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ABSTRACT: Ultrafast near-field optical nanoscopy has emerged
as a powerful platform to characterize low-dimensional materials.
While analytical and numerical models have been established to
account for photoexcited carrier dynamics, quantitative evaluation
of the associated pulsed laser heating remains elusive. Here, we
decouple the photocarrier density and temperature increase in
near-field nanoscopy by integrating the two-temperature model
(TTM) with finite-difference time-domain (FDTD) simulations.
These results reveal that the electron—phonon coupling in a silicon
film after femtosecond laser excitation is most pronounced within
approximately 3 ps—substantially shorter than the photocarrier
decay time scale at tens of picoseconds. Moreover, the coupled TTM-FDTD method indicates that ultrafast laser heating can cause
up to a 14% variation in the near-field signal at a 220 yJ/cm? pump pulse fluence. Our numerical results are further validated by
transient experiments, highlighting the potential of this method for investigations of carrier and thermal phenomena in emerging

nanomaterials and nanodevices.
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he rapid development of nanoscience and nanotechnol-
ogy has called for new tools for the characterization of
low-dimensional materials with nanometer spatial resolutions.
Recently, tip-based optical microscopy techniques, particularly
scattering-type scanning near-field optical microscopy (s-
SNOM), have been developed as versatile platforms to probe
various nanoscale materials." With a subdiffraction-limit spatial
resolution, s-SNOM is capable of imaging the locally
inhomogeneous photonics modes and states in dielectric™’
and plasmonic”” nanostructures. Moreover, many novel
physical phenomena in emerging quantum materials have
been unveiled by s-SNOM, including phase transitions,””
polariton propagation,®™'? and optical waveguiding."' ™"
While s-SNOM has been primarily employed to resolve
static materials properties, the recent integration with pump—
probe optics has extended its capability to investigate ultrafast
dynamic material responses.' "> With high resolutions in both
space and time domains, pump—probe s-SNOM is a promising
tool for the exploration of transient transport phenomena at
the nanoscale, including the nonequilibrium characteristics of
plasmons, phonons, and exciton—polaritons in various semi-
metallic and semiconducting materials."> ™"’ Additionally,
transient near-field measurements have been reported to
effectively reveal nanoscale carrier dynamics and transport in
semiconductor materials and heterostructures.'#*°~>
The quantitative analysis of pump—probe s-SNOM is based
on the light-induced refractive index change that is described
by the Drude model. This effect is usually attributed solely to
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the photoexcited carrier density.'”*”** Consequently, the

effects of lattice heating and the associated electron—phonon
interactions are not thoroughly considered.”> While near-field
nanothermometry has been demonstrated to measure the
steady-state temperatures of hot electrons and Joule-heated
lattices in microelectronic devices,””>’ the analysis of complex
coupling between electrons and the lattice in transient near-
field nanoscopy remains challenging. Nevertheless, a full
understanding of the transient carrier behaviors and lattice
heating is crucial for controlling excessive heat generation in
fast switching optoelectronic devices, an issue that may
diminish device efficiency and performance.””*° In addition,
these insights will also facilitate the fundamental study of
nanoscale thermal transport in semiconductor materials.*"**
In this work, we untangle the convoluted carrier dynamics
and energy transport in pump—probe s-SNOM. Taking silicon
as an example, we numerically solve the spatiotemporal
electron temperature, lattice temperature, and carrier density
upon pulsed laser excitation by coupling the two-temperature
model (TTM) with finite-difference time-domain (FDTD)
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Figure 1. (a) The schematic of the pump—probe s-SNOM setup. (b) The time scale of the electron temperature, lattice temperature, and carrier
density and the coupling among them. (c) The FDTD simulated electric field distribution at the cross-section of the tip—sample interface under
pump beam illumination. (d) The electric field enhancement profile as a function of the radial distance on the silicon surface.

simulations. Silicon is chosen as the test material because of
the availability of fundamental transport properties, including
from reported far-field pump—probe experiments. It is
demonstrated that upon near-infrared probe beam irradiation,
lattice heating contributes to the near-field signal, leading to a
difference of ~14% at a high pump fluence of 220 uJ/cm’.
Transient measurements are also performed on a silicon wafer,
where the time-resolved s-SNOM signals are well predicted by
the developed TTM-FDTD model. Our results present a
versatile framework for the investigation of ultrafast carrier
dynamics and energy transport in semiconductor materials.
The setup of our pump—probe s-SNOM is shown in Figure
la. A visible pump beam (400 nm) and a near-infrared probe
beam (800 nm) are directed to an atomic force microscope
(AFM) tip with a controlled time delay (see Note S1 for more
details). Upon pump beam illumination, the silicon substrate
target primarily undergoes three processes: photoexcitation of
electrons and holes, temperature rise of electrons driven by the
laser energy absorption, and lattice heating due to electron—
phonon coupling. These processes can be quantified by
considering the time-dependent carrier density N, electron
temperature T, and lattice temperature T, respectively, which
evolve in different time scales (Figure 1b).>> The two-
temperature model (TTM) below is utilized to describe the

. . .33-35
laser—matter interaction:
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where I is the local pump beam intensity in the irradiated
target; a and B are the single-photon and two-photon
absorption coeflicients, respectively; hv is the pump beam
photon energy; y is the Auger recombination rate; C,(C;) and
k.(k;) are the heat capacitance and thermal conductivity of
electrons (lattice); G is the electron—phonon coupling
coefficient; R is the surface reflectivity; and E, is the bandg%‘p
of silicon (see Table S2 in Note S2 for parameters).”**~*!
Equations 1—3 are coupled as the dielectric permittivity and
the optical properties depend on the spatially and temporally
varying carrier density and temperature (Note S2, Equations
S4-S8).

Here we consider the TTM in the two-dimensional (2D)
case, where the quantities vary in the radial (r) and vertical (z)
directions (Note S3). The incoming femtosecond laser pump
light generates a concentrated spot on the target substrate
surface underneath the tip that is fitted to a Gaussian
spatiotemporal intensity distribution:**

2

t—t, 2
I(r,z =0, t) = 0.941,, exp| —2.77 - =5
P "o
(4)
where Iy, = I(E*/E’) is the estimated peak laser intensity

underneath the tip; Iy = Fy/t, is the incoming peak laser
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Figure 2. Finite-difference simulation of TTM with a laser fluence of Fy = 125 pJ/cm?®. (a) Time-resolved electron and lattice temperatures of the
silicon surface at the pump laser beam center. Inset: the transient profile of the lattice temperature. (b, c) Radial distribution of the (b) lattice
temperature and (c) electron temperature at different times (z = 0 nm). (d) Time-resolved carrier density at different radial locations on the silicon

surface (z = 0 nm).
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Figure 3. Spatial distribution of the carrier density at (a) t = 300 fs, (b) £ = 20 ps, (c) t = 40 ps, and (d) t = 60 ps. The distribution of carriers
expands spatially over time.

intensity; F, is the incoming laser fluence; E*/E,” is the electric
field enhancement; t, = 83 fs is the half-peak pulse width; ¢ is
the time; ¢, = 200 fs is the pulse peak time; and r is the radial

location. ry corresponds to the spot radius determined from the
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FDTD simulations (see Note S4 for more details).*>**

1c shows the simulated electric field distribution at the cross-
section of the s-SNOM system at a tip—sample distance of 4
nm, where a clear near-field enhancement at the tip—sample

Figure
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Figure 4. (a) Time-resolved refractive index n of silicon when the lattice heating is considered (thermal on) and when the lattice temperature is
kept at 300 K (thermal off). (b, c) The transient s-SNOM measurements and simulated near-field signals at the fluence of (b) 125 uJ/cm? and (c)

220 uJ/cm*

interface can be observed. By extracting the profile of the
electric field on the silicon surface (in the r direction), we
estimate the 1/¢* spot radius r, of the laser beam to be ~40 nm
(Figure 1d). In the z direction, the optical intensity decreases
as silicon absorbs the laser energy, which can be modeled by
(Figure S2 and Note $2):%

otz r) _ _ ") - )’
p” = —al(t, z,r) — PI(t, z, r) (5)

The numerical simulation of TTM is conducted by utilizing
the finite-difference algorithm (see Note S3 for more details).
Based on our experimental setup, a typical incoming laser
fluence F, = 125 pJ/cm’ results in a peak intensity of ~S1
GW/cm? at the film surface underneath the tip (Figure S3).
The simulation results show that the energy exchange between
the electron and lattice primarily occurs in the first ~3 ps
(Figure 2a). Notably, the lattice temperature (T)) starts to
decrease before this time (inset of Figure 2a), as the difference
between T, and T is sufficiently small to make thermal
diftusion prevail over the electron—phonon coupling after ~1.2
ps. In other words, on the right side of eq 3, the first term
dwarfs the second. This diffusion effect can also be visualized
from the flattening in spatial profiles of both T (Figures 2b, S4,
and SS) and T, (Figures 2c, and S4, and SS) with time.
Compared to the temperature profiles, the temporal evolution
of carrier density occurs at a much longer time scale with a
clear spatial dependence (Figure 2d). This phenomenon
exhibits competition among photocarrier injection, carrier
diffusion, and Auger recombination (eq 1), which can be
further manifested by mapping the carrier distribution at
several critical times (Figure 3). At early times, carriers are
concentrated in a small region at the silicon surface (Figure
3a), which is primarily determined by the spot radius and
penetration depth of the pump beam radiation that is focused
underneath the tip. As time increases, the carrier distribution
expands both radially and vertically (Figure 3b to 3d) due to
the carrier diffusion driven by the density gradient. In addition,
carrier recombination leads to a temporal decay in the overall
magnitude of the carrier population (Figure 3).

The spatiotemporal carrier density and lattice temperature
after pump beam excitation both affect the transient optical
response of the irradiated silicon and the resultant s-SNOM
signal. The near-field probe light distribution depends on the
varying refractive index n and extinction coefficient k of the
affected domain at the respective wavelength, which can be
calculated from the Drude model (Figure 4a and Note SS). To
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weigh the influence of the carrier density versus the lattice
temperature, we also calculate n and k by using a constant
lattice temperature of 300 K in Equation S8 (Figures 4a and
S6). While the effect of carrier population dominates the
optical coeflicients, lattice heating can lead to a difference of
~8% in n and less than 1% in k. We subsequently use FDTD
simulations to calculate the time-resolved s-SNOM signal AS;
(Note $6).** Recently, advanced analytical models have been
developed to consider the out-of-plane carrier profile;” here,
we directly model the spatially resolved optical coeflicients in
FDTD simulations, which takes into account both the in-plane
and out-of-plane carrier/temperature profiles.

Last, we perform near-field transient measurements on a
silicon wafer to verify the simulation results. The normalized
time-resolved s-SNOM signal obtained from the experiment
shown in Figure 4b matches the simulation well. Similarly, AS;
is jointly influenced by the carrier density and the lattice
temperature. To evaluate their respective contributions, we
also simulate the s-SNOM intensity while keeping the
temperature of the silicon substrate uniform at 300 K. The
comparison of both cases indicates that laser heating can lead
to a maximum difference in AS; of ~9% (Figure 4b), which
primarily appears in the first 30 ps when the lattice
temperature is relatively high (Figure S8). To further validate
the developed TTM-FDTD method, we carried out transient
measurements and numerical simulations at a higher fluence of
Fy = 220 pJ/cm* (Figure 4c). In this case, lattice heating
produces a larger difference of up to ~14% in AS;, owing to a
higher lattice temperature at elevated laser fluence (Figure S9).
These results necessitate the consideration of lattice temper-
ature variation in systems with relatively high fluence and
temperature change, such as the laser processing of nanoma-
terials*® and thermoelectric materials.*” This study therefore
provides a methodology to characterize and decouple the
carrier and energy transport behaviors in these systems.

In summary, we demonstrate a comprehensive analysis of
carrier dynamics and energy transport in ultrafast near-field
nanoscopy. The finite-difference numerical simulation of TTM
reveals much longer dynamics of photoexcited -carriers
compared to the electron—phonon coupling that occurs within
a timespan of ~3 ps pursuant to the ultrafast pump laser
excitation. By coupling the TTM and FDTD simulations, we
show that while carrier density dominates the near-field
response, the lattice heating can lead to a considerable
contribution to the s-SNOM signal that increases as higher
laser fluences are applied. The numerical solutions are also
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verified by pump—probe s-SNOM experiments. While
crystalline silicon film is used as the example material in this
study, this coupled TTM-FDTD method is generally
applicable to a wide range of emerging materials and
nanostructures, including III-V semiconductors,"**” low-
dimensional materials,"* ™" and perovskites.”> Additionally,
this method can be applied for interrogating carrier behaviors
and energy transport in functional electrothermal and
photothermal devices.”' >
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