
Femtosecond Laser-Induced Plasma 
for Semiconductors Applications

Dr. Adel Shaaban Awad Elsharkawi
Lecturer, Egyptian Atomic Energy Authority, Cairo 11787, Egypt; 



A brief bio.

6 years as:  Engineer Motorola Saudi 
Arabia, technical support, project 
manager at Ericsson Egypt



LASER (Light Amplification by Stimulated 
Emission of Radiation)

https://www.youtube.com/shorts/Ka7kuISlNSE https://www.youtube.com/watch?v=R_QOWbkc7UI



https://www.youtube.com/watch?v=69n4lzw2JUQ



https://www.youtube.com/watch?v=69n4lzw2JUQ



https://www.youtube.com/watch?v=69n4lzw2JUQ

Timescale of the physical phenomena associated with 

the interaction of a femtosecond laser pulse with transparent 

materials

Gattass, R., Mazur, E. Femtosecond laser micromachining in transparent
materials. Nature Photon 2, 219–225 (2008).





Nanosecond Laser
micro hole 

Picosecond Laser
micro hole 



Fs LASER Applications in Nuclear Environments

https://iramis.cea.fr/en/anr-femtodose-project-2022-2026/

https://www.nature.com/articles/s41377-023-01142-1

https://opg.optica.org/josab/abstract.cfm?uri=josab-40-12-3262



Applications I
Laser Wakefield acceleration

✓ This work could be used in Meter-scale 

plasma  waveguides for multi-GeV laser 

Wakefield acceleration

J. E. Shrock, B. Miao, L. Feder, H. M. Milchberg; Meter-scale plasma waveguides for multi-GeV laser wakefield acceleration. Phys. 

Plasmas 1 July 2022; 29 (7): 073101.



https://www.youtube.com/watch?v=mqJczTBf0nk

Morris Chang

Jensen Huang

https://en.wikipedia.org/wiki/Morris_Chang


The new technology of semiconductors

https://www.youtube.com/watch?v=-egYoxajTz0



Performance Advantages of SiC

•High Power Density: Can carry higher voltages and currents in 
smaller devices.
•High Temperature Operation: Works up to 600–1000 °C vs Si’s ~150 
°C practical limit.
•High Frequency: Supports faster switching, reducing size of passive 
components (like inductors).
•Better Thermal Management: Naturally resists overheating, 
reducing need for bulky cooling.

Application-Level Advantages

•Power Electronics: EV inverters, chargers, solar inverters, power 
supplies — SiC drastically improves efficiency.
•RF / High-Frequency: SiC enables compact, efficient 5G base 
stations and radar.
•Optical/Photonics Integration: Its wide bandgap and low optical 
absorption make SiC attractive for integrated optics.
•Reliability in Harsh Environments: Aerospace, defense, and 
industrial settings benefit from SiC’s stability.

SiC for high-speed data transmission and AI technology

https://www.youtube.com/watch?v=aake09AW1D8&t=45s



https://www.youtube.com/watch?v=PBTt3X2FpqQ

Sic for CPO (Co-packaged Optics) applications

SiC interposers for CPO address the bottleneck — heat.
Compared to silicon, SiC improves thermal handling,
reliability, and optical integration, making it a strong
candidate for next-gen AI datacenter and co-packaged
optics systems.

The trade-off is cost and yield, but for high-end
applications, SiC could be a game-changer.



Applications: 3D silicon Packaging 

Recent Progress of TGV Technology for High Performance Semiconductor Packaging J Weld Join. 2024;42(2):155-164. Published online April 30, 2024



Applications
3D silicon Packaging Using TGV 

https://www.youtube.com/watch?v=IP39gGR9OVs



P-J Charpin, et al, Optics Express 32, 10175 (2024) "Femtosecond laser-induced sub-wavelength plasma inside dielectrics:

III. Terahertz radiation emission" K. Ardaneh et al, Physics of Plasmas 30, 013301 (2023)



Field Ionization Theory



Field Ionization Theory

Phase I —Atomic Foundation

• Keldysh (1964)
Ionization in the field of a strong electromagnetic wave
→ Introduced the adiabaticity parameter 

Field ionization theory was first quantitatively developed by L. D. Landau in 
1934, explaining how a strong electric field can suppress a potential barrier 
to enable electron tunneling ionization from an atom. L. D. Landau

L. V. Keldysh

Phase II —Atomic Refinements

• Perelomov–Popov–Terent’ev (1966–1967)
→ Improved saddle-point evaluation
→ Correct Coulomb corrections (PPT theory)

• Ammosov–Delone–Krainov (1986)
→ Practical tunneling limit (ADK)

Phase III — Modern Femtosecond with Solids

• fs dielectrics (SiO₂, SiC, sapphire), ultrafast breakdown, avalanche coupling

• strong-field intraband motion (Bloch acceleration)

Reiss, H. R. "Complete Keldysh theory and its limiting cases." Physical Review A 42.3 (1990): 1476-1486.

DOI 10.1088/0953-4075/47/20/204001

𝐄 𝐫 𝑡 ≈ 𝐄

𝐄 𝐫 𝑡 ≈ 𝒄𝒐𝒔 𝒘𝑡 𝛾 =
𝜔

𝑒𝐹
2𝜇𝐸𝑔

𝛾 =
𝑇 (𝑇𝑢𝑛𝑖𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒)

𝜏 (𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑢𝑙𝑠𝑒 )

1962 Nobel Prize in 

Physics

https://en.wikipedia.org/wiki/Nobel_Prize_in_Physics


Keldysh theory for ionization: depend on keldysh
parameter “𝜸"

𝛾 =
𝜔

𝑒𝐹
2𝜇𝐸𝑔 , 𝛾 =

𝑇 𝑇𝑢𝑛𝑖𝑙𝑖𝑛𝑔 𝑡𝑖𝑚𝑒

𝜏 𝑂𝑝𝑡𝑖𝑐𝑎𝑙 𝑝𝑢𝑙𝑠𝑒



Keldysh Photoionization Rate:

Assembling all pieces, the ionization rate per unit volume is:
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2𝜔0
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Photon Channels: 𝑄(𝛾, 𝑥) Function

Due to periodicity, the total amplitude is a coherent sum over saddles 𝑡𝑠
(𝑛)

. This sum 

reorganizes into a sum over photon channels 𝑛 = 0,1,2, …, where 𝑛 counts extra photons 

beyond 𝑁min.

The channel-sum function is:

𝑄(𝛾, 𝑥) =
𝜋

2𝐾(𝛾2)
෍

𝑛=0

∞

exp −𝜋𝑛 ⋅
𝐾(𝛾1) − 𝐸(𝛾1)

𝐸(𝛾2)
Φ

𝜋

2

2⌊𝑥 + 1⌋ − 2𝑥 + 𝑛

𝐾(𝛾2)𝐸(𝛾2)

where Φ(𝑧) = 0׬
𝑧
𝑒𝑦

2−𝑧2 𝑑𝑦 =
𝜋

2
𝑒−𝑧

2
Im[Erf(𝑖𝑧)].



P-J Charpin, et al, Optics Express 32, 10175 (2024) "Femtosecond laser-induced sub-wavelength plasma inside dielectrics:

I. Field enhancement", K. Ardaneh et al, Physics of Plasmas 29, 072715 (2022)

II. Second-harmonic generation", K. Ardaneh et al, Physics of Plasmas 29, 072716 (2022)

III. Terahertz radiation emission" K. Ardaneh et al, Physics of Plasmas 30, 013301 (2023)



Light Beam Shaping



Gaussian Beam



Bessel Beam



Light Shaping by  Spatial light modulator

SLM



Light Shaping by  SLM

https://www.youtube.com/watch?v=JRqg43GLFSw



Light Shaping by  SLM

Airy beam

https://www.youtube.com/watch?v=JRqg43GLFSw



Light Shaping by  SLM

Airy beam

Vortex beam

https://www.youtube.com/watch?v=2h3FmA6WgGo

https://www.youtube.com/watch?v=JRqg43GLFSw



Light Shaping by  SLM

Airy beam

Vortex beam

Helical beam

https://www.youtube.com/watch?v=JRqg43GLFSw



Difractive optical element (DOE)

https://www.holmarc.com/axicons.php
https://wavelength-oe.com/articles/bessel-beam/

Bessel Beam

Airy Beam

•DOI: 10.1364/OE.21.018797

http://dx.doi.org/10.1364/OE.21.018797


Our Recent Published Work



𝜓(𝑟, 𝜙) = 𝑘0(𝑛 − 1)𝜃𝑟 + 𝒍𝝓 + 𝐶exp −
𝑟

𝑤0

2





Light beam Shaping applications

35

Once the femtosecond (Fs) laser is shaped, it can be applied to a variety of
applications, including:

Through Glass/ceramic Vias (TGV) (TCV)

https://www.laserfocusworld.com/industrial-laser-solutions/article/14216407/femtosecond-laser-glass-processing

Niu, S., Wang, W., Liu, P., Zhang, Y., Zhao, X., Li, J., Xiao, M., Wang, Y., Li, J., & Shao, X. (2024). Recent Advances in Applications of Ultrafast 

Lasers. Photonics, 11(9), 857.

Richter, S., Döring, S., Tünnermann, A. et al. Bonding of glass with femtosecond laser pulses at high repetition rates. Appl. Phys. A 103, 257–261 (2011).

https://hubner-photonics.com/knowledge-bank/femtosecond-lasers-for-multiphoton-microscopy/

Waveguide writing
Laser welding
Glass/Glass or Glass/others 

Multiphoton Luminance Image

https://www.laserfocusworld.com/industrial-laser-solutions/article/14216407/femtosecond-laser-glass-processing


Plasma Issues: TTM + MPI

Chimier, B., et al. "Damage and ablation thresholds of fused-silica in femtosecond regime." Physical Review B—Condensed 
Matter and Materials Physics 84.9 (2011): 094104.



Bessel ⨉ Gaussian field enters the rate analytically

Local field amplitude and local 𝛾(𝑟, 𝑧, 𝑡)

In your experiment/model, 𝐸𝑙 is not constant—it depends on (𝑟, 𝑧, 𝑡):

𝐸𝑙(𝑟, 𝑧, 𝑡) = 𝐸pk(𝑟, 𝑧) 𝑠(𝑡).

Thus

𝛾(𝑟, 𝑧, 𝑡) =
𝜔 𝑚∗𝑈

𝑒 𝐸pk(𝑟, 𝑧) 𝑠(𝑡)
.

and your local photoionization rate is 𝑤PI(𝑟, 𝑧, 𝑡) = 𝑤PI 𝛾(𝑟, 𝑧, 𝑡), 𝜔, 𝑈,𝑚
∗ ,

pupil-plane complex field (SLM/axicon phase mask style):

𝑈pupil(𝑟) = exp[−
𝑟

𝑤𝑝
)2 exp −𝑗 𝑟𝑘0sin𝜃 + 𝐶𝑒−(𝑟/𝑤𝑝)

2
, 𝑘0 =

2𝜋

𝜆0
.

Prof. Lo group could add the following to Eq. and get new ionization rate: 

Recent work:



Recent work:
• Multiphoton Ionization 

https://doi.org/10.1364/OL.532122



PIC TD-DFT

DOI 10.1070/PU2004v047n09ABEH001812

Photonics2023, 10(5), 515;https://doi.org/10.3390/photonics10050515

https://www.mdpi.com/journal/photonics
https://doi.org/10.3390/photonics10050515


Current Work

FS laser Experimental setup 

Prof. Yu-Lung Lo

Amira Shang

Kaviya

Prof. Ming-Chieh Lin

Department of Electrical and Biomedical Engineering,
Hanyang University, Korea

Department of Mechanical Engineering,
National Cheng Kung University (NCKU), Taiwan
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DOE design

Plasma Modeling
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