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ABSTRACT

-The development of high-quality chemical vapor-deposited mono- and few-layer MoS; is of high relevance for future applications in func-
tional devices. Consequently, a detailed understanding of the growth mode and the parameters affecting it is important. Here, we show for
the case of mono- and few-layer MoS; grown on Muscovite mica, how strain and temperature impact the growth mode. We show how mis-
leading the determination of the number of MoS; layers is, solely based on Raman spectroscopy due to the occurrence of strain and changes
in the growth mode. A combination of atomic force microscopy, Raman spectroscopy, and ab initio calculations reveal that that the growth at
500 °C synthesis temperature exhibits a strained layer-by-layer growth of up to three mono-layers, whereas at 700 °C, a strain release occurs
and layer-by-layer growth is confined to the first mono-layer only. We relate the occurrence of strain to the formation of gas bubbles below the
MoS; film, escaping the mica sheets during high temperature synthesis. Our analysis shows that mica substrates can be used to study strain
in 2D materials without the need to apply external stress and that a detailed knowledge of the MoS, morphology is necessary to correctly
interpret the Raman results.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0087207

I. INTRODUCTION

Since the discovery of graphene in 2004 by Geim and
Novoselov,! the exploration of two dimensional materials (2D)
began and revealed a huge variety of materials with unique prop-
erties and a wide range of applications.” Within the family of 2D
materials, transition metal dichalcogenides (TMDs) with the general
structural formula MX; are of particular interest. They are built
up from a transition metal (M = Mo, W) and two chalcogenide
(X =S, Se, or Te) atoms. Among them, MoS; is technologically
very interesting due to its unique electronic’ and optical prop-
erties,” leading to a large variety of suggested applications such
as nanoelectronics,”” solar cells,”” and optoelectronics.'”'" Par-
ticularly, for applications in future technologies, the realization of
high-quality mono-layer (ML) and few-layer (FL) MoS; is crucial.
To achieve high-quality ML or FL MoS;, an atomically flat substrate
is required. Therefore, Muscovite mica (KAl [(OH,F),IAlSizO10])
is a well-suited substrate for growing 2D materials since it is an

atomically flat and inert layered material that is easy to clean
via cleaving.'” Chae et al.'® showed that a flat and chemically
inert substrate decreases the amount of inherent strain and charge
doping in the grown MoS, film. Advantageously, its mechani-
cal flexibility allows us to investigate strain induced changes in
the MoS; and other novel 2D materials."* Applying controlled
strain to MoS; and other TMDs is interesting since it allows
us to manipulate the electronic structure, e.g., a transition from
direct to indirect bandgap can be observed.'” To understand the
observed electronic properties, the number of MoS; layers and the
degree of strain must be known. In addition, the introduction of
controlled strain, also unintended strain, can occur in the MoS;
layer, for instance, in films grown via chemical vapor deposition
(CVD).

The growth process for CVD-grown MoS,, using metallic Mo
as a precursor, on mica substrates is not well investigated yet, espe-
cially not from ML to FL MoS,. For future applications where FL
MoS; is needed, a proper understanding of its growth mode is
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essential. In addition to the interest for the growth mode itself,
being either Stranski-Krastanov (layer-plus-island growth; SK),
Volmer-Weber (pure 3D island growth; VW), or Frank-van der
Merwe growth (pure layer-by-layer growth; FM), it is also of interest
in the case of SK-growth mode to find out what the critical layer
thickness is and from where the transition from layer-by-layer to
island growth occurs. Ji et al.'” showed that for MoS; on mica grown
at 530 °C, a Stranski-Krastanov (SK)-growth mode with a critical
layer thickness of 1ML was observed, and they argued that com-
pressive strain causes the transition from layer-by-layer to island
growth. However, in that study, only ML MoS, with MoOs_, as a
precursor was grown. To determine quantities such as the number
of MoS; layers or the critical layer thickness, several characterization
techniques can be used. In the case of a fully covering film, the
identification of the number of MoS; layers is usually carried out by
employing Raman spectroscopy and identifying the peak distance
between the high-frequency optical phonon modes A, and Eig,m“

which is also substrate dependent.'”'® In the case of unstrained and
atomically flat MoS, layers, this approach leads to unambiguous
results. However, in the case of strained layers, the interpretation
of the Raman spectra becomes more challenging since the strain in
the MoS, will have a substantial impact on the position and peak
distance of the high-frequency phonon modes. A tensile strain of
only around 0.35% is already able to increase the peak distance by
0.5 cm ™" while larger shifts in the range of several wavenumbers
can be observed for compressive strain,”’ which is in the same
range as the peak distance increase when going from ML to FL
MoS,.* This could lead to a wrong determination of the number
of MoS; layers on fully covering Mo$; films solely based on Raman
spectroscopy. Hence, a proper understanding of how the high-
frequency phonon modes are influenced by strain is crucial. Fur-
thermore, strain effects need to be decoupled from morphological
effects (roughness, layer number, growth mode). A simple exam-
ple illustrates the impact of the morphology. A completely flat fully
covering bi-layer exhibits, according to density functional theory
(DFT) calculations, a Raman peak distance of 23 cm™!. In the case
of an SK-growth mode with a critical layer thickness of 1ML, it
could be envisioned as half of the area being covered with 1ML of
MoS; and the rest with tri-layer MoS,. Here, we then assume that
the tri-layer structures are small enough and evenly distributed on
the surface such that the laser spot size, with a usual diameter of 1
pm, always measures an area such that 50% of the signal is com-
ing from the mono-layer and 50% from the tri-layer MoS,. Hence,
the Raman peak separation would result in 0.5 x 20 + 0.5 x 24 = 22
cm™" where we assume a thickness independent Raman yield, and
a peak separation of 20 cm™ for ML and 24 cm™" for tri-layer
MoS;. Consequently, redistributing a bi-layer of MoS, to a mono-
layer with 50% coverage of a tri-layer results in a change of the
Raman peak separation by 1 cm™. This simple thought experi-
ment highlights that the analysis of FL MoS; by Raman spectroscopy
always needs to be accompanied by a nanoscale analysis of the
morphology.

In this study, we investigate the growth mode of MoS, on
Muscovite mica sheets in order to better understand the interplay
between the film thickness, strain, and growth mode. We show
how misleading the determination of the number of MoS, layers
is, solely based on Raman spectroscopy due to the occurrence of
strain and different growth modes, which is corroborated by DFT
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calculations. We also show that the layer-by-layer growth of CVD-
grown ML to FL MoS; films on mica depends sensitively on the
substrate temperature. This can be traced back to the thermal expan-
sion of different amounts of encapsulated gases dissolved in the mica
sheets, which changes the strain in the 2D layer during the sulfuriza-
tion. Our analysis shows that mica substrates can be used to study
strain in 2D materials, without the need to apply external stress
and that the growth mode needs to be studied with atomic force
microscopy (AFM) in combination with Raman spectroscopy to dis-
entangle the different contributions that impact the Raman peak
separation.

Il. METHODS

The thickness of the metallic Molybdenum (Mo) film varied
between 0.18 and 1.8 nm followed by a sulfurization in a tube
furnace. The deposition of metallic Mo was carried out by DC sput-
tering, with a sputter rate of 0.18 nm/s at 240 W. The sputter rate
was calibrated via a quartz crystal monitor. Two thickness sets were
sulfurized at 500 and 700 °C for 30 min each. All sulfurizations were
made with the same and constant heating ramp. For this, the Mo
covered mica sheets were placed in a graphite box together with
elemental sulfur. From the thickness of the sputtered Mo film
(hmo), it is possible to estimate the number of fully covering MoS,
ML equivalents (MLE) that can grow from it, by linking hy, to
the MoS; film thickness (hmos,). The details are explained in the
supplementary material, and the final relation is described by
hmos, = 3.4 x hyo. Hence for growing one fully covering ML of MoS;
(Nt = IMLE), one needs to sputter 0.18 nm of metallic Mo, with
the height of one ML of MoS; being 0.65 nm. The total amount of
deposited MoS; deduced from this relation is referred to as Ny in
the following. For thicker films, this procedure can be easily scaled
up and controlled via the Mo deposition time. The actual amount of
grown MoS, was corroborated via ambient AFM and analyzed via
gray scale determination. From the topographies acquired via AFM,
the number of open MoS; layers, Nor, was deduced by applying a
height threshold in steps of 0.65 nm (height of an ML of MoS;). Nor.
does not necessarily coincide with the total number of layers, since
in AFM, we cannot estimate the number of fully covering layers
below the islands. Retrieving the area A; of each open layer yields a
histogram of A; against Nor. Summing them up yields the number
of fully covering MoS, ML equivalents, Nmig, that the MoS; in the
open layers correspond to, expressed as

N

Ai
Numie = ) Y

i1 Atot

x 1 ML. (1)

N is limited by the condition that the area A; of an open layer at
a height step of i must be larger than zero. The value for Nyt is
calculated by taking the sum over all open layers N from all the rel-
ative ratios of the area A; of the open layer i and the total area of
the topography A, being 10 x 10 gm?, and multiplying it with 1
ML. By definition, the amount of hidden MoS; layers, Npidden, that
are invisible for the AFM, is deduced by subtracting the amount of
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MoS; contained in the open layers, Nyig, from the total deposited
number of ML MoS;, Nt [Eq. (2)],

Nhidden = Ntot — NMLE. (2)

The AFM measurements were performed with the MultiMode AFM
with Nanoscope V controller in tapping mode. The AFM measure-
ments were carried out under ambient conditions, e.g., the samples
were air exposed. The Raman spectra were acquired with a Renishaw
inVia spectrometer at ambient conditions with a 442 nm laser, a
2400 —- grating, and a power of 277 yW that did not damage
our sample The peak fitting for the high-frequency optical phonon
modes E%g and Ay turned out to be challenging due to an overlap
with the underlying mica Raman modes, which is further elabo-
rated in the supplementary material, Fig. S1. When comparing the
FWHM of the Raman peaks of the high-frequency phonon modes
Ajgand Eég of a bulk single crystal of MoS, with those from the CVD
grown 5ML 500 °C and 5ML 700 °C samples (see supplementary
material, Fig. S8), it is clear that the latter two show broader peaks.
This is further discussed in the supplementary material.

We realized in this work that PL is not a suitable tool to measure
the optical qualities of the MoS; film, since the PL of mica is very
dominant and interferes with the PL of MoS;. The PL measurements
are displayed in the supplementary material, Fig. S6.

For the first-principles calculations of the phonons of strained
mono-layer and bulk MoS,, we employed density functional pertur-
batlon theory (DFPT) as implemented in the QuantumESPRESSO
suite.”””” We use optimized, norm-conserving Vanderbilt pseu-
dopotentials” to describe the bare electron-nuclei interaction,
explicitly retaining the molybdenum semi-core 4s and 4p states in
the set of valence electrons. The electron-electron interaction was
approximated on the level of the local density approximation (LDA)
in the parametrization of Perdew and Wang.>* The electronic wave
functions were expanded in a plane wave basis, using an energy cut-
off of 120 Ry. We sampled the first Brillouin zone of mono-layer
MoS; with a 12 x 12 x 1 uniform mesh, while we used a 12 x 12 x 4
uniform mesh for bulk MoS,.

For both the mono-layer and bulk case, we first obtained the
relaxed crystal structure and optimized the nuclei positions in the
unstrained case. The total energy was converged up to 10~ Ry, each
component of the residual force on each atom was required to be
less than 107 Ry/bohr, and the total pressure was required to be
less than 0.02 kbar in the relaxed structure. In the case of mono-
layer MoS;, we only relaxed the in-plane lattice constant, finding
a value of 3.121 A, using a vacuum spacing (Mo-Mo distance) of
16 A to avoid spurious interactions between layers. For bulk MoS,
we relaxed both the in- and out-of-place lattice constants, finding
relaxed values of 3.123 and 12.074 A, respectively.

We then performed calculations with in-plane biaxial strain by
varying the in-plane lattice constant. In each case, we optimized the
nuclei positions in the strained structure. For bulk MoS,, we addi-
tionally re-calculated the optimized out-of-plane lattice constant in
the strained geometry.

Finally, we performed a DFPT calculation for every optimized
structure to obtain the zero-momentum phonons. The change in
the self-consistent potential was converged up to 107** Ry/bohr. We
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also applied an acoustic sum rule correction to the force constants to
ensure that the acoustic phonon branches have zero frequency.

lll. EXPERIMENTAL RESULTS

Figure 1 shows representative AFM topography images of
a thickness series of MoS; films grown on mica for two differ-
ent sulfurization temperatures, 500 °C [Figs. 1(a)-1(c)] and 700°C
[Figs. 1(d)-1(f)]. As discussed in Sec. II, the thickness of the MoS,
film was controlled by the precursor Mo film thickness. In Fig. 1(a),
approximately Ni; = IMLE of MoS, was deposited on mica. Gray
scale discrimination, as outlined in the methods section of the AFM
topography images, was carried out in order to cross-check the
amount of MoS; and to study the growth mode. From the analysis

Sulfurized at 500°C Sulfurized at 700°C

() 2MLEF

() 10MLENE

FIG. 1. AFM topography images for different thicknesses of MoS; films grown
on mica for two different sulfurization temperatures for the (a)-(c) 500 °C and
(d)~(f) 700 °C sulfurization. The height scale is adjusted for maximum contrast
and depicted below each image. (e) Preferential nucleation on bi-layer flakes as
indicated by the yellow triangles. A different growth mode is observed for the
two sulfurization temperatures. All AFM images are shown in the supplementary
material, Fig. S5.
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of Fig. 1(a), we deduced one almost fully covering MoS; layer (90%)
and ~10% coverage of a second layer, ie., Nmig = Niot = 1 MLE
of MoS;, in excellent agreement with the estimated MoS, thickness
deduced from the sputtering rate calibration. Line scans across the
surface corroborated that the height of the small grains is in accor-
dance with the height of one ML of MoS; being 0.65(+0.1) nm.
The grain size is rather small with a lateral extension of 100 nm,
neglecting artifacts due to the finite size of the AFM tip. The situ-
ation did not change much after a threefold increase in the initial
Mo amount, as we observed only two open layers with a distribu-
tion of ~90% and 10%, corresponding to an amount of one ML of
MoS;. The remaining amount is contained in two underlying fully
covering ML of MoS;, which are not visible in the AFM topography
images. We also observed for the 3 MLE sample the formation
of small islands, visible as tiny white dots in the topography in
Fig. 1(b). However, layer-by-layer growth is still the dominating
growth mode. Only for the 10 MLE of MoS;, we observe the forma-
tion of large island structures, which is corroborated by gray scale
discrimination of the AFM images, where the number of open lay-
ers increased. This clearly shows that the growth mode changed,
and for the case of 10 MLE of MoS;, we observed an average
Nmie = 3 MLE open layer equivalents. However, the individual
islands were much higher and we measured structures with up to
Nov = 23 open layers.

By definition, the total deposited number of MLE of M0S,, Niot,
is given by the sum of the amount of MoS; in open layers, Nyie,
and in hidden layers, Npigden, [Eq. (2)]. For the 500 °C 10 MLE case,
we found Nmig = 3 MLE and Nyigden = 7 MLE. This analysis was
repeated for all MoS, thicknesses and summarized in Fig. 2(a). We
observed that the amount of MoS, included in those island struc-
tures is with 3 MLE substantially enlarged for the Nyt = 10 MLE
sample, while for the Nyt = 3 MLE and 5 MLE samples, Nmig
values of 1.1 resp. 1.4 MLE were deduced. From this analysis, we
could identify a clear transition from Nyig ~ 1, indicative of layer-
by-layer growth, to Numig > 1 MLE, which is typical for 3D growth
modes. The physical reason for this change in growth mode will
be discussed later in the manuscript. We would like to first discuss
the temperature dependence of the growth mode by analyzing the
samples sulfurized at 700 °C.

In contrast to 500 °C, where solely layer-by-layer growth of up
to Niot = 5 MLE was observed, the samples sulfurized at 700 °C
showed a transition to a 3D-growth mode for lower amounts of
Mo precursor, as shown in Figs. 1(d)-1(f) and 2(b). The N
=1 MLE MoS; film is still similar to the 500 °C case with only two
open layers with ~95% and 5% coverage. However, already at Niot
= 2 MLE, we observed a substantial roughening and a clear tran-
sition to a 3D-growth mode with some preferential nucleation in
specific regions on the surface [triangles in Fig. 1(e)]. Some of these
regions exhibited a triangular shape, which we related to the exten-
sion of the MoS; flake beneath. This enhanced nucleation only took
place on bi-layer islands. Next, for Nyt = 3 MLE, the nucleation
was present on the whole surface [Fig. 1(f)]. In contrast to 500 °C,
the Niot = 10 MLE sample sulfurized at 700 °C showed with Ny
~ 8 MLE a substantially larger amount of material contained
in island structures. The summary of the analysis of the MoS;
growth at 700 °C is depicted in Fig. 2(b). The graph confirms the
enhanced island growth observed at 700 °C compared to 500 °C. The
decreased critical layer thickness, being only one fully covering ML,

scitation.org/journal/adv
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FIG. 2. Coverage of MoS; on the mica substrate in height steps of an ML (0.65 nm)
for the (a) 500 °C and (b) 700 °C series. The total amount of grown MoS;, N, is
deduced from the deposition rate, and the amount of open layer equivalent, Ny.g,
deduced via Eq. (2), is shown on the left hand axis. The number of fully covering
hidden layers, Nhiaden, is deduced from Eq. (2) and depicted on the right hand axis.

for the 700 °C set, cannot be explained solely by the AFM measure-
ments. Thus, Raman analysis is necessary, which will be discussed in
the following.

Before, we like to discuss briefly if the 700°C films suf-
fered from a partial thermal desorption of MoS,. The 10 MLE
sample exhibited a uniform Raman signal, which excludes a com-
plete dewetting of the film. Since we measured approximately
NMmie = 8 MLE and we need to assume that there is at least one
fully covering ML of MoS; present everywhere on the surface, we can
estimate that maximally 1 MLE could have been lost during the syn-
thesis (assuming a deposition of 10 MLE in total). Consequently, the
desorption of Mo-species in large quantities is not probable and will
be neglected in the following.

Figure 3 summarizes the Raman analysis carried out on the
sample series presented before. The left hand axis depicts the Raman
peak distance d measured between the Eég and A, modes, which
allows us to estimate the film thickness. The right hand axis depicts
the individual high-frequency optical phonon modes Eig and A, for
both temperature series as a function of Ny in order to be indepen-
dent of the growth mode. For FM growth, Ny is analogous to the
film thickness due to the layer-by-layer growth. However, this is not
the case for SK growth, where a detailed analysis of the morphology
is crucial. As discussed before in the introduction, it is important
how the height, diameter, and nucleation density of the island struc-
tures behave with respect to the laser spot diameter. In this case, we
averaged the signals coming from the hidden layers and the island
structures based on the parameters such as height, diameter, and
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FIG. 3. Raman measurements of MoS; on mica for the (a) 500 °C and (b) 700 °C
series. Both graphs display the individual peak positions of the E;g (orange) and

A4 (green) modes as well as their peak distance d (blue). The experimental values
are compared to the theoretical values displayed as dashed lines (for details, see
the text).

coverage. For the latter, we assumed based on the height, which is
larger than six stacked ML of MoS;, bulk properties in terms of the
peak distance between the E, and A;; modes.

For example, the 700 °C 3 MLE sample showed that Nyig
[Fig. 2(b)] represented to a significant portion the bulky islands on
top of two fully covering MoS, ML [see Fig. 1(b)]. Therefore, the
Raman signal will be averaged between the two fully covering ML
and the bulky island. However, in this case, the island structures are
sparsely distributed such that the peak distance deduced from the
Eég and A, modes are mainly influenced by the two fully covering
ML. For the series sulfurized at 500 °C, displayed in Fig. 3(a), the
Ajg mode is blue-shifted by 2 cm™! from 1 MLE to 10 MLE. The
E%g mode is red-shifted by ~3 cm™" with increasing number of MoS$;
layers. This trend is known from the literature* and arises from a
smaller force constant for neighboring S-Mo bonds in bulk, due to
more screening from the surrounding MoS; layers, thus leading to
a red-shift for the E;g mode,”” and additional springs in the form
of inter-layer van der Waals bonds leading to an increased restoring
force and, therefore, to a blue-shift for the A;; mode from ML to
bulk MoS,.”° When the peak positions and their spacing, i.e., peak
distance d, are compared with those from the literature,”*® both
modes are red-shifted and their spacing is enlarged by 1.5 cm™" for
the 1 MLE and 10 MLE samples and by 1 cm™" for the 5 MLE sample.
In Figs. 3(a) and 3(b), we included the theoretical values of d from
Molina-Sénchez et al.’® This indicated that for MoS, grown at
500 °C, tensile strain was present.

scitation.org/journal/adv

Tensile strain causes a red-shift of both high-frequency phonon
modes, due to a decrease in the force constant caused by a length-
ened intra-layer bond between the S and Mo atoms, which has a
stronger influence on the in-plane Eég mode compared to the out-of-
plane A;, mode, leading as well to an increase in the peak distance
between these two modes. The red-shift of the high-frequency opti-
cal phonon modes is well known from the literature.'”*” The sample
set sulfurized at 700 °C, displayed in Fig. 3(b), shows a different
trend. The position of the Eig mode is constant between the 1 and 3
MLE samples followed by a blue-shift contrasting the 500 °C series.
The peak position of the Ajg mode is also constant until the 2 MLE
sample. Starting from the 3 MLE sample, it is blue-shifting by 1
cm™", Starting from the 5 MLE sample, it is strongly blue-shifting
by 3 cm™'. The peak distance of the 1 MLE sample is enlarged by
2.5 cm™, indicating an increased tensile strain compared to the
500°C 1 MLE sample. For the 2 MLE sample, the peak distance
stays constant, which is explained by the fact that the island growth
is enhanced and very selective, i.e., on bi-layer flakes, leaving large
open patches of up to 3 ym in diameter, where only the fully covering
ML of MoS; is visible. Hence, when measuring Raman spectroscopy
with a spot size of 1 ym in diameter, the main signal is character-
ized by this ML. For the 3 MLE sample, as previously explained,
the Raman signal and, therefore, also the peak distance are mainly
influenced by the two fully covering ML. Hence, the peak distance
is reduced and similar to the theoretical value for 2 MLE MoS,. For
the 700°C 5 MLE and 10 MLE samples, the peak distance shows
the same values as expected theoretically, indicating that the tensile
strain observed in the 700 °C 1 MLE and 2 MLE samples is released.

An important outcome of the Raman analysis is that the peak
distance is not a good measure for the MoS; film thickness. In both
cases (500 and 700 °C), we observed an increase in the peak separa-
tion as a function of Ny, in accordance with the literature. However,
the exact values differ substantially and a reliable measurement of
the film thickness via Raman spectroscopy was not possible for the
present set of samples. The physical reason for this discrepancy will
be discussed in the following in more detail. Raman measurements
indicate that some of the films are strained. To illustrate and better
understand the effect of strain on MoS; film thickness and synthe-
sis temperature, DFT calculations were carried out for ML and bulk
MoS; as depicted in Fig. 4 (for details, see Sec. IT).

We focus on the peak separation only, since this can be esti-
mated reliably from DFT in the commonly used LDA, whereas the
phonon frequencies (i.e., the exact Raman shift or peak positions
of the E%g and Ajy modes) for covalently bonded semiconduc-
tors tend to be overestimated in the LDA. The simulated values
of the peak positions can be found in the supplementary material.
From Fig. 4, we see that the Raman peak separation increases for
the case of tensile strain, which is what we observed for many
of our samples. For the case of 500°C, we do measure peak
separations, which are compatible with ~0.8% tensile strain in the
films. We stress that the exact value of the strain deduced by DFT
may be slightly different. We will use the theoretical values in the
following to discuss trends only. We assume the slight estimated
decrease in strain between the ML and bulk values to be within
the error of the measurement. The 700 °C samples were different.
The Raman peak separation was compatible with strain values
exceeding 1% in the case of 1 MLE of MoS;, which strongly dropped
in the bulk samples. Consequently, the samples grown at 500 °C
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FIG. 4. Impact of strain on Raman peak distance d as calculated via DFT simu-
lations. The experimentally measured peak distances for 1 MLE and 10 MLE are
highlighted on top of the simulation data for 700 °C (orange) and 500 °C (pur-
ple). For 700 °C, a strain release is observed, while the strain for the 500 °C set is
almost unchanged. The inset schematically shows the proposed model. Expansion
of encapsulated gases between the layered mica sheets leads to strain in MoS,.
The expansion is temperature dependent [p, (at 700 °C) > p; (at 500 °C)]. The
increased tensile strain at 700 °C compared to 500 °C causes a transition from
an FM- to an SK-growth mode after a critical layer thickness of only 1 MLE. At
500 °C, samples grow in FM-mode until 3 MLE. The transition in growth mode
causes a partial strain release in the MoS, film, as indicated by the arrows in the
simulation data.

have a constant strain, whereas the samples at 700 °C exhibit a strain
release.

The inset in Fig. 4 schematically shows how we interpret
the data. It is well known that in Muscovite mica, gas and water
molecules are intercalated between mica sheets.”® The MoS; layer
on top of the mica acts as an impermeable barrier, which confines
the gas to a finite volume, similar to graphene.”” An increase in tem-
perature leads to a large increase in pressure of the confined gas,
which ultimately leads to strain in the MoS; sheets. Strain is known
to impact the growth of thin layers during heteroepitaxy.”’ In the
present case, strain is not dictated by a lattice mismatch directly
(van der Waals epitaxy) but due to the encapsulated gas below the
MoS; during high-temperature synthesis. The pressure and conse-
quently the strain are higher for the 700 °C films, compared to the
ones grown at 500 °C. The Raman measurements of the 1 MLE of
MoS; films corroborate this hypothesis. The Raman peak distance
for the sample with 1 MLE of Mo$S, at 700 °C is larger than for
500 °C, as indicated in Fig. 4.

The increased amount of strain at higher synthesis temper-
atures induced a change in growth mode. It is known theoreti-
cally and experimentally that strain may change the diffusion and
nucleation processes during thin film growth.””” Our AFM data
[Fig. 1(e)] showed a high nucleation density in the third layer, indi-
cating that at 700 °C, the kinetics of film formation was different
than at 500 °C. As a consequence, we observe a faster change to an
SK-growth mode at 700 °C, compared to 500 °C. The thicker layers
are also well in accordance with our proposed model, where the peak
distance of the 700 °C films is very close to the theoretical value
of unstrained material, whereas the 500 °C films still show similar
strain values as the ML films. To prove that there is gas encapsulated
within the mica sheets, we used mica covered with 200 nm of Au
and flame-annealed these layers in air. After annealing, we observed
the formation of bulges that arose from the encapsulated gas that

scitation.org/journal/adv

expanded and therefore strained the Au layers. At 700 °C, the pres-
sure was so high that the Au film cracked in specific regions. This
experiment, which is shown in the supplementary material, unam-
biguously showed that the encapsulated gas can, in fact, change the
strain in thin films grown on mica.

IV. CONCLUSION

The difference in growth mode is caused by tensile strain in the
MoS; film due to the encapsulated gasarising from the Muscovite
mica substrate below the MoS, during high temperature synthesis.
The tensile strain causes a red-shift in the high-frequency opti-
cal phonon mode positions as well as an increased peak distance
between them. The simulations show that for the 700 °C set, a strain
release can be observed for the 3, 5, and 10 MLE samples, while
for the 500 °C, no strain release is observed. Future applications of
2D materials in optoelectronic devices require large area synthesis
on different substrates with different lattice constants. Our work
highlights that Raman measurements alone are certainly not suit-
able to give reliable information on the film thickness when strain
is involved during growth. This result is well supported by detailed
Raman measurements of exfoliated 2D materials under strain. Most
importantly, the growth mode and the nucleation kinetics are also
impacted, which requires a detailed understanding of the growth
mode for the case where FL 2D materials need to be synthesized.
Finally, the mica substrate offers an ideal playground to study strain
effects in 2D materials. This includes studies as shown here but could
also be extended to exfoliated material systems.

SUPPLEMENTARY MATERIAL

See the supplementary material for the estimation of the total
amount of grown MoS; (Nio), the treatment of the Raman spec-
tra (Fig. S1), all Raman spectra (Fig. S2), all the phonon frequencies
from DFT calculations (Fig. S3), the influence of flame annealing on
Gold covered mica (Fig. $4), all AFM topographies (Fig. S5), the PL
measurements (Fig. $6), the influence of sulfurization on bare mica
(Fig. S7), the FWHM of the Raman peaks (Fig. S8), and the Raman
mappings (Fig. S9).
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