
PHYSICAL REVIEW B 108, 144305 (2023)

Electron-phonon coupling in semiconductors at high electronic temperatures
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A nonperturbative dynamical coupling approach based on tight-binding molecular dynamics is used to
evaluate the electron-ion (electron-phonon) coupling parameter in irradiated semiconductors as a function of
the electronic temperature up to ∼ 25000 K. The method accounts for arbitrary electronic distribution function
via the Boltzmann equation, enabling a comparative analysis of various models: fully equilibrium electronic
distribution, band-resolved local equilibria (distinct temperatures and chemical potentials of electrons in the va-
lence and the conduction band), and a full nonequilibrium distribution. It is demonstrated that the nonequilibrium
produces the electron-phonon coupling parameter different by at most ∼ 35% from its equilibrium counterpart
for identical deposited energy density, allowing us to use the coupling parameter as a function of the single
electronic equivalent (or kinetic) temperature. The following 14 semiconductors are studied here: group IV: Si,
Ge, SiC; group III–V: AlAs, AlP, GaP, GaAs, GaSb; oxides: ZnO, TiO2, Cu2O; layered PbI2; ZnS and B4C.
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I. INTRODUCTION

Treatments of semiconductors with laser irradiation are
used in various technological applications, such as the
production of nanochips, designing their properties, and
micromachining [1–6], along with basic research [7,8]. Ir-
radiation of semiconductors with ultrafast powerful pulses
potentially enables atomic-scale control of the material modi-
fications on the surface [6,9].

The most commonly used theory of the material response
to laser irradiation is the two-temperature model (TTM)
[10–12], which describes the electronic and the atomic sys-
tems of the material as separate systems each in the local
thermal equilibrium state with distinct temperatures. Such
a description is most suitable for metals but poses a num-
ber of challenges for band-gap materials (semiconductors
and insulators) [12]. In these kinds of materials, the elec-
tronic ensemble is separated into two parts: valence-band and
conduction-band electrons, each possessing different prop-
erties. This complicates the description of the electronic
ensemble with a single thermodynamical equation used in the
TTM.

More advanced models exist to describe insulators’ and
semiconductors’ response to irradiation, which treat the
valence- and the conduction-band electrons separately: fully
nonequilibrium simulation techniques (e.g., based on the
Boltzmann equation [13,14]), models assuming separate local
equilibria in the valence and the conduction band (e.g., the so-
called nTTM model [15,16], or the three-temperature model,
3TM [17,18]).

In all such models, the key parameter governing the energy
exchange between the electronic and the atomic ensemble is
the electron-phonon coupling parameter. The standard the-
ory of calculation of the coupling parameter—the Eliashberg
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spectral function formalism [19]—cannot straightforwardly
be applied to band-gap materials but requires a careful treat-
ment of the density of states around the Fermi level. Often, the
coupling parameter is used as a fitting parameter in attempts
to reproduce the observable material damage in a simulation
[20]. Thus, methods evaluating the electron-phonon coupling
parameter at high electronic temperatures are in high demand.
Obtaining the coupling parameters for commonly used semi-
conductors should enable the application of models without
adjustable parameters to better understand and control the pro-
cesses involved in ultrafast irradiation. To do so, the problem
of the electronic nonequilibrium induced by the presence of
the band gap should be considered. Namely, the influence of
the possible nonequilibrium electronic distribution function
on the coupling parameter should be elucidated.

Here, a recently developed method based on a hybrid
model combining the Boltzmann equation with the tight-
binding molecular dynamics simulation is used to nonpertur-
batively calculate the electron-phonon coupling parameter in
a wide range of semiconductors [21,22]. The dynamical cou-
pling method treats the nonadiabatic response of the electronic
populations to arbitrary atomic displacements, thereby en-
abling the evaluation of the coupling between the two systems.
Most importantly, the methodology allows us to evaluate the
influence of the nonequilibrium electronic distribution func-
tion on the coupling parameter.

II. MODEL

For evaluation of the electron-ion (electron-phonon) cou-
pling parameter, XTANT-3 code is used [23]. It combines (i) a
Monte Carlo (MC) model for photoabsorption and nonequi-
librium kinetics of high-energy electrons; (ii) Boltzmann
equation (BE) describing the low-energy electron (populating
the valence band and the bottom of the conduction band) evo-
lution on the transient band structure; (iii) a transferable tight
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binding (TB) for a description of the transient band structure
and the interatomic potential; and (iv) molecular dynamics
(MD) simulation for propagation of atomic trajectories. It has
been previously applied for the evaluation of the coupling
parameters in metals in the case of electronic equilibrium [21].
To apply it to semiconductors, it has been extended to include
electronic nonequilibrium and various limiting cases of possi-
ble thermalization. To this end, the evolution of the electronic
distribution function is modeled with the Boltzmann equation
including the collision integrals [22]:

dfe(εi, t )

dt
= Ie−e + Ie−i + IMC. (1)

The distribution function fe describes the fractional elec-
tron populations on the transient electronic energy levels
[molecular orbitals, εi = 〈ψi(t )|H |ψi(t )〉, with H being the
TB Hamiltonian dependent on the positions of all the atoms
in the simulation box]; Ie−e is the electron-electron scattering
integral; Ie−i is the electron-ion (electron-phonon) collision
integral; and IMC is the source term responsible for the pho-
toabsorption and interaction with the high-energy electrons, if
any [22].

The electron-electron thermalization is described with the
help of the relaxation time approximation [22]:

Ie−e = − fe(εi, t ) − feq(εi, μ, Te, t )

τe−e
. (2)

with τe−e the characteristic global electron relaxation time;
feq(εi, μ, Te, t ) is the equivalent equilibrium Fermi-Dirac dis-
tribution with the same total number of (low-energy) electrons
(ne) and energy content (Ee) as in the transient nonequilibrium
distribution:

ne =
∑

fe(εi, t ) =
∑

feq(εi, μ, Te, t )

Ee =
∑

εi fe(εi, t ) =
∑

εi feq(εi, μ, Te, t ). (3)

Equations (3) define the equivalent electronic temperature
(also called the kinetic temperature, Te [24]) and the equiva-
lent chemical potential (μ) [22]. The same Eqs. (2) and (3)
can be used separately for the electrons in the valence and the
conduction band, with their own thermalization times, thereby
allowing for separate partial thermalizations of the electronic
fractions [18].

The choice of a constant thermalization time is but a simple
approximation. The characteristic relaxation time may de-
pend on the transient state of the system (e.g., on the energy
pumped, electronic energy level, particular material structure,
etc.). Moreover, instead of the relaxation time approximation,
it is in principle possible to use more advanced methods,
such as electron-electron Boltzmann scattering integrals [12].
Such improvements of the model are beyond the scope of
the present work, and may be studied in future dedicated
research.

Despite this simplicity of the electronic relaxation model,
the choice of the thermalization times automatically repro-
duces various limiting cases: setting the global thermal-
ization time τe−e → 0 makes the instantaneously globally
thermalized electronic ensemble, thus reducing the model
to the two-temperature-based (TTM) TBMD; setting sep-
arate valence- and conduction-band thermalization times
τe−e,{v,c} → 0 creates two electronic ensembles thermalized
at their own chemical potentials and temperatures restoring
the three-temperature model, 3TM; using finite thermaliza-
tion times (either global or band-resolved partial) produces
a nonequilibrium electronic ensemble. This flexibility allows
us to study various cases and the influence of the model
approximation for the electronic distribution on the coupling
parameter. Further on, the electronic temperature wherever
used is the equivalent (or kinetic) temperature defined by
Eqs. (3).

The electron-phonon coupling is extracted from the Boltz-
mann collision integral [21]:

I i j
e−i = wi j

{
fe(Ej )(2 − fe(Ei ))e−Ei j/Ta − fe(Ei )(2 − fe(Ej )), f or i > j

fe(Ej )(2 − fe(Ei )) − fe(Ei )(2 − fe(Ej ))e−Eji/Ta , f or i < j
. (4)

Here Ei j = Ei–Ej is the difference between the energies
of the two levels; Ta is the kinetic atomic temperature in
the Maxwellian distribution; and wi j is the rate of electron
transitions triggered by atomic motion approximated in the
dynamical coupling formalism as [21]

wi j ≈ 4e

h̄δt2

∑
α,β

|ci,α (t )c j,β (t0)Si, j |2 , (5)

where the wave functions ψ (t ) are calculated on two con-
secutive steps in the molecular dynamics simulation, t0 and
t = t0 + δt , to obtain ci,α , the coefficients in the linear combi-
nation of atomic orbitals basis set within the TB Hamiltonian
(ψi = ∑

α ci,αϕα); Sα,β is the TB overlap matrix, e is the
electron charge, and h̄ is Planck’s constant.

The electron-phonon coupling parameter is then calculated
from the electron-ion collision integral [21]:

G(Te, Ta) = 1

V (Te − Ta)

∑
i, j

EiI
i j
e−a . (6)

Here V is the volume of the simulation box; again, Te de-
notes the equivalent (kinetic) electronic temperature, thereby
defining the coupling parameter for nonequilibrium electronic
distributions in a generalized way allowing for a meaningful
comparison between equilibrium and various nonequilib-
rium scenarios. In the equilibrium case, it naturally reduces
to the thermodynamic temperature, restoring the standard
definition.

Following the previous work on metals [21], for each
material, ten XTANT-3 simulations are run with different
initial conditions and parameters of irradiation (various pulse
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durations and deposited doses), to obtain reliable averaged re-
sults reducing the influence of statistical fluctuations [25]. The
methodology follows the kinetics in the simulation box in time
while increasing the electronic temperature, thus extracting
the dependency of the dynamically calculated coupling on the
kinetic electronic temperature.

Depending on the duration of the increase of the elec-
tronic temperature, we may include or exclude the nonthermal
effects: atomic acceleration due to the changes in the in-
teratomic potential caused by the electronic excitation [26].
The most famous effect is the so-called nonthermal melting,
in which the atomic lattice destabilizes directly due to the
electronic excitation, before any significant electron-phonon
coupling [27,28]. This is a distinct channel from the electron-
phonon coupling and thus should be treated separately from
the coupling parameter, as will be discussed below [26].

The model of the evolution of the nonequilibrium electron
distribution, and the atomic response induced, was validated
against experimental data on the emission spectra showing
a reasonable agreement [22]. The nonequilibrium also af-
fects other derivative values, such as the damage threshold
of the materials, which may be compared with experiments,
however, reliable conclusions require more experimental data
[22].

In all the simulations, an NVE (microcanonical) ensemble
was used with periodic boundary conditions and an MD time
step of 0.1 fs with the Martyna-Tuckerman fourth-order algo-
rithm [29], and 10 000 MC iterations were used for reliable
statistics. A temporally Gaussian laser pulse was used for
irradiation.

Additionally, the electronic heat capacity is calculated as
follows:

Ce(Te) = 1

V

∑
i

∂ fe(Ei )

∂Te
[Ei − μ(Te)], (7)

where for the calculation of the derivative ∂ fe(Ei )/∂Te, the
derivative of the equivalent electronic chemical potential by
the electronic kinetic temperature ∂μ(Te)/∂Te is calculated
numerically [30].

III. RESULTS

A. Effect of nonequilibrium electron distribution on the
electron-phonon coupling in semiconductors

Let us start by analyzing the influence of the possi-
ble nonequilibrium state on the electron-phonon coupling
parameter on the example of GaAs (Molteni et al.’s TB
parametrization is used [31,32], with 216 atoms in the sim-
ulation box). A set of simulations were performed: a full
nonequilibrium simulation with a finite thermalization time
of 10 and 100 fs, a full equilibrium one (full instantaneous
thermalization), and a few simulations with band-resolved
partial thermalization for the cases of irradiation with vari-
ous photon energies (the three-temperature model). The last
point is necessary for the demonstration of possible ef-
fects of the particular excitation scenarios since different
photon energies create excited electron ensembles with dif-
ferent energy densities in the separate bands: initially, a
single photoelectron is emitted with energy dependent on the

FIG. 1. Example of various approximations for the electronic
distribution function in GaAs 10 fs after deposition of the dose of
4 eV/atom with the photon energy of 3 eV. The full nonequilibrium
distribution is shown with circles, the separate equivalent Fermi
distributions for the valence-band (VB) and conduction-band (CB)
fractions of electrons, and the full equilibrium equivalent Fermi
distributions are shown.

photon energy, which then may thermalize inside the con-
duction band to create different states of the excited electron
ensembles.

Examples of the electronic distribution functions for the
same system are displayed in Fig. 1. In this figure, GaAs
was excited with the laser pulse of 10 fs full width at half
maximum duration and 3 eV photon energy and the deposited
dose of 4 eV/atom. The electronic distribution may be notice-
ably different within different approximations, however, it is a
priori unclear how it will affect thermodynamical parameters
such as the electron-phonon coupling.

The electron-phonon coupling parameter as a function of
the equivalent (kinetic) temperature for this set of simulations
is shown in Fig. 2. One can see that nonequilibrium affects
the coupling parameter only to a relatively small degree: the
full nonequilibrium distribution deviates from the equilibrium
value maximum by ∼ 35% (below the equilibrium value), and
by about the same amount for 3- and 6-eV photons within the
3TM approximation (separate thermalization of the valence
and the conduction band; the curves above the equilibrium
one). For other studied photon energies, the deviation is even
smaller.

It seems to be a typical case that the nonequilibrium elec-
tron distribution produces lower coupling than the equilibrium
one because the distribution, even though it has certain spikes,
also has many almost unperturbed parts in between them
which cannot participate efficiently in the energy exchange
with the atoms/phonons [22,33]. In contrast, partial thermal-
ization may have higher coupling than the full equilibrium
one, because, for the same amount of the energy content
in the electronic ensemble, either of the bands may have
a significantly higher temperature than the equivalent fully
equilibrated one, thus increasing the coupling (e.g., in Fig. 1,
the fully equilibrium equivalent temperature is Te = 28 500 K,
whereas the partial equivalent temperatures are in the va-
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FIG. 2. Electron-phonon coupling in GaAs in various approxi-
mations: fully equilibrium, nonequilibrium with the thermalization
times of 10 and 100 fs, and band-resolved thermalizations (3TM) for
the cases of various photon energies of the irradiating laser pulse. In
all cases, the equivalent (kinetic) temperature [Eqs. (3)] is used for
the X axis.

lence band Te,v = 22 500 K and in the conduction band Te,c =
42 600 K). In most cases, however, the deviation is rather
small.

The physical scenario, realized in experiments, is typically
starting with a full nonequilibrium distribution, which then
partially thermalizes separately within the bands typically on
femtosecond time scales. After that, the interband thermal-
ization takes place, whose speed depends on the excitation
level—the more electrons are excited, the faster they thermal-
ize via the impact ionization and three-body recombination
processes. It is expected to take place on the scale of a few
tens to a few hundreds of femtoseconds. During those not
fully equilibrated stages, the coupling parameter may deviate
from the equilibrium one, but only within the range of some
35%. Thus, in most of the cases, the equilibrium value of the

FIG. 3. Electron-phonon coupling in Si for the cases of includ-
ing the effects of nonthermal atomic acceleration (as reported in
Ref. [21]), and excluding it.

electron-phonon coupling parameter may be reliably used in
models, as the function of the equivalent (kinetic) electron
temperature.

We will proceed with the calculation of the electron-
phonon coupling assuming full electronic equilibration in the
sections below.

B. Nonthermal effects on the electron-phonon
coupling in semiconductors

Apart from the nonequilibrium effects, it is also important
to keep in mind that covalent materials have another channel
of the electron-ion energy exchange: nonthermal changes in
the interatomic potential, which may accelerate the atoms
[26]. This effect is most prominent at the deposited doses
above the nonthermal damage threshold. At below (but close
to) the threshold doses, this effect is known as the displacive
excitation of coherent phonons; at above the threshold doses,
it is known as nonthermal melting. This effect takes place even
without any contribution from the electron-phonon energy
exchange—it is an adiabatic effect. However, nonadiabatic
effects can create synergy with the nonthermal ones, as dis-
cussed, e.g., in Ref. [26]. Nonthermal acceleration of atoms
increases the atomic temperature extremely fast. The electron-
phonon coupling parameter nearly linearly depends on the
atomic temperature [21]—thus, nonthermal acceleration also
increases the coupling parameter. In turn, it heats the atoms

FIG. 4. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in Si. Coupling parameter estimated from
the relaxation time calculated by Sadasivam et al. is shown for
comparison for Te = 3000 K [39].
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FIG. 5. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in Ge.

FIG. 6. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in SiC.

FIG. 7. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in AlAs. Coupling parameter estimated from
the relaxation time calculated by Sadasivam et al. is shown for
comparison for Te = 3000 K [39].

even more, and this self-amplifying process leads to extremely
fast damage in the covalent material and equilibration of the
electronic and atomic temperatures [26].

An example of the influence of the nonthermal atomic ac-
celeration on the electron-phonon coupling in silicon is shown
in Fig. 3 (calculated with 216 atoms in the simulation box,
NRL tight-binding parametrization [34,35]). The coupling pa-
rameter, affected by ultrafast nonthermal atomic acceleration
(reported in Ref. [21]), shows a dramatic increase around
the electronic temperatures associated with the nonthermal
melting (Te ∼ 17 000 K). If this effect is excluded, the trend
of the increase of the coupling parameter does not change.

These nonthermal effects are naturally occurring in
XTANT-3, as they would in any nonadiabatic ab initio sim-
ulation. They may be accounted for in other models in various
ways, e.g., by directly implementing the coupling parameter
with the increase at high electronic temperatures, or (more
appropriately) by taking into account the dependence of the
coupling parameter on the atomic temperature plus some
additional terms accounting for the nonthermal acceleration
upon reaching certain electronic temperature (for instance, see
recently implemented classical MD simulation combined with
the MC tracing transport of electrons and valence holes in
[36]).

In all further simulations, we show the pure electron-
phonon coupling, without the additional effect of the
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FIG. 8. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in AlP. Coupling parameter estimated from
the relaxation time calculated by Sadasivam et al. is shown for
comparison for Te = 3000 K [39].

nonthermal atomic acceleration: it is ensured that the coupling
parameters are all calculated at room atomic temperature.

C. Group-IV semiconductors

Having established that the nonequilibrium effects may
often be neglected, we may proceed now with evaluation of
the coupling parameters in various classes of semiconduc-
tors under the approximation of the local thermal equilibrium
in the electronic ensemble (the two-temperature state). The
following parameters are used to calculate the coupling pa-
rameters and electronic heat capacities: for Si and Ge, the
NRL tight-binding parametrization is used with 216 atoms
in the simulation box (a comparison with other available
TB parametrizations is discussed in the Appendix) [34,35];
for SiC (in the hexagonal P63mc state [37]), the matsci-0–3
DFTB parametrization is used with 192 atoms in the simula-
tion box [38].

For Si, the coupling parameters are compared with the
simulations from Ref. [39], which employed the Boltz-
mann equation with the electron-phonon coupling matrix
elements calculated from a density-functional perturbation
theory (DFPT). For this comparison, the electronic temper-
ature relaxation times from Ref. [39] were converted to the
average coupling parameter (G ∼ Ce/τ ).

Figure 4 shows the XTANT-3 calculated parameters in Si.
The coupling parameter from Ref. [39] is larger than that

FIG. 9. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in GaAs. Coupling parameter estimated from
the relaxation time calculated by Sadasivam et al. is shown for
comparison for Te = 3000 K [39].

calculated with XTANT-3. The same situation was observed
in metals: the DFPT simulations overestimate the coupling pa-
rameter with respect to XTANT-3 [21]. This discrepancy may
also be a result of the band-gap problem, since the electronic
temperature of Te = 3000 K, shown in Ref. [39], is rather low.
The electronic heat capacity at such temperature is small and
thus sensitive to the particular band-gap value. Higher heat
capacities (for smaller calculated band gaps) would lead to
larger coupling parameters.

XTANT-3 predicts nearly linear dependencies on the elec-
tronic temperature in both the coupling parameter and the
electronic heat capacity. As was mentioned in Ref. [21], the
coupling parameter is near zero up to the electronic tem-
perature of ∼ 2000 K—due to the presence of the band gap
(∼1.17 eV in cold Si) at lower temperatures, only an exponen-
tially small fraction of electrons is in the conduction band and
a correspondingly small number of holes in the valence band.
A noticeable increase in the coupling takes place only when
the electronic temperature becomes sufficient to promote a
non-negligible number of electrons across the gap. Note that
the nonthermal effects were excluded here, which may induce
band-gap collapse at electronic temperatures ∼ 17 000 K [40].

A similar situation is in Ge, shown in Fig. 5, but the
absolute values of the electron-phonon coupling parameter
are smaller than those in Si. This is in line with the trend
of decreasing the coupling parameter with an increase in the
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FIG. 10. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in GaP. Coupling parameter estimated from
the relaxation time calculated by Sadasivam et al. is shown for
comparison for Te = 3000 K [39].

atomic mass, discussed in Ref. [21]. The onset of the increase
in both the coupling parameter and electronic heat capacity is
earlier than in Si due to a smaller band gap in Ge.

The coupling in SiC, presented in Fig. 6, shows higher
values, also in line with the trend: as carbon atoms are much
lighter than Ge and Si, their faster motion allows for a stronger
coupling with the electronic system.

D. Group III–V semiconductors

For group III–V semiconductors (AlAs, AlP, GaAs, GaP,
and GaSb) modeling, Molteni et al.’s TB parametrization was
used [31,32], 216 atoms in the supercell in the zinc blende
structure in each case. The AlAs calculated parameters are
shown in Fig. 7, for AlP in Fig. 8, GaAs in Fig. 9, GaP in
Fig. 10, and GaSb in Fig. 11.

For AlAs, AlP, GaP, and GaAs, the coupling parameters
are compared with the simulations from Ref. [39] at Te =
3000 K, similarly to the case of Si discussed above. In all
cases, the coupling parameters from Ref. [39] are larger than
those calculated with XTANT-3. Nevertheless, we note that
the qualitative trends in the electron-phonon coupling parame-
ters among various materials agree with those calculated with
XTANT-3: the coupling is larger in AlP than in AlAs and GaP,
which are larger than the one in GaAs. Among the materials in
these groups, the highest coupling is in the lightest elements:
AlP, reaching G ∼ 4 × 1017 W/(m3 K) at the electronic

FIG. 11. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in GaSb.

FIG. 12. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in Cu2O.
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FIG. 13. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in TiO2.

temperature of Te ∼ 25 000 K; the smallest coupling, respec-
tively, is in GaSb, reaching only G ∼ 6 × 1016 W/(m3 K).

E. Oxide semiconductors

For modeling of oxide semiconductors Cu2O (384 atoms
in the simulation box in the cubic Pn3m structure [37])
and TiO2 (216 atoms in the simulation box in the rutile
structure), the matsci-0–3 DFTB parametrization was used
[38], and the znorg-0–1 DFTB parametrization for ZnO
(384 atoms in the hexagonal P63mc structure [37]) was
employed [41].

The results for Cu2O is shown in Fig. 12, for TiO2 in
Fig. 13, and for ZnO in Fig. 14. In all these materials,
the coupling parameter is quite high (due to the pres-
ence of the light element—oxygen), reaching the values of
G ∼ 1018 W/(m3 K) at the electronic temperature of Te ∼
25 000 K in TiO2. Again, aligning with the overall trend of the
decreasing coupling parameter with the atomic mass,
a smaller coupling is in Cu2O, and the smallest is
in ZnO.

F. Other types of semiconductors

Three other types of semiconductors were also stud-
ied: B4C (270 atoms in the trigonal R − 3m structure [37])

FIG. 14. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in ZnO.

using the matsci-0–3 DFTB parametrization [38]; group II–
VI semiconductor ZnS, modeled with the znorg-0–1 DFTB
parametrization (252 atoms in the trigonal P3m1 structure
[37]) [41]; and layered PbI2 (consisting of 192 atoms in
the hexagonal P63mc structure [37]) with the DFTB-based
parametrization from Ref. [42] with added ZBL-short-range
repulsive potential similar to the method described in Ref. [43]
(a detailed description of the parametrization of PbI2 will be
published elsewhere).

The calculated parameters for B4C are shown in Fig. 15,
for ZnS in Fig. 16, and for PbI2 in Fig. 17. Made of the
lightest elements studied in this work, B4C demonstrates
the highest coupling parameter, G ∼ 3.5 × 1018W/(m3 K)
at the electronic temperature of Te ∼ 25 000 K. The electron-
phonon coupling parameters in PbI2 and ZnS are comparable,
both reaching G ∼ 1.5 × 1017W/(m3 K) at Te ∼ 20 000 K.
Note that PbI2 is an ionic, not covalent, compound, which
does not exhibit such pronounced nonthermal effects as band-
gap collapse [44], but this point is beyond the scope of the
present work.

IV. CONCLUSIONS

In this work, we analyzed the electron-ion (electron-
phonon) coupling parameters in various semiconductors with
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FIG. 15. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in B4C.

FIG. 16. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in PbI2.

FIG. 17. Top panel: electron-phonon coupling. Bottom panel:
electronic heat capacity in ZnS.

the help of the XTANT-3 hybrid model. It is based on the
combined Boltzmann equation with tight-binding molecular
dynamics. It employs dynamical coupling formalism to evalu-
ate the matrix elements entering the electron-phonon coupling
in the nonperturbative regime, used in the Boltzmann collision
integral.

It was demonstrated that the coupling parameter is
only mildly sensitive to the state of the electronic sys-
tem at a constant deposited energy: fully nonequilibrium
electronic distribution, partially band-resolved thermalized
(separate equilibrium in the valence and the conduction
bands at different temperatures and chemical potentials), and
fully equilibrium Fermi-Dirac distributions, all produced the
coupling parameters different only within ∼ 35% at high elec-
tronic kinetic temperature. In many cases, the difference was
even smaller, suggesting that the equilibrium values of the
coupling parameter could be used in the modeling of laser
irradiation of semiconductors, such as the two-temperature
or three-temperature models (and variations or extensions
thereof).

The coupling parameters in various semiconductors as
functions of the electronic temperatures were calculated up to
the electronic temperatures of ∼ 25 000 K, which is typically
a temperature around the onset of nonthermal melting in cova-
lent materials. All the coupling parameters calculated follow
the overall trend of decreasing coupling with the increase of
the atomic mass.
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FIG. 18. Comparison of the XTANT-3 calculated coupling pa-
rameters (top panel) and electronic heat capacity (bottom panel) in Si
for various TB parametrizations: NRL [35], matsci-0–3 DFTB [38],
and by Kwon et al. [47].

All the calculated electron-phonon coupling parameters and
electronic heat capacities are available online in [45] (together
with the previous data for metals from Ref. [21] and 2d-
carbon materials from Ref. [30]).

ACKNOWLEDGMENTS

Computational resources were supplied by the project
“e-Infrastruktura CZ” (Project No. e-INFRA LM2018140)
provided within the program Projects of Large Research,
Development, and Innovations Infrastructures. The author
gratefully acknowledges financial support from the Czech
Ministry of Education, Youth, and Sports (Grants No.
LTT17015, No. LM2018114, and No. EF16_013/0001552).

APPENDIX: EFFECT OF TB PARAMETRIZATION

It was previously demonstrated that the tight binding
parametrization affects rather strongly the electron-phonon
coupling in metals [46]. In semiconductors, the conclusion is
the same: the TB parametrization may strongly affect the cal-
culated electronic properties: the coupling parameter and the
electronic heat capacity, see an example of Si in Fig. 18, espe-
cially at high electronic temperatures. That suggests that it is
extremely important to validate the calculated parameters in
future experiments at elevated electronic temperatures. As of
now, unfortunately, there are no experimental data available.
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