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Long-term stable excitons, bound pairs of electrons and holes, in van der Waals materials were found to be handled at room
temperature, paving the way to develop optoelectronic/photonic devices for future high-speed communication technology. To
miniaturize and integrate such functions to achieve highly efficient excitonic devices, understanding and manipulation of exciton
dynamics in the nanoscale structures is absolutely essential. Since the spatial resolution of the optical techniques, which have been
mainly used in the research of this field, is limited to um to several tens of nm, the introduction of new technology is strongly
desired. Here, we demonstrate a method to probe and visualize neutral excitons using the laser-combined multiprobe scanning
tunneling microscopy (STM) system. Ultrafast dynamics of excitons in the nanostructures produced in an in-plane WS,/WSe,
heterostructure, such as dynamics in the ps region of many-body effects under high density and spatial variation in the effect of
local defects on lifetime, was successfully revealed with a spatial resolution of 1 nm order. This method is expected to accelerate
research on exciton dynamics and the development of applications directly based on the experimental results of nanoscale.
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INTRODUCTION

To develop the high speed (terabits per second) optical
communication technology, which has become indispensable in
modern society, the development of information transmission
methods that do not use charge transfer with large transmission
losses is essential. Thus, the use of excitons, electrically neutral
quasi-particles formed by bound electrons and holes, has
attracted considerable attention. However, the binding energy
of excitons generated in a conventional three-dimensional
semiconductor is in the range of meV to 10 meV orders, and
excitons are easily dissociated at room temperature. Therefore,
such devices can be realized only in a low-temperature environ-
ment, which has been the most important problem to be solved
for the application of excitons’.

In recent years, transition metal dichalcogenides (TMDCs),
which are two-dimensional materials in the form of atomic layers,
have been attracting considerable attention because of their high
carrier mobility, clear bandgap, and strong light-matter interac-
tions®. In particular, excitons generated in TMDCs by light
irradiation have high binding energy (up to 100 meV order) due
to the confinement effect derived from the two-dimensional
structure and the reduced screening effect®. Therefore, two-
dimensional excitons exist stably even at room temperature* and
can move long distance in the atomic layer. Furthermore, exciton
resonance causes strong emission and absorption at the same
wavelength, which makes spatial energy transfer via photons easy
and is particularly promising for application in photonic integrated
circuit materials®.

However, the optical properties are strongly dependent on the
exciton structure. Multibody effects such as the exciton-exciton
annihilation (EEA) process through collisions also appear strongly®.
In addition, for example, exciton funneling is caused by the
narrowing of the bandgap due to in-plane stress’®. The
experimental results correspond well with the theoretical

calculations. However, when actually making a device, various
local distortions and defects are formed, and each of them has a
different effect on the dynamics of excitons.

Since the exciton radius is on the order of 1 nm?, it is necessary
to clarify its dynamics on the nm scale to understand and utilize its
characteristics. Despite that, so far, research on exciton dynamics
has mainly been actively carried out by photoluminescence (PL)'°,
pump-probe methods'’!, photoelectron emission microscopy’?
and scanning near-field optical microscope'>. With such measure-
ment methods, the spatial resolution is limited to um to several
tens of nm, and it is difficult to evaluate the local exciton dynamics
while observing the nanoscale structure on the order of 1 nm.

Scanning tunneling microscopy (STM) has the atomic-level
spatial resolution, and recently, a high temporal resolution has
also been given'* "%, making STM one of the promising
techniques for the purpose. However, since tunnel current is the
probe of STM, neutral excitons have never been considered to be
a target.

Here, we demonstrate a method to probe and visualize neutral
exciton dynamics using laser-combined STM. Ultrafast dynamics of
excitons in the nanostructures produced in atomically thin
materials, such as dynamics in the ps region of many-body effects
under high density and the spatial variation in the effect of ripples
and grain boundaries (GBs) on lifetime, was successfully revealed
with a spatial resolution of 1 nm order.

RESULTS AND DISCUSSION

Laser-combined STM system for probing exciton dynamics
Excitons are dissociated by an electric field. In STM, the bias
voltage applied between the probe and the sample causes the
electric field immediately below the STM tip in the area of several
nanometers. Therefore, by dissociating excitons using this electric
field, it becomes possible to realize the visualization of neutral
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Fig.1 Schematic illustrations of exciton dynamics in two-dimensional materials. a Time-resolved STM (TR-STM) setup for measuring carrier
dynamics in TMDCs. b Band structure showing the mechanism to detect excitons by STM. The direction of the band bending depends on the
bias voltage applied between the STM tip and the sample. ¢ Schematic structure of the time-resolved-multiprobe STM system we have
developed. BS beam splitter, PBS polarized beam splitter, OPO optical parametric oscillator, FR Faraday rotator, EOM electro-optical

modulation element (see Supplementary Fig. 1 for details).

excitons with a spatial resolution higher than that of optical
methods (Fig. 1a, b).

Figure 1c shows the time-resolved multiprobe STM (TR-MP-STM)
we have developed. Since STM requires the conductivity of the
sample, it is difficult to measure a small sample placed on an
insulator substrate with a single probe. In multiprobe STM (MP-
STM), by using two contact AFM probes as electrodes, measure-
ment can be performed without pretreatment, such as electrode
fabrication, and the gate voltage can be adjusted along with the
voltage between the source and the drain, enabling measurement
in the operating environment. In this experiment, we used the
STM mechanism with a new modulation technique as a probe to
measure the dynamics of excitons at the nanoscale and visualize
them two-dimensionally (see Methods and Supplementary Fig. 1).
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Sample preparation for nanoscale analysis and measurement
setup

To evaluate multibody effects such as the EEA process through
collisions, the effect of the nanoscale potential, and the spatial
resolution of the system, as a sample, a single-layer WS,/WSe, in-
plane heterostructure island was prepared on a SiO,/p-Si (SiO,
thickness: 285 nm) substrate by chemical vapor deposition'’. After
growing a threefold-symmetric WS, structure, a WSe, structure
was grown around it, by controlling the growth conditions'®,
Triangular-shaped structures, indicating the existence of second-
layer islands'®, were not observed over the area chosen for
experiments. Similarly to the technique reported in a previous
paper®®, the areas used for measurements were cleaned by
scanning the STM tip to remove adsorbents.
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Fig. 2 Single-layer WS,/WSe; in-plane heterostructure sample prepared on a Si/SiO, substrate. a Optical microscope image of the sample
setup, and a schematic illustration of the sample showing the structure of the area surrounded by the square frame in the optical image. After
growing a threefold-symmetric WS, structure, a WSe, structure is grown around it'. In the schematic illustration, the Au electrode on WS, is
transparent. The pale-yellow areas above and below the Au electrodes are Au thin films of different thicknesses. The left and right sides of the
SiO,/Si regions are shadows due to the Au thin films on the outside. b Schematic of the measurement setup. ¢, STM topography image
acquired at the WSe,/WS, heterointerface, which position is shown in a with a green square. d Line profiles along AB and CD in c. The ripple
structure is clearly shown in the WS, area. e Fluorescence spectrum measured in each region of WSe, and WS, (excitation wavelength 532 nm,
spot diameter 2 pm, excitation power 2.5 mW). Measured positions are marked in a with a red (WSe;) and a blue (WS,) circles, respectively.
The spectrum for WS, (blue curve) can be divided into two peaks (pink and light blue curves) with different intensity by fitting.

Figure 2a shows an optical microscope image of the sample and
a schematic illustration of the structure of the area surrounded by
the square frame in the image. As shown in the schematic
diagram, an island with a structure having an angular change of
~7.6° in the middle of the WS,/WSe; interface was selected. This
angular change is thought to be due to the confluence of islands
that grew in different plane directions during the growth of WS,.
The existence of a GB was confirmed, as shown by the red line in
the figure. (see Supplementary Fig. 2 for more detail). Using this
GB, detailed experiments were conducted to study the effects of
such local structures on exciton dynamics.

Reflecting the ambipolar field effect transistor (FET) character-
istics of the WS,/WSe; structure, it is an off state when the gate-
source voltage is 0V under the dark condition. Since excitons are
unstable in conventional three-dimensional semiconductors such
as GaAs, the dynamics of photoexcited carriers were measured by
observing the current change due to photoexcitation. However, in
TMDCs, since excitons are stable, it is necessary to separate their
dynamics from those in dark current upon photoexcitation. In
addition, to prevent complexity due to the presence of trions, etc.,
the measurement was performed under a gate-source voltage of
0V, resulting in almost no free carriers. In the presence of free
carriers, the band bending is reduced due to the effect of surface
photovoltage, and the material bandgap should appear in -V
curves. However, as shown in Supplementary Fig. 3, such
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phenomena were not observed, supporting that the effect of
free carriers are not dominant in this case.

Figure 2c, d respectively show the STM topography image
acquired at the WS,/WSe, heterointerface and the line profile
along AB and CD in the image. The WSe, region is relatively flat
with a height roughness of ~0.3 nm, which corresponds to the
roughness of the SiO,/Si substrate. On the other hand, ripple
structures with various amplitudes in the range of 0.3-1.2 nm were
observed in the WS, region. It has been reported that such ripple
structures are spontaneously/artificially formed in a TMDC single
layer?’?? (see Methods). It has also been reported that the
modulation of the electronic state structure by stress greatly
affects the excitonic characteristics?>2,

First, to confirm the state of the sample, the fluorescence
spectrum was measured in each region of WS,/WSe, as shown in
Fig. 2e. As a result of Lorentz function fitting, the peak center and
full width at half maximum (FWHM) were obtained to be 1.74 and
0.085 eV for WSe, (black line), and 1.97 and 0.10 eV for WS, (blue
line), respectively. The peak center positions were roughly in
agreement with previously reported results®>. The fluorescence
intensity of WS, was about eight times higher than that of WSe,.
On the SiO, substrate, the dielectric constant of the sample
fluctuates due to substrate roughness and the impurity distribu-
tion. Excitons gather at the local minimum potential area
generated by the interaction with the substrate. Therefore, at
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Fig. 3 Evaluation using grain boundaries in the WS, region. a STM topographic image and images of currents /s and /4 flowing into of the
source and drain electrodes on the sample (Vs = —6V, st = 5 pA), respectively. Each image consists of 128 horizontal line scans. The light spot
size was about 20 pm and the area was illuminated almost entirely. No apparent overlayers with a triangular shape were not observed in the
illuminated area. Red triangles indicate the left side edge. See Supplementary Fig. 2 about the GB structures. b Schematic diagram of the
relationship between the STM tip position and the current obtained at the source and drain electrodes. ¢ Steplike change and the spatial
derivative obtained from the plot of /s in a. The values were averaged over a £15 nm area from the interface. d, e Electric field and exciton
binding energy dependences of S for WS, and WSe,, respectively. f Cross-sections along the broken lines shown in d (E, =0.28 eV) and

e (E,=0.31eV).

higher density regions, EEA in the non-radiative process is actively
generated, suppressing PL%,

In the WSe, area, WSe, contacts the substrate over the entire
interface, but in the WS, area, the contact points are reduced due
to the ripple structure. Therefore, WSe, has a greater influence
from the substrate, and PL is greatly suppressed. These are in
good agreement with the observed difference in PL intensity?’.
Since such ripples spatially modulate the stress, the bandgap
should be modulated accordingly. We also carried out fitting
analysis on the PL spectra. As shown in Fig. 2e, the WSe, signal
remained in one peak, which directly shows the effect of trions is
not dominant, while the WS, signal was separated into two peaks
(pink and light blue). Considering each peak as a signal from the
suspended and contact areas, the results correspond well with the
previous ones?’. The energy position of the contact component
(pink peak) depends on the effect of the substrate. So far, exciton
manipulation and PL enhancement by using a relatively large
ripple structure of um order created mechanically have been
proposed?®, Therefore, in this experiment, the PL enhancement in
WS, may occur even with ripples on the order of 10nm?2,
However, it is difficult to detect complex exciton dynamics in
nanostructures with a high spatial resolution by optical methods,
which is an important new possibility of our method.

Analytical model of exciton measurement by MP-STM

First, we investigate the mechanism of exciton dissociation with a
high binding energy by the electric field generated by the bias
voltage applied between the STM tip and the sample (see
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Supplementary Fig. 3 and its explanations). In a weak electric field,
the photocurrent is determined by the dissociation rate of the
densest ground-state excitons?®3°, Therefore, it is expected that
the origin of the tunnel current I, can be explained by the
mechanism of excitons dissociation under the STM tip. We
assumed the following simple model:

Ie(t) o< N - (1 — exp(—T tpass)) =N - S. M

Here N (t) is the exciton density at a certain time ¢, [(t) is the
exciton dissociation rate, t,.. is the time required for excitons to
pass through the region under the STM tip where the electric field
is applied, S is the dissociation probability (see Methods). One-
dimensionally, t,,ss can be considered to be t,,s = w/v, where v is
the average exciton velocity and w is the width of the region in
the sample where the electric field is applied by the STM tip. Also,
v can be derived from the following equation for the diffusion
coefficient D3

- ()

Here, T is the momentum scattering time, which is ~ 100 fs at 80
K3'. D is affected by various factors (board, temperature, exciton
density, etc.). Calculation, using D = 0.5 cm?/s for WSe,/hBN under
weak excitation by continuous light®?, gives v ~ 3.16 X 10*m/s.
On the other hand, to obtain w, an evaluation using GBs in the
WS, region was performed. Figure 3a shows an STM topographic
image and images of currents /s and /4 flowing into the source and
drain electrodes on the sample, respectively (V;=-6V,

)
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lset = 5 pA). Figure 3b shows a schematic diagram of the relation-
ship between the STM tip position and the current obtained at the
source and drain electrodes. Assuming that the GB region consists
of a thin, one-dimensional, high-resistance structure, when the
distance between the STM tip and the GB is sufficiently large, the
photocarriers that separate immediately below the STM tip flow to
only one of the easily accessible electrodes. In contrast, when the
STM tip approaches the GB, a strong electric field induced by the
STM tip is applied over the GB region. Therefore, even when the
STM tip is on the source (drain) electrode side of the GB, exciton
dissociation occurs on the GB, and the drain (source) current is
detected.

In the STM topographic image shown in Fig. 3a, the GB appears
to be wide, but as can be seen from the /s and Iy images, the
amount of current clearly changes on the right side, indicating
that the right edge has a high resistance and becomes the turning
point. The three images in Fig. 3a were obtained by 128 horizontal
line scans of the STM tip from bottom to top. Figure 3¢ shows the
cross-section (steplike dashed line) obtained from the /s image in
Fig. 3a and its spatial derivative (red line). To obtain the cross-
section, we averaged the vales of 128 lines with the following
manner. The right edge of the GB, turning point, is not straight but
has a zigzag shape as shown in the /s image. Therefore, the 128
lines were first adjusted so that the locations with /s=2.8 pA,
which almost correspond to the flexion point of each line around
the edge, matched each other. Then, the values of /; for the 128
lines were averaged to obtain the cross-section shown in Fig. 3c.

As a result of estimating the transition width, an FWHM of
2.5 nm was obtained, indicating that the spatial resolution of our
system is in the 1 nm order. t,.. ~80 fs was obtained as the time
required for excitons to pass through this region with a velocity of
v~ 3.16 x 10*m/s.

To obtain the exciton dissociation rate I, we referred to the
dissociation rate of ground-state excitons under a weak in-plane
electric field (<50 V/um) obtained by Hagni et al. using weak-field
asymptotic theory?®. When a TMDC membrane is sandwiched by
dielectrics placed on its top and bottom, the binding energy of
excitons is changed by dielectric screening. The relationship
between I' and the binding energy of excitons is as follows.

u
FN;ZWO(E)\QO\Z 3)

2.1

Wo(E) = k(%)k iexp(— 23—1(;) (k = \/M) 4)

H. Mogi et al.
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Here u is the reduced mass of excitons, which was taken from
ref. 33, e= (g, + &,)/2 is the average relative permittivity of the
upper side (g;) and lower side (g,) of the TMDC membrane. W,
depends on the in-plane electric field and is called the field factor,
E, is the scaled binding energy of a ground-state exciton, and E is
the in-plane electric field. go, called the asymptotic coefficient, is
derived from an unperturbed ground state at the distance of
infinity. The exciton binding energy and the electric field
dependences of S (=(1 — exp (—T tpass)), derived from Egs. (1) to
(3) using toass ~80 fs and T, calculated for WSe, and WS, are shown
in Fig. 3d, e, respectively.

Exciton dissociation tends to be more difficult in WS, than in
WSe,, higher electric field is necessary for the former to dissociate
the excitons with the same binding energy, as shown in Fig. 3d, e,
which is considered to be due to the sensitivity of the material
dependence of g, in Eq. (3). Therefore, it changes sensitively with
the material (see Supplementary Fig. 4 for details).

Assuming €=24 (e,=1 as vacuum, &,=3.8 as SiO,), the
binding energies E,, of the excitons of WSe, and WS, are obtained
as 0.28eV and 031 eV?°, respectively. Figure 3f shows cross-
sections along the broken lines shown in Fig. 3d, e corresponding
to those values. From the intersections of the broken lines and the
horizontal axis in the figure, the threshold electric fields are
obtained as 35 (WSe;) and 40 MV/m (WS,). These values are in
good agreement with those in the previous paper®°. Assuming
that these electric fields are applied to the region directly under
the STM tip (~2.5/2 = 1.25 nm from Fig. 3c), the threshold voltages
for dissociating excitons on the nanoscale are directly analyzed as
~44mV (WSe,) and ~50 mV (WS,), respectively.

Confirmation of EEA process by TR-MP-STM measurement

Next, to investigate exciton dynamics in detail, time-resolved
measurement was performed using the optical pump-probe MP-
STM system shown in Fig. 1 and Supplementary Fig. 1. First, it was
investigated whether the EEA effect could be measured as the
process of decay of excitons. The measurement was performed on
the WSe; side, which was not affected by the ripple structure and
showed a strong EEA effect.

Figure 4a shows schematic illustrations of the EEA dynamics. In
this sample and the temperature condition, the exciton lifetime
due to direct recombination is of ns order®. Therefore, to suppress
the effect of long-lived components on the time-resolved
spectrum, for example, the process by which residual excitons
are further excited®*, experiments were conducted with the laser
repetition rate of f., = 1 MHz here. The measurement conditions
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Fig. 4 Exciton-exciton annihilation dynamics. a Schematic illustrations of exciton-exciton annihilation dynamics. b TR-MP-STM signals
obtained in the WSe, region for the fluences of 6, 12, and 24 pJ/cm?. V=46V, lser = 1 pA, and f,ep, = 1 MHz. € Mapping of S for changes in
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Fig. 5 TR-MP-STM measurement on ripple structure formed in WS, region. a Schematic of nanoscale ripple structure observed in Fig. 2c.
Vs=—3.5V, lse =40 pA, frep, = 80 MHz, fluence 13 pJ/cm? and center wavelength 633 nm. b STM image taken over a ripple area in WS, and the
time-resolved signal acquired at the corresponding tip position on a color scale. ¢ TR-MP-STM signal obtained along the red and blue lines in
b. d Cross section along the green line in the STM image (upper figure in b), and the variation in the time constant for the corresponding
position (lower figure in b). e Schematic diagram of the principle of spatially changing exciton dynamics. The error bars in d are the errors

obtained with the fitting shown in c.

were Vo=46V and /.= 1pA, and, as shown in Fig. 4b, the
measurement was performed for ~160 ps while changing the light
intensity (6, 12, and 24 w/cm?). It is known that dynamics due to
the EEA process shown in Fig. 4a %% are produced in this time
scale, namely, rapidly changing components were observed on
the ps scale, corresponding to the EEA process measured by the
optical pump-probe method.

Since TR-STM combined with the optical pump-probe method
uses the absorption bleaching mechanism, the average current
decreases with decreasing delay time®®. Therefore, in this setup, as
the delay time approaches zero, the time-resolved signal

Al = {I(ta)) = (I(c0)) ()

is expected to increase in the negative direction. However, as
shown in Fig. 4b, the obtained time-resolved signal Al increased in
the positive direction as the delay time approached zero. To
understand the results, a new mechanism is required to explain
the increase in Al with decreasing delay time, and the higher
exciton density, different from the absorption bleaching
mechanism.

One possibility is to consider the following two points in this
case: (1) The effect of absorption bleaching is not so large. (2) The

npj 2D Materials and Applications (2022) 72

probability of dissociation depends on the density of excitons and
has a threshold. As a result, | (ty decreases with ty (see
Supplementary Fig. 5 for details). It has been reported that the
binding energy of excitons is reduced by the screening effect of
the excitons themselves photogenerated in a single-layer WS,
sample®®. On the other hand, the value of S derived from Eq. (1)
also increases significantly with decreasing exciton binding
energy. Using the relationship between the change in exciton
binding energy with changing exciton density>¢, the change in S
with changing binding energy shown in Fig. 3d can be expressed
as shown in Fig. 4c. Figure 4d shows the relationship along the
three lines in Fig. 4c. As the exciton density increases, S increases
non-linearly, and when the delay time is short and the
instantaneous exciton density is large, a larger current due to
exciton dissociation can be obtained. The exciton density shown
here is in good agreement with the order of the excitation
intensity used in this experiment.

We analyze the experimental results by the EEA mechan-
ism2%37:38 The rate equation can be written as

g%gzz—yNUf—%NU) ©)
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Fig.6 TR-MP-STM measurement results obtained at a grain boundary. a STM image corresponding to the area shown in Fig. 3a and TR-MP-
STM measurement results obtained over the surface for the delay times of 1, 10, 100, 500, 1000, and 1950 ps. 1950 ps is the limit of the delay
time of our system used here. Here, the values in the image obtained for 1950 ps was subtracted from the other images. The measurement
conditions were Vs = —3V, [y = 10 pA, fluence 13 pJ/cm? and center wavelength 633 nm, and the excitation energy was adjusted to the peak
of the exciton resonance spectrum of WS,. b TR-MP-STM spectra obtained in the white square shown in a. x indicates the distance from the
boundary. The 56 spectra for each x were averaged. Lifetimes obtained by fitting are shown in each figure. c Lifetime as a function of x. As can
be seen in Fig. 3a, Iy was measured when the probe was in the area to the right of the right GB edge. Therefore, to reduce the influence of the
structures in GB, this measurement was performed on the right side of the GB edge. The error bars in b are the standard deviation of the 56-
point values in the y direction at each x point in the white square shown in a. The error bars in c are the fitting errors obtained in b.

where, N (t) is the exciton density, N(0) = Ny, y is the EEA rate, and
T is the exciton recombination lifetime.
For times shorter than 1, Eq. (6) can be written as

dN(t)

B SV 2 7
dt yN(t) (t < 1), (7)
giving
1 -1
N(t) ~ — . (8)
0~ i)

In the region of t << 1, the exponential decay appears as a
straight line. Therefore, we introduced the following function and
analyzed the signals shown in Fig. 4b (ty>2ps was considered
here).

N(t)

= Bt +C 9
e ©)

By fitting the spectra for 6, 12, 24 uJ/cm? in Fig. 4b with
parameters A, B, and C, t, was obtained as 14.6+ 1.0, 10.8+0.5,
and 4.58 £0.29 ps, respectively. On the other hand, the light
absorption rate of WSe; at a wavelength of 600 nm was estimated
to be ~3% was applied®®. Thus, N, was obtained as 5.5x 10",
1.1x10'%, and 2.2x10"2cm~2 for light intensities of 6, 12, and
24 pJ/cm?, respectively. It has been reported that the ps-scale EEA
process predominates in the exciton density range of
10"'-10"cm2 in a TMDC atomic layer on a thermally oxidized
SiO, substrate?®. Using these values, y was determined to be
0.10+£0.02 cm?s~ ', in good agreement with 0.12 cm?s~" obtained
by the time-resolved PL of WS,/Si0,%°.

Published in partnership with FCT NOVA with the support of E-MRS

This is the first ever detection of exciton dynamics using the
mechanism of exciton dissociation in the nm order region below
the STM tip using TR-MP-STM. The spatial resolution of the time-
resolved STM (~2.5nm) greatly exceeds that of conventional
ultrahigh-speed time-resolved measurement methods such as the
optical pump-probe method'", time-resolved PL'®, time-resolved
PEEM'2, and scanning near-field optical microscope'® methods
(several tens of nm).

Time-resolved STM measurement on ripple structure

It was shown that the dynamics of the EEA process in the high-
density state, which is the characteristic of exciton dynamics in
low-dimensional systems, can be measured by TR-MP-STM. Next,
to show the high usefulness of this method, TR-MP-STM
measurements were performed on the nanostructures, ripples
and GBs, which are characteristic of this sample.

Figure 5a shows a schematic diagram of the nanoscale ripple
structure observed in Fig. 2c. Figure 5b shows an STM image taken
over a ripple area in WS, (top figure), and the time-resolved
signals acquired at the corresponding tip positions with a color
scale (bottom figure). While the STM tip was moved one-
dimensionally across the ripple, it was stopped every 2.6 nm,
and a delay time scan was performed five times for 2 ns to obtain
the time-resolved spectrum at each STM tip position. The STM
conditions were Vs, = —3.5V and /e, = 40 pA.

Figure 5c shows the data obtained at typical points shown by
the red (top area) and blue (bottom area) dashed lines in Fig. 5b.
In the time scale larger than 100 ps, the EEA process due to the
high-density state immediately after excitation is approximately
completed, and the recombination relaxations of thermalized
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exciton and exciton migration mainly occur. In fact, single-
component exponential fittings matched the data well in this
region, and the lifetimes were 2.41+0.12 and 0.50 + 0.01 ns for
the top and bottom regions, respectively. The drive limit of the
mechanical delay stage of our present system is 2ns. In this
experiment, we reduced the light intensity by 1/100 compared to
that used in ref. %° to reduce the free carriers’ influence and
investigate the excitons’ dynamics. Therefore, to increase the
signal-to-noise ratio, we introduced a new modulation method
instead of thinning out the pulsed light using a Pockels cell as in
the case of the previous paper (details are shown in Supplemen-
tary Fig. 1). Although fitting looks good, we need to use another
approach, including the previous method*’, when discussing
longer lifetimes in more detail. Since that is not the case here, we
leave this issue for future works.

Figure 5d shows the cross section along the green line in the
STM image in Fig. 5b and the relaxation time constant obtained at
each location. If the fitting error exceeded 50% of the extracted
value, it was removed from the data. It was clarified that the top
region of the ripple structure has a long lifetime of ns order, and
the bottom region has a short lifetime of 100 ps order. In addition,
the exciton lifetime tended to be particularly long in the top
region of the ripples with a small width and height appearing at
X <42nm.

Next, the origin of these phenomena will be discussed. Figure
5e shows a schematic diagram of the principle of spatially
changing exciton dynamics. There are three possible effects of the
substrate. (1) Fluctuations in exciton density: Excitons accumulate
where the bandgap is locally reduced by the roughness of the
substrate®®. (2) Screening: The radius of excitons increases,
thereby increasing the distance over which two excitons
interact*’. (3) Interaction of the substrate with phonons*2. (1)
and (2) affect the fast decay component due to the EEA effect. In
fact, as shown in Fig. 5¢c, the EEA effect can be seen even in the
low current (low density) region at the bottom (blue line). On the
other hand, the slow decay component after the EEA effect has
decreased is expected to have a shorter lifetime if the effect of (3)
is present. This was confirmed as being due to the difference in
lifetime measured at the top and bottom locations of the ripple.

From the viewpoint of STM measurement, it is considered that
the binding energy of excitons becomes smaller, and dissociation
due to an electric field becomes easier. Therefore, the measured
current becomes larger in the bottom region. In fact, consistent
results were obtained (Supplementary Fig. 6).

Furthermore, the exciton lifetime depends on the size of the
ripple, as shown in Fig. 5d, as described above. The reason for the
long exciton lifetimes in the top region of the ripples with small
width and height is considered to be as follows. The following
equation expresses the maximum accumulated stress for a
ripple?®.

e =mlth/(1 — o)A (10)

Here, o is Poisson’s ratio (WS,: 0.18), t is the film thickness, h is the
ripple height, and A is the ripple width. The maximum stress is
inversely proportional to the ripple width. In addition, it has been
reported that the band structure changes from a direct to an
indirect transition type**. Smaller ripples may have a longer
lifetime owing to similar effects.

TR-MP-STM measurement at a grain boundary

The effect of defect levels existing in the GBs was investigated.
The defects in GBs are considered to enhance the recombination
over a region of about 5 nm from the GB****, This phenomenon
cannot be confirmed with the resolution of PL (~several tens of
nm), and we attempted to confirm it with TR-MP-STM. In the
region of WS, containing a GB shown in Fig. 3a, TR-MP-STM maps
were obtained for delay times of 1, 10, 100, 500, 1000, and 1950 ps
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together with a topographic image of the region with f, of
80 MHz. 1950 ps is the limit of the delay time of our system used
here. The results are shown in Fig. 6a, where the values in the
image obtained for 1950 ps was subtracted from the other images.

The time-resolved measurements in Fig. 6a were performed
over the entire surface in the figure at each pixel of 2nm
(x-direction) x 0.3 nm (y-direction). In the area surrounded by the
white square around the boundary of 10 nm (x-direction from the
boundary) x 16.8 nm (y-direction), 5 (=10/2) x 56 (=16.8/0.3)
time-resolved spectra were measured for x=0, 2, 4, 6, and 8 nm.
The 56 spectra for each x were averaged, and the results are
shown in Fig. 6b. Fitting was performed by a single exponential
function using all the data before averaging.

As shown in Fig. 6a, the obtained time-resolved signal was not
uniform, and fluctuations were observed on a scale of about
10 nm. This is because the exciton binding energy changes non-
uniformly with the change in the dielectric constant, which is
related to the roughness of SiO, used as the substrate and the
residual impurities induced by the resist treatment. Figure 6c
summarizes the results shown in Fig. 6b. The lifetime changes over
the 8 nm, with the spatial resolution of 1 nm order, was observed,
for the first time. Similar effects of GB have been reported in
previous papers**4%, The defects in GBs are considered to enhance
exciton recombination over a region of about 5 nm from the GBs.
The band structure was observed to be modulated continuously
over ~5nm around a grain boundary (GB). As can be seen in Fig.
3a, I was measured when the probe was in the area to the right of
the right GB edge. Therefore, to reduce the influence of such
structures in GB, the measurements were performed on the right
side of the GB edge.

There is another possibility in the present case. The effect of the
ripple structure was confirmed, as shown in Fig. 5. Since the edge
of the GB is zigzag and disordered, the modulation of the ripple
structure may have an influence on the exciton dynamics (see
Supplementary Fig. 2 for more details). To analyze that, we
measured the cross-sections around the GB edge, which is
summarized in Supplementary Fig. 7. As the results show, the
ripple structure is distorted near the GB, supporting its effect on
the lifetime of the excitons. Since the GB edge has a disordered
structure with a narrow width, it was difficult to stably measure I-V
curves under laser irradiation in the 10 nm region. To clarify the
mechanism in more detail, further study is needed, which we
would like to leave for a future work.

We have developed a time-resolved multiprobe STM (TR-MP-
STM) method by combining multiprobe STM with a new delay
time modulation approach of pump-probe optics. First, we
clarified the principle of STM measurement to probe neutral
excitons. Then, using this system, we succeeded in evaluating the
spatiotemporal dynamics of excitons in nanostructures such as
ripples and GBs in monoatomic-layer semiconductors with a
spatial resolution of 1 nm order. In the WSe, region, the rate of the
EEA process induced by collisions between excitons was
determined to be 0.10+0.02cm?s~'. Subsequently, exciton
dynamics in the nanoscale ripple structures was revealed. It was
also directly observed that the exciton dynamics is modulated by
local defects. Exciton recombination lifetime changed near a GB
over a region about 8 nm, which agreed well with the modulation
of the ripple structure near the GB edge.

This method is expected to accelerate research on exciton
dynamics and the development of applications directly based on
the analysis of experimental results of nanoscale.

METHODS
Newly developed delay time modulation method

A schematic diagram of the TR-MP-STM system is shown in
Supplementary Fig. 1a. The wavelength of Ti: sapphire laser pulse

Published in partnership with FCT NOVA with the support of E-MRS



(pulse time width ~150fs, wavelength 830 nm, repetition rate
80 MHz) is converted by an optical parametric oscillator (OPO)
(~400fs, 633nm). The beamline is divided into two by an
unpolarized half mirror, and a delay time scan of up to ~2ns
can be performed by a mechanical delay stage mounted on one of
the optical paths (Path 1). In the other optical path (Path 2), an
EOM and a Faraday rotator are used to change the polarization.
Delay-time modulation is achieved by switching between two
optical paths (Path 2-1, Path 2-2). Supplementary Fig. 1b shows
the principle of new delay time modulation shown in the blue
shaded area in Supplementary Fig. 1a. The newly developed
MPSTM part for time-resolved measurement also has its own
novel structure (See Supplementary information for more details).

Explanation of Eq. (1)

While excitons pass through the electric field (t =0 — tp,s), they
are dissociated and measured as tunnel current. Since the
dissociation rate is I, the rate equation at which n excitons in
the electric field dissociate is shown as dn/dt=—In, and the
probability that one exciton dissociates during tp,ss becomes
(1 — exp (—Itpass). Therefore, the tunnel current /. obtained by
dissociating the N excitons diffused immediately below the probe
every second is proportional to N- S = N - (1 — exp (—Itpass))-

Multiprobe STM for time-resolved measurement

As shown on the left of Fig. 1a and Supplementary Fig. 1a, an
optical zoom lens was placed on the multiprobe measuring
unit*®”, This system can mount up to four STM/AFM probes, and
the position of the probe tip can be determined with um accuracy
by observing the optical image using a CCD camera. Therefore, it
is possible to access the desired location of the isolated two-
dimensional sample on the insulating substrate and perform STM/
AFM measurement. In addition, a half mirror is installed inside the
zoom lens, and the laser can be focused at the desired position on
the sample through the objective lens, making it an ideal system
for TR-STM measurements. To easily perform preliminary experi-
ments such as STM observation and light-modulated scanning
tunneling spectroscopy (LM-STS) measurement*?, the optical path
can be switched by the flip mirror in front of the zoom lens so that
continuous laser light is used instead of pulsed light.

In this experiment, instead of using AFM probes in direct
contact with the sample as before®®, two Au electrodes were
prepared on the sample. Then, two Pt-coated conductive
cantilevers (spring constant 0.2 Nm~") were mechanically brought
into contact with the Au electrode and used to apply the sample
bias voltage Vi. In this state, one STM tip was made approach the
sample and performed various measurements. In addition, to
combine STM with photoexcitation, we developed a holder with
an elaborate structure to prevent the measured part from being in
the shadow of the probe. The time-resolved signal Al was
detected by a lock-in amplifier using the periodic change in the
voltage used for EOM modulation as a reference. All experiments
were performed under ultrahigh vacuum (~10"7Pa) at a
temperature of 85 K.

Besides, the time-resolved data are obtained immediately
below the STM tip because excitons are dissociated by the bias
voltage applied between the STM tip and sample. Since STM has
an atomic-level resolution, we can observe and examine the area
we choose for experiments before measurement. In the ripple
measurement in Fig. 5, for example, excitons are confined to each
region. Therefore, the result of the time-resolved measurement is
obtained without the influence from the adjacent structure.

Origin of ripple structure in WSe, region

The stress generated at the heterointerface in the WSe,/WS, plane
due to the lattice constant mismatch should generate tensile
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stress on WS,, which does not correspond to this ripple
structure®. It has been reported that a ripple structure was
formed when the GBs in single-layer MoS, on a sapphire substrate
were irradiated with light. However, in that case, the ripple period
coincided with the step period of the substrate, and the
interaction between the MoS, layer and the substrate step was
considered to be the cause??. On the other hand, in this case, the
substrate was SiO,/Si and unrelated to the step period. According
to a previous report of calculation, the ripple structure is formed

spontaneously>®, which have occurred in this study, However, the
details of its formation are beyond the scope of this paper.

DATA AVAILABILITY

The data that support the findings of this study are available from the corresponding
author upon reasonable request.
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