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ABSTRACT: A comprehensive understanding of the ultrafast electron
dynamics in two-dimensional transition metal dichalcogenides (TMDs) is
necessary for their applications in optoelectronic devices. In this work, we
contribute a study of ultrafast electron cooling and decay dynamics in the
supported and suspended monolayer WS2 by time- and energy-resolved
photoemission electron microscopy (PEEM). Electron cooling in the Q valley
of the conduction band is clearly resolved in energy and time, on a time scale of
0.3 ps. Electron decay is mainly via a defect trapping process on a time scale of
several picoseconds. We observed that the trap states can be produced and
increased by laser illumination under an ultrahigh vacuum, and the higher local
optical-field intensity led to the faster increase of trap states. The enhanced
defect trapping could significantly modify the carrier dynamics and should be
paid attention to in photoemission experiments for two-dimensional materials.

KEYWORDS: electron cooling, defect trapping, transition metal dichalcogenides, ultrafast dynamics, photoemission electron microscopy,
energy-resolved

Two-dimensional transition metal dichalcogenides (TMDs)
have drawn great attention, owing to their exotic

properties, such as layer-dependent bandgaps,1,2 large exciton
binding energies,3,4 valley polarizations,5,6 and interlayer
excitons.7−9 TMDs have been reported as promising materials
for applications in field-effect transistors, photodetectors,
lasing,10−12 etc. Understanding the charge carrier dynamics is
not only crucial for all these applications but also fundamentally
valuable. The two-dimensional limit and the reduced Coulomb
screening make mono- and few-layer TMDs susceptible to
external dielectric environments, adsorbates, structural de-
fects,13−15 etc. Among them, structural defects can be easily
introduced during the material synthesis and device fabrication
process or by exposing to electron beams, irons beams, and high-
energy lasers,16 which can strongly modify charge carrier
dynamics.17−21

Ultrafast charge carrier dynamics has been characterized with
the time scale ranging from tens of femtoseconds to hundreds of
picoseconds, by using femtosecond transient absorption, time-
and angle-resolved photoelectron spectroscopy (TR-ARPES),
and time-resolved photoemission electron microscopy (TR-
PEEM).17−27While it has been consistently reported that carrier
thermalization occurs on a time scale of tens of femto-
seconds,24−26 following ultrafast charge carrier dynamics of
carrier cooling, intervalley scattering, annihilation, and trapping
have been reported with different values and different

interpretations lacking consistency,17−27 which could be due
to the fact that different characterization and sample preparation
methods were used. Obviously, more effort is required to reach a
more comprehensive understanding of the ultrafast charge
carrier dynamics in TMDs.
Here, we present an experimental study of the ultrafast

electron dynamics in monolayer WS2 by time- and energy-
resolved PEEM. Electron cooling in the Q valley of the
conduction band is clearly resolved on a time scale of 0.3 ps. We
further show electron decay is mainly via a defect trapping
process with a decay time of several picoseconds. In addition, the
trap states are introduced by laser illumination during PEEM
experiments, and the increase of trap states leads to faster
electron decay. This phenomenon should be particularly paid
attention to in photoemission studies with similar experimental
conditions.
Figure 1a shows an optical image of the sample, which has

three regions of monolayer WS2 on a p-type Si (p-Si), on a 9 nm
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hexagonal boron nitride (hBN), and on a 43 nm hBN. The
principle of the PEEMmeasurement is illustrated in Figure 1b,c.
A pump laser pulse with a tunable wavelength in visible range
excites electrons from the valence band to the conduction band,
and in following, a probe laser pulse with a wavelength of 273 nm
(4.54 eV) ionizes the photoexcited electrons into a vacuum. By
tuning the time delay between the pump and probe pulses, the
electron evolving dynamics can be temporally resolved. Figure
1d presents a typical PEEM image in a field of view of 20 μm
with the pump pulse 410 nm (15 μJ/cm2) and the probe pulse
273 nm (0.5 μJ/cm2) at the zero-time delay, and Figure 1e
shows the photoemission (PE) intensity decay traces. A linear
dependence between the PE intensity and the pump fluence is

observed (Figure 1f), meaning the excitation is via the single-
photon absorption process. We note that the charge carrier
dynamics in this study are only for electrons excited to the
conduction band, since only these electrons are ionized and
detected. The pump−probe signals are dominantly from the
monolayer WS2, and the signals from the underlying p-Si are
negligible (see Figure S9).
A large difference of PE intensity in the three regions is seen in

Figure 1d,e and is due to the different local optical-field intensity
of both the pump and probe pulses on theWS2 layer, induced by
the optical interference effect, which has been simulated using
finite-difference time-domain (FDTD) simulations. From the
simulations, the optical-field intensity of both the pump and

Figure 1. (a) Optical microscopy image and schematic of the supportedWS2 on p-Si and hBN; the white circle outlines the area studied by PEEM. (b)
Illustration of the time-resolved PEEM measurement with pump and probe pulses at normal incidence. (c) Energy diagram of the pump−probe
process. Ev, Ec, and Evac denote the valence band, conduction band, and vacuum level energies, respectively. (d) PEEM image at 0 ps time delay, in a
field of view of 20 μm, with the pump pulse 410 nm (15 μJ/cm2) and the probe pulse 273 nm (0.5 μJ/cm2) at normal incidence. PE intensity along the
yellow cross-cut line is shown at the bottom. (e) PE intensities (PE. I.) as a function of the time delay in the three regions. The decay trace forWS2 on 9
nm hBN is fitted with a biexponential decay function. The normalized PE intensities are shown in the inset. (f) The pump−probe peak intensity as a
function of the pump fluence for WS2 on 9 nm hBN, obtained from a field of view of 10 μm.

Figure 2. (a) Schematic of the time- and energy-resolved PEEMmeasurement. (b) Mapping of the PE intensity versus the energy and the time delay
for the WS2 on the p-Si with a pump wavelength of 410 nm. (c) Crosscuts from panel b and fits of the EDCs with Fermi−Dirac distributions.
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probe lights varies periodically with the thickness of the hBN
layer (Figure S7). The simulation results are sensitive to the
parameters used, e.g., the thickness and refractive index of hBN
and nonlinear order of PE, and could result in the discrepancy
between the simulated and experimental results. Despite the
large difference in PE intensity in the three regions, we found
that the normalized PE intensity traces are nearly identical, as
shown in the inset of Figure 1e. The PE intensity traces can be
fitted by biexponential decay convoluted with the instrument
response function (Figure S8), and the two components of
decay time with 0.3 and 3.0 ps are determined. Notably, the
normalized PE intensity traces are independent of the pump
fluence (Figure S10).
To reveal the charge carrier decay dynamics, we measured the

evolution of electron energy distribution in energy and time. As
schematically illustrated in Figure 2a, the electrons are excited by
the pump pulse and form an energy distribution in the
conduction band. After a time delay Δt, they are ionized by
the probe pulse and imaged by the energy analyzer. Figures 2b
depicts the energy distribution and intensity evolution of the
photoexcited electrons in energy and time from the region of
WS2 on p-Si. Figure 2c shows the electron energy distribution
curves (EDCs) at different delay times along the dashed cross-
cut lines in Figure 2b. Similar results are observed in the other
two regions (Figure S11).
Figure 2c depicts that, in the beginning, 0.3 ps, the electron

energy distribution exhibits a rapid peak shift toward lower
energy along with the amplitude decrease. The peak shift
directly reflects that electron is cooling from higher energy levels
to lower ones. After approximately 0.3 ps, the peak shift stops,
and only an amplitude decrease can be observed, indicating that
electron cooling has completed. The electron energy distribu-
tion can be fitted with a Fermi−Dirac distribution f(E, EF*, Te)
multiplied by the local density of states g(E) and convoluted
with the Gaussian instrument response function G(ΔE).28 The
PE intensity as a function of energy obeys the equation

E A E E E E k T G EPE ( ) (exp( )/ ) 1) ( )c F B e
1= − − * + ⊗ Δ− , where E is

the electron energy, Ec is the conduction band edge, EF* is the
Fermi level, kB is the Boltzmann constant, Te is the electronic
temperature, and ΔE is the energy resolution of 150 meV. The
fitted electronic temperature is initially at 2800 K and drops to
1500 K after 0.3 ps, meaning hot electron cooling. We use the
electronic temperature to characterize hot electron distribution
in Figure 2b,c because carrier thermalization from the initial
nonequilibrium electron distribution occurs on a time scale of
tens of femtoseconds, much shorter than the excitation pulse
duration of 120 fs. The energy-resolved PEEM measurements
were also performed with the pump wavelength of 590 nm, and
similar results are observed, except that the hot electron
populations have a lower energy (Figure S13).
Further analysis of the electron decay process requires first to

know where in the energy band the electrons can be excited and
detected. We calculated the band structure, the band gap, and
the gradient of the band gap to the momentum (Figure 3a,b),
following the three-band tight-binding model.29 Under
excitation with 410 nm (3.0 eV) photons, the K valley is
certainly populated with hot electrons. Besides, because of the
band nesting,30,31 electrons can be excited to the left side of the
Q valley (Figure 3a,b) with energy higher than that at the Q
point, and a few electrons may also be excited to the valley
between the Γ and M point. For our TR-PEEM measurement,
due to the energy and in-plane momentum conservations, the
273 nm (4.54 eV) photons can only ionize electrons with a

momentum smaller than k|| determined by the equation

k m hv E2 ( )b ϕℏ = − −|| , where hv is the photon energy, Eb

is the binding energy, and φ is the work function. Figure 3a
shows the calculated detection window of the probe pulse by the
color-coded region, which indicates the PE intensities are mainly
due to electrons ionized from the Q valley, and the energy zero
in the EDCs is likely at the conduction band edge of theQ valley.
FromFigure 3a, it is clear that the electron cooling observed in

Figure 2 occurs mainly in the Q valley and completes in 0.3 ps.
Based on the band structure (Figure 3a,b), the hot electrons are
partially generated directly in this valley and possibly partially
coming from the K valley.26,27 Intervalley hot electron transfer is
evidenced by the similar results as in Figure 2b,c under 590 nm

Figure 3. (a) Energy band diagram for monolayer WS2 and the
processes of carrier dynamics after photoexcitation with the pump
wavelength of 410 nm. The purple-colored region denotes the PE
detection window of the probe pulse. The observed processes by TR-
PEEM are attributed to electron loss in the PE detection window. (b)
The difference of (Ec − Ev) (upper panel) and modulus of its gradient
(lower panel) for monolayer WS2. (c) Raman spectra for the supported
WS2 after PEEM measurements and the pristine WS2 on PDMS.
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(2.10 eV) excitation, in which case the photons cannot directly
excite electrons in the Q valley (Figure S13).
The decrease of PE intensity, composing two components,

reflects electron loss from the detection window, and several
decay paths are possible, such as intervalley transfer, Auger
recombination, electron transfer to the substrate, and trapping.
The intervalley transfer from the Q to the K valley, i.e., leaving
out of the detection window during the cooling process, is highly
possible, since we have observed its reverse process of hot
electron transfer from the K valley to Q valley (Figure S12 and
Figure S13). The electron intervalley transfer has been reported
by some groups.26,27 However, we cannot prove or exclude this
possibility. Momentum-resolved PEEM and a higher photon
energy are required for future studies. Auger recombination
involves multiple charge carriers and is sensitive to the pump
fluence.22,23 We found that the normalized decay traces
overlapped for different pump fluences and can exclude this
decay path (Figure S10). Electron transfer to the substrate
would be sensitive to the hBN thickness and is conflicting with
our observation (Figure 1e). Additional experimental results
presented later on the suspended WS2 can firmly exclude this
decay path. Therefore, we propose that the trap states play a
significant role in the observed electron loss.17−19 Particularly,
we noticed that the slower decay component in the PE intensity
trace became faster with accumulated measurement time
(Figure S12). We suspect that the PEEM measurements
gradually lead to more trap states forming. Since the cooling
time is identical to the fast component of decay time, we
attribute the fast decay component to hot electron decay
including two possible paths of intervalley transfer and to trap
states and interpret that the slow component is dominantly
owing to the cooled electron decaying to trap states.
As additional evidence for trap states forming, we noticed that

the photoluminescence (PL) was totally quenched after PEEM
measurements (see Figure S2 and more samples without PEEM
measurements in Figure S3). To characterize the sample change,
we measured the Raman spectra for a pristine monolayer WS2
and that after PEEM measurements. In Figure 3c, there are two
intense peaks located at ∼357 cm−1 and ∼419 cm−1, which can
be assigned to the E′ and A1′ modes, respectively, based on the
symmetry of monolayer WS2.

32 After PEEM measurements, a
red shift in frequency and an asymmetric broadening toward
lower frequency were observed for both E′ and A1′ modes
because of the quantum confinement effect. Moreover, the LA
(M)mode became stronger relative to the intensity of E′ and A1′.
It has been reported from several studies that these features are
closely related to structure defects,33−35 which can introduce
midgap electron trap states and quench photolumines-
cence.33−38 These results support our interpretation of trap
states contributing significantly to the ultrafast electron loss
from the conduction band.
To additionally check our entire interpretation, we fabricated

a sample with a monolayer WS2 on a Si substrate with empty
holes, as shown in Figure 4a. The monolayer WS2 was
mechanically exfoliated and transferred onto the substrate.
The hole has a diameter of 7 μm at the top and a height of about
3 μm and a bow-shaped bottom (Figure 4a). Typical PEEM
images from the suspended WS2 are shown in Figure 4b,
obtained from a field of view of 10 μm, with a pump pulse of 410
nm (5 μJ/cm2) and a probe pulse of 273 nm (0.1 μJ/cm2). The
top and bottom images are the same, except that the contrast is
adjusted to show the details in the brightest region. The strong
PE spot in the center is due to the optical focusing effect from the

bow-shaped bottom. The PE intensity decreases from the center
to the edge, and Figure 4c shows the PE intensity change along
the cross-cut line in Figure 4b.
The PE image is then divided into six annular regions from the

center to the edge to investigate the carrier dynamics (Figure
4b), and the corresponding PE intensity traces are shown in
Figure 4d. The extracted decay times for the six regions are
shown in Figure 4e. It can be seen that the decay time of the fast
component is nearly independent of PE intensity, while the
decay time of the slow component decreases with the increase of
PE intensity. It is needed to clarify that the dynamic change is
not due to the pump or probe−fluence difference, since we have
checked that the measured dynamics were independent of
fluence in a short time (Figures S14 and S15, see also Figure S16
for probe−fluence dependence). Instead, we attribute this
observation to the photon-induced increase of the trap states, as
same as what has been observed on the supported monolayer
WS2, where the accumulation of measurement time has led to
the same trend (Figure S12). Apparently, the increase of trap
states correlates to the intensity and time of being exposed to the
pump−probe photons. Additionally, a typical decay trace on the
suspended WS2 is similar to the trace on the WS2 supported by

Figure 4. (a) Optical microscopy images, including reflection contrast
(left) and PL signals (right), for the monolayer WS2 on a silicon
substrate with holes. (b) PEEM images at 0 ps time delay with the pump
pulse 410 nm (5 μJ/cm2) and the probe pulse 273 nm (0.1 μJ/cm2) at
normal incidence. The upper and lower images are the same, except that
the contrast is adjusted to show the details in the brightest region. Six
annular regions from the center to the edge are marked. PE intensity
along the yellow cross-cut line is shown in panel c. (d) PE intensity
traces and the normalized ones for the six regions. (e) The fast and slow
components of decay time for the six regions. (f) Comparison of the
decay traces for the supported and suspended WS2.
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43 nm hBN (Figure 4f). All these results strongly suggest that
the slow decay component is dominantly owing to electrons
decaying to trap states.
After PEEM measurements, we also observed that the PL

signals were strongly reduced on the suspended WS2 (Figure
S2), and similar defect features appeared in the Raman spectra
(Figure S4). From this sample, a weak but measurable defect-
bound exciton peak (at ∼660 nm, 1.88 eV) appeared in the PL
spectra (Figure S2). These results imply that the trap states are
defects of S-vacancies,19,39 which might be formed slowly by S-
escaping under high energy photon illumination in an ultrahigh
vacuum (see Figure S5 for the passivation of S-vacancy by
oxygen adsorption and more discussions on defects in the
Supporting Information).
In conclusion, we present a study of ultrafast electron cooling

and decay dynamics in the supported and suspended monolayer
WS2 by time- and energy-resolved photoemission electron
microscopy (PEEM). Electron cooling in the Q valley of the
conduction band is clearly resolved in energy and time, on a time
scale of 0.3 ps, and hot electron intervalley transfer is also
observed indirectly. Electron decay is mainly via a defect
trapping process with a decay time of several picoseconds. The
trap states can be produced and increased by laser illumination
under an ultrahigh vacuum, and the higher local optical-field
intensity increases the trap states faster. The increase of trap
states leads to faster electron decay and photoluminescence
quenching. This study reveals the role of defect trapping in
photoemission measurements for two-dimensional materials,
and more effort is required to investigate their intrinsic
properties with PEEM.
Materials and Methods. Sample Fabrication and

Characterization. WS2 and hBN flakes were mechanically
exfoliated on polydimethylpolysiloxane (PDMS) sheets from
bulk crystals (HQ graphene) and then transferred to the p-Si
substrate layer-by-layer by using the all-dry transfer method.40

The WS2 monolayer was characterized by photoluminescence
and Raman spectra and atomic force microscopy (AFM). The
thicknesses of hBN flakes were measured by AFM. The holes on
Si substrate were fabricated with conventional photolithography
and inductively coupled plasma etching. All samples were
annealed under an ultrahigh vacuum (approximately 10−9 Torr)
at 300 °C for 2 h before loading into the PEEM chamber.
PEEM Measurement. The PEEM measurements were

performed by using a high-resolution low-energy electron
microscopy (LEEM)/PEEM system (ACSPELEEM III, Elmitec
GmbH) equipped with an aberration corrector and imaging
energy analyzer. A commercial Ti:sapphire femtosecond laser
(Mai Tai HP, Spectra-Physics, pulse duration: 80−100 fs)
operated at 820 nm with a repetition rate of 80 MHz and output
power of 2.9 W was used as the laser source to pump an optical
parametric oscillator (OPO) (Inspire Auto 100, Spectra-
Physics). The SHG port (410 nm, ∼1 W) and signal light
port (490−750 nm, maximum power: 350 mW) of the OPO
were used to provide pump pulses, while third-harmonic-
generation signals (273 nm, ∼10 mW) from a residual
fundamental laser (820 nm, ∼1.1 W) were used as the probe
pulse for the time-resolved PEEM measurements. The time
resolution of the pump−probe system was approximately 200 fs,
evaluated by cross-correlation measurements, while the pulse
duration of an individual fundamental laser after passing through
the optical path was approximately 120 fs, measured by
frequency-resolved optical gating (FROGscan MP-001.CX,
MesaPhotonics). The pump and probe pulses were focused on

the sample surface at normal incidence to spot diameters of
approximately 180 and 100 μm, respectively. The energy-
resolved PEEMmeasurements were performed in imagingmode
by inserting a 12.5 μm energy slit and sweeping the start voltage
in a step of 0.1 eV to allow electrons with different energies
through the energy slit. The time-dependent EDCs were
obtained by using energy-resolved images at a series of time
delays between the pump and probe pulses. The PE intensity
decay traces and EDCs were plotted by subtracting the
background PE signals before the pump−probe zero point.
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1. AFM image of the supported WS2

Figure S1. (a) AFM image of the supported monolayer WS2 on p-Si and hBN (by Cypher VRS, 
Oxford Instruments). (b-c) Crosscuts from (a). The WS2 was verified to be monolayer. The 
thicknesses of thin and thick hBN flakes are about 9 nm and 43 nm (9 nm + 34 nm), respectively. 

2. PL and Raman characterizations

We measured the photoluminescence (PL) and Raman spectra to characterize the optical 

properties and sample quality. 

The PL spectra were measured at room temperature using a continuous 532 nm laser, and an 
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inverted microscope (Eclipse Ti-2 inverted microscope, Nikon) equipped with an objective lens 

(40×, NA = 0.6) and a spectrometer (Kymera 328i, Andor). The PL intensities are totally 

quenched on all the three regions for the supported WS2 after PEEM measurements (Figure S2a). 

In contrast, the PL intensity is significantly strong even with much weaker excitation laser for the 

pristine WS2 on PDMS (Figure S2b). The PL mapping of the suspended WS2 after PEEM 

measurements and the extracted PL spectra along a yellow dashed line are shown in Figure 

S2c,d, in which the intensity variations across the hole are determined by both the optical 

interference effect induced by the underlying hole, and local defect density introduced during 

PEEM measurements. The PL intensity is also strongly quenched for the suspended WS2 but still 

measurable, and the two peaks of PL spectra are attributed to A exciton (615 nm, 2.02 eV) and 

defect-bound exciton (~ 660 nm, 1.88 eV) (Figure S2e). Therefore, the PL spectra indicate the 

presence of defects on the supported and suspended WS2 after PEEM measurements. 

In order to avoid possible contamination during PL measurements, we didn’t measure the PL 

spectra for the sample with WS2 on hBN/Si investigated in the main text prior to PEEM 

measurements. Instead, we have measured PL spectra for other samples with monolayer WS2 on 

Si and hBN following the same fabrication process. Figure S3 shows the PL spectra for samples 

of monolayer WS2 on hBN/Si and on PDMS. As shown in Figure S3a and the inset of Figure 

S3c, the PL intensity for WS2 on hBN/Si is weaker than on PDMS, probably due to the optical 

interference effect, as discussed by several publications.1, 2 The peak shifts for WS2 on different 

substrates, as shown in Figure S3c, are due to the difference in dielectric environment.3

The Raman spectra were measured at room temperature using a Jobin-Yvon HR800 

micro-Raman system, equipped with a liquid-nitrogen-cooled charge couple detector (CCD) and 

an objective lens (100×, NA = 0.90). The laser excitation wavelength was 488 nm from an Ar+ 

laser. The 1800 lines/mm grating was used in the Raman measurements, which enabled each 

CCD pixel to cover 0.62cm−1 at 488nm. A low laser power of 80 μW was used to avoid heating 

and damaging. The Raman spectra for the supported and suspended WS2 after PEEM 

measurements and another pristine WS2 on PDMS are shown in Figure 3c and Figure S4. It 
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should be noted that, for the supported WS2, we measured the Raman spectra for WS2 on the 

43-nm hBN only, considering that the Raman signal could be very weak for WS2 directly on p-Si 

because of the lack of Raman enhancement effect by optical interference.2, 4

Figure S2. PL spectra for the supported and suspended WS2 after PEEM measurements and the 
pristine WS2 on PDMS. The power of excitation laser, and integration time are labeled. (a) PL 
spectra for the supported WS2. (b) PL spectra for the pristine WS2. (c) PL mapping of the 
suspended WS2, and the spectra along the crosscut are shown in (d). (e) Comparison of PL 
spectra. 
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Figure S3. (a) Optical microscopy images (showing PL signals) for samples of monolayer WS2 
on hBN/Si and on PDMS without PEEM measurements. The inset in the left corner shows the 
image for the WS2 before transferred to hBN/p-Si. (b) PL spectra for WS2 on hBN/p-Si. (c) 
Comparison of the PL spectra. The PL spectra were measured with 532 nm CW laser with power 
of 1 μW and acquisition time of 1 s. 

Figure S4. Raman spectra for the suspended WS2 after PEEM measurements and the pristine 
WS2 on PDMS.

The passivation of S-vacancy by oxygen adsorption has been reported by Nan et al.5 Such a 
passivation mechanism can be enhanced by laser illumination in ambient condition, as reported 
in Ref.,6, 7 the monolayer WS2 or MoS2 were found to exhibit considerable enhancement in the 
PL intensity after the laser treatments. They demonstrated that the enhancement arises from the 
healing of defects in monolayers via adsorption or substitution of the sulfur vacancies with 
oxygen. In our study, we observed a slight enhancement of PL intensity with laser treatment in 
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ambient condition for the monolayer WS2 after PEEM measurements. Therefore, we speculate 
the PEEM measurement induced defects are of S-vacancies. As shown in Figure S5, the PL 
intensities were enhanced for the suspended WS2 and another WS2 samples after PEEM 
measurements during the PL measurements. Classification of defect types and the formation 
mechanism might need much more efforts to investigate in the future.

Figure S5. Enhancement of PL intensity with laser illumination time in ambient condition for 
monolayer WS2 after PEEM measurements. (a) The suspended WS2 investigated in the main 
text. (b) Another WS2 sample on hBN after PEEM measurements (not shown in the main text), 
the PEEM image with excitation wavelengths of 410 nm (15 μJ/cm2) is shown as inset. The laser 
setup was the same as other PL measurements, and the laser was 532 nm CW laser with power of 
about 1 mW for (a) and 0.5 mW for (b) with spot diameter of 1~2 mm.

We have samples prepared with the same method and kept in the preparation chamber of 
PEEM (approximately 10–9 Torr) for ~24 h without laser illumination, and found that the PL 
intensity was strong and no defect-related peak could be observed. Figure S6 shows the PL 
spectrum for WS2 on hBN/20 nm SiO2/Si after this treatment. The PL intensity is comparable to 
that in Figure S3b, and the lower shoulder at ~638 nm is from trions. This measurement excluded 
the possibility of slow dark degradation of the sample in ultra-high vacuum. The degradation 
could be a combined effect, and the mechanism is not clarified yet.

Figure S6. PL spectrum for WS2 on hBN/20 nm SiO2/Si substrate (1 μW, 1 s). The two peaks 
are attributed to excitons and trions, respectively. The sample was kept in the preparation 
chamber of PEEM (approximately 10–9 Torr) for ~24 h without laser illumination.
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3. FDTD simulations on optical interference effect

To understand the experimental large contrast of PE intensity for the supported WS2 on the 

three different regions of p-Si, 9-nm and 43-nm hBN, we simulated the near-field intensity on 

monolayer WS2 with finite-difference time-domain (FDTD) solutions (Lumerical FDTD 

solutions) using the structure shown in Figure S7a, which is a typical film-interference structure. 

The refractive index of WS2 was adopted from literature8 and the thickness was set as 0.8 nm. 

The refractive index of hBN was set as 2.1.4 The thickness of native SiO2 layer on p-Si was set 

as 2 nm. The simulated electric field intensity |E|2 as a function of hBN thickness and wavelength 

is shown in Figure S7b. The extracted |E|2 for wavelengths of 273 nm and 410 nm are shown in 

Figure S7c, in which the intensities vary periodically with hBN thickness. By comparing the 

simulations with experiments, the large contract of PE intensity is strongly correlated to optical 

interference effect. The quantitative difference between simulations and experiments was 

probably due to the parameter used in simulations, e.g. refractive index of hBN, and PE 

nonlinear order of WS2. The underlying substrate could also possibly modify the PE efficiency 

of WS2. In addition, the optical interference effect can also be clearly observed on the suspended 

WS2, as shown in Figure S14.

Figure S7. (a) Designed structure for FDTD simulations. (b) Mapping of electric field intensity 
|E|2 versus wavelength and hBN thickness. (c) Simulated electric field intensity of |E|2 on WS2 
layer as a function of hBN thickness for wavelengths of 273 nm and 410 nm, normalized by the 
intensity without hBN layer.
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4. Time resolution of the TR-PEEM measurements

The time resolution of the TR-PEEM system was evaluated by using the cross-correlation 

signals observed on the p-Si substrate during the pump–probe measurements. As shown in 

Figure S8a, a sharp peak was observed at the pump wavelength of 590 nm directly on the p-Si 

substrate. The sharp peak on the p-Si substrate was attributed to the cross-correlation signals 

between the pump and probe pulses because the following PE intensity was still increasing, 

which could be attributed to the slowly increased pump–probe signals on the p-Si. Similar to the 

intensity autocorrelation measurement, the cross-correlation measurement can be used to obtain 

the time resolution of the pump–probe system. Assuming Gaussian-shaped pump and probe 

pulses with intensities of  and , the PE intensity induced by the cross correlation can 1( )I t 2 ( )I t

be expressed as

,                              (S1)
1 2
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where  is the time delay between the pump and probe pulses and  and  are related to t 1 2

the durations of the two pulses. The fitted Gaussian-shaped PE intensity is shown in Figure S8b, 

which can be used to obtain the full width at half maximum (FWHM). Similar to the relation 

between the intensity autocorrelation width and pulse duration, the time resolution of our system 

was of the FWHM of the cross-correlation signal (approximately 200 fs). The time 1 2

resolutions with other pump wavelengths were similar to this value.

Figure S8. (a) Normalized TR-PEEM signal directly on the p-Si substrate (without WS2) with 
the excitation wavelength of 590 nm. (b) Enlarged view of the peak in (a), Gaussian fitting of the 
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peak (red line), and that with added baseline (blue line) to compare with the experimental data.

5. PEEM measurements for the supported WS2 

The PE signals are dominantly from monolayer WS2. As shown in Figure S9, the PE intensity 

from p-Si (no WS2) is much weaker than that from WS2 on p-Si and on hBN. Furthermore, the 

PE intensity is very sensitive to surface, the PE intensity from p-Si underneath WS2 layer will be 

much weaker than that without WS2. Therefore, the signal from the underlying p-Si are 

negligible. In addition, the normalized PE intensity traces are independent of the pump fluence, 

as shown in Figure S10.

 
Figure S9. (a) PEEM image at pump–probe zero-time delay with the pump pulse 410 nm (15 
μJ/cm2) and the probe pulse 273 nm (0.5 μJ/cm2). (b) PE intensity traces on different regions.

Figure S10. PE intensity traces (a) and the normalized ones (b) with different pump fluences for 
WS2 on 9-nm hBN. 

The evolutions of electron energy distribution in time, for WS2 on the three regions with the 

pump wavelength of 410 nm, are shown in Figure S11a–c. The fluences of pump and probe 

pulses were 10 μJ/cm2 and 0.5 μJ/cm2, respectively. The EDCs at 0-ps time delay are shown in 

Figure S11d,e. Despite the large difference in PE intensity for WS2 on different regions, the 

EDCs after normalization are similar, and the differences among different regions are 

comparable to energy resolution of around 150 meV. It should be noted the EDCs discussed 
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above were obtained by subtracting the background signals before pump–probe zero point. The 

contribution from secondary electrons should be weakened or eliminated under this operation. 

Therefore, the EDCs are dominated by pump–probe signals, which represent the populations of 

photoexcited electrons in conduction band. However, we are not sure if the Auger processes, 

surface photovoltage effects or in-gap defects have some contributions to the cutoff of EDCs. It 

should be noted that, the transition from non-equilibrium distribution to hot electron distribution 

has been demonstrated to be ultrafast (tens of femtoseconds), much shorter than the excitation 

pulse duration of 120 fs. In addition, we assign the moment with peak PE intensity to the 0-ps 

time delay, which could be slightly later than the real pump–probe overlapping point, because 

the number of thermalized electrons in the PE detection window could be larger than that at the 

instant of photoexcitation due to the electron-electron and electron-photon scattering. 

Considering the asymmetric EDC at 0-ps time delay, the hot electron distribution should have 

been formed.

The trap states could be highly localized in real space and delocalized in reciprocal space, and 

could be within the PE detection window shown in Figure 3 of the main text. However, no signal 

from the trap states were observed in the EDCs, which implies that the PE efficiency of electrons 

from trap states are much lower than that from conduction bands. 

Figure S11. (a–c) Mapping of the PE intensity versus the energy and time delay for the WS2 on 
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the three regions with the pump wavelength of 410 nm. The EDCs at 0-ps time delay and the 
normalized EDCs are shown in (d,e). 

We also performed TR-PEEM measurements with other pump wavelengths, e.g. 590 nm, by 

using OPO. More importantly, we noticed the change of decay traces with the accumulated 

measurement time, as shown in Figure S12. The decay time decreases slowly with PEEM 

measurement days, indicating the increase of defects at a slow rate, and such a slow rate is 

possibly due to the low laser fluences. 

Figure S12. (a) Normalized PE intensity traces for WS2 on the three regions with the pump 
wavelength of 590 nm. (b,c) Decay traces measured at different days for WS2 on p-Si and 43-nm 
hBN, respectively. (d) Decay traces measured 5 days later than that in (a). The decay time 
decreases slowly with PEEM measurement days, indicating the increase of defects with laser 
illumination at a slow rate.

We also performed the time- and energy-resolved PEEM measurements with the pump 

wavelength of 590 nm, as shown Figure S13. The trend of EDCs is similar as that with the pump 

wavelength of 410 nm, except that the populations in energy are lower owing to the lower 

photon energy. In addition, the EDCs with pump wavelengths of 590 nm and 410 nm have the 

same cutoff edge. The EDCs were also fitted with Fermi–Dirac distribution as discussed in the 

main text. It should be noted that the fitting method is not so strict, since the real density of states 

was not adopted. The density of states was simplified as the form of square root, considering the 
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increasing tendency of density of states with energy and the limited PE detection window. 

It should be noted that, in our energy-resolved PEEM experiments, we can only obtain the 

relative values of photoemitted electron energy from the energy analyzer. That is to say, we 

could obtain the EDCs but not knowing the absolute electron energy. We found that the cutoff 

edge of different EDCs obtained with different pump wavelengths and from different sample 

regions are nearly at identical energy. Hence, we set the cutoff edge in the energy axis of EDCs 

to be energy zero. Considering the band diagram of WS2 as shown in Figure 3 of the main text, 

the energy zero is likely at the conduction band edge of Q valley (lowest energy in the PE 

detection window).

Figure S13. (a) Mapping of the PE intensity versus the energy and time delay for the WS2 on the 
p-Si with the pump wavelength of 590 nm. (b) Crosscuts from (a) and fittings of the EDCs with 
Fermi–Dirac distributions. (c) Comparison of the EDCs at 0-ps time delay with the pump 
wavelengths of 410 and 590 nm, the electronic temperature with 590 nm (1900 K) is 
approximately 900 K lower than that with 410 nm (2800 K).

6. PEEM measurements for the suspended WS2

The static PEEM images with different excitation wavelengths and incident angles are shown 

in Figure S14. The bright spot could be seen with the excitation wavelength of 410 nm at normal 

incidence, as shown in Figure S14b,e. To eliminate the bright spot, we used oblique incidence 

with s-polarization, as shown in Figure S14c,f, in which the interference patterns are observed. 

However, the decay traces with the normal and oblique incidences overlap well, proving that the 

carrier dynamics are independent of pump fluence, but correlated to defects introduced slowly by 
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accumulated laser illumination. We performed TR-PEEM measurements at normal incidence 

with different pump fluences, also showing that the decay time is not sensitive to pump fluence, 

as shown in Figure S15.

Figure S14. (a,b) Static PEEM images with excitation wavelengths of 273 nm (0.1 μJ/cm2) and 
410 nm (5 μJ/cm2), respectively, at normal incidence. The crosscuts along the yellow line are 
shown in (e). (c) Static PEEM image with the excitation wavelength of 410 nm (7 μJ/cm2) at 
oblique incidence of 74°, with s-polarization. The crosscut along the yellow line is shown in (f). 
(d) Decay traces extracted from the central region (marked by white dashed circle) with the 
pump wavelength of 410 nm at normal and oblique incidences, indicating the carrier dynamics 
are independent of pump fluence.

Figure S15. (a) TR-PEEM image with the pump pulse 410 nm (5 μJ/cm2) and the probe pulse 
273 nm (0.1 μJ/cm2) at 0-ps time delay. (b) Decay traces with pump fluences of 2.5 μJ/cm2 and 5 
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μJ/cm2 on the two regions marked in (a).

We did the probe–fluence dependence experiment, with the similar method for pump fluence, 
as shown in Figure S16, proving that the carrier dynamics are also independent of probe fluence 
in a short time.

Figure S16. Normalized PE intensity traces with different probe fluences for WS2 on 43-nm 
hBN (a) and suspended WS2 in the central region (b). The pump pulses were set as 590 nm (19 
μJ/cm2) in (a) and 410 nm (5 μJ/cm2) in (b).

7. Movie of TR-PEEM signals for the supported WS2

The movie shows pump–probe PEEM signals at a series of time delays with the pump pulse 

410 nm (10 μJ/cm2) and the probe pulse 273 nm (0.5 μJ/cm2) at normal incidence.
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