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ABSTRACT

In this work, we revisit the DFT-based results for the electron-phonon scattering in highly excited silicon.
Using state-of-the-art ab initio methods, we examine the main scattering channels which contribute to the total
electron-phonon scattering rate and to the energy loss rate of photoexcited electrons in silicon as well as their
temperature dependence. Both temperature dependence and the main scattering channels are shown to strongly
differ for the total electron-phonon scattering rate and for the energy loss rate of photoexcited electrons. Whereas
the total electron-phonon scattering rate increases strongly with temperature, the temperature dependence of
the energy loss rate is negligible. Also, while acoustic phonons dominate the total electron-phonon scattering
rate at 300 K, the main contribution to the energy loss rate comes from optical modes.
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1. INTRODUCTION

Today, the computational methods based on the density functional theory, on the one hand,!™ and of the
time-, energy-, and momentum-resolved spectroscopy, on the other hand,*® provide an unprecedently detailed
insight into the processes governing hot-electron relaxation dynamics, and, in particular, into the role of the
electron-phonon coupling.

For photoexcited carriers, one can identify two distinct relaxation regimes, both determined by the electron-
phonon scattering: one is related to the loss of the initial momentum (redistribution of carriers in the Brillouin
zone), and the other to the energy transfer from electrons to phonons.*¢ In some cases, the two-photon pho-
toemission experiments were able to capture both the initial momentum randomization regime and the energy
transfer regime: this was achieved, e.g. in Refs. 3,6 for GaAs. However, for highly excited electrons, the re-
laxation times related to the loss of the initial momentum can be as fast as a few femtoseconds,'? ! and often
unmeasurable,!!' 12 so that only the relaxation times related to the energy transfer from electrons to phonons
can be measured experimentally. This was the case e.g. in Ref. 12 for silicon as well as for other materials such
as InSe.® 13

In Ref. 12, the rate of energy transfer from electrons to phonons in silicon (referred to as the energy relaxation
rate in Refs. 3,6,12, and energy loss rate in other works!?) has been measured by two-photon photoemission
experiment over a large range of photoexcited electron energies, at 300 K, and found in good agreement with
DFT-based calculations.'?

Here, we examine, using methods based on density functional theory (DFT), the temperature dependence
and the main scattering channels of the energy loss rate of the photoexcited electrons in silicon, due to the
electron-phonon scattering, and compare them to those of the total scattering rate. Provided that often, time-
resolved spectroscopy provides only the insight into the energy transfer, it is important to keep in mind that
some properties, such as temperature dependence and main scattering scattering channels, might not be the
same for the total scattering rate and for the energy transfer rate, even if both rates are determined by the
electron-phonon scattering.? 415
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The paper is organized as follows: First, we will present briefly the technical details of our calculations, and
remind the reader of the definition of the energy transfer rate from electrons to phonons. Then, we will present
the DFT results for the temperature dependence of the energy transfer rate and for the main electron-phonon
scattering channels which contribute to the energy transfer, and show them to be different from those of the
total scattering rate.

2. THEORETICAL FRAMEWORK AND COMPUTATIONAL DETAILS

The total electron-phonon scattering rate, or self-energy, is implemented, e.g., in the EPW code'® and defined
in numerous other works:> !7
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Here, all emission and absorption processes allowed by energy and momentum conservation are taken into
account. gmny(k,q) stand for the electron-phonon matrix elements between electronic states with m and n
band numbers, coupled wvia the phonon mode v. Ng, stand for phonon population numbers (Bose-Einstein
distribution), f,, k is the electron Fermi-Dirac distribution function, €, x are electron eigenenergies and wq, are
phonon frequencies. The total electron-phonon scattering rate expresses the probability for an excited electron to
change its initial momentum, i.e. to be scattered elsewhere in the Brillouin zone, it was referred to as ”momentum
scattering rate” in some of our previour works.? 611

The energy relaxation rate, or, equivalently, the rate of energy transfer to phonons, reads:® 1417
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In this work, we used the method of calculation of the electron-phonon matrix elements based on the density
fuctional perturbation theory (DFPT)*® 1 and interpolation in the Wannier space.'®2° using the EPW code.'6
Below, we present the technical details.

In this work, silicon is described within the LDA approximation, with a cutoff energy of 50 Ry and a 16x16x16
I'-centered k-point grid. The theoretical lattice parameter of 10.2057 a.u. was used in all the calculations with
the QuaNnTUM ESPRESSO package.'”

The wannierization parameters for the Wannier90 code?! were as follows: we used 10 initial Bloch functions,
8 Wannier functions with sp?® initial projection (atom-centered), a window of 16.351 eV with a Frozen window
of 6.211 eV and a 16x16x16 initial k-point grid. The disentanglement convergence with a 1012 A2 tolerance
was reached in 302 iterations, whereas the spread minimization with a 1070 A? tolerance was achieved in 600
iterations. The achieved spread for electrons was of 3.41 A2.

For the interpolation of the electron-phonon matrix elements within the EPW code,'® we used the above
parameters and a 8x8x8 g-point grid.
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Figure 1. The comparison between the DFPT reference (green triangles), the results of Ref. 22 with and without quadrupo-
lar interaction (blue line and blue dots, respectively), and our results (red line), for the electron-phonon matrix elements
for the LO mode and for the initial electronic state which belongs to the the highest valence band with k = I', and with
q varying along the high-symmetry directions of the BZ.

Recently, it was shown in Refs. 22,23 that the non-local quadrupolar interaction must be taken into account
in order to achieve the correct interpolation of the electron-phonon coupling for the optical modes, even in
non-polar materials such as Si.?? In the present work, the quadrupolar interaction was not taken into account.

In Fig. 1, we show the comparison between the density functional perturbation theory (DFPT) reference,
the results of Ref. 22 with and without the quadrupolar interaction, and our results, for the electron-phonon
matrix elements for the longitudinal optical (LO) mode, for the initial electronic state which belongs to the the
highest valence band of silicon with k = I, and with the q vector varying along high-symmetry directions of the
Brillouin zone (BZ).

As expected, our results are very close to the DFPT reference and to the results of Ref. 22, however a
difference between the reference and our Wannier interpolation is visible around the I' point in the I' — K and
I' — W directions because of the absence of the quadrupolar interaction in our calculations. Indeed, without it,
the interpolated electron-phonon matrix element tends to zero along some directions while it should tend to a
finite value, as shown by the DFPT results. The portion of the BZ affected by this issue in non-polar materials
such as silicon depends on the quality of the Wannier interpolation and on how dense is the g-grid used for
interpolation of the electron-phonon matrix elements.

Note that based on the comparison presented in Fig. 1, we do not expect the inclusion of the quadrupolar
interaction to qualitatively change the conclusions of our work. Quantitatively, one might expect the role of
optical phonons to be very slightly enhanced if the quadrupolar interaction was included. However, one must
note that at high excess energy the electron-phonon scattering is dominated by intervalley phonons because of
the very large density of final states, therefore the contribution of optical phonons around I' point is expected
to play a minor role.

3. RESULTS

While the total electron-phonon scattering rate involves the sum of emission and absorption probabilities over
all possible final states, the rate of energy transfer to phonons involves, contrastingly, the difference between
emission and absorption® %17 (see eqns. 1-3).

In Fig. 2, we show the comparison between the total electron-phonon scattering rate (top panel) and energy
transfer rate (bottom panel) for silicon as a function of electron excess energy, at 300 K and at 0 K. In Fig. 2,
we have considered the initial electronic states along the I' — X direction in the Brillouin zone.

The upper panel of Fig. 2 demonstrates that the total electron-phonon scattering rate grows strongly with
temperature, due to the growing populations of acoustic phonons. In contrast, as shown in the lower panel of
Fig. 2, the energy transfer rate is found to be essentially independent of temperature, as the changes due to
temperature in both emission and absorption contributions cancel each other.
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Figure 2. From our Ref. 15. Upper panel: Total electron-phonon scattering rate of hot electrons in silicon, at 300 K and
0 K. Initial state along the I' — X direction in the Brillouin zone. The theoretical DFT-based results from Tanimura et
al.'? and Fischetti et al.** at 300 K are also shown. Lower panel: Energy loss rate from electrons to phonons, at 300 K
and 0 K. The results obtained by the Monte Carlo simulation method from Fischetti et al.?* at 300 K is also shown (the
correspondence between field and excess energy was taken from Ref. 25).

It must be noted that in the case of GaAs,? the energy transfer rate was found to decrease with growing
temperature at low excess energies, and this inverse (with respect to the total electron-phonon scattering rate)
temperature dependence of the energy transfer rate was found to disappear progressively with growing excess
energy, the energy transfer rate becoming almost temperature independent at high excess energies. In contrast
to GaAs, in silicon we find a negligible temperature dependence of the energy transfer rate at all excess energies.
The difference between GaAs and Si probably comes from the difference in the topology of the conduction bands:
whereas GaAs is a direct semiconductor with very narrow I' valley, silicon is an indirect semiconductor and the
lowest A valleys have large effective masses. Indeed, as explained in detail in Ref. 3, the main contribution to
the energy loss rate is temperature-independent, whereas the temperature dependence comes from the additional
contribution determined by the variations of the density of final electronic states available for electron-phonon
transitions on the scale of the typical emitted/absorbed phonon energy. In the case of silicon, the variations of
the density of final electronic states on the scale of the typical phonon energy are negligible due to large effective
masses.

In Fig. 3 we analyse the contributions of the optical and acoustic modes to the total electron-phonon scattering
rate and to the energy transfer rate. We note that we find the contribution of the acoustic phonons to the total
scattering rate of hot electrons at 300 K to be comparable to that of the optical phonons when the initial states
are considered along I' — X direction (Fig. 3, upper panel, solid lines). However, in contrast to room temperature
results, at 0 K, the contribution of the optical phonons to the total scattering rate is found to be the largely
dominant one (Fig. 3, upper panel, symbols). Therefore, the dominant role of the acoustic phonons in the total
electron-phonon scattering rate of hot electrons in silicon at 300 K predicted by DF'T is due to the increase of the
populations of acoustic phonons at room temperature (Fig. 3, black curves). However, as already mentionned,
it cancels out when the difference between emission and absorption is considered, as shown in the lower panel of
Fig. 3. Indeed, as one can see in Fig. 3 (lower panel), the optical phonons are found by DFT to be the dominant
channel of the energy relaxation of hot electrons in silicon at 300 K (as well as at 0 K).
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Figure 3. From our Ref. 15. Contributions of the acoustic and optical channels to the total electron-phonon scattering
rate and to the energy loss rate of hot electrons in silicon, at 0 K and at 300 K. Initial state along the I' — X direction in
the Brillouin zone. Upper panel: Acoustic and optical phonon contributions to the total electron-phonon scattering rate.
Thick solid lines: acoustic (black) and optical (green) contributions to the total electron-phonon scattering rate at 300 K.
Symbols with thin lines: acoustic (black circles) and optical (green squares) contributions to the total electron-phonon
scattering rate at 0 K. Lower panel: Acoustic and optical phonon contributions to the energy loss rate. Thick solid lines:
acoustic (black) and optical (green) contributions to the energy loss rate at 300 K. Symbols with thin lines: acoustic
(black circles) and optical (green squares) contributions to the energy loss rate at 0 K.

4. CONCLUSION

In conclusion, we have shown that, in contrast to the total scattering rate, the rate of energy transfer from
highly excited electrons to phonons has a negligible temperature dependence in silicon. Moreover, we have
demonstrated, on the basis of DFT results, that the dominant electron-phonon scattering channels may differ
for the total electron-phonon scattering rate and for the energy loss rate. This fact, pointed out previously, e.g.,
in Ref. 14, turns out to play an important role in silicon at room temperature.'®
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