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ABSTRACT: Nanoindentation was used to measure the nanomechanical properties of four two-dimensional transition metal
dichalcogenides (TMDs), namely molybdenum disulfide (MoS,), rhenium disulfide (ReS,), rhenium diselenide (ReSe,), and
tungsten diselenide (WSe,), with very high tensile strengths comparable to graphene. These materials have potential applications for
new electronic device applications, but their nanomechanical properties have not yet been well studied. For this purpose, an atomic
force microscope (AFM) capable of measuring the elastic moduli of these two-dimensional nanomaterials through nanoindentation
was used to generate force—distance curves for analysis. In this work, we developed a new Python code to analyze these force—
distance curves, resulting in more accurate values of the reduced Young’s modulus and stiffness of each of these nanomaterials as
compared to existing data analysis software such as Atomic] and MountainsSPIP. The values obtained using our code for reduced
Young’s modulus of MoS,, ReS,, ReSe,, and WSe, were 140, 79, 37, and 38 GPa, respectively, with percent differences as
summarized in Table 3. Among the samples, MoS, has the highest values for its reduced Young’s modulus and stiffness followed by,
in order, ReS,, WSe,, and ReSe,. Our results were in better agreement with theoretical calculations in the literature than those
obtained by the other two pieces of data analysis software.

B INTRODUCTION analysis packages have been unreliable in producing accurate
nanomechanical properties of these TMDs due to the
complexity of the measured force curve fitting process. None
of the existing imaging techniques can accurately determine
the contact area, A, between the AFM probe and sample,
which is an important factor in the calculations of nano-
mechanical parameters. Oliver and Pharr’s method of
determining the reduced Young’s modulus is the most
commonly used method for a perfect geometry of the AFM
tip by employing a simple relationship between the projected
contact area and the indentation depth. However, there are
very few publicly available software packages that use this
method, with many employing models based on tip geometry

As the field of electronics advances through the use of 2D
materials, the search for graphene-like materials is getting
increased attention, along with growing interest in transition
metal dichalcogenides (TMDs). Of these materials, there is
interest in the use of MoS,, ReS,, ReSe,, and WSe, for new
electronic device applications. MoS, and ReSe, are both
semiconductors with monolayer bandgaps of 1.8 and 1.17 eV,
respectively, with MoS, having potential use in optoelectronics
and ReSe, for use in flexible electronics.”” Monolayer ReS,
also has a similar band gap of 1.35—1.44 eV and has shown
potential for use in optoelectronics, energy harvesting, and
storage, and other electrical applications, such as field effect
transistors.”* WSe, has a direct band gap of 1.65—2.1 eV when
monolayer™® with potential applications in functional Received: June 11, 2024
electronics and optoelectronics. The electrical and optical Revised:  October 30, 2024
properties of the four TMD materials listed above are widely Accepted:  October 31, 2024
researched. Despite many theoretical studies, there has not

been much experimental work on the nanomechanical

properties of these TMDs. In addition, existing force curve
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Figure 1. List of known TMDs and the 2D layered structure (2H structure, 1T structure, or 1T” structure) in which each is stable.'’

with larger deviations from the ideal shape, leading to larger
inaccuracies in the contact area and, hence, nanomechanical
parameters. In this work, a program was written in Python
using widely available modules to allow more control over the
curve-fitting process as well as accurate identification of the
probe’s contact point and area and the use of the Oliver and
Pharr method.

Monolayer graphene is an exceptionally hard material. It has
been reported that monolayer graphene has a very high value
of Young’s modulus in the range of 0.89—1.0 TPa.”® However,
graphene’s zero band gap makes it unsuitable for some of the
applications listed above.” Theoretical calculations of mono-
layer TMDs exhibit a high value of Young’s modulus similar to
that of graphene, and they are more suitable for optoelectronic
applications than graphene. As some of these materials are
used for nanodevice fabrication as two-dimensional lateral
heterostructures, layering of these materials exerts significant
stress, affecting mechanical properties such as Young’s
modulus, stiffness, hardness, and roughness of these TMDs.
Therefore, in this work, we developed a Python code analysis
software to analyze our experimental data - force-distance
curves obtained by nanoindentation coupled with atomic force
microscope imaging (AFM) to understand the nanomechan-
ical properties of these TMDs better. The values of reduced
Young’s modulus and stiffness obtained using our Python code
were compared with results obtained by other analysis software
packages like Atomic] and MountainsSPIP. These values were
also compared to values obtained by theoretical and computa-
tional analysis.

The general formula for layered transition metal dichalco-
genides (TMDs) is MX,, where M represents a transition
metal, and X stands for chalcogen. About 88 different
combinations of MX, compounds have been identified, and
52 of them can be stable in free-standing, single-layer
honeycomb-like structures based on stability analysis using
first-principle calculations of structure optimization, phonon
frequency, formation energy, elastic properties, and finite
temperature ab initio molecular dynamics calculations as
shown in Figure 1."” In Figure 1, we modified the table of
TMDs created by Ataca et al.'’ to include four additional
TMDs to the list, namely, ReS,, ReSe,, ReTe,, and ReO,, two
of which were synthesized and studied in this work.
Interatomic bonding in all these TMD compounds is covalent,
with each chalcogen forming two covalent bonds with
neighboring atoms. However, the interlayer coupling is a
weak van der Waals interaction, and monolayer or few-layer
two-dimensional TMDs can be easily exfoliated. Subsequently,
the band gap can be engineered for various device applications
by varying the number of layers.''

Young’s modulus, also called the elastic modulus, is a
measure of the stress-to-strain ratio of a material, where stress
is the force per unit area and strain is a measure of deformation
in the material. Young’s modulus can also be expressed in
terms of the elastic constants.

Hardness is a measure of the resistance to deformation
caused by a surface indentation and is proportional to the
applied load and area of indentation.'” Stiffness, while similar
to hardness, measures the material’s resistance to deformation
from an applied force and is defined as the relationship
between the applied force and the deformation of the
material.'”> Our focus was to perform detailed experimental
measurements in order to accurately determine the nano-
mechanical properties of each of these four TMD materials.
We developed a new Python code to accurately determine the
Young’s modulus and stiffness in order to compare their values
to the Young’s modulus of monolayer graphene, each other,
and the expected theoretical predictions as well as
experimental values from other sources.

Nanoindentation is one of the most common means of
testing the nanomechanical properties of materials. Once
calibrated, the atomic force microscope (AFM) measures the
intensity of interactions between a probe and the sample
during the loading stage (indentation) and the unloading stage
(while the probe is retracted). The small area of the probe tip,
which comes in various shapes, allows for a high sensitivity to
minuscule forces. The probe tip is placed on a soft spring
(cantilever), which is often made of silicon, allowing for
detecting forces in the range of a few nN. Figure 2 shows the

.

@ Photodiode

Figure 2. Basic components of an AFM: probe tip, cantilever, laser,
and photodiode.

basic components of the AFM showing the indentation of the
samples and the resulting deflection of the incident laser. The
indentation is recorded as force—distance curve as shown in
Figure 3 that is similar to the force—distance curve behavior
originally proposed by Oliver and Pharr'’ in Figure 4.

From this curve, numerous nanomechanical properties of
thin films and other related characteristics can be obtained. We
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where a and m are power law fitting constants and h; is the
3.0 1 final depth or the permanent deformation caused by the
—~ 2.51 indentation.
% Figure 5 shows a cross-sectional view of an ideal indentation
= 2.01 process to visualize the contact depth, h, and subsequent
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Figure 3. Force—distance curve for ReS, exhibiting plastic

deformation. The dashed curve represents the loading curve, while
the solid curve represents the unloading curve.
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Figure 4. A sketch of the theoretically predicted force curve similar to
the one given in ref 13.

have employed eqs 1, 2, 6, and 8 that can be used to analyze
the data to obtain the stiffness and Young’s modulus.

As seen in Figure 4, contact stiffness, S, is defined to be the
slope of the unloading curve. Because the upper portion of the
unloading curve corresponds to the linear stage of the probe
retraction before tapering off, the most accurate stiffness
measurements are calculated from this initial gradient.
Mathematically

s=(5)
oh )y (1)

where P is the force and h is the displacement.

According to Oliver and Pharr,"® the unloading force P is
not linearly dependent on the indentation depth 4; rather, it is
approximated by the power law relation:

indenter

/ Ihf
unloaded v

Figure 5. Cross-sectional view of an ideal indentation during
indentation and after the tip has withdrawn.

projected cross-sectional area given by eq 5. The contact depth
h. can be expressed as

hC = hmax - hS (3)
and h is
)
hy = ¢ ==
S (4)

where h, is the maximum contact depth, k is the sink-in
depth, P, is the maximum applied force, S is the stiffness, and
€ is a geometric constant relating the probe shape (e = 0.75 for
conical tip indenter). Similarly, the projected contact area is
given by

A(h;) = (m)[tan(0) (h)P (s)

Here 0 refers to the half angle of the probe tip. The variable h,
is the contact depth and it is the difference between the
maximum displacement and the depth of the permanent
deformation. Using the value of the half angle for the conical
probe used in this work, the contact area can be calculated as

A(h) = ()[tan(18°) (b))’ (6)

Once the contact area is determined, the hardness, H, defined
as the mean pressure a substance can support across that area,
is calculated using the equation

P

" A(h) (7)

where P___is the max load (), and A (m?) is the contact area
during indentation."”

Young’s modulus is a measure of elasticity or the stress-to-
strain ratio of a substance. Because of the elastic nature of the
probe (that is, it is not infinitely rigid), only the reduced or
effective Young’s modulus can be calculated." Using the
stiffness from eq 1 and the contact area from eq 6, the reduced
elastic modulus takes elastic deformations in both the probe
and sample into account and is given by

https://doi.org/10.1021/acs.jpcc.4c03861
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where E, is the reduced Young’s modulus (Pa). During the
nanoindentation process, both the probe tip and sample suffer
mechanical deformations, hence, the reduced Young’s modulus
is determined. If the Young’s modulus E; and the Poisson’s
ratio v; of the indenter are known, then the reduced Young’s
modulus of the sample can be calculated using the relation:

2

2 1—v

1 1-v

E, E E, ©)

T 1

Using the Oliver and Pharr model, three main characteristics
must be measured from the force—distance curve in order to
determine Young’s modulus: the maximum applied load, P,,,,
(nN), the displacement at P, h,. (nm), and the contact
stiffness, S. Once these quantities are measured, the projected
cross-sectional area of the indenter, A(h.) (m?), can be
calculated using h,, the residual contact depth, and a conical
approximation of the probe’s dimensions using the manufac-
turer’s specifications. Figure 6 is a scanning electron micro-
scope (SEM) image of the AFM probe showing its conical
shape.

B METHODS

A Nanosurf FlexAFM was used to image and indent the
samples in conjunction with the Nanosurf Easyscan 2 software.
A diamond doped probe (DD-ACTA) (Figure 6) was

Figure 6. Scanning electron microscopy (SEM) image of the indenter
tip.

mounted to the scan head of the atomic force microscope. A
laser deflects off of the tip of the probe and onto a photodiode.
Changes in the probe’s deflection will cause a change in the
current produced by the photodiode (Figure 2). The
deflection sensitivity and spring constant of the cantilever
must be known to accurately determine the force of the
indentation. In eq 10, N is the force of the indentation, % is the

maximum deflection of the probe, V is the deflection voltage,
and Y is the spring constant of the cantilever.
m

N= (V)(%)(%] (10)

The probe’s resonant frequency must be known in order to
find its spring constant. The manufacturer of the probe
(AppNano) provided an estimate of the resonant frequency at

300 kHz, so a coarse frequency sweep was performed between
200 and 600 kHz in steps of 100 Hz. The resonant peak was
selected, and a fine sweep was performed ranging from 407 to
409 kHz. The resonant frequency was approximately 408 kHz
across every trial. The software uses the Sader method to find
the spring constant based on the resonant frequency, Q-factor,
geometry of the cantilever, and the density of air.">'

The maximum deflection can be found by determining the
deflection sensitivity which is used to equate the voltage
produced by the photodiode to the deflection of the probe. In
order to accurately determine the maximum deflection, the
probe must indent a material with a stiffness significantly
greater than its own stiffness. Therefore, sapphire was used for
this calibration due to its hardness. The sapphire was indented
five times while the resultant force curves were generated. The
software automatically selects four of the best force curves for
this calibration. The first 70% of the unloading curves were fit
in order to determine the deflection sensitivity. The maximum
deflection is then found by dividing the scale of the AFM
detector (10 V) by the deflection sensitivity.

Imaging of the samples was performed in Dynamic mode,
while indentation was performed in Static mode. In Dynamic
mode, the probe is oscillated close to its resonant frequency by
a piezo shaker. The amplitude of the oscillation will decrease as
the probe comes closer to the surface of the sample. This
enables the AFM to record the topography of the sample.'”

Nanoindentation was performed in Static mode. The probe
would start 5 um above the surface of the sample. It would
approach and indent with a max load of 3 to 5 uN before
retracting to its starting point. The total time between reaching
the surface and indenting completely was 2 s. Additionally, the
withdrawal from max load to the surface of the sample took 2 s.
Indentation was performed 16 times at different locations on a
4 X 4 grid on a uniform region of approximately 100 X 100
nm?. Measurements were performed on S—6 samples of each
TMD. For each sample, indentations were done on several sets
4 X 4 grids. The values of reduced Young’s modulus, which
were obtained by these nanoindentations were averaged to
produce the box plots in Figure 12.

The load frame compliance (mN™') influences the depth
measurement of the indentation. The load frame compliance is
the inverse of the spring constant (k) as determined by the
Sader method; therefore, each depth measurement will be in
error by P/k where P is the load. In order to correct the depth,
P/k must be subtracted from all depth measurements, as
shown in eq 11.

, p

PR ()
The samples studied in this work were MoS,, ReS,, ReSe,, and
WSe,. Thin films of a few layers of three of the samples, MoS,,
ReS,, and ReSe,, were obtained by mechanical tape exfoliation,
while thin films of WSe, were prepared using chemical vapor
deposition. All of the samples were deposited onto a silicon
substrate. The MoS, crystals used for this study correspond to
the mineral molybdenite provided by SPI Supplies. ReS2 single
crystals were synthesized through a chemical vapor transport
(CVT) technique using either iodine or excess S as the
transport agent. Re (99.997%) and S (99.9995%) powders
were sealed in vacuumed quartz ampules and brought up to
high temperatures in 15 h. The ampule was kept under a
temperature gradient of 100 °C for 7 days, with the cold end
maintained at 980 °C and the hot end at 1080 °C. After 7 days,
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the furnace was shut off, and the ampule was harvested at room
temperature. WSe, and ReSe, single crystals were synthesized
via a flux method: for example, Re (99.997%) and Se
(99.9999% powders) in a 1:25 ratio were sealed in quartz
ampule, brought to 1050 °C and cooled down to 450 °C in
600 h, to have the crystals centrifuged from the flux. The
samples were analyzed under a scanning electron microscope
(SEM) and AFM to ensure that there were no significant
defects.

Initial estimates of Young’s modulus were obtained through
AtomicJ."® A Python code was developed by our group to
allow more flexibility in the curve-fitting procedure and more
accurate identification of the contact point. The Python code
used in the calculation of Young’s modulus and stiffness is
available upon request.

B RESULTS AND DISCUSSION

Figure 7 shows an AFM image and height profile of an
indentation made in a sample of MoS,. The image was
processed in Matlab. The data was initially detrended along the
y-axis by fitting a second-order polynomial. A Gaussian
window was applied to filter high-frequency noise in the
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Figure 7. AFM image and height profile of a singular indentation
made in a sample of MoS,. The estimated depth of the indentation is
22 nm.
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Figure 8. Scanning electron microscope (SEM) image of a sample of
MoS, after performing 16 indentations. The insert has been enlarged
to show 12 of the clearest indentations.
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Figure 9. Force—distance curve for MoS,. The unloading curve has
been fit using eq 2.
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Figure 10. Normalized force—distance curves for MoS,, ReS,, ReSe,,
and WSe,.

image. The depth of the indentation is estimated to be 22 nm.
This estimation was determined by finding the minimum value
of the image after setting the median value of the image to
zero.
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Figure 11. AFM scan images of MoS,, ReS,, ReSe,, and WSe, samples.
Table 1. Measured Stiffness and Young’s Modulus Results —_—
for MoS,, WSe,, ReSe,, and ReS, 350 1
sample S (N/m) E (GPa) E 300 1
Mo, 660 + 260 140 + 70 L 0
wv
WSe, 290 + 34 38+9 =
ReSe, 364 + 250 37 + 24 -§ 200
ReS, 437 £ 130 79 £ 39 E 150
2
Table 2. Young’s Modulus of the TMD Samples as 3 100
Determined by Atomic] and MountainsSPIP > 5 %
sample Atomic] MountainsSPIP 0 - L
MoS, 131 29 Mos2 Wse2 ReS2 ReSe2
WSe, 41 12
ReSe, 23 33 Figure 12. Box plots of the range of values of Young’s modulus for
ReS 73 16 each of the samples measured.
2
There is significant pileup around the indentation which are indentation which may indicate that the AFM probe is
the brighter regions around the darker indentation in Figure 7. indenting at an angle. A material’s tendency to pile up has

The majority of the pileup is located at the top of the largely contributed to higher E/Y (Young’s modulus to yield
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Table 3. Comparison of Our Experimental Young’s
Modulus Values with Theoretical Calculations for MoS,,
WSe,, ReSe,, ReS,, and Their Percent Difference

sample E (GPa) Egpeor. (GPa) percent difference (%)
MoS, 140 + 70 199.525>° 32

WSe, 38+ 9 123.6*° 106

ReSe, 37 + 24 66.727>* 57

ReS, 79 + 39 89.243% 13

strength) ratios. Materials with ratios greater than 0.7 have
been observed to pile up while materials with ratios less than
0.7 have been observed to sink in ref 19. A scanning electron
microscope (SEM) image has been taken of one of the
indentation locations on MoS, in Figure 8. A total of 16
indentations were made in this sample. The SEM image shows
12 of the indentations that could be imaged with the SEM.

Figure 9 shows an expanded view of a force—distance curve
data for MoS,. All four samples exhibited hysteresis and elastic-
plastic deformation similar to this curve. While some elastic
recovery was observed in the materials, namely ReSe, and
ReS,, the deformation was mainly plastic. In Figure 10,
normalized unloading curves for MoS,, ReS,, ReSe,, and WSe,
have been plotted.

Figure 11 shows the AFM scan images for MoS,, WSe,,
ReS,, and ReSe,. The images were imported into Gwyddion to
perform mean plane subtraction and scan line level correction.

Table 1 is a summary of the experimental results for the
stiffness and reduced Young’s modulus obtained through our
Python code from the nanoindentation measurements. The
calculated uncertainty in Young’s modulus is equal to the
standard deviation within each set of measurements.

In Table 2, the values of Young’s modulus as determined by
Atomic] and MountainsSPIP are shown. Both were fit using
Bilodeau’s approximation for pyramidal indenters which is
shown in eq 12 where v is Poisson’s ratio.”

1.4906E tan(6) 2

2(1 — v?) (12)
Our results show that both MoS, and ReS, have a higher
Young’s modulus than ReSe, and WSe,. This is in agreement
with Falin et al, who found Young’s modulus of WS, to be
approximately 44 GPa greater than WSe,. Similarly, Deng et al.
found WS, and MoS, to have higher Young’s moduli than
either WSe, or MoSe, through the first-principles methods.””’
A concise summary of our measured results for Young’s
moduli of these samples is given in Figure 12 that shows box
plots of the data with outliers removed for each of our samples.
Our experimental values for the reduced Young’s modulus
were compared to those obtained by theoretical calculations by
several groups (refs 22—24) as summarized by Table 3.
Our results for Young’s modulus of layered samples were
lower than those of theoretical calculations and other results
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Figure 13. Height profiles of MoS,, ReS,, ReSe,, and WSe, samples measured by AFM.
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Figure 14. Reduced Young’s modulus plotted versus the thickness of the samples. The error bars are the 95% confidence bars.

from nanoindentation of suspended monolayers, as expected.
Previous experiments and models have predicted TMDs to be
hundreds of GPa. Castellanos-Gomez et al.** reported Young’s
modulus for MoS, to be 330 GPa based on nanoindentation of
suspended monolayer nanosheets. Cooper et al.”* used
Perdew—Burke—Ernzerhof functional to calculate Young’s
modulus (E*P) as 129 N/m for 0.615 nm thick monolayer
MoS, which produces a Young’s modulus of approximately
210 GPa. To validate their results, Cooper et al. used
nanoindentation on suspended MoS, nanosheets. Their
experimental result for Young’s modulus was 210 GPa.”* In
most of these investigations of TMDs, the samples were often
less than 30 atomic layers thick or monolayers. However, our
MoS,, ReS,, and ReSe, samples all had thicknesses greater than
those reported in the investigations above. A profile was taken
on the edge of each sample to compare results and measure
sample thicknesses accurately. Figure 13 depicts these profiles.
For MoS,, the sample thickness was estimated to be
approximately 52 nm. An individual atomic layer for MoS, is
found to be 0.675 nm thick.”” Therefore, the MoS, samples
have approximately 77 atomic layers. Similarly, WSe, has an
estimated thickness of 2 nm, and each atomic layer is found to
be 0.67 nm®’ thick. There are approximately three atomic
layers for each WSe, sample. ReS, has a thickness of 35 nm
based on the height profile in Fi§ure 13, and each atomic layer
is found to be 0.64 nm thick.”® Thus, the ReS, samples are
estimated to have 54 atomic layers. The ReSe, samples are
estimated to be 170 nm thick, and each atomic layer is 0.656
nm thick.”” The ReSe, samples are estimated to be 259 atomic
layers. The reduced Young’s modulus of MoS,, ReS,, and
ReSe, has been plotted against sample thickness in Figure 14
From Figure 14, we observe that the values obtained for
Young’s modulus for some of our samples seem to decrease
with increased sample thicknesses. For MoS, and ReS,, the
thickness does not have any apparent influence on the
measured modulus of reduced Young’s modulus. This result
is in agreement with the observations of Meganathan® that the
reduced Young’s modulus does not vary significantly for
atomic layers greater than 20. However, the thickness has a
clear effect on the reduced Young’s modulus of ReSe,,
increasing by 85 GPa as the thickness decreases from 55 to
13 nm. WSe, was not included since it was created using CVD,
producing samples of uniform thickness.

Oxidation should not have a significant effect on the results
of the study. Falin et al. found that WSe, remained stable even
after air exposure of 20—40 weeks.

B CONCLUSIONS

Young’s moduli were determined for four two-dimensional
transition metal dichalcogenides (TMDs) namely molybde-
num disulfide (MoS,), rhenium disulfide (ReS,), rhenium
diselenide (ReSe,), and tungsten diselenide (WSe,). Our
results were compared to theoretical calculations and other
measurements of the nanomechanical properties of TMDs
represented in Table 3. Values of reduced Young’s modulus for
some of these TMDs were found to be comparable to those of
stainless steel, about 200 GPa. The measured values of Young’s
modulus and the measured stiffness values are in good
agreement with theoretical predictions. The results from the
SEM do not show any stacking faults or significant defects in
the samples.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c03861.

The Python code has been uploaded as “Supporting
information for Publication,” with each page consisting
of the following: S1: Title of the paper and the names
and affiliations of all the authors. S2—S3: Description of
the Python code. S4—S20: the Python code itself. A
detailed description of the Python Code has been
included in the “Supporting Information for Publica-
tion”. The Python Code for Nanoindentation Analysis
program referenced in this paper imports raw data
captured by the Nanosurf AFM and attempts to analyze
using the Oliver Pharr model. Included in the program
are subroutines to correct for potential tilts in baselines,
correct for indentation taking into consideration the
stiffness and bending of the cantilever, as well as filters to
clean up the data. Other options include the zeroing of
the contact point, showing the in-contact portion of the
data, whether during the loading or unloading process,
and its related point of minimum load. The upper 80%
of the force—distance curve is extracted from the
deflection data to find the contact point. Finally, the
program allows for outputs in the. csv format while
removing outliers. Reportable data includes contact
point depth, stiffness, area, maximum load, minimum
load, reduced Young’s modulus, final depth, hardness,
backward pause, and forward pause (PDF)
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