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Current reports of thermal expansion coeflicients
(TEC) of two-dimensional (2D) materials show large discrep-
ancies that span orders of magnitude. Determining the TEC of
any 2D material remains difficult due to approaches involving
indirect measurement of samples that are atomically thin and
optically transparent. We demonstrate a methodology to address
this discrepancy and directly measure TEC of nominally
monolayer epitaxial WSe, using four-dimensional scanning
transmission electron microscopy (4D-STEM). Experimentally,
WSe, from metal—organic chemical vapor deposition
(MOCVD) was heated through a temperature range of 18—
564 °C using a barrel-style heating sample holder to observe
temperature-induced structural changes without additional
alterations or destruction of the sample. By combining 4D-STEM measurements with quantitative structural analysis, the
thermal expansion coefficient of nominally monolayer polycrystalline epitaxial 2D WSe, was determined to be (3.5 + 0.9) X
10° K" and (5.7 + 2) X 107° K™! for the in- and out-of-plane TEC, respectively, and (3.6 + 0.2) X 10~ K™! for the unit cell

Implementing patterned electron probes enables direct
measurement of thermal expansion in a 2D material
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volume TEC, in good agreement with historically determined values for bulk crystals.
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icroelectronics has been a transformative technol-

ogy but is now facing technical challenges that

require the use of advanced materials and
architectures, of which two-dimensional (2D) materials with
hexagonal crystal structures are being considered as constitu-
ents of both three-dimensional heterogeneous architectures
and as compliant intralayers for the growth of group-III
nitrides; in all instances of their possible integration in future
technologies, the strain and thermal stress distributions in 2D
materials remains a critical metrology challenge." This
challenge is mainly driven by the issue of thermal expansion
mismatch in constituent materials, and this physical property is
not well understood in the family of hexagonal 2D transition
metal dichalcogenides (TMDs) leading to conflicting reports
that differ by an order of magnitude.”’
microelectronic applications such as materials, fabrication
processes, and characterization methods are required to
continue innovation in this application area, where next-

Innovations in

© 2024 The Authors. Published by
American Chemical Society

WACS Publications

17725

generation devices can benefit from 2D semiconducting
materials’ electronic, optical, mechanical, and thermal proper-
ties."™"” These include materials such as the layered TMDs,
which are maturin§g toward nanophotonic and quantum device
applications.”" > Operation of such devices generates heat,
thermal processing can impart large residual stress, and recent
ways in which both process-induced and tunable-strain*®~**
are being applied to modify electron mobility all bring
challenges related to the need for strain and thermal stress
metrology; however, understanding of thermomechanical
properties of 2D TMDs remains insufficient to fully under-
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Figure 1. (a) Plan-view HAADF-STEM of the polycrystalline monolayer WSe, film showing a white box to denote the 4D-STEM data
acquisition region for sample 1. Triangular islands on top of the film are from bilayer overgrowths. (b) Virtual bright-field image (BF,
inverse intensity), (c) virtual annular dark-field image (ADF), and (d) Bragg peak density image reconstructed from the 4D-STEM data set.
Filled colored circles in (b) correspond to NBED patterns (e—h) collected at the corresponding real space location, with detected peak

locations depicted by circled crosses.

stand and predict heat-related performance issues. Proper
investigation into thermal properties, such as the thermal
expansion coefficient (TEC), has not been fully realized due to
insufficient local characterization techniques, which are
complicated by the atomically thin nature of 2D TMDs.

Monolayer 2D materials have been predicted to display
nonintuitive thermal expansion behaviors, with indication from
experiments reported in 1960.”° Discussion of the TEC in
monolayer 2D materials continues in the present due to
behavior that may differ from their bulk counterparts, such as
negative TEC values reported for graphene,””*° and few-layer
MoS, at temperatures below 175 K,*' which may vary in the
room-temperature-and-above regime relevant to many tech-
nological applications.

Lab-scale demonstrations of high-performance 2D TMD-
based devices often rely on exfoliation from high-quality bulk
crystals; however, this procedure is both inadequate at the
industrial scale and not representative of materials synthesized
from industrially relevant processes. Other synthesis methods,
including metal—organic chemical vapor deposition
(MOCVD), have greater applicability for microelec-
tronics,”> > where they can be used in large-area batch
fabrication.” >’ Understanding the thermal behavior of 2D
TMDs fabricated from MOCVD is thus critical for under-
standing how the material will behave in real application
settings under thermal loads. For example, controlled strain
engineering utilizing thermal mismatch with a substrate can
further enhance electronic and mechanical properties.””*>*’
Furthermore, thermal management design considerations are
critical for future 2D TMD-based devices because localized
heat generation can lead to device degradation or delamina-
tion."

Lack of spatial resolution in common temperature measure-
ments and inconsistency in nanoscale thermometry have
limited the characterization of thermomechanical properties
for 2D TMDs. Several techniques have been proposed to
address these inconsistencies and include Raman spectroscopy,
synchrotron scattering, electron energy loss spectroscopy
(EELS), transmission electron microscopy (TEM), and atomic
force microscopy (AFM).>*"*'~** In these techniques,

thermal measurements are often indirect measurements of a
temperature-dependent phenomenon or rely on a substrate
which introduces strong effects that may ultimately be
neglected in measurements.*> Reported TECs are inconsistent
across techniques and can range from several orders of
magnitude. For instance, the in-plane TEC for WSe, has been
reported from 107 to 107 K~L>****/ The uncertainty
surrounding experimental TECs remains unresolved, which
limits the optimization of 2D TMD materials for micro-
electronic development.

Here, we present a substrate-free experimental character-
ization technique to directly measure the localized thermal
expansion coeflicient of the polycrystalline 2D TMD material
WSe,, using 4-dimensional scanning transmission electron
microscopy (4D-STEM)**™>° paired with complex computa-
tional data analysis. 4D-STEM enables the fast collection of
convergent-beam/nanobeam electron diffraction (CBED/
NBED) patterns over a 2D array of electron beam raster
positions, resulting in a data set composed of many 2D
diffraction patterns, one at each real (sample) space pixel
location. Because the illumination is highly localized, these
diffraction patterns probe the local sample structure. The
probe size full width at half-maximum (FWHM) is ~14 nm in
the experimental configuration used here. Computational
analysis of the collection of diffraction patterns reveal structural
variations occurring within the WSe, sample upon heating.”"
Our method overcomes the challenges of substrate effects,
indirect measurements, and spatial resolution to accurately
determine the localized TECs of a 2D TMD material using
electron diffraction patterns.

RESULTS AND DISCUSSION

The data resulting from a 4D-STEM experiment require
processing prior to analysis. We first determined the positions
of Bragg disk reflections, which correspond to the reciprocal
lattice points, in each diffraction pattern (Figure 1). The
recorded image of the patterned probe over a vacuum in
diffraction space (Figure S1, Supporting Information) was used
to create a matching template. The template was then used to
detect signal positions in the diffraction patterns by computing
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Figure 2. Automated crystal orientation mapping analysis for WSe, samples 1 (a, b) and 2 (c, d). (a, ¢) In-plane and out-of-plane orientation
maps indexed to principal symmetry directions. (b, d) In-plane rotation about the [0001] zone axis with respect to the [1010] in-plane

direction and out-of-plane tilt relative to the [0001] zone axis.

cross-correlations then locating the correlation maxima. A
patterned probe’” was created using an aperture with an
etched pattern in the electron beam condenser system,
allowing for more precise detection due to matching of the
additional pattern features in each Bragg disk reflection. The
detected Bragg disk reflections for each scan position (Figure
le—h) are stored for subsequent statistical analysis.

The detected Bragg disk reflections are collapsed into a
Bragg vector map, defined as a 2D histogram of measured
Bragg vector locations and intensities describing the reciprocal
lattice vector distribution in the sample over the full 4D-STEM
scan area (Figure S2, Supporting Information). Precise
measurements of the reciprocal lattice vectors can then be
measured that are inversely proportional to the real space
atomic spacing in the sample (individual indexed nano-
diffraction patterns are shown in Figure S3, Supporting
Information). In any 4D-STEM data set, distortions are
unavoidable and must be corrected for accurate quantitative
analysis. Elliptical distortions result from imperfect alignments

17727

and lens distortions which can significantly impact measure-
ment accuracy even in well-aligned systems but can be
corrected within the precision of the measurement.”’ We
corrected elliptical distortions in our data sets by applying an
annular region fit to the uncalibrated data (Figure S2,
Supporting Information). Elliptical correction for these data
was on the order of 3%. Pattern shifts were corrected by
locating the deviation of the center beam. The localized and
calibrated Bragg vectors were then used to extract the
structural parameters and orientation.

Figure 2 presents the results of computational analysis to
gain insights into the evolution of orientation and strain as a
function of temperature that was performed using py4DSTEM
with automated crystal orientation mapping (ACOM).***%*
ACOM produces orientation and strain maps from 4D-STEM
data sets by using a fast sparse correlation procedure which
determines the orientation of each diffraction pattern. For
WSe,, we determined the in-plane and out-of-plane orienta-

https://doi.org/10.1021/acsnano.4c02996
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(1120) with a = b and fixed angles.

tions for both samples, which are displayed with rotation
visually represented by a colormap.

Three Bragg peaks were present in the experimental
configuration used to measure the WSe, samples correspond-
ing to the rings in the Bragg vector map and the peaks in the
radial peak histogram (Figure 3a). The peaks corresponded to
the (1010), (1120), and (2020) crystal planes. Sample 2 was
torn, which created a roll edge producing a small peak
corresponding to (0111) from the variation of orientation
which was not seen in sample 1 (Figure 2c,d). We were thus
able to measure the TEC along the c-axis direction by utilizing
the (0111) peak in sample 2. Figure 3 and Table 1 present a
comparison between several fitting methods to illustrate the
significance of the calibration and data analysis methodology
used to obtain crystallographic information.

Figure 3b shows the calculated cell volume for each of the
several measurements collected at 18 °C under computational
constraints and under constraint-free conditions. Figure 3c
shows the elliptical distortion correction required for all of the
scans performed at 18 °C as a function of fitting to the three
different Bragg peaks. Table 1 compares the cell volume
difference, full width at half-maximum (FWHM), and elliptical
correction for each measurement at 18 °C calculated for the
three different peak fits. Two scans were collected for sample 1
under different beam stop conditions. Cell volume difference
was calculated using the computed cell volume and the WSe,

17728

Table 1. Results for WSe, at 18 °C under No Beam Stop and
Beam Stop Conditions for both Samples Using Each of the
Three Peaks (1010), (1120), and (2020) for Elliptical
Distortion Correction”

No Beam Stop Beam Stop
Sample R 1) [ 10) | 2
Peak (1010)
Cell Volume Difference (%) | 10.13 0.31 4.08 | 10.13 | 1.93
FWHM (1120) (A) 0.62 0.62 1.1 0.73 0.58
Elliptical Correction (%) 4.19 3.67 4.37 3.94 3.83
Peak (1120)
Cell Volume Difference (%) | 0.10 0.27 0.83 0.75 0.50
FWHM (1120) (A"") 0.21 0.20 0.40 0.19 0.18
Elliptical Correction (%) 3.98 3.70 3.93 3.94 3.75
Peak (2020
Cell Volume Difference (%) | 0.72 0.16 0.83 0.18 0.73
FWHM (1120) (A) 0.17 0.16 0.29 0.15 0.17
Elliptical Correction (%) 4.33 3.67 4.55 4.24 3.68

“Unit cell volume difference from expected value (%), the FWHM of
the 1120 peak after correction by the three fitting profiles, and the
elliptical correction (%). These results indicate that fitting the 1120
peak is most optimal for corrections. The comparison also indicates
no statistical difference for no beam stop and beam stop conditions as
well as scanning sample location in the polycrystalline epitaxial film.
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Figure 4. (a) a = b- and (b) c-lattice parameters, (c) unit cell volume, and (d) apparent microstrain as a function of temperature. Shaded
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overall decrease with increasing temperature.

cell volume from powder diffraction file 00-038-1388.%
FWHMs for the 1120 peak in reciprocal space and the
elliptical distortion correction (%) were compared for each
measurement at 18 °C. Elliptical corrections at 18 °C for the
beam stop and no beam stop conditions from fitting the 1120
peak were used for the increased temperature measurements.
We show that the analysis is dependent on which crystal
orientation peak is used in the calibration fitting and is an
important consideration in this analysis methodology.
Comparison of the elliptical correction (Figure 3b) indicates
that fitting to the (1120) peak produces the smallest mean
value with the lowest spread, which is in good agreement with
the calculated cell volume difference from the expected value
(Table 1). When calculating the lattice parameters, additional
fitting methods need to be considered. In the calculation, in-
plane lattice parameters can be locked to the same value, which
can be beneficial in the case of hexagonal structures, which
stipulates that a and b lattice constants must be equal. Another
option is to lock angles to known inputted values that reflect
the qualities of the crystal structure. WSe, is known to be
hexagonal and defining the calculation to locking a = b as well
as the angles @ = # = 90°, and y = 120° produced the most
precise value for cell volume (Figure 3c), corresponding to the
assumption that changes occurring in the lattice during our
measurements are isotropic in-plane and preserve the
symmetry of the hexagonal unit cell. Results from quantitative
analysis show a dependence on the fitting of peak profiles.
Statistical analyses, including the t-test and analysis of
variance (ANOVA), were performed on the data sets to
compare experimental methods. We found no statistically

significant difference between the experimental conditions of
implementing a beam stop before the Gatan Orius 830 camera
and not implementing one, which is reflected in the data in
Table 1. Additionally, a partial fracture was present in the
scanning range of sample 2 that captured changes in the lattice
parameter ¢ due to the rolled edge but otherwise did not reflect
any meaningful changes within the data. Extensive uncertainty
analysis reveals that computational parameters including peak
fitting parameters can influence the precision in capturing local
lattice parameters. Our comparison of the fitting parameters
used in the computational methods indicates that proper
calibration is a priority, and extra care must be given to
determining the analysis route to ensure precision and
accuracy.

Several measurements of the samples were collected at five
temperatures ranging from 18 to 564 °C, and statistics of our
measurements as a function of temperature are shown in
Figure 4. In the main panels, best fit lines are presented with
their 95% confidence interval shown as shaded bands, showing
the limits of all possible fitted lines for the data. Linear TECs
were calculated from the slope of the lines using all datapoints
from each 4D-STEM scan (Figure 4a—c). The insets display
the distributions of the individual datapoints. Each temper-
ature position contains measurements from four to six 4D-
STEM acquisitions, each containing ~8192 diffraction images.
The boxes show the 25th to 75th percentiles for all diffraction
images obtained at a given temperature, the mean is indicated
by the solid line, and the whiskers show the fifth and 95th
percentiles. We used the slope from the plots of lattice
parameters as a function of the temperature to calculate the
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linear TEC. ANOVA indicates that the slope used to calculate
the TEC is significantly different from zero for all parameters at
the 0.05 confidence level for all temperature-dependent fits.

As shown in Figure 4, the lattice parameters produced from
the analysis were used to calculate the thermal expansion
coeflicients of WSe,. We measured the in-plane thermal
expansion coefficient for WSe, as (3.5 + 0.9) x 107° K™
(Figure 4a) which is in good agreement with the expected bulk
values.****%” Other common semiconductors within the same
range (107 K™') further support the results from this
methodology and show potential for material compatibility
with industrially relevant semiconductors. Additionally, we
determined the TECs for cell volume and c-lattice parameter as
(3.6 £0.2) X 107° K" and (5.7 + 2) X 107° K™, respectively,
which also agree with reported bulk multilayer values (Figure
4b,c).*#*739%7 Statistical analysis reveals that we can determine
a significant relationship between ¢ and the temperature. The
small (0111) peak that was detected in sample 2 resulted from
a tear that introduced a rolled edge, allowing us to track
changes in the c-lattice parameter. Only measurements from
sample 2, which had the (0111) peak present, were used in the
calculation of the out-of-plane TEC value. We note that the
change in c-lattice parameter was indistinguishable for all
measurements across both samples at 18 and 73 °C, followed
by expansion with comparable deviation between measure-
ments from 138 to 564 °C which contributed to the trend of
increasing statistical deviation with temperature seen in the cell
volume calculations.

Figure 4 shows the averages of the measurements at each
temperature point with 95% confidence bands. Future
measurements can be improved further with experimental
techniques such as aberration-corrected STEM and improved
detectors by enhancing the resolution and collection efficiency.
A summary of TECs for WSe, compared with these results is
given in Table 2, and discrepancies in the reports indicate
additional physics that may be captured by the different
measurement techniques which will require additional
investigations by this field. Previous studies have shown a
strong relationship between thermal expansion on and layer
thickness.” The 4D-STEM method for measuring TECs can be
expanded in the future to simultaneously incorporate local

Table 2. Comparison of the In-Plane («,) and Out-of-Plane
(a.) Thermal Expansion Coefficients for WSe,

sample a, (10°K™") a, (107° K?) comments
1 layer” 154 £7 suspended, plasmon
shift
1 layer® 7+1 supported, Raman
1 layer®® 7.4 theoretical, 20 °C
1 layer (this 7.53 theoretical, 20 °C
work)
nominally 1 layer 3.5+ 09 S7 £20 suspended,
(this work) polycrystalline,
nanodiffraction
2 layer” 42+3 suspended, plasmon
shift
3 layer” 27 £3 suspended, plasmon
shift
bulk*™* 5.132 8.105 X-ray diffraction (XRD)
bulk*” 11.08 16.72 powder XRD
bulk®” 6.8 10.6 powder XRD
bulk®® 14.45 13.74 powder XRD
bulk (this work) 5.65 9.69 theoretical, 20 °C
17730

thickness measurements by employing the common technique
of diffraction intensity for 1-layer, 2-layer, and 3-layer
materials.

Lattice distortions, specifically strain, were determined from
the broadening of the corrected peaks in the radial peak
histogram and is measured in terms of the FWHM of the fitted
Gaussian using the Halder—Wagner model.”” The William-
son—Hall plot was used to calculate the apparent microstrain
as a function of temperature, which represents quantification of
the upper limit of strain in the sample and indicates an overall
decrease in the progression of strain versus an increase in
temperature (Figure 4d). Scatter in the linear distribution may
indicate structural defects. Figure S4 presents the 2D spatial
strain profiles near the fracture location in sample 2 at the
temperature limits reported here.

The attribution of different multiscale components including
heating-related stress relaxation at grain boundaries to the
overall TEC is rather complex. According to a previous
report,®’ single-crystal samples grown as triangular shapes
typically exhibit strain due to differences in the thermal
coefficient of expansion between the 2D film and growth
substrate. Their report demonstrates that after stress relaxation
by transferring from the growth substrate to a secondary
substrate, the Raman shift recovered to 250 cm™' and the
photoluminescence (PL) recovered to 1.65 eV. The change in
PL was significant with an ~0.07 eV red shift for the strained
sample compared to the relaxed sample, while the change in
Raman was smaller and on the order of a 1.5 cm™ red shift for
the strained sample. However, in our case, where the sample is
polycrystalline, we did not observe significant strain in the as-
grown sample when comparing its Raman and PL spectra with
those of exfoliated single-crystal samples, while the PL slightly
blue-shifted by 21 meV after wet transfer (Figure SS,
Supporting Information). This near absence of strain in the
as-grown samples may be attributed to a stress relaxation
mechanism within the polycrystalline lattice at high temper-
atures and may indeed be incorporated in the lower in-plane
TEC values we obtain compared to the exfoliated single
crystals of previous reports,” and thus we note that the TEC
reported here is that for the polycrystalline monolayer WSe,.

We have also predicted the thermal expansion coefficients of
bulk and monolayer WSe, using first-principles methods within
the quasi-harmonic approximation (QHA). The density
functional theory (DFT) optimized lattice parameters at 0 K
for bulk are a = b = 3.3373 A and ¢ = 12.8171 A, and for
monolayer are a = b = 3.3244 A for monolayer, which is in
close agreement with experimental lattice parameters. The
thermal expansion coeflicient was calculated from the ab initio
theoretical calculations using seventh-order polynomials of the

form
1 9
aa ul = u ul )
,bulk Bk 6T( bulk
= —471 X10°5T +1.59 x 1072T¢
— 203 x 10787 + 1.11 x 10757*
— 128 X 107373 — 123 x107°T"+5.14
X 10787 — 325 x 1077 (1a)
https://doi.org/10.1021/acsnano.4c02996
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1 0
a = ——I\¢C
c,bulk Coulk 0T( bulk)
=173 X 10T — 8.32 x 10721
+ 1.80 X 107T° — 2.35 x 107161
+2.07 x 10787 — 127 x 107'°T
+ 508 X 10°%T + 1.92 x 1076 (1b)
1 ]
au,monola er — 7_(amonola er)
4 monolayer T 4

—-5.07 X 10T + 1.63 x 1072'T®
— 1.88 X 107 ¥T° + 7.73 x 107 '°T*
+1.63 X 107°T® — 2.46 x 107'°T>
+7.72 X 10°°T — 6.41 x 107/ (2)

where T is in units of Kelvin, as is commonly ernployed.s2 To
gain insight into the asymptotic behavior of thermal expansion,
the TECs can also be fit with a single-parameter asymptotic
function of the form

&, puic = 5-888 X 107° — 6.456 X 107°(0.990") o)
&, paie = 1.198 X 1075 — 1.006 X 107°(0.995") (35)

@, monolayer

= 8.057 X 107° — 8.850 X 107°(0.9907) (4

where T is in units of Kelvin, although we note that for the
monolayer case, the @, does not approach an asymptote and
continues to slightly increase with temperature to 1000 K. The
linear thermal expansion coeflicients for the in-plane lattice
parameter a was 7.53 X 107 K™! for monolayer WSe, and 5.65
X 1078 K™ for bulk, suggesting that a, is higher in monolayer
than bulk as reported in ref 2. The out-of-plane thermal
expansion coeflicient for the c-lattice parameter in bulk was
calculated to be 9.69 X 107° K™*. These calculated results show
good agreement with experiment, although are slightly higher
than the in-plane value we obtained and lower than the out-of-
plane value. This is likely due, in the case of the in-plane TEC,
to stress relaxation mechanisms in the polycrystalline material
of this study.

CONCLUSIONS

We demonstrate a methodology that combines 4D-STEM with
advanced postprocessing and computational analysis to
determine the local thermal expansion coefficient of a
polycrystalline 2D TMD material. Using 4D-STEM to
determine thermomechanical properties has the advantage of
being a direct measurement on free-standing samples. Robust
uncertainty analysis shows that the optimized calibration in the
computational method can produce precise localized lattice
parameters. Our results confirm the TEC for WSe, 2D material
is within the expected range for industrially relevant semi-
conductors and agrees closely with the bulk values reported
previously, showing promise for industrial integration includ-
ing remote epitaxy.”" " The methodology presented here can
be expanded to other 2D materials for the accurate
determination of localized TECs without the use of substrates
or indirect measurements.

METHODS
MOCVD Growth of WSe, on SiO,/Si. Layered WSe, films were

grown on 2-inch Si substrates coated with SiO, (~285 nm) using a
vertical cold-wall metal—organic chemical vapor deposition
(MOCVD) technique. Tungsten hexacarbonyl [THC, W(CO)]
and diethyl selenide [DESe, (C,H;),Se] were used as transition metal
(W) and chalcogen (Se) precursors, respectively. The 2 inch SiO,/Si
substrates were loaded on a graphite susceptor in the vertical reactor,
heated to 600 °C at 45 °C min~!, and preannealed for surface
cleaning. The vapor-phase THC and DESe precursors were injected
into the MOCVD reactor after reaching the growth temperature.
After the growth process, the WSe, sample was naturally cooled to
room temperature and unloaded.

Transfer of WSe, Film to TEM Cu Grid. A wet sample transfer
method®® was used to prepare the samples for 4D-STEM. WSe, films
were transferred via a sacrificial polymer by dipping in a mixture of
glycerol and Formvar resin [poly(vinyl formal), CAS# 9003-33-2]
solution in chloroform. The sample was dried at a 60° inclination for
30 min. The SiO,/Si was etched with HF acid (1% aqueous) for 20
min following sequential deionized water baths to create a floating
film. The free-standing Formvar-coated WSe, film was then
transferred to a QUANTIFOIL holey carbon-supported Cu TEM
grid followed by annealing in a vacuum furnace at 50 °C for 10 min to
improve adhesion. The sacrificial Formvar film was then removed by
submersing the grid in chloroform.

4D-STEM of WSe,. Temperature experiments were performed at
the National Center for Electron Microscopy at Lawrence Berkeley
National Laboratory. 4D-STEM data sets were collected for two
samples of WSe, over the temperature range of 18—564 °C. The
TitanX electron microscope in STEM mode equipped with a Gatan
Orius 830 CCD camera operating at 60 kV with a Gatan 652 heating
holder was used for the experiments. Acquisition of NBED patterns
was performed with a 25-200 ms dwell time, a convergence
semiangle of 1 mrad, and a 195 mm camera length. Data processing
was performed using a suite of custom MATLAB algorithms,
including lattice parameter calculation, and py4DSTEM.***

Computational Method. We have utilized the quasi-harmonic
approximation (QHA) to calculate the thermal expansion coefficient
of bulk and monolayer WSe, at constant pressure, as implemented in
the PHONOPY package.” The phononic contribution to the free
energy at constant volumes were calculated using phonon density of
states and utilized to calculate the Gibbs free energy as a function of
temperature. The equation of state was fitted for 7 different
volumetric points (—3 to 3% strain with a step size of 1%), for
which structures were relaxed using first-principles calculation within
the density functional theory (DFT) using Quantum ESPRESSO.%® A
plane-wave basis set with an energy cutoff of 1088 eV was used for
expressing the wave function. We used the Perdew—Burke—Ernzerhof
(PBE) generalized gradient approximation,” with semiempirical
Grimme-D2 van der Waals correction’® to the total energy for bulk,
which is common practice in layered systems.”'””® We used
Optimized Norm-Conserving Vanderbilt pseudopotentials”* from
the Pseudodojo set.”® The Brillouin zone was sampled by a half-
shifted 6 X 6 X 2 (for bulk) and 12 X 12 X 1 (for monolayer)
Monkhorst—Pack k-point mesh, and the position of atoms in the
structure was optimized until the forces on every atom were <0.0001
eV/A. For the monolayer calculation, a vacuum space of 15 A was
used to reduce the spurious periodicity. Phonon calculations to
predict the free energy contribution were performed by using the
supercell approach. All structures at different volume force constants
were calculated for a 3 X 3 X 1 supercell using PHONOPY.®’
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