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I
ntense efforts in the past few years have
focused on the novel electronic, optical,
and structural properties exhibited by

molybdenum disulfide and related two-
dimensional transition metal dichalco-
genides. These include the emergence
of a direct band gap,1,2 strong light-
matter interactions,3,4 enhanced catalytic
activity,5,6 unique semiconducting and
metallic structural phases controllable by
strain,5,7�10 and the ability to withstand
extreme strains without plastic defor-
mations.11�14 2D transition metal dichal-
cogenides typically consist of two hexago-
nal planes of chalcogen atoms separated
by a hexagonal layer of metal atoms with
trigonal prismatic coordination. Whereas
bulk versions are centrosymmetric, inver-
sion symmetry is broken for monolayers
(and in general for odd numbers of layers),
which results in novel valley-dependent
selection rules,15,16 as well as piezoelectric17

andnonlinear optical responses18,19 emergent
in the single layer limit. Little is known about

the dynamical electronic and structural pro-
cesses that underlie these novel effects or the
associated differences in the dynamics exhib-
ited by few layer compared to bulk materials.
In particular, the extreme stresses these mate-
rials are capable of withstanding point toward
novel opportunities for dynamic control of
these functional responses using light and
other time-dependent stimuli. Although prior
time-resolved optical pump�probe studies
have investigated carrier relaxation and scat-
tering processes at low photoexcitation
conditions,20�26 the electronic dynamics of
two-dimensional systems have not been in-
vestigated in a regime associated with large
amplitude strains, temperature jumps, or elec-
tronic excitation conditions, and the structural
dynamics have not been probed at all. Here
we present first measurements of the time-
dependent structural and electronic response
of 2D (single layer) MoS2 following above-
bandgap excitation at megahertz repeti-
tion rates, in a regime corresponding to
of order one absorbed photon per unit cell
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ABSTRACT We report on the dynamical response of single layer transition metal dichalco-

genide MoS2 to intense above-bandgap photoexcitation using the nonlinear-optical second order

susceptibility as a direct probe of the electronic and structural dynamics. Excitation conditions

corresponding to the order of one electron�hole pair per unit cell generate unexpected increases

in the second harmonic from monolayer films, occurring on few picosecond time-scales. These large

amplitude changes recover on tens of picosecond time-scales and are reversible at megahertz

repetition rates with no photoinduced change in lattice symmetry observed despite the extreme

excitation conditions.
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(∼1015/cm2, ∼10% valence band excitation). These
excitation conditions transform 2H-MoS2 into a degen-
erate semiconductor/metal, with simple estimates of
the transient lattice temperature jumpof approximately
3000 K,27 neglecting thermal conduction into the sub-
strate and modifications in the linear optical properties.
The associated dynamical response is probed using the
second order nonlinear optical susceptibility as reflected
in the second harmonic generated by the monolayer.
This provides a direct crystallographically sensitive, all-
optical probe of the trigonal symmetry of the material
and its transient response. Despite these extreme excita-
tion conditions, we observe large amplitude increases

in the second harmonic generation occurring on few
picosecond time-scales, indicative of the stability of
thesematerials, with no evidence for disordering ormelt-
ing responses as is observed in bulk semiconducting
systems28�30 under similar excitation conditions. Com-
parisonwith complementarymeasurements of the linear
optical properties and with first-principles modeling of
both the linear and nonlinear optical susceptibility show
the observed effects can be associated with the extreme
electronic temperatures induced without modification
of the unit cell structure. The possibilities of optically
inducing such large modifications to the electronic
properties of these systems without concomitant struc-
tural changes open up new possibilities for reversible
all-optical modulation and control of the optoelectronic
properties of two-dimensional transition metal dichalco-
genidematerials under excitation conditions not sustain-
able in bulk systems.

RESULTS AND DISCUSSION

As reported previously by other groups,18,19,31,32 we
observe strong static second harmonic generation

(SHG) from MoS2 monolayers. A typical plot showing
the dependence of the SHG intensity on the polariza-
tion of the incident probe light for a fixed output
second harmonic (SH) polarization (either parallel or
perpendicular to the experimental table, see Figure 1a)
is given as Figure S1 (Supporting Information). The
observed symmetry is consistent with the known D3h

symmetry group for monolayer 2H-MoS2 with Ix
2ω �

cos2 (2θþ θ0) and Iy
2ω� sin2 (2θþ θ0), where x, y, and θ

are defined in Figure 1c, and θ0 is a rotation of theMoS2
crystallographic axes with respect to the x-direction.
Figure 2a shows the time-dependent response of

the SHG efficiency (1030 nm probe) following above-
bandgap photoexcitationwith 343 nm light at∼10mJ/
cm2. We observe an initial increase in the second
harmonic of a few tens of percent that turns on within
∼2 ps. Taking approximately known above-bandgap
absorption coefficients of ∼106 cm�1,4 corresponding
to an absorption of approximately 10% for a single
monolayer, an excitation fluence of 10 mJ/cm2 gener-
ates approximately 1015 e�h pairs/cm2 (∼1022 cm�3),
neglecting reflection losses. Under the approximation
that carrier�carrier scattering equilibrates the elec-
tronic system at a well-defined electron temperature
and quasi-Fermi level within a few hundred femto-
seconds,33 treating the electronic system as a degen-
erate 2D free electron gas then defines a quasi-Fermi
energy εF = πNp2/m ∼ 2 eV above the bottom of the
conduction band, where N is the electron density.34

Under the assumption of a parabolic band, equating
the energy density of a 2D Fermi gas to the absorbed
energy density then defines an electron temperature
of ∼1.4 eV = 16 000 K. These estimates are in agree-
ment with density functional theory (DFT) calculations
showing that carrier concentrations of 1015 cm�2

Figure 1. (a) Experimental schematic. 343or 266nm light is used tooptically excite large-areamonolayers ofMoS2, (b) and the time
response of the second harmonic generation efficiency is measured. All experiments are done on single crystalline domains of
monolayerMoS2. (c) Top-viewschematicof theMoS2crystal structurewith xandyaxes labeled.Blueandyellowspheres correspond
to Mo and S atoms, respectively. (d) Side-view along ŷ (perpendicular to the plane of the paper) of the MoS2 crystal structure.
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correspond to electron temperatures of ∼10 000 K
(Supporting Information). These conditions essentially
define a quasi-half-filled conduction band and metallic-
like characteristics, with interelectron spacing compar-
able to the electron de Broglie wavelength. Similar
results are obtained treating the system as a 3D single
layer of unit cells. Previous studies28,30,35,36 have used
the static second order susceptibility as a direct mea-
sure of photoinduced structural changes, observing
large amplitude decreases in the SH under similar
excitation conditions, associated with a transition from
a noncentrosymmetric structure to a disordered or
molten centrosymmetric one. The large-amplitude in-
creases in SH and the fast recovery of the response
indicate that these disordering effects are not relevant
for monolayer MoS2 despite the extreme excitation
conditions utilized. This is further supported by the
well-defined polarization dependence measured at
t = 7 ps after time zero, showing no evidence for
structural modulations, which would appear as a
change in the symmetry of the polarization dependent
plot (Figure 2b). Furthermore, a complex wavelength
dependence of the induced changes in SH is observed.
In contrast to the increase in SH signal seen in
Figure 2a, the SHG response of an 800 nm probe beam

is decreased by ∼14% following above-bandgap ex-
citation at 266 nm at ∼10 mJ/cm2 (Figure 2c), yielding
similar densities of photoexcited carriers. Like the
1030 nm probe/343 nm pump conditions, the polar-
ization traces before and after pumping (Figure 2d)
change only in their magnitude, indicating that no
structural transformation took place. The difference in
recovery dynamics between the two probe conditions
is likely explained by different carrier relaxation time
scales at the two different second harmonic wave-
lengths, also observed when probing the linear optical
properties (see Figure 4b,c and Figure S3d) as de-
scribed below.
One can understand this unusual dynamical re-

sponse by taking into the account the quasi-metallic-
like state that is created at short times, and in particular,
the dependence of the second-order nonlinear sus-
ceptibility on electron temperature. The second har-
monic efficiency of a solid is often phenomenologically
described in terms of contributions from valence band
and conduction band states, reflecting bound and free
charge contributions.37�44 Inmetals, prior studies have
shown an enhancement of the second harmonic effi-
ciency with increasing electron temperature, depen-
dent on the occupation of states within a partially filled

Figure 2. (a,c) Time-dependence of the SH response following above-bandgap excitationwith 343 nmpump/1030 nmprobe
(a) and 266nmpump/800nmprobe (c). In both cases, the effect reaches itsmaximummagnitudewithin the time resolutionof
the experiment. (b,d) Polarization dependence of the SH response before (solid lines) and after (dashed lines) above-bandgap
excitation with 343 nm pump/1030 nm probe (b) and 266 nm pump/800 nm probe (d). The black and red data show x- and
y-polarized SH light, respectively.
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band.37�39 In this model, the effective nonlinear sus-
ceptibility for the carriers is determined by considering
this process as the absorption by a carrier of energy ε
through two states of energy ε þ pω and ε þ 2pω
followed by the subsequent re-emission of a photon at
2ω. The probability of this process will be proportional
to the product f(ε)[1 � f(ε � pω)][1 � f(ε � 2pω)][1 �
f(ε)], where f is the Fermi�Dirac occupation factor, de-
pendent on the electronic temperature. It is seen from
this expression that this product increases as the dis-
tribution function broadens with increasing electron
temperature, qualitatively explaining an effective in-
crease of the susceptibility with electron temperature.
To investigate the potential magnitude of purely

electronic changes in the SH response, we compute
the linear susceptibility spectrum from first-principles
and use the semiclassical two-point proportionality
known as Miller's Rule.45 This states that given a linear
susceptibility spectrum, the second harmonic re-
sponse follows χ(2)(2ω) ∼ χ(1)(ω)χ(1)(ω)χ(1)(2ω). The
linear susceptibility can be derived for a set of inde-
pendent electron wave functions, resulting in the well-
known Kubo�Greenwood formula.46 We utilize den-
sity functional theory (DFT) calculations as implemen-
ted in the Elk full-potential linearized augmented plane
wave (FP-LAPW) code47 to obtain independent elec-
tron (Kohn�Sham)wave functions. Thewave functions
are computed with self-consistent Fermi�Dirac occu-
pancies for a given electronic temperature. Elk imple-
ments a perturbative approach for computing first-
order (Kubo�Greenwood) and second-order opti-
cal coefficients from momentum matrix elements
computed from these wave functions with Fermi�
Dirac occupancies.48 This approach neglects excitonic
self-trapping of carriers and correlation effects that can
play a role in the magnitude of quasiparticle gaps and
other quantitative spectral features,49,50 but is ex-
pected to provide qualitative guidance regarding
trends with respect to electronic temperature.51�53

We have computed χ(1) spectra and the correspond-
ing Miller's Rule χ(2) spectra for several electronic
temperatures between 0 K and 16 000 K, the results
of which are shown in Figure 3. We observe that at
higher photon energies, Miller's Rule predicts a damp-
ing of the SH response with increasing electronic
temperature. Below the calculated absorption edge,
it is predicted that the SH response will increase
dramatically with increasing electronic temperature,
with percent-level changes comparable to those ob-
served experimentally, associated with a strong in-
crease in absorption below gap. The sub-bandgap
absorption that is predicted to occur with increasing
electronic temperature (Figure 3a, bottom) is seen in
linearpump�probeexperiments at optical andTHzwave-
lengths, shown in Figures S3 and S5, further supporting
this argument, and may be qualitatively understood in
terms of interband excitations (within both valence and

conductionbands) occurring as the electronic tempera-
ture increases and the distribution functions broaden.
Additionally, the theory predicts that above a certain
photon energy, an increase in electronic temperature
leads to a damping of the SH response, consistent with
the change in the sign of SHG modulation between
the 1030 nm probe and 800 nm probe (Figure 2a,c). It is
important to remember that the approach used in the
calculations presented here only provide qualitative
information concerning trends with changes in elec-
tronic temperature. Measurements of the modula-
tion in the transmission (with ΔT/T � � ΔR/R) of the
500 and 400 nm linear probe beams (Figure 4) support
the trends given by Miller's Rule: an increase in the
absorption at 500 nm (i.e., increase in χ(1)(2ω)) gives rise
to an increase in the secondorder susceptibility ofMoS2
at λ = 1030 nm. Likewise, a decrease in χ(1) (400 nm)
yields a decrease in χ(2) (800 nm).
In addition to the Kubo�Greenwood-based Miller's

Rule calculations, we havemodified a portion of the Elk
code to compute χ(2) spectra with finite electron
temperatures by perturbation theory. We expect these
computations to provide a qualitative understanding
analogous to the Kubo�Greenwood formula for the
linear spectra,54 and we note that both approaches
employ DFT wave functions, lacking the excited-state
electronic correlations that give accurate quasi-particle
energies and electron�hole interactions that give rise

Figure 3. (a) Real (top) and imaginary (bottom) parts of the
first order susceptibility, χ(1). (b) Second harmonic optical
response based on the Miller's Rule two-point proportion-
ality to the first-order response spectra.
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to excitons. The computational cell of MoS2 used for
these calculations is described in detail in the Support-
ing Information, Part 4. With the atomic positions and
computational cell fixed, we solved the DFT electronic
system (density, independent electron wave functions,
Fermi energy, and Fermi�Dirac occupancies) for sev-
eral electronic temperatures between 0 K and 16 000 K.
We then applied expression B1 from Hughes et al.48 to
obtain the χ(2) spectra shown in Figure S6. While we
expect the SHG efficiency to have a peak at half of the
experimental direct optical gap (0.95 eV), the response
based on DFT will arise at half of the DFT gap (0.85 eV).
Figure S6 shows how transitions between pairs of
valence states and between pairs of conduction states
(all with fractional occupancy) give rise to a drastic in-
crease in the SH response at low frequencies as elec-
tronic temperature increases, which is qualitatively sim-
ilar to the results predicted using semiclassical Miller's
Rule. At higher frequencies, the full perturbative ap-
proach yields a more nuanced behavior in the SH re-
sponse with increasing electronic temperature than
Miller's Rule, which predicts a monotonic damping of
the SH responsewith increasing electronic temperature.
Further evidence for the claim that the modulations

in the SH response are purely electronic in nature is
obtained by examining the fluence dependence of the
SH and linear optical time response as shown in
Figure 4. Probing with a fundamental wavelength of
1030 nm, we observe a linear dependence of the
magnitude of the increase in SHG with pump fluence
until ∼10 mJ/cm2, at which point evidence for satura-
tion is observed (Figure 4a,d). At these fluences, simple
estimates show that approximately one photon is

absorbed per unit cell, and one would expect both
removal of valence band states and filling of conduc-
tion band states (e.g., a Burstein�Moss shift) to lead to
effects consistent with this observed saturation. Linear
transmission measurements with a 400 nm pump
beam (resonant with the C exciton, Figure S2) and
500 nm (Figure 4b,e) and 400 nm (Figure 4c,f) probe
beams indicate evidence for saturable absorption at
similar absorbed pump energies (Figure S2). For the
400 nm pump, 400 nm probe linear transmission
measurements, a coherent interference effect at time
zero was subtracted from the data (Supporting Infor-
mation, Figure S4). We note that slow modulations
observed in the data before and after time zero are
likely associated with percent-level drifts in the laser
power or detection electronics and not associated
with acoustic responses.55 It has also been reported23

that dispersions of few-layer MoS2 nanosheets (Egap ∼
1.2 eV) exhibit saturable absorption of 800 nm (1.5 eV)
light at fluences of ∼40 mJ/cm2. These results suggest
that the apparent saturation in the magnitude of the
increase in SHG frommonolayer MoS2 is due in part to
saturable absorption of the 343 nm pump light and
show that the SH response follows the linear optical
response. Figure 5 directly shows that the modulation
of the SH response and the linear transmission re-
sponse at the corresponding SH wavelength relax on
the same time scale. This is true for both the 1030 and
800 nm probes as shown in Figure 5a and Figure 5b,
respectively, and is in accordance with the argument
that the SH measurements are sensitive to carrier
cooling and Miller's Rule. In both wavelength sets
displayed in Figure 5, pump fluences were chosen so

Figure 4. (a�c) Fluence dependence of the time-dependent SH response with 1030 nm probe (a) and linear absorption
responses at 500 nm (b) and 400 nm (c) probe wavelengths. (d�f) Magnitude of the maximum change in SH (d), 500 nm
absorption (e), and 400 nmabsorption (f) as a function of above-bandgap excitation fluence. Somedata sets are omitted from
(a�c) for clarity.
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that the absorbed energy per pump pulse was similar
(Figure S2). This is important in particular because of

the variation in decay times with fluence for 400 nm
probes (Figure S3d). The tens-of-picosecond decay
constants in the exponential fits in Figures 4 and 5
are roughly consistent with those reported at smaller
pump fluences,22,26 which correspond to electron�
phonon coupling time-scales. The signal recovery is
complete at the 1.28 MHz, 5.12 MHz, and 1 kHz
repetition rates of these experiments, with rapid cool-
ing into the sapphire substrate eventually bringing the
monolayer system back into its initial state. Although
exact values for the interfacial thermal resistances are
not known, using rough values for the heat capacity
per area and typical values for interfacial thermal
resistances (∼10�6�10�7 K 3m

2/W) gives a thermal
time constant of order 100 ps for thermal transport
into the substrate.
We note that in contrast to the extreme stability

exhibited by these materials to transient photoexcita-
tion,wedonot observe similar stability under static heat-
ing. We have carried out complementary temperature-
dependent transmission electron microscopy (TEM)
measurements with static heating up to tempera-
tures of order 1000 �C. These measurements show
that single-domain monolayer MoS2 undergoes an
irreversible change at temperatures much lower than
those we induce optically. Figure 6 shows selected-
area electron diffraction patterns from monolayer
MoS2 at several different temperatures. Starting at
∼900 �C, the {1010} and the {1120} reflections (q =
3.63 nm�1 and q = 6.29 nm�1, respectively) begin
to disappear and diffuse reflections at ∼4.0 and
6.49 nm�1 emerge. These diffuse peaks are azimuthally
broadened, suggesting decomposition into nanoscale
domains with similar orientations to the original film.

Figure 6. Selected-area electrondiffractionpatterns froma single-crystal domain ofmonolayerMoS2 film at 25, 850, 900, 925,
950 �C, and cooled back to 25 �C. It can be seen that the film begins to undergo an irreversible transition starting at∼900 �C.
The sharp reflections from the MoS2 single crystal begin to disappear while more diffuse reflections in the same orientation
but corresponding to smaller d-spacings begin to emerge. The diffuse ring in all images is from the ultrathin amorphous
carbon film supporting the MoS2 monolayer.

Figure 5. Time-dependent SHG (solid black lines) and linear
transmission (dashed red lines) responses at equivalent
absorbed pump energies. SH probe wavelengths are
1030/515 nm (a) and 800/400 nm (b). Transmission probe
wavelengths are 500 nm (a) and 400 nm (b). 343 nm (a) and
266 nm (b) pump fluences for the SHG measurements were
∼10 mJ/cm2. 400 nm pump fluences for both transmission
measurements were ∼5 mJ/cm2.
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The diffuse peak at ∼4.0 Å�1 is additionally split,
suggesting symmetry breaking. At ∼950 �C, the de-
composition is complete and does not recover upon
cooling back to room temperature. Molecular dy-
namics simulations also indicate that monolayer
MoS2 should rapidly decompose when heated to high
temperatures (see Supporting Information, Part 5).

CONCLUSIONS

In summary, we present first measurements of the
time-dependent structural and electronic response of
MoS2 monolayers following intense above-bandgap
excitation atmegahertz repetition rates. This excitation
regime corresponds to approximately one absorbed

photon per unit cell (∼1015/cm2) and transient tem-
perature increases of a few thousand degrees Kelvin.
We observe an increase in χ(2) associated with the
contribution of photoexcited carriers to an effec-
tive conduction band free electron susceptibility,
with the magnitude of the modulation saturating at
∼10 mJ/cm2 excitation fluence. No evidence for dis-
ordering, decomposition, or structural rearrangements
is observed at any excitation fluence presented here.
These measurements open up new opportunities for
dynamic control of the electronic and optical prop-
erties of two-dimensional transition metal dichalco-
genides under excitation conditions not sustainable in
bulk systems.

MATERIALS AND METHODS
Large-area, single-crystal domain monolayers of MoS2 were

obtained by chemical vapor deposition (CVD)-growth on sap-
phire substrates using MoO3 and S as precursors.56 We con-
firmed the thickness of theMoS2 samples with a combination of
optical (Figures 1b, S2) and second-harmonic microscopies
(Figure S1) as well as selected area electron diffraction
(Figure 5). For the second-harmonic microscopy, we use a
500 fs Yb-doped fiber laser with a 1.28-MHz repetition rate,
2 W average power, and fundamental wavelength of 1030 nm
(1.20 eV, below the direct bandgap of 1.9 eV for monolayer
MoS2) in a pump�probe geometry (Figure 1a). The probe beam
is focused to a 1 μm diameter onto the sample (mounted on a
piezoelectric stage) within a single crystalline domain
(Figure 1b) at normal incidence by a 100� objective (NA 1.30)
and immersion oil with refractive index 1.518. The transmitted
signal is recollimated by a 13� UV objective (NA 0.13) and
reflected by a dichroicmirror through a bandpass filter centered
at the second harmonic (SH) wavelength (λ = 515 nm, 2.41 eV)
to remove the transmitted fundamental and any ambient light.
The SH signal is then detected by a photon counting photo-
multiplier tube and read out by a gated photon counter
synchronized to the laser repetition rate. A half wave plate is
used to rotate the polarization of the incident probe light with
respect to the crystallographic orientation of the sample. For the
time-resolved study, we split off a portion of the laser beam and
frequency-triple (λ = 343 nm, 3.62 eV) the split-off beam in two
nonlinear optical crystals (LBO/BBO) to create the pump beam.
This is focused to a 2 μm spot size on the sample antiparallel to
the probe beamby the same 13�UVobjective that recollimates
the SH signal. An electron-multiplying CCD camera allows for
monitoring of the positions and spatial overlap of the sample
and pump and probe beams. Additional pump�probe mea-
surements using a 50 fs Ti:sapphire laser with a 5.12 MHz
repetition rate, 2 W average power, and fundamental wave-
length of 800 nm (1.55 eV, also below the direct gap of
monolayer MoS2) utilized the same microscope and photon-
detection setup with dichroic mirrors and band-pass filters
appropriate for 400 nm (3.10 eV) in place. The third harmonic
(λ = 266 nm, 4.66 eV) was used as the pump beam. Comple-
mentarymeasurements of the static and time-dependent linear
optical response both below and above bandgap were carried
out within large area monolayer films grown by using MoCl5
and S as precursors57 using a 1 kHz Ti:sapphire-based regen-
erative amplifier system with white light probe (see Supporting
Information).
In all experiments, we observe negligible signal from the bare

sapphire substrate. The damage threshold was observed to be
>14 mJ/cm2 for the 343 nm pump (the immersion oil degraded
before the MoS2 was damaged), ∼15 mJ/cm2 for the 266 nm
pump, and ∼10 mJ/cm2 for the 400 nm pump. Above the

damage threshold, the films were ablated away, and any signal
went to zero.
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