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ABSTRACT

Isotopes represent a degree of freedom that might be exploited to tune the physical properties of
materials while preserving their chemical behaviors. Here we demonstrate that the thermal
properties of two-dimensional (2D) transition metal dichalcogenides can be tailored through
isotope engineering. Monolayer crystals of MoS, were synthesized with isotopically-pure Mo
and Mo by chemical vapor deposition employing isotopically enriched molybdenum oxide
precursors. The in-plane thermal conductivity of the 1°MoS, monolayers, measured using a non-
destructive, optothermal Raman technique, is found to be enhanced by ~50% compared with the
MoS:; synthesized using mixed Mo isotopes from naturally occurring molybdenum oxide. The
boost of thermal conductivity in isotopically pure MoS, monolayers is attributed to the combined
effects of reduced isotopic disorder and a reduction in defect-related scattering, consistent with
observed stronger photoluminescence and longer exciton lifetime. These results shed light on the
fundamentals of 2D nanoscale thermal transport important for optimization of 2D electronic

devices.
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The emergence of two-dimensional (2D) layered materials, including graphene and beyond, is
having an important impact on nanotechnology and quantum information sciences.!* Most
notably, semiconducting 2D materials such as the transition metal dichalcogenides (TMDs) break
the limitations of their conventional bulk counterparts to provide great variations in electronic
structures,® electron spin and pseudospin transport,*> many-body effects,® and light-matter
interactions’ that could potentially enable many applications in electronics, optoelectronics, and
photonics. For these applications, it is also extremely important to understand and tune their
thermal transport properties, which directly impact the energy consumption and thermal
management of electronic and optoelectronic devices.® Their layered structure, with a combination
of covalent intra-layer bonds and van der Waals (vdW) inter-layer interactions, naturally results in
many interesting physical properties, such as higher in-plane and lower out-of-plane thermal
conductivities.” For example, monolayer graphene has extremely high in-plane thermal
conductivity values (~5000 W/mK), which is promising for heat dissipation in
nanoelectronics.!®!3 As 2D TMDs are also now important building blocks in many electronic and
optoelectronic systems, finding effective ways to tune and enhance their thermal conductivity is
highly desirable.

Isotopes of a given element, as is well known, have identical numbers of protons but differ in
the number of neutrons in the nuclei. In crystalline solids, the resulting variation in nuclear mass
most directly influences the fundamental phonon frequencies that generally govern the thermal,
elastic, and vibrational properties.!*!> Isotopic variations have also been shown to influence
electronic properties, such as electronic band structures and exciton binding energies, due to
electron-phonon interactions.!*!3 In addition, spin-dependent properties relevant to quantum
information science can also be affected via electron-nuclear spin interactions when electronic

excitations are coupled to long-lived nuclear spin states that have variations in nuclear spin
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numbers due to different isotopes.!®"!8 Therefore, isotopic effects represent an important, though
largely untapped, degree of freedom in 2D materials composition that might be exploited to tune
their physical properties while retaining nearly identical chemical behaviors. Such an effect is
expected to be even more important in nanomaterials due to their lower dimensions and strong size
effects.

It has been predicted and experimentally proven that the thermal properties of 2D crystals can
be greatly influenced by isotopes!®2° due to the substantially different phonon transport properties
in 2D system compared to bulk crystals.?!:2? Recently, isotopically purified graphene with 13C has
been reported,'® where adjusting the concentration of *C (from pure 2C to mixtures to pure *C)
showed significant changes in the thermal conductivity, representing the first work on tuning the
phonon-related properties of 2D materials through adjustment of isotopic purity. Although
theoretical studies have predicted that isotopically enriched MoS; monolayers should have
increased thermal conductivity compared to mixed-isotope monolayers,?’ such tunability of the
thermal properties of 2D TMDs through isotope-engineering has yet to be shown experimentally.
Therefore, it is important to establish both an experimental demonstration and more detailed
theoretical simulation to validate and understand isotope effects on the thermal properties of 2D
semiconductors.

There are seven stable naturally occurring isotopes of Mo with atomic masses of 92, 94, 95, 96,
97, 98, and 100, with relative abundances of 14.65%, 9.19%, 15.87%, 16.67%, 9.58%, 24.29%,
and 9.74%, respectively. Naturally abundant Mo has an average atomic mass of ~96. In TMDs
like MoS: and WS;, the isotopes of metal atoms generally have a larger impact on the thermal
conductivity than the chalcogen isotopes. This is because Mo or W are heavier than S, and

contribute more to the eigenvectors of low-frequency acoustic phonon modes. For example, S
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isotopes can influence optical phonons from 8—14 THz while Mo isotopes impact acoustic phonons
in the frequency range of 2—7 THz that dominate thermal transport at room temperature. '

In this work, we demonstrate that the thermal conductivities of TMD monolayers can be tailored
through isotopic engineering. Natural (NMoS>, schematically depicted in Figure 1a), **Mo
(*>MoS2, 98% enrichment), and Mo (1*MoS,, 98% enrichment) enriched-MoS, monolayers
were grown using CVD. The in-plane thermal conductivity of '’MoS, monolayers, measured
using a non-destructive, optothermal Raman technique, is increased by ~50% compared with those
containing naturally-abundant Mo. First-principles calculations indicate that the enhanced thermal
conductivity in isotopically pure MoS: monolayers is principally due to the reduced isotope
scattering of phonons. In addition, Mo-isotopically pure monolayers are also less defective as

indicated by enhanced photoluminescence (PL) and exciton lifetime.

RESULTS AND DISCUSSION

Monolayer MoS: crystals were grown on silicon substrates with 250 nm SiO» using a CVD
method similar to that described in previous reports,?® in which MoOs was reduced by vaporized
sulfur at 700 °C under ambient pressure. In our experiments, we used natural MoOs3 (Alfa Aesar,
99.95%) and isotopically enriched MoOs (e.g., **Mo0Os and '°MoOs with 98% enrichment
obtained from Trace Sciences International Corp., 99.70%) to grow MoS: monolayer crystals with
the corresponding isotopic compositions (see Methods Section for details). The growth conditions
for all MoS: samples were the same, which resulted in similar large, triangular monolayer crystals
(edge lengths up to hundreds of micrometers with uniform thickness ~0.65 nm), as shown in Figure
1 b, ¢ and Figure S1. Z-contrast high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) revealed the atomic structure of monolayer MoS», which appears in

plane view as honeycombed hexagonal rings with alternate Mo and S sites (Figure 1c and Figure
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S2). The regularity of the hexagonal structure indicates good crystallinity of the as-synthesized
MoS: monolayers. It is difficult to distinguish different isotopes in the HAADF-STEM image
(Figure S2) because Mo isotope atoms show very similar contrast in HAADF-STEM images due
to the same electron scattering cross-sections resulting from their similar electronic structure and
electron density (although different atomic mass can lead to different Debye Waller factors, the
influence on scattering intensity is negligible).

The quality and uniformity of the MoS> monolayers was further examined using PL
spectroscopy. PL mapping (Figure 2a) of the integrated PL band intensities (as in Figure 2b) was
generally uniform across the different flakes, indicating good crystalline quality, except for the
enhanced intensity at the crystal edges (Figure 2a) which can be caused by several factors including
the dielectric environment, adsorbates, or defects.?* The observed PL bands are typical for MoS,
monolayers on SiO; substrates (Figure 2b), with slight shifts (~ 15 meV) observed as the average
nuclear mass of Mo increases in the MoS2 monolayers. Contributions to such band shifts can result
both from the electronic bandgap difference resulting from the change of volume with isotopic
mass, and from differences in substrate-induced strain that occur during growth.!* It is also
systematically observed that the isotopically purified monolayers show higher PL intensity than
the natural ones. We attribute this to the longer exciton lifetime observed in femtosecond transient
absorption spectroscopy (TAS) of NMoS, and '"“MoS, monolayers performed in reflection
geometry (Figure 2c¢). The initial fast decay in the TAS of both samples is ~1 ps, which can be
assigned to formation of excitons from the injected free carriers, and followed by a single
exponential decay that can be assigned to the exciton lifetime, which are 30 (+ 9) and 82 (& 14) ps
for MMoS, and '“MoS,, respectively. The measured lifetimes are limited by nonradiative
recombination of excitons, which is often dominated by defects. Hence, the longer exciton lifetime

in the isotopically purified sample suggests a lower defect density.
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Raman scattering is one of the most effective method to investigate the vibrational properties in
isotopically pure materials due to the mass effect on vibrational frequencies. Figure 3a shows the
Raman spectra of MMoS,, “?MoS>, and 'MoS: monolayers, featuring the typical Els, and
A vibrational modes of MoS,. Due to isotopic effects, the in-plane E';; mode, in which the
vibration of Mo is involved,?>»*® is down shifted from 385.7 cm™! to 382.6 cm’!, and then to 380.7
cm! as the nuclear mass of Mo in MoS; monolayers increases from 92 to ~96 (average mass of
natural Mo), and then to 100. Such a red shift is consistent with results from first-principles
calculations (calculation details are in Supporting Information), as shown in Table 1, although the
calculated frequencies are slightly larger due to the over binding tendency (i.e., leading to larger
force constants) of the local density approximation (LDA) functional used in the density functional
theory calculations.?>?” The frequency decrease of the E'>, mode with the increased nuclear mass
of Mo is expected, as oscillators of greater mass typically vibrate with a smaller frequency. In
contrast, the Ai; mode is essentially independent of the nuclear mass of Mo in the three
MoS:; monolayers. This can be explained by the fact Mo is not involved in this out-of-plane

vibration,?>-2

as confirmed by the theoretical calculations (Table 1) that show minute frequency
changes of the A1z mode for different isotopes. It is also interesting to note that a weak and broad
peak is present at ~450 cm™! in the Raman spectrum of N*MoS, monolayer (see Figure 3b for
enlarged view), which has been assigned in the literature to the 2LA(M) mode, a second order
peak caused by a double resonance effect involving two LA(M) phonons.?®?° As expected, since
the frequency of the 2LA(M) mode is twice that of the LA(M) phonon, its peak shift induced by
the Mo isotope is roughly double that of the E!», mode, as shown in Figure 3 and Table 1. In

addition, the bilayer MoS; with AB and AA’ stacking show similar shifts of the Raman vibrational

modes by the Mo isotope (Figure S3), which is also validated by the calculations (Table S1).
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In order to understand the isotope effect of MoS> monolayers on their in-plane thermal
conductivity, we used the MMoS, the isotopically pure " MoS,, as well as a monolayer partially
enriched by 1Mo (i.e., synthesized using a mixture of 1:1 1“Mo0O3; and N*MoO3, denoted as 50%
100Mo0S,). The thermal conductivity was measured using an optothermal Raman technique similar
to those previously used for graphene and TMD layers.?*? To conduct these measurements, it is
important to eliminate any substrate from underneath the 2D crystals as it might affect the flow of
heat. Consequently, the as-grown NMoS,, “MoS,, and 50% !°°MoS, monolayers were
transferred onto a 50 nm-thick porous Si3N4 film (~2 um pore size) supported by a Si TEM grid
(Figure 4a). The transferred monolayers have alternating suspended and SizNs-supported regions,
and a focused laser (532 nm) was used to measure the Raman spectra with different laser powers
and at different temperatures in both regions (Figure 4b). It was observed that, within the
environmental temperature range (~290—470 K) and the laser power range (~15—150 pW), the
Raman modes of all the MoS> monolayers shift linearly towards lower frequencies in response to
either increasing environment temperature (Figure 4c and Figure S4) or increasing laser power
(Figure 4d and Figure S5), which both result in heating the monolayers. The nonlinearity of the

Raman mode shift is not considered here since it only matters at higher temperatures 33-**

or larger
laser power (> 0.25mW).*! The slope of the linear curves in Figure 4c, d is the temperature-
coefficient (y7) and power-coefficient (yr) of the A1z mode for suspended MoS, monolayers (the
values are shown Table 2). The MoS2 monolayer that is more isotopically enriched shows a smaller
xp and larger yr values, and thus a lower thermal resistance (R = yr/yr) (Figure 4c, d and Table
2), suggesting the highest in-plane thermal conductivity in '°°MoS, monolayers followed by the
50% '"MoS>, and N**MoS>. The R, is also equal to the measured temperature versus total absorbed

laser power (7,,/P), which was subsequently used to calculate the values of thermal conductivity

of the MoS, monolayers based on the equations established in previous reports® 32 (see Supporting
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Information for the detailed calculations). As a result, the in-plane thermal conductivity (#us) of
the suspended '"’MoS; and 50% '°°MoS, monolayers are 61.6 + 6.0 W/mK and 52.8 + 2.4 W/mK,
respectively, showing a ~50% and a ~30% enhancement compared with the NMoS; (40.8 + 0.8
W/mK). Both of these values may be underestimated due to the assumption that all phonon modes
by Raman thermal measurement are in equilibrium. However, the reduced thermal resistance R,
in enriched MoS; indicates that the enhancement should not be underestimated. The results
demonstrate that the in-plane thermal conductivity is enhanced in the crystals containing pure Mo
isotopes, which could be due to the reduction of phonon scattering.

In the thermal conductivity calculation, we used the temperature- and power-dependence of Aig
mode because it is insensitive to the in-plane strain, which includes no significant influence on its
Raman frequency from the substrate. The temperature- and power-dependence of Els, mode are
also shown in Figure S6. Note that the A1z mode is independent of the mass of Mo isotopes under
only the harmonic approximation (Figure 3 and Table 1), but it is strongly sensitive to the local
temperature variations due to thermal expansion. Therefore, it can be used as a direct measurement
for the thermal conductivity. To determine xy.,s using our calculations, we also need to measure yr
and yp in the monolayer region supported by the Si3Ny film (Figure S7). Note that the Rn (yr/yr)
of supported MoS, monolayers includes a relationship between g (the interfacial thermal
conductance between the monolayers and SizN4) and ., (in-plane thermal conductivity in the
supported monolayers), which is needed in the calculation of s (see detailed calculation
methods). As shown in Table 2, the R, values for the supported NMoS; and '*°MoS, monolayer
under the same external conditions are almost the same, which means that if the interfacial thermal
conductance is insensitive to the Mo isotopes in the MoS, monolayers, s,y of NMoS, and '’MoS,
monolayer are similar. Within a reasonable range of x,, from 24.3 to 110 W/mK for monolayer

MoS; supported by SisNy4 film,*! the g value only varies from 14.26 to 12.06 MW/m?K (Figure
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S8a). By solving the radial heat diffusion equation using these g and xy,, values (see detailed
calculation methods), x,.s of the MoS, monolayers varies only by less than 3% (i.e., from 40.0 to
40.8 W/mK for NMoS, and from 60.8 to 62.4 W/mK for "°MoS>). This also indicates that the
local temperature distribution in the MoS: monolayers is independent of the interfacial thermal
conductance, as shown in Figure S8b. This phenomenon is consistent with a previous report on
monolayer MoS; supported by Si3Ny film.3!

The thermal conductivity change induced by isotopic compositions in MoS; monolayers can be
caused by the following mechanisms: harmonic property-related mechanisms including the
frequency spectrum and the number of modes (i.e., conducting channels) difference, and
scattering-based mechanisms including phonon-phonon scattering and isotope scattering.*® To find
the dominant mechanism, we first used the Non-Equilibrium Green’s Functions (NEGF) with first-
principles parameters to obtain the number of modes in Mo-isotopically pure *MoS, **MoS,, and
100MoS, monolayers (Figure S9a). The number of modes shows trivial differences as a result of
the mass difference of Mo. Since the ballistic thermal conductivity can be expressed as the sum of
all the conducting modes over the whole frequency spectrum (see Eq. S7 in Supporting
Information), the ballistic thermal conductivity should also show a small difference due to the
mass difference of the isotopes.

Next, we calculated the in-plane thermal conductivity of the *MoS,, **MoS,, ““MoS, and
NatMoS, monolayers using self-consistent Boltzmann Transport Equations (BTE) by considering
scattering mechanisms.*® Convergence is achieved when the relative change in thermal
conductivity is less than 107. The self-consistent calculations, beyond the relaxation time
approximation, are performed to make sure the scattering processes only take into account the
backscattering phonons. Phonon-phonon scattering is included for **MoS,, **MoS,, and "MoS;

monolayers, while extra isotopic scattering is included in calculating the thermal conductivity of

ACS Paragon Plus Environment

10

Page 10 of 29



Page 11 of 29

oNOYTULT D WN =

ACS Nano

the N*MoS, monolayer. The boundary scattering, or the classic size effect’’, is considered by
comparing the mean-free-path (MFP) 4 versus the sample sizes L in the Landauer equation (Eq.
S4 in Supporting Information). The sample sizes are varied within 1-6 pm to reproduce the

experimental samples. This method can cover the transport regimes from the ballistic regime, when

the MFP is much larger than the sample size (transmission T = ﬁ ~ 1,1 > L), to the diffusive

=~

regime when the MFP is much smaller than the sample sizes (transmission T = /1'1: ~ -, AKLL).

Our results are shown in Figure 5. The in-plane thermal conductivities of the Mo-isotopically pure
2MoS,, MoS,, and '"“MoS; monolayers do not show significant differences (Figure 5, blue,
green, and red lines), which are ~100 W/mK at 1 um, similar to the experimental condition (1 um
radius of suspended monolayers). The result suggests that the small mass difference in isotopes
does not lead to enough changes in dispersion or phase space that can significantly affect the
phonon-phonon scattering. Unlike the phonon-phonon scattering, once the multiple Mo masses as
in the natural MoS; are considered, the thermal conductivity (Figure 5, black curve) is significantly
reduced (87.81 W/mK at 1 um length) compared to those Mo-isotopically enriched ones. This is
because the mass deviation from the average mass by the Mo isotopes is a perturbation that induces
a scattering mechanism into the materials®®, referred to as isotope scattering, which greatly

shortens the phonon lifetime 7z (Figure S9b) and MFP, and hence reduces the thermal conductivity.

2(Tv?)
(vl

The MFP is expressed as A = , in which v is the phonon velocity. The phonon lifetime which

considers the phonon-phonon scattering and isotopic scattering is obtained using the Matthiessen’s

rule by summing over the scattering rates: 121 +< . The strength of the isotopic
T Tph—ph Tiso

. 1 P . .
scattering rates — is in the same order of magnitude as the phonon-phonon scattering rates
LSO

% . at 300 K for phonons with wavenumber larger than 150 cm™! as shown in Figure S9b, hence
ph—p
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greatly reducing the lifetime and MFP for those phonons. Based on the above analyses, the
increased thermal conductivity in the Mo-isotopically pure MoS> monolayers is attributed to the
reduced isotope scattering (see Supporting Information for first-principles calculation details).

It should be noted that since the presence of defects is not taken into consideration in the
calculations presented above, the calculated thermal conductivity values of MoS, monolayers are
higher than those measured experimentally in CVD-grown samples (Table 2). Imperfections in the
2D crystals generally lead to phonon-defect/boundary scattering and thus reducing the thermal
conductivity.®* Additional calculations introduced with S vacancies showed that with ~0.4% of S
vacancies in the lattice, which is close to the level with typical CVD-grown MoS: monolayers, the
calculated thermal conductivity is consistent with the measured value (Figure S10). In addition,
the PMMA residues on the monolayers resulting from the transfer process could also cause a
decrease of thermal conductivity.*” Moreover, the extent of increase of the thermal conductivity in
the isotopically pure monolayers (i.e., '°MoS;) is found to be larger in experiment (~50%) than
in the first-principle calculation (~15%). This suggests that besides reduced isotope scattering, the
isotopically pure MoS> monolayers have less defect-induced phonon scattering, which is also

consistent with the observed stronger PL and longer exciton lifetime (Figure 2).

CONCLUSIONS

In summary, through the chemical vapor deposition synthesis of MoS> monolayers using
isotopically enriched precursors we have demonstrated that isotope engineering can significantly
affect several key properties. Optothermal Raman measurements revealed that the in-plane thermal
conductivity of isotopically pure '°MoS, monolayers is 50% higher than that those synthesized
from naturally abundant isotope mixtures. First-principles lattice dynamics calculations were

performed to understand how the isotopic purity enhances thermal conductivity in MoS;
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monolayers and concluded that the dominant effect was a reduced isotope mass effect in phonon
scattering instead of isotope-induced phonon-phonon scattering. The calculations also predict a
higher thermal conductivity for isotopically-pure, defect-free MoS. monolayers than was
experimentally measured, indicating that additional mechanisms should be involved. On the basis
of the experimental measurements of enhanced photoluminescence and longer exciton lifetimes
for the isotopically-pure samples, we conclude that our more isotopically-pure MoS. monolayers
have fewer defects, further enhancing the thermal conductivity via reduced phonon-defect
scattering. Overall, the results of our work demonstrate that isotope engineering can effectively
tune the thermal conductivity of 2D TMDs. This outcome is important for thermal properties
development and thermal management in 2D electronic and optoelectronic building blocks. Given
the great potential in tuning the optical, electrical, thermal, and spin properties, isotope engineering
in 2D semiconductors could be a promising strategy for 2D electronics, photonics, spin- and

valley-tronics, thermoelectricity, and quantum information sciences.

METHODS

Materials synthesis. The natural and isotopically pure MoS: monolayers were synthesized
through a CVD method conducted in a tube furnace system equipped with a 2” quartz tube. In a
typical run, the growth substrates, e.g., Si with 250 nm SiO2 (SiO2/Si) substrates cleaned by
acetone and isopropanol (IPA) and coated with perylene-3,4,9,10-tetracarboxylic acid
tetrapotassium salt (PTAS) as the growth seed, were placed face-down above an alumina crucible
containing ~0.5 mg of MoO; powder, which was then inserted into the center of the quartz tube.
Another crucible containing ~0.3 g of S powder was located at the upstream side of the tube. After

evacuating the tube to ~5 x10-* Torr, the reaction chamber pressure was increased to ambient
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pressure through 500 sccm (standard cubic centimeter per minute) argon flow. Then, the reaction
was conducted at 700 °C (with a ramping rate of 40 °C/min) for 5 min with 80 sccm argon flow.
At 700 °C in the center of the quartz tube, the temperature at the location of S powder was ~200

°C. After growth, the furnace was allowed to cool naturally to room temperature.

Monolayer transfer and structural characterization. The samples for STEM characterization
and optothermal Raman-based thermal conductivity measurement were prepared using a wet
transfer process. Poly(methyl methacrylate) (PMMA) was first spun onto the SiO2/Si substrate
with monolayer crystals at 3500 rpm (revolutions per minute) for 60 s. The PMMA-coated
substrate was then floated on 1 M KOH solution, which etched the silica epi-layer, leaving the
PMMA film with the monolayer crystals floating on the solution surface. The film was then
transferred to deionized water for several times to remove residual KOH. The washed film was
scooped onto a 50 nm-thick porous SiN film (~2 pum pore size) supported by a Si TEM grid.
PMMA was then removed using acetone and the samples were then soaked in methanol for 12 h
to get a clean flake surface. The transferred samples were finally annealed at 300 °C to get rid of
the solvent. STEM images were acquired at 60 kV using a Nion UltraSTEM equipped with a probe
aberration corrector (the convergence angle was 31 mrad). The inner and outer collection angle of
the HAADF detector were 86 mrad and 200 mrad, respectively. To enhance the signal to noise

ratio, atomic resolution STEM images were blurred using a 2D Gaussian distribution.

PL measurement. The PL spectra were measured in a custom-built micro-PL/Raman setup. The
PL was excited with a continuous wave (cw) diode-pumped solid-state laser (Excelsior, Spectra
Physics, 532 nm, 100 mW) through an upright microscope using a 100x-long working distance
objective with NA (numeric aperture) = 0.5 (beam radius: ~0.2 um, FWHM). The typical incident
laser power on a sample was maintained at ~3.5 uW to reduce possible laser heating of the samples

during PL spectra acquisition. The PL light was analyzed by a spectrometer (Spectra Pro 23001,
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Acton, = 0.3 m) that was coupled to the microscope with 150 groves/mm grating and a CCD
camera (Pixis 256BR, Princeton Instruments). The typical acquisition times were varied from 0.5

to 20 s depending on the PL intensity. The PL mapping was performed using a 0.5 pm steps.

Femtosecond transient absorption spectroscopy. In transient absorption measurements, the
output of a Ti-sapphire laser, with a central wavelength of 776 nm, a temporal width of about 100
fs, and a repetition rate of about 80 MHz, is divided to two parts by using a beam splitter. One part
is used as the pump pulse of 388 nm. The rest of the 776-nm pulse is used to synchronically pump
an optical parametric oscillator. The pump and probe pulses are combined by a beam splitter and
focused to the sample collinearly with a microscope objective lens. The size of the pump and probe
laser spots is ~1.2 um. The pump fluence and intensity are 1.0 pJ cm and 2.2 kHz for all the
measurements. This setup allows us to measure the relative change of the probe reflection induced
by the pump-injected carriers, AR/Ro=(R-Ro)/Ro, where R and Ry are the probe reflection with and
without the presence of the pump. This quantity was measured as a function of the probe delay,
defined as the delay of the arrival time of the probe pulse at the sample relative to the arrival time

of the pump pulse. The probe delay is varied by change the length the probe pulse travels.

Thermal conductivity measurement. The laser power-dependent and temperature-dependent
Raman spectra of the suspended and SizNs-supported MoS, monolayers were measured in a home-
built micro-PL/Raman setup with similar configuration as for PL measurement except for an 1800
groves/mm grating. The power-dependent spectra were acquired at room temperature with the
laser power ranging from ~15 to 150 uW, while the temperature-dependent were measured in a
home-made stage with in the temperature range of 290—470 K. The calculation of s follows
closely the established method described in ref 30. This method is based on solving the heat

diffusion equation in the cylindrical coordinates:
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1d<dT)+q'”_O <R S1
rdr\' dr Keys r<R) (51
1d< dT) g (T-T. +q”’ =0 =R S2
rdr\ dr t a) K. (r=R) (52)

sup

, in which g, is the bassel thermal conductivity in the supported MoS., g is the interfacial thermal
conductance between the MoS> monolayer and SizN4 substrate, T, is the environment temperature,
¢ is the thickness of monolayer MoS: (0.65 nm), R is the hole radius of the suspended region (1

um), ¢'" is the volumetric optical heating expressed as:

" la 2 2
Q" = —exw(-r* /1) (53)

, in which « is the absorbance of the monolayer MoS; (9% based on ref [31] since we share the
same Si3N4 substrate), 7y is the radius of laser beam size (0.2 um), I = P/(mr{) is the peak laser
power per unit area at the center of the beam. The relation between g and «.,, was obtained using

converged solution for equation 8 in ref [29].
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o Figure 1. Structure of isotopically enriched MoS> monolayers. (a) Schematic of monolayer MoS»
43 crystal with different Mo isotopes. (b) Optical micrograph of '°°MoS, monolayers grown on a SiO,
45 (250 nm)/Si substrate. (¢) AFM image of a '“MoS, monolayer. Inset is the height profile along
47 the blue arrow, showing a typical thickness of 0.65 nm for monolayer MoS:. (d) ADF-STEM
image showing the atomic structure of '’MoS, monolayer in plane view. Insets are the simulated
57 ADF-STEM image and line profiles along the green and red lines, showing good consistence

54 between simulated and observed atomic structure.

60 ACS Paragon Plus Environment

23



oNOYTULT D WN =

ACS Nano

Area
9.1x10* b Ch . NalMoSz
.2 ]
7300 2 r
: 14
o
55x10° & 3
= =
3.7x10* § g
b= 2
1.9x10*
5.0x10% 15716 17 18 19 20 24 ) 100 300

200
Energy (eV) Time (ps)

Figure 2. Optical and electrical properties. (a) PL mapping for '°MoS, monolayers representing
PL spectra integrated from 1.6 eV (~775 nm) to 2.0 eV (~620 nm) acquired using a 532 nm laser.
(b) PL spectra acquired from the centers of triangular monolayer crystals of N¥MoS; (black curve),
92MoS; (blue curve), and "°MoS: (red curve) on SiO; substrates showing relative band shifts and
intensities. (¢) Differential reflection signal acquired from NMoS, (black scattered dots) and
10MoS, (red scattered dots) monolayers with a 388 nm pump and a 670 nm probe pulse. Solid

curves are bi-exponential decay fits.
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35 Figure 3. (a) Raman spectra of MMoS, (black curve), *MoS: (blue curve), and "°MoS; (red
37 curve) monolayers acquired using a 532 nm laser. (b) Enlarged view of the 2LA(M) modes in the

Raman spectra.
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Figure 4. (a) Optical micrograph of the CVD-grown MoS, monolayers transferred on a 50 nm-
thick porous Si3Ny film (~2 um pore size) supported by a Si TEM grid. The dashed triangle
highlights a triangular monolayer. (b) Illustration of monolayer MoS; on porous Si3N4 (with both
suspended and supported regions) excited by a focused 532 nm laser for temperature and power
dependent Raman measurements. (¢) Temperature-dependent energy of Az mode of suspended
NatMoS; (black scattered symbols), '°MoS; (red scattered symbols), and 50% !*MoS, (blue
scattered symbols) monolayers at a fixed excitation laser (532 nm) power. (d) Excitation laser

power-dependent energy of Ajz mode of suspended M*MoS; (black scattered symbols), “MoS,
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(red scattered symbols), and 50% !'°°MoS (blue scattered symbols) monolayers at room

temperature. The solid curves are linear fits.
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Figure 5. Theoretical thermal conductivity of monolayer natural and Mo-isotopically enriched
34 MoS:; as a function of sample length by first-principles calculations. The *MoS,, **MoS,, and
36 100MoS; only consider phonon-phonon scattering and boundary scattering, while NMoS; includes

38 extra isotope scattering.
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Table 1. Experimental and calculated (in brackets) energies and energy shifts of Raman modes in

NatMoS,, 2MoS,, and "°MoS; monolayers.

Frequency (cm™) Maximum peak
Geometry | Mode “MoS; Vi8S, 1)oS, shifis (cm!)
Ely 385.7 (395.0) 382.6 (391.6) | 380.7 (388.5) 5.0 (6.5)
1L Alg 403.7 (411.2) 404.2 (411.2) | 404.5(411.2) 0.8 (0.0)
2LA(M) | 454.5(483.9) 449.9 (476.5) | 446.2 (469.6) 8.3 (14.3)

Table 2. Temperature coefficient (y7), power coefficient (yp), thermal resistance (Ry), of SizNas-

supported and suspended MoS> monolayers, and the suspended thermal conductivity (4sus) of the

monolayer. The theoretical suspended thermal conductivity using first-principles calculation

(CAL.), as well as the values reported previously (ref. 28, 29) are also presented for comparison.

Materials xr (cm™'/K) xp (cm!/uW) R (K/uW) Ksus (W/mK)
Supported | Suspended | Supported | Suspended | Supported | Suspended
Nt 20.0211 £ | -0.0201 + | -0.0056 + | -0.020+ | 02654+ | 0.995 +
MoS2 19,0007 | 0.0006 | 0.0002 | 0.001 | 00007 | 0020 |*08+08
100MoS -0.0184 £ -0.0242 + | -0.0049 + | -0.016+ | 0.2663+ | 0.661+ |61.6+5.6/-
§ 0.0006 0.0012 0.0004 0.002 0.0131 0.050 4.0
-0.0227 = -0.0176 = 0.775 +
o/ 100 _ _ -
30% TMoS, 0.0006 0.0008 0.035 | S28*24
NatMOSz
(CAL)) - - - - - - 87.81
100MoS,
(CAL)) - - - - - - 100.52
NatMo§S, 128 - -0.013 -0.010 -0.0109 - 0.769 34.5
-0.0167 -0.0204
NatMoS, 291 | (Au/SiOz-| -0.0203 | (Au/SiO2-| -0.0987 4.862 1.222 84
supported) supported)
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