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Relaxation and transfer of photoexcited electrons
at a coplanar few-layer 1 T'/2H-MoTe,

heterojunction
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Fundamental dynamic processes at the electronic contact interface, such as carrier injection
and transport, become pivotal and significantly affect device performance. Time-resolved
photoemission electron microscopy (TR-PEEM) with high spatiotemporal resolution
provides unprecedented abilities of imaging the electron dynamics at the interface. Here,
we implement TR-PEEM to investigate the electron dynamics at a coplanar metallic
1T’-MoTe,/semiconducting 2H-MoTe, heterojunction. We find the non-equilibrium
electrons in the 1T'-MoTe, possess higher energy than those in the 2H-MoTe,. The non-
equilibrium photoelectrons collapse and relax to the lower energy levels in the order of
picoseconds. The photoexcited electrons transfer from 1T'-MoTe, to 2H-MoTe, with at a
rate of ~0.8 x 101251 (as fast as 1.25 ps). These findings contribute to our understanding of
the behavior of photoexcited electrons in heterojunctions and the design of in-plane
optoelectronic devices.
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particularly attractive in next-generation electronic device

applications due to their atomic thickness and nonzero
bandgap. In the way to the scaling in integrated circuits, the
electrical contacts that connect to the 2D semiconductors become
specifically critical and significantly affect the electronic and
optoelectronic devices’ performance. As the pristine surface of the
2D material has no dangling bonds, it is difficult to form strong
interfacial bonds with metal, thereby increasing the contact
resistance. The traditional method to reduce the contact resis-
tance for silicon is to decrease the depletion region width by
locally doping near the metal-silicon junction, which is invalid in
2D devices. The devices based on 2D materials were usually
fabricated using direct metal electrode deposition that can
introduce defects and impurities, which leads to a reduction in
device performance!. Recently, contacting 2D semiconductors
through seamless coplanar 2D metal, such as metallic 1 T-MoS,/
semiconducting 2H-MoS, (ref. 2), metallic 1T’-MoTe,/semi-
conducting 2H-MoTe, (refs. 3-7), metallic VS,/semiconducting
2H-MoS, (ref. 8), and metallic Co-intercalated SnS,/semi-
conducting Cu-intercalated SnS, (ref. °) has been developed. This
seamless coplanar 2D metal/semiconductor structures via the
covalent bonds, for instance, the heterojunction made of 1 T’/2H-
MoTe,, can significantly reduce the contact resistance. Besides,
efforts toward constructing high-performance 2D electronic and
optoelectronic devices require an understanding of the carrier
dynamics fundamentally, which would help design the miniature
devices with the ever-increasing demand for faster speed or lower
low-energy consumption. Since in modern electronics, carriers
transport in the in-plane structures in most of the semiconductor
devices, it is of great significance to image the in-plane carriers
injection and transport in the 2D limit. However, the carriers
dynamics at the coplanar 2D metal/semiconductor interface with
the high spatiotemporal resolution is still rare.

In the past decades, many techniques have been developed to
study the dynamics of photocarriers simultaneously in space
and time with high resolution, such as transient absorption!0:11
and scanning ultrafast electron microscopy!2!13, etc. In con-
trast, the time-resolved photoemission electron microscopy
(TR-PEEM) method can simultaneously access the evolution of
electrons on the time, space, and energy, providing a direct way
to image the electrons’ behavior at the nanoscale. Recently, the
TR-PEEM technique has been applied to image the dynamics
of surface plasmon!4-23, the transport and recombination of
carriers in bulk?4-27, atomically thin semiconductors?8-31, and
vertical type-II semiconductor heterostructure?®. Lateral mod-
ulation of electronic and optical properties of the in-plane
structures is necessary for planar devices with high-density
integration potentials in modern electronics!?. Hence, it is of
great opportunity to image carrier dynamics of the in-plane
metallic 1T’-MoTe,/semiconducting 2H-MoTe, heterojunc-
tion. Such coplanar structures provide an ideal platform to
study the relaxation and motion of photoexcited electrons in
the 2D limit.

In this study, we investigated the electron dynamics in energy,
time, and space dimensions at a coplanar 1T//2H-MoTe, het-
erojunction by employing the TR-PEEM technique. The none-
quilibrium photoexcited electrons distributed and evolved
heterogeneously near the heterojunction interface. The photo-
excited electrons in the 1T’-MoTe, region possessed higher
energy compared with those in the 2H-MoTe, region. And the
energy of nonequilibrium electrons collapsed and relaxed rapidly
to the lower energy levels on picoseconds time scale. At the metal/
semiconductor interface, the photoexcited electrons in the
1 T'-MoTe, region decay faster than that of the 2H-MoTe,
region. That could be due to the charge transport or energy

Two—dimensional (2D) semiconducting materials become

transfer with a rate of ~0.80 x 1012/s. The results are useful for the
design and fabrication of high-performance in-plane 2D electro-
nic and optoelectronic devices.

Results

Imaging the heterojunction by steady-state PEEM. To investi-
gate the carrier dynamics of the coplanar 1T//2H-MoTe, het-
erojunction, we employed the low-energy electron microscopy
(LEEM)/PEEM (Elmitec GmbH) system equipped with an energy
analyzer and pump-probe technique (details in “Methods” sec-
tion)22:32-37, as shown in Fig. 1a. The coplanar thin film 1 T’/2H-
MoTe, heterojunction was synthesized via a chemical vapor
deposition method through a phase-engineered process (see
details in the “Methods” section)3$. In short, a 1.5 nm thick Mo
film was firstly prepared on the p-type Si substrate via magnetron
sputtering. Then, the MoTe, films were grown by tellurizing the
Mo film at 620°C. During the tellurization, 1T’ phase poly-
crystalline MoTe, film with Te vacancies formed firstly. Then, the
solid-to-solid phase transformation from 1T’- to 2H-MoTe,
occurred and diffused into circles (Fig. 1b). The phase transfor-
mation results in single-crystalline 2H-MoTe, circles seamlessly
connected by the polycrystalline 1T’-MoTe, background (see
Raman mapping in Supplementary Fig. 1a, b)>7-3. The phase
(Supplementary Fig. 1c) and electron backscatter diffraction map
(Supplementary Fig. 1d) of the circled 2H-MoTe, shows a uni-
form and single contrast, indicating a single-crystalline domain.
The high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) was employed to resolve the in-
plane atomic arrangements of a typical 1 T'/2H-MoTe, interface
(Fig. 1c), where an atomically smooth interface transition with
seamless contact was confirmed. The seamless 2D metal/semi-
conductor heterojunction provides an exceptionally smooth
coplanar structure to study the electrons’ motion and dynamics
by the TR-PEEM method.

At first, the steady-state PEEM was performed to image the
heterostructures under a 410nm (3.02eV) pulsed laser (the
fluence of ~28 pJ/cm?) with a field of view (FOV) of ~100 um and
~20 pm (Fig. 1d, e), we can see that the 2H-MoTe, region appears
to be much brighter than the 1 T’-MoTe, region. The steady-state
PEEM image illuminated by a 273 nm (4.54eV) pulsed laser
(Supplementary Fig. le, the fluence of ~0.44 pJ/cm?) shows
similar results like that by the 410 nm pulsed laser. Besides, the
laser fluence dependences (Fig. 1f) of the integrated photoemis-
sion intensity (PEI) exhibit linear fluence dependence (~I'9°) and
near quadratic fluence dependence (~I'83) for the 273 nm and
410 nm laser, respectively. The fluence dependence from solely 1
T’- or 2H-MoTe, regions shows similar results (Supplementary
Fig. 1f, g). These results indicate that one-photon or two-photon
processes determined mainly the photoemission under 273 nm or
410 nm pulsed laser illuminations, respectively. We discussed the
photoemission process in detail (Supplementary Fig. 2).

Energy distribution of photoexcited electrons. To resolve the
spatial energy distribution of the photoexcited electrons, we
used the energy-resolved mode by filtering the electrons at
specific kinetic energies before imaging?®3°. With this cap-
ability, we can obtain a series of steady-state PEEM images of
the spatial distribution of electrons at different photoelectron
energies. For example, under the 410 nm laser illumination
(Fig. 2a), we did not observe any photoelectrons in the 1T’
region when the kinetic energy was <0.4 eV. In contrast, most
of the photoexcited electrons came from the 2H region. As the
kinetic energy increased to >0.4 eV, the photoelectrons began to
appear in the 1T’ region. When the kinetic energy increased
further to >1.2 eV, we can observe fewer electrons in the 2H
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Fig. 1 Schematic of TR-PEEM setup and steady-state PEEM images of the 1T'/2H-MoTe, heterojunction. a Schematic of the TR-PEEM setup, where the
410 nm and 273 nm pulsed lasers were used as the pump and probe beams, respectively. “At" indicates the time delay of pump-probe pulsed lasers.
b Optical image of the MoTe, grown on a p-type silicon substrate (p-Si), scale bar is 100 pm. € The HAADF-STEM image (scale bar is 1 nm), as well as the
schematic lattice of the 1T'/2H-MoTe, interface. d Steady-state PEEM image of the heterojunction with a FOV of ~100 pm illuminated by the 410 nm
pulsed laser (laser-PEEM at 410 nm). Scale bar is 25 pm. e Steady-state PEEM image of the blue circled region in d with a FOV of ~20 pm illuminated by the
410 nm pulsed laser. Scale bar is 5 pm. f PEl versus the laser fluence on a logarithmic scale. | indicates the laser fluence. Error bars are +0.1.

region, while most of the photoelectrons distributed in the 1 T’
region. The 273 nm pulsed laser resulted in similar spatial
energy distributions (Supplementary Fig. 3). We noted that the
valence band maximum (VBM) of the few-layer 2H-MoTe,
locates at the I' point, and the conduction band minimum
(CBM) locates at the valley between the T and K points#0-42
(Supplementary Fig. 2). For the semiconducting 2H-MoTe,, the
minimum energy required to ionize an electron is the energy
difference between the vacuum energy level and the VBM
around the T point. For the metallic 1 T’-MoTe,, since its Fermi
energy crosses the allowed energy bands, the minimum energy
required to ionize an electron is the energy difference between
the vacuum energy level and the Fermi energy around the I
point. In the coplanar heterojunction, the photoelectron kinetic
energy from the 1T’-MoTe, is higher than that from the
2H-MoTe, (Fig. 2b, ¢). So the Fermi energy of the 1 T’-MoTe,
is above (higher energy level) the VBM of the 2H-MoTe,.
Furthermore, we performed the low-energy electron reflectivity
spectroscopy with the LEEM method, which helps to determine
the band alignment (Fig. 2d). We obtained an energy difference
of AE;=0.18 ¢V in the vacuum energy level (work function)
between the 1 T’- and 2H-MoTe,. The result confirmed a higher
work function of the 1 T’-MoTe, than that of the 2H-MoTe,.
The higher work function of the 1T/-MoTe, is preferable for
the ohmic contact of the p-type 2H-MoTe,, which is consistent
with our previous transport data38:43,

Photoelectrons relaxation dynamics by TR-PEEM. The TR-
PEEM with energy-resolved mode can provide the evolution of
photoexcited electrons in time, space, and energy dimensions
simultaneously. To elucidate the distribution of nonequilibrium
photoelectrons in energy and space, as well as their relaxation
dynamics, we pumped the samples with a 410nm (3.02eV)
pulsed laser at normal incidence. Then, we probed the none-
quilibrium electrons with a 273 nm (4.54 eV) pulsed laser with a
time delay At. At the instant of photoexcitation (At = 0), the PEI
is the highest, and the energy distribution is broadest. For
instance, some photoelectrons had kinetic energy ~3 eV (Fig. 3a).
As the time delay increases, the PEI decreases, and the energy
distribution of photoemission electrons becomes narrower, and
the electrons populate more at lower energy levels. As the time
delay increases >1.4 ps, the PEI reduces to the background level.
We noted that all photoelectrons spectra had been substrated a
background spectrum recorded at the time delay of —1 ps (Sup-
plementary Fig. 4a, b show the original spectra). In the 2D
mapping image (Fig. 3b, Supplementary Fig. 4c), we can see that
the PEI decreases, and the energy collapses to the low-energy
levels rapidly (indicated by the white arrow) as the time delay
increases. The relaxation of nonequilibrium photoelectrons is
shown schematically in Fig. 3¢, i.e., the hot electrons could lose
their energy to the lattice on a subpicosecond time scale*4.

To unravel the spatial dependence of the carrier dynamics, we
recorded the PEEM images as a function of pump-probe time
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Fig. 2 Energy distribution of photoexcited electrons at the 1T'/2H-MoTe; heterojunction. a PEEM images recorded at different energies under the

illumination of 410 nm pulsed laser. Scale bar is 5 pm. b Normalized photoelectron spectroscopy illuminated by the 273 nm pulsed laser with a fluence of
~0.27 pJ/cmZ2. ¢ Normalized photoelectron spectroscopy illuminated by the 410 nm pulsed laser with a fluence of ~28 pl/cmZ2. “E-Eo" indicates the kinetic
energy of the photoemission electrons. d Electron reflectivity curves measured by the LEEM, indicating the work function of 1T’-MoTe; is about ~0.18 eV

higher than that of the 2H-MoTe,.
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Fig. 3 Energy distribution of photoexcited electrons from the 1 T'-MoTe; as a function of time delays. a Typical energy-resolved photoelectron spectra
recorded at various time delays. b Mapping of photoemission (PE) intensity versus the delay time and relative energy. The energy of the photoelectron
collapses to the low-energy levels rapidly (white arrow). ¢ Schematic of energy distribution evolution of the photoexcited electrons. “E-Ey" indicates the
kinetic energy of the photoemission electrons. “At" indicates the time delay of pump-probe pulsed lasers.

delay. In these measurements, the pump and probe fluences are
fixed at 28 pJ/cm? and 0.27 uJ/cm?, respectively. We focused on
the dynamics of four representative regions, ie., the T and H
regions (both far away from the heterojunction), and JT/JH
regions (near the heterojunction), as shown in Fig. 4a. The
normalized time traces of the PEI for the 1 T'- (T region) and the
2H-MoTe, (H region) are shown in Fig. 4b. In both areas, the PEI
increases sharply at the instant of photoexcitation and then
followed by two distinct relaxation processes. The normalized
time traces can be well-fitted with two exponential decays
convolving with the instrument response function, expressed as,
PEI(t) = (Aje™"/™ + A,e™"/™) ® G(Atr), where 7, (1) is the fast
(slow) decay time, G(Atr) is Gaussian instrumental resolution
function, and Atr is the time resolution of the TR-PEEM system
(~200 fs). With that, the fast decay time 7; of ~0.33 ps with the
relative weights A; of ~85% (0.14 ps/85%), and slow decay time 7,
of ~3.0 ps with the relative weights A, of ~15% (~1.0 ps/15%)
were obtained for the pristine 2H (1 T’) MoTe,, respectively.
The fast decay time 7, of a few hundreds of femtoseconds should

arise from the hot electron relaxation via electron-phonon
interactions*»*>. The slow decay time 7, could be related
to nonradiative electron-hole recombinations (such as Auger
recombination or many-body interactions)#0. To analyze the
results more quantitatively, we used the rate equation analysis
(for details see Supplementary Note 1, Supplementary Fig. 5,
Supplementary Fig. 6). Then, we obtained the fast decay rate kg
of 2.52 x 101%/s and the slow decay rate yy; of 0.042 cm?/s for the
2H-MoTe, (also k;t of 4.52 x 1012/s and y of 0.065 cm?/s for the
1 T/-MOT32)11’28’47_49~

Dynamics of photoexcited electrons at the heterojunction. We
imaged the photoelectrons at the heterojunction region by the
TR-PEEM (Supplementary Fig. 7). For comparison, we plot the
PEIs from the JH and JT regions near the heterojunction, as a
function of time delay (Fig. 4c). At the instant of photoexcitation
(At=0), we see an increased photoelectron simultaneously in
both regions. As shown in the inset of Fig. 4c, we can see that the
JH region has longer electrons accumulation time than that of the
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Fig. 4 Time traces of the PEls. a PEEM images excited by the pulsed laser (Laser-PEEM; top) and the scale bar is 8 pm. Schematic of spatially resolved
measured regions (bottom). Pristine 1 T’-MoTe,, 2H-MoTe,, and heterojunction regions are labeled as T, H, and J, respectively. b, ¢ Time traces of the PEls
for the T (green), H (orange), and J (magenta for JT and brown for JH) regions. Inset: zoomed-in curve within ~2 ps. d, @ Comparisons of the PEI' time
traces between T (H) region and JT (JH) region. The results of the PEls were averaged of five measurements.

JT region. The PEI of the JH region is still increasing (extends to
0.2 ps), when the PEI of the JT region has started to decrease
(indicated by the arrows, inset of Fig. 4c). To show these clearly,
we compared the relaxation lifetimes of the MoTe, at the JT (JH)
junction regions with those at the pristine T (H) regions (far away
from the junction) in Fig. 4d, e. The longer electron accumulation
time of the JH region should mainly result from the charge or
energy transfer from the JT region to the JH region. Because of
the electron or energy transfer, there are additional channels to

deplete the electrons in the JT region. As time delay increases
further, the PEIs eventually decrease in both the JT and JH
regions.

The normalized time traces can also be well-fitted by two
exponential decays. We obtained that the 7; (7,) of the JT region
decreases from 0.15 ps (1.18 ps) to 0.12 ps (0.50 ps) compared to
the pristine T region (Fig. 4d; the relative weights of the fast and
slow decay processes, A/A,, is 89%/11% for the JT region).
Reversely, due to the additional supply of the excited electrons,
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the electrons lifetime in the JH region 7 (1,) increases from 0.33
ps (3.00 ps) to 0.48 ps (5.72 ps) compared to the pristine H region
(Fig. 4e; the weights of the fast and slow decay processes, A;/A,, is
79%/21% for the JH region). At the junction region, the fast decay
77 owing to the free “hot” electrons still has a high weight ratio,
which implies the “hot” electrons should dominate the transfer
process. We noted that the excitons could impact the transfer
process following photoexcitation (at least in the 2H phase).
We think that the thermal effect and photon-induced surface
voltage effect in the experiments should decrease the excitonic
effect in such an indirect few-layer semiconductor with small
exciton binding energy®%->2. But it is hard to isolate precisely the
contribution of the excitonic effect in the present situation. We
have discussed the exciton binding energy of the few-layer MoTe,
in detail (Supplementary Note 2). Furthermore, the transfer
mechanisms could attribute to the charge transport or the energy
transfer. In the scheme of the charge transport, the electrons can
transfer from the 1T’ to the 2H phase, and the holes transfer
from the 2H to the 1 T phase. Such metal/semiconductor band
alignment can be supported by the Kelvin probe force micro-
scopy®8. Regarding the energy transfer scheme, it could also
contribute to the dynamics. For example, the dielectric coupling
effect at a metal/semiconductor interface directly induce a
generation of hot electrons in the semiconductor substrate®3.
More efforts are still needed to reveal the contribution of the
charge transport and/or energy transfer in the dynamic processes.

Discussion

To illustrate the possible probe range in the band diagram, we
drew the probe window of the band structure that can be probed
by the 4.54 eV photon (details in Supplementary Note 3). Fig. 5
shows the calculated electronic band structure of a bilayer MoTe,,
which is similar to that of a few-layer MoTe, (refs. 40:41:54). After
the photoexcitation by the 3.02 eV (410 nm) pump light, for the 1
T’-MoTe, (Fig. 5a), the electrons around I' point near the Femi
energy level jump to the higher energy levels; for the 2H-MoTe,
(Fig. 5b), the electrons in the VBM near I' point jump to the
conduction bands and then relax to the CBM (the valley between
the I' and K points). All of these photoexcited electrons are
accessible by the 4.54 eV photon in the PEEM measurements
(purple shaded area). The excited electrons in the 1T’'-MoTe,
region possess higher energy compared with that in the 2H-
MoTe,, as shown in Fig. 2. The photoexcited electrons in the 1 T’
region could transfer to the 2H region crossing the heterojunction
interface besides relaxing to lower energy state (magenta arrows).
At the same time, the dynamic equilibrium would build up
because the transfer of the photoexcited carriers leads to the
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accumulation of electrons (holes) in the 2H (1 T’) region. That
would result in the formation of internal electric fields that
impede further charge transfer.

According to the above discussions, a modified rate equation at
the coplanar 1 T'/2H-MoTe, heterojunction can be expressed as:

dN M

E:_leN_YHN2+_7 (1)
tr

dm M

ar —kypM — yuM® — —, ()

tr

where 7y, is the lifetime of transfer rate from the 1 T’ region to the
2H region, N and M are the electron densities of the 1 T/, and 2H-
MoTe,, kiy, ki1, yu, and pr are assumed to the same as the
pristine regions. Then, the transfer rate k, = 1/7, = 0.8 x 101%/s
(T = 1.25 ps) is obtained by using Runge-Kutta methods (Sup-
plementary Note 4, Supplementary Fig. 6). This result means that
the response time of photoexcited hot carriers could be about
picoseconds. The obtained transfer rate k,, is with the same order
of magnitude as that in 10-nm-sized graphene quantum dots/
MoS, heterostructure®®. Such fast response time is a benefit for
high-speed optoelectronic devices. The electrons transfer rate
could also be explained by the Marcus theory, which is deter-
mined by the driving force, the density of state in acceptor,
electronic coupling, reorganization energy, and Fermi occupancy
factor, etc.”%:57,

In conclusion, we investigated the ultrafast relaxation process
of the electrons at the in-plane 1 T’/2H-MoTe, heterojunction by
using the TR-PEEM method in detail. We measured the relaxa-
tion rate of the photoexcited electrons in pristine 1T (2H)
MoTe, and the transfer rate at the 1 T'/2H-MoTe, interface. The
metal/semiconductor interface modified the relaxation behavior
of the nonequilibrium on picoseconds time scale. We employed
the modified relaxation rate equations to analyze the electron
dynamic behaviors at the heterojunction. And we obtained the
time scale of ~1.25 ps for the photoexcited electrons transferring
from 1T'-MoTe, to 2H-MoTe, by using the Runge-Kutta
methods. We also discussed the transfer process mechanism and
the factors that could influence it. These findings of the dynamics
of the electron are instructive for future coplanar electronics and
optoelectronics. In the future, combining with the in-plane elec-
trical field, the TR-PEEM could image the majority injection and
drift at the contact, and excess carriers ambipolar transport in the
coplanar pn junction. That is crucial to gain further under-
standing of the fundamental processes of the semiconductor
devices in the 2D limit.

%)

o
1

-4

M K r M

Fig. 5 Schematic of photoexcited carrier dynamics. The calculated band structures of bilayer 1T’-MoTe; in a and 2H-MoTe, in b. The purple shaded areas
show the band structurse that are accessible by the 4.54 eV photoionization probe. The top red and brown circles indicate the electrons, and the bottom blue
circles indicate the holes. The black arrows indicate the 3.02 eV photoexcitation. The magenta dashed arrows stand for the electrons’ relaxation process.
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Methods

Sample preparations. The MoTe, thin films (with a thickness of ~4.2 nm (ref. 38))
were synthesized by tellurizing the Mo film at atmospheric pressure, using a hor-
izontal hot wall tube furnace equipped with mass flow controllers and a vacuum
pump. Mo films were deposited on p-type silica (resistitviy of ~0.05 (2 cm) substrates
through magnetron sputtering. The substrates were placed facedown on an alumina
boat containing Te powders placed at the center of the heating zone in a one-inch
quartz tube. After evacuating the quartz tube to <1 mTorr, we flowed Ar gas at a
maximum rate until the pressure reached atmospheric pressure. At atmospheric
pressure, Ar and H, flowed at rates of 4 and 5 standard cubic centimeters per minute
(scem), respectively. The furnace was ramped to 650 °C in 15 min and was kept for
various times to synthesize different phase films. At a short growth time of 5 min, the
Mo thin film was fully tellurized and formed 1 T’-MoTe,. When the growth time
increased to 30 min, some 2H-MoTe, circles (diameter ~80 um to ~200 um) ran-
domly distributed on the background of the 1 T'-MoTe, film. After the reactions, we
let the furnace cool to room temperature naturally. Once the sample had grown, it
was sent to the preparation chamber (PCH) with an ultrahigh vacuum (~10~10 Torr)
of PEEM immediately. Before measurements, the sample was outgassed and
annealed at 110 °C for 0.5h in PCH with an ultrahigh vacuum (<2 x 10~ Torr).

Time-resolved photoemission electrons microscopy. The photoemission elec-
tron measurements were based on a LEEM/PEEM system (Elmitec GmbH) with an
energy analyzer (energy resolution ~150 meV) enabled non-scanning and high-
resolution imaging. In the pump and probe setup, the femtosecond near-infrared
pulses (820 nm, pulse duration of ~100 fs, repetition rate of ~80 MHz) output from
a Ti:sapphire femtosecond laser system (Mai Tai HP, Spectra-Physics) were used to
pump the optical parametric oscillator (OPO; Inspire Auto 100, Spectra-Physics).
The second-harmonic generation (410 nm/3.02 eV) part was used as pump pulses.
And the third-harmonic generation (273 nm/4.54 eV) of the residual fundamental
pulse from OPO was used as the probe pulses with time delay. The pump and
probe pulse illuminated the sample collinearly at normal incidence. These two
pulses were combined and focused on the sample surface at normal incidence. Spot
diameter of pump pulse (410 nm/3.02 eV) and probe pulse (273 nm/4.54 eV) were
about ~150 pm and ~60 pm, respectively. At each time delay, the image acquisition
time was set at 0.15s and average fourfolds. Due to the influence of nonlinear
crystal, the pulse durations broaden; therefore, the temporal resolution of the
system is ~200 fs.

Data availability
The authors declare that all the data supporting the findings of this study are available
within the paper and its Supplementary Information.
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