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In this paper, we report the results of Raman measurements on various molybdenum disulfide (MoS,)
nanostructures grown by the chemical vapor deposition (CVD) method on a typical Si/SiO, substrate. The
phonon properties investigated include the positions, widths, and intensities of the E>g and A;g modes and
the derivative of the mode positions with respect to the temperature in the 300-460 K range. Our results
give new insight into changes in phonon energies in response to different disturbances and show
that changes induced by the temperature are similar to the changes induced by stress, making these two
factors hardly resolvable in the thlg—hszg coordinate system. We prove that all our samples are weakly
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coupled to the substrate; thus, the presented results almost purely illustrate the effect of the temperature
and thickness. The much stronger coupling to the substrate, however, can explain the high variation in the
data reported in the literature. The statistical approach applied makes our results highly reliable and allows
proper uncertainty assessment of the obtained results, which is helpful when comparing our results to the
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Introduction

Molybdenum disulfide, also called molybdenite in its natural
form, is a well-known bulk semiconductor. In the past decade,
however, it has been rediscovered as it has surprisingly become
clear that materials with a layered crystallographic structure,
such as graphene, boron nitride and transition metal dichalco-
genides, can exist in a thermodynamically stable state even as
one-atom-thick layers." The rapid emergence of a variety of new
metallic, semiconducting and dielectric below-1 nm-thick films
often possessing unique and desirable properties immediately
started discussion of their large-scale production processes.
Among the many production methods of MoS, monolayers, the
most promising and simultaneously the most advanced one is
chemical vapor deposition,>* which, however, is still under
development. The main disadvantage of CVD is the fact that
within a single substrate, many different MoS, nanostructures
can coexist, including an ideal continuous monolayer, a con-
tinuous monolayer with bilayer seeds on the monolayer grain
boundaries, isolated monolayer triangles or more complex and
thicker isolated nanostructures, all of which are depicted in
Fig. 1. Whereas from a technological point of view this situation
is highly unacceptable, from a scientific point of view, it is an
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interesting system, where the influence of the morphology on
the structural, thermal, electrical or optical properties can be
freely examined.

In this paper, using this inhomogeneous system, we examine
one of the properties of thin MoS, films - the phonon properties.
Phonons are quasi-particles related to the vibrations of atoms
constituting crystal lattices. They determine phenomena such as
thermal expansion, heat transport, charge carrier mobility, and
photoluminescence. To access phonon properties, we use a very
powerful, convenient and widely used tool called Raman spectro-
scopy. In this technique, the result of the measurement is a
Raman spectrum, that is, a histogram of energies of photons
that have been inelastically scattered by phonons. Analysis of
such a spectrum can be used for material identification because
phonon energies are a fingerprint of chemical compounds.
Much more interesting, however, are the changes in Raman
spectra in response to different disturbances, which can have
important physical meaning. For example, temperature changes
in phonon energies,* ' which we investigate in this paper, are
primary related to the anharmonicity of the crystal lattice
potential. Knowledge of the temperature dependencies of the
Raman spectrum also has practical application, for example,
in Raman thermometry, where Raman peak positions are
correlated with the local temperature, allowing for visualization
of the temperature distribution across the sample.'® Another
possibility is the calculation of a material’s thermal conductivity
(and optionally interfacial thermal conductance) using the
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Fig. 1 SEM images of different parts of a sample on which MoS, was grown by the CVD technique; (a—d) morphological transformation of the MoS,
isolated monolayer triangle flakes into a continuous monolayer with bilayer structures at the boundaries; (e—h) transformation of the MoS, isolated

monolayer triangle flakes into almost isolated multi-layer nanostructures.

Raman optothermal method.?*™° In this case, the temperature
increase indicated by the shifts in the Raman peak positions is
correlated with the laser power absorbed by the sample, thus
giving information on how effectively the heat generated at the
laser spot is evacuated to the rest of the sample.

Shifts in the Raman peak positions can also have causes
other than temperature, such as externally applied stress,>”>°
strain related to the substrate,>'*> doping,*® and change in
the number of layers,** all of which can also change within a
sample.*® Therefore, it is important to be able to identify and
resolve all contributions to Raman peak position shifts. This
task was partially done in the literature but only for stress and
doping.*"*** The role of temperature and thickness, which we
focus on in this work, is deficient. Our results give new insight
into changes in phonon energies in response to different
disturbances and show that changes induced by the temperature
are similar to the changes induced by stress, making these two
causes hardly distinguishable. In particular, using the theoretically
calculated MoS, thermal expansion coefficient, we demonstrate that
the stress induced by the thermal expansion of the substrate could
lead to the high variation in results reported in the literature, similar
to the case of CVD graphene.*® We note that the statistical approach
applied makes our results highly reliable because we show all data
instead of only selected data that match our thesis. Moreover,
the adopted methodology allows proper uncertainty assess-
ment of the obtained results, which is helpful when comparing
our results to the results reported by other authors.

Samples

The CVD MoS, samples were bought from the “2D Semiconductors”
company as a ‘batch’ (several samples from the same process).
Some of the samples were found to be not homogenous, and
two morphological transformations starting from isolated MoS,
monolayer triangle flakes were identified. The first type of trans-
formation is shown in Fig. 1a-d. A change in the MoS, film
morphology from isolated monolayer triangle flakes to a
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continuous monolayer with bilayer structures at the boundaries
is easily noticed. To check whether the nanostructures shown
in Fig. 1a are indeed MoS, monolayers, we made measurements
using atomic force microscopy. The results are presented
in Fig. 2a as a topography scan and in Fig. 2b as a height
distribution. The average height of the MoS, nanostructures
was found to be 0.88 nm, which confirms our claim.

The second type of MoS, morphological transformation is
shown in Fig. 1e-h. Here, the change is related to increasing the
number of layers in the individual MoS, flakes without forming a
continuous layer. Similar multilayer structures have been already
observed and identified in the literature, for example, in ref. 37. We
present an AFM topography scan in Fig. 2¢ and the corresponding
height distribution in Fig. 2d. As can be seen, the average height
of these nanostructures equals ~3 nm, while the maximum
height equals approximately 10 nm.

AFM height (nm) vs x,y-position (pm)
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Fig. 2 (a) AFM image of isolated CVD MoS, triangle monolayers and the
corresponding height distribution (b); the average height of the MoS,
flakes is 0.88 nm; (c) AFM image of mostly isolated CVD MoS, multilayer
nanostructures and their height distribution (d); conclusions on the height
are not as straightforward as in the case of a monolayer.
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For our study, we selected three areas related to the first
morphological transformation (as shown exactly in Fig. 1b-d)
and six areas related to the second transformation. This selec-
tion arises from the fast changes in phonon properties during
the second transformation and the slow changes during the
first one.

Experimental

Raman measurements were collected using a Renishaw inVia
Raman spectrometer equipped with a motorized XYZ stage for
position control (100 nm resolution) and a Linkam DSC600
optical cell system for temperature control (0.1 °C resolution).
For excitation, we used a 514 nm laser line (circular polarization,
defocused laser beam, laser spot size ~2 pm, laser power ~8 mWw).
For each temperature and area on the sample (related to different
MoS, nanostructures), we acquired one Raman map - a set of
169 single measurements (‘point spectra’) taken on a 13 x 13
square grid, in which neighboring points were located 2 pm
from each other. From every ‘point spectrum’, we extracted the
E,g and A, peak position, width (full width at half maximum),
and intensity (area under the peak, not the height), and we
calculated the temperature derivatives of the E,, and A, peak
positions - denoted ITE,, and AT, respectively. We note that
for MoS, mono- and multilayers, the Raman spectra include
two main peaks called (after the names of irreducible repre-
sentations) E,, and A,,. Their centers are equal to the phonon
energies taken at the center of the Brillouin zone (the I" point),
and the widths of the peaks are related to both phonon
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lifetimes and sample inhomogeneity within the illuminating
laser spot. All measurements were taken in air for five substrate
temperatures (T = 300 K, 340 K, 380 K, 420 K, and 460 K) from
the highest temperature to the lowest one. Before measure-
ment, samples were annealed at 460 K for one hour in order to
exclude any transient issues.

Results

The results of Raman measurements on MoS, nanostructures
during the first type of morphological transformation are
presented in Fig. 3. The E,; and A;, phonon energies are shown
in Fig. 3a in the ha’Alg_hsz coordinate system for five substrate
temperature values for three different areas on the sample.
Data are depicted as points with error bars. The point coordi-
nates are taken as the average of the phonon energies for a
specified temperature and area on the sample, and the lengths of
the error bars are the standard deviations of the corresponding
phonon energy distributions. We note that the Zw, ~hog,
coordinate system used here is analogous to the one often used
in the case of graphene, the hw,p-hws coordinate system,
which is convenient when analyzing contributions to the
Raman spectra from doping, stress and temperature.*®**
Regarding the interpretation of the results, the first detail to see
in Fig. 3a is that the E,; and A;, phonon energies are correlated
within each data series. The linear dependence between phonon
energies is quite intuitive since the dependence of the Raman
mode position on temperature is often approximated by the linear
relation /io(T) = y+T + wo, and hence, Athlg/Ahszg = Alg/XT,Ezg-
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Fig. 3 (a) Temperature dependence of the E;4 and Ay4 phonon energies for three specified positions on the sample; (b) difference between Ayq and Exq
phonon energies as a function of temperature; (c) an exemplary histogram of the phonon energy differences for a selected position and temperature;
(d and e) histograms of the temperature derivatives of the E,4/A14 phonon energies for three previously specified positions on the sample; (f) our results

collated with the data reported in the literature.
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The ratio of changes in the A;; mode position to changes in the
E,; mode position for all series in Fig. 3a is close to ~1. This
is an important result because compressive biaxial strain was
reported to cause shifts in the Raman E,, and A;, peak
positions with a ratio close to ~0.67,%° whereas hole doping
was reported to give shifts with a ratio close to 6.7.% Therefore,
temperature and stress contributions to Raman shifts are
similar to each other and thus could hardly be resolved in the
ha)Alg—ha}Ezg coordinate system. Moreover, temperature-induced
changes in the Raman spectra from the supported MoS,
samples depend not only on the properties of MoS, but
also on the thermal expansion of the substrate.?® This issue,
however, will be discussed separately further.

Next, we address the spread of the experimental data. As can
be noticed, the first series in Fig. 3a is the most widely
distributed. This is because within the defocused laser spot,
the coverage of the surface by the MoS, nanostructures is the
smallest, which results in the lowest signal intensity and thus
the lowest precision of the data extraction procedure. We note
that the uncertainty of the peak position value depends not only
on the spectrometer resolution but also on the intensity of
the Raman signal, which is subjected to the numerical fitting
procedure. Thus, the lower the Raman signal-to-noise ratio, the
higher the variation in the extracted phonon parameters. The
distribution of the data in the second and third series is much
narrower, which we attribute simply to the much higher Raman
signal-to-noise ratio.

The data in the second series are close to the data in the first
one, but the data in the third series are substantially shifted
with respect to the previous series in a direction ‘orthogonal’ to
the changes induced by the temperature. We attribute this
interesting shift to the emergence of the bilayer structure
at grain boundaries in the MoS, monolayer. To validate this
statement, we examined the difference between the A;, and
E,; phonon energies, which is considered to be a convenient
and reliable indicator of the number of MoS, layers.** The A,,
and E,, phonon energy differences as a function of temperature
for each of the areas are plotted in Fig. 3b. The data follow
expectations - the phonon energy differences for the third area
are larger than those for the first and second area, which are
close to each other. The temperature influence on the phonon
energy difference is minor when taking the uncertainties into
account, but for the first and second area on the sample, the
value for the lowest temperature seems to be a little higher.
We note that the value of the phonon energy differences is
calculated as the average of each difference, whereas the errors
bars represent the standard deviation of the differences.
A histogram of calculated differences between the A, and E,,
phonon energies for a selected area (the first one - the most
sparse monolayer triangles) and a selected temperature of the
substrate (7= 300 K) is shown in Fig. 3c. The Gaussian function
well approximates the experimental data, proving the normal
distribution of the results. This means that there is no proof
that there exists a specific cause of the phonon energy diver-
gence and that the data variation results from the measurement
uncertainty and sample inhomogeneity.

This journal is © the Owner Societies 2018
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Fig. 3d and e illustrate the evolution of the distributions of
the temperature derivatives of the E,; and A;; phonon energies
during the first morphological transformation of the MoS, film.
As mentioned previously, the data for the first area are the most
widely distributed. What is interesting is the non-negligible
difference between yr values, for both the E,; and A;; modes,
for the second and third areas. This difference is related to the
transformation of the MoS, layer from an almost continuous
and full monolayer to a fully continuous monolayer with some
bilayers at the boundaries. To obtain a wider perspective, we
collate our results and literature data in the Ir,A,, AT, coordi-
nate system (convenient when searching for some correlations)
in Fig. 3f. The exact literature values taken for this figure are
listed in Table 1. The ellipses represent the distributions of our
results, assuming that the semi-minor and semi-major axis
lengths are equal to two times the standard deviation of our
data. As one can see, the first set of data (the gray one) is the
largest one due to the highest measurement uncertainties. The
second and third sets of data (the red and blue ones) are more
confined, and even more importantly, they are separated. Thus,
the structural change in the MoS, layer was reflected in the
«r value distributions. We also note that the variation in our
lowest-confidence data (acquired in the first position) is still
much lower than the variation in all the data reported to date in
the literature, which is somewhat incomprehensible. A possible
explanation for the change in yr value and the high variability
of the literature data will be discussed further.

Fig. 4 shows analysis of the phonon properties conducted
for the second morphological transformation - from isolated
monolayer triangle flakes to isolated multilayer flakes. Fig. 4a
illustrates distributions in the E,; and A;, phonon energies for
five substrate temperature values for six areas. It is striking that
the data are twofold correlated.

First, similar to the case of the first morphological transfor-
mation, the E,; and A;, phonon energies for each area demon-
strate linear dependence with slope ~1. The average value
obtained using the Deming orthogonal regression method
equals: Aw, /Ahwg, = 0.99 + 0.13 and does not depend on
the area within uncertainty limits. This means that the tempera-
ture derivatives of the E,; and A, mode positions ITE,, and ITA,,
are approximately equal regardless of the thickness of the flakes.

Second, the linear dependence between the E,, and A,
phonon energies can be identified for a constant temperature
and for different areas (thicknesses, number of layers). In Fig. 4a,
this change is illustrated as a shift in the data in a direction
‘orthogonal’ to the changes induced by the temperature. The
average slope of the line that best fits the experimental data and
is obtained using a weighted total least-squares algorithm®®
equals: Ahw,, /Aoy, = —2.81 4+ 0.32. We note that this slope
does not depend on the temperature in the 300-460 K tempera-
ture range; thus, it is a reliable indicator allowing separation of
thickness from doping and stress/temperature.

In Fig. 4b, we plot the A, and E,, phonon energy differences
as a function of temperature for each of the areas. The data
follow expectations — the phonon energy differences increase
in value as the nanostructures became thicker. Moreover, the
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Table 1 Values of the temperature derivative of the E;q and Ajg phonon energies reported in the literature

Material Zx,, value cm ' K™7) Za,, value (cm " K7 Temperature range Ref.
Bulk —0.0147(5) —0.0123(5) 95-573 K 4
Bulk —0.015 —0.013

Mono, CVD, Si/SiO, —0.013 —0.016 293-453 K >
Few-layer, vapor-phase, Si/SiO, —0.0132 —0.0123 83-523 K 6
Mono, mechanical exfoliation, Si/SiO, —0.0179(9) —0.0143(7)

Bi, mechanical exfoliation, Si/SiO, —0.0137(9) —0.0189(3) 300-550 K 7
Mono, CVD, Si/SiO, —0.0138 —0.0115

Mono, mechanical exfoliation, suspended —0.011(1) —0.013(1) 100-320 K 8
Mono, mechanical exfoliation, sapphire —0.017 —0.013

Mono, mechanical exfoliation, Si/SiO, —0.0152 —0.0178 70-350 K 9
Few-layer, hydrothermal, freestanding —0.016 —0.011 77-623 K 10
Bulk —0.0221 £ 0.0009 —0.0197 £ 0.0009 25-500 °C

Mono, mechanical exfoliation, Si/SiO, —0.0241 + 0.0015 —0.0626 + 0.0038

Mono, CVD, Si/SiO, —0.0217 £ 0.0017 —0.0301 £ 0.0023 25-400 °C 1
Bi, CVD, Si/SiO, —0.0233 £ 0.0018 —0.0310 £ 0.0018

Mono, CVD, sapphire —0.0143 + 0.0006 —0.0199 + 0.0012 25-425 °C

Bi, CVD, sapphire —0.0135 £ 0.0008 —0.0160 £ 0.0014

Mono, mechanical exfoliation, supported — —0.0167 £ 0.0007

Bi, mechanical exfoliation, supported — —0.0139 £ 0.0005 300-500 K 12
Mono, mechanical exfoliation, suspended — —0.0203 £+ 0.0006

Bi, mechanical exfoliation, suspended — —0.0141 £ 0.0004

Mono, CVD, Si/SiO, —0.0136 —0.0113 80-593 K 13
Mono, CVD, Si/SiO, —0.0121 —0.0116

Bi, CVD, Si/SiO, —0.0118 —0.00941 90-540 K 14
Multi, CVD, Si/SiO, —0.0118 —0.0102

7-Layer, mechanical exfoliation, Si —0.0146 + 0.0004 —0.0143 £+ 0.0005

8-Layer, mechanical exfoliation, Si —0.0111 + 0.0004 —0.0110 £ 0.0005

13-Layer, mechanical exfoliation, Si —0.0158 + 0.0008 —0.0153 £+ 0.0014

20-Layer, mechanical exfoliation, Si —0.0299 + 0.0019 —0.0237 4+ 0.0013 292-415 K 15
33-Layer, mechanical exfoliation, Si —0.221 —0.0174 £+ 0.0013

47-Layer, mechanical exfoliation, Si —0.275 £+ 0.0015 —0.0221 + 0.0013

75-Layer, mechanical exfoliation, Si —0.0194 + 0.0012 —0.0174 £+ 0.0010

Mono, CVD, Si/SiO, —0.015 £ 0.002 —0.013 £ 0.001 RT-250 °C 16
Mono, CVD, Si/SiO, —0.0183 £ 0.0009 —0.0198 £ 0.0014 RT-305 °C 17
Mono, CVD, Si/SiO, + WS, on top —0.0111 £ 0.0003 —0.0112 +£ 0.0002 300-642 °C 18
Mono, mechanical exfoliation, Si/SiO, —0.016 —0.014 175-575 K 19
Mono, noncontiguous, CVD, Si/SiO, —0.0140 + 0.0006 —0.0144 £+ 0.0004

Mono + bi, CVD, Si/SiO, —0.0155 + 0.0005 —0.0157 £ 0.0004 300-460 K This work

Various isolated MoS, few layers, CVD, Si/SiO,

—0.0144 £ 0.0007

—0.0144 £ 0.0007

phonon energy differences do not change significantly with
temperature. This suggests that phonon energy difference is a
good indicator of the number of layers for all temperatures in
the 300-460 K temperature range. A histogram of calculated
differences between the A;; and E,; phonon energies for a
selected area (the first one) and a selected temperature of the
substrate (T = 300 K) is shown in Fig. 4c. The Gaussian function
well approximates the experimental data, proving the normal
distribution of the results. The average values of the phonon
energy differences with corresponding standard deviations

15490 | Phys. Chem. Chem. Phys., 2018, 20, 15486-15495

calculated for each area on the sample are illustrated in Fig. 4d.
The values of the standard deviation in this case are related to the
dynamics of the transformation within the scanned area - the
faster changes, the greater the variation in the data.

In Fig. 4e, we present the average value of the temperature
derivatives of the E,; and A;, phonon energies for each area,
supplemented with the standard deviation values depicted
as error bars. We note that despite the adopted statistical
approach, no clear trend in the provided data can be identified.
In particular, the variation in the acquired data is so high that it
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Fig. 4 (a) Temperature dependence of the E,4 and Ay phonon energies for six specified positions on the sample; (b) difference between the Aigand Exg
phonon energies as a function of temperature; (c) an exemplary histogram of the phonon energy differences for a selected position and temperature; (d)
dependence of the average phonon energy difference on the place on the sample, where the error bars denote the standard deviation; (e) temperature
derivative of the phonon energy for six places on the sample, where the error bars denote the standard deviation; (f) our results collated with the data

reported in the literature.

completely outmatches minor changes that were expected
to have been identified during the clearly seen structural
transformation. Therefore, there is no proof that a correlation
exists between the temperature derivative of the E,; and A
mode positions and the thickness of the sample. Finally, in
Fig. 4f, we collate the literature data with our data acquired
during the second transformation, which for clarity were
pooled together into one data set. We note that variation in
our data, as mentioned previously, is much lower than the
variation in all the data reported to date in the literature. This
issue will be discussed further.

To demonstrate that the linear dependence between the E,,
and A;, mode positions with slope ~1 can also be found in the
results of other Raman measurements in which the temperature
of the sample is changing, we analyzed our data obtained for
multilayer exfoliated MoS, flakes.>® First, we check the data for
different substrate temperatures and laser powers. We note that
the local temperature of samples investigated using Raman
spectroscopy depends not only on the temperature of the sub-
strate but also on the heating by the incident laser beam. When
the laser power density is small, the laser heating of the sample
can often be neglected. As a consequence, the temperature
distribution within the laser spot is homogenous and is equal to
the temperature of the substrate. However, for higher laser powers,
a significant temperature increase in the probed sample could
occur. In this case, the temperature increase is nonhomogeneous
and depends on the thermal conductivity k of the sample, on the
interfacial thermal conductance g between the sample and the
substrate, and on the distribution of the laser power density.

This journal is © the Owner Societies 2018

Moreover, laser heating of the sample is usually limited to a
small part of the whole system; in particular, it does not change
the temperature of the substrate. Fig. 5a and b show the results.
The E,, and A;, mode positions for four different laser powers
for five different substrate temperatures are shown in Fig. 5a.
The same data in the thlg—hszg coordinate system are shown
in Fig. 5b. All experimental points are clearly placed on a
straight line with a slope that equals 0.93, which is in agree-
ment with our previous results.

The second analysis concerns changes in laser power density
distribution. In this case, the temperature of the substrate and
the laser power are constant, but the beam size is changing. We
realized this by changing the distance between the sample
surface and the laser beam waist. Further details can be found
in ref. 26. In Fig. 5¢, we show derivatives of the E,; and A,
mode positions with respect to the laser power versus distance
of the sample surface from the laser beam waist for a substrate
temperature that equals 300 K. We note that the temperature
distribution within the laser spot is also nonhomogeneous
and depends on x and g and that the temperature of the sub-
strate usually does not increase. Fig. 5d illustrates data in the
6thlg/8PL—8hszg/8PL coordinate system, and similar to Fig. 5b,
all experimental points are placed on a straight line with a slope
that equals 1.17, which further confirms our findings. We note
that all lines in the thlg—hszg and 8th1g/8PL—8h(uEzg/8PL coor-
dinate systems are fitted using the Deming orthogonal method
instead of using the standard regression method because both
ho)Alg and hszg have comparable uncertainties and neither of
them can be neglected. The small deviation in the slope of the
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Fig. 5 Raman peak position as a function of temperature of the substrate for
four laser power values (a) and in the thl —hwEZ coordinate system (b); Raman
peak positions as a function of the distance between the sample surface and
the focus of the laser beam (c) and in the athlg/aPL—aﬁwgzg/aPL coordinate
system (d). All data from ref. 26.

fitted line from a value ~1 results from ‘point measurements’
in our previous work.>®

The last question we discuss in this paper is the influence of
substrate thermal expansion on the temperature derivatives of
the mode positions yr and their correlations.®® At the begin-
ning, we note that the linear thermal expansion coefficient
calculated for a MoS, monolayer ayos, = 17.4 x 107 ° K119
whereas the linear thermal expansion coefficient for a bulk
silicon substrate ag; ~ 2.56 x 10~° K~ .*! The large mismatch
between thermal expansion coefficients (TECs) could lead to
temperature-dependent stress in the sample. This situation is
possible when a sample is strongly coupled to the substrate and
mimics its thermal expansion. The value of the temperature-
dependent contribution to stress can be written as:

STEC(AT) = C'(Oﬂsi — OCMOSZ)'AT, C € <0;1>, (1)

where AT stands for the temperature difference and ¢ describes
the coupling of the MoS, nanostructure to the substrate;
namely, it says whether a MoS, nanostructure follows its own
thermal expansion or mimics the thermal expansion of the
substrate. This substrate-induced strain ¢ will be biaxial and
compressive since amos, > ¢si- In the case when the MoS, nano-
structures are initially tensile strained, the substrate-induced
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stress induced by the temperature increase will decrease its
value. Such a situation could take place for samples grown using
the CVD technique, for which the bonding between the MoS,
and the substrate is formed at the growth temperature, much
higher than room temperature. Assuming that MoS, film is
relaxed at the growth temperature, the subsequent cooling will
produce significant tensile strain at room temperature resulting
in TEC mismatch, which was discussed by Su et al.*>'"*?

Now, assuming that the data obtained during the first
morphological transformation in the second area represent a
MosS, flake that is weakly coupled to the substrate (¢ = 0), the
sample can follow unconstrained thermal expansion despite
completely different thermal expansion coefficients of the
substrate. Formally:**

— % + a_V ah_w (2)
m=\or ), "\or), \ov ),
Next, let’s calculate the XT,EZg/ and XTyAlg, values assuming that
the flake is fully coupled to the substrate (¢ = 1) and that y does
not depend much on the externally applied strain. Formally:

) Ohw  Oe E)h_w

1T :XT"'C'E'a_T:XT'F 96 -1+ (osi = omios, ). (3)

Taking Ahwgp, = ~3 em™' and Ahwy, = ~2 cm™! for Ag =
—0.2%,%° we obtained trE,, = Irg, + 0.0223 em ™' Kt and
Zra,, = I, +0.0148 em~ ' K. It can be seen that the change
in the I, and T, values obtained for no coupling and for
full coupling of the MoS, flake to the substrate is of the same
order as the scale of the variation in all the literature data.
Thus, different coupling of the MoS, flake to the substrate,
which means different strain resulting from TEC mismatch,
can partially explain the large variation in the literature data.
The straight yellow line illustrates different contributions from
the thermal expansion of the substrate to the temperature
derivatives of the phonon energies. Its slope equals the ratio
of the derivative of the A;; phonon energy with respect to strain
to the derivative of the E,, phonon energy with respect to strain,
which is: (Ahiw,, /Ae)/(Ahwg, /Ae) ~ 0.67. To include dispersion
in the Ohw/0e values, we assumed that the above slope can vary
by 25%, which is marked in Fig. 6 as a yellow streak. Within
this area, not only all our data, denoted as ‘rest of results’, but
also most of the literature data are placed. We note that initial
strain inside the MoS, nanostructures does not contribute to
the temperature derivatives of the mode energies because the
temperature derivative includes only those contributions which
are temperature-dependent. Thus, it is not important at what
temperature the MoS, nanostructures were relaxed, what is
only important is the coupling to the substrate. If the strength
of the coupling is changing in subsequent heating-cooling
cycles, the ITE,, and ITA,, values will obviously change. We
emphasize that we report results that do not change during the
heating-cooling cycles, therefore the samples considered here
are somehow relaxed.

Contribution of the substrate-induced strain in the proposed
explanation will always lead to a decrease in the ITE,, and yr Aug
absolute values since both are negative. Therefore, the fact that
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Fig. 6 Derivative of the Ajg mode position with respect to temperature vs.
derivative of the Eyg mode position with respect to temperature. The
yellow line represents the contribution from strain resulting from thermal
expansion of the substrate. Its glow represents the 25% uncertainty margin.
The green line represents the contribution from local laser heating of
the sample that depends on the thermal conductivity k and the thermal
interface conductance g.

some of the reported values are larger in magnitude requires
some comment. We identified two causes that can lead to the
increase in the magnitude of the YT, and IT,A, The first one
is related to the film-substrate bonding which could be non-
stationary under thermal stress."” Typically, it is reported as the
difference in y values for subsequent heating-cooling cycles.
For example, Su et al. in ref. 17 reported that the IT,E,, value
is changing from —0.0192 cm™' K ' in the first cycle to
—0.0183 cm ' K ! in the second cycle, and the Zra,, value
is changing from —0.0390 cm™' K ' in the first cycle to
—0.0198 cm™ ' K" in the second cycle. The change in the yra,
value is impressive. The second cause is more subtle and is
related to the experimental details. Raman spectroscopy uses
illumination by the laser beam. Absorption of some part of the
incident radiation always leads to an increase in local tempera-
ture. This temperature increase is nonhomogeneous within the
laser spot and depends on the heat dissipation effectiveness,
which at least partially depends on the thermal conductivity x
and the interface thermal conductance g. If this temperature
increase is of the same order as the changes in substrate
temperature during the study and the heat dissipation depends
on the substrate temperature (for example x depends on the
temperature) the y values will be affected. For example, if the
local temperature increase depends mainly on the thermal
conductivity, which decreases with temperature, the y values
will be overestimated. This effect is illustrated in Fig. 6 as the
green line. Its slope was calculated from the data shown in
Fig. 5a. We note that none of the effects described above take
place in our work.

From this perspective, it is valuable to discuss again the
results presented in Fig. 3-5. During the first morphological
transformation, the MoS, film starts to be continuous. As a
result, a non-negligible change in ITE,, and in ITE,, is observed.
A possible explanation is that the continuous part of the MoS,
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film is less coupled to the substrate and thus is exposed to a
slightly lower compressive strain contribution than the non-
contiguous part. The difference in the coupling constant Ac = 0.077.
During the second morphological transformation, the MoS, iso-
lated flakes became thicker. Assuming that the coupling to the
substrate is low (the average values of ITE,, and JT,, are close to
the bulk counterparts), the number of layers does not change the
strain acting on the sample as a whole,***> because there is no
strain transfer from the substrate to the sample. The results
presented in Fig. 5 are obtained from mechanically exfoliated
multilayer MoS, flakes. Because the interfacial thermal conduc-
tance is low (lower than values reported in the literature™®), one can
conclude that the coupling to the substrate is also low and that the
expansion of the substrate does not affect the expansion of the
sample. Thus, the laser heating of the sample has the same effect
as external heating of the substrate because both neglect strain
resulting from the TEC mismatch. In summary, all our samples are
weakly coupled to the substrate, and the presented results illustrate
almost purely the effect of the temperature and thickness. The
much stronger coupling to the substrate, however, can explain the
high variation in the data reported in the literature.

Conclusions

In this paper, we analyzed the correlation between MoS, Raman
peak positions as a function of the temperature and thickness. We
showed that strain and temperature are similar to each other and
that it is hard to resolve both contributions to the Raman spectra
even in the hwa -howg, coordinate system. We showed that
thermal expansion of the substrate could lead to temperature-
dependent strain and thus could significantly affect the tempera-
ture derivatives of the phonon energies. It could also partially
explain differences in data reported in the literature, even though
our results are not affected. We also note the importance of the
statistical approach, which includes sample inhomogeneity as well
and is absolutely required to provide reliable data, to perform a
proper uncertainty assessment and to assign proper meaning to
the differences in values reported in the literature.
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