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Abstract. We experimentally demonstrated (using micro-Raman spectroscopy and transmission electron 
microscopy) and through numerical simulation that under intense (1013  – 1014 W/cm²) femtosecond 
(~100 fs) laser pulse impact the surface of silicon with (111) orientation, new polymorphic phases Si-III 
and Si-XII are formed both on the surface and inside the volume, localized in lattice defects as well as 
at the periphery of the ablation crater. This localization of phases is caused by the multi-stage nature of 
laser-induced phase transitions in silicon, specifically, the phase transitions are initiated by a shock wave, 
resulting in a cascading transformation process on sub-nanosecond timescales: Si-I => Si-II => Si-III/
Si-XII. The phase transition Si-I => Si-II occurs at the front of the shock wave, while at the rear of the 
shock wave, a field of dynamic stresses arises in the material, allowing the phase transition Si-II => Si-III/
Si-XII to occur. On sub-microsecond timescales, most of the new phases disappear as the material relaxes 
back to its original state.

DOI: 10.31857/S00234761250103e4

INTRODUCTION

Silicon is one of the most important elements for 
modern microelectronics. Under normal conditions, 
silicon has a cubic diamond lattice structure  
(Si-I) [1]. However, Si-I silicon is an indirect bandgap 
semiconductor, which complicates its application in 
optoelectronics, for example, in the development of 
light-emitting diodes [2]. One possible solution to this 
problem is the use of Si-I polymorphs, of which more 
than a dozen variants currently exist [3, 4]. However, 
under normal conditions, most polymorphic phases 
are unstable. Transitions to polymorphic phases in 
silicon occur under high pressure. Additionally, some 
polymorphic phases, such as Si-III, Si-IV, and Si-XII, 
are extremely temperature-sensitive and degrade when 
heated by more than 40 K [2]. At room temperature, 
silicon retains its cubic crystal lattice up to 11.7 GPa 
[5]; under dynamic loading, such as that generated by 
laser-induced shock waves, phase transitions can occur 
at lower pressures [4]. At pressures above 11.7 GPa, Si-I 
transitions to the metallic β-tin phase (Si-II) [6, 7]. 
The pressure range in which the β-tin phase is stable 
is narrow, and when the pressure exceeds 15 GPa, a 
sequential chain of phase transitions occurs: β-tin → 
Imma (Si-XI) at 15 GPa → HCP – hexagonal close-
packed at 42 GPa (Si-V) → FCC – face-centered cubic at 
78 GPa (Si-VII) [8]. Moreover, another possible chain of 

phase transitions exists. If the pressure rapidly decreases 
after the transition to the β-tin phase, a transition to 
the Si-IX phase becomes possible. With slow changes 
in pressure, transitions to Si-XII, Si-III, and Si-IV 
phases can occur [2]. These last three polymorphs are 
metastable at atmospheric pressure. These phases have 
been detected in diamond anvil cell experiments using 
Raman spectroscopy, as new peaks appeared in the Si 
spectrum [9–11]. The use of short (nanosecond) and 
ultrashort (pico- and femtosecond) laser pulses is an 
alternative method for generating high pressure and 
studying new material phases [12]. Due to the high 
intensities achieved when focusing laser radiation, it 
becomes possible to reach pressures in samples up to 
terapascal levels, opening opportunities for studying 
entirely new material phases [13]. A distinctive feature 
of this approach is the pulsed impact on the material, 
which allows the initiation of ultrafast (up to several 
femtoseconds) phase transitions. Furthermore, 
depending on the duration and energy of the laser pulse, 
unique pressure-temperature profiles can be created: 
for instance, femtosecond laser impact causes localized 
heating in a solid, while nanosecond exposure results in 
nearly an order of magnitude higher medium heating. 
The pressures achieved in both cases are comparable 
[14,  15]. Thus, by varying the parameters of laser 
impact, unique conditions for phase transitions can be 
achieved. With the development of megascience-class 
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facilities, such as free-electron lasers and synchrotron 
radiation sources, the study of the dynamics of phase 
transitions initiated by short and ultrashort laser pulses 
has reached a new level [4, 16–19]. However, with 
direct laser impact on the semiconductor surface, in 
addition to the generation of high pressures (primarily 
at the shock wave front), crystal lattice heating, 
ablation, and shock wave generation also occures [20, 
21], significantly complicating the dynamics of the 
processes involved. 

To fully control the dynamics of phase transitions 
in silicon, it is essential to completely understand 
the nature of the ongoing processes. One of the 
most effective tools for studying fast processes in the 
crystal lattice is numerical simulation, which can fully 
reconstruct its dynamics at the atomic level [22]. For 
simulation laser-induced processes in solids, molecular 
dynamics (MD) combined with the two-temperature 
model (TTM) can be used: MD + TTM [23–29]. 
In this approach, the laser pulse interacts with the 
electronic subsystem, rapidly heating it, while the 
atomic subsystem is not directly affected—the energy is 
transferred from the electronic to the atomic subsystem; 
the atomic subsystem is modeled using classical MD 
[23–29]. Nevertheless, any theoretical model must be 
verified. Since reconstructing the dynamics of laser 
exposure is extremely challenging, the model was verified 
using post-mortem diagnostics, specifically through 
surface analysis using micro-Raman spectroscopy and 
transmission electron microscopy (TEM).

METHODS AND MATERIALS

Silicon samples (silicon substrates (111)) were 
uniformly exposed to femtosecond radiation from a 
chromium-forsterite laser system, with a 10 µm spacing 
between craters (repetition rate of 10 Hz, energy of 
10 µJ, wavelength of 1240 nm, focused using a lens with 
a numerical aperture of 0.5). The sample was moved 
using a motorized linear translator with a step size of 
1 µm. The laser pulse impact on the surface resulted in 
the formation of microcraters approximately 10 µm in 
diameter. For comparison with femtosecond exposure, 
radiation from a nanosecond laser system, Quantel Rio, 
was also used (energy up to 100 mJ, pulse duration of 
4 ns, wavelength of 1064 nm). After laser impact, the 
sample was analyzed using Raman microspectroscopy 
(Fig. 1). Measurements were performed using a Nicolet 
Almega XR spectrometer with a 532 nm laser excitation 
source (continuous Nd:YAG laser generating a second 
harmonic with a power of 20 mW). The spectrometer 
was equipped with a microscope fitted with 10×, 50×, 
and 100× objectives. During microscopic investigations, 
the laser spot diameter was 1 µm. The Stokes shift 
components were analyzed in the frequency range of 
250–475 cm–1 with a spectral resolution of 2 cm–1. The 
monochromator was calibrated using the characteristic 
silicon peak at 521 cm–1. The obtained spectra were 

processed using OMNIK software. Additionally, 
the sample surface was examined using TEM and 
electron diffraction methods with an FEI Tecnai Osiris 
microscope (ThermoFisher Scientific, USA) featuring a 
point resolution of 2.5 Å and a line resolution of 1.02 Å 
at an accelerating voltage of 200 kV (Fig. 2). Cross-
sections for TEM analysis were prepared using the lift-
out method with a focused ion beam in an FEI Scios 
dual-beam electron-ion microscope (ThermoFisher 
Scientific, USA). DigitalMicrograph software (Gatan, 
USA) was used for image and electronogram processing 
and analysis.

For numerical simulation of the plasma-material 
interaction system’s evolution, the classical MD software 
package LAMMPS [30] and the two-temperature model 
(TTM) [23, 31] were used to describe the interaction of 
laser radiation with the electronic subsystem and both 
the electronic and atomic subsystems. The electronic 
subsystem was modeled as an electron gas, assuming 
the laser pulse heated the electron gas to temperatures 
around 104 K [14]. Energy transfer to the crystal lattice 
atoms occurs through both electronic interactions 
within the electronic subsystem and electron-phonon 
interactions, described by the equation:
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where Te  and Ta represent the temperatures of the 
electronic and atomic subsystems, respectively; κe 
is the thermal conductivity coefficient; g p and gs  are 
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Fig. 1. Image of the region of action of the laser pulse on silicon, 
as well as Raman spectra in the frequency range of 250–475 
cm–1: 1  – spectrum of undamaged silicon, 2  – spectrum of 
amorphous silicon, 3  – region where the peak characteristic 
of the Si-III phase at 430  cm–1 is recorded in the spectra, 4  – 
spectrum containing peaks of the Si-III and Si-XII phases, 5 – 
spectrum with nanosecond laser action on silicon. Rectangles 
in the microscopic image indicate the regions in which the 
corresponding spectra are measured.
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interaction constants; and Ce is the electronic heat 
capacity, linearly dependent on the electron temperature 
[32]. The full system model is described in [25], and the 
numerical values of the parameters used in the model are 
presented in Table 1. It was assumed that the laser pulse 
duration is much shorter than the characteristic times 
of phase transitions, meaning laser impact affects only 
the initial profile (concentration and temperature of 

plasma electrons), corresponding to the results obtained 
in [14]. The laser waist diameter (the distance from the 
axis where intensity drops by a factor of e²) was set to 
44 Å, and the Rayleigh length (along the laser pulse 
propagation axis) was 150 Å. The simulation area size was 
440 × 440 × 1550 Å, with the laser pulse propagating 
along the z-axis. The laser-affected region’s parameters 
were proportional to the actual waist dimensions but 

Fig. 2. TEM images of the laser-induced microcrater region: a – general view, dark areas on top are typical for amorphous silicon, 
oblique lines in the figures are lattice dislocations; b, c – enlarged areas marked with rectangles in Fig. a; d, e – electron diffraction 
patterns from areas marked with dots. 
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approximately 10,000 times smaller. The temperature of 
the lateral surfaces (not impacted by the laser pulse) was 
fixed at the initial 300 K. Periodic boundary conditions 
were not used. The Tersoff potential [32] was employed 
for simulation interatomic interactions. Calculations 
were performed with a time step of 0.1 fs up to 300 ps. 
Before the main simulation cycle, the system was brought 
to thermodynamic equilibrium for 1 ps, after which the 
laser interaction with the system was modeled. Results 
were saved every 1000 steps. 

The simulation output included data on the 
velocity and position of each silicon atom. The Ovito 
software package [33] was used for data visualization. 
The analysis involved calculating the specific volume 
occupied by each atom (atomic volume). Fig. 3 shows 
the profile of the simulation area along the z-axis (10 Å 
thick layer), with the color representing the volume of 
each atom (ranging from 14 to 25 Å–3). Fig. 4 displays 
the distribution of the number of atoms with a given 
volume. Additionally, for phase transition analysis, 
rocking curves were calculated on the reciprocal 
lattice grid defined for the entire simulation area, for 
X-ray radiation with an energy of 12 keV, similar to the 
method in [34].

RESULTS

When focusing a femtosecond (100 fs) laser pulse 
with an energy of about 10 μJ at a wavelength of 
1240  nm onto a silicon surface (numerical aperture 
0.5), intensities of approximately 1013–1014 W/cm2 and 

energy densities of ~1 J/cm2 are achieved, leading to 
the process of laser ablation, accompanied by the 
generation of shock waves, the formation of micro-
modifications, and a cascade of phase transitions [35]. 
This study focuses on the analysis of post-mortem 
phase formation and the development of a numerical 
model to investigate the dynamics of this process. Laser 
impact on the silicon surface using a femtosecond laser 
in a pulse-periodic mode was performed such that the 
boundaries of the microcraters created by the laser 
pulses were adjacent, forming a quasi-homogeneous 
modified region of 10 × 10 μm. Microcrater analysis 
was then performed using micro-Raman spectroscopy, 
with comparisons made to nanosecond laser impact. In 
the center of the crater (Fig. 1), there is an amorphous 
silicon region, surrounded by an area where peaks 
characteristic of the Si-III phase (430 cm–1) [36] are 
observed, followed by an area in which, in addition 
to Si-III, a peak characteristic of Si-XII (353 cm–1) 
[36] is also present. The periphery contains a region 
of unmodified silicon with nanoparticles formed as a 
result of mass ejection during the laser ablation process. 
Thus, it can be noted that at the center of the crater, 
only amorphous silicon is observed, while polymorphic 
phases are found in small quantities at the periphery of 
the crater.

Microcraters were also diagnosed using SEM, and 
the main results are presented in Fig. 2. For ion beam 
studies, a subsurface region was sectioned. The SEM 
shows that the structure of the microcrater consists of an 
upper amorphous layer, followed by a crystalline silicon 
region where sequences of banding shifts are observed. 
The closer to the crater center, the more deformations 
are observed. The expansion direction of these planar 
defects is slightly tilted from [112] by approximately 7°. 
Thus, the planar defect may be associated with stacking 
faults [37]. The average width of the defects is less than 
10 nm, and they are distributed over just a few atomic 
layers. Additionally, areas of shear deformation and the 
undamaged volume of silicon were investigated using 
electron diffraction. The analysis shows that, except for 
the material in the shear deformation zone, the silicon 
structure is similar to the original one, i.e., polymorphic 
phases are registered only in the “traps” formed 
during the creation of shear deformations. Electron 
diffraction patterns show a cubic diamond lattice type 
(Fig. 2d) [38]. However, in the shear deformation 
zone, the Si-III phase is present according to electron 
diffraction (Fig. 2d) [39]. Numerical simulation allows 
a better understanding of both the dynamics of new 
phase formation and why new polymorphic phases 
are observed only in small amounts at the periphery 
of laser exposure in post-mortem analysis, as shown 
experimentally.

The MD simulations can vividly demonstrate the 
dynamics of new phase formation in the microcrater. 
To analyze phase transitions, the laser-induced dynamic 
behavior was visualized by color indicating specific atomic 

Table  1. Simulation parameters used to calculate 
femtosecond laser ablation of silicon

Variable Units of measurement Value

a0 eV·K–1 0.005

remax Nat 0.16

De Å2· ps–1 32.436

gp g· mole–1· ps–1 11.235

gs g· mole–1· ps–1 8.443

V0 Å· ps–1 79.76

I0 eV· ps–1·Å–2 0

Lsurface 0

Rsurface 40

Lskin Å 2

t ps 0.1

B 60

l Å 2

Nion Å–3 0.05
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volume. Since the crystal lattice changes during phase 
transitions, resulting in a change in the specific volume 
occupied by each atom, this parameter can serve as a 
criterion for phase transition. At the initial stages of laser 
ablation, the density decreases, and atomic bonds break 

in the region directly affected by the laser (Fig. 3, 1 ps), 
resulting in a compression of silicon by 30-40%. This 
leads to the generation of a shock wave, which forms 
approximately 3-4 ps after laser impact (Fig. 3). At the 
shock wave’s leading edge, the atomic distance decreases 
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Fig. 3. Visualization of the numerical simulation results – a cross-section of a 10 Å thick silicon sample along the laser pulse propagation 
axis (from left to right) (a): the brightness shows the atomic volume of the Si-I phases, compressed Si-I, Si-II and Si-XI, Si-III and Si-XII, 
and regions with lower density. The time delay for each image is indicated in the figure. Evolution of the dynamics of the rocking curve 
calculated for the near-surface region (b): the arrows indicate the peaks and atomic volumes characteristic of silicon phases other than Si-I.
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due to high pressure (50 GPa), leading to a reduction 
in atomic volume and a shift in the center of mass of its 
distribution histogram (Fig. 4). At the shock wave’s rear 
edge, a transition to the Si-II phase occurs, as evidenced 
by the appearance of a histogram peak representing 
0.75 of the original atomic volume, as well as additional 
peaks in the diffraction patterns (Fig. 3), which correlate 
well with results from [40]. This atomic volume (0.75 
of the original) is characteristic of this phase [41]. Due 
to energy loss from the shock wave, pressure and lattice 
compression decrease, resulting in rarefaction, and 
peaks characteristic of compressed silicon and Si-II shift 
towards larger atomic volumes over time. During this 
period, at the rear edge, a jump in atomic volume occurs 
due to the relatively slow pressure decrease (700 MN/s) 
at around 12.5 ps, characterizing the transition to the 
Si-III/Si-XII phase, which is also accompanied by 
new diffraction peaks corresponding to data from [42]. 
Because these phases have similar atomic volumes and 
diffraction patterns, they are difficult to distinguish 
from one another [43, 44]. In Fig. 3, the formation of 
these phases is noticeable in the region located between 
the shock wave front and the amorphous material near 
the crater. The figure also clearly shows areas of shear 
deformation occurring behind the shock wave front, 
which are similar to those observed in the SEM, with the 
directions of deformation formation fully matching the 
experimental data. When the system reaches equilibrium, 
these areas become less noticeable but do not completely 
disappear — it is within these areas that remnants of the 
Si-III/Si-XII phases remain, which vanish in the rest of 
the material (except for the amorphous layer). As a result, 
the final silicon structure after laser impact is formed: a 
crater mostly composed of amorphous silicon; a region 
containing shear deformations; and, deeper, a structure 
close to the original material. 

In addition to shock wave generation, laser impact 
leads to lattice heating. Although the initial temperature 

of the atomic subsystem is room temperature, rapid 
heating to ~2000 K occurs in the laser-affected region 
(Fig. 3, 1 ps) due to heat transfer from the electronic 
subsystem to the atomic subsystem over timescales 
of about 1 ps, with the rest of the lattice remaining 
unheated. This rapid heating leads to almost complete 
lattice destruction in this region. Due to thermal 
diffusion, heat begins to spread, but at much slower 
speeds than the shock wave (~10 km/s). After about 
10 ps, the lattice is heated by ~100 K.

DISCUSSION

The combination of numerical simulation with 
post-mortem diagnostics give opportunity to determine 
the origin of the characteristic pattern of polymorphic 
silicon phase formation after laser impact. Only the 
Si-III/Si-XII phases are experimentally observed, 
which also corresponds to diffraction experiments [35]. 
The quantity of these phases is small, and, as micro-
Raman spectroscopy shows, these phases are located 
at the periphery of the ablation crater. The crater itself 
primarily consists of amorphous silicon. Within the 
volume, new polymorphic phases are also localized 
in shear deformations, not distributed throughout the 
entire volume. Thus, the generation of high pressures 
alone [22] does not guarantee that the polymorphic 
phases will be stable; the achieved temperature and 
rate of pressure reduction play a key role. Therefore, 
the regimes of laser impact themselves determine the 
features of new phase formation.

Let us now consider the dynamics of laser impact 
on a semiconductor. When the laser pulse is focused 
on the semiconductor surface, an electron plasma 
is generated, which absorbs the energy of the laser 
pulse. The electrons begin transferring energy to the 
atoms [14]. As a result, the following temperature 
distribution is realized at this stage: hot electrons with a 
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temperature of ~104 K and cold ions at ~300 K, which 
is used in the model. Due to energy transfer from the 
electron subsystem to the atomic subsystem, a shock 
wave is generated, which begins to propagate from the 
impact zone and displace atoms from their equilibrium 
positions, with the amplitude of this displacement 
being about 1 Å, which is comparable to interatomic 
distances. Furthermore, the lattice also begins to heat 
up, with the near-surface region heating to thousands 
of kelvins. This leads to the destruction of the crystal 
lattice directly in the affected area (Fig. 5). The further 
heat propagation from the affected zone is determined 
by thermodiffusion and is a relatively slow process. 
The shock wave continues its propagation, and the 
displacement of atoms may reach values comparable 
to interatomic distances. This leads to strong 
anharmonicity of the processes, causing an atom to 
“forget” the original structure of the substance it was in. 
Since its neighbors are also in similar conditions, and 
the pressure is tens of gigapascals, all the conditions for 
phase transitions are created. The first phase transition 
Si-I → Si-II occurs at the rear front of the shock wave 
within timescales of 1–5 ps. The Si-II phase is unstable, 
and as the pressure decreases, a transition to the Si-III 
and Si-XII phases occurs. It is also possible that this 
phase transition is realized through another metastable 
phase Si-XI [2]. Defect formation is one of the efficient 
ways to relieve the stresses that arise from the application 
of external pressure and deformation of silicon [37]. The 
direction of defect formation deviates by approximately 
7° from the [112] axis. At the initial stage of shock 

wave propagation (pressures below 11 GPa), defect 
formation is the preferred method of relieving the 
stress in the lattice. When the pressure caused by the 
shock waves exceeds 11 GPa, the metallic Si-II phase 
forms, and additional stress is easily relieved through 
phase transitions and deformation of Si-II. Local stress 
should be the primary factor for defect formation, 
and this process may also be further enhanced by 
temperature increases of several hundred degrees due 
to the laser exposure. One possible mechanism for 
defect formation is as follows [37]: defects form through 
complete dislocation of layers, which is triggered to 
reduce the local high stress around the point of stress 
concentration caused by the passage of shock waves and 
phase transitions. However, after the shock wave passes, 
high temperatures reach the area where the Si-III and 
Si-XII phases formed, leading to the annealing of the 
formed phase and a return to the original Si-I phase 
[2, 10]. Therefore, post-mortem diagnostics only 
manage to register those phases that were not subjected 
to thermal impact. Increasing the energy of the laser 
pulse will lead to an increase in pressure, which may 
initiate transitions to the Si-VI, Si-XII phases [2]. 
However, this will not form new phases that are stable 
at atmospheric pressure. It will also lead to additional 
heating of the material and destruction of new phases. 
Similarly, increasing the duration of the laser pulse will 
lead to a rise in temperature, which is confirmed by the 
results of studying nanosecond exposure on the silicon 
surface, where a greater amount of amorphous silicon is 
observed with virtually no new phases.
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Fig. 5. Schematic representation of the dynamics of laser-induced phase transitions in silicon.
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CONCLUSION

A numerical approach based on molecular dynamics 
in combination with a two-temperature model has been 
developed, which qualitatively predicts the dynamics 
of structural transformations in silicon subjected to 
intense femtosecond laser exposure. The final structure 
is a microcrater, at the base of which (surface and 
near-surface regions) amorphous silicon is present. 
At the periphery of the crater, as well as in the volume 
in areas of shear deformation, inclusions of Si-III 
and Si-XII phases form. These phases are generated 
through a cascade of phase transitions Si-I → Si-II → 
Si-XI → Si-III/Si-XII. The laser-induced shock wave 
(pressures at the front ~50 GPa) primarily initiates 
phase transitions. Shock waves displace atoms in the 
lattice by more than 1 Å, which leads to stresses in the 
lattice and, as a result, either the formation of shear 
deformations or phase transitions. Phase transitions 
occur behind the shock wave front, and subsequent 
laser-induced heating of the lattice (~2000 K directly in 
the laser impact area and ~100 K in the majority of the 
remaining material) leads to the destruction of residual 
metastable Si-III/Si-XII phases, which remain only in 
areas where the heating was lower (periphery) or where 
residual stresses persisted.
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