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Laser Ablation with ultrashort pulses: 

from “direct surface processing” to deposition of nanostructured film
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Laser ablation with ultrashort pulses

laser  beam

substrate

vacuum/ background gas

target

laser produced
plasma plume

① Surface processing ② Transient Plasma

③ NPs & NPs-assembled films

① Quenching of peculiar states of surface
[direct laser surface processing]

② Transient hot plasma 
[ions, atoms and nanoparticles (main part)]

③ Collection of nanoparticles on substrates
[fabrication of nanoparticle-assembled films]

fs laser pulses on a
metal/semiconductor

non-equilibrium state
of matter and
subsequent relaxation

BACKGROUND AND MOTIVATIONS

Other fields of application
• LIBS for material analysis
• Ion beam generation
• EUV light generation
• m-thruster for satellites
• 3D structuring (dielectrics)
• Templates for cell growth
• . . . . . . . . . 
• . . . . . . . . . 
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OVERVIEW OF THE BASIC MECHANISMS

Photo of a silver fs ablation plume
. . .  at later time
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The plume of ablated material

Amoruso et al., J. Appl. Phys. 84, 4502 (2004)
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Sketch of the process

Material decomposition – MD-TTM simulations
Amoruso et al., J. Phys. D 40, 331 (2007)



Silver

List of materials

Al, Ag, Au, Cu, Pd,… 

Ni, Co, Fe, Mn, … 

—

Si, Ge, …

—

NiFe, CoCu, SmCo, AlN, …

—

CdS, ZnS, TiO2, ZnO, VO2,…

—

LSMO, TbDyFe, …

—

!? What is next ?!

NPs of any material (metal, semiconductor, elemental/multicomponent)

GENERATION OF NPS AND MAIN FEATURES

(a) AFM image of a dispersed Ag NPs; (b) Size distribution of Ag NPs in-plane radius. 



NPs shape and size properties

substrate

NP shape at AFM Equivalent sphere
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 NPs constitute the main part of the ablated material (70-90 %)

Example: Cu NPs size dependence on F
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Example: deposition rate vs p TiO2 in O2 background gas

 NPs size and size distribution 
depend slightly on laser fluence

Tsakiris et al., J. Appl. Phys. 115, 243301 (2014)



Possible strategies to control NPs size

Au bulk

Au thin film

bulk quartz

Bulk vs thin film

UV pulse
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UV laser vaporization thin film

Amoruso et al., J. Phys. B. 40, 1253 (2007) Amoruso et al., J. Appl. Phys. 110, 124303 (2011)



several laser shots

DEPOSITION OF NPS-ASSEMBLED FILMS

SEM images
few laser shots

many laser shots (~105)

AFM image of the film

zoomed image



Background pressure can allow controlling the NPs-assembled film morphology

Example: TiO2 in O2 background gas

I - low pressure II - intermediate pressure III - high pressure 

Amoruso et al., Appl. Surf. Sci. 270, 307 (2013)



We studied the generation of NPs and the deposition of NPs-assembled film of 
diverse material for a number of applications in collaboration with other groups 

Domestic Collaborations

 G. Ausanio, V. Iannotti, L. Lanotte

Magnetic NPs-assembled films

 S. Lettieri & P. Maddalena

 PL  and optical-based gas sensors

 C. Altucci & R. Velotta, 

Decoration of QCM for biosensing

G. Rusciano, A. Sasso, 

NPs of noble metals for SERS/TERS

Trinity College Dublin 

J. G. Lunney

 Plasma and ions

 DP ULA

L. J. Lewis

 Ablation modeling

Comparison with experiments

Université de 

Montréal 

M. Castillejo & C.

 ULA of semiconductors

International collaborations

P. A. Atanasov 

N. Nedyalkov

MD simulations  Thin films

S. Canulescu & N. Pryds

 ULA of metal-oxides 

M. Hu & X. Ni

 ULA of metal-oxides 



EXAMPLE #1 - NPs-assembled films of magnetic materials
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Hysteresis loop of a Nickel NPs-assembled film
AFM image of a nickel NPs-assembled  film. 

NPs as building blocks of magnetic 
system with a peculiar response



d) 330 
mJ/cm2

b) CdS, 527 nm, 440 mJ
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Photoluminescence

Decay of photogenerated charge carriers by
radiative recombination at the band edge. 

Decay from trap states localized at the
surface crystalline defect sites and having
energy levels within the forbidden band gap.

Nanostructures of II-VI 
semiconductor materials

EXAMPLE #2 - II-VI direct semicondutors (CdS, ZnS)



VIS and NIR PL bands of TiO2 NPs-assembled films show an opposite response 
to oxygen adsorption

EXAMPLE #3 – Metal-oxide semicondutors (TiO2)

NPs-assembled metal-oxide 
semiconductors for PL-based 

gas sensors

The opposite response to a unique

analyte (O2) offers a valuable example

of possible advantages of an optical

approach to chemical sensing and

appears to be a promising first step

towards PL-based sensing with titania.



The NPs-assembled films
show comparatively
higher photocurrent
density even if their
thicknesses is less than
400 nm.

EXAMPLE #4 – Metal-oxide semicondutors (TiO2) on Ti foil

TiO2 NPs film for 
hydrogen production 

from H2O splitting 



QCM experimental setup

EXAMPLE #5 – Gold NPs on QCM for biosensing

Biosensing based on a 
nanostructured quartz-crystal 

microbalance (QCM) device

Proof of principle 
The NPs-assembled films 
on QCM surface allows 

increasing the sensitivity!

(a) functionalization with anti-IgG   
from goat 

(b) recognition of the IgG antigen
from mouse



Np=0 Np=2

Np=10 Np=40

DIRECT FS LASER SURFACE STRUCTURING

Examples of 
nano/micro
structures

Complex random structures
(linearly polarized light)

Np=0 Np=2

Np=10 Np=40

Laser Induced Periodic Surface Structures 
(linearly polarized light))



General features of fs LIPSS

- hierarchical structures are formed (micro & nano)

- The period and structure depend on the number of laser shots

- Gaussian beam: LIPSS at center or periphery depending on FL

Ridges and valleys are extensively textured with nanostructures

Surface structures affect physical and chemical properties 

Surface functionalization 

E



Some optical properties of the structured surfaces…

Morpho Butterfly wings like effect on Pt

Colorizing or blackening of Metals

(a) Morpho butterfly iridescent blue wings. (b) and
(c) iridescent colors of a Pt sample with LIPSS-
textured surface. (d) SEM image of LIPSS texture
on Pt. (e) Reflectance spectrum of the LIPSS
texture. Side panel: black Pt.

Black Silicon

Black Al as absorber 
for TEG module

Improved efficiency on W-filament 
for incandescent bulb lights

Light bulbs with 
nanostructured filaments 



Lotus leaf effect: hydrophobic and hydrophilic surfaces

Wetting properties of the nanostrucutred surfaces…

Pumping water (liquids) uphill with surface m/n-structrues

Silicon



We are pursuing the use of fs laser beams with complex State of Polarization
Shaped optical beams offer novel routes in material ablation and processing

(e.g. Temporal pulse tailoring has been already explored at a rather large extent) 

OPTICAL FUSILLI 

“pasta spirals”

Optical Vortex beams carrying Orbital Angular Momentun 

can open up further opportunities!

AZIMUTHAL RADIAL

SPIRAL COMPLEX

GAUSSIAN VORTEX
Phase plate

In collaboration with 

Nonlinear Optical 

Spectroscopy Group

(L. Marrucci, D. Paparo)



Sketch of the experimental setup Q-plate module Check of SoP



Examples of surface ordered structures on Silicon

Ripples
L<L ;  E

Grooves
L>L ;  E 



20 mm

(a)

Direct patterning/structuring
of complex surfaces



We seek for applications

 ……..
 … ……..
 ………..
 ….. …… ……..
 ………………………


OL - in press

Diagnostics of cylindrical vector beams

10 mm



GRAPHIC SUMMARY - Laser ablation with ultrashort pulses

20 mm20 mm

Gaussian beam Vortex beam

① Imprinting surface micro/nano-

strucures with diverse morphologies 

Control and tailor physical properties of
surfaces and probe vector laser beams

NP-assembled films

Magnetism, Optics, Gas-sensing, H2O-splitting for H2 production, etc..

③

② Peculiar plasma states
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