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Abstract We investigate the carriers dynamics in bulk silicon using pump-probe
spectroscopy. The experimental results are compared with theoretical calculations
which combine for the first time the non-equilibrium Green’s functions theory with
ab initio methods.

Semiconductor nanostructures are the most promising building blocks for future
electronic devices. In the light of a continuous progress in the realization and
miniaturization of semiconductor devices, ultrafast carriers dynamics is a research
field of paramount importance for these materials. The transient dynamics in silicon
was extensively studied by different time-resolved experimental techniques, such as
single color pump-probe reflectivity [1], transient grating diffraction and time
resolved photoemission [2]. However the limited spectral range explored by pump-
probe measurements and the rather complicated silicon band structure prevents to
deeply understand the physical origin of the transient variation of silicon optical
properties. Therefore a quantitative understanding of all the relaxation processes
taking place after the excitation of a femtosecond laser pulse, is still lacking.

Here we use an optical pump-supercontinuum-probe technique to investigate the
dynamics of the silicon dielectric function over an extended energy range. These
experimental results are compared with theoretical calculation which combines for
the first time the non-equilibrium Green’s functions theory with ab initio methods,
like Density Functional Theory [3, 4].

The silicon electronic band structure is well understood both theoretically and
experimentally. Silicon is an indirect gap semiconductor: direct optical transitions
from the top of the valence band to the bottom of the conduction band occur for
electronic states at the center of the Brillouin zone (C point) and close to the
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L critical point. Below the threshold of the direct optical transition, which is
�3.3 eV, it is still possible for the valence band electrons to be promoted to the
conduction band through excitation processes mediated by phonon scattering into
the L and X valleys.

In this work we report on ultrafast transient reflectivity experiment in bulk
silicon. Our pump-probe setup is powered by a regeneratively amplified Ti:sapphire
laser system, providing 150 fs, 800 nm pulses at 1 kHz repetition rate. The elec-
tronic carriers are excited to the conduction band by the second harmonic (3.1 eV)
and are probed by a broadband delayed pulse, in a spectral range between 1.7 and
3.6 eV. The probe pulse is generated by spectral broadening of a fraction of the
fundamental light in a CaF2 plate. Upon pumping with the fluence of 1 mJ/cm2, we
measure the transient reflectivity response reported in Fig. 1. The trace displays
very rich temporal and spectral dynamics due to the interplay between different
physical processes. An intense and narrow negative band peaked around 3.5 eV is
ascribed to the bleaching of the interband direct transition by Pauli blocking due to
the pump induced depletion of states at the top of the valence band around C. The
negative signal below 3 eV, increasing at lower probe energies, arises from the
bleaching of the phonon mediated optical transitions. This interpretation is con-
firmed by the different temporal behavior below (2 eV) and above (3.5 eV) the
direct transition threshold (Fig. 1c). This experimental result is consistent with the
fact that direct optical transitions are Pauli blocked only by the photoinduced holes
around C while, in the case of indirect transitions, the hot electrons relaxing towards
the minima of the conduction band give an additional contribution to this process.

The DFT band structure is numerically computed within the standard LDA
approximation applying a quasiparticle correction of 0.8 eV. The out of equilibrium
Green function, constructed using quasiparticle energies and DFT wave-functions,
is used to study the non-equilibrium dynamics of the system following a laser pulse
excitation close to the experimental condition (pulse width = 110 fs and pulse
energy = 3.3 eV). In this case electrons are directly injected from the valence to the
conduction band, around C, and then relax towards the conduction band minimum
X due to electron-electron scattering, described within the out-of equilibrium GW
approximation, and the electron-phonon scattering, described starting from the Fan
Self-energy.

(a) (b) (c)

Fig. 1 a Time and frequency resolved reflectivity measurements carried on a sample of
monocrystalline silicon at T = 300 K (pump fluence equal to 1 mJ/cm2) b Energy resolved spectra
at different delay times c Temporal traces taken at photon energy at respectively 3.5 and 2 eV
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Figure 2 sketches the non-equilibrium carriers dynamics in bulk silicon. The
electrons, initially injected close to the C point (Fig. 2a), relax towards the two
minima L and X on a very fast timescale. Thereafter the population in L reaches its
maximum at a delay time of �600 fs (Fig. 2b), while the complete relaxation
towards the conduction band minimum takes more than 1 ps (Fig. 2c).

These preliminary numerical results can be used to compute the silicon transient
dielectric function and then be compared with the experiments. This joint experi-
mental and theoretical study of the transient silicon optical properties could pave the
way to the quantitative understanding of several non-equilibrium physical phe-
nomena in semiconductors.
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Fig. 2 a First principles carriers dynamics in bulk silicon under a 110 fs laser pulse. The electrons
and holes density is represented on the silicon band structure and projected on the energy axes to
monitor the creation of two Fermi distributions with decreasing temperatures. Three temporal
snapshots are here represented at t = 300 fs, before the maximum of the laser pulse, at t = 600 fs
(b) and finally at t = 1.5 ps (c)
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