoSe2 akes, conrmed by the appear-
ance of the binding energy peaks at 232.7 eV (3d5/2) and 235.7 eV
(3d3/2) of Mo6+ charge states and agrees well with Mo6+ oxida-
tion state from a-MoO3.31 The Se 3d spectra at the binding
energy of �54.7 eV and 55.7 eV relate with the doublets core
flake having REC shape. (b) HRTEM image of the REC shape and inset
s with a scale bar of 0.5 nm. (c) SAED pattern confirms the hexagonal

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 High-resolution XPS spectra of (a) Mo 3d and (b) Se 3d recorded
at room temperature.
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level 3d5/2 and 3d3/2, which belongs to the Se2� oxidation state
of selenium.

One can observe that the Mo6+ 3d state and Se2� 3s state
overlap with theMo4+ 3d states.32 The above-mentioned features
closely match with the earlier published literature of CVD-
grown monolayer MoSe2.10,33,34 In order to estimate the atomic
ratio, the integrated peak areas of Mo4+ 3d and Se2� 3d peaks
have been taken into consideration, and peak areas are
normalized with respect to the atomic sensitivity factor. The
estimated Se/Mo ratio is found to be �1.8, indicating a large
amount of Se vacancies are present in as-synthesized MoSe2
akes.

Further, in order to determine the optical transitions, the
absorption spectrum is collected on monolayer MoSe2 akes
over the quartz substrate, as shown in Fig. S4 (in the ESI).†

Moreover, photoluminescence is another robust technique
to characterize the quality of the as-synthesized MoSe2 akes.
Fig. 8a shows the PL spectra of monolayer MoSe2 over Si/SiO2

and quartz substrate at room temperature. The prominent
emission peak is found to be at�799.35 nm (1.55 eV) on Si/SiO2

and �792.58 nm (1.56 eV) on a quartz substrate. The strong
emission peak is attributed to the direct transition at the K point
of the Brillouin zone, and the direct band gap emission is
corroborated with the previous reports of the monolayer
MoSe2.24,27 A red shi has been observed in PL peak position on
Si/SiO2 substrate, and PL intensity is reduced approximately
Fig. 8 (a) PL spectrum of monolayer MoSe2 flakes over Si/SiO2 and quart
to MS-8) over Si/SiO2 substrate. (c) PL spectra of as-obtained shapes of

© 2022 The Author(s). Published by the Royal Society of Chemistry
seven times compared to the quartz substrate. The strong PL
intensity on quartz substrate is owing to the availability of rich
electron density, which induces more excitons formation. It is
worth noting that a broader tail at high wavelength side and
a steep edge at the lower wavelength side in PL emission.
Furthermore, Fig. 8b and c illustrate the PL spectra of different
as-synthesized samples and as-obtained shapes. In each
sample, the PL spectrum is recorded at the center of ake. In
both the gures, displayed spectra are collected at one location
of monolayer MoSe2. It is interesting to note that the PL
intensity of MS-7 is more pronounced as compared to other
samples (see Fig. 8b). On the other side, REC shape exhibits
most prominent PL feature among all the obtained shapes. The
peak position of A exciton along with the normalized PL in as-
synthesized samples and as-obtained shapes is displayed in
Fig. S5a and b (in the ESI).† The signicant shi has been
observed in A exciton peak energy which is in range of �1.52–
1.57 eV, as described in Fig. S5a (in the ESI).† It can be noticed
that A exciton peak is observed in the range of �1.506–1.514 eV
in as-obtained shapes. The as-obtained shapes which are dis-
played in Fig. S5b (in the ESI),† belong to sample MS-6. In
addition to this, the distinct shapes have been analyzed in each
sample and found that the A exciton peak lies within the range
of �1.50–1.58 eV, 1.50–1.52 eV, 1.50–1.56 eV, and 1.51–1.57 eV
for ST, TT, hexagon, and REC shapes respectively. The excitonic
quasi-particles (excitons and trions) exist together at room
temperature by virtue of strong Coulomb interactions in 2D
materials.

The appearance of prominent excitonic features in the
monolayer is attributed to the large binding energies. The large
exciton binding energy occurs because of the geometrical
connement of excitonic quasiparticles in low dimensional
systems, which enhance the e–h overlapping.35,36 Additionally,
the interaction between charges becomes stronger as the
thickness goes down; as a consequence screening effects
become lower and induces the strong electron–electron corre-
lation.37 Moreover, to examine the contribution of neutral
exciton (A0) and trions (A�) in strong PL emission, the PL
spectra are tted with two Voigt functions, as shown in Fig. 9a–l.
The PL emission of trion is red shied in each case, ascribed to
z substrate. (b) PL spectra of different monolayer MoSe2 samples (MS-1
monolayer MoSe2 flakes.

RSC Adv., 2022, 12, 13428–13439 | 13435
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Fig. 9 PL spectra are deconvoluted for obtaining the neutral exciton and charge exciton contribution: (a–h) as-synthesized samples (MS-1 to
MS-8) and (i–l) as-obtained shapes. Experimental data, fitted data, A0 exciton PL peak, and A� trion PL peak are represented by circular dots
(black), blue lines, red lines, and green lines, respectively, where D is the energy difference between A0 exciton and A� trion. Schematic diagram
of the excitonic transitions: (m) A0 exciton formation and (n) A� trion formation. Here EA0, EA�, Eg, PLA0, and PLA�, denote the A0 exciton binding
energy, A� trion binding energy, electronic band gap, PL peak energy of A0 exciton, and A� trion. In the case of A0, the electronic band gap (Eg) is
the sum of PL peak energy (PLA0) and the neutral exciton binding energy (EA0), which is expressed as Eg ¼ PLA0 + EA0. For charged exciton (trion),
the electronic band gap is described as Eg ¼ PLA� + EA0 + EA�. PL mapping in the edge of large-area monolayer MoSe2: (o) peak position and (p)
peak intensity. PL mapping in the REC shape: (q) peak position and (r) peak intensity.
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electron–phonon interaction. The trion emission is lower than
neutral exciton emission in all the synthesized samples and
different obtained shapes, depicted in Fig. 9a–l. The quasipar-
ticle's intensity ratio {area ratio, I(A0)/I(A�)} has been found $2
in all the synthesized samples and obtained shapes except
sample MS-8. In sample MS-8, I(A0)/I(A�) is found to be �1.1,
suggesting that the emission of trion is almost comparable to
neutral exciton emission. These observations indicate that the
stronger radiative recombination takes place in samples MS-1
to MS-7 and as-obtained shapes in comparison to MS-8. The
obvious difference in I(A0)/I(A�) as a consequence of the varying
experimental conditions. Generally, variation in growth
temperature generates a signicant strain on the substrate due
13436 | RSC Adv., 2022, 12, 13428–13439
to which the deposited monolayer akes are affected. In addi-
tion, the different concentration of precursors in vaporized
form induce varying defect structures in as-synthesized shapes.
Previously, it has been observed that the extra charges originate
from doping, defects, substrate, and gate biasing.38,39 To gain
more physical insight into trion binding energy, the calculation
of energy difference (D) between A0 and A� is required. The PL
peak energy position of neutral exciton and trion has been
illustrated in Fig. S5c (in the ESI)† for the as-synthesized
samples. The energy difference (D) between A0 exciton and A�

trion is found to be 23.3–47.5 meV. Similarly, the excitonic peak
positions in as-obtained shapes have been shown in Fig. S5d (in
the ESI),† and energy difference is observed in the range of 23.1–
© 2022 The Author(s). Published by the Royal Society of Chemistry
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33.5 meV, respectively. Previously, it has been seen that trion
binding energy is approximately 0.1 times the exciton binding
energy in monolayer TMDCs.40 In the present study, obtained
trion binding energy in as-synthesized samples and as-obtained
shapes are closely matched with the earlier report39 and the
small shi in trion binding energy as a result of varying elec-
tron–phonon coupling strengths. These results point out that
the behavior of neutral and charged exciton in PL spectra is
signicantly affected by experimental conditions. Moreover,
Fig. 9m and n display schematic energy band diagram of neutral
exciton (A0) and trion (A�). In case of A0, the electronic band gap
(Eg) is sum of PL peak energy (PLA0) and neutral exciton binding
energy (EA0), which is expressed as Eg ¼ PLA0 + EA0. Now, in case
of charged exciton (trion), electronic band gap is described as Eg
¼ PLA� + EA0 + EA�, where EA� is the binding energy of A� trion.
Here, excitation energy of 1.96 eV is used to capture PL spectra
and which is larger than the band gap. When the bound e� is
promoted in the conduction band via interaction of light, the
high energy e� loses energy in form of thermal energy and
settles down in the minimum energy state in the conduction
band (conduction band minimum), as shown in Fig. 9m and n.
As similar, the thermalization loss occurs in valence band also,
holes move towards their minimum energy state, which is the
top of valence band (valence band maximum).

However, in semiconductors, there are two mechanisms of
exciton formation which are mainly taken into consideration:
(a) high kinetic energy exciton generates the photon along with
phonon emission concurrently, the e–h recapitulate during this
process;41 (b) formation of bi-molecular exciton.42 But in case of
monolayer TMDCs, the recapitulation of e–h only takes place
when excitation energy is lower than the free particle band gap.
When carrier densities becomes high, probability of the scat-
tering (elastic or inelastic) with free carriers is enhanced. A new
state comes in to the existence as inelastic scattering occurs
between free charge carriers and exciton. Throughout this
process, excitons gained extra charge and created the trion
states. Furthermore, PL mapping has been carried out over
MoSe2 akes to probe the crystal quality. Fig. 9o–r shows the PL
maps with respect to peak position and peak intensity of A
exciton in edge of large area MoSe2. The color contrast of peak
position map exhibits boundary of a large area, which has
a slight difference as compared to centre of a large area, as
shown in Fig. 9o. In the peak intensity map, PL intensity
becomes lowers towards boundary of a large area and enhances
at the central part, illustrated in Fig. 9p. The PL peak position
and peak intensity images of A excitonic peak in REC shape
have been illustrated in Fig. 9q and r. The color contrast of REC
shape displays the uniform region except few darker regions
where the PL peak positions are blue shied (see Fig. 9q). The
PL intensity map reveals that intensity is uniform in almost all
the regions aside from some of the small patches, as can be seen
from Fig. 9r. In addition, PL peak position and peak intensity
maps on the distorted hexagonal shape have been shown in
Fig. S6 (in the ESI).† The PL position and intensity maps imply
that the as-synthesized samples are high in quality and mono-
layer in nature.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Hence, present work offers a platform for the optical tuning
of excitonic emission in CVD-grown monolayer MoSe2 and
exploring the applications in eld of optoelectronics and
valleytronics.

Conclusions

In summary, we have been synthesized high-quality monolayer
MoSe2 akes using a lab-built CVD setup, and a range of shapes,
namely sharp triangle, truncated triangle, hexagon, rough edge
circle, have been evolved in the course of growth at different
optimized conditions. The obtained morphologies of mono-
layer MoSe2 conrmed that the processing parameters,
including growth temperature, gas ow rate, substrate's loca-
tion, and growth time, played a crucial role in controlling the
quality of samples. An extensive study of Raman scattering in
as-synthesized samples (MS-1 to MS-8) and as-obtained shapes
have been presented and conrming that prepared samples are
highly uniform and monolayer in nature. Further, prominent
PL emission at room temperature conrms the monolayer
nature of synthesized MoSe2 akes, where peak energy of A
exciton is found to be in the range of 1.50–1.58 eV. Moreover,
binding energy of trion is evaluated in monolayer MoSe2 and
found to be in the range of 23.1–47.5 meV. The spectral weight
of exciton and trion in PL emission directly affects the process
of radiative recombination. In addition, the emission of trion
has been found very weak as compared to the neutral exciton
emission in most synthesized samples. Thus, this study opens
up new avenues to get insight into lattice and quasiparticles
dynamics under the inuence of processing parameters and
may pave the way in controlling the optical properties.
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