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Abstract: We investigate the effect of free carrier dynamics on heat transport in bulk crystalline
Silicon following femtosecond optical excitation of varying fluences. By taking advantage of the
dense 500 MHz standard fill pattern in the PLS-II storage ring, we perform high angular-resolution
X-ray diffraction measurements on nanosecond-to-microsecond time-scales with femtometer spatial
sensitivity. We find noticeably slowed lattice recovery at increasingly high excitation intensities.
Modeling the temporal evolution of lattice displacements due to the migration of the near surface
generated heat into the bulk requires reduced thermal diffusion coefficients. We attribute this pump-
fluence dependent thermal transport behavior to two separate effects: first, the enhanced nonradiative
recombination of free carriers, and, second, reduced size of the effective heat source in the material.
These results demonstrate the capability of time-resolved X-ray scattering as an effective means to
explore the connection between charge carrier dynamics and macroscopic transport properties.

Keywords: deformation potential; thermal conductivity; Silicon; time-resolved X-ray scattering; heat
transport; auger recombination

1. Introduction

Bulk crystalline Silicon (Si) has attracted broad interest in commercial applications,
such as transistors [1–3], photovoltaics [4], photonic-crystals [5], and sensors [6], due to
its abundance, convenient manufacturing, mechanical strength, and adjustable electrical
properties. In particular, a fundamental understanding of both high-speed charge car-
rier and thermal transport in the material provided invaluable insights for condensed
matter physics and the development of next-generation technologies. However, as the
decreasing size of components becomes comparable to the mean free paths of the heat
carriers (electrons and phonons), the management of the heat load within such small
volumes at relevant time-scales has become one of the key criteria for maintaining the
functionality and reliability of these devices. Recently, it has been reported that heat flow
in microscopic structures, such as thin-films or superlattices, is significantly altered from
that of macroscopic materials [7,8]. In such cases, classical laws for predicting the transport
mechanism, such as Fourier’s law, become inadequate for describing the experimental
findings. Similar difficulties may also arise under an extreme level of photoexcitation in
solids, which often induces a dramatic local temperature gradients within a very short
distance that may be further enhanced by nonlinear, non-radiative recombination processes.
However, surprisingly little is known regarding how such non-equilibrium processes may
affect the eventual outcome of macroscopic thermophysical properties, such as thermal
diffusion [9]. Such scientific and practical needs combined with arrivals of femtosecond
laser technologies have instigated extensive research towards understanding physical
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mechanisms of heat generation (electron-phonon interactions), relaxation, and propagation
at microscopic scales by using all optical pump-probe experiments [10–12]. However, past
work has primarily focused on investigating electron-phonon interactions that occur at
relatively early time-scales [10,13], during which the lattice system, unlike its electronic
counterpart, is still out of thermal-equilibrium and, thus, thermophysical parameters are
poorly-defined. Furthermore, the direct time-resolved observation of thermal transport
dynamics at the bulk level remains challenging both due to the limited probe penetration
depths for most optically-opaque materials as well as their inability to resolve atomic-
length scale movements. A direct means to measure lattice displacement due to electron
and heat propagation would remove considerable ambiguity in explaining the relevant
physical phenomena. During the past decade, synchrotron based time-resolved X-ray
diffraction (TRXD) has become a versatile probe for characterizing various non-equilibrium
phenomena, including the transmission of heat across an interface [14], charge carrier
propagation across thin-film interfaces [15] and grain boundaries [16], and the production
of anisotropic strain in bulk crystal [17] and multiferroic thin film [18–20]. Additionally,
laser-based table-top X-ray diffraction methods have enabled probing dynamics at ultrafast
time-scales, such as unexpected anisotropic strain development from nanograin film on
substrate [21] and a nanoscale transport mechanism in metallic multilayer systems [22].
More recently, X-ray free-electron laser has provided means to resolve ultrafast phase
transition phenomena [23,24] that were inaccessible at storage-ring based light sources.

Here, we monitor the structural evolution of bulk Silicon crystal following femtosec-
ond pulse-laser excitation at varying fluences by using time-resolved X-ray diffraction.
Enabled by 500 MHz X-ray sampling rate and femtometer spatial sensitivity, we make
quantitative measurements of changes in inter-atomic spacing due to the initial develop-
ment of free carriers and heat within tens of nanoseconds as well as gradual recovery, due
to the dissipation of the heat in microsecond time-scales. Our result shows the peak lattice-
displacement as a function of the optical excitation intensity. A close analysis shows that
the initial lattice compression, which is induced by electron deformation potential within
the X-ray probe depth, monotonically increases with the laser fluence. Additionally, the
expansion due to the transient temperature gradient increases and it eventually (20∼30 ns)
becomes the dominant factor that drives the lattice deformation in this experiment. At much
later times (>100 ns), we observe the gradual recovery of the expanded lattice toward equi-
librium due to the transfer of the heat deep into the bulk. By matching the experimental data
to our numerical model that is based on dynamical X-ray diffraction theory [25], we find
that thermal diffusivity decreases with laser fluence. The reduction in thermal diffusivity is
caused by the rapid recombination of the mobile free carriers due to the Auger effect, which
ultimately constrains the distance that the free carriers are able to migrate into the bulk. In
such cases, the excess energy that is imparted by the light needs to be dissipated solely via
thermal diffusion that is considerably slower than charge carrier diffusion processes. Such a
capability to resolve lattice deformation under extreme conditions can be readily applied to
explore thermal and mechanical properties of various materials.

2. Materials and Methods
2.1. Experiment

Our experiment was performed at the 1C PAL-KRISS beamline at Pohang Light Source
II (PLS-II) that is capable of generating 8.9 keV X-ray pulses with 2 ns bunch spacing
and 50 ps pulse duration. The monochromatized X-ray beam with an energy bandwidth
(∆E/E) of ∼10−4 from cryogenically-cooled double Silicon (111) crystals was cut down
to 100 µm in a vertical direction and focused down to 100 µm horizontally at the sample
position by a upstream toroidal mirror. Amplified Ti:Sapphire laser pulses with 800 nm
central wavelength and 50 fs pulse duration operating at a repetition rate of 5 kHz is
focused down to a spot size of 2 mm in diameter on the sample surface. The pump laser
system is synchronized to the storage ring frequency providing timing-jitter less than
4 ps [26]. An undoped Silicon single crystal wafer (R > 1000 Ω·cm) surface-oriented to



Crystals 2021, 11, 186 3 of 11

[0 0 1] is mounted at the center of the four-circle Huber diffractometer in a vertical scattering
geometry to provide an angular resolution of 0.2 millidegrees, enabling the measurement of
structural deformation in a single crystal with femtometer spatial sensitivity. The diffracted
X-ray photons from the sample are collected by high-speed Avalanche Photodiode (UAPD,
Enertrex Corp., Crestwood, IL, USA) to resolve X-ray pulses with the 2 ns bunch spacing.
Subsequently, a high bandwidth PC oscilloscope (Eon Express-CSE123G2) is used to acquire
the intensity profiles of Bragg diffraction peaks from every X-ray bunch up to 3 µs (see
Figure 1). We varied the absorbed pump laser fluence from 3.92 to 8.47 mJ/cm2 at room
temperature (300 K) in our experiment in order to measure the temporal evolution of X-ray
diffraction peaks as a function of free-carrier density.

Figure 1. Schematic of time-resolved X-ray diffraction experiment at Pohang Light Source II (PLS-II). The pulse durations of
X-ray and optical laser are 50 ps and 50 fs, respectively. The fast APD and on-boared digitizer allow to collect the scattered
signals of each single X-ray pulses delivered with 500 MHz of electron bunch filling pattern of the storage ring. Intensity
profiles of Si (0 0 4) Bragg reflections are shown in the bottom-right side. Schematic view of band structure of Si showing
photo-induced dynamics in the upper-left side.

2.2. Analysis and Modeling

We measure the changes in Bragg diffraction peaks of the Si (0 0 4) reflection as
a function of delay times after femtosecond laser irradiation at 2 ns intervals. A single
Gaussian function was used to fit the intensity profiles of the individual rocking curves at
different time-delays ∆t, in which a shift of the peak center is caused by the presence of
average lattice strain. In the optically excited Si, the lattice strains are mainly driven by two
key sources i.e., electronic deformation potential [27] (ηE(z, t)) and thermoelastic strain
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(ηT(z, t)). As the optical pump beam with a photon energy greater than the electronic energy
bandgap excites free carriers from the valence band, an excited carrier distribution (∆n(z, t))
is created from the surface via single and two-photon absorption processes, as follows:
dI
dz = −αOPA I(z)− βTPA I(z)2, where αOPA, βTPA, and I(z) represent single-, two-photon
absorption coefficient, and absorbed intensity profile into the materials [28,29], respectively.
Because the valence band electrons are involved in the atomic bonding, the ∆n(z, t) gener-
ates a strain profile with amplitude given by the deformation potential coefficient Ξ [30,31].
Within the scope of this study, it is reasonable to assume that ∆n(z, t) immediately induces
the lattice stress as σE(z, t) = Ξ∆n(z, t) = Bbulk

dEg
dP ∆n(z, t), where Bbulk and dEg

dP denote the
bulk modulus and energy gap variance with pressure, and the σE(z, t) turns into ηE(z, t)
by taking into account the Young’s modulus (ηE(z, t) = σE(z, t)/Y100). Subsequently, the
excited electrons in the conduction bands can transfer the excess energy to the cold lattice
through electron-phonon (e-ph) scattering, resulting in the generation of both coherent
and incoherent atomic motions [32,33]. Because such lattice thermalization processes occur
much faster than the time resolution of our measurement [34], we assume that the hot
electrons equilibrate with the lattice instantaneously. Accordingly, the formation of the tem-
perature gradient into the bulk creates strain distribution, as follows: ηT(z, t) = αT∆T(z, t)
where αT is a thermal expansion coefficient. The diffusion of such free charge carriers and
heat within X-ray probe depth can be characterized by carefully analyzing the centroids
and shapes of the diffraction peaks as a function of time.

We modeled the depth- and time-dependent free carrier and temperature distribution
near the surface using coupled partial differential equations as follows [29,35,36].

∂n
∂t

= Da
∂2n
∂z2 − Bradn2 − CAugern3, (1a)

∂T
∂t

= DTher
∂2T
∂z2 + CAugern3 Eg

Cp
, (1b)

where Da, DTher, Cp, CAuger, and Brad denote the ambipolar diffusion coefficient, thermal
diffusion coefficient, specific heat, Auger recombination rate, and radiative recombination
rate, respectively. We used the Da value of 2.4 cm2/s, which is considerably lower than
the material’s intrinsic value of 18 cm2/s, due to an enhanced carrier-carrier scattering
and many-body effect at highly excited carrier concentrations [37–41]. Here, we only
consider one-dimensional diffusion, since we expect very steep free carrier and temperature
gradients into the bulk due to the large pump beam size as compared to the X-rays on the
sample surface. We note that, during the diffusion process, the free electrons transfer a
considerable amount of their energy to the lattice at the expense of electron density via
Auger recombination, especially at high excitation levels. In order to compare the numerical
result to the experimental data, we incorporated the strain profiles into calculating the
corresponding X-ray diffraction peaks of the Si (0 0 4) reflection by solving the Takagi–
Taupin equations [25]. Details of the simulation procedure are elaborated elsewhere [41].

3. Results

The temporal evolution of diffraction curves from the (0 0 4) Bragg reflection for the
pump laser fluence of 6.3 mJ/cm2 is shown in Figure 2b. Upon the laser excitation, the
Bragg peak initially shifts toward larger angles reaching the maximal angular deviation of
∆θ = 0.6 millidegrees at ∆t = 8 ns with its peak width broadened slightly by 1 millidegrees.
These changes imply the compression of the lattice parameter and formation of an inhomo-
geneous strain distribution inside the crystal within the X-ray probe depth. Subsequently,
we observe the development of lattice expansion that fully overtakes the compression effect
by ∆t = 100 ns. For a more quantitative analysis, we apply Gaussian curve fitting to the
experimental data and extract transient shifts of the diffraction conditions at incremen-
tal time-delays that can be converted to atomic displacements that are based on Bragg’s
law, λ = 2dsinθ, where θ, d, and λ correspond to scattering angle, lattice parameter, and
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X-ray wavelength respectively. Figure 2a show the angular shifts (∆θ = θ − θB) of the
Bragg diffraction peaks as a function of time-delays at different pump laser fluences. Sharp
periodic angular shifts, of which features become progressively more noticeable at the
higher laser fluence, are caused by the reflection of impulsively driven coherent phonon
propagation between the front and back surfaces of the sample due to the effectively infinite
impedance-mismatch at the air-to-crystal interfaces [42,43]. Assuming the longitudinal
sound speed of 8350 m/s, the time interval between the echoes is consistent with the round
trip time of 118 ns inside the 500 µm thick Si wafer. Contrarily, the positive angular shifts at
early delay times (∆t < 20 ns) indicate the transient lattice compression that is partly caused
by the deformation potential along [0 0 1] direction of the Si crystal. This compressive strain
contribution lasts for approximately 10∼30 ns, depending on the laser fluence level that
is used in the experiment. Beyond ∆t = 30 ns, the lattice parameter proceeds to expand
quickly, especially at high excitation intensities. Here, the excited charge carriers impart
their excess kinetic energy to lattice via Auger recombination that leads to a rapid decrease
of free carrier population and enhanced lattice dilation. Therefore, the total strain profile
in the laser excited Si wafer in the relevant time-scales reflects the competition between
electronically-driven contraction and thermal expansion.

Figure 2. (a) Centroid shifts after the photo excitation with laser fluences. The red dashed lines represent the model-based
numerical calculation result. (b) Temporal evolution of Si (0 0 4) X-ray rocking curves at F = 6.27 mJ/cm2.

4. Discussion

The red dashed lines in Figure 2a show the calculated time-dependent shifts of the
diffraction peaks based on our strain model and dynamical diffraction calculation that
are matched to the experimental data. We note that employing the tabulated value of
the thermal diffusion coefficient for bulk Si fails to reproduce the slow recovery of the
strained-lattice. Therefore, the calculation was numerically matched to the data while using
the material parameters that are listed in Table 1 to extract thermal diffusion coefficients
for the different laser fluences. After incorporating the modified coefficient values, we find
quantitative agreement between the (0 0 4) reflection and our uniaxial strain model over the
entire time-scales of our measurement. Here, we neglected the strain component for the
acoustic sound propagation, as it does not contribute to heating of the crystal. The result of
Auger recombination rates for all pump laser fluences shows comparable values in ref. [41].
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Table 1. Modeling parameters in this work.

Parameter Used Value Literature Value

One photon absorption coefficient (αOPA [cm−1]) 2.25 × 103 [28] 2.25 × 103 [28]
Two photon absorption coefficient (βTPA [cm/GW]) 9 [28] 9 [28]

Deformation potential coefficient (Ξ [eV/Pa]) −0.9 × 10−11 −1.2 × 10−11 [30]
Ambipolar diffusion coefficient (Da [cm2/s]) 2.4 2.5 [40]
Radiative recombination rate (Brad [cm3/s]) 1.1 × 10−14 [44] 1.1 × 10−14 [44]
Auger recombination rate (CAuger [cm6/s]) 1.33 ± 0.3 × 10−34 1.33 × 10−34∼10−30 [41,44–46]

Thermal expansion coefficient (αther [C◦−1] ) 2.6 × 10−6 [47] 2.6 × 10−6 [47]
Specific heat (Cp [J/gC◦]) 0.7 [48] 0.7 [48]

Young’s Modulus for [100] (Y100 [GPa]) 130 [49] 130 [49]
Bulk Modulus (Bbulk [GPa]) 98 [49] 98 [49]

Analysis that is based on the numerical modeling yields insights into the effect of the
delicate interplay between free carriers and heat on lattice deformation. When the high
pump fluence is used to excite the sample, we observe the increased thermal response
and accelerated free carrier recombination. On the other hand, at relatively low excitation
levels, the electronically-driven strain is more pronounced signaling longer free carrier life-
times. In order to quantify how such transient factors affect the overall thermal diffusivity,
we characterize each strain contribution. Figure 3a,b show the calculated overall strain
profile as well as individual strain contributions (electronic and thermal) that result in
the X-ray diffraction curve matching the experimental data at ∆t = 100 ns. We expect an
effectively strong Auger recombination at the highest laser fluence (F = 8.47 mJ/cm2) based
on Equation(1), which causes free carriers to recombine rapidly and transfer the excess
energy that is given off by an electron to lattice [50]. Consequently, the large thermal energy
is accumulated near the crystal surface until it spreads through thermal diffusion. In this
case, by the time-delay of ∆t = 100 ns, the thermoelastic strain is considerably greater
than the deformation potential contribution due to the depleted free carrier density (See
Figure 3b). Conversely, at a lower fluence of F = 3.92 mJ/cm2, the thermal contribution
is comparable to the electronic strain contribution, because the free carrier population
lasts much longer, as shown in Figure 3a. Experimental confirmation is observed in the
transient lattice displacement between ∆t = 0 and 40 ns. The largest lattice compression
is followed by rapid recovery at F = 8.47 mJ/cm2, implying that extremely high free
carrier density is both generated and then disappears within 10 ns, as shown in Figure 3c.
Afterwards, thermoelastic strain predominates the lattice dynamics. On the other hand,
the compression effect remains up to 40 ns for the lower excitation levels, indicating a long-
lived free electron-hole pair population. Figure 4a,b show normalized electron densities
that are close to the surface as a function of delay time and thermal strain distributions at
∆t = 1 ns in our modeling, respectively. The higher excitation densities lead to the formation
of more confined thermal distributions near the surface, since the effect of thermal diffusion
is negligible at early time-scales. Consequently, the higher excitation densities result in
smaller thermal distribution sizes.
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Figure 3. The distributions of the calculated thermal and electronic strains at ∆t = 100 ns of F = 3.92 and 8.47 mJ/cm2

in (a,b), respectively. (c) Centroid shifts of Bragg peaks at early delay time showing the competitions of electronic and
thermal strains.

Figure 4. (a) Normalized electron density from the surface within 3 µm as a function of delay times, and the estimated carrier
densities in the corresponding region as a function of laser fluence (inset). (b) Calculated distribution of thermal strains at
∆t = 1 ns with laser fluence. Inset indicates that the higher laser fluence results in the smaller thermal distribution size.

We deduce the thermal conductivity k of Si for the different initial carrier concen-
trations by matching the numerical model to the experimental data that are based on
Equation (1) and the relation k = DTherρCp, where ρ denotes the density of the sample.
We assume that the Cp is constant, since the estimation of temperature increment is ∼12 K
at F = 8.47 mJ/cm2, leading to a reduction in the k less than 4% at room temperature.
Figure 5 shows the notable reduction in the thermal conductivity as compared to the bulk
value kbulk for increasing the carrier concentration. In particular, the values that were
obtained in this work with the carrier concentration within the surface region in the range
of 3.5∼8.2 × 1019 cm−3 estimated from the absorption length (10 µm) and photon energy
(1.55 eV) show a consistent trend with the past work that were performed with different
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techniques [9,51–53]. Nevertheless, we note that the reduced k values from 50% to 30%
are noticeably smaller than that previously reported. We attribute the reduction in the
thermal conductivity to two potential causes: (1) impact of e-ph scattering and (2) the role
of phonon mean free path at microscopic scales. Over the past decades, the effect of e-ph
scattering on heat transport was considered to be negligible at room temperature when the
intrinsic phonon-phonon scattering is dominant [54,55]. However, experimental [56,57]
and theoretical [58,59] studies have both recently reported that the e-ph contribution may
have a significant impact on heat transport properties at high free carrier concentration in
the range of 1019∼1021 cm−3, even at room temperature. It has been also demonstrated
that the diffusion of heat can be hindered by reduced heat source size [13]. In our case, the
highly confined thermal distribution could effectively decrease the spatial extent of the
heat source into the bulk, which resulted in the slower thermal transport behaviors that
we observe.

Figure 5. Measured thermal conductivity normalized to the bulk value as a function of carrier density. The carrier density
in this work was estimated from mean surface carrier density within the X-ray extinction depth at ∆t = 0. The results from
previous research using different measurement techniques (e.g., the transient thermal grating measurement [9] and doped
Si [51–53]) are also displayed.

5. Conclusions

In summary, we studied the interplay between the free carrier and thermal transport
dynamics in single crystal Si upon femtosecond optical pulse excitation using high angular
resolution, nanosecond time-resolved X-ray diffraction. Our experiment demonstrates that
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the effective thermal conductivity of bulk Silicon depends on free carrier concentration.
We attribute this behavior to the reduced free carrier lifetimes that are caused by Auger
recombination, which limits the distance that the carriers diffuse into the bulk. We also
find that k decreases from 50% to 30% at the carrier concentration levels in the range of
3.5∼8.2 × 1019 cm−3. This reduction in thermal conductivity may be caused by electron-
phonon scattering and the micro-confinement of the heat source, where the reduced spatial
extent governs the phonon modes that are available to participate in the heat transfer
process. Using the capability of time-resolved X-ray scattering to simultaneously mea-
sure both microscopic carrier interactions and macroscopic thermophysical properties
has the potential for application to other materials, where charge carrier dynamics may
significantly influence thermal transport properties, such as thermoelectrics and low di-
mensional systems.
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