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Built-in tensile strain dependence on the lateral
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Strain engineering is an efficient tool to tune and tailor the electrical and optical properties of 2D materials.

The built-in strain can be tuned during the synthesis process of a two-dimensional semiconductor, such as

molybdenum disulfide, by employing different growth substrates with peculiar thermal properties. In this

work, we demonstrate that the built-in strain of MoS, monolayers, grown on a SiO,/Si substrate by liquid

precursor chemical vapor deposition, is mainly dependent on the size of the monolayer. In fact, we identify

a critical size equal to 20 um, from which the built-in strain increases drastically. The built-in strain is the
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Introduction

Strain engineering is an efficient tool to tune and tailor the
electrical and optical properties of 2D materials since their
electronic band structures are highly sensitive to mechanical
deformation.’® Among the different classes of 2D materials,
semiconducting transition metal dichalcogenides (TMDs) have
demonstrated the most interesting and surprising modifi-
cations of electronic properties induced by the application of
strain.>'° For instance, strain can induce the indirect-to-direct
bandgap transition in multilayer WSe, flakes,"" while the
opposite transition (the direct-to-indirect transition) can occur
in monolayer TMDs.">"® With regard to optical properties,
local strain application can induce exciton funneling,'*"
efficient exciton to trion conversion'® or the formation of a
new hybrid state of dark and localized excitons."”

It is worth noting that TMD monolayers can withstand high
tensile strains before breaking, as high as 10% for molyb-
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maximum for a 60 pm sized monolayer, leading to 1.2% tensile strain with a partial release of strain close to
the monolayer triangular vertexes due to the formation of nanocracks. These findings also imply that the
standard method for evaluation of the number of layers based on the Raman mode separation can become
unreliable for highly strained monolayers with a lateral size above 20 um.

denum based'®'® and 19% for tungsten based®® exfoliated
monolayers.

Different approaches have been employed for the appli-
cation of external stress to 2D materials: the most employed
one is based on the use of bendable and stretchable polymeric
substrates.?'®® where it is possible to apply mainly uniaxial
strain to 2D materials. This approach is mostly used in the fab-
rication of origami-like®® and kirigami-like*>*' MoS, based
devices, such as strain sensors or optoelectronic devices. A
similar approach has been employed to fabricate human eye
mimicking photodetectors.®® Another widely used method is
the transfer of a 2D material on a patterned non-planar sub-
strate for inducing localized strain, resulting in a local change
of the band structure. The substrate can present insulating®*~°
or semiconducting®”® structures, namely stressors, that can
apply a large local strain degree at their top. This large loca-
lized strain application modifies the band structure of 2D
semiconducting materials, enabling efficient charge collection,
desirable for bright single photon emission.’>?® A high degree
of strain is also achieved by suspending 2D membranes on
hole patterned substrates.®® A local strain increase can be
achieved on suspended membranes using different
approaches: using an AFM tip,* applying an external gas
pressure’’ or applying a gate voltage between a suspended
monolayer membrane and an electrode below.'” An additional
novel approach to apply strain to TMD heterostructures is the
employment of polymeric artificial muscles, that taking advan-
tage of the low friction between different 2D materials can
apply a tensile strain in van der Waals heterostructures.*?
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The strain tuning during the chemical vapor deposition
(CVD) process of 2D materials has also been
demonstrated.*> *> This method relies on the mismatch of the
thermal expansion coefficient (TEC) between the substrate and
the 2D material.* For instance, monolayer WSe, with built-in
strains ranging from 1% tensile to compressive 0.2% was
obtained using different growth substrates. The TEC approach
has also been employed in order to synthesize strained WS, on
quartz with an oriented array of wrinkles.*® In addition, strain
induced buckling has been recently identified as a possible
cause of threefold symmetric domain formation in hexagonal
shaped WS, monolayers.”” In the case of MoS,, the modifi-
cation of strain and doping using different growth substrates
has been demonstrated, where the maximum built-in tensile
strain is found to be 0.4% with a SiO, growth substrate.*®

In this work, we demonstrate the dependence of the tensile
strain as a function of the lateral size of sharp-vertex shaped
MoS, monolayers grown on a standard 300 nm thick SiO,/Si
substrate by liquid precursor chemical vapor deposition. The
built-in strain is demonstrated and evaluated by scanning
Raman and photoluminescence spectroscopy. Monolayer
MoS,, with a lateral size below 20 pm, presents a built-in com-
pressive strain of 0.3%, while the flakes with the largest lateral
size (60 pm) are more strained, reaching an upper limit of
1.2%. It is worth noting that such flakes are affected by nano-
cracks close to the vertexes, revealing a partial release of the
strain down to 0.7%. The built-in strain affects the optical pro-

a Precursor Solution: b) 70
AMT (3mM) : NaOH (62.5 mM) : Optiprep
1:4:0.5 60
l £
2 50
(]
N
» 40
©
S10./5i substyy =
bstrate ‘q-,' 30
©
-
20
Spimtlng at 0 rpm >;r 30s 10

Fig. 1

View Article Online

Nanoscale

perties; in particular, the highly strained flakes show quench-
ing and red-shifting of the excitonic emissions of MoS,.

Results and discussion

Fig. 1 illustrates the outcome of the CVD synthesis at increas-
ing temperature using a solution containing a molybdenum
liquid precursor. In particular, the sketch (Fig. 1a) shows the
deposition of the precursor solution on the SiO,/Si growth sub-
strate by spin coating, carried out for 30 s at 3000 rpm, of the
precursor solution. This solution has three main components:
a 3 mM solution of ammonium molybdate tetrahydrate (AMT),
a 62.5 mM solution of sodium hydroxide (NaOH) and a
0.4 mM solution of iodixanol (Optiprep). Atomic force
microscopy (AFM) was employed to study the number of layers
composing the flakes and their lateral size. It is worth noting
that the flakes obtained with the liquid precursor CVD have
the sharp-vertex triangular shape.*® The lateral size data are
reported in Fig. 1b, which highlights the increase of the flake
size with the growth temperature. The flakes, grown at 810 °C,
present an average lateral size of (15.1 + 3.0) pm, while the
flakes synthesized at 820 °C present an average lateral size of
(24.1 £ 4.9) pm. The maximum lateral size, (58.2 + 5.7) pm, is
obtained when the growth process is carried out at 830 °C.
Fig. 1c-e present the representative AFM topographical map of
the flake obtained at increasing temperature. All the flakes,
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(a) lllustrative sketch of the substrate preparation prior to the growth process. (b) Dependence of the MoS, monolayer lateral size versus the

growth temperature of the CVD process. (c), (d) and (e) Representative AFM topographic maps of the MoS, flake grown at different temperatures.
The lateral size of the flake (white arrow) is 15.3 pm, 19.2 um and 63.8 pm in the case of 810 °C, 820 °C and 830 °C growth temperatures,

respectively.
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grown at the different temperatures, present fractal saw-
toothed edges, which are probably mediated by a diffusion-
limited-aggregation (DLA) regime.”™" In addition, the flake
edges present nanoparticle decoration. Such an effect is
directly connected with the employment of the liquid precur-
sor, since the nanoparticles are composed of precursor bypro-
ducts, such as sodium oxide (Na,0).>>

The AFM topographic maps, acquired on the edge of the
flakes, are reported in Fig. 2. The main purpose of such ana-
lysis is the evaluation of the number of layers of the MoS, flake
and the morphological analysis of the nanoparticles (NPs) dec-
orating the flake edges. The topographical analysis reveals the
presence of nanoparticles of smaller size inside the MoS, flake
and on the SiO, substrate. All the MoS, flakes are monolayer:
the height profiles reported on the different panels, reveal a
flake thickness of 0.7-0.8 nm, the standard thickness of MoS,
monolayer.>*™® Cross-sectional TEM analysis is reported in
Fig. S1,T confirming the monolayer nature of MoS, obtained at
830 °C. It is worth noting that all the height profiles are
acquired in the area of the flake not affected by the nano-
particles and the flakes synthesized at 810 °C and 820 °C
present a few nanometer thick step on the edge, similarly to
WS, flakes grown by the CVD process using a tungsten liquid
precursor.”” This effect is due to a strain induced delamination
of the ML edges. The nanoparticles decorating the flake edges
present a similar diameter, (26 + 7) nm, while the height
increases on increasing the growth temperature. In fact, the
height of the nanoparticles varies from (8 + 2) nm at 810 °C to
(18 £ 5) nm at 830 °C, indicating that temperature has an
important role in the formation of precursor byproducts. The
density of the nanoparticles increases in the case of the
growth carried out at 830 °C with an average linear density of
nanoparticles of 32 NPs per pum, while the linear density
decreases to 22 NPs per um for the synthesis at lower tempera-
tures. The statistical analysis of the NP morphology is reported
in Fig. S2.}

Fig. 3 presents the Raman characterization of the mono-
layer MoS,, synthesized at increasing temperatures. The repre-
sentative Raman spectrum (Fig. 3a), acquired at the center of
the flake grown at 810 °C (black line), presents the standard
MoS, Raman modes, E,;, at 383.6 em™  and Ay, at
403.5 cm™ ', with a Raman mode separation of 19.9 cm™". The
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A,; mode corresponds to the sulfur atoms oscillating in anti-
phase out-of-plane and the E,; mode is related to the sulfur
and molybdenum atoms oscillating in antiphase parallel to
the crystal plane.

The separation of the Raman modes below 20 cm™ is the
standard benchmark of monolayer MoS,.>*°”°® However, this
analysis of the MoS, monolayer grown at higher temperature
demonstrates that both the MoS, Raman modes are shifted. In
fact, in case of the flake grown at 820 °C (red line) the E,, and
the A;; modes appear at 382.5 cm™" and at 404 cm™", respect-
ively. The separation of the Raman mode is 21.5 cm ™", a value
standardly reported for bilayer MoS,.>”>® For the flakes grown

at the 830 °C (green line) the A;, mode is still set at 404 cm™,

while the E,, presents an additional shift down to 380.2 ecm™.
The separation of the Raman modes is 23.8 cm ™", the standard
benchmark of few-layers MoS,.””*® The larger shift of the E,y
mode is a symptom of the presence of strain because the A;,
mode is less affected than the E,, mode, being the A;, mode
related to the out-of-plane vibration with respect to the E,q
mode. In particular, the different response to strain of the two
MoS, Raman modes is reflected in the different Griineisen
parameter of each vibrational mode: Ye,, = 0.68 and YA, =
0.21.>%*1°% Another clue of the presence of built-in strain
applied to the MoS, grown at high temperature is the broaden-
ing of the E;, mode, whose full width at half maximum
(FWHM) is from 2.5 em™" (810 °C grown monolayers) up to
10.4 cm™" (830 °C grown monolayer);*® in fact, the application
of strain induces the degeneracy breaking of the E Raman
mode. The breaking of the degeneracy causes the splitting of
the E,, mode in the case of the presence of uniaxial strain
larger than 0.8%.>"*” Fig. 3b reports the statistical analysis of
the Raman mode separation, obtained by the Raman maps of
a single flake shown in ESI Fig. S3.1 The Gaussian distribution
of the Raman mode separation is obtained by fitting the histo-
gram data. In the case of the flakes synthesized at 810 °C, the
distribution is centered at 20.4 cm™" with a FWHM of 0.7 cm™*
and it becomes even sharper in the case of the synthesis at
820 °C with a FWHM of 0.5 cm ™", being centered at 21.3 cm ™.
The largest distribution of the Raman mode separation is a
FWHM of 1.4 cm™" in the case of the 830 °C grown mono-
layers, where the Gaussian fitting reveals that the center is at
24.8 cm™". The statistical analysis of the Raman mode separ-
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Fig. 2 AFM topographic maps of the edges of the flakes grown at increasing temperatures (a) 810 °C, (b) 820 °C and (c) 830 °C. The height profiles

are obtained where the yellow line is reported on each map.

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) Representative Raman spectra of the MoS, monolayers obtained at increasing temperatures: 810 °C (black line), 820 °C (red line), and

830 °C (green line). The spectra are vertically shifted for the sake of

clarity. The Raman mode separation is indicated for each spectrum. (b)

Histogram of the Raman mode separation for the different growth temperatures. (c) MoS, doping/strain correlation plot.

ation is necessary to clarify the discrepancy with the AFM ana-
lysis reported in Fig. 2; in fact, all the flakes analyzed are
monolayer in nature whereas the Raman results suggest a
different number of layers for the increasing growth tempera-
ture. This is clear with regard to the different shifts of the two
Raman modes when strain is applied to MoS, because the E,,
mode is more affected than the A;; mode, as previously
explained. Therefore, we can assess that the presence of built-
in strain in the MoS, synthesis with liquid precursors makes
the Raman method unreliable for the evaluation of layer
number, using the separation of the vibrational modes. In
order to quantify the built-in strain and the modification of
doping, we employ the MoS, correlation plot of the Raman
shifts of the E,, and A;, modes, also known as the e-n
system.®® This method allows to disentangle and to quantify
the strain and doping variations and it is normally employed
for studying growth induced strain,®' the effect of different

14672 | Nanoscale, 2023, 15, 14669-14678

growth substrates®® or in MoS, based van der Waals
heterostructures.’>®® The full lines represent the zero strain
and zero doping lines, while the dashed lines correspond to
iso-strain and the iso-doping lines, calculated following the
insights from previous works.*"®* In addition, it is worth men-
tioning the importance of the origin of the e-n system: we set
the zero strain and charge neutrality phonon frequencies
385 em™" for the E,; mode and 405 cm™" for the A,y mode,
evaluated in the case of CVD grown MoS, suspended mono-
layer membrane.*' The data regarding the MoS, monolayers
grown at 810 °C present a round distribution revealing an
average value of (0.29 + 0.06)% of tensile strain and an average
positive charge concentration of (0.23 + 0.22) x 10" cm™,
while in the case of the monolayer synthesized at 820 °C, the
data distribution is less dispersed and the average tensile
strain increases up to (0.44 + 0.12)% and the charge concen-
tration decreases close to neutrality, (0.06 + 0.10) x 10"* cm™.

This journal is © The Royal Society of Chemistry 2023
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The average strain reaches its maximum in the case of the
MoS, monolayer obtained at 830 °C, (1.15 + 0.5)%, albeit the
data present a linear distribution along the iso-doping line
relative to an electron charge concentration —0.45 x 10" cm™2,
In order to clarify the data spreading in the A, versus E,, cor-
relation plot, in the case of the monolayers obtained at 830 °C,
the spatial distribution of strain is shown in Fig. 4. The meth-
odology for the development of the strain maps is reported in
Fig. S51 with the strain maps of the flakes grown at 810 °C and
820 °C. The Raman spectra in the amorphous carbon range
are reported in Fig. S4f showing the absence of any amor-
phous carbon related peaks that can arise due to organic com-
pounds (i.e. iodixanol) in the precursor solution. In addition,
the data regarding the MoS, MLs transferred on a clean SiO,/
Si substrate are reported in Fig. S5.t

The strain map of the 830 °C grown monolayer (Fig. 4a)
reveals that the strain is partially released in the triangular ver-
texes of the flake. This finding supports the spreading of the
data reported in Fig. 3c. In fact, while in the central part of the
flake the strain is above 1%, it decreases to 0.7%-0.8% close to
the vertexes of the triangular monolayer. The strain release
mechanism is based on the formation of nanocracks in such
regions, demonstrated by AFM phase analysis (Fig. 4b). The
AFM phase analysis is employed to maximize the contrast of
the nanocracks, and the topographical map is reported in Fig
S6 of the ESL.f A similar strain release mechanism has been
previously reported in the case of MoS, monolayer exposed to
hydrogen or oxygen plasma.®®®® The similarities rely mainly
on the formation of a six-fold hexagonal patterned net of nano-
cracks. The angle distribution of the lines relative to the edge
of the MoS, crystal has preferential orientations of 0°, 60°, and
120° as shown in Fig. 4b, which indicates that the line patterns
are associated with the crystallographic orientation of the
MoS,. This effect is important because it demonstrates that
the MoS, monolayer can sustain a limited amount of built-in
tensile strain during the growth process, while the strain

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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applied by external procedures can reach 10%.'® The strain
maps of the ML synthesized at 810 °C and 820 °C are reported
in Fig. S7.}

Another method for evaluating the strain in atomically thin
semiconducting TMDs is the analysis of the photo-
luminescence (PL) emission. Several previous works have
demonstrated the strain dependence of the PL emission
energy and intensity.?"2*27414467.68 1y the case of the MoS,
monolayer, the standard PL spectrum presents two main
peaks attributed to the A and B excitons. The emission energy
of the A exciton is reported to vary between 1.82 eV and 1.89
eV,>127:5859 while the B exciton energy varies between 1.97 eV
and 2.05 eV,*"*7**%%%% 1n our particular case, Fig. 5 presents
the representative PL spectra of the MoS, monolayer grown at
increasing temperatures, acquired at the center of the flake.
The PL spectrum of 810 °C grown ML shows one sharp peak at
1.86 eV and a faint shoulder in the high energy side, that is at
2.01 eV. On increasing the growth temperature at 820 °C, the A
exciton peaks suffer 58% quenching of the integrated PL inten-
sity and a slight red-shift of the emission energy (0.01 eV),
peaked at 1.85 eV. The red shift is even higher and the quench-
ing more serious, in the case of the 830 °C grown monolayers;
in fact, the PL emission energy shifts down to 1.78 eV and
quenching increases to 62%. It is worth noting that the
quenching effect is limited by the broadening of the A exci-
tonic PL peak. Fig. 5b resumes the PL A exciton emission
energy and the PL integrated intensity as a function of the
growth temperature of the MoS, MLs. We consider a PL energy
gauge factor of —99 + 6 meV per %, measured in the case of
biaxial strain of CVD grown MoS2 monolayer,’" that is in good
agreement with the theoretical prediction of 105 meV per %.”°
The biaxial strain, obtained by the PL shift, is 0.4% in the case
of the ML grown at 810 °C, while it increases up to 0.5% for
the 820 °C synthesized MLs. The biaxial strain is maximized in
the case of the ML grown at 830 °C with a value equal to 1.2%.
It is worth noting that these values are calculated considering
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Fig. 4 Representative strain map of the MoS, monolayers obtained at 830 °C (panel a) and the AFM phase map of the edge of the flakes (panel b).

This journal is © The Royal Society of Chemistry 2023

Nanoscale, 2023, 15, 14669-14678 | 14673


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3nr01687k

Open Access Article. Published on 14 August 2023. Downloaded on 5/1/2026 6:54:55 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper
a) . : . : : , .
100000 L Growth Temperature i
—_ 810°C
2 ——820°C
o
< 80000 830°C |
>
=
& 60000 | |
<
Q
-
£ 40000 - |
|
o
20000 - |
0 ) s :
15 16 17 18 19 20 21
Wavelength (nm)
Fig. 5

View Article Online

Nanoscale
b) 1.87 — . ;
113000 —
1.86 | @~ _ 5
. A -~ o {12000 &
s 18N e 11000 >
184l O " £
=) \ {10000 2
g 1.83 N \ g
S 182l N \\ 49000 E
§ 181} AN \ 1800 £
S 1.80] \ \\ 47000 §
i ] =
179} A \ 180
178l ~ - :-5000 2
177 L , A 14000
810 820 830

Growth Temperature (°C)

(a) Representative PL spectra of the MoS, monolayers synthesized at 810 °C (black line), 820 °C (red line) and 830 °C (green line), acquired at

the center of the flake. (b) Resuming behaviors of the A exciton emission energy (black dots) and PL intensity (red triangles) as a function of the

growth temperature. The dashed lines are guides for the reader’s eyes.

the peak energy of the A exciton for unstrained MoS, ML at 1.9
e\/.41,69

The comparison of the PL spectra obtained at the center
and the edge of the 830 °C grown ML is reported in Fig. S8.}

Fig. 6 proposes a mechanism for the large variation of the
MoS, built-in strain with the reduced tuning of the growth
temperature. This model is based on three main aspects: (1)
the thermal expansion coefficient (TEC) mismatch between
the two dimensional material and the substrate during the
growth process,’ (2) the employment of the liquid precursors
in the CVD process,”>®" (3) the strain dependence on the size
of the MoS, ML synthesized at temperatures above 820 °C.**”"
The direct comparison of the built-in strain values as a func-
tion of the temperature with the theoretical TEC induced mis-
match for the synthesis of MoS, on thermal silicon dioxide is
shown in Fig. 6a. Thermal silicon dioxide presents a poor
linear TEC equal to a, = 0.24 x 10° K™' (ref. 72) while MoS,
TEC is equal to a, = 7.6 x 10° K™.”° Based on this TEC mis-
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Fig. 6

match, a degree of built-in tensile strain in the MoS, ranging
from 0.577% at 810 °C to 0.593% at 830 °C can be expected.
However, the experimental values show that the applied built-
in strain are lower than the theoretical values of the TEC mis-
match induced built-in strain in the case of the synthesis at
810 °C and 820 °C. The partial release of strain can be due to
the presence of an interfacial layer of Na,SiO;, as demon-
strated by the XPS analysis reported in the ESI (Fig. S9and
S107), related to the use of liquid precursors. This demon-
strates that the TEC mismatch has a limited effect on the
built-in strain in MoS, flakes obtained with liquid precursors,
while the main effect of the temperature is to increase the size
of MoS, MLs. Therefore, the main cause of large built-in strain
in MoS, ML grown at 830 °C is related to the large lateral size
of the sharp-vertex flakes. In fact, tensile strain-size depen-
dence has been previously reported in the case of MoS, ML
grown at a temperature above 820 °C, where the critical size
limit for the appearance of strain is 17 pm.*® In addition, the

Lateral Size (um)

(a) Temperature dependent built-in strain values with a direct comparison with the theoretical TCE mismatch strain of the MoS,/SiO; inter-

face. (b) Sketch depicting the mechanism of the strain generation in the MoS, ML with dependence on the flake size. (c) Dependence of the strain

on the lateral size of the flake, reporting the polynomial fit.
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increase in size beyond the critical limit leads to spatial
inhomogeneity of the built-in strain, where the edges’*’> and
the vertexes*>’® are more affected. The possible mechanism is,
therefore, resumed in Fig. 6b, where the MLs, obtained at
810 °C present a limited amount of homogeneous strain due
to the size close to the critical limit of 17 pm. The MoS, MLs,
presenting a size slightly greater than 17 pm, show an increas-
ing strain in the body of the flake with an enhancement on the
flake vertexes (see Fig. S5t for the strain map of 820 °C grown
flakes). The built-in strain is maximized with large inhom-
ogeneity in the vertexes when the lateral size of the flake is
much larger than 17 pm. The built-in strain value is more than
two times the expected values for theoretical MoS,/SiO, TEC
mismatch induced strain, demonstrating that the size depen-
dent strain is highly enhanced in the case of large-area MoS,
ML. It is worth noting that, in our particular case, the expected
built-in strain in the triangular vertexes should be even higher
despite the formation of nanocracks partially releasing the
accumulated strain. The built-in strain dependence on the ML
size and its inhomogeneity can be attributed to the particular
DLA growth regime, that gives rise to the fractal saw-toothed
edges.*®

The dependence of the built strain as a function of the ML
size is reported in Fig. 6¢c. The polynomial fitting reveals that
the semi-empirical law of the average built-in strain as a func-
tion of the average size has parabolic behavior with the follow-
ing parameters:

€Buile-in =A-d*>+B-d (1)

where eguiiin iS the built-in tensile strain, d is the lateral size
of the ML, and A and B are the parameters obtained from the
fitting procedures, implying that the intercept is equal to zero
and they are A = 7.3 x 107°% pm™?, and B = 0.017% pm™".
Following this semi-empirical prediction, a MoS, ML with a
lateral size of 100 pm should be affected by a 2.4% strain in

the central body of the flake.

Conclusion

In conclusion, we demonstrate that the built-in strain of MoS,
monolayers, grown on a SiO,/Si substrate by liquid precursor
chemical vapor deposition, is mainly dependent on the size of
the monolayer. Using correlative analyses of AFM, TEM,
Raman and PL, we are able to highlight an inconsistency in
the number of layers in MoS, flakes obtained by liquid precur-
sor CVD. This leads to the identification of built-in strain
dependent on the lateral size of MoS, monolayers. The built-in
strain values are close to the prediction of thermal expansion
coefficient mismatch for monolayers with a lateral size less
than than 20 pm. The built-in strain is drastically increased for
60 pm sized monolayers, leading to 1.2% tensile strain with a
partial release of strain close to the monolayer triangular ver-
texes due to the formation of nanocracks. These results indi-
cate that MoS, monolayers, grown by liquid precursor CVD,
can have a large built-in tensile strain when high growth temp-

This journal is © The Royal Society of Chemistry 2023
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eratures (above 820 °C) are used to increase the monolayer
size. A semi-empirical model is defined for the possible predic-
tion of the expected built-strain for a certain lateral size of
MoS, monolayers without considering the possible release of
strain due to the material cracking. The built-in strain depen-
dence on the ML size and its inhomogeneity are tentatively
attributed to the diffusion limited aggregation regime at high
temperatures that gives rise to the fractal saw-toothed edges of
the MoS, monolayers.

Experimental section

The chemicals composing the Mo liquid precursors were AMT
(Sigma Aldrich purity 99.98%), NaOH (Carlo Erba) and
Optiprep, an iodixanol based component provided by
Serumwerk Bernburg AG normally employed in cell cultures.

MosS, flakes were synthesized under atmospheric pressure
in an open tube using S powder with nitrogen as the carrier
gas. The employed substrates were commercial 300 nm thick
SiO, coated highly conductive silicon wafer (Siltronic A.G.).
Fig. S111 shows a schematic illustration of the CVD reactor, i.e.
an open tube with a diameter of about 1 inch heated in a two-
zone furnace. The sulfur boat is positioned in a low tempera-
ture zone (T = 180° C), while the growth substrate, after the
spinning process of the Mo precursor solution, is placed in the
high temperature zone (810 °C < T < 830 °C).””7®

AFM topography and phase maps were collected using a
Bruker AFM operated in the scan assist mode. Scanning
Raman and photoluminescence spectroscopy were carried out
with a Renishaw InVia system, equipped with a confocal micro-
scope, a 532 nm excitation laser and a 2400 line per mm
grating (spectral resolution <1 cm™"). All the analyses were per-
formed with an 100x objective (NA = 0.85), excitation laser
power 500 pW, acquisition time 4 s for each spectrum and a
pixel size of 1 pm x 1 pm. The Raman modes were fitted with a
Lorentzian peak, except for the E,, mode of the specimen
obtained at 830 °C that was fitted with a Voight peak due to
the peculiar shape.

The statistical analysis involved analyzing twelve triangular
structures, six measured by AFM and six measured by optical
microscopy. The Raman scanning spectroscopic analysis was
carried out on three different areas across the specimen.

Cross-sectional TEM analysis of a MoS, flake grown at
830 °C was performed on a TEM-lamella prepared by a Zeiss
Auriga Compact Focused Ion Beam (FIB) system. In order to
protect the atomically thin layer of MoS, from damage by the
ion beam,”® the specimen was coated with amorphous carbon
in a Balzers CED-010 setup prior to applying the standard pro-
cedure of FIB-lamella preparation. The lamella was then
observed under a JEOL JEM 2200-FS microscope, operated at
200 kv.

We performed X-ray photoelectron spectroscopy (XPS) in an
ultra-high-vacuum (UHV) chamber using a VSW HA100 hemi-
spherical electron energy analyzer with a PSP power supply
and control.*® We used a non-monochromatized Mg Ka X-ray
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source (photon at 1253.6 eV), with a final energy resolution at
0.86 eV. The Au 4f 7/2 peak at 84.0 eV has been used as cali-
bration for the binding energy (BE) scale. Core level lineshape
analysis has been performed using Voigt functions with a
Gaussian to Lorentian ratio of 30%, after the subtraction of a
Shirley background. The typical precision for each com-
ponent’s energy position was +0.05 eV while for the area evalu-
ation it was approximately +2%.
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