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Evolution mechanism of transient optical properties of ultrafast laser-

induced monocrystalline silicon

Liao Xiaojie, Lin Suying, Han Bing
(School of Electronic and Optical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: The evolution pattern of the transient optical properties on the surface of monocrystalline silicon
materials under the action of lasers with different pulse widths and different energy densities in the sub-
picosecond to picosecond range was studied. This research was based on a dual temperature equation, carrier
number density model, that considered the latent heat of phase transition. The carrier temperature, lattice
temperature, permittivity, and the number density of excited carriers during laser irradiation were calculated,
energy transfers processes from photons to electrons and electrons to phonons was simulated. In the end, the
variation results of refractive index and extinction coefficient of the monocrystalline silicon surface were
obtained. This result helps to reveal the evolution mechanism of the transient optical properties of monocrystalline
silicon materials under the irradiation of ultrashort pulse lasers in the sub-picosecond to picosecond pulse width
range. Theoretical calculations show that if a single laser pulse cannot melt monocrystalline silicon, the effects of
different laser energy densities and laser pulse widths on the minimum refractive index and extinction coefficient
are minimal. In the laser energy density range from 0.3 J/cm” to 0.4 J/cm?, the minimum refractive index change is
less than 0.5% per 0.01 J/cm® change in energy density. Suppose a single laser pulse can melt monocrystalline

silicon. In that case, different laser energy densities and pulse widths have different degrees of influence on the
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silicon surface's refractive index and extinction coefficient. This research results can provide some theoretical

guidance for the processing and surface modification of monocrystalline silicon materials based on ultrashort

pulse laser.

Key words: optical properties;  phase change;
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Tab.1 Model parameters of monocrystalline silicon
Quantity Symbol Value
Electron-hole pair heat conductivity!"®! Ko/W-(m-K)™" 7.1x107T 0552

Lattice heat conductivity!'®

Carrier heat conductivity!"*!
Lattice heat capacity!"*!

Auger recombination coefficient!'®!
Ambipolar diffusion coefficient
Impact ionization coefficient!'®!

Effective electron mass!'*

K;/W-(mK)!
CI-(m*-K)™! 3Nky
C/T-(m*K)™!
y/m®-s!
D/m*s™!
ors™ 3.6x10"exp(—1.5Eg/(ksT )
m*/kg 9.1x10731(0.15+3.1x107°T )

1.585x10°7;, '

1.978x104+3547,~3.68x10% T2
3.8x107
(300x1.8x107)/T,
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Continued Tab.1
Quantity Symbol Value
Energy relaxation time!'®! T,/s 0.5x107 2 {1+[N/(2x 10 %}
Interband absorption (532 nm)!"” a/m™! 5.02x10%exp(T,/430)
Two-photon absorption (532 nm)/"*! Blsm-J! 0
Free-carrier absorption cross section (532 nm)"'*) om’ 0
Interband absorption (800 nm)!"®! a/m’’! 1.12x10%exp(7;/430)
Two-photon absorption (800 nm)™'¢! B/sm-J! 9x107"
Free-carrier absorption cross section (800 nm)!"%! O/m? 2.9%x107%(T,/300)
Latent heat of melting!"®! L, /Jm? 4206%10°
Latent heat of evaporation!'®! L,/J'm? 32020%10°
Electron heat capacity!'®! CJ/I-(m*K)"! 1007,
Lattice heat capacity!"*! C/T-(m*K)™! 1.06x10°%(3.005-2.629%x107*T))

Electron heat conductivity!®!

KJ/W-(mK)™ 67
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Fig.1 Variation of electron temperature with time (a) and lattice temperature with time (b) under subpicosecond laser irradiation with energy density of

0.25, 0.28, 0.30, 0.35, 0.40 J/cm” and pulse width of 430 fs; Variation of electron temperature with time (c) and lattice temperature with time (d)

under picosecond laser irradiation with energy density of 0.20, 0.30, 0.38, 0.41, 0.42 J/cm? of 8 ps
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Fig.2 Variation of electron temperature with time under laser irradiation
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Fig.4 Under laser irradiation with pulse width of 430 fs and 8 ps respectively, (a) change of peak carrier number density and the real part of peak

dielectric constant on monocrystalline silicon surface with the change of incident laser energy density; (b) Change of peak refractive index and

peak extinction coefficient on monocrystalline silicon surface with the change of incident laser energy density
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