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ABSTRACT: Two-dimensional (2D) materials hold great promise for next- saznm 9
generation optoelectronic devices, with photogenerated charge carrier transport =~ === o
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being critical to their performance. However, the influence of photoexcitation- f

induced commensurate lattice thermal effects on surface charge carrier dynamics @ Secondary

is poorly understood. Traditional photon-pump/photon-probe methods have i75 |- Sedions
¥

constraints in capturing the subtle yet critical surface dynamics, especially for
these ultrathin materials due to challenges in spatial resolution and penetration
depth. In this study, we utilized scanning ultrafast electron microscopy (SUEM),
a technique that offers unparalleled sensitivity to surface phenomena that are
entirely inaccessible through other methods. Our findings reveal a ~1.4%
negative thermal expansion at elevated temperatures, inducing internal strain
that modifies the electronic structure and significantly enhances surface carrier
transport, resulting in an order-of-magnitude improvement in photodetection
performance. Moreover, we demonstrate that photoinduced charge carrier diffusion occurs predominantly within the first tens
of picoseconds after photoexcitation, a regime characterized by thermal excitation resulting from carrier—phonon interactions.
These results establish a direct link among lattice thermal expansion, carrier dynamics, and optoelectronic performance.
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tomically thin semiconductors, particularly two-dimen-
sional (2D) transition metal dichalcogenides (TMDs),
have emerged as a powerful platform for exploring
nanoscale quantum phenomena and hold significant promise
for optoelectronic applications,' > including photodetectors,
photovoltaics, transistors, and LEDs. These materials are
characterized by remarkable excitonic properties, which arise
from reduced dielectric screening, quantum confinement and
enhanced Coulomb interactions due to their atomic-scale
thickness.”” A critical aspect in their practical application is the
transport performance of photogenerated charge carriers.””
Traditionally, this has been investigated using indirect
spectroscopic methods,'’™"* as exemplified by photolumines-
cence quenching and terahertz photoconductivity, which
provide inferred values for carrier mobilities or diffusion
constants of the bulk, often resulting in inconsistent results.
Key factors'*™"” such as carrier lifetime, mobility, material
band structure, and the presence of defects and impurities are
widely recognized to influence the transport behavior of
photogenerated charge carriers. For instance, transient
reflection spectroscopy has demonstrated that grain boundaries
and structural defects in monolayer MoS, act as scattering
centers, thereby constraining carrier mobility.'® Time-resolved
photoluminescence (TRPL) further reveals substantial varia-
bility in exciton lifetimes and recombination rates, emphasizing
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the impact of nonradiative defect sites in reducing charge
transport efficiency.’” These observations highlight the
heterogeneity of charge transport dynamics and underscore
the need for spatially resolved techniques capable of probing
localized transport phenomena at the nanoscale. Recent
advancements in transient absorption microscopy (TAM)
have facilitated the direct trackin% of carrier transport in both
spatial and temporal domains.”*”>* TAM has visualized
ultrafast exciton diffusion in both monolayer and bulk
MoSe,, with diffusion coefficients of approximately 12 and
20 cm?/s, respectively.”> While TAM effectively maps carrier
dynamics by detecting changes in absorption spectra, it
typically requires models to interpret the experimental data
and lacks the sensitivity needed to capture surface states, which
are essential for influencing carrier transport in semiconductor
materials.”*

In this study, we utilize scanning ultrafast electron
microscopy (SUEM) to achieve spatiotemporal imaging of
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Figure 1. SUEM measurement of monolayer WS,. a, Schematic illustration of probing photogenerated charge carriers via SUEM. Photon
pulses are used to excite the sample, while electron pulses, generated by a delayed UV pulse (345 nm), probe the surface changes. b, SEM
image of the monolayer WS, sample on a SiO,/Si substrate, indicating crystal size ranging from ~50 to ~350 ym. ¢, AFM topography image
of a monolayer WS, triangle with a step height of ~1 nm. d, Corresponding map of surface potential. The inset shows the potentials at the
top of the triangle. e, Surface potential distribution values between WS,, SiO,, and a reference WSe, bulk crystal. f, SUEM images showing
the region before and after excitation. The dashed ellipses represent the laser footprint. g, Example showing the SUEM difference signal,
obtained by subtracting the SUEM images before and after excitation. h, Difference SUEM images illustrating the evolution of photoinduced
carrier transport in the monolayer WS, sample. These images are derived from SUEM images at specific delay times, subtracting a reference
image at a far negative time scale. Each image represents an average of 4 images at the same delay time. i, Evolution of the deduced SUEM
signal intensity as a function of delay time. j, Evolution of the full width at half maximum (FWHM) as a function of delay time. k, Calculated
diffusion distances under different excitation fluences. The diffusion is calculated using half of the difference in FWHM ((FWHM, o, ps —

FWHM, ,,)/2).

carrier dynamics in monolayer WS,, leveraging SUEM’s unique
surface sensitivity to investigate the underlying processes
driving photoinduced carrier diffusion.””™*” Our findings
reveal that charge carrier diffusion predominantly occurs
within the initial tens of picoseconds (ps) after photo-
excitation, a period during which the material remains
thermally excited as carrier energy dissipates as heat, increasing
the lattice temperature. The increase in temperature induces
lattice negative thermal expansion, as demonstrated by in situ
scanning transmission electron microscopy (STEM). This
internal strain alters the electronic structure and reduces the
effective masses of charge carriers, significantly enhancing their
transport efficiency. These new insights into the enhancement
of charge carrier transport driven by lattice thermal expansion
offer a deeper understanding of the complex mechanisms
governing charge transport in 2D materials, illuminating the
crucial role of lattice dynamics in shaping ultrafast surface-level
charge transport and its implications for future optoelectronic
applications.

Figure la presents a schematic illustration of the process
used to probe photogenerated charge carriers in monolayer
WS, via SUEM. The experimental setup integrates a modified
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scanning electron microscope (SEM) with a fs fiber laser
system, with further details provided in the experimental
section. One of the key modifications to SEM is the utilization
of UV photon pulses to generate pulsed electrons, replacing
the conventional continuous thermal electron source. Upon
laser irradiation, hot charge carriers are generated and rapidly
diffuse into the surrounding regions, exhibiting a Gaussian-like
distribution in both space and time with the highest intensity
at the center of the laser spot. The pulsed electron beams
interacts with monolayer WS,, generating secondary electrons
(SEs), which are emitted from the uppermost layers of the
surface in a manner highly sensitive to the local electron/hole
density, enabling direct, high-resolution mapping of carrier
diffusion dynamics.*®

The morphological characteristics of the as-prepared WS,
samples were investigated by using steady-state SEM and
atomic force microscopy (AFM). Figure 1b displays the SEM
image of monolayer WS, samples on a SiO,/Si substrate,
revealing well-dispersed crystals with equilateral triangle side
lengths ranging from ~50 to ~350 pm. A small crystal was
selected for a comprehensive surface morphology scan via
AFM, as shown in Figure 1c. The scale bar, ranging from 0 to 5
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nm on the right side, represents the surface roughness. The
WS, crystal displays a distinct boundary and exhibits
remarkable surface flatness. A cross-sectional profile taken at
the corner of the triangle (indicated by the green line in Figure
1c) shows that the crystal height is approximately 1 nm despite
a relatively high noise level in the measurement. Additionally,
the surface potential of the same WS, crystal was measured
using Kelvin probe force microscopy (KPFM) and compared
to a reference WSe, bulk crystal, as the surface potential
properties are crucial for determining the signal contrast in
subsequent SUEM experiments. In Figure 1d, the WS, and
SiO, substrates display distinct contact potential differences,
with the WS, showing a low value and the SiO, showing a high
value, differing by ~90 meV. The surface potential distribution
profiles for the WS,, SiO, substrate, and reference WSe, are
presented in Figure le. Compared to WSe,, which exhibits a
—220 meV value and a bright SUEM contrast (Figure S1),
WS, shows a significantly higher positive value of ~630 meV,
indicating a different SUEM signal contrast behavior, which
will be discussed later.

Figure 1 panels f and g illustrate the method used to
generate the SUEM difference images. In Figure 1f, dashed
ellipses on the WS, triangle surface before and after excitation
indicate the laser excitation region. Importantly, no visible
laser-induced damage was observed, even at the highest fluence
used, indicating that the SUEM experiments remained below
the sample’s damage threshold. The SUEM difference images,
obtained by subtracting the two (Figure lg), reveal a distinct
“dark” contrast in the WS,, in contrast to the bulk WSe,
(Figure S1). In this context, “dark/negative” refers to signal
values that fall below the background baseline. This
phenomenon, which has been reported in previous stud-
ies,”” ™! is attributed to multiple mechanisms and is likely due
to the presence of different surface potentials on the studied
samples. Figure 1h shows representative color-coded SUEM
difference maps (see Figure S2 for the experimental time-
resolved SUEM difference images), depicting the evolution of
photoinduced charge carrier transport on the surface of a WS,
crystal. The excited spots exhibit slightly elliptical shapes due
to the pump laser being incident on the sample at a 54° angle.
Each image represents an average of four images taken at the
same delay time to enhance the signal intensity, with a
consistent scale bar displayed on the right side for all images.
In the color coding, orange indicates a high differential signal
intensity, while dark green represents relatively low intensity.
As the photon pulses arrive and the delay time increases, a
distinct Gaussian-like “negative” signal begins to emerge and
intensify. It is assumed that the image captured at ~2 ps
reflects the laser footprint, given the relatively long pulse
duration and the gradual signal buildup process following
excitation (the temporal resolution in this experiment is
determined by the number of photogenerated electrons per
pulse at the emitter source, in the present case, it was estimated
to be 1.5 + 0.3 ps; see Methods). We later used it as a
reference to estimate the diffusion distances at different time
delays.

The accurate transient response analysis is better highlighted
by extracting a spatial profile from the center of the spot,
thereby capturing the actual peak evolution in a Gaussian-like
curve, as shown in Figure S3. This approach enables more
detailed fitting to obtain parameters that describe the extent of
peak broadening and the evolution of the signal intensity over
time. The yellow solid lines represent the original experimental
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data, while the red-orange lines depict the fitted curves, which
include a linear component for the background and a Gaussian
function for the signal distribution, as expressed by

—x2/2(72

G(x) = a#e + bx + ¢

o\ 21

The relative intensities at the peak position, plotted as a
function of time delays, are presented in Figure 1i, alongside a
biexponential fit. The evolution of the Full Width at Half
Maximum (FWHM) of the fitted results is shown in Figure 1j,
with an extended time window displayed in Figure S4. It is
evident that the photoinduced signal intensity arises
immediately after excitation and gradually diminishes over
hundreds to thousands of picoseconds due to electron—hole
recombination. The relative diffusion distance of ~2.6 um is
determined from the change in FWHM, calculated based on

264/21n (2). The fitted time constants of the FWHM curve

are 9.4 + 1.1 and 200.0 & 20.1 ps, respectively, indicating that
photoinduced carrier diffusion predominantly occurs within
tens of picoseconds, with negligible carrier transport thereafter.
This time scale corresponds closely with the period for
photoinduced electron—lattice coupling, which is typically a
few to several tens of ps but varies depending on the excitation
fluence (see Note S1). These findings prompt further
investigation into the effects of the hot lattice and excitation
power on charge carrier diffusion.

We next conducted excitation-fluence-dependent SUEM
measurements on monolayer WS, samples. Figure SS panels a
and b present the SUEM difference images recorded at ~2 and
100 ps under varying excitation powers, while Figure SSc
displays the modeled Gaussian curves after background signal
removal, representing carrier distribution at specific time
delays. This approach allows for a direct comparison of the
Gaussian-like signal width development at the corresponding
excitation fluences. As expected, with increasing excitation
power and enhanced thermal effects, the laser footprint
becomes more intense and broader, as evidenced by the
FWHM change at ~2 ps, which increases from ~17.7 ym at a
fluence of ~102 uJ/cm® to ~29.1 pm at ~306 uJ/cm>
Although the pump power increased 3-fold, the initial laser-
induced spot size enlarged by only about 1.6 times. However,
the spot sizes at 100 ps, representing carrier diffusion relative
to that at ~2 ps, increased by approximately 2.5 times, from
~20.5 to ~4S5.3 pum. Diffusion was then estimated using half
the difference in FWHM ((FWHM,y, ,, — FWHM, ,,)/2), as
demonstrated in the inset of Figure S5c. Figure 1k plots the
calculated diffusion distances under different excitation
fluences, which can be fitted with a nonlinear polynomial
function (see the inset). This suggests that the enhancement of
carrier transport is not directly proportional to the intensity of
incident light, indicating that photoinduced effects, such as the
temperatures of charge carriers and the lattice, could make an
additional contribution in WS,,.

To confirm the photoinduced thermal effects, transient
reflectivity (TR) measurements were performed across the
visible spectral range. The experimental TR map under 400 nm
excitation is presented in Figure S6a, with a focus on the first
exciton peak at ~630 nm and its surrounding spectral region.
Figure S6b shows the reconstructed data based on lifetime
density analysis (see Note S4 and Figure S6c for the fitting
residuals). This analysis produces a lifetime distribution,
offering a detailed and comprehensive view of the kinetics by
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Figure 2. In-situ heating TEM experiment on monolayer WS,. a, TEM image of the heating chip unit. b, Enlarged region of the sample area in
the heating chip. c, STEM image of the transferred monolayer WS, sample, with some cracks likely introduced during the transfer process.
These cracks, commonly seen in in situ heating experiments, are on the gm scale and do not affect the imaging results, especially at very high
magnification and atomic resolution imaging. d, Elemental mapping of the WS, sample, with sulfur (S) in green and tungsten (W) in red. e,
Super-resolution electron ptychography image of the WS, monolayer sample at 15 °C temperature. The white dashed circle indicates the
region where point defects are observed. f, Selected area electron diffraction (SAED) pattern of the sample recorded at 15 °C. g, SAED
pattern of the sample recorded at 200 °C. h, Difference SAED image generated by subtracting the 15 °C pattern from the 200 °C pattern.
The inset in the top left shows an enlarged region of the difference SAED pattern illustrating the change of the lattice spacing assigned to a
high-order reflection, while the top right inset provides a linear intensity profile for the difference pattern of the reflection.

resolving various spatial, energetic, and temporal degrees of followed by a decrease within a tens-of-ps window is consistent
freedom into a distribution map. A total of 20 lifetime with observations in perovskite materials.*”
constants were assumed, ranging from 0.03 to 5000 ps, with The recorded transients at various pump fluences also reflect
the resulting map displayed in Figure S6e. This map serves as a the temperature-induced profile changes. Figure S7a displays
quasi-continuous analogue to the decay-associated spectra the spectral traces at 5 ps, with the inset showing a linear
(DAS, Figure S6d) that obtained from global lifetime fitting, relationship between the peak intensity around ~630 nm and
where the intense regions represent the most probable time the pump fluence. The TR spectra reveal two prominent
constants at the respective detection wavelengths. Three negative bands at ~630 and ~520 nm, accompanied by a
distinct dynamical processes following photoexcitation, in- broad positive feature spanning from 525 to 620 nm. With
dicated by green dashed lines, can be identified: (1) carrier— increasing excitation fluence, both negative peaks, particularly
carrier interactions with a time constant of ~0.6 ps; (2) the lower-energy one, shift toward the lower energy side. At
carrier—phonon coupling, leading to a lattice temperature the highest fluence of 500 uJ/cm? there is a pronounced
increase with a time constant of ~3.6 ps, accompanied by a red increase in the intensity of the positive spectral feature on the
shift of the negative peak; and (3) lattice cooling with a time higher-energy side, which could be related to strong changes in
constant of ~26.2 ps, as the negative peak shifts back to its the refractive index due to local temperature increases.’> >
initial position. This trend of lattice temperature increase Furthermore, we plotted the normalized kinetic traces at ~630
1744 https://doi.org/10.1021/acsenergylett.5c00307
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Figure 3. Calculated band structures, absorption, and effective masses of monolayer WS,. a, Schematic illustrating WS, samples under light
excitation, generating hot carriers and lattice thermal effects. b, Electronic band structures of monolayer WS, as a function of electron
temperatures. ¢, Electronic band structures of monolayer WS, as a function of applied strains. The energy gaps at the K point are also
labeled. d, Calculated absorption of monolayer WS, as a function of applied tensile strains. e, The calculated effective mass of electrons and
holes in WS, at different electron temperatures. f, Calculated effective mass of electrons and holes at different level of strains.

nm under different excitation fluences, along with their
corresponding fittings, as shown in Figure S7b. The fitted
time constants, representing the decay of the signal and
reflecting carrier recombination and thermal relaxation
processes, are listed in Table S1. As the excitation fluence
increases, the long-term time constants significantly rise, from
13.9 + 3.3 and 197.1 + 15.5 ps to 38.8 + 7.3 and 390.5 + 45.0
ps, respectively. This suggests that higher fluences, which are
associated with increased lattice temperatures, may enhance
electron—hole separation and extend the charge carrier
lifetimes. This occurs despite the presence of other processes,
such as Auger recombination, which is less prominent
compared to its multilayer counterpart.*®

The thermal effects on the crystal lattice of monolayer WS,
are further investigated through in situ heating experiments
using STEM. A monolayer WS, specimen has been transferred
to a heating chip, as shown in Figure 2a, with the heating spiral
encircling the sample area. Figure 2b provides a magnified view
of the thin specimen, imaged with bright contrast by using the
annular dark field (ADF) STEM mode (Figure 2c). Elemental
mapping confirms the homogeneous distribution of sulfur (S)
and tungsten (W) across the monolayer WS, sample (Figure
2d). In Figure 2e, super-resolution imaging via state-of-the-art
iterative electron ptychography reveals the precise atomic
structure of monolayer WS,, displaying a hexagonal honey-
comb pattern with brighter W atoms and less bright atomic
columns composed of superimposed twin S atoms. Notably,
point W vacancies can be observed, highlighted by the white
dashed circle in the image. To explicitly monitor the lattice
dynamics under heating, selected area electron diffraction
(SAED) patterns were recorded at 15 °C (Figure 2f) and 200
°C (Figure 2g) under identical experimental conditions. The
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SAED patterns exhibit clear diffraction spots, indicating the
characteristic hexagonal lattice symmetry of monolayer WS,.
Subtle changes in lattice spacing with increasing temperature
are discernible in reciprocal space, as shown by the evolution
of the SAED pattern. These heating-induced lattice dynamics
are further illustrated by the difference SAED pattern,
especially in an enlarged view of a high-order reflection and
its associated intensity profile, provided in Figure 2h. The shift
in the high-order reflection of (220) from 7.04 1/nm at 15 °C
to 7.14 1/nm at 200 °C in the SAED pattern corresponds to a
change of approximately 0.1 1/nm in reciprocal space,
revealing an intriguing negative thermal expansion behavior
of monolayer WS,, resulting in a lattice contraction of about
1.4% upon heating (see Note S5).

The observed abnormal negative thermal expansion, in
which the lattice contracts rather than expands upon heating,
as revealed by straightforward TEM methods, aligns with
theoretical studies suggesting that WS, exhibits negative
thermal expansion coefficients in the range of 200—1000 K
due to shifts in specific phonon mode frequencies.””*® This
thermally induced lattice contraction likely generates internal
strain within the WS, monolayer. To further explore this, we
next conducted density functional theory (DFT) calculations
to investigate the changes in electronic structure and effective
masses resulting from variations in carrier temperature and
lattice strain.

Following photoexcitation of hot carriers, energy is trans-
ferred from the carrier subsystem to the lattice, resulting in a
decrease in carrier temperature and a corresponding increase in
lattice temperature within a few ps*>**~*' (see Figure 3a and
Notes S1 and S2). This process is often accompanied by
phenomena such as bandgap renormalization (BGR)"* and
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Figure 4. Effect of lattice temperature on PL and photodetector performance. a, Micro-PL imaging with an increasing lattice temperature.
The images are selected at the wavelengths of 632 nm, which has the highest intensity at room temperature, and all the images share the
same scale bar. b, Lattice temperature-dependent PL spectral map. The dashed arrow indicates the wavelength shift to the lower energy
region upon increasing the lattice temperature. c, Lattice temperature-dependent PL intensity changes. d, Lattice temperature-dependent PL
peak wavelength shift. e, Schematic illustration of a 2D WS, photodetector device fabricated on a SiO,/Si substrate under 532 nm light
illumination. f, Photocurrent response of the typical photodetector at different temperatures, accompanied by linear fits. g, Photocurrent
dependence on light intensity at 5 V across three different temperatures. The error bars represent the upper and lower limit values at the

selected temperatures.

induces lattice thermal effects that generate internal strain. As
positive/negative strain drives these materials toward their
atomic limits and simultaneously results in a topologically
trivial band structure.”” To disentangle the photoinduced
thermal effects on carrier transport performance, Figure 3b
shows the calculated electronic band structures of monolayer
WS, as a function of electron temperatures, ranging from 1000
to 10000 K. Note that the electron temperature here does not
represent the actual physical temperature but rather describes
the broadening of electronic occupations around the Fermi
level. In contrast, Figure 3¢ presents the calculated electronic
band structures under applied strains varying from 0.5% to
2.0%. Notably, the band structure at an electron temperature of
500 K is nearly identical to that at 1000 K, and the applied
strain calculations are based on an electron temperature of 500
K (see Figure S8, calculated at 500 K with 0.0% strain).

In Figure 3b, all depicted monolayer WS, structures are
direct gap semiconductors, with the band gap (E,) located at
the two inequivalent high-symmetry K points of the hexagonal
Brillouin zone (BZ). The corresponding E, is labeled in each
figure, and it is evident that the carrier temperature does not
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significantly alter the electronic structure of the material. Even
at an elevated temperature of 10,000 K, the E, at the K point
only slightly increases, indicating that the band structure is not
highly sensitive to photoinduced carrier temperature increases.
However, as applied strain increases from 0.0% to 0.5%, there
is a substantial reduction in the direct E, at the K point by
~8.4%, from 1.78 to 1.63 eV, underscoring the strong influence
of lattice strain on the electronic properties. Further strains to
1.0%, 1.5%, and 2.0% result in E, reductions of ~11.8%, 15.2%,
and 17.5%, respectively. Additionally, the energy gaps at other
symmetry points, such as the M and I points, also decrease
notably. Based on these observations, we calculated the
absorption spectra of monolayer WS, under different levels
of of applied strains (in Figure 3d, the spectra have been
shifted upward for clarity). As expected, the first absorption
edge at ~650—700 nm shifts toward the red end of the
spectrum, demonstrating enhanced visible light absorption
performance and a giant lattice strain-induced BGR. This
observation is consistent with previous reports on temperature-
and strain-induced BRG effect.”"**
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The effective masses of electrons and holes in WS, at various
electron temperatures and strain levels are calculated and
presented in Figure 3e,f. From an electron temperature of 500
to 2000 K, there are no observable changes in the effective
masses of either electrons or holes. Only when the temperature
increases to 5000 K does the effective mass of holes slightly
decrease by 0.002m, while that of electrons remains
unchanged. This indicates a minimal contribution from
photoinduced electron temperature increases to carrier
mobilities. However, with the application of strain to the
WS, lattice due to thermal excitation, from 0.0% to 0.5%
(Figure 3f), the effective masses of electrons and holes
decrease by ~2.4% and 1.5%, respectively. This reduction
continues as the strain increases to 1.0%, 1.5%, and finally
2.0%, where the effective masses of electrons and holes
decrease by ~5.4% and 3.5%, respectively, indicating enhanced
carrier mobilities even with moderate lattice strain. When
combined with the fact that photogenerated charge carriers
exhibit longer lifetimes at higher lattice temperatures (and thus
greater strain), as discussed previously, it can be concluded
that the diffusion distance of carriers is significantly extended
under photoinduced lattice strain. Moreover, as temperature
rises and lattice strain develops, the associated BGR effect is
typically accompanied by a reduction in exciton binding
energies,”” driven by the screening of Coulomb interactions by
free carriers and increased phonon interactions. The extent of
the BGR and the decrease in exciton binding energies are
observed to be on the order of tens to hundreds of meV,***’
facilitate exciton dissociation and could further enhance carrier
transport.

In optoelectronic devices, photoluminescence (PL) perform-
ance is a critical metric for assessing device quality and is
closely associated with photoinduced carrier transport proper-
ties. Charge carrier transport, which can influence the
recombination process by localizing carriers, is commonly
inversely correlated with PL due to spatial carrier confinement
in small domains,"® particularly in monolayer 2D materials. An
increase in photoluminescence (PL) intensity is often linked to
a decrease in carrier transport efficiency, as carriers are more
likely to undergo radiative recombination instead of diffusing
or contributing to nonradiative processes, whereas in photo-
detectors, carrier transport properties are essential to overall
performance,”’ affecting key parameters such as quantum
efficiency, responsivity, and others. Therefore, we investigated
the impact of lattice temperature on PL and photodetector
performance in WS, monolayer crystals, as shown in Figure 4.

Figure 4a presents micro-PL images captured at increasing
lattice temperatures, all selected at the identical wavelength of
632 nm (Figure S10 displays the images at the peak positions
under different temperatures). Figure 4b shows the lattice
temperature-dependent PL spectral maps with dashed arrows
indicating the wavelength shift. As the lattice temperature rises
from room temperature (~25 °C), the PL intensity
continuously decreases dramatically, accompanied by a red
shift in the PL peak wavelength (Figure S11). Figure 4 panels ¢
and d depict the PL intensities and wavelength shifts at the
maximum position as functions of the lattice temperature,
respectively. The PL intensity, which inversely correlates with
carrier transport, steadily declines with increasing temperature.
Meanwhile, the shift in peak position clearly follows the trend
of decreasing energy gaps, consistent with the DFT
calculations for lattice strain and corroborating the movement
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of the negative peak observed in transient spectroscopic
measurements (Figure S6e).

The schematic diagram of the fabricated photodetector
device is presented in Figure 4e. Ti/Au electrodes were
deposited on top of the WS, crystal using electron-beam
evaporation (see Figure S12), and the devices were mounted
on a chip carrier fixture with a heating stage for electrical
testing. Figure S13 shows the dark photocurrent curves in the
absence of light at three different temperatures, revealing no
clear response and independence from temperature. In
contrast, Figure 4f illustrates the photoresponse of the device
at various lattice temperatures (room temperature, S0 °C, and
80 °C) under identical laser excitation conditions at a
wavelength of 532 nm. It is worth noting that the laser was
tuned to very low power, and the laser spot was adjusted away
from the center of the device to minimize thermal effects
caused by laser irradiation. The stability of the on/oft cycling,
and a single cycle of the photocurrent response which indicates
the rise and decay times of the device, are shown in Figure S14.
In Figure 4f, the device exhibits an extremely low current of
~1.2 pA at 5 V under room temperature conditions, which
increases markedly as the temperature rises (Figure 4g). Given
the relatively low response due to weak illumination intensity
and the inherent noise level of the instrumentation, we
estimate that the photocurrent intensity is enhanced by ~10
times when the temperature is elevated from room temper-
ature to 80 °C. This enhancement is likely driven by lattice
temperature-induced improvements in carrier transport,
analogous to how photoinduced thermal effects facilitate
ultrafast surface carrier diffusion. Although other intertwined
temperature-induced factors, such as changes in the electronic,
optical, and structural properties of the device, may also affect
the outcome. Nevertheless, the general picture of increasing
lattice temperature leading to improved photodetector
performance is consistent with DFT calculations, temper-
ature-dependent PL experiments, and previously discussed
SUEM results.

In summary, we have uncovered a critical mechanism by
which photoinduced negative thermal expansion in monolayer
WS, enhances surface carrier transport, utilizing a novel
surface-sensitive SUEM technique and in situ super-resolution
STEM ptychography with atomic-spatial resolution. Unlike
conventional photon-pump/photon-probe charge carrier map-
ping methods, which are limited by large penetration depths
and their inability to probe the subtle yet crucial surface
dynamics, SUEM captures ultrafast dynamics at the atomic
surface, making it particularly relevant for 2D materials. Our
results reveal that, in monolayer 2D WS,, charge carrier
diffusion is primarily confined to the first tens of picoseconds
following photoexcitation, during which the system remains
thermally active due to carrier—lattice interactions. Impor-
tantly, we have discovered that photoinduced negative thermal
expansion, driven by local heating, generates internal strain,
substantially modifies the electronic structure, and reduces the
effective masses of both electrons and holes, thereby markedly
improving carrier transport efficiency and an order-of-
magnitude improvement in photodetection performance.
While the rise in temperature may concurrently lead to
increased carrier scattering and other commensurate secondary
effects, our findings show that the direct impact of carrier
temperature is minimal. This distinctive phenomenon of lattice
negative expansion bears similarities to the electrostrictive
response observed in methylammonium lead triiodide
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(MAPDL,;) single crystals,”® where compressive strain arises
from lattice deformation under applied bias. However, this
study represents the first direct observation of the behavior in
2D materials. Our findings outline a clear and effective
approach for optimizing photoexcitation conditions to improve
the performance of WS,-based optoelectronic devices.
Furthermore, the insights gained from this research are likely
to be applicable across various TMD materials, providing new
strategies for advancing next-generation optoelectronics.
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