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Abstract 

In this report, the ultrafast structural, interfacial, and carrier dynamics of monolayer MoS2 

supported on sapphire are cross-examined by the combination of ultrafast electron diffraction 

(UED) and transient reflectivity techniques. The out-of-plane motions directly probed by 

reflection UED suggest a limited anisotropy in the atomic motions of monolayer MoS2, which is 

distinct from that of related materials such as graphene and WSe2. Besides thermal diffusion, the 

MoS2‒sapphire interface exhibits structural dynamics trailing those of the overlaying MoS2 and 

are in stark contrast with the sapphire bulk, which is consistent with the limited thermal 

boundary conductance. These structural dynamics provide justification for the determination of 

carriers being trapped by defects in ~600 femtoseconds and releasing energy within few 

picoseconds. The rich findings attest the strength of combining techniques with real-time optical 

and direct structure probes for detailed understanding of dynamical processes in functional 

materials. 
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Since the experimental discovery of graphene, research of the properties and applications of 

single- and few-layer 2-dimensional (2D) materials and van der Waals solids has been growing 

exponentially in recent years.1, 2 Transition metal dichalcogenides (TMDs), in particular, have 

attracted great attention because of their versatile structures and tunable optical and electronic 

properties, besides the typical benefits of 2D materials with good mechanical strength and 

flexibility as well as large electrical and thermal conductivity.3, 4 Molybdenum disulfide (MoS2) 

is a prototypical example, which exhibits major changes in its electronic structure especially for 

the evolution from an indirect bandgap of 1.3 eV for the bulk to a direct gap of 1.9 eV for a 

monolayer.5 Such an electronic modification results in layer-dependent efficiencies in photo- and 

electroluminescence,5-7 which opens up various potential (opto)electronic applications such as 

light-emitting diodes, solar cells, and field-effect transistors. Opportunities may also exist when 

large external stimuli or fields are applied.8 To further understand light‒matter interactions in 2D 

and related materials at the fundamental level, studies of ultrafast electronic and structural 

dynamics following photoexcitation at different levels are therefore needed. 

Previously, studies using time-resolved all-optical spectroscopy have suggested a few 

relaxation mechanisms for carriers photogenerated in monolayer MoS2 (1L-MoS2), including 

exciton‒exciton annihilation below the Mott density,9, 10 defect-assisted electron‒hole 

recombination,11 and carrier‒phonon scattering.12, 13 Measurements of photoluminescence 

produced from radiative recombination of carriers have often been considered as one of the 

methods to characterize 1L-MoS2, with influence from the formation of excitons and trions,14-16 a 

supporting dielectric medium,17, 18 applied strain,19, 20 temperature,12 and surface treatment.6 In 

these studies, the photoinjection levels were in the range of 4×109 to 8×1012 cm-2 to avoid 

complex mechanisms that may occur at higher carrier densities. In contrast, only a few reports 



 

4 
 

exist to date about photoinduced structural dynamics of 1L-MoS2 or TMDs. Ultrafast electron 

diffraction (UED) in a transmission geometry has been used to examine 1L-MoS2 transferred 

onto a copper TEM grid with an amorphous carbon layer, showing in-plane atomic 

displacements and the inference of induced out-of-plane rippling, at the injection level of 

~5×1014 cm-2.21 Early-time structural dynamics of monolayer and bilayer MoSe2 probed by 

transmission UED at ~1014 cm-2 suggest a softening of vibrational modes in the excited state for 

efficient and rapid energy transfer between the electronic and the lattice subsystems.22 Ultrafast 

x-ray diffraction in a reflection geometry has been used to investigate the anisotropic in-plane 

and out-of-plane lattice vibrations of WSe2 supported on sapphire, within a rather small temporal 

window of 10 picoseconds (ps).23  

A few fundamental issues of 1L-MoS2 have not been examined in detail. For example, 

graphene has been found to have different in-plane and out-of-plane atomic motions24, 25 and 

Debye temperatures26, 27 and WSe2 exhibits prominent anisotropy in lattice vibrations at early 

times following photoexcitation.23 The degree of anisotropy of 1L-MoS2 remains unknown 

because of the lack of direct probing of out-of-plane dynamics for comparison. Furthermore, 

structural dynamics at the interface between 2D materials and their supporting substrates have 

not been resolved to date, whose understanding is relevant to actual devices in that solid supports 

will likely be present for most applications instead of free-standing films, and an underlying 

substrate may influence the behavior of supported TMDs.17, 18 In addition, time-resolved 

dynamics of photogenerated carriers at higher injection levels require further study, whose 

results should be consistent with the subsequent lattice dynamics probed by structure-specific 

methods. 

In this report, structural, interfacial, and carrier dynamics of sapphire-supported 1L-MoS2 
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are cross-examined using the combination of UED and transient reflectivity measurements, at 

elevated injection densities ranging from 5.80×1012 to 1.13×1014 cm-2. We note our capability to 

probe the out-of-plane lattice motions and to differentiate the dynamics of the MoS2‒sapphire 

interfacial structure because of the small penetration depth of 30-keV electrons incident in a 

reflection geometry. It is found that out-of-plane lattice motions of supported 1L-MoS2 are 

comparable to the in-plane counterparts reported earlier in a transmission study21 and hence a 

single Debye temperature can be assigned for both in-plane and out-of-plane dimensions. 

Thermal diffusion via the interface governs the recovery at longer times whereby the thermal 

boundary conductance is determined. More significantly, diffractions produced by the MoS2‒

sapphire interface exhibit time-dependent changes trailing those of the 2D material itself, which 

implies the different behavior of the interfacial structure compared to that of the sapphire bulk. 

These structural dynamics provide information for a consistent analysis of the results of optical 

pump‒probe measurements, where the trapping of the photogenerated carriers by defects is 

found in ~600 femtoseconds (fs). 

 

Structural dynamics of monolayer MoS2. Shown in Figure 1a is the diffraction pattern of 1L-

MoS2 acquired at an incidence angle of ߠ୧୬ = 3.8° without photoexcitation. The observation of 

multiple diffraction streaks at all grazing incidence and azimuthal rotational angles confirms the 

2D nature of the monolayer, which was grown by chemical vapor deposition (CVD) with 

azimuthally rotated crystallites. The diffraction streaks (ensemble-probed from an area of 

15×230 m2) are well indexed with a hexagonal lattice and a lattice constant of 3.18 Å is 

obtained.28 At incidence angles higher than 4.6°, the more apparent diffraction spots and Kikuchi 

lines indicate the probing of the interfacial structure and the surface region of the supporting 
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substrate underneath the 2D material due to increased electron penetration. 

 

 

Figure 1. Electron diffraction and photoinduced changes of 1L-MoS2. (a) Diffraction of 1L-

MoS2 acquired at an incidence angle of ߠ୧୬ = 3.8° without laser excitation. The 2D Miller indices 

are given. (b) Diffraction difference image at t = 18 ps referenced to (a). (c) Diffraction intensity 

changes along the center streak as a function of ୄݏ
ଶ at different laser fluences used. The symbols 

are the experimental results obtained via intensity curve fits, and the lines are linear fits 

according to Equation 1. (d) Mean-square atomic displacement increments as a function of the 

maximum temperature reached at the respective apparent fluence. The line is a fit by Equation 3. 
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Following an above-gap excitation by 515-nm photons, the intensity of 1L-MoS2 

diffractions decrease within 20 ps (Figure 1b). It is crucial to first confirm that the observed 

diffraction changes originate from structural motions, not from any surface-related field or 

Coulombic effects. Shown in Figure 2b is the lack of any intensity changes near the shadow 

edge, which signifies the absence of significant surface electric fields that could alter the paths of 

grazing electron scattering (see also Supplementary Information and Figure S2). Given that no 

apparent structural transition exists at the temperature and excitation fluences used, the Debye‒

Waller effect describing the relation between diffraction intensity and the increased motions of 

ions in 1L-MoS2 is considered:29 

ln ቀ ூబ
ூሺ௧ሻ
ቁ ൌ 2ܹሺݐሻ ൌ ∆ 〈൫ݍԦ ∙ ሻ൯ݐሬԦሺݑ

ଶ
〉 ൌ ୄݏଶߨ4

ଶ ∙ ୄݑ〉∆
ଶሺݐሻ〉                (1) 

where the I0 and I(t) are, respectively, the diffraction intensities of the center diffraction streak 

before the zero of time and at time t after excitation, W the Debye‒Waller factor, ݑሬԦ the atomic 

displacement vector, ݍԦ ൌ ୄݏ Ԧୄ the scattering vector of the center diffraction streak, andݏߨ2 ൌ

2 sinሺ2/ߠሻ/ߣ the vertical momentum transfer perpendicular to the scattering surface, with θ 

being the total scattering angle and λ = 0.0698 Å the de Broglie wavelength of 30-keV electrons. 

Thus, according to Equation 1, lnሺܫ଴/ܫሻ is directly proportional to ୄݏ
ଶ at a given time and fluence 

that correspond to a certain increment value of the out-of-plane mean-square displacement, 

ୄݑ〉∆
ଶሺݐሻ〉. 

 This is indeed our observation, which validates the use of reflection UED to probe 

transient out-of-plane lattice motions. A linear relation is observed between lnሺܫ଴/ܫሻ and ୄݏ
ଶ for 

all laser fluences used (Figure 1c). Furthermore, the consistence with the Debye‒Waller effect 

signifies the thermalization of random atomic motions in 1L-MoS2 at early times. It is found that 

the absorption of 44 J/cm2 (3% of the apparent fluence of 1.46 mJ/cm2 at 515 nm) leads to 
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ୄݑ〉∆
ଶሺݐሻ〉 ≅ 2.5 ൈ 10ିଷ	Հଶ; in the earlier transmission UED study, the absorption of 220 J/cm2 

(6.6% of the apparent fluence of 3.3 mJ/cm2 at 400 nm) yields in-plane ∆〈ݑ∥
ଶሺݐሻ〉 ≅ 1.25 ൈ

10ିଶ	Հଶ.21 Thus, the excellent proportionality between the absorbed energy densities and the 

induced in-plane and out-of-plane mean-square displacement increments, indicates that the 

thermalized atomic motions after several ps are essentially isotropic, showing limited anisotropy 

unlike those of graphene and WSe2. This shows that dynamical behaviors of different 2D 

materials vary significantly even though they share the 2D structural motif. 

 The temperature dependence of mean-square atomic displacements is given by29 

ୄݑ〉
ଶሺܶሻ〉 ൅ ∥ݑ〉2

ଶሺܶሻ〉 ≅ ୄݑ〉3
ଶሺܶሻ〉 ൌ ଽ԰మ

௠ഥ௞ಳ஀ವ
൤ଵ
ସ
൅ ቀ ்

஀ವ
ቁ
ଶ
׬

௫ௗ௫

௘ೣିଵ

౸ವ
೅

଴ ൨     (2) 

where ݑ∥ሺܶሻ  is the one-dimensional in-plane atomic displacement component, ԰  the reduced 

Planck constant, ഥ݉  the average atomic mass, ݇஻  the Boltzmann constant, Θ஽  the Debye 

temperature, and ݔ ൌ ԰߱/݇୆ܶ with ߱ being the phonon frequency. The first equal sign is valid 

here because 1L-MoS2 exhibits effectively isotropic atomic motions. Hence, the experimentally-

obtained out-of-plane mean-square atomic displacement has the following temperature 

dependence: 

ୄݑ〉∆ଶߨ4
ଶሺܶሻ〉 ൌ ଷ௛మ

௠ഥ௞ಳ஀ವ
ቈቀ

்

஀ವ
ቁ
ଶ
׬

௫ௗ௫

௘ೣିଵ

೭ವ
೅

଴ െ ቀ బ்

஀ವ
ቁ
ଶ
׬

௫ௗ௫

௘ೣିଵ

೭ವ
೅బ
଴

቉ ≅
ଷ௛మሺ்ି బ்ሻ

௠ഥ௞ಳ஀ವ
మ 			when	ܶ ≿ Θ஽  (3) 

where ଴ܶ = 297 K is the initial temperature and the maximum T for each fluence is determined 

with the specific heat of 0.397 = ܥ J/g⋅K, the density of 5.00 = ߩ g/cm3, and a thickness of ݀ = 

0.72 nm for 1L-MoS2,
30 considering that a thermal equilibrium is reached after several ps (see 

below). A fit of the fluence-dependent results in Figure 1d yields Θ஽ = 580 K, which agrees well 

with the theoretical values for both monolayer and bulk MoS2 at room temperature31, 32 and the 

value reported by the transmission UED study for in-plane motions.21 
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Figure 2. Time dependence of structural changes of 1L-MoS2 at 0.97 mJ/cm2. (a) Diffraction 

intensity change as a function of the delay time. The solid line is a fit according to Equation 4. 

The inset shows the early-time dynamics. (b) Absence of intensity changes in the shadow edge 

region between the diffraction streaks (selected regions of interest are color-coded in the 

diffraction). (c) Effective temperature derived from the UED data (dots). The solid line gives the 

simulation result of one-dimensional thermal diffusion. The inset shows the dynamics within 500 

ps. (d) Numerically simulated temperatures of MoS2 and sapphire as a function of the delay time. 

 

With regard to the temporal dependence, the diffraction intensity dynamics are fitted to 

the following function, 
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lnሾܫሺݐሻ/ܫ଴ሿ ൌ ܣ ⋅ ൫1 െ ݁ି௧/ఛೝ൯ ⋅ ݁ି௧/ఛ೏    (4) 

where 0 > ܣ is a proportional constant and ߬௥  and ߬ௗ  are the time constants for the rise and 

recovery of the observed changes, respectively. A Gaussian function with a full width of ~2.5 ps 

at half-maximum is used for convolution to account for the instrumental response time (mostly 

contributed by the velocity mismatch between the optical excitation and the grazing electron 

probe pulses). A good fit is obtained, with ߬௥ = 4.0 ± 2.6 ps and ߬ௗ = 140 ± 20 ps (Figure 2a). It 

is noted that the value of ߬௥ agrees with the typical time for carrier‒phonon and phonon‒phonon 

scattering processes at elevated injection densities. In fact, this is the time scale (߬௥ ~ 4 ps for the 

out-of-plane motions following the time constant of ~2 ps obtained for the in-plane motions21) 

for phonons to thermalize and establish an effective temperature, which is consistent with the use 

of the Debye‒Waller factor after the first 10 ps for the structural dynamics of 1L-MoS2. In what 

follows the recovery part of the dynamics is shown to originate from heat diffusion with a single 

time constant of ߬ௗ, thus further provides a consistent picture for thermal energy transport via the 

interface. 

 

Heat diffusion via the interface. From the diffraction intensity change, a temperature can be 

assigned at each delay time after 10 ps using Equations 1 and 3 (Figure 2c). A set of equations 

considering one-dimensional heat transfer from 1L-MoS2 to the unexcited supporting sapphire 

substrate are used in the numerical simulation for time dependence (see Supporting Information 

for details).33 It becomes clear that the temperature of 1L-MoS2 should essentially follows a first-

order ordinary differential equation (Equation S1) because of the large temperature difference 

between 1L-MoS2 and sapphire, which results from the relatively slow heat transfer across the 

interface and the good thermal conductivity of sapphire limiting its temperature increase (Figure 
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2d). Thus, the single exponential decay function in Equation 4 is justified, with ߬ௗ
ିଵ ≅  ሻ݀ߩܥሺ/ߪ

where ߪ is the thermal boundary conductance of MoS2 monolayer on sapphire. It is determined 

to be 10 MW m−2 K−1, which is similar to the values of 15 MW m−2 K−1 for MoS2 on amorphous 

carbon21 and below 20 MW m−2 K−1 on a few solid substrates.34 

 

Figure 3. Structural dynamics of the MoS2‒sapphire interface. (a) Electron diffraction image 

acquired at a high incidence angle of 4.6°, showing weaker streaks from 1L-MoS2 and a few 

distinguished spots originated from the interface. (b) Intensity changes of the center diffraction 

streak and spot as a function of time at 0.97 mJ/cm2. The solid curves are fits to Equation 4 

convoluted with a Gaussian instrumental response function. The inset shows the early-time 

dynamics, where the change of the diffraction spot trailing that of the streak is evident.  
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Structural dynamics at the interface. Further details are found in the structural dynamics at the 

MoS2‒sapphire interface beyond the aforementioned thermal diffusion model. At a higher 

incidence angle of ߠ୧୬ = 4.6°, electrons are able to probe the interfacial region beneath the 2D 

layer because of the increased penetration depth. (The elastic mean free path of 30-keV electrons 

in MoS2 is calculated to be ~108 Å using the elastic scattering cross sections of Mo and S, which 

leads to a probe depth of ~7.2 Å at ߠ୧୬ = 3.8° essentially the same as the 2D layer thickness.) 

Therefore, the observed diffraction spots on the streaks in Figure 3a are mainly contributed by 

the top layers of the sapphire substrate with modulation by 1L-MoS2, which is consistent with 

simulated diffraction patterns using the kinematic scattering theory. Here, both the interfacial 

region of sapphire and the diffraction modulation by the 2D material are essential for the 

following reasons. First, without the overlaying MoS2, no time-dependent changes are observed 

from sapphire diffraction spots given that no excitation is made to sapphire by 515-nm photons 

(Figure S3); hence, its temperature increase as a result of thermal diffusion should be small 

(Figure 2d, inset). Second, the limited penetration of 30-keV electrons at ߠ୧୬ = 4.6° signifies the 

probing of only the interfacial layers of sapphire, whose behavior can be different from that of 

the bulk.35 We note that effects from a transient surface electric field as a possible cause for our 

observation can be confidently ruled out, as has been shown earlier in the discussion of the 

structural dynamics of MoS2. 

 Shown in Figure 3b are the time-dependent intensity changes of both the center 

diffraction streak and spot. It is evident that the dynamics of the latter trail those of the former. A 

fit of the streak data to Equation 4, which represent the structural dynamics of the overlaying 1L-

MoS2, gives ߬௥ = 2.5 ps and ߬ௗ = 170 ps, whose values are consistent with those derived from 

Figure 2a even though the noise level is higher here because of the low intensity at ߠ୧୬ = 4.6°. In 
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contrast, the diffraction spot intensity change exhibits the time constants of ߬௥ᇱ  = 12 ps and ߬ௗ
ᇱ  = 

240 ps. The prominent increase in ߬௥ᇱ  compared to ߬௥ (with some increase in ߬ௗ
ᇱ  compared to ߬ௗ) 

is thus in good agreement with the kinetics of the enlarged thermal motions of atoms, first 

initiated and thermalized in 1L-MoS2 and then coupled to the interfacial layers below for 

relaxation. It should be noted that atoms at a materials surface experience reduced to no stress 

along the surface normal direction. Consequently, the atoms in the interfacial layers of sapphire 

exhibit motions that are greater compared to those in the bulk characterized by the small 

temperature increase (Figure 2d). Moreover, the large difference between ߬௥ᇱ  and ߬௥  is an 

experimental manifestation of the weak van der Waals coupling and mismatch of phonon density 

of states between materials, leading to the rather limited value obtained for the thermal boundary 

conductance.34 

 Once the different behavior of the interface and the substrate bulk is confirmed, the 

observed intensity decrease of lnሺܫ/ܫ଴ሻ ≅ െ0.15 at 30~50 ps may be well explained (Figure 3b, 

inset). With the Debye temperature of MoS2 (580 K) and sapphire (1042 K), a temperature 

increase of ~170 K and ~130 K are deduced, respectively, considering the two extreme cases that 

the diffraction spot is only contributed by either component. The fact that these values agree with 

that of the overlaying film—a temperature increase of about 135‒155 K from the effective 

temperature of 435‒455 K shown in the inset of Figure 2c—indicates a thermal exchange and 

equilibrium between the film and the interfacial structure, which is reasonable because of their 

direct contact. 

 

Carrier dynamics. Determination of the photocarrier dynamics of a material may be better 

achieved with the knowledge of its structural dynamics, especially for elevated injection 
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densities when other processes including structural and thermo-optic components also contribute 

to the optical pump‒probe signals. Shown in Figure 4a are the transient reflectivity changes, 

Δܴ/ܴ, of sapphire-supported 1L-MoS2 at room temperature following 515-nm photoexcitation, 

at various initial carrier densities ଴ܰ ranging from 5.80×1012
 to 8.1×1013 cm−2. At each apparent  

 
Figure 4. Time-dependent optical pump-probe results of supported 1L-MoS2. (a) Transient 

reflectivity acquired with a 1030-nm probe. The dashed arrow indicates the result of increasing 

the photogenerated carrier density. Dots represent the experimental data, and the solid lines are 

fits using the 3-exponential model described in the text. The inset shows the longer-time 

dynamics. (b‒d) Time constants (߬ଵ, ߬ଶ, and ߬ଷ, respectively) obtained from the fits as a function 

of the carrier density. The error bars give the standard deviations. 
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laser fluence used, the reflectivity decreases to a minimum value in the instrumental response 

time followed by a recovery to the initial state on a ps time scale. The value of the initial 

decrease may be explained by the mechanisms of free-carrier absorption, band filling, and 

bandgap renormalization, although theoretical modifications are needed to account for the 2D 

material.36-39 

 The time-dependent recovery can be described by a 3-exponential model, ܣ	݁ି௧/ఛభ ൅

௧/ఛమି݁	ܤ ൅ ௧/ఛయି݁	ܥ  (see below for the justification) convoluted with a Gaussian instrumental 

response function, where ߬௜ ’s (߬ଵ ൏ ߬ଶ ൏ ߬ଷ ) represent the time constants of three recovery 

processes and ܤ ,ܣ, and ܥ are their respective amplitudes. It is found that in the range of carrier 

density used, the fastest process accounts for ~(84 ± 7)% of the recovery of the transient change 

on the average, whereas ~(14 ± 6)% and ~(2 ± 2)% are for the second and the third components, 

respectively (the standard deviation is indicated). In addition, the time constants obtained from 

the fits do not exhibit a strong dependence on laser fluence (Figure 4, b‒d). The fastest 

component, with similar ߬ଵ  ~ 600 fs, can be attributed to the process of carrier trapping by 

defects; namely, removal of the free carriers by such a mechanism effectively diminishes the 

transient change at early times (Figure 4b). This is consistent with previous reports for CVD-

grown TMDs with a minimal dependence of the sub-ps time constant on the carrier density.11, 40, 

41 The small increase in ߬ଵ observed at the highest fluences used may be due to a bottleneck 

and/or hot-phonon effect that causes elongation of the carrier-trapping process. 

 It is noted that ߬ଶ ~ 3.5 ps and ߬ଷ ~ 160 ps (Figure 4, c‒d) are satisfactorily consistent 

with the time constants (߬௥ and ߬ௗ) obtained from the UED data (Figure 2a). Such an agreement 

allows the identification of the second and third components in the transient reflectivity results as 

the phonon thermalization and heat diffusion processes during the recovery, thus justifies the use 
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of the aforementioned 3-exponential model. These assignments could be ambiguous if only all-

optical pump‒probe results are available. Hence, it is crucial to conduct a cross examination of 

the photoinduced carrier and structural dynamics, such as presented here for sapphire-supported 

1L-MoS2 using the combination of optical and UED experiments. Moreover, it is concluded that 

the energy release from the trapped carriers to the lattice in the present fluence range must take 

place immediately, so to be fully consistent with the phonon thermalization process in a few ps 

and the success of the Debye‒Waller description for the following thermal motions. Such a result 

also indicates a fast carrier‒phonon coupling in MoS2 via the emission of optical phonons in 

hundreds of fs,42 instead of a slow process in some tens of ps.12, 13, 43 

 Here, we consider the possibility of a few other carrier relaxation mechanisms to explain 

the observed transient reflectivity and time dependence. Exciton‒exciton annihilation, with a 

second-order rate equation, is applicable for relatively low injection levels below the Mott 

density of ~4.3×1012 cm−2 39 or ~1×1013 cm−2.44 Auger recombination with a third-order rate 

equation, on the other hand, may be important at high laser fluences. For these two mechanisms, 

the effective rate constants should have a clear dependence on the injected carrier densities. 

However, they may be ruled out based on the fact that the density range used here is above the 

Mott density and the obtained time constant ߬ଵ remains similar (Figure 4b). In fact, the lack of a 

density dependence for ߬ଵ is anticipated for carrier trapping by a given density of defects. We 

note that depending on the preparation method for the material, the defect density may greatly 

differ, which may result in extended carrier lifetimes observed in a large single-crystalline 

specimen.39 How the structural dynamics are then affected may be the subject of a further study. 

 Finally, we would like to address the issue of limited anisotropy in the atomic motions of 

MoS2 compared to those of other 2D materials. Before the development of ultrafast diffraction 
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methods, atomic root-mean-square displacements (RMSDs) have been derived via thermal 

analyses of diffractions obtained in equilibrium. For graphite and WSe2, clear anisotropy in the 

RMSDs has been found, whose ratios between the out-of-plane and in-plane motions are about 

5.5 and 4, respectively.45, 46 For graphene, a corresponding ratio of 6.8 was obtained.47 In 

contrast, the anisotropy of MoS2 is largely reduced, where the out-of-plane to in-plane RSMD 

ratios are 1.6 and 1.3 for Mo and S, respectively.28 Although insufficient to provide direct 

prediction of photoinduced dynamical behavior of materials, especially in monolayer cases, the 

diffraction results in equilibrium appear to be in line with the observations made using ultrafast 

techniques in terms of the degree of anisotropy in lattice motions. It is well known that for 

photoinjected carriers, the electron‒phonon coupling in graphite and graphene is highly 

anisotropic, first to the in-plane strongly coupled optical phonons followed by phonon‒phonon 

scattering to induce out-of-plane motions.48 In the present study, 1L-MoS2 is found to exhibit 

comparable out-of-plane and in-plane RSMDs following photoexcitation and hence limited 

dynamical anisotropy, which is consistent with the former x-ray diffraction results. The 

microscopic origins could be due to the reduction of the lattice symmetry in TMDs, which would 

allow additional electron‒phonon coupling mechanisms49 and hence reduce the degree of 

anisotropy compared to that of graphene. However, this structural symmetry argument may not 

fully explain the case of WSe2, which means that the electronic and phonon structures may also 

play an important role. Interestingly, the initial coupling to the out-of-plane A୥ଵ  mode was 

observed in monolayer WSe2 by optical transient transmission,50 which is opposite to the 

observation by femtosecond surface x-ray scattering in the first 10 ps.23 This disagreement as 

well as the less-studied subject to date about the dynamic anisotropy in lattice motions of 2D 

materials suggest the need for more studies including theoretical investigations. In this regard, 
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reflection UED with surface specificity and an adjustable probe depth may be helpful in 

providing direct information about the out-of-plane motions. 

 In summary, the structural, interfacial, and carrier dynamics of MoS2 monolayer 

supported on a sapphire substrate were cross-examined at the excitation levels of 5.80×1012 to 

1.13×1014 cm−2 above the Mott density threshold, using reflection UED to specifically probe the 

out-of-plane lattice motions and the interface as well as optical transient reflectivity for 

electronic and structural processes. A consistent picture was thus obtained to identify the main 

processes involved. At early times after the above-gap photoexcitation, the injected carriers are 

trapped by defects in ~600 fs, followed by the release of the carrier energy to phonons via 

carrier‒phonon coupling within few ps. Phonon scattering and thermalization also occur on a 

similar time scale, resulting in atomic motions well described by the Debye‒Waller factor. 

Surprisingly, these random atomic motions of a MoS2 monolayer were found to exhibit little 

anisotropy, which is in stark contrast with those of other 2D materials such as graphene and 

WSe2. At longer times, heat diffusion across the interface for energy dissipation to the substrate 

takes place with a time constant of ~140 ps and a thermal boundary conductance of 10 MW m−2 

K−1. We further observed the structural dynamics at the MoS2‒sapphire interface that trails the 

dynamics of the overlaying 2D film and is evidently different from the nonabsorbing sapphire 

bulk; such a finding is unique for reflection UED and may not be easily accessed or resolved by 

other methods. Given the rich observations presented here, the combined use of reflection UED 

and transient spectroscopy to examine in detail the ultrafast dynamics of other substrate-

supported 2D materials and van der Waals solids is anticipated. 

Experimental section 

Monolayer MoS2 grown by the CVD method on sapphire(0001) was purchased from 2DLayer. It 
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was found that annealing the specimens in vacuum at an elevated temperature (above 100 °C) 

improved the film quality, according to the increase in the intensities of the streak-like 

diffractions. The monolayer was also confirmed by its prominent photoluminescence near the red 

end of the visible spectrum compared to that of the bulk (see Supporting Information). 

Throughout the measurements of the dynamics, the specimen was placed on a 5-axis high-

resolution manipulator in ultra-high vacuum with a base pressure of ~2×10−10 torr. 

Experimental details about the reflection UED and optical transient reflectivity 

measurements have been described previously.51, 52 In short, the 515-nm, 2.41-eV 

photoexcitation pulses with a repetition rate of 2 kHz were produced by second harmonic 

generation of the fundamental output (1030 nm) of a Yb:KGW regenerative amplifier laser 

system. The photoexcitation beam was loosely focused on the specimen surface at a near-normal 

incidence angle, resulting in a footprint of ~600 μm in the full width at half-maximum (FWHM). 

A tiny fraction of the remaining fundamental output was used as the optical probe in transient 

reflectivity, incident at an angle of 35° with a probed range of ~270×220 μm2 in FWHM. The 

electron-generating, 257-nm ultraviolet pulses were produced by another stage of second 

harmonic generation of the 515-nm beam. In the UED experiments, the electron probe pulses 

produced from a lanthanum hexaboride photocathode were accelerated to 30 keV and focused on 

the specimen surface for diffraction at a grazing incidence angle. Hence, the convergent electron 

beam had a footprint of~15×230 μm2 at a grazing angle of 3.8°, which was fully enclosed within 

the photoexcited region. The number of photoelectrons per pulse was measured to be <250. 

Finally, the diffraction patterns were recorded by an imaging system composed of a phosphor 

screen and a gated image intensifier lens-coupled to a CMOS camera.  
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