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Ultrafast, high resolution spatiotemporal mapping of energy transport dynamics for determination

of energy transport properties in silicon
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The spatiotemporal dynamics of energy carriers in silicon is studied under ultrafast laser excitation. A subpi-
cosecond temporal resolution and precise, 10 nm spatial resolution system is used to study the spatiotemporal
optical response of silicon. Two distinct sets of temporal information from a single experiment are obtained: the
evolution of the peak amplitude and the spatial width of the optical reflectance trace. A modified two-temperature
energy transport model incorporating the changes of carrier density under ultrafast laser excitation is used
to describe the underlying carrier relaxation, carrier-phonon interaction, and energy diffusion process, and is
integrated into an optical model to extract fundamental energy transport dynamics and properties. By tracking
the evolution of the peak amplitude change and the spatial width with the high accuracy spatiotemporal pump
probe system, the underlying relaxation rates and diffusion coefficients can be simultaneously determined. In this
work, the ambipolar diffusion coefficient and the carrier-phonon scattering rate coefficient of silicon are found to
be 7.3cm?s7! and 3 x 10" s7! K1, respectively. Additionally, an ambipolar Auger recombination coefficient

in the range of 107" — 1073 cm®s~! is obtained. This method will be useful to determine transport dynamics
and properties in many newly developed semiconductor materials.
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I. INTRODUCTION

Understanding transport properties of materials necessi-
tates a knowledge of the underlying dynamics of energy
carriers. Experimentally, ultrafast pump-probe spectroscopy
offers subpicosecond temporal resolution, allowing one to
probe the dynamics of energy carriers in metals, semiconduc-
tors, and newly developed materials such as two-dimensional
(2D) materials [1-9]. To extract transport information of en-
ergy carriers from experiments, appropriate physical models
that can describe the results well are needed. Unlike metals
where the energy transport dynamics after ultrafast laser ex-
citation can be well described by a two-temperature model
[10-12], ultrafast carrier dynamics in semiconductors requires
additional description about the photoexcited carrier density
changes and the resulting changes in its optical properties.
Modifications to the two-temperature models incorporated
the photoexcitation of the energy carrier to the governing
energy transport equations, allowing for successful implemen-
tation and interpretation of ultrafast pump-probe experiments
[13-19].

While the ultrafast measurements provide rich information,
it is not immediately evident that one could simultaneously as-
certain relaxation rates and diffusion coefficients from typical
pump-probe experiments. To this end, an ultrafast spatiotem-
poral pump-probe system with subpicosecond temporal and
nanometric spatial resolution is developed and used to probe
both time and spatial domains simultaneously. To illustrate
the processes contained in the spatial aspect of such measure-
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ments, consider the spatiotemporal evolution of a continuous,
conserved variable u# with a characteristic relaxation rate I'
and time-dependent diffusivity D(¢), subject to a point source
S. Its evolution in an infinite domain is governed by Eq. (1a)
whose three-dimensional solution is given by Eq. (1b):

2—? 4V . [=Dt)Vu] = —Tu+S, (1a)
_exp[—T'] o +y* + 2)

Here, C is a constant and ¢2(t) = 161og2 [y D(s)ds de-
notes a time-dependent squared full width at half maximum
(FWHM?). Although the peak amplitude of u depends on both
I'" and o (1), the spatial distribution depends solely on o () and,
therefore, on D(t). In this work, the physical models used are
more complex than Eq. (1a); however, the governing transport
equations do follow a form similar to Eq. (1a), motivating the
simultaneous measurements of both the peak amplitude and
spatial width of an observable to extract fundamental prop-
erties such as relaxation rates and diffusion coefficients. In
the measurement conducted in this work, u is the observable
which is related to the reflectance of the surface of silicon
to an ultrafast laser probe. Using well-established transport
models for the carrier density, carrier energy, and phonon
energy along with a Drude-like optical response model, re-
laxation times and diffusion coefficients of carriers in silicon
are determined and the extracted values are shown to be well
within literature values. The method developed in this work
will be useful to determine transport dynamics and properties
in many newly developed semiconductor materials.

©2023 American Physical Society
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FIG. 1. (a) Depiction of the spatiotemporal measurement of the resulting optical response to an ultrafast pump laser. Here, the pump induces
changes in the optical properties of the material. The probe then samples the state of the material temporally and spatially. Two distinct sets
of information can be extracted: the peak amplitude (Amp.) changes and the spatial width squared (denoted as a full width at half maximum:
FWHM?) as a function of time. (b) Schematic of the experiment. Titanium sapphire ultrafast laser (Ti:Sa), double prism compressor (DPC),
lens (L), half-wave plate (HWP), polarizing beam splitter (PBS), delay stage (DS), variable neutral density filter (VND), balance detector
(BD), dichroic mirror (DC), charged coupled device (CCD), cylindrical lens pair (CLP), helium neon laser (HeNe), electro-optical modulator
(EOM), barium borate crystal (BBO), piezo actuated tip-tilt scanning mirror (SM), objective lens (O), sample (S), piezo stage (PZ).

II. EXPERIMENT

Figure 1 illustrates typical ultrafast spatiotemporal mea-
surement results along with a schematic of the experimental
setup. As seen in Fig. 1(a), the evolution of the surface re-
flectance profile contains two parameters that one can track:
the peak amplitude and spatial width. To accomplish the
measurement, the output of a Ti:sapphire, 80 MHz femtosec-
ond laser with 1.55 eV center photon energy is split into a
pump arm and a probe arm. The pump arm is modulated by
an electro-optical modulator and then frequency doubled to
3.1 eV center photon energy. The time delay between the
pump and probe is controlled by a mechanical delay stage
installed along the probe arm path. The pump is steered to
the shared optical path using a piezo actuated tip-tilt mirror.
Lastly, the reflectance change of the probe arm is measured
by a balance detector and a lock-in amplifier.

Due to chromatic aberration, the pump and probe beam
waists do not meet at the same point along the optical axis
when both enter an objective collimated. Tunable divergences
are implemented with lens pairs resulting in beam waist
overlap with 550 nm FHMW sizes measured by the knife
edge method. Pulse durations measured by autocorrelation are
around ~500 fs FWHM, establishing the subpicosecond res-
olution of the experimental setup. The tip-tilt mirror actuated
displacement of the pump relative to the probe has a resolution
of 2 nm at the surface of the sample which is quantified by
monitoring the movement of the pump at the probe beam
waist location by successive knife edge measurements; this
establishes the lower limit of the uncertainty to all spatial
measurements. It is the positioning accuracy of this mirror
that allows for the nanometric displacement resolution of the
pump relative to the probe at the sample surface. A consistent
working distance is maintained using a home built autofocus-
ing system as depicted in Fig. 1(b). Additional details of this
system can be found in previous works [20]. The accuracy of

the actual spatial measurement will be discussed together with
the experimental results in the next section.

III. EXPERIMENTAL RESULTS

In the experiment, a piece of silicon ([111] n type, 50-80 2
cm, ~500 um thickness from Siltronic AG) is mounted on
a piezo stage whose positioning is used for all spatial mea-
surement calibrations stated before. Using an incident pump
power of 2 mW and incident probe power of 0.02 mW, the
change in the reflected probe power is monitored as a function
of the temporal delay and spatial displacement between the
pump and probe. The acquired reflectance trace allows for
the location of the temporal and spatial location of maxi-
mum pump-probe overlap based on the maximum reflectance
change. With the location of maximum overlap determined,
the pump is displaced relative to the probe with precise
nanometric steps for a given temporal delay. The dataset pre-
sented in Fig. 2 shows the experimental data along with the
best fitted simulated reflectance amplitude and spatial width.
Figure 2(a) illustrates a spatiotemporal measurement per-
formed by scanning the pump along a one-dimensional (1D)
spatial axis in the in-plane direction relative to the silicon
surface. It is found that the dataset is radially symmet-
ric. The experimental dataset is numerically deconvolved by
considering the functional form of the Gaussian intensity
distribution of the probe, effectively reducing the measured
spatial FWHM? by subtracting its value by the FWHM? of
the probe intensity distribution. Representative 1D spatial cut
lines of Fig. 2(a) are presented in Fig. 2(b). The peak am-
plitude corresponds to the maximum of each 1D cut line at a
given delay time whereas the width corresponds to the FWHM
of each cut line at a given delay time.

Figures 2(c) and 2(d) show the simulated reflectance trace
of the amplitude and spatial width, respectively, and are in
good agreement with the dataset. The parameters used for
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FIG. 2. (a) Color map of a spatiotemporal measurement on silicon. (b) Representative spatial 1D cut lines of (a) at three different delay
times. (c) Extracted peak amplitude changes at position O um as a function of delay time along with the best fitted simulated result. (d) A plot
of the extracted FWHM? as a function of delay time along with the best fitted simulated result. The error bars on the data points denote the
measurement uncertainty and their calculation is described in the main text.

Figs. 2(c) and 2(d) are the best fitted parameters listed in
Table I, along with the nominal values from the literature,
and will be discussed later. Here, we will first discuss the
measurement uncertainties as they are critical for determining
the physical parameters of interest. Figure 2(c) shows the
decay of the amplitude of reflectivity when the probe beam
is located at the center of the pump by drawing a 1D tem-
poral cut line about position 0 um in Fig. 2(a), similar to a
traditional pump-probe measurement consisting of spatially
overlapped beams. The measurement uncertainty for the am-
plitude is calculated by first sampling the lock-in amplifier
output at long delay times and creating a histogram when the
pump-probe signal is at its weakest; two standard deviations
of this histogram define the uncertainty. This corresponds
to a maximum amplitude uncertainty of 5% relative to the
lock-in value denoting the maximum reflectance change for
the dataset presented in Fig. 2(c). Second, the spatial width of
the reflectance trace is plotted by measuring the FWHM of a

1D spatial cut line about any delay time; three representative
examples are shown in Fig. 2(b). The FWHM for each delay
time is plotted in Fig. 2(d), presented as a FWHM?. The
measurement uncertainty for the FWHM? is calculated by first
extracting a 1D cut line about a given time delay. The am-
plitude uncertainty is known. The uncertainty in the position
coordinate is taken as the displacement resolution of 2 nm. A
Monte Carlo approach is then used to simulate 10 000 possible
1D spatial cut lines for a given delay time by assigning a uni-
form probability distribution to the position uncertainty and a
normal probability distribution to the amplitude uncertainty; a
histogram of the best fitted FWHM values is then produced.
The uncertainty in the measured FWHM is then defined as
two standard deviations of this histogram. It should be noted
that as the signal strength weakens at longer delay times, the
uncertainty in the measured FWHM increases. Here, the min-
imum measurement uncertainty of 2% (0.01 pm for a FWHM
value of 0.55 um) occurs at O ps delay time (when the signal

TABLE 1. Fitting and normal values of parameters of interest.

D, (cm?>s™) (BT,)™" (fs) y3 (1073 em®s™!) k, Wm™'K™) k, Wm™'K™)
Nominal 20% 30P 2¢ 150¢ <14
Best fitted 7.3 > 15 1-10 n/a n/a

aReference [21]; "Ref. [22]; “Ref. [23]; ‘Ref. [24].
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is the strongest) and the maximum measurement uncertainty
of 10% (0.10 um for a FWHM of 1.00 um) occurs at 100 ps
delay time (when the signal is the weakest). The conversion to
an uncertainty in a measured FWHM? is then readily found.
Additional details of the procedure for quantifying the mea-
surement uncertainty can be found in previous works [15].

IV. THEORETICAL MODELS

The spatiotemporal measurement used in this work is in-
herently a measurement of the optical response of the excited
material. As silicon is an indirect band gap semiconductor,
the measured dynamics of photoexcited carriers will depend
on both the pump and probe photon energies. In this work,
carriers are excited by a 3.1 eV pump, well above the 1.2 eV
indirect band gap of silicon at room temperature and slightly
below the 3.3 eV direct transition at the zone center in re-
ciprocal lattice space [25,26]. For complete promotion to the
conduction band of silicon, indirect transitions necessitate
mediation by the underlying phonon system. However, it has
been shown that due to thermal broadening of absorption at
room temperature and the strong photonic field generated by
the pump, direct transitions can occur at 3.1 eV, resulting in
the formation of electron-hole pairs without the aid of the
phonon system [26,27]. In the model presented below, a given
photon of energy Ziw will be absorbed by an electron such that
ho = E; + KE where E, is the indirect band gap of silicon
and KE is the excess kinetic energy of the electron which will
be discussed shortly.

The initial evolution of the system will be driven by the
changes in carrier density. The timescales considered in this
work allow a continuum approach to be taken for the trans-
port variables of interest: carrier density, carrier energy, and
phonon energy. Beginning with the works of van Driel [13],
and expanded upon by others [14,17-19,28], the spatiotem-
poral evolutions of the transport variables in this work are
modeled as

on R

E‘i_v ‘Jn =Sl’l7 (23)
U, N

o +V-Jy =Su, (2b)
ou, -
8—[’+V-Jp=5p, (2¢)

where 7 is the carrier density, U, is the carrier energy, and U,
is the phonon energy. The total internal energy of the carrier
system is defined as U, = nE, + 3nkgT, with contributions
from the excess kinetic energy of carriers where E, is the
indirect band gap of silicon, kp is Boltzmann’s constant, and
T, is the effective carrier temperature. For the phonon system,
U, = C,T, where C,, is the phonon volumetric heat capacity
and T, is the effective phonon temperature. The flux of each
transport variable is represented as J and defined as [14,17—
19,28]

> n

Jy=—-D,|V VT, ), 3
( n+ o7 ) (3a)

Jy = (Eg + 4ksT)J, — k,V T, (3b)

Jy = —k,VT,, (3c)

where D, is the ambipolar diffusivity, &, is the effective sum
of the carrier’s (electron and hole) thermal conductivity, and
k, is the phonon thermal conductivity. The dependence of
D, on T, takes the form of D, = DU% where T, is the ini-
tial temperature of the entire system [13,17]. The effective
carrier thermal conductivity has been shown to depend on
both the carrier temperature and density, achieving a maxi-
mum value of around ~ 1 W m~' K~! with the maximum
temperature and carrier density achieved in the measurement
[29,30]. However, the energy of the carrier system rapidly
relaxes within ~1 ps (see next section) and, therefore, the
effective thermal conductivity takes on a constant value of
0.01 W m~'K~!. Since the simulated phonon temperature
does not rise more than 10% of the initial temperature, the
thermal properties of the phonon system are taken as constant
with a thermal conductivity and volumetric heat capacity of
149.09 W m~'K~! and 1.6 MJ m—3 K, respectively. The
effect of variations of thermal conductivity from these con-
stants will be discussed later.

The source/sink terms for the respective transport variable
are represented as S and are defined as [14,17-19,28]

al 2 3
Sy = — 4+ 8n— yin — yan* — y3n°, (4a)
how
Sy = ol — G,n(T, — T)), (4b)
Sp = Gon(Tn - Tp)» (4C)

where « is the inverse of the optical penetration depth, / is the
incident laser radiation after reflection, w is the pump angular
frequency, / is the reduced Planck’s constant, § is the impact
ionization coefficient, y; denotes a first order recombination
rate, y, denotes a second order recombination rate coefficient,
and yj is the ambipolar Auger recombination coefficient. The
use of first and second order recombination is omitted due to
the low probability of it occurring in indirect band gap mate-
rials, i.e., 1 = 0s~! and y» = 0s~' m>. Previous works have
shown that this mechanism is important only at high laser in-
tensities which are an order of magnitude higher than the ones
used in this work [31]. Auger recombination is included due
to the large number of excess carriers generated during laser

excitation. The carrier-phonon coupling constant per carrier

L. B2m,v? . . .
density is defined as G, = == where B is a carrier-optical

phonon scattering rate coefficient used in the optical model
[Eq. (5)], m, is the effective carrier mass, and v; is the speed of
sound in the material [18,32,33]. A representative simulation
output of the peak values of the carrier temperature, phonon
temperature, and carrier density with the incident pump power
of 2 mW is shown in Figs. 3(a) and 3(b) to illustrate their
temporal variations and typical values.

Throughout the relaxation process, the optical response,
encoded in the dielectric constant, changes as well. Typically,
a Drude model is applied to analyze the optical response of
photoexcited carriers to an ultrafast probe laser [17,19,34,35].

w2

€ = €00 + A€ + Acpy — ——L——. 5)
oo S ST a)z(l + l,g)
Here, € is the high frequency electric permittivity, o is
the freque.ncy of the probe, a)lz, = % .is the plasma frequenc.y
where e is the electron charge, €, is the vacuum electric
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FIG. 3. (a) Peak temperature evolution of the carrier (blue) and phonon (red) systems. The difference in temperature quickly decreases
within the first few picoseconds. (b) The peak carrier density evolution as a function of time. Here, the carrier density remains on the same
order of magnitude throughout the experimentally probed delay times. (c) From simulation, the omission of carrier-carrier scattering results
in a reflectance curve (solid) that contains prezero delay features that are not contained in the raw data (d). However, applying carrier-carrier

scattering (dashed) shows greater fidelity to the experimental data.

permittivity, and I is an effective scattering rate. State-band
renormalization (Ae€g,y) is dominant when the excited carrier
density is near the initial, unexcited valence band population
[34] (~10% cm™3 for silicon [36]). As shown in the follow-
ing discussion, the excited carrier density is more than three
orders of magnitude less than this value and thus SBF is
deemed negligible. Band structure renormalization explicitly
depends on the evolution of the band structure due to changes
in the occupation of the valence and conduction bands as well
as changes in the overall temperature of the system [34,37].
Experiments show that the dynamics of renormalization due
to transient changes in occupation in other materials occurs
on the order of hundreds of femtoseconds which is faster
than what can be resolved in our experiments [38,39]. For the
purposes of analyzing relaxation rates inherent to the transport
variables of interest after a few picoseconds, this effect is
not included. In this work, carrier-carrier, electron-hole, and
carrier-phonon scattering rates are used and read as [17,18,33]

[ = AT?, (6a)
3 o

e = | = =2 (kgT})3, (6b)
2m, e?

Tep = BT, (60)

where A is a coefficient that is assumed to be similar to
that of gold of 107 s7' K2 [40], and " = I'¢¢ + Fen + ['ep. It
should be noted that carrier-carrier scattering (between par-
ticles of the same sign) conserves momentum, and therefore,
usually does not contribute to the effective scattering rate [41].
However, it has been shown that carrier-carrier scattering can
contribute to scattering rates in silicon due to its band structure
[42]. Here, the temperature dependence of the carrier-carrier
scattering rate is modeled similar to gold in Eq. (6a). As for
the temperature dependence of the electron-hole scattering
rate, theoretical [43] and experimental [44] works have shown
that if the temperature of the carrier system is above the
Fermi temperature, then electron-hole scattering rates tend to
decrease with temperature. In our work, the simulated car-
rier temperature reaches a maximum value of 6000 K, then
quickly falls to near thermal equilibrium with the phonon
system, at about 330 K or less. The estimated Fermi tem-
perature for the simulated carrier density is around 5000 K.
Below the Fermi temperature, the electron-hole scattering rate
can be modeled as increasing with increasing temperature
[43.,44]. In our work, the modeling used in [17] is incorporated
into Eq. (6b). It should be noted that omission of Eq. (6a)
in simulation shows different features before the peak nor-
malized reflectance value is reached that do not agree with
the acquired data as seen in Figs. 3(c) and 3(d). However,
the inclusion or omission of Eq. (6a) does not affect the
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determination of the parameters as experimental detection
of the differences in simulation is beyond the current reso-
lution of the system. Nevertheless, Eq. (6a) is included for
completeness.

Equation (5) is computed as a function of all transport vari-
ables. Because the experimental data are found to be radially
symmetric, the simulation domain is made to be axisymmetric
for computational efficiency. The boundary condition at the
irradiated surface is taken as zero flux and all other dimen-
sions are taken as semi-infinite. Computationally, it is found
that a radial dimension of 10 um and an axial dimension of
10 um, far larger than the optical penetration depth and beam
waist, were sufficient for numerical convergence as well as
run time. The reflectance at the irradiated surface is calculated
using Fresnel’s equations. The resulting reflectance map at the
surface of the silicon is then compared with the numerically
deconvolved experimental dataset.

V. RESULTS AND DISCUSSIONS

Of great importance to this work is assessing the ability of
the high accuracy spatiotemporal measurement in determining
multiple physical parameters from a single experiment. To this
end, a numerical analysis is conducted on the acquired data.
First, the collected FWHM? data are analyzed by fitting a line
to Fig. 2(d), resulting in a slope of Do = 81 cm?s™! with
a y intercept of 0.32 um? (corresponding to an initial spatial
width of ~550 nm, i.e., the beam waist of the pump). From
Eq. (1b), the slope of the FWHM? can be immediately related
to a diffusion coefficient, D, by D¢x = 161log2D resulting
in an experimental diffusion coefficient of D = 7.3 cm?s~!.
Silicon is reported to have a nominal ambipolar diffusivity
[45] of ~20 cm?s~!. Due to the timescales studied in this
work, the main driver of diffusion is the carrier system, ef-
fectively dictating the evolution of the FWHM? at early delay
times. The value obtained from the slope of Fig. 2(d), how-
ever, differs from the nominal value. This may be due to the
number of photoexcited carriers generated during the ultrafast
pump excitation. One can make a conservative estimate for
the photoexcited carrier density by considering the total en-
ergy deposited within the optical penetration depth (~100 nm
at 3.1 eV [25]), d, by the pump of photon energy, /iw, as

An =~ é% where F is the absorbed fluence. Here, An ~

2 x 10* cm—3, above the expected initial carrier density of
around 10'* cm~3 at room temperature. Within the 100 ps of
observation, the simulated excess carrier density only drops
one order of magnitude; therefore, the measured ambipolar
diffusivity is for a carrier density of that order. It has been
shown that an increase in carrier density and temperature will
cause a reduction in the mobility of electrons and holes, in
effect reducing the ambipolar diffusion coefficient anywhere
from 18 to 2.5 cm? s~! at carrier densities on the same order as
those in this work [21,46,47]. A previous measurement [47] at
high photoexcited carrier densities yielded an ambipolar dif-
fusion coefficient as low as 2.5 cm? s~!. However, the analysis
conducted in [47] was done at the nanosecond timescale and
with different photon energies, and the result may have been
heavily influenced by the phonon system driving the optical
response. Here, the carrier system relaxes within a characteris-
tic electron-hole recombination time as low as ~1 ns [23,48],
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FIG. 4. Numerical analysis of the sensitivity of the model to the
ambipolar diffusion coefficient. (a) FWHM? error relative to the
maximum measurement uncertainty of 100 nm. Due to the high
accuracy of the spatial measurement, an excellent fit is accomplished
at 7 cm?s~'. (b) Illustration of the variation of the FWHM? to a
+20% variation in the ambipolar diffusivity. The effects on the peak
amplitude are shown in (c). Within the measurement uncertainty, it
is clear that the FWHM? is more sensitive than the peak amplitude in
determining the ambipolar diffusion coefficient.

allowing the thermal system of the carriers to drive energy
diffusion and dictate the overall optical response. Another
important detail to note is that depending on the photon energy
used to excite the carrier, the effective estimated diffusivity
may be different [49]. A lower limit of ~4.5 cm~2s™! was
estimated for electrons excited with photon energies similar
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phonon scattering rate. There is a clear minimum identified for the peak amplitude in (c), yet not identified for the FWHM?Z in (d). This suggests
that the carrier-phonon energy relaxation rate mainly dictates the evolution of the peak amplitude, and therefore, can be inferred from (a), (c).

to the pump used in this work; this value agrees better with
the result obtained in this work.

Figure 4(a) shows a numerical analysis for determining the
ambipolar diffusion coefficient, computing the spatiotemporal
evolution of the reflectance to different modeled ambipolar
diffusion coefficients and comparing the results to the ac-
quired data. The error is calculated as a percentage relative
to the maximum measurement uncertainty in the FWHM?
of 0.10 pm?. A clear minimum is achieved at 7 cm?s~'.
Figure 4(b) illustrates the variation of the model output to
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a £20% variation to the ambipolar diffusivity. Clearly, this
variation is well within the measurement uncertainty. The
peak amplitude versus time is also influenced by the vari-
ation of ambipolar diffusivity; however, the same variation
produces changes that are smaller, close to the measurement
uncertainty. Therefore, the FWHM? is more sensitive to the
ambipolar diffusion coefficient. This result is expected from
a mathematical standpoint from observing Eqs. (1a) and (1b)
since transient diffusion processes have spatial widths that are
highly dependent on their diffusion coefficients.

(b)

Delay (ps)

FIG. 6. Variation of simulated peak amplitude as a function of the (a) Auger recombination coefficient y;. Variation of the FWHM? as a

function of the (b) Auger recombination coefficient
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FIG. 7. Numerical analysis of the sensitivity of evolution of the peak amplitude (a) and spatial FWHM? (b) as a function of the phonon
thermal conductivity k,, for a fixed electron thermal conductivity &, of 1.0 W m~! K~!. By fixing the total value of the thermal conductivity
of silicon, the sensitivity of the peak amplitude (c) and spatial FWHM? (d) on the carrier thermal conductivity k, is shown. At the timescales
analyzed in this work, there is a lack of sensitivity of optical response to thermal transport.

The carrier relaxation rates can also be analyzed from the
measurement. Encoded in the optical response is the depen-
dency of carrier-optical phonon scattering rate temperature
coefficient B as seen in Eq. (6¢). This dependency directly
influences the overall carrier-phonon energy coupling seen in
Egs. (4b) and (4c) through the carrier-phonon energy coupling
term, G,n. Since a Drude model is invoked in determining the
optical response, the characteristic scattering rates are those
of the carrier’s momentum. Theoretical works have used this
momentum scattering rate to then define the overall energy
coupling strength between carriers in phonons [32,33,50]. By
defining a carrier-phonon energy coupling constant, one can
then define an effective energy coupling rate through either
Eq. (2b) or (2¢) as will be seen below.

The parameter B is varied in simulation and the result-
ing best fitted value and sensitivity are presented in Fig. 5.
The best fitted value of B occurs at ~10113 K~ s~! which
corresponds to a room temperature carrier-optical phonon
scattering time of ~10 fs as defined in the Drude model.
The value of 10 fs is on the same order as other works
where the dynamics of an electron with excitation energy of
3.1 eV was studied [37] as well as the typical lifetime of
optical phonons in silicon [22,51], and on the same order as
first principle calculations [52]. Variations to B show that the
peak amplitude fits well to a unique value of B whereas the
FWHM? appears to be well fitted up to a lower limit as seen

in Figs. 5(a) and 5(b), respectively. Notably, the amplitude
data show a clear minimum in its error whereas the FWHM?>
only shows a range in which the error reaches a lower limit
as seen in Figs. 5(c) and 5(d). With this in consideration,
the value of B extracted from the transport model directly
influences the energy scattering rate through the definition of
the carrier-phonon coupling constant G, described previously.
An effective energy coupling time between the carrier and
phonon system can then be found through Eqs. (2b) and (4b)
as g = 3Gﬁ ~ 1.5 ps.

A discussion on the range of timescales presented is now
warranted. The experiment spans 1-100 ps in delay time.
As noted in Fig. 5(a), the carrier-optical phonon scattering
temperature coefficient, defined in Eq. (6¢), heavily influences
the reflectance profile since the phonon temperature system is
undergoing transient changes throughout the entire procedure.
Therefore, due to both the experimental accuracy and model
sensitivity, the coefficient B can be extracted. This coefficient
is then used to directly define the carrier-optical phonon scat-
tering time through Eq. (6¢), giving the smallest extracted
time constant of ~10 fs. Additionally, through the definition
of the carrier-phonon energy coupling constant in Eq. (4b), the
scattering time directly influences the energy coupling time
(defined as the characteristic decay time of the temperature
difference between the carrier and phonon temperature), giv-
ing a value of ~1.5 ps.
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Since the carrier densities studied in this work are high,
Auger recombination needs to be considered. However, the
typical timescales of Auger recombination, even at high car-
rier densities, are on the order of nanoseconds, beyond the
timescales studied in this work. As an estimation of a char-
acteristic Auger recombination time, for an excess carrier
density of 102 cm?®s~!, % ~ y3n* which comes out to ~1 ns
with a nominal value [23] of y3 = 1073 cm®s~'. For com-
pleteness, the variation of the Auger recombination parameter
on the peak amplitude [Fig. 6(a)] and the FWHM? [Fig. 6(b)]
is shown. It is seen that the Auger recombination coefficient
is within a range of 1072 cm®s™! < y3 < 1073%cm®s~!, in
agreement with the literature value mentioned above. Re-
solving this coefficient with more sensitivity would require
probing at longer delay times.

Lastly, we discuss the effect of the thermal diffusion
process on the optical response. As stated before, at the
timescales studied, the carrier diffusion process dominates
the optical response rather than the thermal diffusion process.
This can be first seen numerically by fixing the total carrier
thermal conductivity to an upper theoretical value [24] of
1 W m~! K~! and sweeping the phonon thermal conductivity.
Figure 7 illustrates the lack of sensitivity to thermal trans-
port at the timescales used in the experiment by computing
the respective errors of the peak amplitude [Fig. 7(a)] and
spatial width [Fig. 7(b)] as a function of the phonon ther-
mal conductivity. As stated before, the electron contribution
to thermal transport is heavily dependent on changes in the
carrier density and carrier temperature. However, even with
this dependence, the carrier temperature rise and fall is on the

order of ~1 ps as shown in Fig. 3(a). Additionally, the peak
of the reflectance occurs after the peak carrier temperature
due to the increase in carrier density, effectively masking the
effects that the carrier thermal transport properties have on
the observable. Figures 7(c) and 7(d) illustrate the sensitivity
to the carrier thermal conductivity by fixing the total thermal
conductivity, kr, of silicon and letting k7 = k, + k,. It is seen
that the carrier thermal conductivity does not influence the
optical measurement.

VI. CONCLUSION

In conclusion, a high accuracy spatiotemporal pump probe
system with subpicosecond resolution and nanometric spatial
resolution is used to simultaneously measure the evolution of
the peak amplitude and spatial width of the reflectance of sil-
icon after ultrafast laser excitation. Applying well-established
transport models for the timescales of interest, relaxation
rates and diffusion coefficient are simultaneously ascertained.
Variation to the transport parameters shows the FWHM?
measurement is highly sensitive to the diffusion coefficients
whereas the peak amplitude is highly sensitive to relaxation
rates, within measurement uncertainty. This methodology can
be used to directly extract transport properties from a single
measurement and will be useful for the study of many newly
developed semiconductor materials.
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