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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. In this respect, DFT-based results are found to disagree with the conclusions of [Appl. Phys. Lett.
114, 222104 (2019)]. We explain the origin of this discrepancy, which is mainly due to differences in the
description of the electron-phonon scattering channels associated with transverse phonons.
PACS numbers: 63.20.kd,63.20.dk,72.10.−d,72.80.Ey
Although apparently well-studied1–6 , the electronphonon coupling in silicon continues to attract attention from both experimental and theoretical point of
view7,8 and even to arouse debate9 . One of the reasons
for this continuing interest is the outmost importance of
the electron-phonon coupling in silicon for simulation of
transport in numerous devices10,11 .
In the present work, 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. 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 phonons12,13 .
Recently, the rate of energy transfer from electrons to
phonons in silicon (referred to as the energy relaxation
rate in Refs. 8, 12, and 13, and energy loss rate in other
works14 ) 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 calculations8 . However, the temperature dependence of the energy transfer rate has not been
examined in Ref. 8. Moreover, the main scattering channels responsible for the energy transfer from electrons to
phonons in silicon have been discussed recently in Ref. 9,
and, surprisingly, it has been concluded that the energy
of hot electrons is mostly lost by transfer to acoustic
phonons, contrarily to common belief14 . In this work,
we will clarify the positioning of DFT results with re-
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spect to the main channels of the energy transfer from
electrons to phonons.
This letter is organized as follows: First, we will
present very 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. Finally, we will discuss the main differences between the electron-phonon coupling parameters obtained by DFT and the ones used in the Monte
Carlo (MC) simulations of Ref. 9, in order to clarify the
origin of the discrepancy in the identification of the main
scattering channels.
The total electron-phonon scattering rate, or selfenergy, is implemented, e.g., in the EPW code15 and
defined in numerous other works13,16,17 :
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Here, all emission and absorption processes allowed by
energy and momentum conservation are taken into account. gmnν (k, q) stand for the electron-phonon matrix
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FIG. 1. Upper panel: Total electron-phonon scattering rate of
hot electrons in silicon, at 300 K and 0 K. Initial state along
the Γ − X direction in the Brillouin zone. The theoretical
DFT-based results from Tanimura et al.8 and Fischetti et al.9
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.9
at 300 K is also shown (the correspondence between field and
excess energy was taken from Ref. 11).

elements between electronic states with m and n band
numbers, coupled via the phonon mode ν. Nq,ν stand
for phonon population numbers (Bose-Einstein distribution), fn,k is the electron Fermi-Dirac distribution function, εn,k are electron eigenenergies and ωqν 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 previous works12,13,18 .
The energy relaxation rate, or, equivalently, the rate
of energy transfer to phonons, reads13,14,16 :
δE
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(3)

In this work, we used the method of calculation of the
electron-phonon matrix elements based on the density
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FIG. 2. 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 Γ − 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.

fuctional perturbation theory (DFPT)19,20 and interpolation in the Wannier space15,21 . We used both the EPW
code15 and the independent implementation of Ref. 21,
with identical results. Our DFT calculations were performed within the LDA approximation. All technical details of our calculations are provided in Supplemental Information (SI).
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 absorption13,14,16 (see eqns. 1-3).
In Fig. 1, 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. 1,
we have considered the initial electronic states along the
Γ − X direction in the Brillouin zone (see SI, subsection
I.E). As one can see in Fig. 1 (upper panel), our calculated total scattering rates of hot electrons in silicon (at
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FIG. 3. Contributions of the acoustic (black squares) and optical (green diamonds) channels to the total electron-phonon
scattering rate and to the energy loss rate of hot electrons
in silicon, at 300 K. Results averaged over the initial electronic states belonging to the constant energy isosurfaces of
varying excess energy. Upper panel: Acoustic and optical
phonon contributions to the total electron-phonon scattering
rate. Lower panel: Acoustic and optical phonon contributions
to the energy loss rate.

300 K) are found in close agreement with the work of Fischetti et al.9 as well as with our previous work8 , in which
a different implementation of the Wannier interpolation
of the electron-phonon matrix elements was used21 . Also,
the results of Ref. 4 (not shown in Fig. 1) are very close to
the ones presented here. The results of Ref. 8 are shown
in order to demonstrate that different implementations
of the Wannier interpolations yield the same results, as
expected. The calculated energy loss rates of hot electrons at 300 K are shown in the lower panel of Fig. 1.
As one can see in the lower panel of Fig. 1, DFT-based
energy loss rates are found to be close to the energy loss
rates obtained by the MC simulations in Ref. 9.
The upper panel of Fig. 1 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. 1, 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. It must be noted that in the case of
GaAs13 , the energy transfer rate was even found to decrease with growing temperature (see NOTE 1 in SI).
In Figs. 2 and 3 we analyse the contributions of the
optical and acoustic modes to the total electron-phonon

scattering rate and to the energy transfer rate. Recently,
Fischetti et al.9 have discussed the relative contributions
of the electron-phonon scattering channels involving optical and acoustic phonons, to the energy loss rate of hot
electrons in silicon. The discussion was mainly based on
the results of the MC simulations11 , coupled to effective
electron-phonon coupling constants which were obtained
by a fit of the experimental data. However, density functional theory (DFT) calculations were also mentioned:
Fischetti et al. performed DFT-based calculations of the
total electron-phonon scattering rates for the hot electrons as a function of excess energy, at room temperature.
These calculations demonstrated that at room temperature, the acoustic phonons play a dominant role in the
total electron-phonon scattering rate. This data provided
an additional argument which led the authors of Ref. 9
to the conclusion that the DFT result agrees with their
previous calculations of Ref. 11, and that, contrarily to
the common belief, both theoretical approaches supposedly indicated that the energy of hot electrons is mostly
lost by transfer to acoustic phonons. Here, we clarify the
positioning of the DFT results with respect to this issue.
First, 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
Γ − X direction (Fig. 2, upper panel, solid lines). Moreover, we find the contribution of the acoustic phonons
to be the dominant one when considering the results
averaged over the initial electronic states belonging to
the constant energy isosurfaces (Fig. 3, upper panel), in
agreement with Fischetti et al.. 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. 2, 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 DFT is due to the increase of the populations of acoustic phonons at room
temperature (Fig. 2, 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. 2. Indeed, as one can see in Figs. 2
and 3 (lower panels), 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), in
agreement with the common belief14 . Therefore, we conclude that, according to our DFT results, the main scattering channels in silicon at room temperature are different for the total scattering rates and for the energy loss
rates, as was predicted by Ref. 14. We also note that this
result does not araise from the symmetry selection rules
for electron-phonon transitions between high-symmetry
points and directions22 , because the same conclusion can
be drawn from the results where the initial state was chosen along the Γ − X direction in the BZ (Fig. 2) and
from the results where the average over initial state belonging to equal energy isosurfaces (see SI section I.E )
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was made (Fig. 3).
Contrastingly to the DFT result, the scattering rates
obtained in Refs. 9 and 11 by the MC simulations predict the acoustic phonons to be dominant in the energy
relaxation of the hot electrons in silicon9,11 . Below, we
discuss the main reasons for this difference.
Whereas the electron-phonon coupling constants are
calculated ab initio by the DFT-based methods, contrastingly, simulations based on the MC method use a
limited number of effective constants representing the
main scattering channels which are obtained by a fit of
experimental data11,23 . The choice of the main scattering
channels may differ from one work to another. Because of
this, the effective constants representing electron-phonon
scattering may differ considerably in different works. Tables comparing available data for silicon can be found
e.g. in Refs. 6 and 11. In Ref. 11, one can find a table
comparing the effective constants which describe the intravalley electron-phonon scattering as well as the intervalley electron-phonon scattering between ∆ valleys used
in various works based on the MC simulations. In Ref. 6,
a table comparing the DFT results to the other effective
constants which describe the intervalley electron-phonon
scattering between ∆ valleys of the lowest CB can be
found.
One must note that some experimental information is available only for the long-wavelength electronphonon coupling constants (intravalley deformation potentials)24,25 : tables comparing the available theoretical and experimental data for intravalley acoustic deformation potentials in silicon were published in Refs. 26–
28. In contrast, unfortunatelly, there is no experiment
which can distinguish between different short-wavelength
(intervalley) electron-phonon scattering channels for hot
electron relaxation, so that such an information always
comes from theory. The experimentally determined values of the effective electron-phonon scattering constants
which can be found in litterature are determined indirectly from transport or spectroscopy data, and depend
heavily on the models used to fit the experimental data
(e.g. the number and the nature of the main channels)26 .
At the same time, short-wavelength (intervalley) scattering represents the main scattering channel for electrons
excited above the second CB minimum8,13 , which is the
case under discussion in the present work. Therefore, no
reliable experimental data can be added to the discussion
of the values of the (mostly intervalley) electron-phonon
coupling constants for highly excited electrons which follows below.
Note also that the values of the electron-phonon matrix elements in silicon obtained with DFT-based calculations over various directions in the BZ were shown
and discussed in Ref. 3. Overall, our DFT-based results
are found, as expected, to be very similar to the ones of
Ref. 3 and to other previous DFT-based works2,4 . One
must note that is this work, we do not take into account
the quadrupolar interaction2,29,30 in the Wannier interpolation (see SI, section I.C).

We next discuss the effective values of the electronphonon coupling constants for highly excited electrons,
which differ e.g. from the values at the bottom of
the first CB which were discussed in Ref. 6. Following Ref. 11, no explicit distinction is made for scattering between different valleys, and/or short/long wavelength scattering. The effective DFT-based values of
the electron-phonon coupling constants presented here
in Table I were obtained by a fit on our calculated total electron-phonon scattering rates for the initial state
in the lowest conduction band and in the second conduction band, at excess energy which ranges between 1
and 3 eV, using the same models as the ones used in
Ref. 11: for acoustic modes, the electron-phonon deformation potentials in eq. (1) were replaced by ∆acc q, and
for optical modes, by a constant Dopt . Note that deformation potentials Dmnν , usually discussed in litterature, and the electron-phonon matrix elements gmnν
of eq. (1) are related simply
by a proportionality coefp
ficient: Dmnν (k, q) = 2M ωqν gmnν (k, q)31 , where M
31
is the mass of the unit cell .
While fitting the effective electron-phonon coupling
constants to reproduce the ab inio result of eq. (1), the
DFT-based descriptions of the band structure and of the
phonon dispersion were left unchanged, therefore no effective mass model was necessary for the fit.
The DFT-based effective electron-phonon parameters
for the highly excited electrons in silicon, obtained with
the above-described method, are shown in the first column of Table I.
In previous DFT calculations, the electron-phonon matrix elements for transverse acoustic phonons (TA) were
found to be systematically lower than the ones for the
longitudinal acoustic phonons (LA), as was discussed in
Ref. 3. As for the optical branches, all three of them
were found to provide important scattering channels for
excited electrons, according to the DFT results3 . The
same conclusions can be drawn from our DFT-based results shown in Table I.
In Table I, the effective DFT-based values of the
electron-phonon coupling constants are compared to the
values which were used in Ref. 11, taking into account
some additional details provided in Refs. 27 and 32. See
NOTE 2 in SI for detailed explanations.
As one can see from table I, the effective constants describing the longitudinal modes (LO and LA) are quite
similar in DFT and in Refs. 11 and 32. The main difference between DFT-based results and the effective constants of Ref. 11 resides in the description of transverse
channels: while DFT attributes relatively less importance to TA channels, the model of Refs. 11 and 32
neglects completely the role of TO channels. This difference in the description of the transverse (TA and TO)
electron-phonon scattering channels between the two theoretical methods leads to the opposite conclusions concerning the roles of optical and acoustic branches in the
energy loss. As already mentioned, no distinction was
made for intervalley/intravally processes, and therefore
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This work (DFT) From Refs. 11 and 32
lowest CB
∆acc , TA, eV
∆acc , LA, eV
Dopt , TO, eV/Å
Dopt , LO, eV/Å
second CB
∆acc , TA, eV
∆acc , LA, eV
Dopt , TO, eV/Å
Dopt , LO, eV/Å

SUPPLEMENTARY MATERIAL

0.9-1.
1.9-2.2
1.6-2.0
1.7-2.4

2
2
2.5

All technical details of our calculations are provided in
SI. Also, Note 1 and Note 2 mentionned in the text are
provided in SI.

1.2-1.3
1.8-1.9
2.2-2.4
3.0-3.2

2.5
2.5
2.7
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the constants of table I represent the effective values
which contain both intervalley and intravalley contributions. However, our analysis (not shown here, see Ref. 8)
shows that for highly excited electrons, the intervalley
contribution is largely dominant for all scattering channels. Therefore, the difference between the two methods resides in the description of intervalley TA and TO
scattering channels. From the point of view of applications, such as transport simulations, such a difference has
probably very little impact, and therefore both methods
yield reliable numerical results, as was shown in numerous works1,11 .
In conclusion, we have shown that the rate of energy transfer from highly excited electrons to phonons
has a negligible temperature dependence. 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. The semiempirical Monte Carlo method of Ref. 11 and DFTbased results are found to disagree with respect to the
main channels of energy transfer from hot electrons to
phonons in silicon, due to the important differences in
the description of the electron-phonon scattering channels associated with transverse phonons. Our results
show that methods which involve a model description
of the electron-phonon coupling with a limited number
of channels are not suitable to provide insight into the
relative importance of different electron-phonon scattering mechanisms, because the fitted effective constants are
biased by the initial choice of channels. Instead, DFTbased calculations should be used to obtain information
on the dominant electron-phonon scattering channels and
should guide the choice of models/channels used in the
Monte Carlo simulations.
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L. Paulatto, S. Poncé, T. Ponweiser, J. Qiao, F. Thöle, S. S.
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