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Abstract

The properties of liquid Si-Ge binary systems at melting conditions deviate from
those expected by the ideal alloy approximation. Particularly, a non-linear dependence
of the dielectric functions occurs with the reflectivity of liquid Si-Ge being 10% higher
at intermediate Ge content than in pure Si or Ge. Using ab initio methodologies, we
modelled liquefied Si-Ge alloys, unveiling very high coordination numbers and poor
symmetry in the first coordination shell with respect to Si and Ge, related to dif-
ferent bonding properties. We simulated optical functions, quantitatively replicating
the aforementioned reflectivity trend and we highlighted a direct relationship between
atomic structure and optical properties, indicating that the unusual optics arises from

Si-Ge higher local coordination characterized by low symmetry. These findings expand



our comprehension of liquefied semiconductors and are essential for implementing con-
trolled laser melting procedures to highly dope these materials for advanced transistors,

superconductors, sensors and plasmonic devices.

Introduction

Group IV based materials constitute an intriguing type of systems since they manifest a
variety of crystal structures, allotropes and polytypes with a consequent richness of related
electroptical properties.™” The aforementioned abundance in structures extends to the lig-
uid states of this class of materials, however, the high temperatures needed for accurate
measurements make these liquids difficult to be analyzed experimentally, and from the mod-
eling perspective, they exhibit complex bonding regimes that are also challenging to be
handled.®'7 It is well known that the study of these systems has a technological relapse: Si
is the mainstream material for microelectronics and photovoltaics. To diversify and enrich
its properties, Ge and Si-Ge alloys are nowadays employed in many domains, enabling to
modify strain, carrier mobility and optical band gaps, as Ge has a higher hole mobility, a
smaller band gap and a smaller lattice parameter than Si.'® 2?2 Understanding the complete
range of physical properties exhibited by the Si-Ge binary system is particularly important
for technological applications. This importance not only applies to their crystalline phases
but also extends to their liquid phase. Industrially, the Czochralski method is the primary
process used to grow single Si crystals from a liquid state. However, the significance of
liquids has greatly increased due to the utilization of ultrafast pulsed laser melting tech-
niques in semiconductor processing, enhancing the electrical properties of the material in
specific regions. The applications are diverse: initially, laser melting was used to increase
the quantity of active dopants and improve the crystal quality of the material during re-
growth.?332 Recently, the non-equilibrium regime created by pulsed lasers has also been
exploited to achieve conditions of ultra-doping and hyper-doping. In these cases, the con-

centration of active dopants can reach atomic percentages as high as 5-10%), exceeding the



crystal solubility limit. Ultra-doping involves utilizing high doping concentrations to achieve
superconductivity, whereas hyper-doping is linked to augmenting semiconductor bands to
increase absorption coefficients and enhance plasmonic effects in the infrared region.?34 A
successful completion of laser melting processes requires an in-depth design of experiment,
often coupled to precise calculations. To this purpose, having an exhaustive comprehension
of crystalline and liquid optical functions is essential. Spectroscopic ellipsometry makes it
feasible to experimentally measure these values for solids.*? ** However, for liquefied semicon-
ductors, the process is more challenging due to the high melting temperatures needed. Over
the past forty years, time-resolved spectroscopic ellipsometry has been utilized to analyze
the dielectric properties of liquid Si and liquid Ge when subjected to laser-induced melt-
ing. However, absolute dielectric function values from these measurements can be derived
only indirectly through extensive calibrations.**° Furthermore, there is a lack of research
dedicated to determining the optical functions of liquid Si-Ge alloys. This omission is signif-
icant because the segregation of Ge between the liquid and solid phases adds a higher level
of complexity to the analysis.?®? An intriguing outcome deriving from the aforementioned
time-resolved spectroscopy studies on liquefied Si and Ge is the manifestation of metallic-
type dielectric functions, aligning with the form predicted by Drude theory. Recently, we
studied XeCl excimer laser melting with a radiation energy of 4.02 eV on Si-Ge alloys.? On
the basis of experimental data, we derived a semi-empirical formulation of liquid Si;_,Gey
dielectric function. This led to an unexpected trend of reflectivity (R) for liquefied Si;_Gey.
Specifically, at the melting temperature, Sig5Gegs displayed the highest reflectivity value,
reaching up to ~ 0.85, while Si and Ge exhibited ~ 0.77 and ~ 0.75 respectively. Further-
more, we found a more complex temperature dependent liquid Sigs5Geg 5 reflectivity above
the melting point with respect to Si and Ge. At 80-100 K above the melting tempetrature,
R Sig5Geq s drops to a plateau of ~ 0.80.%°

In this work we rationalize the aforementioned reflectivity change at the melting point by

means of ab initio molecular dynamics simulations of liquefied Si;_,Ge,. We focused on three



systems: pure Si, Si-Ge alloy and pure Ge. For simplicity, we considered 50% Ge content in
the Si-Ge alloy whom represents the intermediate between the two. We compared their op-

t59 and we

tical and structural properties, achieving a perfect agreement with the experimen
further underlined a clear connection between structural properties and reflectivity. Ab initio
molecular dynamics (MD), employing either the Car-Parrinello and the Born-Oppenheimer
formulations, has been widely applied to gain deeper insights into the structural, electrical,

and thermal properties of the three mentioned systems.® ' For our modeling, we chose the

Car-Parrinello MD approach, making use of fairly large supercells.

Results and Discussion

We performed Car-Parrinello MD, making use of 288 atoms 3 x 3 x 4 supercells, shown
in Figure la-c. To obtain reliable disordered structures we followed the MD methodology

1.,%%! consisting in rapidly randomizing the crystalline face-centered

proposed by Stich et a
cubic configuration with very high temperatures, i.e. 6000K, and subsequently quenching
the system at the temperature of interest. From the technical side, the initial randomization
covered a total time of 1.0 ps and was followed by 1.5 ps of equilibration and by 3.5 ps
of production run. Then, we determined the dielectric function of those liquids, employ-
ing the random-phase approximation (RPA) approach, making use of random representative
snapshots from the MD.*? Complete information on the entire computational details that
involves the Perdew-Burke-Ernzerhof functional within the Quantum Espresso software can
be found in the Supporting Information. 7

We employed a canonical fixed-volume NVT ensemble setting equilibrium temperatures as
the melting points, namely 1687K (Si), 1543K (Si-Ge), and 1211K (Ge). We fixed cell pa-
rameters, as shown in Figure la-c, to match liquids’ densities reported by Ricci et al.,!
corresponding to 2.5 (Si), 5.9 (Si-Ge) and 5.6 (Ge) g - cm™3. Comparing these densities
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to crystal’s ones,”® we observed remarkable differences in the melting volume shrinkage for



the three liquefied semiconductors. Si (Ge) shows only 7% (5%) contraction, whereas Si-Ge
experiences a higher contraction of 35% (for additional details see Figure S1, Supporting
Information).

We utilized key functions to examine structural properties in our MD study: the radial
distribution function g(r), representing the likelihood of finding a particle at a distance r
from a reference particle, n(r), indicating the number of coordinated atoms within a sphere
of radius r, and the angular distribution function ¢(#), determining the probability of bond
angles.®%! The g¢(r) functions of liquid Si and Ge, shown in Figure 1d, closely matched
the first coordination shell peak measured by neutron diffraction,>%° while, to the best of
our knowledge, the experimental g(r) of Si-Ge has never been reported. Some uncertainty
occurred for the reproduction of Si and Ge second coordination shell peak, we are unable
to disentangle whether this comes from the finite size of the liquid’s cell employed or from
errors associated to the experimental measurement. Nevertheless, the first peak, which we
successfully replicated, is where the gross of bulk liquid’s properties originate. From our
simulations, the first Si (Ge) coordination shell peak was found at ~ 2.5 A, (~ 2.7 A), and
the small variation was attributed to stronger bonds in Si, similar to the crystals’ picture. %2
In the Si-Ge binary system, the first g(r) peak was aligned with Si rather than falling at
an intermediate distance, signaling a Si-Ge bond energy comparable to Si. For both the
first and second coordination shells, the intensity of the Si-Ge g(r) function was ~ 25 %
higher than that of pure elements. This heightened intensity reflected an enhanced local
coordination, which was also observable in terms of the n(r) functions, Figure le, following
the trend n(r) Ge < n(r) Si < n(r) Si-Ge. From computed coordination numbers (CN), we
observed striking differences: Si (Ge) exhibited a CN of 5.7 (4.8), consistent with previous
research,®? while, Si-Ge showed a remarkably higher value of 8.6. Furthermore, as depicted
in Figure 1f, the prominent g(6) peak experienced by the alloy at ~ 50° assessed, in accor-
dance with the guideline established by Ishimaru et al.,% that the system presents a high

coordination, with atoms occupying very narrow positions relatively to each other. The g(0)
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Figure 1: Supercells employed to model (a) liquid Si, (b) Si-Ge and (c) Ge. Key functions for
the structural analysis of liquids computed at their melting temperature: (d) radial distri-
bution function, g(r), (e) coordination number, n(r), and (f) angular distribution function,
g(0), for R.,;<3 A. Solid lines in g(r) plots are associated to our simulations, while dashed
lines to neutron diffraction experiments.®®%° Iso-surface plots of electron localization func-
tion (iso-value = 0.78) for (g) liquid Si, (h) Si-Ge and (i) Ge at their melting temperature
computed on selected snapshots. For more info c¢f. main text.



function further indicates that the distribution of bond angle in Si-Ge is uneven, suggesting
a lack of symmetry within the first coordination shell.

On overall, these data demonstrate that Si-Ge exhibits higher coordination than pure ele-
ments due to the formation of a closer packed first coordination shell, whom indeed stems
from the chemical bonds involved in Si-Ge. By decomposing the Si-Ge n(r) function into
inter- and intra-element contributions in Figure 2 we found the first coordination shell to
be evenly split between Si-Si (or Ge-Ge) and Si-Ge bonds, implying that the liquid alloy
exhibits an equal number of bonds between similar and dissimilar atoms at the same time,

almost twice as many as those experienced by the two liquid elements.
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Figure 2: Decomposition of the n(r) function of Si-Ge into intra-element and inter-element
contributions.For more info ¢f. main text.

In order to gain more information on the chemical bonds type, we plotted electron lo-
calization functions (ELF) in Figure 1g-i.% Si and Ge displayed distinct bonding patterns:
Si exhibited more defined and directional o-type bonds, reflecting higher Si s and p or-
bital hybridization, while, Ge had less defined bonds with localized electron density on

non-hybridized Ge s orbitals. Si-Ge displayed intermediate features, showcasing both ¢ and



s patterns (Figure 1g-i) but ELF planar averaged profiles in Figure S2, Supporting Infor-
mation, signaled an electron density distribution similar to Si, with mean values of ~ 0.40.
Summing up all these data, the increased coordination in the alloy stem from Si atoms in
the first coordination shell prioritizing the formation of stronger, more directional ¢ bonds
with neighboring Si atoms, while, also bonding with Ge atoms. This would nearly double
the total number of bonds, being at the origin of the overall enhanced Si-Ge coordination.
The liquid alloy structural properties differ from those of crystals, where bond lengths follows
the trend Si (2.31 A). < Si-Ge (2.42 A) < Ge (2.50 A), CNs are ~ 4.0 for both Si-Ge and
pure elements and bonding energies/patterns change linearly with the increased Ge content
(For more details see Figure S3, Supporting Information).?

It is worth noting that our Si-Ge structural results are slightly at variance with the ones of
Ko et al., where the supercell volume was calculated as an average between the pure ele-
ments, without considering the specific experimental density.'® Despite the first g(r) peak
was detected at 2.5 A, the computed coordination number of ~ 6.5 was significantly smaller
than ours.

Having understood the structural and bonding properties of the liquids at their melting
point, we turned to optical functions. The reflectivity (R) trends at the melting point, shown
in Figure 3, presented a fairly good agreement with results from our previous experiment-
based study,®® in which a radiation energy of 4.02 €V was used, yielding R values of 0.86
(Si-Ge), 0.76 (Si), and 0.73 (Ge). Importantly, in the overall range of considered excitation
energies, R Si-Ge exceeded R Si and R Ge, whom in turns show similar values, following
Rsi_ce > Rgi, Rge- It is worth to highlight a subtle variation between Si and Ge due to a
reduced plasmon energy. As shown in Figure S4, Supporting Information, the reflectivity
behavior of the three liquefied semiconductors is substantially different from that of crys-
talline systems, whose R functions are overlapping, averaging ~ 0.50.

To deepen our understanding of optical results, we analyzed the real and imaginary compo-

nents of the dielectric functions in Figure 4a-b. We employed a Drude model to fit the real
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Figure 3: Reflectivity vs excitation energy functions of liquefied Si, Si-Ge and Ge at their
melting temperature. Filled area and solid lines represents the overall statistic intervals and
average values respectively from our study, while stars represent R values taken from the
liquid reflectivity map drawn by Ricciarelli et al.’® For more info cf. main text.



part of dielectric functions, this model is represented by equations (1)-(2),
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Figure 4: (a) Real and (b) imaginary parts of dielectric function at the melting point, solid
lines represents values from our simulations, dashed curves are obtained by fitting R(e)
with the Drude model. Analysis of reflectivity trend: (c) averaged R computed employing
liquid structures, substituting Ge atoms with Si to isolate the impact of structures on R,
(d) averaged R computed employing Si liquid structures, substituting Si with Ge atoms to
match Si, Si-Ge and Ge stoichiometry (coordinates and cells are further re-scaled to account
for the cell parameters’ differences) to isolate composition’s effects on R. For more info cf.

mailn text.

Consistently with previous studies, >4 the Drude model accurately described the optical
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behavior of these molten alloys, i.e. they manifest a metallic character. Specifically, this
occurred for excitation energies exceeding 1.5 eV. Table 1 provides the values of w,, I, and
T (average electron collision time). By analyzing the real part of the dielectric function in
Figure 4a, we observed a striking similarity between Si and Ge, reflected by similar I" values
of 2.92 eV and 2.41 eV respectively. This similarity highlighted a comparable damping effect
on electromagnetic radiation for both elements. In contrast, the real part of the dielectric
function of Si-Ge displayed lower values and a smaller I' of 1.50 eV. This consistently de-
scribes a scenario of less damped electromagnetic radiation, indicating the presence of more
forbidden intra-band electronic transitions and longer-living excited states. The notion of
increased forbidden excitations in liquid Si-Ge is in line with the single-particle analysis pre-
sented in Figure S5, Supporting Information. Virtual Si-Ge single-particle states appeared
significantly out-of-phase when compared to the higher energy occupied state, reinforcing
the observed trends. As mentioned, the slight differences in R values for Ge, when compared
to Si, can be rationalized in terms of distinct plasmon energies. Specifically, identical values
of 19.60 eV were observed for Si and Si-Ge, while Ge exhibited a slightly lower value of 15.30
eV. We noticed that the imaginary part of the dielectric function in Figure 4b is consistent

with the Drude model derived from the real part.

Table 1: Values of plasmon energy, w,, damping factor, I';and averaged electron collision
time, 7, corresponding to 1/I". The parameters are determined by fitting R(¢) with the
Drude model.

Liquid Wp r T
eVl [eV]  [fs]
Si- 1683 K 19.60 2.92 141
Si-Ge - 1543 K 19.60 1.50 2.76
Ge- 1211 K 1530 241 1.72

We conducted further tests to distinguish between the influences of structural and elec-

tronic factors on the reflectivity patterns in Figure 3, to ultimately gain correlation between
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atomistic properties and optics. To isolate the structural effects, we computed the R of
Si, Si-Ge, and Ge by substituting Ge atoms (when present) with Si in randomly collected
geometries. The results (Figure 4c), replicated the trend Rg;_ge > Rgi, Rge- In contrast,
starting with random liquid Si snapshots and replacing some Si atoms to achieve Si-Ge and
Ge stoichiometry, along with rescaling the cell parameters and related coordinates, we did
not reproduce the trend (Figure 4d). From these tests, we can deduce that the reflectivity be-
havior of the different liquids is primarily determined from their individual geometries rather
than their composition. As mentioned in the initial paragraphs of the section, the structure
of Si-Ge differed from the individual elements for the coordination character, specifically
Si-Ge exhibits a highly coordinated shell with lower symmetry. Therefore, we can assert
that, within silicon-germanium alloys, it is the coordination shell character whom governs
the liquid’s reflectivity: higher coordination regimes, with less centrosymmetric topologies,

such as the one experienced in Si-Ge at the melting point, deliver a higher reflectivity.

Conclusions

In conclusion we compared the structural and optical properties at the melting point for
liquid Si, Ge and Si-Ge from ab initio molecular dynamics. From the structural side, our
results highlight a significant difference among the three systems with Si-Ge presenting, a
higher coordination number of 8.6 than 5.7 (4.8) of Si (Ge) and a lower symmetry of the shell.
Concerning the optical properties, Si-Ge shows higher reflectivity values of the liquid near
the melting point if compared to the pure elements, in agreement with experimental stud-
ies. 50 We found that this trend originates primarily from the different coordination character
of the liquid rather than the different element composition. The higher coordination regime
met in Si-Ge with lower centrosymmetric character provides higher reflectivity values. We

found that the observed structural and optical properties obtained for liquids at the melting
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point are different if compared to analogous crystalline systems. Our findings brilliantly
enhance the understanding of liquefied semiconductors, paving the way to more controlled

laser melting processes on Si-Ge alloys to achieve very high doping concentrations.

Acknowledgement

We gratefully acknowledge funding from the European Union’s Horizon 2020 Research and
Innovation programme under grant agreement No. 871813 MUNDFAB and and the Euro-
pean Union’s NextGenerationEU under grant agreement CN00000013-National Centre for

HPC, Big Data, and Quantum Computing for computational support.

Supporting Information Available

Extended version of computational details, supplemental structural data and equation to
compute g(r), n(r) and g(0), supplemental electronic structure data, supplemental optical

data, projected density of states and BSE benchmarks.

References

(1) Deinzer, G.; Birner, G.; Strauch, D. Ab initio calculation of the linewidth of various

phonon modes in germanium and silicon. Phys. Rev. B 2003, 67, 144304.

(2) Lee, Y.; Hwang, G. S. Molecular dynamics investigation of the thermal conductivity of

ternary silicon—germanium—tin alloys. J. Phys. D: Appl. Phys. 2017, 50, 494001.

(3) Botti, S.; Flores-Livas, J. A.; Amsler, M.; Goedecker, S.; Marques, M. A. L. Low-energy

13



(6)

(7)

(8)

(10)

(11)

silicon allotropes with strong absorption in the visible for photovoltaic applications.

Phys. Rev. B 2012, 86, 121204(R).

Sindona, A.; Vacacela Gomez, C.; Pisarra, M. Dielectric screening versus geometry
deformation in two-dimensional allotropes of silicon and germanium. Sci. Rep. 2022,

12, 15107.

Ortenburger, 1.; Rudge, W.; Herman, F. Electronic density of states and optical prop-
erties of polytypes of germanium and silicon. J.Non-Crystalline Solids 1972, 8-10,
653-658.

Okada, J. T. et al. Persistence of Covalent Bonding in Liquid Silicon Probed by Inelastic
X-Ray Scattering. Phys. Rev. Lett. 2012, 108, 067402.

Bonati, L.; Parrinello, M. Silicon Liquid Structure and Crystal Nucleation from Ab
Initio Deep Metadynamics. Phys. Rev. Lett. 2018, 121, 265701.

étich7 I.; Car, R.; Parrinello, M. Structural, bonding, dynamical, and electronic prop-
erties of liquid silicon: An ab initio molecular-dynamics study. Phys. Rev. B 1991, 44,
4262-4274.

Kresse, G.; Hafner, J. Ab initio molecular-dynamics simulation of the liquid-metal—
amorphous-semiconductor transition in germanium. Phys. Rev. B 1994, 49, 14251—

14269.

Ko, E.; Jain, M.; Chelikowsky, J. R. First principles simulations of SiGe for the liquid
and amorphous states. J. Chem. Phys. 2002, 117, 3476-3483.

Ricci, E.; Amore, S.; Giuranno, D.; Novakovic, R.; Tuissi, A.; Sobczak, N.; Nowak, R.;
Korpala, B.; Bruzda, G. Surface tension and density of Si-Ge melts. J. Chem. Phys.
2014, 140, 214704.

14



(12) Chathoth, S. M.; Damaschke, B.; Samwer, K.; Schneider, S. Thermophysical properties

of highly doped Si and Ge melts under microgravity. J. Appl. Phys. 2009, 106, 103524.

(13) Beaglehole, D.; Zavetova, M. The fundamental absorption of amorphous Ge, Si and
GeSi alloys. J. Non-Crystalline Solids 1970, 4, 272-278, International Conference on

Amorphous and Liquid Semiconductors.

(14) Whiteaker, K. L.; Robinson, I. K.; Van Nostrand, J. E.; Cahill, D. G. Compositional
ordering in SiGe alloy thin films. Phys. Rev. B 1998, 57, 12410-12420.

(15) Ishimaru, M.; Yamaguchi, M.; Hirotsu, Y. Molecular dynamics study of structural and

dynamical properties of amorphous Si-Ge alloys. Phys. Rev. B 2003, 68, 235207.

(16) étich, I.; Parrinello, M.; Holender, J. M. Dynamics, Spin Fluctuations, and Bonding in
Liquid Silicon. Phys. Rev. Lett. 1996, 76, 2077-2080.

(17) Wang, W.-B.; Ohta, R.; Kambara, M. Study on liquid-like SiGe cluster growth during
co-condensation from supersaturated vapor mixtures by molecular dynamics simulation.

Phys. Chem. Chem. Phys. 2022, 24, 7442-7450.

(18) Manku, T.; McGregor, J.; Nathan, A.; Roulston, D.; Noel, J.-P.; Houghton, D. Drift
hole mobility in strained and unstrained doped Si;_, Ge, alloys. IEEE Trans. Electr.
Devices 1993, 40, 1990-1996.

(19) Jain, S. C.; Hayes, W. Structure, properties and applications of Ge,Si;_, strained

layers and superlattices. Semicond. Sci. and Tech. 1991, 6, 547.

(20) Iyer, S.; Patton, G.; Stork, J.; Meyerson, B.; Harame, D. Heterojunction bipolar tran-
sistors using Si-Ge alloys. IEEFE Trans. Electr. Devices 1989, 36, 2043-2064.

(21) People, R. Physics and applications of Ge,Si;_,/Si strained-layer heterostructures.
IEEE J. Quantum Electr. 1986, 22, 1696-1710.

15



(22)

(23)

(24)

(25)

(26)

(27)

(28)

Pearsall, T. P. Silicon-germanium alloys and heterostructures: Optical and electronic

properties. Crit. Revi. S. State and Mater. Sci. 1989, 15, 551-600.

Baeri, P.; Foti, G.; Poate, J. M.; Campisano, S. U.; Cullis, A. G. Orientation and

velocity dependence of solute trapping in Si. Appl. Phys. Lett. 1981, 38, 800-802.

Ong, K.; Pey, K.; Lee, P.; Wee, A.; Chong, Y.; Yeo, K.; Wang, X. Formation of ultra-
shallow p*/n junctions in silicon-on-insulator (SOI) substrate using laser annealing.

Mater. Sci. Engineer.: B 2004, 11/-115, 25-28.

Hernandez, M.; Venturini, J.; Berard, D.; Kerrien, G.; Sarnet, T.; Débarre, D.; Boul-
mer, J.; Laviron, C.; Camel, D.; Santailler, J.-L.; Akhouayri, H. Laser thermal process-

ing using an optical coating for ultra shallow junction formation. Mater. Sci. Engineer.:

B 2004, 114-115, 105-108.

Monakhov, E. V.; Svensson, B. G.; Linnarsson, M. K.; La Magna, A.; Italia, M.;
Privitera, V.; Fortunato, G.; Cuscuna, M.; Mariucci, L. Boron distribution in silicon

after multiple pulse excimer laser annealing. Appl. Phys. Lett. 2005, 87, 081901.

Albenze, E. J.; Thompson, M. O.; Clancy, P. Molecular Dynamics Study of Explosive
Crystallization of SiGe and Boron-Doped SiGe Alloys. Ind. and Eng. Chem. Research
2006, 45, 5628-5639.

Dagault, L.; Acosta-Alba, P.; Kerdilés, S.; Barnes, J. P.; Hartmann, J. M.; Gergaud, P.;
Nguyen, T. T.; Grenier, A.; Papon, A. M.; Bernier, N.; Delaye, V.; Aubin, J.; Cris-
tiano, F. Impact of UV Nanosecond Laser Annealing on Composition and Strain of
Undoped SiysGego Epitaxial Layers. ECS J. Solid State Sci. Technol. 2019, 8, 202—
208.

Dagault, L.; Kerdilés, S.; Acosta Alba, P.; Hartmann, J.-M.; Barnes, J.-P.; Gergaud, P.;
Scheid, E.; Cristiano, F. Investigation of recrystallization and stress relaxation in

nanosecond laser annealed Si;_,Ge,/Si epilayers. Appl. Surf. Sci. 2020, 527, 146752.

16



(30)

(31)

(32)

(33)

(34)

(35)

(36)

Huet, K.; Aubin, J.; Raynal, P.-E.; Curvers, B.; Verstraete, A.; Lespinasse, B.; Maz-
zamuto, F.; Sciuto, A.; Lombardo, S.; La Magna, A.; Acosta-Alba, P.; Dagault, L.;
Licitra, C.; Hartmann, J.-M.; Kerdilés, S. Pulsed laser annealing for advanced technol-

ogy nodes: Modeling and calibration. Appl. Surf. Sci. 2020, 505, 144470.

Calogero, G.; Raciti, D.; Ricciarelli, D.; Acosta-Alba, P.; Cristiano, F.; Daubriac, R.;
Demoulin, R.; Deretzis, I.; Fisicaro, G.; Hartmann, J.-M.; Kerdilés, S.; La Magna, A.
Atomistic Insights into Ultrafast SiGe Nanoprocessing. J. Phys. Chem. C 2023, 127,
19867-19877.

Calogero, G.; Raciti, D.; Acosta-Alba, P.; Cristiano, F.; Deretzis, I.; Fisicaro, G.;
Huet, K.; Kerdilés, S.; Sciuto, A.; La Magna, A. Multiscale modeling of ultrafast melt-

ing phenomena. npj Comp. Mater. 2022, 8, 36.

Bustarret, E.; Marcenat, C.; Achatz, P.; Ka¢marcik, J.; Lévy, F.; Huxley, A.; Ortéga, L.;
Bourgeois, E.; Blase, X.; Débarre, D.; others Superconductivity in doped cubic silicon.

Nature 2006, 444, 465—468.

Grockowiak, A.; Klein, T.; Bustarret, E.; Ka¢marcik, J.; Dubois, C.; Prudon, G.; Houm-
mada, K.; Mangelinck, D.; Kociniewski, T.; Débarre, D.; Boulmer, J.; Marcenat, C.
Superconducting properties of laser annealed implanted Si:B epilayers. Supercond. Scu.

and Tech. 2013, 26, 045009.

Daubriac, R.; Alba, P. A.; Marcenat, C.; Lequien, S.; Vethaak, T. D.; Nemouchi, F.;
Lefloch, F.; Kerdilés, S. Superconducting Polycrystalline Silicon Layer Obtained by
Boron Implantation and Nanosecond Laser Annealing. ECS J. Solid State Sci. and
Tech. 2021, 10, 014004.

Dumas, P.; Opprecht, M.; Kerdilés, S.; Labar, J.; Pécz, B.; Lefloch, F.; Nemouchi, F.
Superconductivity in laser-annealed monocrystalline silicon films: The role of boron

implant. Appl. Phys. Letters 2023, 123, 132602.

17



(37)

(38)

(41)

(42)

(43)

(44)

(45)

Prucnal, S.; Liu, F.; Voelskow, M.; Vines, L.; Rebohle, L.; Lang, D.; Berencén, Y.;
Andric, S.; Boettger, R.; Helm, M.; others Ultra-doped n-type germanium thin films

for sensing in the mid-infrared. Sci. Rep. 2016, 6, 27643.

Ertekin, E.; Winkler, M. T.; Recht, D.; Said, A. J.; Aziz, M. J.; Buonassisi, T.; Gross-
man, J. C. Insulator-to-Metal Transition in Selenium-Hyperdoped Silicon: Observation

and Origin. Phys. Rev. Lett. 2012, 108, 026401.

Zianni, X.; Narducci, D. Synergy between defects, charge neutrality and energy filtering
in hyper-doped nanocrystalline materials for high thermoelectric efficiency. Nanoscale

2019, 11, 7667-7673.

Li, C.; Zhao, J.-H.; Chen, Z.-G. Infrared absorption and sub-bandgap photo-response
of hyperdoped silicon by ion implantation and ultrafast laser melting. J. Alloys Com-

pounds 2021, 883, 160765.

Poumirol, J.-M.; Majorel, C.; Chery, N.; Girard, C.; Wiecha, P. R.; Mallet, N.; Mon-
flier, R.; Larrieu, G.; Cristiano, F.; Royet, A.-S.; Alba, P. A.; Kerdiles, S.; Paillard, V.;
Bonafos, C. Hyper-Doped Silicon Nanoantennas and Metasurfaces for Tunable Infrared

Plasmonics. ACS Photonics 2021, 8, 1393-1399.

Jellison, J., G. E.; Modine, F. A. Optical constants for silicon at 300 and 10 K deter-

mined from 1.64 to 4.73 eV by ellipsometry. J. Appl. Phys. 1982, 53, 3745-3753.

Vinna, L.; Logothetidis, S.; Cardona, M. Temperature dependence of the dielectric
function of germanium. Phys. Rev. B 1984, 30, 1979-1991.

Jellison, G.; Haynes, T.; Burke, H. Optical functions of silicon-germanium alloys deter-

mined using spectroscopic ellipsometry. Opt. Mater. 1993, 2, 105-117.

Jellison, G. E.; Lowndes, D. H.; Mashburn, D. N.; Wood, R. F. Time-resolved reflectiv-

18



(46)

(51)

(52)

(53)

(54)

ity measurements on silicon and germanium using a pulsed excimer KrF laser heating

beam. Phys. Rev. B 1986, 34, 2407-2415.

Jellison, J., G. E.; Lowndes, D. H. Measurements of the optical properties of liquid
silicon and germanium using nanosecond time-resolved ellipsometry. Appl. Phys. Lett.

1987, 51, 352-354.

Boneberg, J.; Yavas, O.; Mierswa, B.; Leiderer, P. Optical reflectivity of Si above the
melting point. Phys. Status Solidi (b) 1992, 174, 295-300.

éerny, R.; Prikryl, P.; El-Kader, K.; Chah, V. Determination of the reflectivity of
liquid semiconductors over a wide temperature range. Int. J. Thermophysics 1995, 16,

841-849.

Abraham, A.; Tauc, J.; Velicky, B. Optical Properties of Liquid Germanium. Phys.
Status Solidi (b) 1963, 3, T67-772.

Ricciarelli, D.; Mannino, G.; Deretzis, 1.; Calogero, G.; Fisicaro, G.; Daubriac, R.;
Cristiano, F.; Demoulin, R.; Michatowski, P. P.; Acosta-Alba, P.; Hartmann, J.-M.;
Kerdiles, S.; La Magna, A. Impact of surface reflectivity on the ultra-fast laser melting

of silicon-germanium alloys. Mater. Sci. Semicond. Proc. 2023, 165, 107635.

Car, R.; Parrinello, M. Unified Approach for Molecular Dynamics and Density-
Functional Theory. Phys. Rev. Lett. 1985, 55, 2471-2474.

Brener, N. E. Random-phase-approximation dielectric function for diamond, with local

field effects included. Phys. Rev. B 1975, 12, 1487-1492.

Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient Approximation Made

Simple. Phys. Rev. Lett. 1996, 77, 3865-3868.

Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized eigenvalue formal-

ism. Phys. Rev. B 1990, /1, 7892-7895.

19



(55)

(56)

(57)

(58)

(59)

(60)

(61)

(62)

(63)

(64)

Grimme, S. Semiempirical GGA-type density functional constructed with a long-range

dispersion correction. Journal of Computational Chemistry 2006, 27, 1787-1799.

Vanderbilt, D. Soft self-consistent pseudopotentials in a generalized eigenvalue formal-

ism. Phys. Rev. B 1990, /1, 7892-7895.

Giannozzi, P. et al. QUANTUM ESPRESSO: a modular and open-source software

project for quantum simulations of materials. J. Phys.: Cond. Matter. 2009, 21, 395502.

Wyckoft, R. Crystal Structures, Second Edition; Interscience Publishers, New York,

1963.

Gabathuler, J. P.; Steeb, S. Uber die Struktur von Si-, Ge-, Sn- und Pb-Schmelzen /
Structure of Si-, Ge-, Sn-, and Pb-melts. Zeitschrift fir Naturforschung A 1979, 34,
1314-1319.

Salmon, P. S. A neutron diffraction study on the structure of liquid germanium. J.

Phys. F: Metal Phys. 1988, 18, 2345.

Chandler, D. Introduction to modern statistical. Mechanics. Oxford University Press,

Ozford, UK 1987, 5, 449.

Buriak, J. M. Organometallic Chemistry on Silicon and Germanium Surfaces. Chem.

Rev. 2002, 102, 1271-1308.

Ishimaru, M.; Yoshida, K.; Kumamoto, T.; Motooka, T. Molecular-dynamics study on

atomistic structures of liquid silicon. Phys. Rev. B 1996, 5/, 4638-4641.

Savin, A.; Nesper, R.; Wengert, S.; Féssler, T. F. ELF: The Electron Localization

Function. Angew. Chem. Int. Ed. 1997, 36, 1808-1832.

20



TOC Graphic

21



