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ABSTRACT: Edge states of two-dimensional transition-metal dichalcogenides (TMDCs) are crucial to quantum circuits and
optoelectronics. However, their dynamics are pivotal but remain unclear due to the edge states being obscured by their bulk
counterparts. Herein, we study the state-resolved transient absorption spectra of ball-milling-produced MoS2 nanosheets with 10 nm
lateral size with highly exposed free edges. Electron energy loss spectroscopy and first-principles calculations confirm that the edge
states are located in the range from 1.23 to 1.78 eV. Upon above bandgap excitations, excitons populate and diffuse toward the
boundary, where the potential gradient blocks excitons and the edge states are formed through interband transitions within 400 fs.
With below bandgap excitations, edge states are slowed down to 1.1 ps due to the weakened valence orbital coupling. These results
shed light on the fundamental exciton dissociation processes on the boundary of functionalized TMDCs, enabling the ground work
for applications in optoelectronics and light-harvesting.
KEYWORDS: MoS2 nanosheets, Edge states, Carrier dynamics, Exciton dissociation, Diffusion blocking

The surface states of bulk condensates have long been the
research focus due to intriguing physical and chemical

properties.1−5 In the past few decades, two-dimensional (2D)
transition-metal dichalcogenides (TMDCs) with a monolayer
or a few layers have shown significant progress in the fields of
electronics, nanophotonics, spintronics, plasmonics, and nano-
catalysis.6−11 Analogous to the surface state in bulk solids, edge
states of 2D TMDCs triggered by translational symmetry
breaking and edge polar discontinuities attracted broad and
long-lasting interest,12−14 such as edge conduction, edge
plasmons,15−17 spin protected transport,18−20 Luttinger liquid
behavior,21 and high catalytic activity.22 These remarkable edge
properties spark new opportunities for basic research and
applications of TMDCs.

Electronic states on the edges of TMDCs have been partially
revealed with characteristics containing sub-bandgap distribu-
tions,23−25 metallic bands,23,26−28 spin nondegeneracy,19,20 and
terminal localization.23,28−31 However, their dynamics have not

been fully understood, especially how and how fast edge states
populate, and how they contribute to overall charge transport
and recombination. Addressing these questions is critical for
optimizing and extending TMDC applications, but it remains a
challenge, because the weak edge signals are usually drowned
out by interior backgrounds or disturbed by edge impurities.32

Extremely exposed and clean edge structures are highly
desired. Recent research efforts including thermal annealing,33

vapor−liquid−solid growth,34 and nanowire embedding in
different layered materials35,36 bring out opportunities to
enhance the edge signal for experimental detections.
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Herein, we reveal edge state population dynamics and
population competition with an exciton using ball-milling-
produced 10 nm MoS2 nanosheets with high zigzag edges
exposed. Combined with electron energy loss spectroscopy
(EELS) and first-principles calculations, we identify the as-
predicted sub-bandgap edge state absorption covering from
1.23 to 1.78 eV. Due to their nanometer size, these nanosheets
have highly exposed edges, accounting for ∼11% of the sheet
area, facilitating the direct transient absorption (TA) study for
edge states. With above bandgap excitations, photoexcited
excitons first populate and soon dissociate into edge electronic
states within ∼0.40 ps via interband transitions. With below
bandgap excitations, the edge state has a longer population
time up to 1.0 ps, which is due to reduced intraband orbital
coupling through nonadiabatic coupling (NAC) analysis.
Moreover, we find that the edge state introduces the external
potential gradient on the boundary, terminating exciton
diffusive transport of the exciton from interior. We extract
the exciton diffusion coefficient of 86.7 cm2/s through
measuring exciton dissociation lifetime as a function of
nanosheet lateral size. These results expand the understanding
of edge state dynamics in TMDC semiconductors from energy,

temporal, and spatial perspectives, providing a pathway for
edge state manipulation and device optimization.

The high quality MoS2 nanosheets with size gradient (10−
160 nm) were prepared with a silica-assisted ball-milling
method based on our previous work.37 Their intrinsic MoS2
properties are confirmed via absorption spectroscopy and
Raman spectroscopy (Supporting Information, Figures S1−
S4). Figure 1A shows the high angle annular dark field
scanning transmission electron microscopy (HAADF-STEM)
of a typical MoS2 nanosheet with size around 10 nm. The
corresponding FFT pattern (inset) demonstrated solely one
set of hexagonal diffraction spots, indicating a high lattice
quality without domains. The first order diffraction spots are
marked with a yellow circle, through which the [1110]
armchair and [1120] zigzag directions are assigned, respec-
tively. It can be found that MoS2 nanosheets are mainly
surrounded by zigzag edges (marked as white, for details see
Supporting Information, Figure S5). The reason lies in that the
low formation energy zigzag edge leads to its cracking
advantage under mechanical strain in ball-milling.38,39

We start by using EELS to confirm the existence of edge
states. The schematic of EELS is illustrated in Figure 1B. In
order to minimize the damage of the electron beam to MoS2

Figure 1. EELS measurement of edge states in a single MoS2 nanosheet. (A) Typical HAADF-STEM images of MoS2 nanosheets. The inset shows
the corresponding FFT pattern. Hexagonal diffraction spots are marked by yellow circles. Armchair [1110] and zigzag [1120] directions are labeled,
respectively. (B) Scheme of EELS measurement on single MoS2 nanosheet. (C) EELS at interior and edge site of MoS2 nanosheet. Optical
absorption is given as a reference. Absorptions of A and B excitons are marked, respectively. The inset highlights the edge state absorption ranging
from 1.23 to 1.78 eV, centered at 1.52 eV. (D) Electronic band structure (left) from MoS2 zigzag edge calculated by DFT. Energy bands across the
Fermi level (blue dashed line) are emphasized in color. Total DOS of MoS2 zigzag edge (right) compared with DOS of interior site (gray dashed
line).
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nanosheets, the beam metering was reduced to 1% of that in
scanning transmission electron microscope (STEM) mode by
a slit diaphragm.40 The electron energy loss induced by
inelastic electron scattering gives information on different
excitations in materials such as phonons, excitons, and
plasmons. For thin materials, EELS can be directly compared
to optical absorption because it measures the imaginary part of
the dielectric function.41−43 Figure 1C shows the EELS for the
interior and edge site, respectively. Additional optical
absorption of MoS2 nanosheets is given as reference.
Transitions of the A exciton (1.87 eV) and B exciton (2.04
eV) are clearly identified and marked with arrows.9 It can be
found that edge EELS, interior EELS, and the optical
absorption spectrum are identical in the above bandgap
region, confirming the accuracy of EELS. In the below bandgap
region, the edge state absorption tail is featured. With the
EELS difference extracted between the edge and interior, the
edge absorption is strengthened in the inset of Figure 1C,
ranging from 1.23 to 1.78 eV, centered at 1.52 eV. As zigzag
edges dominate as discussed above, edge EELS is contributed
by the zigzag edge states. Figure 1D shows the DFT calculated
energy bands and total density of states (DOS) on the zigzag
edge via an infinite 2D nanoribbon, which provides more
insights. First, color-rendered energy bands of edge states (left
side) are across the Fermi level, suggesting metallic character-
istics consistent with previous reports. Second, the total DOS
(right side) on the zigzag edge shows the abundant sub-
bandgap distributions compared with the interior DOS,
explaining the sub-bandgap edge absorption in EELS. The
edge state absorption peak is theoretically predicted to be
located at 0.67 times the absorption peak of the A exciton.44

The EELS measured edge absorption (1.52 eV) here is higher
than the theoretically predicted value (1.25 eV), considering
the A exciton of 1.87 eV. It is presumably due to the possible
self-energy correction or plasmon effects.16,45

Highly exposed edge structures in 10 nm nanosheets are
found to occupy an 11% sheet area (Supporting Information,
Figure S6A), which is conductive for resolving edge state
population dynamics via TA spectroscopy. The ratio of edge
states to A excitons in the TA signal decreases with increasing
lateral size (Supporting Information, Figure S6B), which
confirms the correlation between macroscopic TA properties

and microscopic edges. Figure 2A summarizes the energy
diagram and gives potential transition pathways between the
edge state and the exciton. The metallic edge bands are
simplified to a linear dispersion band according to the
previously reported analytical model.19,44 We will show
below that the valence band hole of the exciton upon
photoexcitation would transfer to the edge state band through
an interband transition, which subsequently led the conductive
electron free from exciton binding energy. Videlicet, the
excitons are dissociated via edge states and free carriers are
subsequently generated.

The 2D pseudocolor TA mapping is shown in Figure 2B
with photoexcitation that is resonant at the A exciton transition
(pump with 1.87 eV, ∼100 fs, 4.0 μJ/cm2). The bleaching of A
(1.87 eV) and B (2.04 eV) excitons is first established, with
energies consistent with EELS results. Accompanied by the
decay of the A and B excitons, an additional three bleach peaks,
respectively, located at 2.11, 1.94, and 1.75 eV, are
subsequently established. The bleach peak at 1.75 eV within
the edge absorption band (1.23−1.78 eV) is assigned as an
edge state. Other assignments such as the trap state are
eliminated through near-IR TA (Supporting Information, Note
S1), where no distributed trap induced broad bleaches are
observed (Supporting Information, Figure S7).46 Meanwhile,
no obvious fluorescence signal from defect-trapped excitons
was observed at 77 K (Figure S8), indicating that the influence
of defect states can be neglected in our case. The singular value
decomposition (SVD) method (Supporting Information, Note
S2) is performed to clearly separate multispectral components
according to their individual dynamics. Here, two spectral
components including the exciton and the edge state are,
respectively, separated in the bottom panel of Figure 2B. Their
individual dynamics shown in Figure 2C will be discussed
latter. The exciton component (red plot, with bleach peak at
1.87 and 2.04 eV) shows a 0.40 ps decay lifetime. The edge
state component (blue plot, with three bleach peaks at 2.11,
1.94, and 1.75 eV) shows a 42.6 ps decay lifetime. In the edge
state component, two peaks at 1.94 and 2.11 eV labeled as A*
and B* both show a ∼70 meV blue shift from the A and B
excitons. This is the signature of free carriers free from exciton
binding energy in few-layer MoS2.

47 The assignments of free
charges are supported by two pieces of evidence. One is the

Figure 2. Edge state dynamics with band edge resonant excitation. (A) Energy diagram of exciton and edge state. The exciton was first created by
resonant excitation. Then, the hole hoop to the edge state band has the energy transfer to the conductive electrons to overcome the binding energy.
(B) 2D pseudocolor plot of TA spectra with 1.87 eV excitation (resonant with A exciton) and fluence of 4.0 μJ/cm2. The exciton (noted as EX)
related component via SVD in the red line shows the lifetime of 0.40 ps. The edge state (noted as ES) related component via SVD in the blue line
shows the lifetime of 46.9 ps. (C) The temporal evolution of the exciton state (noted as EX) and edge state (noted as ES) via SVD and their global
fittings. The inset highlights the correlated rise and decay process between the edge state and exciton.
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biomolecule recombination feature in power dependent TA
spectroscopies (Supporting Information, Note S3 and Figure
S9). Another is the characteristic Drude absorption feature in
mid-IR TA spectroscopies (Supporting Information, Note S4
and Figure S10). As is illustrated in Figure 2A, the free carrier
bleaches appearing in the edge state component suggest that
the edge state and free carriers share the same conductive
electrons. Figure 2C reveals the population dynamics of the
exciton and edge state, respectively. The decay lifetimes of
exciton and edge state are fitted as 0.40 and 42.6 ps, which are
labeled in Figure 2B. The inset of Figure 2C shows a zoom in
perspective, clearly illustrating the population buildup of the
exciton and edge state, respectively. Excitons are occupied
within 0.15 ps close to the instrument response limit. In a
comparison with the exciton, the edge state shows a delayed
population onset. Global fittings (Supporting Information,
Note S3) illustrate that the edge state population is fully
provided from the exciton decay within ∼0.4 ps, which is
derived by the interband transition of the photoexcited hole in
the exciton band to edge state band according to the energy
diagram in Figure 2A. This is a noteworthy result in that the
ultrafast exciton dissociation can be comparable to the fastest
results in other hetero-nanostructures (Supporting Informa-
tion, Table S1), which reveals the potential applications in
optoelectronic devices, energy conversion, nanocatalysis, etc.

Excitation energy dependent edge state population dynamics
are studied with a combination of ab initio nonadiabatic
molecular dynamics (NAMD) and pump energy dependent
TA spectroscopies. In NAMD, nonadiabatic coupling (NAC)
is introduced (Figure 3A) to quantize the orbital coupling
throughout the exciton band to the edge state band
(Supporting Information, Note S5). NAC matrix element dij
describes the hole Kohn−Sham (KS) orbital (with index i and
j) coupling strength which started from the Fermi energy
(noted as VBM + 10) and ended below the VBM (noted as
VBM − 4), where the VBM (valence band maximum) locates
at the bulk band edge position. The NAC matrix in Figure 3A
can be divided into three regions (I−III) due to exchange
symmetry. Region I represents exciton−exciton coupling,
corresponding to the exciton cooling process in above bandgap
excitation. Region II represents exciton−edge state coupling
corresponding to exciton dissociation triggered edge state
occupation. Region III represents edge state intraband
relaxation in below bandgap excitations. In regions I−III, the

strongest orbital couplings always occur at the subdiagonal
position standing to adjacent orbital coupling, which suggests
cascade relaxation from the high energy exciton to low energy
edge states. Subdiagonal NAC elements decrease as the hole
KS orbital gradually approaches the Fermi energy (VBM + 10)
(Supporting Information, Figure S11), indicating that edge
state relaxation would be slowed with decreasing pump energy
which is supported by experimental evidence as described
below.

TA spectroscopies with pump energy from 3.10 to 1.31 eV
are taken (Supporting Information, Figure S12) in line with
regions I−III of the NAC matrix. In these spectra, the SVD
and global fitting results (Supporting Information, Figure
S13−S14) show that edge state formation is always associated
with exciton decay, which could be well-explained from the
relaxation pathways under above or below bandgap excitations.
In above bandgap excitations, the edge state originating from
an interband transition triggered exciton dissociation is
discussed above. In below bandgap excitations, this is due to
the intraband relaxation between the metastable edge state and
stable edge state (see schematic in Supporting Information,
Figure S15), where the metastable edge state and excitons
share the same conductive electrons resulting from exciton
bleach. Figure 3B shows the energy dependent edge state
formation process illustrated by exciton decay, showing the
slow formation trend with a reduced pump energy. Figure 3C
fully summarizes the pump energy dependent edge state
formation lifetimes. In the above bandgap region (pump
energy from 3.10 to 1.87 eV), occupation of the edge state is
around 0.40 ps. The slight acceleration of population buildup
under a high energy pump is presumably caused by the
dispersed distribution of off-diagonal coupling in region II.
With sub-bandgap excitation in the edge state absorption band
(pump energy from 1.75 to 1.31 eV), edge state formation
shows the slowing trend from 0.6 to 1.1 ps. It is due to the
reduction of the KS orbital coupling in region III illustrated in
Figure S11. Three typical pump energies of 1.99, 1.87, and 1.62
eV are selected to simulate the edge state formation process via
NAMD, corresponding to the above bandgap, band edge
resonant, and below bandgap excitations, respectively
(Supporting Information, Figure S16). The simulated dynam-
ics are fitted and superimposed in Figure 3C, showing good
agreements with experimental values, and indicating that the

Figure 3. Energy dependent edge state dynamics. (A) NAC matrix of K−S orbital coupling of the exciton states (noted as EX) and edge state
(noted as ES). (B) The excitation energy dependent exciton decay dynamics, corresponding to the edge state formation. (C) Edge state formation
lifetime as a function of pump energy. The blue region represents above bandgap excitation. The red region represents sub-bandgap excitation
within the edge absorption region.
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orbital coupling maximally determines the pump energy
dependent edge state population dynamics.

The influence of exciton transport for edge state population
dynamics was further studied. The average potential profile
along the section of MoS2 nanoribbon with a zigzag edge
(Figure 4A) is calculated, where the left side ends with S, and
the right side ends with Mo. In sharp contrast with the interior
region, the S and Mo end terminals show the average potential
gradient with ∼590 and ∼600 meV, respectively, which is
reported from polar discontinuities.12−14,28,45 The interior
exciton is expected to be trapped by the edge potential when
arriving at the edge terminal. Hence, the exciton dissociation
induced edge state population is expected to be limited by
exciton diffusion toward the boundary. To verify this inference,
we take TA spectroscopies for samples with lateral sizes from
10 to 160 nm (Supporting Information, Figures S17 and S18)
with band edge resonant excitation (1.87 eV, 4.0 μJ/cm2).
Figure 4B shows the exciton dissociation dynamics in
nanosheets with typical sizes of 10, 41, 98, and 160 nm.
With the lateral size increasing from 10 to 160 nm, the exciton
lifetime is slowed down from 0.4 to 1.2 ps, which is faster than
the defect scattering. As a comparison, intrinsic exciton decay
is obtained by ∼4 ps from the pristine monolayer MoS2 grown
by CVD.48 Figure 4C illustrates the second power of
nanosheet lateral size as a function of exciton dissociation
lifetime. Their linear relationship could be well-described by a
classical diffusion model with a diffusion coefficient of 86.7
cm2/s (Supporting Information, Note S6). Moreover, we
simulate an exciton random walk with edge termination via the
Monte Carlo method (Supporting Information, Figure S19−
S20) to verify the diffusion coefficient from another
perspective. Both the classical diffusion model and random
walk results show a consistent diffusion coefficient of 86.7
cm2/s, further confirming the boundary blocked exciton
diffusion. This diffusion coefficient is on the same order of
magnitude but is larger than the previously reported value (20
± 10 cm2/s),49 which may originate from low cumulative
defect scattering or hot phonon drag on short diffusion
scales.50 MoS2 nanosheets with lateral sizes of 10−160 nm are
far less than the natural exciton diffusion length (931 nm)
(Supporting Information, Table S2), which enables the exciton
to entirely diffuse to the edge site instead of decaying in the
interior region. Hence, exciton dissociation via the edge state is
significant when the size of the nanosheet is smaller than the
exciton dissociation critical length, which could also be

calculated in other kinds of TMDCs (Supporting Information,
Figure S21). More importantly, we can conclude that the
smaller the nanosheet lateral size is, the sooner the exciton
arrives at the boundary. In particular, the diffusion time in 10
nm nanosheets is only 0.01 ps (Supporting Information, Figure
S19), a negligible value compared with exciton dissociation
(0.4 ps).

In summary, through ball-milling-produced MoS2 nano-
sheets, the edge state is revealed with sub-bandgap absorption
in 1.23−1.78 eV, and its population dynamics are systemati-
cally investigated via combined transient absorption and first-
principles calculations. Compared with the heterostructure, the
edge structure has the comparable performance to dissociate
excitons within 0.4 ps but features in the continuous in-plane
interface and one-dimensional distributions, which bring out
new opportunities in optoelectronics, solar energy conversion,
and optical switching. While valence orbital couplings are
found to dominate the pump energy dependent edge state
population, more details remain for explorations such as many
body interactions, spin selective transitions and transport,
external filed impacts, etc. With an increase in the nanosheet
lateral size, the edge state population is found to be limited by
exciton diffusive transport, which may provide insights into
optimal design for the device or catalyst. The demonstrated
ultrafast edge state population dynamics and its competitive
relationship with the interior exciton in MoS2 nanosheets
provide a promising platform for manipulating and utilizing
edge states not only for basic science but also for charge
transport and separation applications.

■ MATERIALS AND METHODS
Production and Preparation MoS2 Nanosheets. The

MoS2 nanosheets with different sizes (10−160 nm) were
prepared using a previously reported modified ball-milling
method with three steps containing silica-assisted ball-milling,
solvent sonification exfoliation, and cascading centrifugal
purification.37 The purified MoS2 nanosheet powder is
processed by vacuum drying and redispersed in N-methyl-2-
pyrrolidone (NMP, 99.5%, anhydrous) with a concentration of
0.01 mg mL−1. For optical characterization in this work
including Raman spectroscopy, steady state absorption, and
TA, MoS2 nanosheets are dispersed in a poly(methyl
methacrylate) (PMMA) solid film. In brief, PMMA was
dissolved in NMP to form a 400 mg mL−1 solution by
magnetic stirring overnight. Meanwhile, the MoS2 nanosheets

Figure 4. Diffusion limited edge state formation. (A) DFT calculated local potential profile across the nanosheet. The potential gradient is localized
in the edge site with 0.4 nm, trapping the exciton on edge into edge states via dissociation. (B) Exciton dissociation as a function of nanosheet
average size. (C) The square of lateral size as a function of exciton lifetime, showing a diffusion induced linear dependence. The diffusion coefficient
with 86.7 cm2/s is verified via diffusion model fitting and a random walk simulation through the Monte Carlo method, respectively.
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with varying sizes were dispersed in NMP to form 1 mg mL−1

dispersions by sonication. The PMMA solution and NS
dispersion (0.01 mg mL−1 in NMP) were mixed by vigorous
stirring and sonication. The mixture was dropped into a PTFE
mold (an 8 μm thick polyimide film as the releasing layer).
After complete removal of the solvent from the evenly
spreading mixture by moderate heating (70 °C) overnight
on a hot plate, the MoS2 nanosheets−PMMA thin films with
were obtained. Our previous study suggested that this ball-
milled method does not introduce additional defects from bulk
material.51 The defect density in these MoS2 nanosheets can be
comparable with the mechanical exfoliated layer around 0.5 ×
1013 to 5 × 1013 cm−2 according to the previous reported
results.52−54

HAADF-STEM and EELS Characterization. The high
spatial resolution STEM-HAADF imaging was performed
using a Nion U-HERMES 200 microscope with both a
monochromator and the aberration corrector operating at 60
kV. The beam convergence semiangle was 35 mrad. The
collection semiangles were set to 80−210 mrad for HAADF
imaging and 80 mrad for EELS acquisitions. All the EELS
experiments were carried out at room temperature.
DFT Calculations. The density functional theory (DFT)

calculations were performed via the Vienna ab initio simulation
package (VASP) with the Perdew-Burke-Ernzerholf (PBE)
exchange-correlation functional and projector-augmented wave
(PAW) pseudopotential.55,56 The plane-wave basis set with an
energy cutoff at 340 eV was applied. The structure model
contains 8 Mo atoms and 16 S atoms with the lattice constant
of 3.155 Å along the ribbon. Each side of the ribbon is a zigzag
edge, ended with a S or Mo atom, respectively. We used a
periodic boundary condition along the nanoribbon and added
a vacuum layer of 10 Å on each side of the ribbon, as well as a
vacuum layer of 15 Å in the 2D material normal direction,
which is sufficiently large to eliminate artificial interactions
between periodic images. Geometry optimization was carried
out until the residual force on each atom was less than 0.02
eV/Å. We used 10 × 1 × 1 k-mesh for the structure relaxation
and electronic structure calculation and 51 k-points sampling
along the ribbon for the calculation of band structure. In
Figure 4A of the main text, total local potential is calculated
containing ionic plus Hartree plus exchange correlations.
Transient Absorption. The femtosecond TA measure-

ments were obtained by the HELIOS commercial fs-TA
system (Ultrafast Systems). Fundamental 800 nm pulses (1
kHz, 100 fs) from a Coherent Astrella regenerative amplifier
were used to pump an optical parametric amplifier (Coherent,
OperA Solo) to obtain the frequency-tunable pump beam
across the visible region. The pump beam was severed at 500
Hz and focused at the sample with a beam waist of
approximately 300 μm. A white light continuum probe beam
from 430 to 775 nm (1.6 to 2.9 eV) was acquired (with a beam
waist of 150 μm at the sample) by focusing a small part of the
fundamental 800 nm beam on a sapphire window. The magic
angle was set for polarization of the pump and probe,
respectively, to avoid the anisotropic effect. Finally, considering
the instrument response function of this system, the system
had an ultimate temporal resolution of approximately 120 fs.
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