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P H Y S I C A L  S C I E N C E S

The seeds and homogeneous nucleation of 
photoinduced nonthermal melting in semiconductors 
due to self-amplified local dynamic instability
Wen-Hao Liu1,2, Jun-Wei Luo1,2*, Shu-Shen Li1,2, Lin-Wang Wang3*

Laser-induced nonthermal melting in semiconductors has been studied over the past four decades, but the under-
lying mechanism is still under debate. Here, by using an advanced real-time time-dependent density functional 
theory simulation, we reveal that the photoexcitation-induced ultrafast nonthermal melting in silicon occurs via 
homogeneous nucleation with random seeds originating from a self-amplified local dynamic instability. Because 
of this local dynamic instability, any initial small random thermal displacements of atoms can be amplified by a 
charge transfer of photoexcited carriers, which, in turn, creates a local self-trapping center for the excited carriers 
and yields the random nucleation seeds. Because a sufficient amount of photoexcited hot carriers must be cooled 
down to band edges before participating in the self-amplification of local lattice distortions, the time needed for 
hot carrier cooling is the response for the longer melting time scales at shorter laser wavelengths. This finding 
provides fresh insights into photoinduced ultrafast nonthermal melting.

INTRODUCTION
Ultrashort laser pulses are now used to manipulate the structure 
and function of materials at far from equilibrium states (1–9), with 
the corresponding ultrafast dynamics being one of the ultimate 
problems in modern science and technology. In terms of applications, 
the femtosecond and nanosecond pulsed laser was first used to deal 
with the annealing of the amorphous layer of ion-implanted silicon 
(Si) in the late 1970s (10) and then extended to annealing the lattices 
of other semiconductors, such as Si (11–23), GaAs (2, 15, 24, 25), 
InSb (1, 3, 26–29), and Ge (30, 31). Soon after the discovery of the 
so-called pulsed laser annealing, it was established that this laser 
annealing is an ultrafast nonthermal melting process (32–35) in 
which the photoexcited electrons are hot and the ions are still cold 
(in terms of kinetic energy) because the lattice disordering starts and 
finishes well before the completion of carrier-lattice thermalization 
via electron-phonon coupling. Specifically, at sufficiently high levels 
of photoexcitation, the loss of long-range order inside semiconductor 
lattices was observed to exist on a subpicosecond time scale (1), 
arising from a strong modification of the interatomic potential owing 
to the photoexcitation of a substantial amount (10% or more) of 
electrons from the valence band to the conduction band. This is in 
sharp contrast to the laser-induced thermal melting in metals, which 
exists on a time scale of tens of picoseconds due to the required time 
for electron-lattice equilibration to heat the lattice above the melt-
ing point (36, 37), followed by liquid nucleation on the surface and 
spreading out with a liquid front propagating at most at the speed of 
sound (1.5 ×103m/s for Si) (37–39).

Pulsed laser annealing in semiconductors has also generated 
intensive debate over the past four decades about its underlying mi-
croscopic mechanisms. It is commonly believed that, on the sub-
picosecond time scale, the excitation of a large fraction of electrons 

from bonding valence bands to antibonding conduction bands could 
weaken the lattice and induce a repulsive interatomic force to 
quickly disorder the lattice without remarkably increasing its ther-
mal energy (1–3). The debate now focuses on the mechanisms and 
microscopic picture for such a disorder occurs, whether driven by 
softened phonon modes with an imaginary frequency [corresponding 
to a saddle point on the potential energy surface (PES)] (14, 15, 20, 28) 
or by the random velocity of each atom while there is a flat PES 
(3, 29, 40). The former is termed electron-hole plasma-induced 
phonon instability theory (11), and the latter is the so-called inertial 
model (3). Stampfli and Bennemann (41) used a tight-binding theory 
to simulate the laser pulse–induced melting of Si, Ge, and diamond, 
claiming to derive a dense electron-hole plasma by populating the 
single-particle energy levels according to the Fermi-Dirac distribu-
tion with an artificially high electron temperature. This plasma rep-
resents the laser pulse excitation of valence electrons, although it 
usually takes approximately 1 ps for the carrier distribution to reach 
equilibrium from a Fermi-Dirac distribution (2). The dense electron- 
hole plasma is found to soften and stabilize the transverse acoustic 
phonons (14) and/or the longitudinal optical phonons (with an 
imaginary frequency) (15, 28), which then drives distortion of the 
lattice. This is a two-temperature model, assuming that the electron 
and lattice have two different temperatures, but each system is in 
equilibrium. The direct probe of the atomic structure change using 
the ultrafast time-resolved x-ray diffraction and the observation of 
little variation as the laser fluence changes from 50 to 100 mJ/cm2 
led Lindenberg et al. (3) to formulate an alternative inertial model. 
The idea behind the inertial model is that the unbound atoms move 
at the random velocity they had at the time when the bonds were 
broken. This model is further supported by the finding of temperature- 
dependent melting rates because the initial random velocities are 
set by the thermodynamic temperature (29). However, this has also 
been disputed by Zijlstra et al. (28) based on an ab initio density 
functional theory (DFT) prediction that dense electron-hole plasma 
softens only the acoustic phonon rather than all modes, as assumed 
in the inertial model. Hartley et al. (42) showed that melting is faster 
than that predicted by the inertial model. The observation of forces 
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acting on the atoms after bond breaking led to an additional Coulomb 
force model (42, 43), where the photoexcitation of a large fraction of 
valence electrons was suggested to trigger the Coulombic repulsion 
between ions to immediately disorder the lattice.

However, all these models are difficult to understand because the 
melting effect varies depending on the laser wavelength. Evidence 
has accumulated that a shorter melting time scale in Si is due to 
a longer laser wavelength: Laser pulses of 2.03 eV give rise to 
nonthermal melting within 100 to 200 fs (12), but a shorter laser 
wavelength of 3.2 eV offers slower melting, with a time scale of ap-
proximately 500 fs (13). Longer melting time is considered to be the 
result of a delayed onset of the nonthermal melting event, which is 
currently interpreted as the time needed for the secondary electron 
cascade to thermalize the electronic system (21). Furthermore, all 
these models suggest that nonthermal melting should develop uni-
formly at atomic scale for the area under irradiation (29, 40). How-
ever, this cannot be resolved experimentally, as the probing techniques 
of ultrafast electron (4, 5, 37) and x-ray (1, 3) diffraction and ultra-
fast optical spectroscopy (44, 45) all measure averaged results over 
many unit cells, and, thus, they are less sensitive to an atomic-scale 
microscopic melting pattern.

Here, we reveal that photoinduced ultrafast nonthermal melting 
occurs via homogeneous nucleation with randomly distributed local 
seeds rather than simultaneously breaking all the bonds, as suggested 
by proposed mechanisms. We use newly developed real-time time- 
dependent DFT (rt-TDDFT) by introducing a Boltzmann factor to 
restore the detailed balance, which is capable of describing the hot 
carrier cooling process (46, 47) to perform first-principles simula-
tions of the photoexcitation-induced nonthermal melting in Si. 
Without “ad hoc” hypotheses, our simulations closely reproduce 
experimental data using both 387-nm (3.2 eV) and 610-nm (2.03 eV) 
laser pulses. This unprecedented agreement affirms the reliability of 
our method and allows us to study the microscopic mechanism be-
hind the laser wavelength–dependent melting process. We further 
reveal that the nonthermal melting is initiated at atomic sites by 
lattice vibrations induced by random atomic displacements (nucle-
ation of the liquid phase) and is amplified by the spatial localization 
of photoexcited carriers populated at the band-edge states. This 
localization leads to the dynamic instability of the local lattice and 
creates a self-trapping center for other carriers, which leads to a 
positive feedback amplification and causes local melting nucleation. 
These atomic-scale nucleation seeds are initially distributed randomly 
over the laser-irradiated layer. They are followed by rapid growth in 
size and finally connecting, yielding a complete system nonthermal 
melting within 200 fs. A sufficient amount of photoexcited hot car-
riers must be cooled down to the band edges before participating in 
the amplification of local lattice distortions via self-trapping. The 
time needed for the cooling of this hot carrier (rather than electron- 
lattice equilibration) is the response for the longer melting time scales 
at shorter laser wavelengths, as observed experimentally for Si (13).

RESULTS
Laser wavelength–dependent melting
To reveal the physics underlying laser wavelength–dependent melting, 
we investigated the atomic dynamics of the ultrashort laser pulse–
induced melting of Si using two different laser wavelengths following 
experiments (12, 13). This investigation was carried out by perform-
ing rt-TDDFT simulations for photoexcited Si at an initial temperature 

of 300 K. Following the rt-TDDFT simulations, to directly compare 
the experimental data, we also computed the x-ray diffraction 
intensity I(t) based on the Debye-Waller formula (3, 13, 20), I(t) = 
exp[−Q2<u2(t)>/3], where Q is the reciprocal lattice vector corre-
sponding to the x-ray reflection peak and u2(t) is the square of the 
root mean square displacement (RMSD) averaged over all atoms. 
Figure 1A shows that the simulated I(t) is in excellent agreement 
with the experimental data for photoexcitation at both laser wave-
lengths, showing that the laser wavelength has a substantial influence 
on the melting process. The quantitative agreement with the exper-
iment affirms the accuracy and reliability of our simulations. We 
reveal a nonintuitive phenomenon that the lower-energy photons 
cause a much faster nonthermal melting than the high-energy photons 
(Fig. 1A), although the 387-nm laser pulse deposits 1.6 times more 
energy in the system than the 610-nm laser pulses, both exciting the 
same amount (11%) of valence electrons into the conduction bands. 

Fig. 1. Simulation of laser-induced ultrafast nonthermal melting of Si irradiated 
by two laser pulses with 610- and 387-nm wavelengths. (A) The rt-TDDFT simula-
tions predicted the dynamic evolution of diffracted intensity following the photo-
excitation of 11% of valence electrons by 610-nm (solid line) and 387-nm (dashed line) 
laser wavelength, respectively, in comparison with experimental data [filled circles 
for 610-nm laser (12) and filled square for 387-nm laser (13)]. (B) Population of energy 
levels of photoexcited electrons (yellow area) and holes (blue area) at 100 fs following 
photoexcitation. The black solid line represents the density of states (DOS) of un-
perturbed bulk Si, where the valence band maximum (VBM) is set to 0 eV and the con-
duction band minimum (CBM) is at 1.12 eV. (C) Predicted Si melting (or disordering) 
times depending on the photon energy (or laser wavelength) is compared with 
experimental data from Tom et al. (12) (610-nm wavelength) and Harb et al. (13) 
(387-nm wavelength).
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The predicted nonthermal melting times agree with experiments 
within the experimental error bars and demonstrate that the melt-
ing rate (1/time) is inversely proportional to the photon energy, as 
shown in Fig. 1C. Notably, we have used the onset of the experi-
mental diffraction pattern change as the unifying reference time 
(t = 0) to calculate their melting time. The different melting pro-
cesses can be traced back to the distinct distribution of photoexcited 
electrons and holes within the conduction and valence bands, as 
shown in Fig. 1B. We can see that the 610-nm laser pulse excites the 
valence electrons mostly from the top part of the valence band to 
populate the bottom part of the conduction band, whereas the 387-nm 
laser pulse promotes the electrons from the deeper part of the 
valence band into the higher energy levels in the conduction band, 
spanning a wide energy range of the valence and conduction bands. 
We also note that a fast nonthermal melting within 100 fs has been 
reported by the x-ray pump (42), which, at first glance, is against 
our finding because the x-ray pump should prompt valence electrons 
from deeper levels in the valence bands to much higher energy levels 
in the conduction bands. In figs. S4 and S5, our rt-TDDFT simula-
tions illustrate that if 11% valence electrons were prompted to 
higher energy states up to 20 eV above the conduction band mini-
mum, then nonthermal melting is unlikely to occur within a short 
time scale. Note that we do not consider other effects (such as 
photoemission and Auger decay) in such higher energy excitation. 
In reality, in x-ray pumping, the decay of the extremely hot carriers 
to the band edges is much faster via the Auger process, which cannot 
be described in our TDDFT simulation. Furthermore, this double 
excitation can also increase the concentration of excited carriers. 
These two factors can both remarkably reduce the melting time. 
As a result, our conclusion is not in contradiction with the x-day 
pumping experiment. However, we still have to stress that if the laser 
energy is not so high (as to cause the second excitation through 
Auger), then, for the same fluence, the higher frequency might cause a 
slower melting due to the need for hot carrier relaxation to the band 
edges through electron-phonon coupling.

DISCUSSION
The emergence of nucleation seeds
We now examine the detailed atomic dynamics of Si following irra-
diation with a 610-nm laser pulse exciting 11% of valence electrons 
according to experiments (12). Following common practice in the 
literature (18), we adopt RMSD to characterize the degree of the loss 
of long-range atomic disorder (or melting). The usual criterion used 
to determine melting is the Lindemann criterion at 15% (18, 20), 
which is RMSD = 0.35 Å, as the Si equilibrium bond length is 2.35 Å, 
as indicated by the dashed line in Fig. 2C. We find that the value of 
RMSD increases monotonically during the first 200 fs following 
photoexcitation: It reaches the Lindemann criterion (0.35 Å) at 
approximately 100 fs and continues to grow to 0.8 Å at 200 fs, as 
shown in Fig. 2A. It is interesting to see in Fig. 2B that, throughout 
the whole simulation, the lattice remains relatively cool with a tem-
perature of approximately 450 K, which is far below the melting 
temperature of Si (1680 K) (16). This demonstrates a nonthermal 
melting process.

To reveal the microscopic details of the nonthermal melting, we 
plot a series of snapshots with time (0, 50, 80, and 100 fs following 
photoexcitation) for atomic structures of photoexcited Si in Fig. 2E.  
We render atoms with displacements exceeding 0.35 Å (so-called 

“Lindemann particles”) in red in Fig. 2E. These Lindemann parti-
cles consisting of single atoms emerge as early as 50 fs (Fig. 2D), 
although melting deduced from the diffraction intensity starts only 
at 100 fs and completes (indicated by the minimum in the diffrac-
tion intensity) at 200 fs. Afterward, these Lindemann particles de-
velop into a cluster, which grows rapidly in size, as illustrated in the 
80- and 150-fs snapshots. Consequently, the molten atoms in each 
supercell spread outward and then connect with its nearest-neighbor 
images in the supercell calculation, yielding ultrafast nonthermal 
melting throughout the whole system within 200 fs. In short, these 
Lindemann particles occur randomly and statistically inside the 
bulk crystal and are interpreted as the seeds for melting nucleation, 
which eventually causes melting of the whole system, as schemati-
cally illustrated in Fig. 2F. In addition, we also calculate the pair 
distribution function to further illustrate the local nonthermal 
melting in Si (fig. S3).

We thus reveal that nonthermal melting occurs via a homogenous 
nucleation process with randomly distributed local seeds, rather 
than all at once throughout the Si crystal in an atomic-scale uniform 
fashion, as suggested by the inertial model (3) and phonon instability 
theory (due to the simultaneous breaking of all bonds caused by the 
excitation of high-density electron-hole plasma) (14, 15). It has 
been established that homogeneous nucleation is a mechanism for 
the rapid thermal melting of superheated metals within several 
picoseconds (36, 37, 39, 48, 49). It was predicted that, in superheated 
metals, the vibrational and mechanical instabilities of the lattice occur 
simultaneously but only locally, leading to the formation of destabilized 
clusters inside the bulk (50). The melting rate is mostly governed by 
electron-lattice equilibration (approximately several picoseconds) to 
heat the atoms in the metal to a superheated state. In our semicon-
ductor case, electron-lattice equilibrium is not realized at the non-
thermal melting time, and our melting is not caused by superheating. 
While the nucleation phenomenon appears to be the same, the 
atomistic mechanisms causing these local nucleations are different.

The microscopic mechanism underlying the birth 
of nucleation seeds
We delineate the factors that break the spatial translational symmetry 
and locally cause atomic disorders as seeds of homogeneous nucle-
ation. The Lindemann particles emerge as early as 50 fs, which is in 
the middle of the laser pulse irradiation because the laser pulse du-
ration is approximately 100 fs. This means the melting starts even 
when the laser has only excited 9% of valence electrons, which is less 
than the threshold predicted under the electron-hole plasma model 
(14, 15, 41). In our above simulations, the system is in equilibrium 
at room temperature before the photoexcitation. There are all kinds 
of phonons in Si, such as the acoustic and optical phonons at the 
zone center belonging to symmetry-breaking T1u and T2g group repre-
sentations, respectively, rather than the A1g representation that is 
the only phonon mode for the lattice to vibrate while preserving 
symmetry. The thermal random movements of atoms of the phonon 
modes and the associated breaking of translational symmetry can 
obscure the analysis of electronic properties and interatomic forces, 
hindering the disclosure of origin of the birth of nucleation seeds. 
For instance, the real-space distribution of photoexcited electrons for 
a snapshot at 20 fs exhibits nonuniformity, as shown in Fig. 2E. This 
randomness can obscure the true reason for the nucleation. To sup-
press the effects of these thermal random movements, we repeated 
the simulation for a 610-nm laser pulse at a low initial temperature 
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of 1 K (fig. S7). At the initial stage following the photoexcitation, the 
photoexcited electrons and holes shown in Fig. 3A are uniformly 
and coherently distributed over the whole lattice. The photoexci-
tation induces the depletion of the bonding states and population of 
the antibonding states, which are not disturbed by any notable ran-
domness at the initial time. Hence, the interatomic forces induced 
by the photoexcitation are uniform for all the atoms, resulting in a 
zero net force on each Si atom (schematically shown in Fig. 3A). 
However, with time, carrier localizations occur unexpectedly in both 
excited electrons and holes, as shown in Fig. 3C. This random local-
ization is initiated by the thermal induced random atomic vibrations 
at 1 K. This localization traps the excited carriers in some local regions 
with lower energy, which generates non-uniform interatomic forces 

to cause local atomic displacement, which, in turn, traps more carriers, 
thus forming a positive instability loop. This leads to the formation 
of melting seeds. It is worth mentioning that this carrier localization, 
which is critical to our model, does not play any role in the inertial 
model, phonon softening model, and Coulomb force models. We 
analyze below why this local carrier trapping is dynamically unstable 
with a self-trapping and self-amplification effect.

One can simplify the electronic structure of bulk Si as the bonding 
and antibonding states of Si covalent bonds, as shown in Fig. 3 (A to C). 
At the ground state, the bonding states are fully occupied by valence 
electrons, leaving the antibonding states empty with a 1.12-eV 
bandgap between them. Under laser irradiation, incident photons 
excite electrons from the bonding states (valence band) to the 

Fig. 2. Atomic dynamics of laser-induced ultrafast melting of Si irradiated with a 610-nm, 100-fs laser pulse. (A) Time-dependent diffraction intensity obtained 
directly from the evolution of atomic positions in the rt-TDDFT simulation (green line) in comparison with the experimental data (red circles) (12). (B) Lattice temperature 
as a function of time following the photoexcitation. The dashed line marks the Si melting temperature TM = 1680 K. (C) Simulation-predicted RMSD of atoms as a function 
of time following the photoexcitation. The dashed line indicates the Lindemann criterion, which is Rc = 0.35 Å for 15% of equilibrium Si─Si bond length (2.35 Å) (18). 
(D) Number of Lindemann particles following the photoexcitation. (E) Snapshots of atomic displacements (viewed along the [001] direction) with time at 0, 50, 80, and 
150 fs following the photoexcitation. The red atoms indicate the Lindemann particles with displacements Ri (t) − Ri (0) > 0.35 Å, which represents the molten atoms. The 
corresponding real-space distributions of photoexcited electrons (yellow iso-surface) are at the right. (F) Schematically illustrated the homogeneous nucleation of the 
laser-induced ultrafast nonthermal melting. The red points represent the randomly distributed nucleation seeds corresponding to clusters of Lindemann particles.
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antibonding states (conduction band), leaving behind voids (holes) 
in the bonding states (Fig. 3A). The electron (hole) population of 
the antibonding (bonding) states raise the free energy of the excited 
system, which can lower its energy by lowering (raising) the energy 
level of the antibonding (bonding) states by elongating the Si─Si 
bond length. As a result, the charge population generates a stretching 
force on each bond. However, if everything is uniform and coherent 
atomically, then the starching forces at all the bonds exert a zero net 
force on each atom. However, if there are small fluctuations (as pro-
vided by the 1 K of thermal induced atomic vibrations), then the bond 
with a slightly longer length lowers (raises) the antibonding (bonding) 
state more than its neighbors. It further traps more electrons (holes) at 
the antibonding (bonding) state, causing a larger stretching force on 

the end atoms. This causes an imbalance in the net force at each atom, 
thus further stretching the bond length. This causes an unstable am-
plification mechanism. That is exactly what is shown in Fig. 3C. We 
thus propose an excited carrier localization instability with a carrier 
self-trapping picture. This picture is different from both the inertial 
model and phonon softening model. Because of the carrier localiza-
tion, the density of excited electrons and holes in the local region easily 
exceeds the required density for phonon softening, although the cor-
responding overall charge density is still lower than the requirement 
in the phonon softening theory (14, 15, 41). This explains why the 
system at 50 fs with only 9% overall valence electron excitation already 
has some local melting at the nucleation sites.

Role of hot carrier cooling
The reason why the melting is slower when a higher-frequency laser 
is used remains to be explained. The increased melting time of shorter 
laser wavelengths has caused controversy in some studies (12, 13, 22). 
As we discussed above, ultrafast nonthermal melting mainly occurs 
because of the self-trapping of excited electrons and holes at the 
band-edge states, which weakens the Si─Si bonds at atomic sites. 
Hot carriers populated at higher energy levels have to relax to the 
band-edge states first before participating in the self-trapping pro-
cess. Figure 1C shows that the 610-nm laser pulse excited electrons 
and holes are much closer to the band edges than the 387-nm laser 
pulse case. Higher energy states have more delocalization and, thus, 
have weak bonding and antibonding characteristics than the band-
edge states, thus contributing less to Si─Si bond weakening. To 
demonstrate this further, we used a constrained DFT to calculate 
the PESs along the Si─Si bond stretching using carrier population, 
which is the same as in the cases of 610- and 387-nm laser wave-
lengths (fig. S8). This shows that the carrier population according to 
the case of a 610-nm laser wavelength can modify the PES to weaken 
the lattice, whereas the carrier population in the case of a 387-nm 
laser wavelength hardly has any effects in modifying the PES. This 
illustrates that ultrafast nonthermal melting is not enhanced by de-
posing more energy into the electronic subsystem by increasing the 
single-photon energy; rather, the occupations of the special states 
(band-edge states) are more responsible. Furthermore, we also 
carried out conventional rt-TDDFT simulations without the use of 
the Boltzmann factor technique, which cannot describe the carrier 
cooling process because of the lack of a detailed balance (51). In 
these conventional rt-TDDFT simulations, 387-nm laser-excited 
electrons and holes always occupy higher energy levels. No melting 
occurs during the 2-ps simulation time, and the excited carrier charge 
density distributes evenly in space throughout the whole Si crystal 
during all simulation times (Fig. 4E).

Experimental measurements have shown that under 387-nm laser 
pulse irradiation, nonthermal melting does occur, albeit at a longer 
time scale of 500 fs. In reality, excited hot carriers relax to lower 
energy levels through the emission of phonons and transfer excess 
energy into the lattice (hot carrier cooling) (2, 52). Our newly devel-
oped rt-TDDFT algorithm with the Boltzmann factor (fig. S9) can 
describe this hot carrier cooling properly. In the Boltzmann-TDDFT 
simulation, our results have shown a longer time scale (~500 fs) of 
nonthermal melting for the 387-nm laser pulse, in excellent agree-
ment with experimental observations (13), as shown in Figs. 1A and 
4D. Note that the first Lindemann particle appears as early as 80 fs, 
implying that it originates from the localization of a small number 
of photoexcited carriers inside the locally distorted atomic sites due 

Fig. 3. Emergence of the self-trapping center due to electron-lattice coupling–
induced self-amplification. (A) The incident photons promote valence electrons 
from the filled bonding states in the valence band to the empty antibonding states 
in the conduction band. The photoexcited electrons and holes are uniformly 
distributed among atom bonds, generating interatomic forces with an equivalent 
magnitude. (B) The lattice vibration–induced random movements of atoms cause 
local distortions in the lattice, which, in turn, yields band-edge fluctuations. (C) The 
tensile distorted region acts as a trapping center for excited electrons and holes 
and induces carrier localization. The carrier localization, in turn, amplifies the initial 
thermal random distortion. Subsequently, this process is an unstable self-trapping 
process and is slightly similar to the polaron to break the translational symmetry 
(59). Insets in (A) and (C) represent the real-space distribution of excited electrons 
and holes, as well as charge population, which generated interatomic forces imme-
diately after photoexcitation and at 200 fs, respectively.
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to the self-trapping and self-amplification process, as we discussed 
above. Time is needed for more hot carriers to relax to band-edge states 
to participate in the growth of the nucleation seeds. This is con-
firmed by the fact that the lattice is heated above the melting tem-
perature within 500 fs, as shown in Fig. 4B. Therefore, we conclude 
that the longer melting start time in the 387-nm laser case is due to hot 
carrier cooling. Overall, we show that hot carrier cooling is essential. 
Not only is it needed to describe the self-trapping and amplification 
process near the band-edge states, but also it is needed to describe the 
cooling from the higher energy excitation to the band-edge states.

According to our understanding, the carrier trapping by 
“Lindemann” particles via electron-lattice coupling is crucial for 
ultrafast nonthermal melting. In semiconductors, deep-level defects 
acting as carrier killers will certainly affect the nonthermal melting 
by trapping carriers. These unwanted deep-level defects have to be 
kept in a very low concentration for the semiconductor to be useful. 
Because the concentration of the photoexcited carriers is usually 
several orders of magnitude higher than defect concentration, we 
have neglected the carrier trapping caused by the defects in this 
study. In the future, it will be interesting to study what is the defect 
concentration for the defect caused by carrier trapping that be-
comes important.

In summary, on the basis of rt-TDDFT simulations using a newly 
developed Boltzmann method, we have proposed homogeneous 
nucleation with randomly distributed seeds arising from local insta-
bility caused by carrier self-trapping and amplifications as the 
microscopic mechanism for the laser-induced ultrafast nonthermal 
melting of semiconductors. Homogeneous nucleation has also been 
proposed before as a mechanism for the rapid melting of superheated 
metals (37, 48, 50) with a time scale above several picoseconds. In 
these metallic cases, the local instability is caused by the thermal 
vibration of the lattice. In contrast, for semiconductors, the local 
instability is driven mostly by the photoexcited carriers via a self- 
trapping and self-amplification process. This is only possible when 
there is a bandgap in the material (semiconductor) with bonding 
and antibonding states at the band edges, which is fundamentally 
different from the metallic case. Because of this local dynamic insta-
bility, any initial small random displacements induced by phonon 
vibrations can be amplified and followed by charge transfer of the 
photoexcited carriers, which, in turn, weakens the local bond and 
attracts more carriers. This amplifies the initial thermal randomness, 
yielding local nucleation seeds for nonthermal melting. Because a 
sufficient amount of photoexcited hot carriers must be cooled down 
to the band edges before participating in the self-amplification of 

Fig. 4. Atomic dynamics of laser-induced ultrafast melting of Si irradiated with a 387-nm, 150-fs laser pulse. (A) The rt-TDDFT simulation predicted the electron- 
diffracted intensity of Si (220) Bragg peaks following the photoexcitation by a 387-nm, 150-fs pump pulse in comparison with experimental data (13). Here, we carry out 
two rt-TDDFT simulations: One takes into account the hot carrier cooling (red lines), and another has no carrier cooling, as in conventional rt-TDDFT simulations (blue 
lines). (B) Evolution of crystal temperature following the photoexcitation. (C) Evolution of atomic RMSD following the photoexcitation. (D) Evolution of the number of 
Lindemann particles. (E and F) Snapshoots of real-space distributions of excited electrons (yellow iso-surface) and atomic displacements with times at 100, 300, 500, and 
1000 fs following the photoexcitation (E) without and (F) with taking into account carrier cooling, respectively. The red atoms indicate the Lindemann particles with 
displacements Ri (t) − Ri (0) > 0.35 Å.



Liu et al., Sci. Adv. 8, eabn4430 (2022)     6 July 2022

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 8

local lattice distortions, the time needed to cool this portion of hot 
carriers (rather than electron-lattice equilibration) is the response 
for the longer melting time scales at shorter laser wavelengths. Further 
experiments are called to verify our findings. This diffuse scattering 
provides a powerful tool for exploring laser-induced nonthermal 
melting in semiconductors in the future (53, 54). For instance, total 
scattering of a diffuse scattering has been used to probe the atomic 
disordering during photoinduced phase transition in VO2 (54). We 
believe that our results offer a comprehensive and detailed picture 
for nonthermal melting in semiconductors and provide fresh insights 
into photoinduced dynamics.

MATERIALS AND METHODS
We carry out the rt-TDDFT simulations (55) on the basis of norm- 
conserving pseudo-potentials (56) and the Perdew-Burke-Ernzerhof 
functional within a DFT framework with a plane wave nonlocal 
pseudo-potential Hamiltonian, which is implemented in the code 
PWmat (57). We have corrected the DFT bandgap to the Si experi-
mental bandgap of 1.12 eV using a reasonable way, as developed in 
our previous work (58) and detailed in figs. S1 and S2. The wave 
functions are expanded on a plane wave basis with an energy cutoff 
of 50 rydberg. In rt-TDDFT simulations, we use a 64-atom supercell 
for Si, and the  point is used to sample the Brillouin zone. Our 
conclusions are independent on a supercell size by a comparison to 
the rt-TDDFT simulations with a 216-atom supercell (figs. S10 and 
S11). The time step is set to 0.1 fs in our dynamic simulations. The 
laser pulse has a wavelength  = 610 nm, duration √2 = 25 fs, and 
photon energy  = 2.03 eV, which is consistent with the parameters 
from another experiment (12). Another laser pulse has a wavelength 
 = 387 nm, duration √2 = 25 fs, and photon energy  = 3.2 eV, 
which is consistent with the parameters from another experiment 
(section S1) (13). The new Boltzmann factor algorithm for the 
rt-TDDFT can be found in (46) and (47) as well as section S3. In our 
simulations, we mainly use the NVE ensemble, in which the atomic 
number N, volume V, and total energy E are conserved. In the NVE 
ensemble, the hot carriers transfer extra energy to cold lattice 
through electron-phonon (el-ph) coupling, which increases the system 
temperature. In the NVT ensemble with the fixed atomic number N, 
volume V, and system temperature T, we can remove this hot carrier 
cooling to cause the increase of the lattice temperature.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abn4430
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