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ABSTRACT: Resolving the momentum degree of freedom of
photoexcited charge carriers and exploring the excited-state physics
in the hexagonal Brillouin zone of atomically thin semiconductors
have recently attracted great interest for optoelectronic technolo-
gies. We demonstrate a combination of light-modulated scanning
tunneling microscopy and the quasiparticle interference (QPI)
technique to offer a directly accessible approach to reveal and
quantify the unexplored momentum-forbidden electronic quantum
states in transition metal dichalcogenide (TMD) monolayers. Our
QPI results affirm the large spin-splitting energy at the spin-valley-
coupled Q valleys in the conduction band (CB) of a tungsten
disulfide monolayer. Furthermore, we also quantify the photo-
excited carrier density-dependent band renormalization at the Q
valleys. Our findings directly highlight the importance of the
excited-state distribution at the Q valley in the band renormalization in TMDs and support the critical role of the CB Q valley
in engineering the quantum electronic valley degree of freedom in TMD devices.
KEYWORDS: atomically thin semiconductors, transition metal dichalcogenides, momentum degree of freedom, band renormalization,
scanning tunneling microscopy, quasiparticle interference technique

INTRODUCTION

Atomically thin two-dimensional (2D) transition metal
dichalcogenides (TMDs), due to their quantum confinement
and markedly enhanced electron−electron interactions, have
attracted tremendous research interest for their extraordinary
transport and optoelectronic properties. In particular, their
distinctive spin-valley-coupled band structure provides exotic
characteristics with potential applications such as next-
generation semiconductors, spin-valleytronic devices, and
optoelectronic applications.1−5 Thus, understanding and
manipulating the valley quantum degree of freedom in 2D
TMDs will play an important role in future applications.
In 2D TMDs, photoexcitation or hot carrier injection has

provided a powerful tool to control the valley degree of
freedom.6,7 The excessive carriers confined in the layered
structure of TMDs lead to considerable many-particle
interactions.8−10 This many-body system, bringing the energy
renormalization effect and shrinking the quasiparticle bandgap
in the valley band structure at the K points, has been studied

using optical technologies in the past decade.11,12 Recently,
another local minimum of the conduction band (CB) has been
noted to lie midway between the K and Γ points, higher by a
few meV than the K point, which is called the Q valley13,14 and
has been theoretically reported to strongly couple with the K
valley on the CB edge.15−17 Intriguingly, the Q valley was
theoretically predicted to be more sensitive to the energy
renormalization effect than the K valley due to its differing
orbital character and the nonsignificant hole population at the
Q point.16 Therefore, the CB K-Q valley coupling will be
dramatically strengthened under the energy renormalization
effect with increased carriers, altering the electronic transport
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and optoelectronic properties in TMD devices.18−21 Thus,
providing a complete understanding of the underlying physics
and developing control of the electronic behavior at the Q
valley become key to future valleytronic technologies.
To explore the effect of energy renormalization on the

energetic band edge position of valley states, an angle-resolved
photoemission spectroscopy (ARPES)-based technique is the
typical approach used to present the energy renormalization
effect via electronic occupied states mapping.22−25 However,
an ARPES-based technique is not a straightforward method for
experimentally resolving the momentum-forbidden electronic
quantum states at the Q valley of atomically thin semi-
conductors. Capturing the transient hot carrier spreading on
the Q valley in the femtosecond time-scale before the
relaxation to conduction band minimum is challenging due
to the signal-to-noise limit and the space-charge effect,26,27

losing the energy- and momentum-resolution in the ARPES-
based technique. In addition, the basic two-photon emission
process also restricts the direct evidence to support the energy
renormalization effect of the unoccupied states by comparing
the intrinsic (nonexcited) and excited conditions. Even though
the K valley information at CB can be supported by other
optical techniques, the clue of the excited-state distribution at
the momentum-forbidden Q valley state is still lacking, limiting
the understanding of the energy renormalization effect at the Q
valley at CB in the photoexcited TMD systems.
Scanning tunneling microscopy and spectroscopy (STM/S)

is a suitable tool for directly probing the atomic surface
structure and momentum-sensitive electronic properties in real
space, respectively. To further provide information on the
above-gap photoexcitation band structure and distinguish spin
splitting in the small energy region, quasiparticle interference
(QPI) obtained by spatially resolved STS around impurities to
offer energy-momentum information has been used to study
the electronic band structures in TMD materials in recent
years.28,29 In this work, we present the achievement of
combining light-modulated STM and the QPI technique to
successfully offer an approach to directly reveal and quantify
the unexplored momentum-forbidden electronic quantum
states in TMDs.
We obtain direct visualization of the intervalley quantum

interference involving the Q valleys and affirm the large spin-
splitting energy of 240 meV at the Q valleys in the CB in
atomically thin monolayer tungsten disulfide (WS2).

28 In
addition, we further perform STM/S measurements combined
with in situ light illumination to reveal the energy-renormalized
Q valley with photoexcited charge carriers and the enhanced
many-particle interactions in the TMD monolayer. Under
above-gap photoexcitation, a downward shift of the quantum
electronic state at the Q valleys is directly demonstrated in
light-modulated QPI patterns. The photoexcited carrier
density-dependent energy renormalization at the Q valleys is
also quantified, with a photoinduced carrier density of
approximately 1.2 × 1012 cm−2 and a resulting 40-meV
downward energy level shift of the Q valley under an
illumination power of 0.01 μW. Our results significantly
highlight the unequivocal presence of spin−valley coupling and
the importance of the excited-state distribution at the Q valley
in the band renormalization in TMDs. This demonstration
directly supports that the valley degree of freedom at the Q
valleys in TMDs can be engineered with light, which is a key
figure of merit for future valley-spintronic applications.

RESULT
The growth of monolayer WS2 (ML-WS2) by chemical vapor
deposition (CVD) on a highly ordered pyrolytic graphite
(HOPG) substrate was performed for STM/S measurements
in this work. The STM image recorded at a + 1.00 V sample
bias in Figure 1(a) shows HOPG and ML-WS2 terraces with

different heights. Atomic resolution images of these surfaces
are presented in Figure 1(b), showing the difference in the
atomic arrangement and an angular misorientation of
approximately 12 degrees between HOPG and ML-WS2 in
this region. The height profile in Figure 1(c) across the
HOPG-WS2 boundary, along the blue arrow in Figure 1(a),
gives an ML-WS2 thickness of 0.66 ± 0.02 nm, consistent with
previous work.30 Figure 1(d) shows the differential con-
ductance dI/dV spectrum measured on the ML-WS2 surface at
77 K. The CB minimum (ECB) and valence band (VB)
maximum (EVB) of the ML-WS2 surface are located at 0.73 ±
0.02 eV and −1.85 ± 0.02 eV, respectively, which yield an
electronic energy gap (Eg) corresponding to the sum of the
optical bandgap and exciton binding energy of 2.58 ± 0.02 eV
for ML-WS2/HOPG.

31 The general WS2 optical bandgap is
approximately 2.0 eV, leading to an estimated binding energy
of 0.58 eV in this work.32,33 This large binding energy indicates
that the ML-WS2/HOPG system still maintains strong
quantum confinement similar to freestanding ML-WS2 due

Figure 1. STM topographic image and the spectroscopy of ML-
WS2/HOPG. (a) The STM topographic image recording the
HOPG-WS2 boundary. (Size: 40 × 40 nm2, sample bias: 1.00 V)
(b) The atomic resolution images on HOPG and ML-WS2 terrace
surfaces, showing the difference in the atomic arrangement and the
angular misorientation at approximately 12 degrees (Size: 1.5 ×
1.5 nm2 in both pictures) (c) The height alignment refers to the
blue arrow in (a) and shows the step with an altitude difference of
approximately 0.66 ± 0.02 nm. (d) STS spectrum on the local
region of the defect-free ML-WS2 surface, revealing an energy gap
of 2.58 ± 0.02 eV.
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to its atomic layered structure. This gives us the opportunity to
study the many-particle environment in ML-WS2, offering
energy-momentum-dependent information through STM/S.
Due to the inevitable exposure to the atmosphere before

transporting the sample into the UHV environment, the
atomically resolved STM image recorded at +0.94 V sample
bias (above the CB edge) in Figure 2(a) shows abundant

chalcogen-site oxygen substitutional point defects.31,34 These
point defects therefore induce the quantum state scattering
process, and to reflect the momentum-related electronic
properties of ML-WS2, QPI measurements are performed.
According to previous theoretical support, these point defects
are mainly chalcogen-site oxygen substitutional point defects
on the top and bottom layers of the sulfur sublattice, Os

(top)

and Os
(bottom), respectively, as shown in Figure 2(b).35 The

density of Os
(top) and Os

(bottom) is statistically calculated as 4.3
× 1012 cm−2 and 2.8 × 1012 cm−2 in this work, consistent with
those in previous works.36,37 Although chalcogen-site oxygen
substitutional point defects are at different geometrical
positions in the WS2 structure, the dI/dV curves in Figure
2(c) show no discrepancy between Os(top) and Os(bottom) in
electronic properties. In addition, the corresponding spatially
distributed QPI pattern attributed to chalcogen-site oxygen
substitutional point defects is presented in Figure 2(d). These
spatially distributed QPI patterns, (2 × 2)-like standing waves
observed around each defect, can be extracted according to the
Fourier transform of the dI/dV image (FT-STS) in Figure
2(e). Obvious spots are observed near the M point in the FT-
STS map. In addition, the orange-dashed hexagon-like shape in
Figure 2(e) outlines the first Brillouin zone (BZ) of WS2,
corresponding to the (2 × 2)-like period around defects in real
space. This (2 × 2)-like wave distribution is consistent with
previous reports on epitaxial ML tungsten diselenide,28 in
which defect-induced QPI is spin-conserving interference
dominated by electron scattering between Q valleys. In fact,
the Q-Q and Q-K scattering processes are two possible origins
of the (2 × 2)-like wave distribution. However, for the parallel
momentum (k||) in the constant energy contour above the CB
of ML-WS2, the parallel momentum of the states in the Q
valley is smaller than that in the K valley.38 Thus, the tunneling
from the electronic states of the K valley decays faster than that
of the Q valley, causing the electronic signal from the Q valley
to be more significant than that from the K valley in the STM/
S measurement. Thus, the QPI pattern in the work is mainly
attributed to the Q-Q scattering of ML-WS2.
ML-WS2 presents a direct gap at the K points and a spin-

splitting characteristic at the Q point on the CB valley
structure, as illustrated by the ML-WS2 CB edge schematic
diagram in Figure 3(a).39 The spin-splitting characteristic of
the ML-WS2 CB electronic structure is also illustrated in

Figure 2. Intervalley quantum interference at oxygen substitutional
point defects. (a) The 12 × 12 nm2 atomically resolved STM
images of ML-WS2 at an energy level of 0.94 eV. (b) The 2.5 × 2.5
nm2 STM images of the oxygen substituent point defect on the top
and bottom layers of the sulfur sublattice, Os

(top) and Os
(bottom),

respectively. (c) STS spectra of Os
(top) and Os

(bottom), depicted with
green and red lines, respectively. The overlap of these dI/dV
curves in (c) shows no discrepancy between Os(top) and Os(bottom)

in electronic properties. (d) The STS map corresponds to the
scanning region on the topographic picture (a) and reveals the
QPI patterns in real space. (e) The 0.94 eV FT-STS map from (d)
shows the reciprocal lattice G-point and the QPI patterns around
the M-point. The orange dashed hexagon is the first Brillouin zone
of ML-WS2. Obvious spots from the defect-induced QPI pattern
are observed near the M point.

Figure 3. Intervalley quantum interference in the electronic valley structure. (a) The characteristic of the ML-WS2 CB edge considering spin
splitting with a distinct energy interval. The green double arrow indicates ΔQSOC as the energy difference between the upper and lower
subband Q valley minima, and the black double arrow indicates ΔEKQ as the energy difference between the K valley minimum and the lower
spin subband Q valley minimum. (b,c) The 0.92 and 1.12 eV FT-STS maps corresponding to the energy level at the lower and upper spin
subband Q valleys, respectively. The orange dashed hexagon is the first Brillouin zone of ML-WS2. The QPI pattern discrepancy between the
0.92 and 1.12 eV FT-STS maps is observed by the location difference between the M-point and the inner first Brillouin zone. (d) The q-value
of each QPI pattern extracted from FT-STS maps with an energy interval between 0.70 and 1.26 eV, revealing that the quantity ΔQSOC of
ML-WS2 is approximately 240 meV.
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Figure 3(a), where the energy levels EQ
topand ECB are the upper

spin subband Q valley minimum and the CB edge at the K
valley minimum, respectively. The relationship of the distinct
energy interval is given by EQ

top − ECB = ΔEKQ + ΔQSOC, where
ΔEKQ is the energy difference between the CB edge at the K
valley minimum and the lower spin subband Q valley
minimum and ΔQSOC is the energy difference between the
upper and lower subband Q valley minima.
Furthermore, according to previous reports,14 the CB Q

valley presents a momentum difference between the upper and
lower spin subband minima. Comparing the FT-STS maps in
Figure 3(b),(c), at energies of +0.92 eV and +1.12 eV above
the Fermi level (EF), the spot in the QPI pattern around theM
point is preserved at both biases but becomes closer to the
center Γ point in the FT-STS map at +1.12 eV. Therefore,
Figure 3(b),(c) clearly support the momentum shift of the
spin-splitting characteristic of the Q valley due to the spin−
orbit coupling (SOC) effect.14,28 Moreover, by gradually
recording the bias-dependent evolution of the QPI pattern,
as shown in Figure 3(d), each q-value of the QPI patterns at
different biases extracted from the FT-STS results is obtained
at a 0.02 eV energy interval. In Figure 3(d), the CB q-value of
1.02 Å−1 initially recorded at an energy of +0.74 eV shows the
first presence of the QPI pattern at the M point, revealing that
the energy minimum of the lower spin subband Q valley
(EQ

bottom) above EF is +0.74 eV. As the voltage bias continuously
increases, the q-value shifts from 1.02 to 0.95 Å−1. The
momentum shift between the two branches of the Q valley
spin-splitting characteristic from EQ

bottom = 0.74 eV to EQ
top =

0.98 eV, where EQ
topis the energy minimum of the upper spin

subband Q valley. Therefore, the SOC energy (ΔQSOC = EQ
top

− EQ
bottom) of ML-WS2 at the Q valley is found to be

approximately 240 meV in this work, confirming the large spin-
splitting characteristic at the CB Q valley.
To directly examine the photoinduced intervalley quantum

interference in Q valleys, ML-WS2 was irradiated in situ in
light-modulated STM measurements, keeping the same
probing region in the dark and under illumination. In addition,
the consequent FT-STS images with a 20 meV energy
resolution, captured along the ΓG direction, were sequentially
stacked to construct the energy-momentum landscape with the
QPI pattern at the Q valley, as shown in Figure 4(a).
Comparing the results in the dark and under illumination,

some points can be mentioned: (1) The diffraction peaks
around the G point remain at the same position, indicating no
laser-induced phase transition under the illumination con-
dition.40 (2) The blue and purple dashed lines in Figure 4(a)
are guides for each q-value in the dark and under illumination,
respectively. Under both conditions, two branches with a
momentum shift due to the spin-splitting characteristic at the
Q valley are observed. In the present scanning region, we
record the occurrence of the momentum shift of EQ

top at +1.10
eV in the dark, as shown in Figure 4(a), which corresponds to
the upper subband of the Q valley and is indicated by the gray
arrow.14 (3) Under illumination, the energy level EQ

top, labeled
with the green arrow, is shifted downward by approximately 40
meV relative to the dark condition. Figure 4(b) maps the
momentum (q-value) as a function of energy in the light-
modulated QPI measurements in Figure 4(a).

DISCUSSION

This work directly compares the momentum-dependent
electronic structures in the dark and under illumination to
discuss the photophysics of ML TMDs with multiple nearly
degenerate CB valleys. Comparing the energy-dependent QPI
in the dark and under illumination, shown in Figure 4(b), a
light-induced downward energy shift of approximately 40 meV
for the upper subband of the Q valley is observed in our work.
To explicitly explain the energy band downward shift at the Q
valley in the present experimental results, there are four
possible physical mechanisms: (1) the substrate effect, (2) the
strain effect, (3) the interlayer interaction, and (4) the
enhanced many-body interactions. (1) First, the applied
sample bias V = 0 in the STM measurement is aligned to
the Fermi level (EF) of the grounded HOPG substrate.
Regarding the substrate effect, under illumination, the
photoinduced electron is injected into the conduction band
(CB) of WS2, and the corresponding hole in the valence band
(VB) of WS2 is instantly filled by the electron from the HOPG
substrate. In addition, the lifetime of the photoexcited carriers
in the CB of WS2 is shorter than that of holes on the substrate,
including the consideration of additional scattering chan-
nels.41,42 This carrier separation behavior thus causes a
downshift of the HOPG Fermi level. Thus, under illumination,
the energetic CB position of WS2 is proposed to be away from
the EF of the system at the quasi-equilibrium condition. This

Figure 4. The energy-momentum landscape in the dark and under illumination. (a) The energy-momentum landscape captured along the ΓG
direction from both the dark and illumination FT-STS images with an energy resolution of 20 meV. The energy of the momentum shift is
indicated with the gray and green arrows, revealing an energy decline of approximately 40 meV in illumination. (b) The summarized results
of the quantized QPI q-value in (a), recording each q-value distribution consistently at approximately 0.91 Å−1 and 1.01 Å−1 in both dark and
illuminated conditions. (c) The schematic diagram of the energy renormalization effect on the Q valley due to the many-body interactions
from the photoexcited carriers’ occupation, leading to the light-induced energy downward shift.
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statement is not explicitly consistent with the present
experimental observations. Thus, the substrate effect is
excluded as the main possible mechanism to explain the
downward shift at the Q valley in this work.
(2) Next, the second reasonable physical origin could

involve optical excitation-induced wrinkling as the strain
effect,43 altering the ML-WS2 electronic band configuration.
However, the lattice reciprocal G points in our measurement
(see Figure 4(a)) are invariant in their positions under dark
and illumination conditions, and the photopulse structural
response on the femtosecond time scale is not appropriate for
discussions under the quasi-equilibrium condition in STM
measurements under continuous-wave laser illumination.
(3) The third reasonable physical origin could be attributed

to the moire ́ domain on the energy renormalization in the Q
valley. Energy renormalization has been discussed from the
interlayer interaction of twisted TMD bilayers.44,45 In this kind
of twisted TMD systems, the interacting electronic states are
above the CB edge. In our present monolayer WS2/HOPG
system, the moire ́ domain results from the interlayer
interaction between the monolayer WS2 and the HOPG.
The interacting electronic states are contributed from the in-
gap states below the CB edge of WS2.

46 Nevertheless, in the
present work, the energy renormalized effect is measured and
discussed above the CB edge of WS2. Thus, we suggest that the
energy renormalized Q valley in this work is attributed to
photoinduced carrier injection instead of the moire ́ domain.
Supporting Information 1 additionally discusses the moire ́
domain at the below-gap energy level of monolayer WS2/
HOPG in this work.
(4) Therefore, the above exclusions reasonably suggest that

we focus on the enhanced many-body interactions induced by
photoexcited carrier injection. With above-gap photoexcitation,
the carriers transfer between multiple valleys through
Coulomb- or phonon-assisted scattering,47 reaching dynamic
equilibration of occupation of the CB Q valley, which is
schematically depicted in Figure 4(c). Therefore, in such
many-body conditions, the classical band structure considering
noninteracting electrons is no longer sufficient, and the effect
from electron−electron interactions, assembled as the
exchange and correlation energy, should be taken into
consideration. The challenging exchange-correlation term in
many-body problems has been approached by various
theoretical approximations,16,48−50 all indicating a significantly
reduced energy with increased carriers in photoexcited TMDs.
Thus, the downward energy level shift of the Q valley can be
attributed to the many-body interactions with photoexcited
carriers, leading to band renormalization with a high carrier
density under illumination. In this work, a photoinduced
carrier density of approximately 1.2 × 1012 cm−2 and a
resulting 40-meV downward energy level shift of the Q valley
under an illumination power of 0.01 μW are also quantified.51

Contrasting with the previous study,12,23 the giant energy
renormalization effect of hundreds of meV from the strong
many-particle interactions was only observed in the high
carrier density system, crossing over the Mott threshold by the
large excitation fluence. Our result with a relatively moderate
excitation fluence of approximately ten μJ/s cm−2 exper-
imentally confirms that the energy renormalization effect can
be effective even below the Mott threshold of 10s of meV,
which is also reasonably supported by the theoretical
prediction.52 This finding supports the potential valley-
electronic applications of TMDs at the Q valley, such as the

Mott transition,12,23 Q valley TMD transistors,53,54 and
negative differential conductance.19,55

CONCLUSION
In conclusion, the achievement of combining light-modulated
STM and the QPI technique to map intervalley quantum
interference in a photoexcited TMD monolayer is demon-
strated in this work. We obtain a large spin-splitting energy of
240 meV at the CB Q valleys on a defective ML-WS2 surface
with abundant chalcogen-site oxygen substitutional point
defects. Furthermore, with the light-modulated QPI technique,
the direct visualization of the photoexcited carrier occupation
indicates an obvious downward energy level shift at the CB Q
valleys. This result highlights that the CB Q valley plays a
critical role in engineering the quantum electronic valley
degree of freedom in TMD devices by tuning the carrier
injection/ejection process. Our findings provide the oppor-
tunity to explore the electronic behavior of the valley degree of
freedom and the momentum-forbidden electronic quantum
states in TMDs for future potential optoelectronic techno-
logical applications.

METHODS
For the experiments, we investigated monolayer tungsten disulfide
(ML-WS2) by low-temperature STM (LT-STM) grown on a highly
ordered pyrolytic graphite (HOPG) substrate using a typical chemical
vapor deposition process (CVD). Tungsten oxide (WO3, Sigma−
Aldrich, 99.995%) powders and HOPG substrate were placed at the
center and downstream of the furnace, and sulfur (S, Sigma−Aldrich,
99.99%) powders were placed on the upper stream with another
temperature control. During growth, the chamber was kept at 10 Torr
and 900 °C (sulfur with 120 °C) for 15 min. Figure 1 shows the
different heights, atomic arrangements, and differential conductance
dI/dV spectra between the HOPG and ML-WS2 terraces at 77 K in an
ultrahigh vacuum (UHV) environment.

STS measurements were carried out using the lock-in technique
(bias modulation δV = 5−10 mV, f = 700−900 Hz). Using this lock-
in technique, standard dI/dV vs V spectra as well as topographic
differential conductance dI/dV maps for a fixed set voltage were
acquired. The latter is used to map the surface LDOS information at
the energy corresponding to the set voltage and further obtain the
QPI information from each point defect on the ML-WS2 surface in
Figures 2 and 3.

The light-modulated STM setup is the LT-STM combined with an
external illumination source at 515 nm and a 0.01 μW continuous-
wave laser detected by the power meter. The illuminated area on the
ML-WS2/HOPG is estimated to be approximately 0.1 mm2, covering
the tip scanning region entirely. The excitation fluence per second is
calculated as W/A = 10 μ·J/s cm−2, where W is the laser source power
and A is the illumination area on ML-WS2. Based on previous
theoretical calculations,51 an illumination pump fluence of 10 μ·J/s
cm−2 resulted in a carrier density of approximately 1.2 × 1012 cm−2 in
this work. Furthermore, the measurement in this work is implemented
on the in situ ML-WS2 surface under both dark and illumination
conditions to visualize the photoinduced physics directly in Figure 4.
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