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Preface

This book covers seven review articles of pulsed laser processing and analyzing of 
materials. Chapter 1 provides a summary of the use of pulsed lasers in Li-ion battery 
research, including for the development of large specific surface area nanoparticles 
of active materials, stable integrative anodes, dense and stoichiometric thin film 
active materials, as well as electrode architectures facilitating Li-ion diffusion and 
anode volume expansions and textured current collectors to improve adhesion. 
The chapter also describes the use of pulsed lasers for cutting and structuring solid 
ceramic electrolyte and the application of laser ablation inductively coupled plasma 
mass spectrometry (LA-ICP-MS) for chemical composition analysis of Li-ion bat-
teries throughout their operating cycle. Chapter 2 presents an overview on the 
fundamentals of ultra-short pulse laser interaction with metals, semiconductors and 
dielectrics. It reveals the unique responses of the different materials under ultra-short 
pulse irradiation and various ablation mechanisms due to different photo-energy 
absorption mechanisms by different materials such as metals, semiconductors, and 
dielectrics. The two-temperature model is employed to describe the temperature 
of the electron/carrier and lattice of the materials in nonequilibrium conditions when 
ultrashort laser pulses are irradiated on them. The chapter also provides an in-depth 
understanding of the formation mechanisms for the laser-induced periodic surface 
structures (LIPSS) phenomena. Chapter 3 presents an overview of the properties 
and applications of epitaxial ferroelectric materials obtained using the pulsed laser 
deposition (PLD) technique. The chapter reveals that the PLD technique is suitable 
for obtaining ultrathin films allowing a better understanding of physiochemical phe-
nomena of the ferroelectric materials, materials of significant importance in various 
electronic and sensing or energy harvesting applications. Chapter 4 presents a review 
of the use of laser ablation for the synthesis of nanoparticles in liquid for a variety 
of materials. It discusses in depth the effects of various laser parameters on the size, 
shape, composition, and crystallinity of nanoparticles. It also reveals the funda-
mentals, challenges, and limitations of physical and chemical processes involved in 
PLAL, which facilitates the tailoring of the nucleation and growth of nanoparticles. 
Chapter 5 presents an overview on the use of ultrashort-pulse burst-mode lasers 
for processing of materials and biological tissues. Through demonstration of the use 
of the laser for machining of fused silica, in vitro cell-cultures prepared in hydrogels, 
and ex vivo articular cartilage, the chapter shows the unique features when this 
new type of laser is used to process materials as compared to the conventional short 
duration pulsed laser. Chapter 6 presents an overview of using laser-induced Raman 
spectroscopy, photoluminescence, and photoluminescence lifetime analysis for 
gemstone identification. The three laser-based spectroscopy methods allow for dif-
ferentiation of natural and lab-grown materials, discernment of treatment methods, 
and determination of the origins of different colored gemstones. Chapter 7 presents 
an overview on using machine learning methods to help obtain reliable quantitative 
elemental analysis of materials from highly complicated and nonlinear LIBS spectral 
data. The chapter introduces a variety of machine learning methods such as PLS, 
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SVM, LSSVM, Lasso, and artificial neural network-based methods for processing 
LIBS data and compares the results obtained using those methods in order to provide 
guidance for the future developments of machine learning methods.

Through these seven chapters written by experts from the international scientific 
community, the reader will gain a better understanding of the pulsed laser process-
ing and analysis of materials. I gratefully acknowledge all chapter authors for their 
enthusiastic and collaborative contributions and would like to thank Ms. Iva Horvat 
and Mr. Tonci Lucic, publishing process managers, for their guidance and support in 
the preparation of this book.

Dongfang Yang, Ph.D.
Senior Research Officer,

Automotive and Surface Transportation,
National Research Council Canada,

London, Ontario, Canada

Katherine Gibson, M.E.Sc.
Research Associate,

Automotive and Surface Transportation,
National Research Council Canada,

London, Ontario, Canada
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Chapter 1

Applications of Pulsed Laser 
Ablation in Li-Ion Battery Research
Katherine Gibson and Dongfang Yang

Abstract

Harnessing pulsed laser ablation processes in the manufacturing of energy storage 
devices is a new and promising strategy for the facile development of next-generation 
Li-ion batteries. In laser ablation, a pulsed laser is focused on a material surface 
such that the transfer of energy causes the removal of localized material via high 
throughput and environmentally-friendly processing. This chapter will provide a 
summary of the recent advances in laser ablation technologies for producing Li-ion 
battery materials and components. In terms of electrode optimization, it will examine 
the use of pulsed lasers to: (1) generate large specific surface area nanoparticles of 
active materials or stable integrative anodes; (2) deposit compositionally complex 
and stoichiometric thin film active materials; (3) create electrode architectures with 
increased Li-ion diffusion kinetics, enhanced wettability or free space to accom-
modate Si anode volume expansions, and; (4) remove the superficial inactive or solid 
electrolyte interface layers from electrode surfaces. It will also investigate the laser 
ablation of current collectors to produce textures with improved adhesion and the 
use of pulsed lasers for cutting and structuring solid ceramic electrolyte. Finally, this 
chapter will discuss the application of laser ablation inductively coupled plasma mass 
spectrometry (LA-ICP-MS) for chemical composition analysis of Li-ion batteries 
throughout their operating cycle.

Keywords: pulsed lasers, Li-ion batteries, laser ablation, energy storage devices,  
pulsed laser deposition, laser micromachining, LA-ICP-MS

1.  Introduction

Mounting concerns associated with global warming and environmental degradation 
have resulted in increased efforts towards electrification. In particular, ground trans-
portation is responsible for 15% of worldwide CO2 emissions [1] and therefore consti-
tutes one of the most consequential candidates for electrification. The development of 
energy storage technologies is vital in accommodating the transition towards electrical 
propulsion. Due principally to their high specific energy densities, long cycle lives and 
high Coulombic efficiencies, lithium-ion (Li-ion) batteries are currently considered 
the most suitable energy storage candidates for electric vehicle (EV) applications [2]. 
As a result, significant resources have recently been placed over the last two decades on 
optimizing Li-ion battery technologies.
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1.1  Li-ion batteries

Li-ion batteries rely on the concept of extremely low electrode potential and the 
tendency of a Li atom to lose its single valence electron to become a charged Li+ ion. 
Figure 1 provides a schematic of the Li-ion battery operating mechanism. A typical 
Li-ion battery consists of an Al-foil current collector connected to a Li transition-metal 
oxide cathode and a Cu-foil current collector connected to a graphite anode. The cath-
ode is a supplier of Li+ ions, while the anode is a storage medium for Li+ ions. Electrolyte 
positioned between the cathode and anode allows for the flow of Li+ ions while inhibit-
ing the passage of electrons. To prevent short-circuiting, an insulating separator is 
included, with pores for Li+ permeation. In the charge state, a Li-ion battery is charged 
by applying a voltage by a power source which attracts the metal oxide valence electrons 
to its positive terminal. These electrons flow from the metal oxide cathode, through 
the external circuit to reach the graphite anode of the battery. Simultaneously, the Li+ 
ions are attracted to the negative terminal of the power supply and flow through the 
electrolyte to reach the anode. A Li-ion battery is considered to be fully charged once 
all of the active surface sites of the anode are occupied by the Li+ ions. However, this 
is an unstable state. As a result, the battery can act as an energy source (i.e., a galvanic 
device) by applying a load which allows the electrons to flow once again through an 
external circuit to return to the cathode. To maintain neutrality, the Li+ ions are released 
from the anode and flow through the electrolyte and separator to the cathode. Li+ 
intercalation facilitates charging and discharging of Li-ion batteries. In the charge state, 
the cathode is oxidized and delithiated while the anode is lithiated. Similarly, in the 
discharge state, the anode is delithiated while the cathode is reduced and lithiated.

Li-ion battery research over the last two decades has looked to optimize all bat-
tery components through materials selection and modification in order to achieve 
improved performance, cost and operational safety. Since energy density is limited by 
the cathode (when conventional graphite anodes are used), the optimization of cath-
ode materials has received significant attention. In particular, Co-, Mn-, and Ni-based 
materials have been investigated for their high electrochemical potentials which 
permit large battery cell voltages [2]. Polyanionic PO4

− based cathodes have also been 
explored since they are significantly less susceptible to thermal runaway [3]. Even 
organic photoactive cathodes with improved specific capacity under illumination have 

Figure 1. 
Schematic of a Li-ion battery operating in the (a) charge and (b) discharge states.
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been reported [4]. Evidently, cathode optimization research is ongoing as researchers 
look to further improve ionic and electronic conductivity, inhibit the formation of 
passivation layers, reduce costs and support operational safety [5]. In terms of anode 
optimization, Si- and Sn-materials with higher specific capacities than graphite have 
been proposed. In particular, Si-based anodes enable the highest theoretical capac-
ity—4200 mAh/g—approximately 10 times higher than that of graphitic carbon 
anodes. However, severe volume expansion under lithiation limits their practical 
application due to structural compromise which results in poor electrical contact with 
the current collector [5]. Li-metal has similarly been investigated as an anode material 
for its high theoretical capacity and low electrochemical potential, however, dendrite 
formation causing short circuiting threatens device safety [2]. Solid-state electrolyte 
must therefore be employed with Li-metal anodes, but low ionic conductivity, as 
well as rigidity and roughness yield compromised contact resistance. Table 1 sum-
marizes the key advantages and disadvantages of various Li-ion battery anode active 
materials. In terms of current collectors, efforts are centered around reducing foil 
thickness in order to reduce the total weight of devices. However, thin current collec-
tors sacrifice electrical conductivity and suffer from poor mechanical integrity, which 
yields increased contact resistance with cycling [6]. Therefore, it is clear that while 
Li-ion batteries have already been deployed commercially, they stand nevertheless to 
gain from further research and development.

1.2  Pulsed laser ablation

Pulsed laser ablation is a commercially-relevant method for synthesizing and 
modifying materials and components in next-generation Li-ion batteries. In pulsed 
laser ablation, a laser beam is focused on a material or component surface. Absorption 
of the laser energy results in the sublimation and removal of superficial material. Ultra-
fast pulse durations limit heat conduction, leaving the surrounding material in pristine 
condition, without physical or chemical alteration. At high flux, the laser will excite and 
ionize the plume of ejected material, forming plasma and inciting optical emissions [7].

Laser ablation can be harnessed in two modes, where the desired product is 
either: (1) the ejected material, or; (2) the ablated solid surface. Ejected material is 
the desired product in the generation of nanoparticles and thin films by pulsed laser 
ablation. In each case, the laser parameters are tuned to eject material with specific 
morphologies. Conversely, machining is the most common application of pulsed laser 

Anode active material Key advantages Key disadvantages

Graphite Commercial Li-ion battery anode 
active material due to very long 
cycle life and good energy density

Energy density is not as high as alternative 
materials

Si Very high specific capacity Poor electronic conductivity and volume 
expansion under lithiation limits cycle life

Sn Very high specific capacity Volume expansion under lithiation limits 
cycle life

Li metal Very high specific capacity and low 
reduction potential

Solid state electrolyte required to prevent 
short-circuiting

Table 1. 
Comparison of the key advantages and disadvantages of various Li-ion battery anode active materials.
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ablation where the desired product is the ablated solid surface. Importantly, laser 
ablation permits high throughput and environmentally-friendly processing of materi-
als and can easily be tuned by manipulating the pulse duration, pulse frequency, 
wavelength, energy density and scanning speed of the laser.

In Li-ion batteries, pulsed laser ablation has been employed for synthesis, modi-
fication and analysis of materials and components via: (1) nanoparticle generation; 
(2) thin film deposition; (3) machining, and; (4) chemical composition analysis. As 
depicted in Figure 2, this chapter will examine the applications of pulsed laser abla-
tion in next-generation Li-ion battery research.

2.  Pulsed lasers for nanoparticle generation

Pulsed lasers provide a robust and facile means of generating nanoparticles to be 
used as large surface area active materials in Li-ion battery anodes and cathodes. In 
general, the push towards smaller-sized materials comes as a result of the Li+ inser-
tion/extraction processes at the anode and cathode, which are limited by the rate of 
Li+ diffusion. By incorporating nano-sized active materials at the cathode and anode, 
shorter lengths are obtained for both electronic and ionic transport. Compared to the 
conventional methods, in the laser-based process, no chemical additives or reagents 
are required (although surfactants can be added to prevent agglomeration), and there 
are no reaction by-products. Nanoparticles can either be generated by a two-step 
pulsed laser ablation in liquid (PLAL) process or a single-step in-situ laser ablation 
oxidation process.

Figure 2. 
Outline of pulsed laser application areas in Li-ion battery research.
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2.1  Pulsed laser ablation in liquid for nanoparticulate active materials

In PLAL, the laser beam is focused on a solid target material submerged in liquid 
media and the ablated material is dispersed into the liquid [8]. Figure 3 provides a 
schematic of the PLAL process. Importantly, PLAL permits for recovery of the ejected 
material in nanoparticulate powder form. In other words, PLAL is distinguished in 
that the generated nanoparticles remain detached from either the target material or 
a substrate due to their suspension in liquid media. In order to recover the nanopar-
ticles, a second separation step, involving drying or centrifugation, is required.

In 2007, Tsuji et al. employed PLAL to generate LiMn2O4 nanoparticulate active 
material for improved cathode performance [9]. In particular, they hypothesized that 
the discharge capacity would improve in the large surface area nanoparticulate active 
material samples as a result of a decrease in Li diffusion distance. Tsuji et al. irradiated 
a suspension of LiMn2O4 powder in water with a Nd:YAG laser at 150 mJ/pulse for 
1 hour and observed a 90% reduction in particle size from 5 μm to <100 nm. However, 
they did not observe any improvements in discharge capacity for current densities 
above 10 mA/cm2 and reported a 25% reduction in discharge capacity for current 
densities below 10 mA/cm2. The unexpected result is explained by the degradation of 
LiMn2O4 to MnO and Li, and Li/Mn cation mixing under laser ablation. Nonetheless, 
this work is significant in that it constitutes one of the first of its kind to employ PLAL 
for nanoparticulate active materials in Li-ion batteries and serves as a starting point to 
demonstrate the potential and opportunities for improvement of this method.

In 2015, Nowak et al. utilized PLAL to optimize Li-ion battery anodes via doping 
with SnO nanoparticles to increase the specific capacity [10]. The SnO was synthe-
sized by focusing a Nd:YAG laser for 45 minutes on a metallic Sn target submerged in 
water. An energy density of 20 J/cm2, a repetition rate of 10 Hz, and a pulse duration 
of 6 ns were used as ablation parameters. Subsequently, the SnO nanoparticles were 
embedded in a carbon matrix by mixing with gelatine and pyrolyzing at 900°C to 
form the SnO@Cgel anodic active material. The final electrode incorporated 60% 
active material, 20% carbon black and 20% binder, by mass. Importantly, the selected 
active material demonstrated improved performance as a result of: (1) the PLAL-
generated SnO nanoparticles, which enhanced capacity, and; (2) the organic matrix, 
which provided stable cyclability. After 140 cycles at a current density of 100 mA/g, 

Figure 3. 
Schematic of the pulsed laser ablation in liquid (PLAL) process.
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  Figure 4.
  TEM images of LTO nanoparticles generated with laser energy of: (a) 40, (b) 80, and (c) 120 mJ/pulse, (d) cycle 
performance at 1C and (e) rate capability of electrochemical cells with different with LTO particle sizes of 26 nm 
(S1), 12 nm (S2) and 5 nm (S3). Reprinted with permission from [ 11 ]. Copyright (2023) Elsevier.          

Nowak et al. reported a capacity of 580 mA h/g for their Li-ion battery, corresponding 
to a 98% retention in capacity. 

 Given the importance of Li-ion batteries in supporting transportation electrifica-
tion, it has become crucial to devise methods of extending cycle life. The formation 
of a solid electrolyte interface (SEI) passivation layer on the anode, which restricts 
Li +  insertion, is to blame for compromised long-term capacity stability. To overcome 
this issue, Li 4 Ti 5 O 12  (LTO) has been investigated as an alternative to conventional 
graphite anodes for its high working potential which can suppress SEI layer forma-
tion. However, LTO suffers from small Li +  diffusion coefficients, limiting capacity. 
Recently, Alrefaee et al. investigated the use of PLAL to reduce LTO particle size and 
improve Li +  diffusion [ 11 ]. They submerged a solid LTO target in liquid polyethersul-
fone (PES) and ablated it with a Nd:YAG laser at a repetition rate of 10 Hz and a pulse 
duration of 7 ns for 60 min. As shown in   Figure 4(a)–(c)  , by changing the energy 
from 40 mJ/pulse to 120 mJ/pulse, Alrefaee et al. were able to reduce the size of LTO 
nanoparticles from 26 nm to 5 nm. Electrochemical testing demonstrated superior 
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performance with reduced particle size: in Figure 4(d), initial discharge capacities 
at 1 C were 180 and 244 mA h/g for LTO particle sizes of 26 and 5 nm, respectively. 
Similarly, in Figure 4(e), after cycling at high rates, discharge capacities remained the 
highest for the smallest LTO particle size.

2.2  Laser ablation oxidation for metal oxide integrated anodes

In laser ablation oxidation, a nanoparticulate metal-oxide layer, XOx, is grown 
on its pure metal precursor, X, to from an integrated XOx-X material. As depicted 
in Figure 5, growth arises when: (1) the pulsed laser ablates a target metal sur-
face, vapourizing and/or melting atoms under its high energy-intensity radia-
tion; (2) the vapor/liquid-phase metallic atoms collide with oxygen atoms under 
atmospheric conditions, resulting in a loss of kinetic energy, atomic clustering, 
solidification and oxidation, and (3) the solid metal-oxide clusters are re-deposited 
onto the target metal surface. Laser parameters such as the frequency, scanning 
speed, pulse energy and pulse width can be tuned to control the size of metal oxide 
nanoparticles. Importantly, the use of lasers for integrated nanoparticulate metal-
oxide growth is economical due to its simplicity and scalability. Additionally, the 
growth mechanism, which relies predominantly on the photothermal transfer of 
laser radiation to vapourize a metal target, is robust and widely applicable across 
metallic materials.

The principles of laser ablation oxidation were first applied in Li-ion battery 
research in 2015 by Zhong’s group from Tsinghua University, as a means of accom-
modating the volume expansion plaguing stability in high-capacity Si-based anodes. 
The porous structures in silicon-based nanomaterials provide empty space for volume 
expansion under lithiation, reducing strain and improving cyclability. However, the 
conventional wet chemical- or chemical vapor deposition-based synthesis techniques 
do not permit the simultaneous achievement of high-throughput conditions, while 
ensuring precise microstructural control. In response, Zhong et al. introduced the 
laser ablation oxidation of monocrystalline Si wafers to form SiOx-Si integrated 
anodic active material for Li-ion batteries, using a pulsed laser ( λ  = 532 nm) with a 
frequency of 1000 Hz, a pulse width of 10 ns and an energy of 1.5E-4 J [12]. Using this 
novel method, their porous SiOx-Si anodes achieved a high initial discharge capacity 
of 1400 mAh/g, and retained a capacity of 960 mAh/g after 800 cycles (more than 
double the capacity attained after 800 cycles with commercial graphite anodes). 
Similar work has since been replicated using an IR laser [13].

Figure 5. 
Schematic of the laser ablation oxidation process for fabricating an XOx-X integrated electrode.
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Building on their previous work, Zhong et al. discovered a new application for 
laser ablation oxidation in Li-ion batteries: the in-situ growth of metal oxide active 
materials on metallic current collectors [14]. This evolution of the laser ablation 
technology takes advantage of the existing porous metal oxide nanostructures to pre-
vent strain upon volume expansion, but also renders unnecessary the use of binder, 
thereby improving the adhesion of active material to the current collector and the 
electronic conduction of the anode. They used the same 532 nm laser with a frequency 
of 30 kHz, a pulse width of 12 ns and a pulse energy of 0.4 mJ to ablate Cu foil, form-
ing a CuO-Cu integrated anode. Remarkable stability was achieved: the capacity after 
800 cycles at 1.5 A/g was 394 mAh/g, corresponding to a Coulombic efficiency greater 
than 99%. In subsequent publications, Zhong et al. demonstrated the robustness 
of the laser ablation oxidation technique, reporting the preparation of binder-free 
CoO-Co, NiO@C-Ni, Fe2O3/Fe3O4@C-Fe, and MoO3-Mo integrated anodes [15, 16].

3.  Pulsed lasers for thin film deposition

Pulsed lasers can be used to grow 2D materials in a widely employed and mature 
technique known as pulsed laser deposition (PLD). As shown in Figure 6, PLD is a 
vacuum-based deposition method, wherein a pulsed laser beam is focused on the sur-
face of a solid target material. The laser photons are converted into thermal, chemical 
and mechanical energy, resulting in the rapid extraction of material from the surface 
of the target to form a plasma plume which condenses on the substrate [17].

The PLD technique can be used to produce high-quality and dense films with tun-
able morphologies. However, since large-scale deposition is challenging, PLD may be 
particularly well-suited to the manufacturing of thin film batteries. Given the preva-
lence of microelectronics in the technology market, there is a heightened need for 
small, lightweight batteries, offering long lifetimes and high energy densities. Solid-
state thin film batteries are a proposed solution, wherein all battery components are 
thin films that amount to a multilayer device. Physical vapor deposition techniques 
such as PLD are attractive in the fabrication of thin film batteries because they negate 
the need for binder, thereby improving energy density.

The PLD technique yields highly uniform films with preserved stoichiometry; 
it is ideally suited for producing novel thin film compositions and structures. The 
fabrication of compositionally complex thin films containing lithium is particularly 

Figure 6. 
Schematic of a pulsed laser deposition system.
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challenging because lithium is a very easily evaporated element, rendering stoichio-
metric preservation difficult by other deposition methods. As a result, PLD is consid-
ered one of the best techniques for producing thin film cathode active materials.

LiCoO2 is considered one of the best cathode active materials because of its high 
energy density and superior cycling stability. As such it is already being employed 
in commercial Li-ion secondary batteries. Antaya et al. published one of the first 
instances of using the PLD technique under optimized processing conditions to 
produce nominally stoichiometric LiCoO2 thin films with near-zero Li loss [18]. They 
employed a pulsed XeCl laser (λ  = 308 nm) with a fluence of 5 to 6 J/cm2 to ablate a 
solid LiCoO2 target under oxygen atmosphere. A post-deposition annealing step at 
temperatures up to 700°C was applied to produce crystalline films. The authors studied 
the effects of crystallinity and on the electrochemical properties and found that the 
thin films of LiCoO2 annealed above 500°C had the largest fractions of high-tempera-
ture LiCoO2 crystalline phases and correspondingly exhibited the highest capacities.

Since PLD permits the facile deposition of compositionally complex thin films, 
researchers have used it to further tune the chemical composition of conventional 
LiCoO2 active materials. In order to increase battery voltage and reduce toxicity, 
Perkins et al. substituted half of the Co in LiCoO2 for Al, producing thin films of 
LiCo0.5Al0.5O2 [19]. Al substitutions are also economical in that Al is lighter and 
less expensive than Co. They employed the PLD technique to ablate stoichiometric 
ceramic targets of LiCo0.5Al0.5O2 using an excimer laser ( λ  = 248 nm) at 10 Hz and 
325–415 mJ/pulse. The authors found that LiCo0.5Al0.5O2 cathodes exhibit higher volt-
ages during charging cycles than LiCoO2 cathodes, however they report significant 
hysteresis between charging and discharging cycles, ultimately resulting in a 200% 
reduction in capacity for the LiCo0.5Al0.5O2 cathodes.

While PLD typically yields thin films that are stoichiometrically equivalent to 
the target material, due to the volatility of the atoms involved, Li and O deficiencies 
are not uncommon. This is particularly true in the deposition of LiMn2O4, which is 
of interest in micro-batteries for its safer overcharge tolerance. In order to overcome 
compositional deficiencies, the PLD parameters such as the deposition temperature, 
oxygen pressure and substrate-to-target distance should be tuned. For instance, in 
order to prevent Li deficiencies that occur as a result of Li-out diffusion, films should 
be grown at substrate temperatures less than 400–600°C [20, 21]. Moreover, Li 
deficiency is increased when the distance between the substrate and the target is large 
[22]. Interactions between laser-produced plasma and oxygen background gas are 
not well-understood. However, it is generally agreed upon that Li and O deficiencies 
emerge in films grown under high vacuum or low (<10 Pa) oxygen pressures [20, 23]. 
This may be related to a slowing of the laser-produced plasma ions with increasing 
background gas pressures and a preferential re-sputtering of Li under vacuum or low 
background gas conditions [20].

PLD has also been used to optimize Li-ion battery cathodes via the addition of 
functional thin film surface layers. As a result of electron exchange during opera-
tion, a solid electrolyte interface (SEI) layer forms at the LiCoO2 cathode-electrolyte 
interface, increasing the resistance to further charge transfer and limiting capacity 
retention. Teranishi et al. used the PLD technique to cover their LiCoO2 active mate-
rial with BaTiO3, thereby suppressing the formation of native SEI [24]. They were 
able to achieve three-dimensional LiCoO2 coverage by modifying the conventional 
PLD configuration: as shown in Figure 7(b), the plasma plume was directed into 
a dynamically-mixed pan containing LiCoO2 powder, such that BaTiO3 nanopar-
ticles were deposited onto the LiCoO2 particle surfaces. The dielectric BaTiO3 was 
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multifunctional in that it not only prevented SEI formation, but also provided 
pathways with minimized activation energy for Li migration. Electrochemical perfor-
mance testing, given in Figure 7(c), demonstrated both improved rate capability and 
capacity retention with BaTiO3 incorporation by PLD. Notably, after cycling at a high 
current rate of 10 C for 50 cycles, the PLD BaTiO3 cathodes retained ~ 80% capacity, 
compared to only 25% for those without BaTiO3 decoration.

While the compositionally complex nature of lithium transition metal oxide 
cathode active materials makes them ideal candidates for fabrication via the PLD 

Figure 7. 
Schematic representation of (a) the conventional PLD method, and (b) the PLD-based nanodecoration of 
BaTiO3 on LCO powder, (c) Cycle performance at 10 C of BaTiO3 nanodecorated LCO after different numbers of 
laser ablation pulses (NLp) compared to bare LCO. Reprinted with permission from [24]. Copyright (2022) AIP 
Publishing.
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technique, all thin film battery components can be grown by PLD. As a result, the 
PLD of anode materials [25–28] and solid electrolyte [29–31] has also been investi-
gated extensively. In fact, to achieve the most economical thin film batteries, all bat-
tery layers should be deposited by a single technique, without breaking the vacuum. 
In this pursuit, Kuwata et al. were the first to report the fabrication of a complete thin 
film Li-ion battery using only the PLD technique [32]. They employed a Nd:YAG laser 
( λ  = 266 nm) at a frequency of 10 Hz and a fluence of 3.5 J/cm2 to sequentially ablate 
various target materials under oxygenated environment. Following this methodology, 
the authors successfully demonstrated the production of an all-PLD thin film battery 
consisting of a: (1) Pt/Cr cathode current collector; (2) LiCoO2 cathode active mate-
rial; (3) Li2O-V2O5-SiO2 (LVSO) solid electrolyte; (4) SnO anode active material, and 
(5) Pt anode current collector.

4.  Pulsed lasers fvor machining

Instead of adding functional material layers or nanoparticles, pulsed lasers can 
equally be used in the removal of material to create textures or microstructures. Also 
known as laser micro-milling or laser micromachining, the use of pulsed lasers to 
accurately machine fine features and complex geometries into a material surface is 
important in industries and applications requiring a degree of precision that is not 
achievable by conventional mechanical machining [33]. In laser micromachining, 
a pulsed laser with specific frequency, fluence and beam radius is scanned across 
a material surface. Ultra-fast pulse frequencies ensure that photons are absorbed 
faster than heat can be diffused out of the irradiated region, resulting in localized 
ablation without any damage to the surrounding area. For this reason, low-melting 
temperature materials such as plastics can be laser micromachined. Fluence can be 
increased to achieve higher rates of ablation and deeper textures, however excess 
fluence can compromise quality by heating the material surface. Finally, the radius of 
the laser beam will directly determine the machining resolution; by manipulating the 
focusing optics, machining resolutions from hundreds of nanometers to hundreds of 
microns can be achieved. The type of laser must also be carefully selecting according 
to the application. In particular, the use of UV lasers is common because UV light is 
readily absorbed by most materials. Importantly, laser micromachining is positioned 
as a green manufacturing process: since the heat-affected zone produced during laser 
micromachining is limited, energy is used efficiently and consumption is minimized, 
the need for cooling water is eliminated, and post-processing steps such as polishing 
are rendered unnecessary.

4.1  Creation of 3D architectures

The microstructuring of electrode materials to increase electrode surface area 
and enhance Li-ion diffusion kinetics is considered an important avenue for next-
generation Li-ion battery development. An increasingly electric society has called for 
batteries with improved energy density. The use of thick electrodes with an increased 
ratio of active material to inactive current collector and separator foils has been 
proposed as a straightforward solution. However, there exists an inverse relationship 
between specific energy and specific power, such that thick electrode batteries often 
exhibit increased resistance to diffusion, compromising rate capability and long 
term cyclability. In order to overcome the challenges associated with thick electrodes, 
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pulsed laser micromachining has been employed to generate 3D active material 
architectures with enhanced diffusion kinetics. A schematic of the electrode laser-
structuring process is given in Figure 8(a).

This has been demonstrated for many cathode active materials, including LiMn2O4 
[35, 36], LiFePO4 [37] and Li(NiMnCo)O2 (NMC) [34, 38, 39]. For instance, Pröll 
et al. used a fiber laser at λ = 515 nm with a pulse energy and width of 0.125 μJ and 
350 fs, respectively, to create 3D grid architectures with an aspect ratio of ~ 1.7 in 
60 μm thick LiMn2O4 cathode active material [35]. They also employed calendering to 
improve electrical contact with the current collector. Galvanostatic and cyclic voltam-
metric testing confirmed the improved diffusion kinetics of the laser-structured elec-
trodes, ultimately resulting in a 50% increase in capacity retention at 1C compared to 
its untreated counterpart.

Zhu et al. employed a similar approach for simultaneous optimization of energy 
and power density in Li-ion batteries with Li(Ni0.6Mn0.2Co0.2)O2 (NMC 622) cathodes 
[34]. Line-patterning NMC622 cathodes with a λ = 1030 nm laser (SEM image given 
in Figure 8(b)) revealed the facile tuning of battery performance for various applica-
tions: (1) thick (>200 μm), non-laser-textured cathodes provide the largest energy 
density; (2) thin (<100 μm) laser-structured cathodes provide the highest power, 
and; (3) thick, laser-structured cathodes provide both high power and high energy 
density. Ragone plots demonstrating these findings are given in Figure 8(c).

Figure 8. 
(a) Schematic of the electrode laser-structuring process. (b) SEM image of laser-structured NMC622 cathodes 
(91 μm of active material on Al current collector) with a 200 μm pitch distance. (c) Ragone plots for unstructured 
and laser-structured cells with active material thicknesses of 91, 151 and 250 μm. Reproduced with permission 
from [34]. Copyright (2019) MDPI.
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Laser surface modification technologies have also garnered significant attention 
across biomedical, oil, automotive, etc. industries for their ability to change surface 
wetting characteristics. Compared to conventional chemical-based techniques, 
tailoring wettability via laser surface modification is more environmentally friendly 
and long-lasting [40]. Surface wettability is of particular interest in Li-ion batteries 
because Li-ion diffusion only occurs across wetted electrode surfaces. Moreover, 
electrolyte filling due to poor surface wettability is a major bottleneck in the manufac-
turing of batteries. As a result, laser surface modification technologies have been har-
nessed to increase electrode wettability. Kleefoot et al. used a low-energy nanosecond 
pulsed laser to selectively thermally decompose the amorphous binder and carbon 
black phases in graphite active materials, thereby increasing the surface concentration 
of crystalline graphite particles [41]. The result is a roughened surface without a loss 
of active material. Importantly, by roughening the surface of graphite active materials 
via the aforementioned methodology, Kleefoot et al. reported a pronounced 8-fold 
increase in wetted surface area.

Finally, pulsed lasers can be used to create electrode architectures with free 
space or porosity to accommodate Si anode volume expansions, thereby advancing 
silicon-based anode implementation. Zheng et al. demonstrated that mechanical 
stress in silicon/graphite composite electrodes is significantly reduced as a result of 
laser-generated electrode structuring, leading to improved capacity retention, cycle 
stability and cell lifetimes [42].

While significant improvements in battery performance have been demonstrated 
with laser-texturing of electrodes, the question of commercial viability remains. 
In particular, in order to avoid bottlenecks in manufacturing, laser patterning 
speeds of several m/min must be demonstrated. With the objective of scaling the 
laser ablation technologies for commercial battery manufacturing, Meyer et al. 
studied the impact of laser processing parameters on resulting graphite and silicon/
graphite electrode architectures [43]. As demonstrated in Figure 9, they observed 
an important trade-off between laser scanning speed and aspect ratio. Nonetheless, 
their investigation revealed that laser power can be increased to compensate for the 
reduction in aspect ratio. Notably, Meyer et al. were able to demonstrate high aspect 
ratio ( ~ 1.8) electrode texturing through the active material layer and down to the 
current collector at laser powers of 180 W for fast scanning speeds up to 1.7 m/s (as 
indicated by the red arrow in Figure 9).

In an effort to improve data accessibility and accelerate commercialization, Tancin 
et al. have recently published a thorough comparative study of the effect of laser 
ablation parameters on the resulting ablated microstructures for several electrode 
materials including graphite, silicon, NMC and LTO [44]. Importantly, the authors 
examined industrially-relevant ablation metrics such as repeatability, ablation rate 
and aspect ratio.

4.2  Regeneration via surface layer removal

In place of partial surface layer removal—as in the creation of 3D architectures—
pulsed laser ablation can be similarly employed to remove the entire surface layer of a 
component. This form of ablation is appropriate when components are contaminated 
during operation or rendered inactive due to chemical reactions with their operat-
ing environment. In fact, lasers are commonly used in manufacturing industries to 
extend the service life of parts by removing mechanically or electrically compromised 
surfaces before failure occurs. Often termed “laser cleaning,” this process is common 
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across semiconductor, welding and shipbuilding industries to remove oxide layers 
such as rust and contaminants such as millscale, salt and oil [ 45 ]. 

 Currently, commercial Li-ion batteries are plagued by capacities that decrease 
over their lifetimes. For instance, in EV batteries, capacities degrade by an average of 
2.3% annually [ 46 ]. Since these batteries are considered to have reached end-of-life by 
the time they degrade to 70–80% of their original capacity [ 47 ], lifetimes of less than 
9 years are to be expected. This degradation is predominantly a result of the formation 
of solid electrolyte interface (SEI) layers on battery anodes, which increase resistance 
and trap lithium ions, reducing the total amount of lithium available for intercalation. 
The SEI is composed of oxidation and reduction reaction products, namely Li 2 CO 3  [ 48 ] 
and LiF [ 49 ], depending on the electrolyte used. Chemical methods have been shown to 
effectively remove SEI and restore capacity [ 50 ], however their toxicity limits adoption. 
Pulsed laser ablation therefore emerges as a sustainable alternative for Li-ion battery 
regeneration. Moreover, the small heat affected zones generated under ablation with 
ultrafast pulsed lasers prevents energy dissipation and damage to subsurface layers. 

 Zhang et al. demonstrated the feasibility of using pulsed laser ablation for 
SEI layer removal [ 51 ]. They utilized a Nd:YAG laser in the third harmonic with 
λ = 337 nm at an energy density of 55 mJ/cm 2  and a pulse width of 7 ns. Successful 
removal of the SEI without damaging the graphite active material was confirmed by 
SEM and Raman.   Figure 10(a)   and   (b)   provide a comparison of the graphite anode 
before and after 70 galvanostatic cycles, respectively. Before cycling, smooth graphite 
surfaces and sharp edges are apparent. Comparatively, the SEI forms after cycling, 
making the anode surface appear dull and coarse. With laser treatment, Zhang et al. 
were able to restore the smooth and sharp features of the graphite (  Figure 10(c)  ), 
indicating the removal of the SEI layer. The Raman spectra given in   Figure 10(e)
confirm the regeneration of the graphite anode via similar I D /I G  ratios (i.e., no change 
in graphite structural defects) for the pristine and laser-treated samples.  

  Figure 9.
  Aspect ratio of the grooves in laser-microstructured silicon/graphite composite electrodes as a function of laser 
scanning velocity or repetition rate for laser powers from 12 to 240 W. Solid symbols indicate that the active 
material was textured through to the current collector, while open symbols indicate that texturing did not reach 
the current collector. Reproduced with permission from [ 43 ]. Copyright (2023) Laser Institute of America.          
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4.3  Cutting solid electrolyte

Pulsed lasers are similarly being investigated for their role in processing solid 
ceramic electrolyte in the scaled and economic production of all-solid-state batteries. 
Solid ceramic electrolyte layers typically have thicknesses less than 100 μm, and they 
must remain defect-free after processing in order to prevent short circuiting between 
the cathode and anode [52]. Melt-quenching [53] and sintering [54] are the conven-
tional methods used to produce low-porosity solid ceramic electrolyte, however, these 
often cause distortion and changes in geometry that have downstream consequences 
such as compromised contact with the adjacent electrodes. By applying machining 
to cut the solid electrolyte layers post-densification (i.e., remove distorted regions), 
precise geometries with improved mechanical properties can be restored. Laser 
ablation emerges as the most suitable machining method for processing solid ceramic 
electrolyte due to the hardness, brittleness and thin nature of the solid ceramic 
electrolyte. As a result, recent work has demonstrated the feasibility of using nano 

Figure 10. 
SEM images of the graphite anode taken (a) before and (b) after 70 galvanostatic cycles. After cycling, the 
electrode was laser-treated to remove the SEI layer. SEM images show the (c) ablated and (d) unablated regions. 
(e) Raman spectra of the graphite electrode in the pristine condition (before cycling), compared to after cycling 
and laser-treatment. Reproduced with permission from [51]. Copyright (2017) Laser Institute of America.
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Figure 11. 
Schematic of LA-ICP-MS. Reproduced with permission from [60]. Copyright (2017) De Gruyter.

and picosecond lasers for cutting thin sheets of lithium aluminum titanium phosphate 
(Li1+xAlxTi2−x(PO4)3, LATP) [55] and lithium aluminum germanium titanium phos-
phate (Li1+x+3zAlx(Ti,Ge)2−xSi3zP3−zO12, LAGTP) [56] solid electrolytes.

5.  Pulsed lasers for chemical composition analysis

A final application of pulsed lasers in Li-ion battery research is the use of laser 
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) for chemical 
composition analysis of Li-ion batteries throughout their operating cycle. This tech-
nique is positioned as means of understanding the underlying mechanisms related to 
SEI formation and can help to inform optimization strategies. Other analysis tech-
niques such as X-ray photoelectron spectroscopy (XPS) [57], time of flight-secondary 
ion mass spectrometry (Tof-SIMS) [58] and electron energy loss spectroscopy (EELS) 
[59] have been used to investigate the composition of SEI on Li-ion battery anodes. 
While these techniques provide insight into composition at depths resolved to the 
range of a few nanometers, they have limited lateral resolution. Conversely, the 
LA-ICP-MS technique provides a lateral spot resolution on the order of several tens of 
μm, enabling the facile analysis of entire electrode surfaces via rapid scanning.

As depicted in Figure 11, in LA-ICP-MS, a pulsed laser is used to ablate the surface 
of a sample. The particles generated by ablation are transported via argon carrier gas 
to an ICP plasma torch, where they are ionized. The ionized particles are then trans-
ferred to a mass spectrometer for elemental and isotopic analysis [60]. Currently, the 
most common applications of LA-ICP-MS are in geological research [61].

In 2017, Schwieters et al. first demonstrated proof-of-concept for the use of 
LA-ICP-MS to quantify the amount of lithium in SEI layers on aged graphite anodes 
[62]. Since lithium immobilized in the SEI contributes to decreased capacity, this 
work helps to advance the study and quantification of Li-ion battery health.
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Another degradative phenomenon occurring during cyclic aging of Li-ion batteries 
with transition metal oxide cathodes is the dissolution of transition metal cathode ele-
ments like Ni, Mn and Co and their re-deposition on the anode. Schwieters et al. applied 
LA-ICP-MS to investigate the influence of operating parameters on transition metal 
deposition [63]. They found that cells operating at higher voltages developed signifi-
cantly more lithium and transition metal deposits, indicated increased SEI formation. 
This work demonstrates the promise of using LA-ICP-MS for compositional SEI analysis.

6.  Conclusions

Pulsed laser ablation processes are scalable, environmentally sustainable and pro-
vide a high degree of machining precision. Moreover, machining in ultrafast pulses 
prevents thermal diffusion and permits robust material applicability. Consequently, 
pulsed lasers have been applied across many areas of Li-ion battery research, result-
ing in significant advancements. This chapter reviewed the use of pulsed lasers for 
nanoparticle generation, thin film deposition, machining and chemical composition 
analysis. In summary:

• Pulsed laser ablation in liquid was used to create nanoparticulate active mate-
rial with high surface area, while laser ablation oxidation permitted integrated 
synthesis of nanoparticles directly on the current collector.

• Pulsed laser deposition was used to grow compositionally complex 2D thin films 
of cathode active materials in solid state microbatteries.

• Pulsed laser ablation was used to create 3D electrode architectures with 
improved diffusion kinetics and electrolyte wettability. Where Si-based anodes 
were used, laser texturing was used to accommodate volume expansions and 
reduce mechanical stress leading to failure.

• Pulsed laser ablation was used to regenerate the capacity of aged Li-ion batteries 
by removing the SEI layer from the anode surface.

• Pulsed lasers were used in the scaled cutting and processing of solid ceramic 
electrolyte.

• Laser ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) was 
used to analyze SEI composition.

Overall, this chapter demonstrates the benefits realized by applying pulsed 
lasers for processing materials and components in Li-ion battery manufacturing and 
research. These methods should continue to be applied at the research-scale in order 
to develop next-generation batteries with improved performance. Additionally, future 
work should focus on scaling the developed ablation methods to ensure commercial 
viability in large-scale battery manufacturing processes.
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Chapter 2

Fundamentals of Ultrashort Pulse
Laser Interactions: Mechanisms,
Material Responses, and the
Genesis of LIPSS
Hardik Vaghasiya and Paul-Tiberiu Miclea

Abstract

In recent years, ultrashort pulse laser-material processing has gained significant
attention due to its broad applications across nearly all manufacturing sectors. This
chapter delves into the foundational aspects of the ultrashort pulse laser-material
interaction and elucidates the intricacies of the underlying ablation mechanisms. Due
to peculiarities between the metal energy absorption in contrast to the semiconductor
or dielectric, the first section provides an in-depth exploration of laser-material
dynamics, emphasizing the unique responses of various substrates under ultrashort
pulse irradiation. A theoretical analysis of ultrashort laser-matter interaction can be
represented by the two-temperature model, which describes the temperature of the
electron or carrier and lattice in non-equilibrium conditions when ultrashort laser
pulses are applied. As the narrative progresses, the spotlight shifts to one of the most
interesting phenomena associated with these interactions: the formation of Laser-
Induced Periodic Surface Structures (LIPSS). The second section unravels the genesis
and evolution of LIPSS, demystifying LIPSS formation mechanisms and the pivotal
role played by the ultrashort pulse duration.

Keywords: ultrashort pulse laser, two-temperature model, carrier density
two-temperature model, LIPSS formation, ablation mechanism

1. Introduction

The study of ultrashort pulse laser interactions with materials has become increas-
ingly significant in recent years, driven by its wide-ranging applications in various
manufacturing sectors [1, 2]. To optimize laser processes and improve efficiency and
quality, it is essential to have a deep understanding of the underlying physics and
material-specific responses when laser pulses interact with material. Moreover, this
knowledge enables precise customization of laser parameters for applications like
micro and nanofabrication and surface modification. Fundamental studies also drive
innovation, helping develop new techniques and pushing the boundaries of what
ultrashort pulse lasers can achieve.
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Figure 1 demonstrates the laser processing workflow, divided into four distinct
parts, each playing a crucial role in the precision and efficiency of the laser-based
manufacturing process. Single laser pulse width cannot be done with desired
micromachining with all materials; a choice of laser (nanosecond, picosecond, and
femtosecond) and their parameter are essential for the process’s quality, throughput,
and cost-effectiveness. In nanosecond laser-material processing, the precision and
quality of micromachining are not as high as those achieved in femtosecond and
picosecond laser micromachining, primarily due to the presence of a heat-affected
zone (HAZ) and re-solidification of the ablated feature. Lasers with their excellent
beam quality promised noticeable advantages and improvements in high precision
and material processing at the micron scale. Thus, a new generation of laser beam
sources with ultrashort pulses and high repetition rates has been used in vast indus-
trial applications, and it offers excellent improvements, especially in the fields of laser
processing and micro-manufacturing. Ultrashort laser pulses in the range of picosec-
onds and femtoseconds have high pulse intensities and enable high-resolution, high-
quality micromachining of almost all solid materials with minimal thermal and
mechanical damage and structure sizes down to the submicron range. It is an excellent
and universal tool for very fine, direct ablative microstructuring of solid materials. It
has been demonstrated that ultrashort pulses bear the potential for precise
micromachining (laterally and vertically) in transparent dielectrics as well as metal
and semiconductors [3, 4].

The first section provides a fundamental aspect of ultrashort laser-material
processing, driven by the peculiarities inherent in the energy absorption of metals
compared to semiconductors or dielectrics. This section offers an insight into laser-
material dynamics and the response of various substrates while irradiation of ultra-
short laser pulses. A two-temperature model is used to analyze the intricacies of
ultrashort laser-matter interactions, shedding light on the non-equilibrium conditions
that arise within the electron or carrier and lattice temperature. The second section
is devoted to the description of the LIPSS and the potential mechanisms of their
formation.

Figure 1.
Comprehensive illustration showcasing laser-material processing.
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2. Two-temperature model (TTM)

In the realm of ultrashort laser-material interaction, the material response can be
described as a result of elevated temperatures. Therefore, it is important to under-
stand the flow of heat inside a material. The two-temperature model represents the
temporal and spatial evolution of the temperature inside a material.

2.1 Metal

Figure 2 depicts a schematic diagram of ultrashort laser pulses acting on the metal
surfaces. It is divided into five parts—absorption, heating, energy transfer,
thermomechanical response of the material, and ablation. When the laser pulses
irradiate the substrate or material, energy transfers from the laser pulses to the mate-
rial; this energy is absorbed by free electrons, which increases the temperature of the
electron (absorption). At room temperature, the lattice’s and electron’s temperatures
are in thermal equilibrium. Once an electron gets energy from laser pulses, an
electron-electron collision occurs. As a result, there is a rapid increase in the electron
temperature (heating), and these energetic electron transfers their energy to the
lattice by electron-lattice collision (energy transfer). Numerous energetic electrons
are present during pulsed laser irradiation of the material, requiring multiple electron-
lattice collisions to transfer a significant amount of energy. Due to the transfer of
energy from electron to lattice system, heat diffusion in material or substrate occurs
(thermomechanical response), and material is ablated (ablation). The evolution of
electron and lattice temperatures over time is determined by the two-temperature
model (TTM) and governing equations of two-temperatures are given below [5].

Ce
∂Te

∂t
¼ ∇ ke∇Teð Þ � k Te � Tið Þ þQtotal (1)

Cl
∂Tl

∂t
¼ ∇ kl∇Tlð Þ � G Te � Tlð Þ (2)

where Te and Tl are the temperature of the electron and lattice, kl and ke are the
thermal conductivity of the lattice and electron, Ce and Cl are the heat capacity of the

Figure 2.
Schematic diagram of ultrashort pulse laser interaction with metal. Where Tl and Te are temperatures of lattice
and electron and T0 is the room temperature.
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electron and lattice. Qtotal represents the absorbed laser heating source and G is the
electron-lattice coupling. During the ultrafast heating of the material, the temperature
of electrons and lattices rises so that temperature-dependent materials’ properties
have a pivotal role during the process.

As can be seen in Figure 2, two mechanisms of energy transfer, from laser to
electron and from electron to lattice, involve two different temporal time scales driven
by the electron relaxation time (τe) and electron-lattice relaxation time (τep). In metal,
the electron cooling time is around a hundred femtoseconds, while the electron-lattice
relaxation time corresponds to several picoseconds. The electron-lattice coupling fac-
tor represents the energy exchange rate between the two subsystems (electron and
lattice), and research groups suggest that it depends on the electron temperature,
which is linear or nonlinear [6, 7]. Drastic changes in electron temperature and lattice
temperature during and after irradiation of ultrashort laser pulses create a decisive
influence on the material’s optical properties, such as absorptivity and reflectivity. The
laser heat source can be delineated by the following equation, and it gives the absorp-
tion of laser energy by free electron [7].

Qtotal ¼ 1� Rð Þ � F � α� exp �2
r2

ω2
0

� �
� exp �4 ln 2

t� t0ð Þ2
τ2

 !
� exp αzð Þ (3)

where R representing the surface reflectively, F is the laser fluence, τ is the pulse
width, ω0 is the beam radius at the laser focal plane and the pulse peak arrives at t0. R
and α are the reflectivity and absorption coefficient of the material which have a
significant influence on the laser energy distribution on the material transition. The
reflectivity and absorption coefficient can be derived in terms of the dielectric con-
stant ε1 and ε2. Generally, the Drude model is used to determine the dielectric constant
and intraband absorption in the metal. The dielectric constant based on the Drude
model is described by [8]:

εD ¼ ε∞ � ω2
p

ω ωþ iγDð Þ ¼ ε1 þ iε2 (4)

where ε∞ is a the dielectric constant of the material and ωp is the plasma frequency,
ω is the laser frequency, and γD is the damping coefficient that is equal to the recip-
rocal of electron relaxation time τe. It can be expressed as follows

τe ¼ 1
AeT2

e þ BlTl
(5)

where Ae and Bl are the material constant for electron relaxation time. Based

on the Drude model, refractive index n ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ε1þ

ffiffiffiffiffiffiffiffiffi
ε21þε22

p
2

q
and extinction coefficient

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�ε1þ

ffiffiffiffiffiffiffiffiffi
ε21þε22

p
2

q
can be determined. According to the Fresnel equation, the reflectiv-

ity(R) and absorption coefficient (α) is obtained by [9].

R ¼ n� 1ð Þ2 þ κ2

nþ 1ð Þ2 þ κ2
(6)

α ¼ 4πκ
λ

(7)
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In metals, the absorption of laser light becomes more intricate due to the involve-
ment of interband absorption mechanisms. For instance, in polyvalent materials like
aluminum, nearly parallel bands lead to an increased absorption at certain laser fre-
quencies. On the other hand, noble metals present a challenge due to their complex
energy band structure. When sufficient high photon energies are applied to the noble
metal, d-electrons may be excited into the s-band above the Fermi level, which
contradicts our predictions made using the simply Drude model. Hence, in order to
provide an accurate description of such phenomena, more advanced theoretical
approaches are required. In noble metal, experimental work has shown that the
effective penetration depth of the laser pulse in the material is larger than the optical
penetration depth because of the ballistically moving electrons, and this is called the
ballistic effect. Considering the ballistic effect, the free carrier absorption coefficient
can be derived as follows:

αabs ¼ 1
δþ δball

(8)

With δ denoting the optical penetration depth, which is the inverse of the absorp-
tion coefficient (α). The δball is the ballistic range because of the ballistic motion and
diffusion of the electrons. The previous research work demonstrated a ballistic range
of about 15 nm for copper [10], 50 nm [10] for silver, and 100 nm for gold [11].
Researchers used advanced diagnostic techniques such as ultrafast pump-probe spec-
troscopy and time-resolved electron diffraction to measure electron and lattice tem-
peratures in real time as well as find the basic length. These experiments not only
confirm the theoretical predictions of the two-temperature model but also provide
valuable insights into the transient nature of metal response during ultrashort laser
ablation. By studying the evolution of the electron and lattice temperature,
researchers can predict material responses, optimize laser parameters, and advance
the precision and efficiency of material processing.

A numerical simulation based on the TTM model for the gold sample is shown in
Figure 3 [12]. The electron temperature increases quickly and reaches a peak value of

Figure 3.
Time evolution of electron temperature () and lattice temperature (Tl) of the gold sample irradiated by the 180 fs
laser with the wavelength of 515 nm at fluence of F = 0:50 J=cm2.
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around 31,200 K at t = 2 ps, as shown in Figure 3. The lattice temperature begins to
increase quickly after t = 1 ps due to the transferred energy from the electrons to
lattices, and then reaches a maximum value of 3880 K at t = 26 ps. Afterward, the
temperature of the electron and lattice is almost the same.

2.2 Semiconductors and dielectrics

Until now, only laser ablation with material that has free electrons (metal) has
been discussed in two-temperature models, but materials like semiconductors and
dielectric material ablation processes differ as compared to metals. During ultrashort
pulse irradiation in semiconductors and dielectric materials, the crucial processes of
electron-hole pair generation and relaxation are facilitated through multiphoton ioni-
zation and tunneling effects. While ultrashort laser pulses interact with high band gap
materials, the pulse duration is shorter than the carrier-lattice interaction time. This
leads to a non-equilibrium state between the carrier and lattice systems throughout
the irradiation. The energy transfer within the material can be accurately described by
the carrier density, denoted as n-TTM [13]. Figure 4 shows a schematic diagram of
ultrashort laser pulses acting on the surface of large band gap materials. It is divided
into five parts: absorption, heating, energy transfer, thermomechanical response of
the material, and ablation. When the laser pulses irradiate the semiconductor, energy
is transferred from the laser pulses to the material. This energy is absorbed by elec-
trons and excited from the valence band to the conduction band via single-photon or
multiphoton absorption depending on the laser energy and bandgap of the material,
resulting in the creation of electron-hole pairs. In dielectric materials, electron-hole
pairs are generated through two key processes: photoionization and avalanche ioniza-
tion. Photoionization involves electrons moving from the valence to the conduction
band via multiphoton or tunneling processes. Multiphotoionization or tunneling ion-
ization mainly occurs at a high intensity and power density. When a single photon
does not have enough energy to overcome a binding energy gap between the valance
band and conduction band, a multiphoton is necessary to overcome this binding
energy gap. Alternatively, when the electric field induced by the laser effectively
suppresses the Coulomb wall, electrons can liberate themselves by tunneling from the
valence to the conduction band—this phenomenon is termed tunneling ionization.

Figure 4.
Schematic diagram of ultrashort pulse laser interaction with high band gap materials. Where Tl and Tc are the
temperature of the lattice and carrier, and n0 is the initial carrier density of a material.
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Moreover, under certain conditions, multiphotoionization can be further intensified
by the irradiating laser pulse, leading to the generation of multiple free electrons in the
valence band. This intricate process, known as avalanche ionization, plays a pivotal
role in plasma formation during ultrashort laser ablation of dielectric materials. New
electron-hole pairs are generated by the energetic charge carrier via the impact ioni-
zation process, and the carrier density increases with the carrier temperature
(heating). Afterward, these free electrons and holes recombine mainly via the Auger
recombination process and transfer the excess energy to another free electron-hole
pair. Simultaneously, the carrier system couples to the lattice system and transfers the
energy from the carrier to the lattice until thermal equilibrium (energy transfer).
Because of the energy transfer from the carrier to the lattice, the top surface of the
material reaches the other state (thermomechanical response). Eventually, the tem-
perature of the top surface reaches the vaporization temperature of the material,
causing ablation (ablation).

To understand the physical phenomenon of ultrashort laser light absorption in high
bandgap material, one has to take into account the changes in the density of the free
electron in the conduction band of material. The formation of electron-hole pairs (car-
rier) during irradiation is critical, as it significantly influences the absorption dynamics
and subsequent material responses in high band gap materials. The rate of the change of
carrier density due to laser excitation processes can be expressed as follows [8]:

∂n
∂t

¼ αI
hν

þ βI2

hν
(9)

Impact ionization and auger recombination processes significantly influence the
generation of carrier density in semiconductors. By including them, the generation
rate of the carrier density in semiconductors can be defined as follows [13]:

∂n
∂t

¼ ∇ D0∇nð Þ � γn3 þ ηnþ αaI
hν

þ βI2

hν
(10)

where n is the number of carrier density, αa is the one-photon absorption coeffi-
cient, β is the two-photon absorption coefficient, I is the laser intensity, h is the Planck
constant, ν is the photon frequency, γ is the auger recombination coefficient, η is the
impact ionization coefficient, and D0 is the ambipolar diffusivity which represents the
electron-hole pair mobility and transport from a valence band to a conduction band.

In wide bandgap dielectrics, the primary mechanisms involved in generating free
carriers during ultrashort laser pulse irradiation are multiphoton and avalanche ioni-
zation. The process that takes place during ultrafast laser ablation of dielectric mate-
rial, as represented by the Keldysh parameter (γK), includes multiphotonionization,
tunneling ionization, and avalanche ionization [14, 15].

γK ¼ ωL
ffiffiffiffiffiffiffiffiffiffiffiffiffimrεgap

p
eEL

(11)

where e signifies the elementary (positive) charge,mr refers to the reduced mass of
electrons and holes, El represents the electric field of the laser wave, and εgap is the
band gap of dielectric materials or the ionization potential of individual atoms or
molecules. Using the Keldysh parameter, the transition between two ionization
(multiphoton ionization and tunneling ionization) can be estimated. There are three
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distinct cases based on the value of (γK). When γK > 1, multiphoton ionization pre-
vails, signifying that the tunneling time of the electron is greater than the periodic
oscillation of the laser. On the other hand, when γKÞ< 1, tunnel ionization dominates
under very high electric fields and low frequencies. When the Keldysh parameter
equals 1, both multiphoton and tunnel ionization processes contribute to the electron
excitation.

The generation of carrier density due to the photoionization and impact ionization
in dielectric material can be described by [16].

∂n
∂t

¼ σkIk þ δIn (12)

where σk is the multiphoton ionization cross section, δ is the the avalanche coeffi-
cient, and k is the number of photons required for multiphoton ionization process.
This equation provides a straightforward approach to estimating experimental condi-
tions, considering non-uniform carrier density profiles in the surface of dielectric
material and variations in optical response. The excitation process is characterized by
two stages: initial multiphoton ionization generating free electrons, followed by ava-
lanche ionization once a critical carrier density is reached. At high fluence, tunneling
ionization may prevail over multiphoton ionization, as indicated by the earlier men-
tion of the Keldysh parameter.

The excitation of the free electron density mainly depends upon the ultrashort
laser pulse intensity. In wide band gap materials, it becomes essential to consider both
one-photon absorptions and two-photon absorption across the band gap. The signifi-
cance of three-photon absorption may also vary depending on photon energy, but it
can be neglected as compared to single-photon absorptions and two-photon absorp-
tion. The attenuation of laser intensity due to single and two-photon absorption, as
well as free carrier absorption, is described by the following expression [13]:

∂I z, t, rð Þ
∂z

¼ � αa þ αFCAð ÞI � βI2: (13)

where αFCA is the free carrier absorption. αFCA can be associated with Drude
absorption and can be determined with Eqs. (4) and (7). Moreover, the dielectric
function ε may comprise more terms than the simplified Eq. (4) typically used for
describing excitation in high band gap materials. It is essential to note that the
dielectric function ε may comprise more terms than the simplified Eq. (4) typically
used for describing excited semiconductors [17, 18]. Most of the time, the two-photon
absorption coefficient is neglected because the photon energy is greater than the
bandgap of material. Assuming a negligible two-photon absorption coefficient, the
Lambert-Beer law can be applied, where aabs ¼ αa þ αfca.

The laser beam is Gaussian, and the temporal and spatial evolution of the laser
intensity at the top surface (z = 0) can be expressed as [13]:

I0 r, t, z ¼ 0ð Þ ¼
ffiffiffiffiffiffiffiffiffiffiffi
4 ln 2
Π

r
F
τp

� �
exp �2

r2

w2
0

� �
� 1� Rð Þ exp �4 ln 2

t� t0ð Þ2
τ2p

 !

(14)

For the carrier energy balance equation, the spatial and temporal evolution of
carrier temperature and lattice temperature can be defined as follows [13]:
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Cc
∂Tc

∂t
¼ ∇ kc∇Tcð Þ � k Tc�ð TlÞ þ αþ βI þ Θnð ÞI � ∂n

∂t
Egþ
�

3KBTcÞ � n
∂Eg

∂n
∂n
∂t

þ ∂Eg

∂Tc

∂Tc

∂t

� � (15)

Cl
∂Tl

∂t
¼ ∇ kl∇Tlð Þ þ G Tc � Tlð Þ (16)

where Tc and Tl are the temperatures of carrier and lattice, respectively, kc and kl
are the thermal conductivity of the carrier and lattice, respectively, Cc and Cl are the
heat capacity of the carrier and lattice, respectively, Kb is the Boltzmann constant, t is
the time, Θ is the carrier absorption coefficient, Eg is the bandgap of material, G is a
coupling constant.

Figure 5 shows the evolution of the carrier density, carrier temperature, and lattice
temperature for femtosecond laser-silicon interaction [12]. The carrier temperature
and lattice temperature rise as free carriers are generated. It is interesting to note that
the peak carrier temperature occurs at t = 0.3 ps and 4600 K, while the peak carrier
density occurs at 1.2 ps around 0:29� 1027m�3, much later than the carrier tempera-
ture. This is due to the fact that the heat source of the carrier temperature and the
energy change need that time to uplift carrier density. The carrier number density
increases dramatically as time passes due to laser light excitation of electrons from the
valance band to the conduction band via single-photon absorption, as shown by
numerical results in Figure 5. The Auger recombination process causes it to decline
after that. Simultaneously, due to energy transfer from the carrier to the lattice, the
carrier temperature continues to fall as time passes after reaching a peak. Through the
process of electron-lattice energy relaxation, the carrier and lattice temperatures reach
equilibrium at 8 ps as time passes.

In recent studies investigating the non-equilibrium energy transfer dynamics in
matter under ultrashort laser irradiation, researchers have employed advanced models
to elucidate the complex interplay of energy absorption and thermal relaxation pro-
cesses. For that purpose, two-temperature models have been further refined and

Figure 5.
Time evolution of carrier density(n), carrier temperature (Tc), and lattice temperature (Tl) of silicon sample
irradiated by the 180 fs laser with the wavelength of 515 nm at fluence of 0:020 J=cm2.
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extended through various modifications, including considerations of parabolic,
hyperbolic, dual-hyperbolic, and temperature-dependent optical properties [19–21].
Additionally, the development of alternative models, such as the Hyperbolic Two-
Temperature Model (HTTM) and the Nonlocal Two-Temperature Model (NTTM),
has provided deeper insights into energy transfer dynamics, incorporating relaxation
time and space nonlocal effects based on extended irreversible thermodynamics prin-
ciples [22]. Moreover, several research groups have combined the molecular dynamics
(MD) simulation with TTM to investigate ultrashort laser-matter interactions, pro-
viding detailed atomic-level insights into morphological changes induced by laser
irradiation [23, 24].

3. Ablation mechanism

Laser ablation occurs through a series of complex physical processes. When a high-
intensity laser beam interacts with a solid material, several phenomena take place,
such as the absorption of laser energy, heating, and melting, depending upon the type
of laser and material. To disintegrate some amount of matter from a substrate, the
material should undergo some change in phase, such as the vaporization of material,
phase change, or plasma formation. Figure 6 illustrates the phenomena and processes
occurring during the laser irradiation of a solid. In nanosecond laser ablation, the pulse
duration is relatively long so that it does not directly ionize or excite electrons from
the material. Instead, the longer pulse duration allows for gradual energy absorption
by the material, leading to thermal processes such as vaporization and melting, which

Figure 6.
Laser ablation dynamics in metal, semiconductor, and dielectric.
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eventually result in material removal. Sometimes boiling can also occur, but only
when the vapor pressure of the liquid phase exceeds the ambient pressure [25].

Upon the ultrashort laser irradiation, the strongly excited electrons can be created
within a few femtoseconds. These excited electrons interact with the lattice on time-
scales ranging from 1 to 20 picoseconds, transferring energy through electron-lattice
interactions. Subsequently, the lattice of the material experiences heating over a
period of 20 to 100 picoseconds, leading to thermal expansion and non-equilibrium
conditions. This thermal energy accumulation ultimately drives nonthermal melting
and ablation processes, occurring within picoseconds to nanoseconds, where the
material is removed through mechanisms such as phase explosion, Coulomb explo-
sion, and spallation, rather than traditional thermal processes like vaporization or
melting.

3.1 Spallation

Spallation occurs when the laser energy or fluence is low but still sufficient to
induce stress within the material. This ablation mechanism involves the rapid gener-
ation of stress waves within the material due to the sudden absorption of laser energy.
These stress waves propagate through the material and cause it to fracture and eject
material layers from the surface. This dynamic fracture or ejection is called “spall-
ation” and is usually caused by stress and shock waves.

3.2 Phase explosion

When fluence is high, a direct transition of solid material into metastable liquid
near its critical state occurs without boiling because of the short heating time. Subse-
quent bubble nucleation causes a rapid transition of the superheated liquid to a
mixture of vapor and liquid droplets being ejected from the bulk material called
phase explosion. In numerical solution, it is assumed that heterogeneous nucleation
occurs due to phase explosion when the lattice temperature reaches 0.9Tcr (critical
temperature) [7].

3.3 Coulomb explosion

In dielectric materials, the bandgap between the conduction band and valence
band is typically high, inhibiting the generation of free electrons through processes
like multiphoton and avalanche ionization, as discussed in the early section. At a low
fluence regime, laser pulses do not have enough energy to excite electrons from the
valence band, and at that time, material abated because of the Coulomb explosion. It is
an electronic mechanism of material disintegrated from a solid by a charged particle.
When a laser beam irradiates on the wide band gap dielectric material, at that time,
ions get this energy, and the irradiated surface becomes extremely ionized. The
repulsive force between these ionized charge particles exceeds the lattice binding
strength, and the atomic bond is broken so that the material is ablated. In metals,
coulomb explosion does not occur because the surface charge accumulation is effec-
tively quenched by electronic mobility and suppresses the positive ion explosion [26].

Lewis et al. investigated the dynamics of ultrashort pulses in highly absorbing
materials, revealing that ablation occurs through one of three mechanisms: spallation,
phase explosion, or fragmentation, depending upon fluence [27]. Zhigilei et al. studied
the complex interplay between melting, spallation, and phase explosion during laser
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pulse ablation, highlighting their simultaneous occurrence and intimate relationship
[28]. Patrick et al. developed a phase explosion model that uniquely couples carrier
and atom dynamics within a unified Monte Carlo and molecular dynamics scheme
[29]. Experimental time-of-flight measurements of wide band gap material have
found monoenergetic ion beams emitted from irradiated surfaces, favoring Coulomb
explosion over phase explosion [30]. Moreover, Bulgakova et al. explored electrostatic
disintegration of surface layers in metals, semiconductors, and dielectrics through the
modeling of electronic transport and also concluded that Coulomb explosion is possi-
ble in dielectrics [31].

4. Origins and formation mechanisms of LIPSS

The periodic features that appear on the surface of materials after irradiation with
one or more laser pulses with fluences approaching the material ablation threshold are
known as ripples or LIPSS (laser-induced periodic surface structures). Since
Birnbaum discovered LIPSS by irradiating semiconductors with a pulsed ruby laser,
LIPSS has gained significant attention due to their ability to modify the surface
morphology of materials at the micro-nanoscale and show great promise for surface
functionalization applications [32, 33]. LIPSS can be generated on various materials,
irrespective of their class, including metals [34], semiconductors [35], dielectrics [36],
and polymers [37]. Due to its distinctive characteristics, LIPSS finds applications in
various fields, including medicine, optics, tribology, biology, and more [38]. Gener-
ally, LIPSS is categorized based on their spatial period and orientation. They are
broadly categorized into two main types: low-spatial frequency LIPSS (LSFL) and
high-spatial frequency LIPSS (HSFL). Distinguishing between the two, LSFL is char-
acterized by periods larger than half of the laser irradiation wavelength, while HSFL
exhibits periods smaller than half of the incident wavelength [39]. Generally, under
low fluence conditions, HSFLs are observed, aligned parallel to the polarization of the
laser beam. However, as the fluence is increased to a higher regime, LSFL becomes
more prominent and exhibits a perpendicular orientation to the laser beam polariza-
tion. This transition from HSFL to LSFL occurs as the fluence increases and the
number of laser pulses decreases [35, 40]. Moreover, The polarization of the laser
beam affects not only the LIPSS orientation but also their periodicity. Figure 7 illus-
trates the formation of LSFL and HSFL on silicon. Notably, LSFL aligns parallel to the
electric field, while HSFL exhibits a perpendicular orientation to the electric field.

The periodicity and orientation of LIPSS are affected by irradiation parameters
such as laser wavelength [41], angle of incidence [42], polarization [43], the number
of pulses [44], and laser fluence [45], as well as by environmental circumstances like
pressure, temperature [46], and by material properties such as surface roughness [47].
Experimental results have shown that the LSFL periodicity is proportional to the laser
wavelength but can be further tuned with the angle of incidence at which the laser
beam hits the target surface. In semiconductors, the periodicity decreases with
increasing fluence, a behavior attributed to Surface Plasmon Polaritons (SPPs) [35].
This is in contrast to metals, where an opposite trend is observed—periodicity
increases with rising fluence [39, 45]. The larger periodicity of LIPSS at higher fluence
in metals is attributed to the induction of surface plasma waves through the paramet-
ric decay of laser light [48]. Given the multitude of applications and widespread
interest in LIPSS, it has become crucial to understand and confirm the origin of these
micro-nanostructures. The first hypothesis on the LIPSS formation was proposed by
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Birnbaum [32], who attributed their formation to a diffraction effect. Several experi-
mental and theoretical studies have extensively investigated the formation of LIPSS by
varying laser and process parameters [44, 49–51]. However, LIPSS formation mecha-
nisms are not yet fully understood. Several mechanisms have been discussed in this
section to understand the core principle behind the generation of LIPSS.

4.1 The sipe diffraction model

The first theory based on the formation of LIPSS was given by Sipe, and it has been
widely accepted for classical low-spatial frequency LIPSS [50]. Based on this model,
LIPSS formed because of the interference between the incident laser beam and Scatter
electromagnetic wave (SEW). Sipe theory describes how surface roughness alters the
electric field intensity distribution of a plane wave incident on a thin surface with a
self-edge region, the height of which is much smaller than the incident laser wave-
length (Figure 8).

In this theoretical framework, an incident either s or p polarized laser on a rough
surface of material with a wave vector K at an angle of incidence θ, projecting a
component in the horizontal plane Ki. Sipe’s theory predicts the possible wave vectors
(k) of LIPSS, related to their period (Λ) through ∣k∣ ¼ 2π

Λ [52]. The inhomogeneous
energy deposition is directly proportional to η k, kið Þ � ∣b kð Þ∣, where η k, kið Þ character-
izes the efficacy of roughness in contributing to inhomogeneous energy absorption at
K, and ∣b kð Þ∣ represents a measure of surface roughness amplitude at k [52, 53].

The efficacy factor η may exhibit sharp peaks at specific k values, allowing evalu-
ation of associated spatial periods Λ. For a surface with uniformly distributed rough-
ness, ∣b kð Þ∣ varies slowly. The Sipe Theory thus provides a comprehensive
understanding of how interference patterns, surface roughness, and laser parameters
collectively contribute to the intricate process of LIPSS formation. The sipe model,
however, has certain limitations due to its high predictive character on processing
features. It is an approximation in which the longitudinal component of the electro-
magnetic field is treated using the variational principle, while the transverse

Figure 7.
SEM image showing integrated high-spatial frequency LIPSS (HSFL) and low-spatial frequency LIPSS (LSFL) on
silicon at a fluence of 0:90 J=cm2 and 20 laser pulses. The 2D-FFT analysis is presented in the top right corner of
the image.
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component is treated using the perturbation series [52]. Over the years,
significant advancements have been made in this theory to understand the
formation of LIPSS. This enhanced theoretical framework, often referred to as
the Sipe-Drude theory, successfully predicted the features of LIPSS based on
irradiation parameters (wavelength, angle of incidence, polarization direction, and
laser incident wave vector) as well as surface parameters (dielectric permittivity and
surface roughness) [47, 54]. However, the Sipe-Drude theory is well explained for
LSFL but an alternative mechanism or theory is needed to understand the HSFL
formation.

4.1.1 Surface electromagnetic waves (SEWs) and surface plasmon polaritons (SPPs)

The basis of this model lies in the modulation of the electron on the irradiated
surface, particularly through the interaction of the incident laser beam with surface-
scattered electromagnetic waves (SEW). Due to the incidence of a laser beam on a
metallic, slightly rough surface, scattered fields are generated as a result of surface
irregularities. The interference between these scattered fields and the incident or
refracted field leads to an inhomogeneous intensity distribution above and below the
surface. These inhomogeneous intensity distributions increase the roughness, which
contributes to an increase in SEW. As a result, regular patterns start forming, driven
by the initial random roughness. In the case of metal-dielectric or metal-air interface,
the SEW excite collective oscillations of electrons are known as surface plasmons.
These surface plasmons are coupled to the incident light and propagate along the
surface, as shown in Figure 9. The excitation SSPs involves the periodic modulation of
the laser field and subsequent energy deposition in the free electrons [56]. This
process heats, melts, or potentially vaporizes the lattice through electron-phonon
interaction, subsequently prompting the emergence of LIPSS [56–58].

Based on SPPs theory, the periods are expressed as follows [56]:

Λ ¼ λ
λ

λspp
� sin θð Þ (17)

Figure 8.
Schematic representation of laser beam irradiation on a rough surface at an incident angle θ, depicting Ki as the
wave-vector component parallel to the surface and Is as the thickness of the rough region. This illustration
complements the discussion of laser interaction with rough surfaces in the context of Sipe theory.
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λSpp ¼ λ� Re
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εm þ εd
εmεd

r� �
, (18)

where λSPP is the Surface Plasmon Polariton (SPP) wavelength, θ is the angle of
incidence, εm is the dielectric constant of the metal, and εd is the dielectric constant of
the dielectric.

4.2 Self-organization model based on material instability

The foundation of these models rests upon the existing formation theory of ion-
beam-induced ripples, which is closely related to laser polarization dependence and
ionized kinetic energy distribution [59]. In contrast to previous models, the presented
self-organization model places emphasis on the role of hydrodynamics in the forma-
tion of LIPSS. Figure 10 depicts LIPSS formation using the interference model and the

Figure 9.
Schematic representation illustrating the intensity distribution of the electromagnetic field components of a surface
Plasmon Polariton (SPPs) supported by a metal-dielectric interface [55].

Figure 10.
LIPSS formation occurs via two distinct models: (a) the interference model and (b) the self-organization model [60].
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self-organization model. In the interference model, spatially modulated energy depo-
sition creates an “interference” pattern, resulting in periodic pattern formation. On
the other hand, in the self-organization model, the surface experiences a high degree
of instability induced by a femtosecond laser beam, leading to self-organized periodic
pattern formation during surface relaxation.

The key concept in hydrodynamic theories is the formation of ripples through
melting flow, triggered by the irradiation of laser pulses on the sample surface. It is
crucial to highlight that each proposed instability mechanism, such as Marangoni
instability [61], recoil-force-driven instability [62], Rayleigh-Taylor instability [63],
and evaporation-driven instability [60], requires an initial perturbation to act as the
seed for the ensuing LIPSS formation. The self-organization model has effectively
estimated LIPSS formation, considering interaction times and the number of incident
pulses. It has also evaluated the relative influence of input energy on the resulting
ripple period.

4.3 Finite difference time domain (FTDT) model

The simulation of light propagation, scattering, and diffraction phenomena can be
effectively carried out through the finite difference time domain (FDTD) method by
solving Maxwell’s equation [64]. In this context, Skolski et al. proposed a numerical
method based on the FDTD technique to qualitatively investigate LIPSS formation on
surfaces, considering factors such as roughness and inhomogeneous energy absorption
in the irradiated surface [65]. It has been modified further by employing the inter-
pulse feedback effect [66]. Following the initial laser pulse, absorbed electromagnetic
energy in the surface layer modifies the material, prompting subsequent material
removal. After subsequent laser pulses, the newly morphed surface is utilized for
further FDTD simulations, resulting in a new absorbed energy profile and further
modification of the surface morphology [66]. The FDTD method simulates the peri-
odicity of LIPSS in semiconductors [66], plasmonic materials [67], and metals [67].
Additionally, it provides the theoretical foundation for the formation of HSFL. How-
ever, it does not include incubation effects or thermodynamics of molten materials.
There are several other theories on the development of LIPSS, such as matter organi-
zation theories [53, 56], including second harmonic generation [52], or transient
optical coupling [52].

5. Conclusion

The complex phenomena of ultrashort laser ablation involve a multitude of factors,
including the spatial distribution of laser energy, absorption dynamics on the irradi-
ated surface, transient changes in optical response, and the subsequent ablation pro-
cess. Throughout this chapter, we have thoroughly studied these complexities in the
context of metals, dielectrics, and semiconductors. Moreover, we also explore various
ablation mechanisms specific to different materials and lasers. Additionally, we pro-
vided a description of the LIPSS and their classification in LSFL and HSFL according
to the spatial period, along with a discussion on the potential mechanism of LIPSS
formation. In summary, this chapter illustrates the basic physical phenomena occur-
ring during the laser-matter interaction.
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Abstract

This chapter provides an overview of the versatile applications and properties of 
epitaxial ferroelectric materials obtained using the pulsed laser deposition technique. 
These materials can play a significant role in various electronic and sensing applica-
tions or energy harvesting. Materials that are ferroelectric and have a perovskite 
structure (ABO3 type) show spontaneous polarization that can be changed by an elec-
tric field, temperature, mechanical stress, or light. Here, we present results obtained 
on epitaxial ferroelectric thin films with different compositions, lead-based or 
lead-free, and the correlation with structural quality of the layers and with different 
electrostatic conditions induced either by the substrate or by the different dopants. 
Our studies revealed that the utilization of pulsed laser beam deposition technique is 
suitable for obtaining ultrathin films depositions with thicknesses measuring less than 
5 nm. These results allowed us to reveal the impacts caused by polarization orienta-
tion on the band structure or the presence of self-doping phenomena. We also found 
that the conduction type can be modified by introducing 1% Fe and Nb on PbZrTiO3 
(PZT) epitaxial layers. In the last part of this chapter, we report on obtaining of a 
lead-free epitaxial thin film and its properties in the energy storage field.

Keywords: pulsed laser deposition, epitaxy, thin films, lead-based, lead-free, 
supercapacitors

1.  Introduction

The complexity of electronic devices has increased due to the development of 
advanced technologies such as 5G, the Internet of Things (IoT), and artificial intel-
ligence. However, due to consumer preferences for portable gadgets and technological 
advancements, there is a trend toward smaller and more compact electronic devices. 
This trend requires materials that can maintain or enhance performance while 
occupying less space. At the same time, as more and more people become concerned 
about environmental impact and power consumption, there is a demand for materials 
that can aid in the creation of more efficient electrical equipment. Such materials are 
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the ones that possess a spontaneous electric polarization P, which is reversible and 
stable over time under external electric fields greater than the coercive field (i.e., fer-
roelectrics). The paraelectric to ferroelectric transition is known to entail a structural 
change from high to low symmetry, which causes the atoms to be off-centered and 
displaced from their symmetric orientations [1]. Ferroelectric thin films are used in 
many electronic and sensing applications, such as ferroelectric field effect transis-
tors, pyroelectric infrared detectors, and supercapacitors. Epitaxial thin films offer 
advantages in terms of controlled growth and strain engineering, which increases 
their ability to be tailored for specific applications. When targeting an application 
that employs functional elements, it is crucial to examine the mechanisms, both 
intrinsic and extrinsic, that play a role in stabilizing a clearly defined ferroelectric 
state. It is also vital to separate and analyze how these mechanisms affect electrical 
properties. Currently, magnetron sputtering and pulsed laser deposition (PLD) 
provide good results with respect to high epitaxial quality [2]. But there is still more 
to be done: to make the targets more chemically pure, to keep the deposition chamber 
free of contaminants, precisely control the reactive gas level, and to make sure that 
the substrates are chemically and thermally treated prior to deposition, with uniform 
terraces.

The choice of substrate is crucial in PLD to obtain high-quality epitaxial thin films 
with a well-defined crystal orientation. Monocrystalline substrates, such as SrTiO3 
(STO), LaAlO3 (LAO), and MgO, are commonly used for epitaxial thin films due 
to their similar lattice structures and low misfit strain [3, 4]. The choice of bottom 
electrode material has a substantial impact on the ferroelectric properties and total 
losses, following the influence of the substrate. The bottom electrode can be either a 
basic metal or a conductive oxide. The use of conducting oxide materials as bottom 
electrodes enables the creation of a ferroelectric layer with minimum imperfections 
and strain mismatch [3, 5].

Here, SrRuO3 (SRO) and LaSrMnO3 (LSMO) conductive oxides have been used 
like bottom electrodes for all structures. Even though lead-based ferroelectric materi-
als are widely studied and used in solid-state technology, research into their funda-
mental properties, such as the conduction type in ferroelectric films or their intrinsic 
band structure, is still up for debate. Here, we have investigated these fundamental 
characteristics in PbZrTiO3 (PZT) epitaxial layers with different thicknesses, and the 
electrical characterizations were performed on capacitor-like geometry. For this, top 
SRO/Au electrodes were deposited by PLD and magnetron sputtering, with a shadow 
mask, defining ferroelectric capacitors of 100 μm2 area. We found also that one way to 
tailor the PZT properties for certain purposes is through doping.

Doping effects must be studied on materials of excellent crystalline quality, ideally 
approaching single crystal, to avoid masking effects caused by structural defects, 
such as grain boundaries. PZT single crystals are challenging to synthesize due to PbO 
volatility during growth. However, high-quality epitaxial layers can be grown using 
methods, such as pulsed laser deposition (PLD) on suitable single-crystal substrates, 
such as SrTiO3 (STO). This advancement enables the study of dopants’ effects on 
electrical properties in epitaxial PZT layers at doping levels around or below 1% 
atomic. The following results show the impact of 1% Fe and Nb doping on the electri-
cal properties of epitaxial PZT films.

Simultaneously, due to concerns about lead-based materials, particularly their 
environmental impact, we investigated alternate materials. One such material is 
bismuth-based perovskite compounds, which have been found to exhibit properties 
useful on energy storage, as well as being nontoxic and environmentally friendly. 
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Bi0.5Na0.5TiO3 (BNT) is considered one of the candidates as lead-free material for 
electrical energy storage due to its high dielectric constant and excellent ferroelectric 
properties. Until now, a large number of publications on the energy storage proper-
ties of lead-free ferroelectrics are related to ceramics or polycrystalline thin films 
[6–9]. Here, the lead-free ferroelectric epitaxial thin films have been developed and 
researched.

2.  Pulsed laser deposition

Due to its flexibility, PLD method is now widely used for the deposition of oxide 
materials, especially for research, and particularly of multicomponent oxides. 
This technique offers very good translation of stoichiometry from the target to the 
deposited film and proved to be already scalable for deposition on large area wafers 
in the future [10, 11]. PLD process also depends on the type of laser used. It must 
consider the absorption coefficient and reflectivity of the materials that will be 
deposited. Because these properties vary with wavelength, the laser must be able to 
operate in the wavelength range where the target material has low reflectivity and 
high absorption coefficient for efficient deposition. Excimer lasers (XeCl, KrF, and 
ArF) are widely utilized for the deposition of complicated oxide films because, at the 
wavelengths used by these lasers, these materials have a high absorption coefficient 
and low reflectance [12]. The process of PLD involves several key steps. First, a high-
intensity laser pulse is directed onto a target material composed of the desired oxide. 
This laser pulse vaporizes or ablates the target, creating a plasma plume consisting of 
atoms, ions, and clusters of the target material [13]. The substrate, typically posi-
tioned parallel to the target is then exposed to this plasma, allowing the deposition of 
the ablated material onto its surface, Figure 1.

The growth dynamics of thin films produced by PLD are highly dependent on 
various parameters such as target composition, substrate temperature, laser fluence 
and frequency, the spot size, and the background pressure [14]. Multiple targets 
are contained in the target holder, four in our system, enabling the deposition of 
multilayer thin films. In order to prevent the formation of droplets on the surface of 
the films during the laser deposition process, it is preferable to use a target with high 
density, purity, and a reduced laser pulse frequency.

Deposition often involves constant translation and rotation of the target support. 
The substrate heating block, on our system, has the capability to reach temperatures 
as high as 1000°C. The experimental results showed that there is a critical substrate 

Figure 1. 
Schematic representation of pulsed laser deposition with parallel setup.
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temperature (Tc) below which the film structure is not completely monocrystalline 
and the film composition deviates significantly from the stoichiometric one [15, 16]. 
The optimal frequency of laser pulses for film preparation depends on the ambient 
gas pressure and the substrate-target distance [17, 18]. The interaction between the 
plasma and the substrate has a major impact for deposition. A balance between the 
target heating speed and substrate temperature is required to achieve the desired film 
composition and properties. Short-duration pulses (10−3 s) and energy densities of 
106–108 W/cm2 allow for the achievement of heating speeds of 1010 K/s [13, 14] at the 
target surface. The heat loss of the components arriving on the substrate is deter-
mined by the substrate temperature. The rapid cooling of the compound causes it to 
crystallize at a slower rate. Due to the extremely short distances between atoms on the 
surface of the substrate, only a small number of them are able to form crystals.

The temperature of the layer, thus, formed increases when the next vapor pulse is 
deposited. The impact of the impinging flux of ablated particles on this temperature 
becomes more significant at higher deposition frequencies and should be considered, 
particularly when considering the formation of materials with low thermal conduc-
tivity using PLD [19].

If the substrate temperature is sufficiently high, the material’s velocity at the 
substrate surface will decrease, hence facilitating the optimal conditions for complete 
crystallization, nucleation, and coalescence of the atoms [15, 20]. To ensure proper 
stoichiometry, the rate of arrival of the constituents of one complex compound must 
be carefully managed, and this rate is also being affected by the gaseous environment. 
The gas in the deposition chamber affects the crystalline microstructure and orienta-
tion by its chemical activity, which is naturally proportional to the pressure [15]. 
Complex oxide films are typically prepared in oxygen atmosphere at a pressure of 
several hundred millitorr. The use of high oxygen pressure is employed for the deposi-
tion of complex oxide films, but above a certain point, it can have the opposite effect 
of what you would expect by slowing down the deposition rate due to oxygen’s high 
dissociation energy barrier, which makes it chemically reactive [4, 16, 21, 22].

3.  Termination control for epitaxial thin films

Achieving epitaxial growth (where the crystal structure of the film aligns with 
that of the substrate) can be challenging if there are significant differences in lattice 
parameters [23, 24]. The lattice constant (spacing between atoms) of the thin film 
may not perfectly match that of the substrate. This can result in strain and defects in 
the film, affecting its structural properties. Prior to epitaxial growth, the substrate 
surface needs to be carefully prepared to achieve the desired termination. Substrate 
termination can impact the nucleation process, affecting the initial stages of thin film 
growth [25–27]. Controlling nucleation is crucial for achieving a high-quality and 
uniform epitaxial layer. Techniques, such as chemical etching, annealing, or other 
surface treatments, are employed to modify the crystal surface and remove contami-
nants. The examined structures in this chapter were developed using single crystalline 
STO (001) and Nb: STO (001) substrates supplied by CrysTec GmbH. These sub-
strates had a miscut angle ranging from 0.05° to 0.5°. Prior to achieving higher quality 
thin films on single crystalline STO and Nb:STO substrates, preliminary substrates 
preparation were performed. These transformations involve transforming the opti-
cally polished surface into a surface with steps and terraces that are highly organized 
at the atomic level. To achieve this result, the STO substrates required etching in an 
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NH4-HF solution for a duration of 15 seconds to eliminate any Sr. residues. Following 
that, the substrates were placed under a process of thermal treatment at a high tem-
perature of around 1000°C for a period of about 4 hours. By following this procedure, 
a surface consisting completely of TiO2 is achieved, with approximately the same 
height steps (about 0.4 nm per unit cell), having parallel position to each other, are 
selected. The miscut angle value has an important effect on the surface preparation 
process. While both chemical and thermal annealing follow the same procedure way, 
we found that different substrates miscut produce different terraces; especially those 
substrates having a smaller miscut, we noticed that adjusting the annealing period 
improved the terrace quality (Figure 2). Other groups also reported similar behavior 
on monocrystalline substrates, which have been found to be correlated with the 
miscut angle value [28, 29]. However, it was challenging to determine the exact times 
terrace obtaining.

Mismatches between oxidic thin films and monocrystalline substrates can be mini-
mized by introducing a buffer layer with intermediate properties between the thin 
film and substrate. Buffer layers also provide an approach for achieving preferential 
polarization orientation; they can contain free charges induced by point defects that 
form during the deposition process. The presence of these defects acts for compensat-
ing the depolarization field and maintain the upward polarization direction [30, 31]. 
In this chapter, conductive oxides, such as LSMO and SRO, were utilized as buffer 
materials and bottom electrodes in order to form structures similar to capacitors. The 
electric and magnetic characteristics of LSMO are dependent by several parameters, 
including La, Sr content, deposition temperature, thickness, and the crystalline 
structure of the layer [32–34]. The choice of using La70Sr30MnO3 as the bottom 
electrode was based on our previous study of the resistivity properties, particularly its 
dependence on thickness [33].

3.1  Conditions for buffer layer preparation

A KrF laser (𝜆𝜆 = 248 nm) was utilized to ablate Praxair’s commercial SRO and 
LSMO targets for buffer layer deposition. The repetition rate for LSMO and SRO 
was 1 and 5 Hz, respectively, with a laser fluence of 2 J/cm2. During deposition, the 
substrate temperature was set to 700°C, with an oxygen atmosphere of 0.133 mbar 
for SRO and 0.27 mbar for LSMO. The target and substrates were kept at a distance 
of 60 mm for both types of buffer layers. Further, on these structures, lead-based or 
lead-free layers with different thicknesses were deposited.

Figure 2. 
Atomic force microscopy images from identically cleaned substrates with varying miscut angles.
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3.2  Lead-based ferroelectric films: ultrathin films

In this section, we describe our investigations related to the preparation of 5 nm 
thick PZT ultrathin films by using a commercial target from Praxair with a Zr dop-
ing x = 0.2. The films were grown on different ferroelectric states, and the 3D band 
structure was studied using SX-ARPES [35]. By discerning between the effects caused 
by ferroelectricity and those induced by the substrate on the electronic band struc-
ture, we are able to elucidate basic questions concerning the fundamental electronic 
properties of oxide interfaces and provide further avenues for enhancing the perfor-
mance of multiferroic systems. The PZT films were grown on LSMO-buffered TiO2-
terminated STO substrates (001) oriented. In this case, the ferroelectric polarization 
points toward the interface (from herein named DW sample and denoted as P-). 
Samples grown on TiO2-terminated, Nb:STO substrate feature an upwards polariza-
tion state (P+) and will be designated as the UP sample, with an out-of-plane FE state, 
mostly single domain. The growth conditions for PZT films were similar to those 
detailed in our previous work [35].

3.3  Structural characterization

The symmetric 2θ-ω XRD scans, which are displayed in Figure 3a, performed at 
room temperature on a Rigaku-SmartLab diffractometer in high-resolution setting 
(X-ray mirror and two bounce Ge (220) monochromator) demonstrate the good 
crystallographic resemblance of both PZT films. However, DW has somewhat wider 
peaks than UP, possibly because DW has larger internal microstrains [36]. The PZT 
films in both DW and UP are fully strained at the in-plane lattice constant of the cubic 
STO and Nb:STO substrates, as indicated by the RSM near the −103 node of STO 
(Figure 3b) and Nb:STO, Figure 3c, performed on a Bruker D8 Advance diffractom-
eter (Bruker AXS GmbH Germany) with a copper anode X-ray tube in medium reso-
lution parallel beam setting. PZT exhibits elongated growth along the c-axis in both 
samples, with the ratio of the in-plane to out-of-plane lattice parameters c/a = 1.073 
for UP and 1.081 for DW. The significantly off-centering of the Pb and Ti/Zr cations 

Figure 3. 
(a) X-ray diffraction. 2θ-ω scan for PZT grown in UP and DW samples; in the inset, the zoomed region of the 001 
peak of PZT in linear scale of intensity is given for both samples; (b), (c) reciprocal space mapping (RSM) scans 
of DW and UP samples are presented in and, respectively [35].
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in the unit cell ensures the stabilization of the FE character of the thin films. The 
local PFM measurements (Figure 4) on the two samples determined the different 
out-of-plane FE polarization, pointing downward or outward. The outcome confirms 
that PZT in the DW sample has indeed the FE polarization orientated inward (P−), 
whereas PZT in the UP sample has the FE state oriented away from the surface (P+).

3.4  k-resolved valence band structure

By navigating in the out-of-plane kz direction, we first examine the k-space topol-
ogy of PZT in the UP sample with tetragonal (TG) unit cell. The photon energy h𝜈𝜈 in 
Figure 3a is adjusted at constant k|| to range from 350 to 520 eV. The resulting iso-
energy map, shown in Figure 5a, in the XΓZ plane of the bulk Brillouin zone, locates 
the valence band maximum (VBM) at a binding energy (BE) of 2.2 eV with respect to 
the Fermi level in the X point. According to the iso-energy surface obtained from DFT 
calculations for the tetragonal PZT unit cell, Figure 5c, the square-like symmetry of 
the PZT in the ab plane accounts for the (kx − ky) iso-energy map observed on the UP 
sample in the XΓM plane at the VBM using hv = 520 eV (Figure 5b).

The DFT-predicted pattern centered in the Z point for the tetragonal unit cell, 
Figure 5e, is also visible on the iso-energy map taken in the ZAR plane 0.5 eV below 
VBM with hv = 465 eV (Figure 5d). Nevertheless, for the DW sample, the iso-energy 
estimated in the tetragonal cell as depicted in Figure 6a is inconsistent with the iso-
energy map obtained in the ZAR plane 0.5 eV below VB. It reveals four elliptical-shaped 
features centered in the A points of the k-space in addition to the predicted signature of 
the hole-like band in the Z point. Their appearance is consistent with a rhombohedral 
(RH) reconstruction of the PZT unit cell, as shown by the 3D iso-E surface of PZT, 
Figure 6b. The primary axis of the pocket surrounding the A point, as indicated by the 
computed iso-E map, is derived from the projection of the RH cell’s WXW direction on 
the TG-cell’s (001) direction. Consequently, projecting the RH cell’s UXU direction onto 
the (001) plane of the TG-cell BZ yields the minor axis of the A-centered ellipse.

3.5  Polarization-dependent band alignment mechanism

We have chosen the two distinct substrates because of their correspondingly 
larger and smaller work functions (Wf). The migration of negative (positive) charges 

Figure 4. 
(a) Piezoresponse phase loops versus applied DC voltage, measured with an AC driving voltage Vac = 1.5 V for 
DW and (b) UP samples [35].
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from PZT at the bottom interface is driven by the material-dependent band bending, 
ΔϕDW(UP), defined by the Wf-induced band lineup at the interface with the substrate. 
We anticipated the stability of distinct, opposing out-of-plane P−(P+) FE states of 
PZT in conjunction with the accessible positive (in LSMO) and negative (in Nb:STO) 
charges in the substrate.

The contaminated layer is identified as the cause of improper screening for the depo-
larizing field at the PZT surface. Based on the examination of the core levels recorded on 

Figure 5. 
(a) Out-of-plane iso-energy (iso-E) maps of PZT recorded by varying hv between 350 and 520 eV while keeping 
the k|| in the XΓZ plane of the bulk Brillouin zone; (b) (kx − ky) iso-E in the ΓMX plane at the VB maximum—
VBM—and (d) in the ZAR plane at 0.5 eV below the VBM. The calculated iso-E surface at (c) VBM and (e) 
0.5 eV below VMB [35].

Figure 6. 
(a) Signature of RH reconstruction. In-plane (kx, ky) iso-E maps of PZT recorded with hv = 465 eV at 0.5 eV 
below the VBM in the ZAR plane of the TG cell. The red line indicates the calculated iso-contour at the 
corresponding energy assuming TG geometry of the unit cell. Gray contours represent the additional signature 
of the RH-distorted unit cell for DW, and such a signature is absent for the UP sample; (b) the signature of the 
RH distortion is rendered into the TG unit cell, with the iso-energy surfaces calculated at the same energy, 0.5 eV 
below VBM, as the experimental maps [35].
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both UP and DW samples, we will now clarify the mechanism of band alignment. Thus, 
by opposing the FE-induced field, the residual uncompensated field tends to lower the 
band bending potential at the surface. Thin films use internal or external mechanisms 
to make up for the depolarizing field in order to maintain their ferroelectric state. The 
intrinsic one entails the migration of charge carriers that are already present in the film, 
producing positive and negative charge sheets at the layer’s opposing surfaces.

These charge carriers are produced when the ideal stoichiometry spontaneously 
changes during growth, and cations or oxygen vacancies are formed [31]. In the 
external material, such as the metallic electrode, or within the contaminated layer 
at the surface with the air to screen the DF, the extrinsic one entails opposite charge 
accumulation or depletion with respect to the fixed polarization charges from the 
FE material. As the electric field outside the ferroelectric is strictly zero, the charge 
modulation effect produced into the joining material is greater than a pure elec-
trostatic picture and should not affect the joining material’s electronic structure. 
However, it is dependent upon two elements: (i) on the specific band alignment at the 
interfaces between the FE and the metal or (ii) the FE and the contamination layer, 
which takes into account both the FE state and the work function difference between 
the FE and the metallic contact or surface contamination layer [37–40].

The regions with positive/negative charge buildup at the ferroelectric’s extremi-
ties are defined by the band alignment and the potential profile that results across 
the ferroelectric. It regulates the application of bias, determining whether and how 
the necessary electrons and/or holes are injected across the interface and how they 
collect at the ferroelectric’s surface and interfaces via diffusing through the material 
[37–39, 41, 42]. Figure 7a shows the mechanism of band alignment based on the FE 
state of the PZT samples at the surface and at their interface with the substrate. It is 
derived by comparing the more bulk-sensitive results of the core levels, which extend 
the probing region down to the substrate interface, with the surface-sensitive ARPES 
data. This shows the variation of the potential inside the FE film going from the 
surface toward the interface with the substrate.

Figure 7. 
(a) Band bending mechanism from the core levels. Band bending at the PZT surface as a function of the 
ferroelectric state; (b, c) sketch of the band bending potential along the UP and DW samples Pb 4f and Ti 2p core 
level spectra of DW (blue) and UP (red). Samples recorded at 12 K and after 20 min of continuous exposure to 
the X-ray beam [35].
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The potential profile when opposing charges build up in the ferroelectric film 
near the interfaces for depolarizing filed screening is shown by the dashed line. The 
potentials V(z) inside our ferroelectric films, for both UP and DW samples, are quali-
tatively traced with full lines based on the experimental results. The ARPES observa-
tions reveal a 1.25 eV relative binding energy shift between the UP and DW samples. 
This shift, along with the band dispersions, is consistent with the modest band bend-
ing near the surface and the reported ferroelectric-induced band offset across the first 
≈1–2 nm near the surface. In the UP sample ΔϕUP = ϕPZT-ϕNb:STO = 0.4 eV, correspond-
ing to upward band bending, and in the DW sample ΔϕDW = ϕPZT-ϕLSMO = −0.3 eV 
associated with the downward band bending of PZT at the LSMO substrate [35]. A 
negatively charged LSMO interface stabilizes the ferroelectric state pointing toward 
the substrate (P−), while V(z) in Figure 7b depicts the positive charging into Nb:STO 
at the interface to correct the ferroelectric polarization pointing away from the 
substrate (P+) [35, 37–39, 42, 43]. A necessary prerequisite for the stabilization of the 
FE state appears to be the substrate-induced band bending at the bottom interface, 
which makes it easier for positive and negative charge sheets to accumulate at the 
surface/bottom interface and stablize the P+/P − FE polarization. Figure 5d shows 
the emergence of a new component in the Pb 4f spectra at lower binding energies, 
which suggests that the UP sample’s creation of oxygen vacancies and the clustering 
of metallic Pb were caused by broken Pb-O bonds [41].

The fact that the DW sample lacks this component suggests that the oxygen 
vacancies and the corresponding negative charges that develop into the UP sample 
are necessary to offset the depolarizing field and stabilize the P+ FE state. They build 
up in the vicinity of the PZT surface to form a negative charge sheet that filters the 
polarization charges, which are fixed. However, in the DW sample with the P− FE 
state, the formation of cation vacancies (Pb and Ti) screens the depolarizing field 
produced by the fixed negative polarization charges at the PZT surface and positive at 
the bottom contact with LSMO.

4.  Lead-based ferroelectric films: doped thin films

In this section, we describe our investigations related to the preparation of doped 
thin films, with Fe acting as acceptor and Nb acting as donor, and their contribu-
tion on understanding conduction type in ferroelectric films. In addition to doping 
studies, the fabrication of p-n junctions in ferroelectric materials is a topic of interest. 
Our studies revealed significant differences in electrical properties between Fe- and 
Nb-doped PZT films, including variations in coercive field, potential barrier height 
at the electrode interface, charge carrier concentration, and leakage current. These 
differences are attributed to the alterations introduced by the two dopants in the elec-
tronic properties of PZT. Furthermore, a change in doping type was found to affect 
polarization orientation, with upward polarization dominant in PZT-Nb and slightly 
downward polarization dominant in PZT-Fe. The establishment of p-n junctions in 
PZT films involves precise deposition of dopants known to behave as donors or accep-
tors when substituting Zr or Ti in the PZT lattice. These junctions offer novel device 
structures and functionalities, revealing quasi-linear current-voltage characteristics 
and temperature-dependent resistance and elucidating carrier injection mechanisms 
at electrode interfaces.

The PZT films were deposited using pulsed laser deposition (PLD) from custom-
made targets containing precursor metal oxides with a purity of at least 99.99%. 
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Specifically, one target was doped with approximately 1% Fe (referred to as PZT-Fe), 
while the other was doped with approximately 1% Nb (PZT-Nb). The intended 
doping concentration was about 1020 cm−3 in the targets, although the actual doping 
level in the films might be lower. The deposition took place on single-crystal STO 
substrates with (001) orientation. First, a thin layer of SrRuO3 (SRO), approximately 
20 nm thick, was deposited by PLD to serve as the bottom electrode. The growth 
conditions for PZT films were similar to those detailed in a previous [44, 45]. Both 
single-doped PZT layers and bilayer p-n junctions were prepared in this study. Two 
types of bilayers were grown, resulting in the following structures: STO/SRO/PZT-Fe/
PZT-Nb and STO/SRO/PZT-Nb/PZT-Fe. The thicknesses of the layers were equal, 
estimated to be approximately 200 nm and in the bilayer architecture to be 100 nm 
each. The thickness estimation was based on the number of laser pulses used during 
deposition.

4.1  Structural characterization

Figure 8 illustrates the outcomes of XRD structural analyses for simple PZT-doped 
layers, while Figure 9 displays the XRD data for the bilayer structures. In all samples, 

Figure 8. 
(a) Diffractograms (2θ-ω scans) of single PZT layer samples, with details around lines 001 and 004 in inserts; 
(b) RSMs around nodes —103 of pseudocubic structures [45].
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the structure primarily comprises PZTc-domains, where the c crystallographic axis of 
the tetragonal lattice is perpendicular to the film surface. Additionally, inclined PZT-
domains are observed in the reciprocal space maps (Figure 8b), indicating relaxation 
through a-domains by forming the a/c structure.

This phenomenon is specific to PZT films with thicknesses exceeding 100 nm. 
Two distinct types of tetragonal PZT are discerned, characterized by different values 
of the lattice constant c perpendicular to the substrate. Most films exhibit a tetrago-
nal structure with a c value close to the bulk (referred to as “relaxed”), while layers 
situated just above the substrate show a larger c value and in-plane lattice constant a, 
similar to that of the substrate (termed as “strained”). The proportion of the strained 
component varies depending on the sample. The analyses based on Figure 8c, reveal 
intriguing characteristics of the films; in contrast to expectations stemming from 
the lattice mismatch with the STO substrate, the out-of-plane parameter of the films 
decreases, while the in-plane parameter increases compared to the target.

Moreover, significant discrepancies are noted among the films, surpassing varia-
tions observed among the targets. Specifically, the PZT-Nb film exhibits the largest 
c lattice constant, whereas PZT-Fe displays the smallest; the un-doped PZT falls 
between these extremes, mirroring the trends observed in the films. Remarkably, the 
PZT-Fe film manifests a considerably smaller in-plane lattice constant compared to 
the others despite sharing the same a lattice constant as PZT-Nb. This observation 
suggests that Nb doping slightly increases the volume of the unit cell, while Fe doping 
reduces it relative to un-doped PZT. Such behavior can be rationalized by the inhibi-
tory effect of Nb doping on the formation of oxygen vacancies, whereas Fe doping 
promotes their generation in the films compared to un-doped PZT.

4.2  Polarization switching at nanoscale

A specific poling map was selected to examine polarization switching at the 
nanoscale for simple PZT-doped layers, as depicted in Figure 10a. The voltage applied 
to the PFM tip was incrementally increased from −10 to 10 V along each scan line, as 
shown in Figure 10b. The written ferroelectric domains are visible in the piezoresponse 
phase images from Figure 11. In the as-grown un-doped PZT film, the polarization 
is predominantly upward-oriented (see Figure 11f) similar to previous findings [31]. 

Figure 9. 
RSMs around nodes—103 of PZT bilayer samples. (Reprint from Ref. [44] copyright 2023 American Chemical 
Society”).
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Figure 10. 
(a) Poling map applied on a 6 × 6 μm surface for polarization switching; (b) section graph in the poling map 
image shows the applied voltage between −10 and 10 V [45].

Figure 11. 
AFM-PFM measurements on PZT-Nb (a), (b); PZT-Fe (c), (d); and un-doped PZT thin films (e), (f). Surface 
topography images (a), (c), (e) and piezoresponse phase images (b), (d), (f) after domain writing according 
to the polling map. The symbols used represent polarization orientation, with a solid circle inside a white circle 
indicating upward polarization and cross lines in a white circle representing downward polarization [45].
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Figure 12. 
The electrical characterization of the simple layers of PZT-Fe, PZT-Nb compared with the un-doped PZT. 
(a) Polarization-voltage loop, (b) capacitance-voltage characteristics, and (c) current-voltage characteristics 
presented in absolute value and in logarithmic scale [45].

In the case of as-grown PZT-Nb, the dominant polarization orientation is upward, 
although some areas exhibit a downward polarization tendency. This deviation from 
un-doped PZT can be attributed to a reduction in the density of oxygen vacancies, 
influencing the compensation of the depolarization field during the growth process. This 
finding correlates with the lower leakage current and larger coercive field observed in 
PZT-Nb. For PZT-Fe, a mixture of domains with both upward and downward polariza-
tion is evident, with a larger area demonstrating downward polarization (estimated to 
about 80% of the as-grown area before poling, as shown in [45]).

This phenomenon can be attributed to Fe acting as an acceptor, facilitating the 
formation of oxygen vacancies for local charge compensation. Consequently, the 
distribution of Fe in the film and other structural defects influence the availability of 
charges for compensating the depolarization field, thereby favoring either upward or 
downward polarization orientation. Nonetheless, the transition from Nb (donor) to 
Fe (acceptor) doping visibly influences the PFM phase signal.

4.3  Electrical properties

The results of standard electrical measurements at room temperature are depicted 
in Figure 12. These measurements were conducted after establishing the same 
polarization state in the samples by applying a positive voltage on the top electrode 



63

Epitaxial Ferroelectric Thin Films: Potential for New Applications
DOI: http://dx.doi.org/10.5772/intechopen.1005197

for 10 seconds. Un-doped PZT exhibits intermediate polarization between PZT-Fe 
(lowest) and PZT-Nb (highest), likely due to differences in leakage current and 
lattice constants. Coercive field for un-doped PZT lies between PZT-Fe (lower) and 
PZT-Nb (higher), indicating varying ease of polarization switching attributed to 
leakage current. Internal electric field, though larger in doped samples, is insufficient 
alone to dictate polarization direction with its orientation consistent across films due 
to similar substrate conditions. Doped PZT films exhibit slightly higher dielectric 
constants, attributed to increased structural defects capable of responding to applied 
voltage signals. In paper [45], it can be also seen that the height of potential barriers 
at electrodes differs significantly, with un-doped PZT between PZT-Fe (lowest) and 
PZT-Nb (highest). Also, the effective density of charge carriers shows minimal varia-
tion among the three layers, with Fe doping promoting oxygen vacancies formation 
and Nb doping inhibiting it. Fe introduces an acceptor level near the valence band, 
while Nb introduces a donor level near the conduction band (details in [45]).

PZT-Nb displays n-type behavior, while PZT-Fe shows slight p-type behavior. 
Similar effective densities of free carriers correspond to remnant polarization values, 
indicating polarization’s control over these densities, regardless of doping.

Self-doping, likely via oxygen vacancies, regulates carrier densities, with consistent 
contributions from SRO electrodes. Differences in barrier height stem from Fermi level 
positioning: un-doped PZT has n-type behavior due to oxygen vacancies, placing the 
Fermi level near the conduction band. PZT-Nb′s Fermi level is influenced by donor 
levels, leading to higher potential barriers. In PZT-Fe, the Fermi level is near the valence 
band, resulting in low barriers. Variations in barrier height affect leakage current mag-
nitude, with PZT-Fe exhibiting significantly higher leakage than PZT-Nb. Modest Fe and 
Nb doping induces notable differences in macroscopic properties of epitaxial PZT films. 
These differences arise from distinct electronic properties induced by Fe and Nb doping. 
The effects of p-type and n-type doping can be discerned through specialized poling 
procedures, offering potential for ferroelectric p-n homojunctions.

Hysteresis measurements reveal distinct hysteresis loops for both bilayers, PZT-Nb/
PZT-Fe and PZT-Fe/PZT-Nb, with notable differences in loop shape, magnitude, rem-
nant polarizations, and coercive voltages (Figure 13). When PZT-Fe is the first deposited 
layer, higher polarization and coercive voltage values are observed compared to when 
PZT-Nb is the first layer. This variance can be attributed to differing electrostatic condi-
tions at the interface with the bottom SRO electrode. As presented above and in [45], 
the estimated potential barrier is larger for the PZT-Nb/SRO interface than for the 
PZT-Fe/SRO interface, approximately 0.3 eV compared to 0.1 eV. This distinction can 
affect the compensation of the depolarization field during both the growth process and 
polarization switching. A larger potential barrier impedes the flow of charges involved 
in compensating the depolarization field, resulting in lower polarization values. The I-V 
characteristics obtained and presented in Figure 13b display an unexpectedly symmetric 
linear shape despite the differing potential barriers at the two interfaces with the bot-
tom and top SRO electrodes. This contradicts the anticipated presence of Schottky-like 
contacts at the electrode interfaces in bilayer structures. The unusual shape of the I-V 
characteristics may be attributed to two factors: (i) the coexistence of two types of carri-
ers (electrons and holes) in the p-n homojunction and (ii) complex charge compensation 
processes occurring near the contacts and at the PZT-Nb/PZT-Fe interface. Additionally, 
it is noted that the PZT-Fe/PZT-Nb/SRO/STO structure exhibits lower resistance than 
the PZT-Nb/PZT-Fe/SRO/STO structure [44].

The slope of the linear I-V characteristic represents the electrical conductance or 
the inverse of resistance. Resistance values were extracted from I-V measurements 
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at different temperatures, and the observed decrease in resistance at 300 K is 
approximately four orders of magnitude, indicating semiconductor behavior as 
presented in [44]. Arrhenius plots were employed to extract an activation energy for 
conduction in the two bilayer structures. The obtained values fall within the range of 
0.13–0.17 eV, which lies between the estimated potential barrier heights at the SRO 
electrodes (around 0.1 eV at the PZT-Fe/SRO interface and 0.3 eV at the PZT-Nb/SRO 
interface, as estimated for single-phase capacitor structures).

5.  Lead-free thin films

In this section, we present our investigations related to the preparation of lead-free 
ferroelectric thin films and their properties on energy storage domain. The hysteresis 
polarization loops analysis is employed in this study to deliver useful information 
on the energy storage characteristics of lead-free ferroelectric capacitors based on 
0.92(Na0.5Bi0.5)TiO3-0.08BaTiO3 (BNT-BT). The total stored charge and efficiency 
measured on a different range of temperatures, from 100 to 400 K, indicating an excel-
lent thermal stability. Using an in-house obtained BNT-BT target, an epitaxial thin film 
was prepared for this investigation on a STO (001) substrate with SRO bottom electrode. 
More information regarding target preparation is provided in [46]; for the SRO bottom 
electrode deposition, we always use the same recipe, see above. The oxygen atmosphere, 
the substrate temperature, and post-annealing conditions were chosen to promote the 
growth of high-quality BNT-BT film with good crystallinity and stoichiometry. The thin 
film deposition occurs in an oxygen environment at a pressure of 0.2 mbar. The target 
is ablated using a laser fluence of 1 J/cm2 with a pulse frequency of 10 Hz. The substrate 
where the thin film is placed is heated to around 600°C. This temperature is used to 
promote optimum crystallization of the deposited material in addition to preventing the 
formation of Bi and Na vacancies caused by their volatility. After deposition, the film was 
gradually cooled on high oxygen pressure to room temperature.

5.1  Structural characterization

XRD measurements were performed using a Rigaku-SmartLab X-ray diffractom-
eter (Rigaku Corporation, Tokyo, Japan) with a conventional Cu anode X-ray tube, 
powered at 40 kV and 40 mA. The symmetric XRD scans corrected for the single-
crystal surface miscut, 2θ ω scans, were performed with a Ge (220) monochromator 

Figure 13. 
(a) The hysteresis measurements for the bilayered structures. (b) The current-voltage characteristics for the 
bilayered structures (Reprint from Ref. [44] copyright 2023 American Chemical Society).
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in the incident beam and a HyPix detector in 0D mode, in the 2θ range 10–57°. The 
reciprocal space mapping (RSM) images were taken with a HyPix 3000 camera in 
2D mode, around χ = 0 (symmetric to the sample surface), within 2θ = 35–51°, and 
χ = ±15°. The BNT-BT film is stabilized in tetragonal structure with highly c axis 
texture, as deduced from the 2ϴ-ω scan shown in Figure 14a. The SRO layer’s layer 
fringes are visible in the inset of Figure 14a, indicating the atomic scale level smooth-
ness of its sides. The film thickness calculated from the layer fringes’ period is about 
20 nm. Reciprocal space maps (Figure 14c) show two distinct types of c-domains 
with varying lattice constant c-perpendicular values on the substrate. The layers 
immediately above the substrate have a larger c value and an in-plane lattice constant 
a, close to the substrate one (named here “strained”), while the majority of the films 
have a tetragonal structure with a c value close to the bulk one (named here “relaxed”) 
[47]. The strained layer should be related to the thin layer visible in HRTEM images 
at the SRO-BNT-BT interface (Figure 15a). The in-plane orientation of the films has 
been analyzed performing azimuth scans in asymmetric geometry measurement 
locating tilt planes to the film surface.

The {103} planes were used for STO and SRO, and the {113} plane family for the 
assumed tetragonal BNT film and were scanned over a whole rotation around the sur-
face normal (Figure 15b). The relative positions of the phi-scan maxima of the three 
structures indicate that the square edge of BNT is parallel to the face diagonal of SRO 
or STO: BNT [100] // SRO [110] //STO [110]. This in-plain orientation is determined 
by the almost perfect matching of the periods in these directions: aBNT ≈ aSTO.

Cross-section transmission electron microscopy (TEM) specimen of BNT-BT has 
been prepared from the as-deposited sample by mechanical polishing down to ca. 
30 μm, followed by ion milling in a Gatan PIPS machine at 4 kV accelerating voltage 
and 7° incidence angle. Low-voltage (2 kV) milling was used as the final ion polishing 
stage in order to reduce the amorphous surface layer enveloping the specimen. TEM 
observations have been performed using a probe-corrected analytical high-resolution 
JEM ARM 200F electron microscope operated at 200 kV. The conventional TEM 
image in Figure 15 a gives a general cross-section view of the BNT-BT/SRO/STO 
film showing the growth morphology and the layer’s distribution on the (100) STO 
substrate. The SRO layer is visible as a narrow band of uniform contrast and thick-
ness (20 nm) on the top of the STO substrate. The BNT-BT layer has a thickness of 
250 nm with a surface roughness below 5 nm, as displayed by the cross-section image. 

Figure 14. 
(a) XRD 2ϴ-ω scan; (b) phi-scans recorded in asymmetric geometry for the STO substrate, the SRO, and film 
and BNT films; (c) RSMs around nodes {103} of pseudocubic structures.
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A strong diffraction contrast can be observed across the BNT-BT layer either parallel 
or perpendicular to the growth direction, attesting the elastic strain due to various 
growth defects. The epitaxial growth of the BNT-BT and SRO layers onto the STO 
substrate is demonstrated by the selected-area electron diffraction (SAED) pattern 
in the inset of Figure 15a, where the STO substrate is in [100] zone axis orienta-
tion. The diffraction pattern (DP) contains contributions from the substrate, the 
SRO electrode, and the BNT-BT layer. A single family of spots is visible, the 1.3% 
lattice mismatch being too small to produce evident spot splitting, especially for the 
low-index spots. The observable deformation of the diffraction spots, which can be 
noticed as streaks parallel to the (001) STO and (010) STO reciprocal vectors, is most 
probably related to the high density of defects in BNT-BT oriented perpendicular to 
the interface (next to the interface) or parallel to it (away from the interface). The 
diffraction spots attributed to BNT-BT have been indexed according to the tetragonal 
structure of BNT-BT in agreement with the phase diagram for this stoichiometry at 
room temperature [47]. Figure 15c presents the cross-sectional HAADF-STEM image 
at low magnification of the BNT-BT/SRO/STO heterostructure where the spectrum 
image for EFLS was selected, followed by a relative composition maps in false colors 
for Ti L and Ba M extracted from EELS-SI data cube and RGB composed image by 
overlapping the Ti and Ba elemental maps. The Aurivillius phase was also identified, 
and their structure is built by alternating layers of [Bi2O2]2+ and pseudo-perovskite 

Figure 15. 
(a) Cross-section TEM image at low-magnification showing BNT-BT/SRO/STO film, inset: SAED pattern 
corresponding to the TEM image; (b) HRTEM image at the BNT-BT/SRO and SRO/STO interfaces; (c) 
periodical defects observed in STEM image analyzed by EELS-SI.
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blocks, with perovskite layers that are n (5 in our case) octahedral layers in thickness 
[48, 49]. In TEM images recorded on the BNT-BT thin film, the presence of different 
types of defects such as Aurivillius phase, Barium precipitates, grain boundaries, and 
dislocations was observed.

5.2  Stored/released energies and the efficiency of BNT-BT

The physical properties of a BNT-BT capacitor, such as the area of the electrodes, 
thickness, dielectric constant, and leakage, determine the amount of charge that it 
can store and, thus, its capacity. In Figure 16, a PUND hysteresis measure at 300 K is 
presented. The maximum polarization at the maximum voltage applied is 45 μC/cm2. 

Figure 16. 
(a) Polarization-voltage characteristics obtained with PUND measurement. The back loops represent the results 
from the first and the third pulse, while the red loops represent the results from the second and the fourth pulse, 
(b) the current-voltage characteristics obtained during the first pulse for different voltages, (c) the polarization-
voltage loop measured obtained during the second positive pulse for different temperature, and (d) the current-
voltage characteristics obtained after the second positive pulse for different temperatures.
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Figure 17. 
The stability of the stored and released energies and also the effiencies for temperatures between 100 and 400 K; 
(a) specific for the first pulse; (b) specific for the second pulse.

But, the remnant polarization is 10 μC/cm2. This represents the capacitor based on 
BNT-BT thin film that presents a significant back-switching of polarization when the 
voltage drops to zero. This property can be used for the application of storage and fast 
discharging of electrostatic energy in supercapacitors. Figure 16c represents the mod-
ification of polarization-voltage characteristics obtained for second consecutive posi-
tive voltage pulse for temperature from 100 to 400 K. As can be seen in Figure 16b 
and d, the total polarization, represented here as the area under the switching peak 
from Figure 16b, has a small decreasing with temperature, but the back-switching 
component is increasing with temperature.

Thus, the polarization measured by the second consecutive positive pulse 
increases with temperature as is explicitly represented in Figure 16c in polarization-
voltage loops or in Figure 16d by current-voltage loops.

From characteristics presented in Figure 16, the stored and released density of 
energy and also the efficiency are deduced using the formulas:

 = ∫
0

Pmax

chargeE EdP  (1)

 = ∫
Prem

discharge
Pmax

E EdP  (2)

 η = discharge

charge

E
E

 (3)

The stored and released energies and also the efficiency for temperatures 
between 100 and 400 K are represented in Figure 17a, for the first pulse, and also 
in Figure 17b, for only the second pulse, which represents the back-switching. The 
total stored charge is between 25 and 22 J/cm3 for the first pulse and around 22 and 
17 J/cm3 for the second pulse. The discharged energy presents a small increasing with 
temperature between 10 and 11 J/cm3 for both first and second pulse. Thus, efficiency 
also presents a small increasing by increasing the temperature. Around 60% effi-
ciency is obtained for the second pulse and smaller value of 45% for the first pulse. 
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In comparison to earlier publications, the E charge and E discharge values achieved in 
this work are higher than those found on bulk ceramics or polycrystalline films [6–9]. 
We also found that the characteristics of epitaxial BNT-BT thin films remain constant 
across a wide temperature range from 100 to 350 K.

6.  Conclusions

This chapter presents the results found in epitaxial ferroelectric materials, either 
lead-based or lead-free, obtained by the pulsed laser deposition technique. An 
overview of the deposition and growth strategies employed to achieve high-quality 
epitaxial ferroelectric structures with well-defined interfaces is provided initially. 
Developing lead-based epitaxial thin films with variable thickness and their role in 
clarifying the fundamental issues of ferroelectric thin films are presented. In the 
final section of this chapter, we describe the growth of a lead-free epitaxial thin film, 
followed by its characteristics in the energy storage domain.
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Chapter 4

Synthesis of Nanoparticles
Using Pulsed Laser
Hamed Naderi-Samani and Reza Shoja Razavi

Abstract

This chapter provides an extensive discussion of the pulsed laser ablation in liquid
(PLAL) method for synthesizing nanoparticles. It covers the production of various
types of nanoparticles, such as metal, semiconductor, and metal-oxide nanoparticles,
and the impact of laser parameters on their properties, such as size, shape, composi-
tion, and crystallinity. The chapter also delves into the physical and chemical pro-
cesses involved in PLAL, including nucleation, growth, and coalescence, and how they
can be controlled to achieve tailored nanoparticle synthesis. Additionally, it examines
the challenges and limitations of PLAL, such as particle aggregation, contamination,
and reproducibility, and strategies for improving nanoparticle stability and
dispersibility. This chapter is a valuable resource for researchers and scientists in the
laser synthesis of nanoparticles, emphasizing the significance of pulsed laser parame-
ters in achieving desired nanoparticle properties.

Keywords: nanoparticles, laser synthesis, pulsed laser ablation in liquids, laser pulse
parameters, size control

1. Introduction

Pulsed laser ablation in liquid (PLAL) is divided into top-down methods in the
synthesis of nanoparticles. The PLAL method is performed under ambient conditions
and does not require temperature or pressure. Nanoparticles can be synthesized using
the PLAL process, which has an almost unlimited domain. The laser source is known as
the most significant parameter in the synthesis of nanoparticles by the PLAL. In most of
the research conducted on the synthesis of nanoparticles by the PLAL method, nano-
second (ns) pulsed lasers have been applied. Millisecond (ms), microsecond (μs), fem-
tosecond (fs), and picosecond (ps) pulsed lasers have also been used by researchers in
the synthesis of nanoparticles. Lasers with different pulse widths due to variable inter-
actions with liquids and targets give researchers various nanostructure synthesis choices.

Liquid is the second key parameter in the PLAL process after the laser source. In
various research, liquids such as water, alcohol, acetone, sodium dodecyl sulfate
(SDS), polymers, liquid nitrogen, liquid helium, have been used for the synthesis of
nanostructures, which has expanded the application of the PLAL process in various
fields. Furthermore, the research examined the effect of external factors on the PLAL
process using electric field-assisted pulsed laser ablation in liquid (EF-PLAL) and
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electrochemistry-assisted laser ablation in liquid (EC-PLAL). It has been shown that
changing these external factors can easily alter nanomaterials’ morphology, synthesis,
and structure. Nanostructure morphology and synthesis can be controlled by consid-
ering the above three factors (laser, liquid, and external factors) in the PLAL process.

This part reviews the study’s references and examines the PLAL process’s mecha-
nisms, the laser’s effect, the ablation environment, and target composition parameters.
Finally, the conclusions in this field are provided.

2. Synthesis of nanoparticles by laser

Over the past few decades, a new field of research called laser synthesis of colloids
(LSC) has been created to produce nanoparticles [1]. According to Figure 1, LSC can
be classified by four different methods: laser ablation in liquid (LAL), laser fragmen-
tation in liquid (LFL), laser melting in liquid (LML), and laser defect-engineering in
liquid (LDL) [2, 3]. In the following, these methods are briefly introduced.

LFL and LML were developed as techniques derived from LAL. These techniques
use particle dispersion in liquids as raw materials and may also be classified as laser
processing in liquids or laser processing of colloids (LPC). The goal is to shrink the
colloidal particles, whereas the LML goal is to increase the scattered particles’ size or
deformity through colloids’ laser radiation. LFL refers to the fragmentation of micro-
and nanometer particles into smaller particles up to 2 nm [4]. The fragmentation is
caused by the absorption of laser light and the evaporation of the photothermal or the

Figure 1.
The schematic of laser synthesis classification of colloids into LAL, LFL, LDL, and LML methods [2].
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Coulomb explosion with the size of the specific particles. In contrast, the LML refers
to the melting and intertwined agglomerated nanoparticles in the sub-micrometer and
micrometer spheres [5].

The use of controlled laser fluence (poor laser fluence) of the laser beam to
radiation to colloid aiming to change the atomic structure of nanoparticles by creating
defects without changing the size of nanoparticles is called LDL. Like the LFL and
LML methods, the LDL method irradiates scattered particles with lower laser fluence.
It does not intend to shrink particles like LFL or melt particles like LML. Therefore,
LDL summarizes all studies that aim to change the properties and density without
altering the particle size. In LDL, defects not existing in the primary particles must be
inserted into the final product [2].

This study focuses mainly on PLAL, which developed in the 1990s. This method
has recently attracted increasing attention. Nanoparticles produced by this method
make promising applications in the fields of catalysts [6, 7], optics [8, 9], biomedical
[10, 11], polymer composites [12, 13], thin layers [14], and additive manufacturing
[15–17]. It has been proven that this method can be economical and scalable at a multi-
gram production rate [18, 19]. In addition, it allows nanomaterials to be produced
from unstable phases. However, conventional chemical methods cannot obtain non-
stable phases [20, 21].

Given these benefits, research into nanoparticle production using the PLAL
method has been highly regarded in the past 10 years. The number of articles cited
from 2008 to 2020 is presented in Figure 2(a). Also, many of the periodic table
elements specified in Figure 2(b) are produced and studied by the PLAL method [22].

Figure 3 shows the most common applications of the PLAL method in biomedical,
catalysts, and sensors. Water, soil, and atmospheric pollution caused by human
activity’s spreading of toxic chemicals is becoming a serious problem worldwide.
Given the significant advances in nanotechnology, there is an urgent need to develop

Figure 2.
(a) Citations from 2008 to 2020 using the keyword nanoparticle synthesis by PLAL and (b) elements specified in
the periodic table with the PLAL method [22].
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green and economical approaches to innovative biomedical goals without environ-
mental issues. Nanomaterials made with PLAL can successfully be used in biomedical,
sewage treatment systems, and energy sources (e.g., solar cells and hydrogen produc-
tion systems), and for producing clean and sustainable materials [23].

Therefore, the PLAL method as an alternative synthesis path for nanoparticle
production in liquids has proven its ability to produce high-purity colloidal
nanoparticles for various materials. The basis of synthesis with this method is using a
pulsed laser. The PLAL method can create complex structures, such as core-shell
structures, which are difficult to synthesize by typical chemical synthesis [3]. Also,
researchers have increased the efficiency and reproducibility of colloidal nanoparticle
production on a liter using a strong laser system [18, 19, 24]. Given the benefits,
companies such as GmbH and Strem in the United States produce colloidal
nanoparticles using the PLAL method [25, 26]. Figure 4 compares the production
efficiency of colloidal nanoparticles in PLAL and the chemical method performed
by Jendrzej et al. [3, 19]. Accordingly, if gold nanoparticle production exceeds
550 mg.h�1, PLAL synthesis is more economical than chemical synthesis.

3. Synthesis mechanism of nanoparticle by PLAL

The PLAL mechanism contains several physical processes. The main steps of PLAL
are shown in Figure 5. This process begins with the absorption of the laser pulse by

Figure 3.
Four important areas for PLAL [23].
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the target. Then, a plasma plume containing the ablated material expands into the
surrounding liquid and is accompanied by a shock wave. This expansion is due to the
high pressure and temperature inside the plume. The plasma plume cools during
expansion and releases energy into the liquid. This phenomenon creates a bubble

Figure 4.
Comparison of the costs of producing gold colloidal nanoparticles by PLAL and chemical methods [19].

Figure 5.
The schematic of the main steps in the PLAL method [27].
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caused by cavitation that expands in the liquid. Then, this bubble, due to
cavitation, collapses on a time scale of hundreds of μs with the release of the second
shock wave [27].

During the PLAL process, the metal target absorbs the laser photon energy and
creates heating and ionization in the area under radiation. Laser energy stimulates the
interatomic bonds of the metal target, causing them to break at the threshold energy
level. According to bremsstrahlung, free electrons absorb the input laser photons and
induce more ionization in the target matter. In addition, melting, evaporation, and
plasma processes co-occur. These interactions cause the material to be removed from
the solid target surface through vapors, liquid droplets, and solid fragmentation. The
amount of ablated area depends on the absorbed energy (E). PLAL process parameters
to estimate the ablated amount by the relation of E1/3∝ τe, E1/2∝ τa, E2/3∝ La, and τa˃˃τ1
are related to each other, where in this relation, τ1, La, τa, and τe are the laser pulse
time, ablation depth, ablation process time, and the electronic temperature during the
ablation process, respectively [28].

The atomization and ionization process produces dense, energetic, non-
equilibrium plasma at supersonic speed. Because of its rapid expansion, plasma acts as
a piston against the surroundings (liquid and target). It creates shock waves moving
toward solid and liquid target in opposite directions. This shock wave increases the
temperature and pressure inside the plume [28].

Giacomo et al. [29] showed that the shock wave created by the NS pulse may last
several hundred microseconds in the water and up to a few millimeters before the
collapse during cavitation. These researchers found that the external shock wave
(toward the liquid environment) did not play an essential role in cavitation.

The plasma plume cools during expansion and releases energy into the liquid
environment. The plasma plume turns off after 10�8 to 10�7 seconds. The process
forms a thin layer of vapor around the plasma volume and creates a bubble caused by
cavitation on a time scale of 10�7 to 10�6 seconds, and this bubble disappears on a
time scale of 10�4 seconds. The bubble grows in the liquid to a maximum diameter of
millimeter-scale [28].

During the movement of bubbles caused by cavitation, its internal temperature
and pressure are reduced to the surrounding liquid. Then, the bubble disappears and
releases energy by publishing a shock wave, affecting the phase transfer and nano-
particle accumulation. After the bubble collapses on a time scale of 10�4 seconds, the
system reaches a stable state physically and chemically. The accumulation of unstable
particles is also possible depending on the particles’ composition and surface oxida-
tion. This bubble caused by cavitation acts as a rule for the nucleation of
nanoparticles, their growth, and accumulation. The interaction of the bubble with the
enclosed particles is an essential step in determining the size of the primary particles
[28]. The following is a more detailed explanation of the plasma phase and the
dynamic behavior of the bubble caused by cavitation.

3.1 Plasma phase

For example, Figure 6 shows the temperature map of an induced plasma on a
water-immersed aluminum target. By examining the figure, it can be seen that the
plasma kernel has a temperature higher than the dense temperature of most metals.
However, due to the high pressure of the plasma under water-enclosed conditions,
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it allows the density at higher temperatures compared to standard conditions
[30, 31]. These observations show that nanoparticles can be formed at the plasma
boundary (the area between plasma and liquid) and in the significant part of the
plasma. In this case, particles of different sizes and shapes are predicted to be pro-
duced at the plasma boundary because the plasma boundary is out of equilibrium. In
contrast, the particles formed in the major part of the plasma, in which the processes
of growth and evaporation are in thermodynamic equilibrium, are obtained with a
spherical form of beam size distribution [23].

The mechanism of growth in the plasma phase during the nanosecond (ns)-PLAL
laser ablation process has been studied with a theoretical model in which the compe-
tition between evaporation and electrostatic growth is examined [31]. These observa-
tions show that the electrons are connected as soon as small clusters form due to the
high concentration efficiency at the early ablation stage. As a result, the particles are
negative and absorb the plasma ions. With the reaction of the ions with a negative
charge, particles are formed (electrostatic growth), and particles begin to grow until
the growth rate is balanced by the evaporation process due to the high temperature in
the plasma (4000–6000 K). In this case, the equilibrium between electrostatic growth
and thermodynamic evaporation regulates the dimensions of nanoparticles, and a
spherical morphology is achieved. It has recently been shown that when the particle
exits the plasma, it still has extra electrons. This additional negative charge can
prevent the accumulation of nanoparticles due to repulsion [23, 32].

Electron density is one of the essential parameters to determine plasma
properties. The electron density equals the number of free electrons in the plasma.
Given the quasi-neutral state, the number of free electrons equals the number of
charged heavy particles (ions) (n = n+ = ne, where n represents plasma density), in
which case the number of charged heavy particles can be estimated. These charged
particles may significantly affect the dynamics of chemical reactions through plasma
chemistry. A general classification of PLAL-induced plasma compared to other
plasmas such as solar corona, ionosphere, magnetron sputtering, glow discharge,
flames, thermonuclear fusion, low-pressure arcs, high-pressure arcs, thermonuclear
reactors, and magnetohydrodynamic energy conversion is shown in Figure 7. This
figure shows that the plasma density in the PLAL is significantly higher than other
plasma [33].

Figure 6.
(a) Image of laser-induced plasma on an Al target immersed in water taken with ICCD camera, (b) 2D map of
calculated plasma temperature (laser energy = 270 MJ, laser beam diameter = 1 � 0.2 mm, laser
wavelength = 532 nm, laser pulse time = 6 ns, laser frequency = 10 Hz), and (c) 3D display of plasma
temperature on the 2D map of part (b) [23].
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3.2 Dynamic behavior of bubbles caused by cavitation

According to Figure 8, the development of bubbles caused by cavitation can be
classified into three stages: bubble expansion caused by cavitation, contraction, and
collapse (Figure 8(a)). The schematic shows the time sequence of the main events
during the PLAL. Figure 8(b) and (e)-(i) show images of the time evolution of the
bubbles caused by cavitation after the interaction of a laser pulse with the aim of
water-immersed titanium. Figure 8(c) and (d) show images of PLAL of a

Figure 7.
The classification of PLAL-induced plasma compared to other methods [33].

Figure 8.
Dynamics time evolution of the bubble caused by cavitation from the growth of the first bubble to microbubbles
created after the collapse, (a) the schematic of the time sequence of the main events that occurred during the PLAL,
(b) and (e)-(i) titanium-immersed in the water target, (c) and (d) images after the PLAL, a copper in water
target [33].
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Figure 9.
(a) Stroboscopic images and (b) X-ray radiographic imaging of the PLAL, silver-immersed in the water target
(the white arrow indicates the formation of the bubble wall with a pseudo-hemisphere and the red arrow shows the
depression and deformation of the bubble) [33].
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copper target in the water where a thin layer of vapor is formed around the plasma
boundary [33].

In stroboscopy and X-ray radiography images, Figure 9 shows that the bubble
caused by cavitation expands and, after reaching a fixed point with the maximum size
and shape of the pseudo-hemisphere, begins to shrink and eventually collapse. For
each collapse, part of the mechanical energy of the bubble caused by cavitation is
released through the release of a new shock wave [33].

According to Figure 10, during the expansion of bubbles caused by cavitation, the
formation of tiny microbubbles around the growing bubble is observed. Using single-
pulse experiments, Tanabe et al. [34] concluded that these microbubbles are related to
pre-existing nanoparticles. These nanoparticles act as targets by absorbing the laser
beam and forming microbubbles.

Shih et al. [35] showed that tiny satellite bubbles around the bubbles caused by
cavitation were also created with PS laser pulses when applying single pulses in liquids
where the PLAL process has not been performed. They suggested that larger, faster-
formed nanoparticles are placed at the bubble phase boundary caused by cavitation
and are responsible for forming satellite microbubbles. However, explaining exactly
how the presence of large nanoparticles at the bubble boundary due to cavitation
causes the microbubbles still requires further studies [33].

Figure 11 shows that the collapse of bubbles caused by cavitation can lead to the
formation of microbubbles that have a much longer life (in ms to s) and are about a
few millimeters. The time of growth and the stay of these microbubbles depend on the
viscosity of the liquid. The lifespan and size of the bubble caused by cavitation depend
on laser parameters such as laser density, pulse length, and fluid properties [33].

Laser density is critical because the increase in laser density increases the bubble
size caused by cavitation and the amount of ablated mass. Based on the relation (1),
the maximum bubble radius at high energy density is obtained. In this relation, Rmax,
ρ, tcollapse, Pin, and Pv are the maximum radius of the bubble, the fluid density,
collapse time, the liquid pressure, and the vapor saturation pressure inside the bubble,
respectively [28].

Figure 10.
The formation of satellite microbubbles around the bubble caused by cavitation after single-laser pulse radiation
(2 ps) to a gold target [33].

Figure 11.
The formation of sustainable microbubbles of a few ms after the PLAL, a gold-in-water target [33].
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Rmax ¼ tcollapse
0:915

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ= Pinf � Pvð Þp (1)

Reich et al. [36] found a linear relation between bubble size caused by cavitation
and higher ablation efficiency than the laser density threshold (39 J.cm�2) for the
ns-PLAL, which showed almost the entire laser energy on the laser density threshold
(39 J.cm�2) is used for the formation of bubbles (Figure 12).

4. Research methods in PLAL

The direct study of laser ablation in fluid is very challenging for the following
reasons:

• Most structural study techniques do not have the time and space resolution
required for the highly rapid dynamic monitoring of the PLAL process.

• The amount of material required to study is in the range of 10�1–10�3 μg per
pulse because the sensitivity of most of the techniques is structural study.

• The light emission of the plasma plume and the laser pulse interfere with most
optical absorption spectroscopy techniques.

• To measure the size of the nanoparticles in the liquid, such as the analysis of
Dynamic Light Scattering (DLS), which operates based on volume weight signals.
This means that a micrometer material separated from the target produces more
signals than thousands of nanometer nanoparticles, thus not measuring
nanometer particles.

So far, many methods have been used to investigate the process of laser ablation
and nanoparticles at various moments, presented in Figure 13. Figure 14 also includes
different characterization methods for different PLAL stages with time scales. The
following is an explanation of characterization methods.

Figure 12.
The bubble volume produced by the PLAL, a flat and wired silver target, in terms of laser density [36].
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• The optical emission spectroscopy (OES) is performed with a time separation for
plasma detection with a timely resolution below the ns and a sub-millimeter
spatial resolution with the charged coupled device (CCD) camera.

• Ns shadowgraph imaging provides information about the time evolution of the
plasma target, shock waves, and cavitation bubbles with micrometer spatial
resolution.

• Photoacoustic spectroscopy can be performed at a temporal evolution of
10�6 seconds, which provides information about the time evolution of shock
waves.

Figure 13.
The schematic of the methods used to study the PLAL method [27].

Figure 14.
(a) The different steps in the PLAL method for the ultrashort pulses and the characterization methods at different
times and (b) from left to right, respectively: The schematic of electron-phonon, phase transition transmission
simulation using molecular dynamics modeling, plasma and released shock wave, bubble dynamics, and colloid
produced [2].
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• Ultraviolet-visible spectroscopy (UV-VIS) can be performed with a CCD camera
with a millimeter space resolution.

• DLS provides information about the presence of objects of a few nanometers or
larger with temporal evolution of minute. This technique does not distinguish
between bubbles and nanoparticles; larger objects heavily influence signals.

• Recently, X-ray techniques have been used to investigate the real formation time
of nanoparticles during laser ablation. However, these methods require high-
temporal resolution X-ray sources such as synchrotron radiation to obtain
detectable signals with ns or ms temporal resolution. Different X-ray techniques,
such as X-ray diffraction (XRD), small-angle X-ray scattering (SAXS), and X-ray
absorption spectroscopy (XAS), have synchronous sources. Among these
methods, they are mainly focused on SAXS. This is probably because it gives
relatively intense signals and provides information about the size of the
nanoparticles rather than their composition.

In general, to remove existing limitations, theoretical and numerical models can
ideally overcome most of the limitations of empirical research methods. Laser ablation
and nanoparticle formation can be modeled by molecular dynamics with an atomic
spatial and almost unlimited temporal resolution. Molecular dynamics calculations
consider the non-thermodynamic equilibrium of laser ablation, and they usually
examine electron-ion collisions using Monte Carlo’s method. One of the drawbacks of
molecular dynamics measures is that they do not consider ultrafast nonlinear light
phenomena, such as photoionization or multi-photon absorption, for charge separa-
tion fields from space and Coulomb explosions [27].

5. Effect of the PLAL process parameters on the production of
nanoparticles

The PLAL process parameters are adjustable and related to the process compo-
nents, including the type of laser, the laser optical adjustment components, the abla-
tion chamber, the target piece, and the liquid environment. A process begins with the
input of the primary parameters and creates an output that includes the results of the
process. Variables can be defined between these parameters and the process results.
The dependency graph in Figure 15 shows a combination of PLAL process parameters.
In addition, the dependence of the parameters on each other in the process variables
and, finally, the result of the process (product) is also shown in the figure. For
example, the laser pulse width parameter directly affects the output efficiency and
indirectly affects the laser current intensity variable. Pulse width colors (green) and
laser fluence (purple) reach a dark brown, indicating an existing intensity variable. It
should be noted that product characteristics such as particle size distribution also
represent an output of the process but are not considered in detail here [23].

5.1 Effect of laser wavelength

Laser wavelengths affect the amount of ablation in the PLAL. Almost all studies
show higher efficiency using IR laser light than UV or VIS. However, in the PC
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process, nanoparticle protection due to Rayleigh scattering [37] can also cause differ-
ences in efficiency.

In addition, for almost all metals, higher absorption cross sections are presented for
nanoparticles at UV or VIS wavelengths compared to IR wavelengths [38].

The short laser wavelength increases the metal target’s absorption energy and the
efficiency of the nanoparticles produced. However, this effect is insignificant due to
its open absorption effect that increases ablation efficiency, especially in noble metal
materials such as silver, gold, and platinum. This is due to the exacerbation properties
of the plasmon in the UV-Vis area. Due to this property of synthesized nanoparticles
in the liquid environment, they will be able to re-absorb the input laser pulse, which
has adverse effects, reduces the ablation rate, and expands the size distribution of
particles. The produced plasma plume can also re-absorb the laser with a shorter input
wavelength. However, a near-infrared laser wavelength can eliminate this open
absorption effect. The distinct absorption of target matter at different wavelengths
results in the production of nanoparticles at different concentrations that affect the
size of the particles. However, it should be noted that nanoparticle morphology does
not change [39].

It can be concluded that higher ablation rates (higher efficiency) for metals
generally occur throughout the UV laser wavelength due to inter-band absorption.
However, the efficiency in VIS and IR wavelengths can be comparable to UV wave-
lengths. There is also severe dependence on the metal target, laser fluence, and laser
pulse duration. In the case of high colloidal concentrations, the absorption of shorter
wavelengths by particles can reduce ablation. These relationships are summarized in
Figure 16. It is worth noting that for semiconductor and dielectric materials, the
initial ablation rate in the absence of a light-extinction colloid can be higher at red and
near-IR wavelengths under certain conditions due to the difference in the ablation
mechanism compared to metals [23, 40, 41].

Also, when laser ablation is performed in a liquid environment, the effect of
wavelength is very noticeable because, as mentioned earlier, the particles are placed in
the path of subsequent laser pulses. On the other hand, the nanoparticles produced
depend on the composition of the target matter and have different absorption at
different wavelengths. For example, the silver nanoparticles absorb 0.1, 0.28, and
0.52% of the 1064, 532, and 352 nm wavelengths, respectively. Therefore, the self-
absorption effects of colloids are more significant at shorter wavelengths. Sending a

Figure 15.
The dependency graph of the influential and interdependent process parameters in the PLAL process [23].
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wavelength at which the absorption of nanoparticles is high causes thermal stimula-
tion, and as a result, the particles are crushed. It should be noted that when self-
absorption is small, the size of the particles is determined by the penetration depth of
the laser light in the target [42].

Solati et al. [43] reported that radiation of laser pulses at 1064 nm reduced the size
of Ag colloids because of the self-absorption of laser pulses by colloidal particles. Tsuji
et al. [44] reported that the increasing radiation of colloids by laser after laser ablation
results in smaller particles. This phenomenon was also observed in the case of gold
colloids prepared using 1064- and 532-nm lasers. Amendola and Meneghetti [45] also
examined the laser ablation of gold nanoparticles at 532 and 355 nm. They reported
that these wavelengths led to the expansion of the size distribution and a decrease in
the average size of nanoparticles. In addition, laser-induced nanoparticles can increase
the reaction to other species in the solution and destruction of adjacent organic
molecules.

These values have shown that the size of the colloids can be controlled by changing
the total number of laser pulses. Also, the size of nanoparticles can be altered by
changing the energy of the laser photon (wavelength). Still, it should be noted that an
increase in the wavelength will lead to increased particle size [46].

5.2 Effect of laser beam radiation time

The observed absorption features of the UV-Vis spectrum showed that the size
of the synthesized nanoparticles is related to laser ablation time (LAT) and laser
fluence (LF). A set of experiments determined the effect of parameters on
nanoparticle size. Increasing ablation time increases nanoparticle density and
decreases liquid molecules [47].

The number of radiation pulses is also adequate in the production of nanoparticles.
At the same time, the laser wavelength is 1064 nm, and the total number of pulses is
low; the production of nanoparticles is increased linearly with the increase in pulses,
but when the laser wavelength is 532 nm. The total number of laser radiation pulses is
very high; production is much lower than the pulse number. Initially, the production
of nanoparticles increases linearly with the increase in the number of pulses. How-
ever, when it reaches saturation, it is due to nanoparticle absorption of laser light [42].
To prevent saturation, the liquid must enter the container from one side and exit from

Figure 16.
The schematic of laser ablation of metals in liquids in equal laser fluence in different wavelengths, (a) in the
absence of colloidal particles, (b) in the presence of colloidal particles, and (c) the effect of increased colloidal
concentration on nanoscale efficiency in the PLAL process in different wavelengths [23].
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the other, in which case the concentration of nanoparticles in the colloids increases for
many laser pulses [27]. An example is the synthesis of copper nanoparticles in a laser
fluence of 151 J.cm�2 and LAT of 10 to 50 minutes by Desarkar et al. [48]. Mie theory
was used to investigate the results and extract data.

Figure 17(a) shows changes to SPR wavelength and particle size (diameter in
nanometer) regarding LAT. This figure shows the TEM measurements and SPR
changes with LAT.

As shown in Figure 17(b), it is observed that the width of the surface
plasmon resonance line (bandwidth) is inversely proportional to particle size. In
the mentioned figure, a Lorentzian proportion was used to determine the width of
the Lorentzian line (according to meV) of the SPR peaks. As the ablation time
increases, the volume of nanoparticle production is initially increased and then
fixed. The target nanoparticles protect the piece from laser radiation, which is
why, after reaching the critical time, no new nanoparticles are produced, and the
extra radiation of laser pulses on the colloid through the laser ablation of the liquid
phase reduces the size of the nanoparticles which this mechanism (fragmentation of
nanoparticles due to the self-absorption phenomenon) is as shown in Figure 18 [49].

Figure 17.
(a) Changes of the SPR wavelength and the average particle size (diameter in nanometer) obtained from the
analysis of TEM images with the LAT (min) and (b) line width change (meV) with particle size (radius in
nanometer) [48].
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5.3 Effect of laser pulse time changes on the size of nanoparticles

The pulse time (pulse width) is an essential parameter in the synthesis of
nanoparticles. Laser pulse width is effective in the production and size of
nanoparticles produced by the laser ablation method. There are two theories based on
the size of nanoparticles and the efficiency of nanoparticle production at different
pulse widths. In the following, these two theories will be explained along with their
analysis.

The first theory reported that the size and efficiency of the nanoparticles increase
during the longer pulse time (ns) over the shorter pulse time (fs and ps). The effi-
ciency of nanoparticle production and size is believed to increase with the depth of the
molten layer on the target surface. The cavity produced by the fs laser pulses is much
shallower than the cavity made by nanocrystal laser pulses, indicating lower efficiency
of nanoparticle production. For this reason, the efficiency of ablation and size of
nanoparticles produced with ns laser pulses is greater than that of fs laser pulses. Also,
in ns laser ablation in the liquid environment, plasma is created after the laser pulse;
therefore, the plasma’s life is very low. For this reason, the amount of nanoparticle
production decreases. Reports show that plasma pressure plays a vital role in the
amount of material being slowed down from the target surface in laser ablation.

In the second theory, it is believed that by changing the pulse time from ps and fs
to ns, the size of the particle will be reduced, and efficiency will decrease. It is
suggested that by changing the pulse time from the ns to the ps and the fs, the ablation
mechanism changes from melting and thermal evaporation to phase explosion. The
shorter pulse time leads to a more efficient ablation process, resulting in instant
evaporation and a minimum heat-affected area. In ps, ablation is faster than ns due to
the lower threshold limit for metals [50]. It has also been reported that the energy
absorbed by the target for ultra-short laser pulses remains very low in the target piece.
As a result, extra-short laser pulse time (ps and fs) is beneficial because the heat loss is
low, and the ablation efficiency increases [51]. The thermal nature of the laser ablation
is intensified over a longer pulse. Heat losses become more prevalent in this case, so
the ablation rate decreases. In addition, the life of the plasma-induced with laser and
pulse time on a comparable time scale (more than ten or one hundred ns) for laser
pulses intensifies self-induced plasma protection from laser pulses.

Figure 19 shows the remaining action point by colliding a laser pulse with an fs, ps,
and ns laser. The remaining point of action by the laser pulse on the target clearly
shows the occurrence of thermal ablation processes in the gas and liquid phases. In the

Figure 18.
The process of nanoparticle fragmentation due to excess laser radiation [49].
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fs state shown in Figure 19(a), the remaining point of action has sharp borders and
corresponds to the laser point of action (diameter size of the laser beam), an example
of ultra-fast local heating. In this case, the process is mainly influenced by direct
photoionization. In the ps pulses (Figure 19(b)), the action point is less than the fs
state (Figure 19(a)). It has sharp borders, an example of the simultaneous direct
photoionization and thermal ablation processes (melting and evaporation) that have
been driven out due to the high pressure created by the material [27].

With ns pulses, ablated materials and laser pulses will be used together due to the
plasma protective effect for a relatively long period. This time is sufficient to transfer
part of the laser energy to the plasma plume and thus increase its temperature and
pressure. In such conditions, as shown in Figure 20 as a schematic, the melted
droplets from the target into the plume have a better chance of maximizing evapora-
tion [2]. This mechanism also prevails in the ns state for the shrinking nanoparticles.
Researchers have reported this mechanism for gold laser ablation, and the size of
nanoparticles obtained in fs and ps pulses is larger than in ns pulses [45, 53, 54]. In
addition, it has often been observed that the size distribution of nanoparticles

Figure 19.
The remaining effect of the action on metal targets after laser ablation with pulses (a) fs, (b) ps, and (c) ns [52].

Figure 20.
The schematic of the PLAL process with lasers with ultra-short pulses (fs to dozens of ps) and short (hundreds of ps
to ns) [2].
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obtained with ns pulses is thinner than with ps and fs pulses. This may be another
effect of improved homogeneity due to the overlap of the plasma plume with the laser
pulse [27, 45].

As shown in Figure 21, in the fs laser pulse (10�15), the laser energy is released to
the electron in the metal target faster than the thermalization process of the electron-
phonon target. In the ps laser (10�12) and ns laser (10�9), the thermal relaxation
process is more remarkable, which leads to energy being released thermally to the
liquid environment before the end of the pulse. In a few tenths of ps of the laser
radiation, plasma is produced and takes tens of ns after ablation. Therefore, no time
overlap between the ablated materials and the laser pulse does not occur in the ps and
fs laser. However, in the ns laser pulse, there is an overlap in ablated materials due to
heat conductivity [28]. The long laser pulse time leads to the absorption of the input
laser energy in the plasma plume and increases the plasma temperature and pressure.
The plasma then atomizes the materials in the plume. This process homogeneously
makes the ablated materials. The energy absorbed by the metal target is reduced
because the plasma plume creates an optical protector around the metal target [45].

In μs and ms pulses, the mechanisms of thermal ablation are largely dominant
because the material is separated by melting and evaporation, while the formation of a
plasma plume is no longer required for laser ablation. The nanoparticles and atoms
evaporated from the target are thrown into the liquid in which three types of reactions
include: (a) the reactions of the target vapor phase and liquid solution at temperatures
and pressure less than the plasma plume, (b) the reactions of the target liquid phase
and the liquid solution, and (c) the reactions of the solid phase from the target and the
liquid solution, may occur [27].

Figure 22 also offers a schematic of the laser ablation process at different time
scales for fs and ns laser pulses. Laser energy transfer to the target, target phase
transfer, plasma life, and bubble life occur on the order of multiple ps, above 100 ps,
several μs, and several hundred μs, respectively [33].

5.4 Effect of the repetition rate of laser pulses (RRLP)

The distance between the two continuous laser pulses determines the quantity
called the pulse repetition rate (frequency); therefore, increasing the pulse repetition
rate will mean reducing the time between pulses. The pulse repetition rate can change
the average size of nanoparticles, which is usually a nonlinear dynamic process in laser

Figure 21.
An image of laser ablation of metals in liquids during different pulse times for (a) heat losses, (b) self-protection by
laser plasma during different pulse times, and (c) effect of further coupling of electrons and phonons on
nanoparticle efficiency produced in the PLAL process during different pulse time [23].
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ablation. Initially, nanoparticles are produced by a laser pulse. During the subsequent
pulse collision, the temperature drops sharply, and this time is an excellent opportu-
nity for particles to cool down and stick to other particles. This process increases the
size of the particles, and as the next pulse arrives, the particles are crushed by the
absorption of this pulse and converted to smaller sizes. Therefore, in the process of
laser ablation, targeting, and, on the other hand, fragmentation of the particles occurs
by the above two mechanisms. Lumping and fragmentation interact with each other
during ablation [23].

The longer the two-consecutive pulse distance, the more particles can bond with
other particles and increase in size. As a result, when we use higher repetition rates,
we expect the size of the particles to be smaller. On the other hand, the higher
repetition rate (KHz) increases effective ablation due to the greater heat density it
creates on the target [42]. Valverde et al. [55] have analyzed the effect of RRLP at 1 to
10 Hz on the synthesis of silver nanoparticles (Ag-NPS) by laser ablation in ethanol.
The results showed that the efficiency of silver nanoparticles was decreased by reduc-
ing the RRLP from 10 to 1 Hz.

However, linear efficiency increases only at repetition rates exceeding the
bubble’s life caused by cavitation (10�3–10�4 s). This is related to repetition rates
below 103–104 Hz. The bubble caused by cavitation is characterized by the failure of
the refractive coefficient at the liquid/gas interface, which disperses the laser light
and reduces the laser energy to reach the target. In addition, during the expansion
of bubbles caused by cavitation, target laser ablation is performed in a hot phase
with low density, similar to laser ablation in gas. These effects are limiting factors

Figure 22.
The schematic of the laser ablation process at different time scales [33].
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for laser ablation at high laser pulse repetition rates on the target, which is the
easiest solution to improve the efficiency of the laser ablation process. However, it
has not yet been determined what other possible changes in the mechanism of nano-
particle formation when overlapping laser pulses with bubbles caused by cavitation
can be.

Increasing the repetition rate also increases the local concentration of nanoparticles
in the target/liquid interface because enough time to distribute nanoparticles in the
liquid is reduced away from the ablation area in the liquid. This effect can lead to
nanoparticle agglomeration. It also results in the dispersal of input laser pulses and
thus reduces ablation efficiency [27]. Therefore, to achieve the distribution and size of
smaller particles, it is necessary to optimize the RRLP because, at low RRLP, the
particles can be intertwined due to enough time. At high RRLP, due to insufficient
time to distribute in the liquid, the particles can be agglomerated.

5.5 Laser fluence effect

Laser fluence describes the pulse energy penetrating the effective area on the
ablation target surface. In other words, the laser fluence is the energy of each pulse per
unit area. The laser fluence threshold helps ablation efficiency. The ablation energy
threshold refers to the minimum density (optical energy in each pulse area) needed to
separate materials from the area under radiation in the target metal and the produc-
tion of plasma [28]. Laser ablation in the liquid can synthesize nanoparticles in the
different laser fluences. Pulse energy or working distance changes may realize laser
fluence change. Different results by both methods can occur due to changes in the
release of beams in the fluid phase.

By changing the intensity of the laser light, several parameters, such as target
absorption and nanoparticle absorption, change simultaneously. Increasing laser
fluence on the target surface increases the temperature and improves ablation. The
laser’s interaction with matter depends on the laser fluence. When the laser fluence
increases, the maximum metal temperature will increase during the warming
process. Therefore, despite the high density, the possibility of atoms arousing and
ablation rises [56] and increases the efficiency of nanoparticle production [57]. The
volumetric ablation rate increases logarithmic with laser fluence. The progress of the
logarithmic function depends most on the mechanism of ablation, the surrounding
liquid, and the target matter. If the efficiency in PLAL is more related to the laser
pulse energy, the optimal laser fluence can be obtained in this case [23]. Figure 23
shows the dependence of nanoparticle production efficiency on laser fluence and
beam diameter.

When the working distance and diameter of the beam are constant, the amount of
ablation and production of nanoparticles increases with increased laser power. How-
ever, in the case that power is considered consistent and the diameter of the beam is
changed, as the beam diameter increases, the efficiency increases with the smaller
beam diameter.

Higher pulse energy separates the material from the metal and increases the target
metal concentration in the plume; therefore, with less energy, it is possible to distrib-
ute the thinner size of the nanoparticles in laser ablation. In addition, the higher laser
fluence also extends the bubble’s lifespan, leading to the bubble reaching a maximum
radius [28].

An example is laser ablation of an aluminum target with laser Nd: YAG and a
wavelength of 1064 nm for synthesizing Al2O3 nanoparticles. After the process of
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laser ablation, the liquid becomes opaque. As the laser fluence increases, the particle
size varies from 27 to 49 nm. However, as the laser fluence increases, the self-
absorption of nanoparticles will prevent the piece target ablation and lead to the
crushing of the previous nanoparticles [58]. Mafune et al. [59] also studied gold laser
ablation with ns laser and wavelength of 1064 nm in the energy range of 10–100 MJ.
They observed that with the increase in pulse energy, the size distribution and the
average size of nanoparticles increase.

On the other hand, the concentration of materials increases with increased energy.
In other words, with increasing pulse energy, multiple mechanisms of separation of
materials, such as fragmentation, phase explosion, and evaporation, co-occur. For
example, high-energy gold laser ablation has distributed 2D size due to the simulta-
neous ablation mechanisms. In other studies, the distribution of single-dimensional
size is obtained in low energy [54, 60]. Researchers have reported similar laser abla-
tion results for platinum nanoparticles [61].

The theory of nucleation and growth can be used to explain the difference in
particle size. Low laser fluence has less nucleation, leading to a smaller nucleus and
particle size. In contrast, in high laser fluence, more nucleation results in large
amounts of the nucleus and larger particle size [62].

5.6 Effect of laser focal length on nanoparticles produced

Concentration conditions (target position with focal point) are critical to forming a
beam size distribution of nanoparticles. By changing the distance between the lens
and the target, the diameter of the laser beam changes. The focal length affects the
distribution and size of nanoparticles [63]. It has been observed that the result of
ablation is highly dependent on local conditions with laser beam diameter on the
target surface. The minimum size of the laser beam’s diameter depends on the focal
length, which changes the laser’s fluence. As a result, nanoparticles are created with
multiple shapes and sizes. At the same time, if the diameter of the laser beam is small,
the size of the nanoparticles becomes uniform, and its diameter is about 2 to 5 nm. If
the diameter of the laser beam is too large, the size of the nanoparticles is enlarged,
and the average size is about 20 nm [42].

Nath et al. [64] changed the position of the target lens under different focal
conditions (up, down, and at the focal point) in Figure 24. They showed that focal
condition is an important parameter for synthesizing small-size nanoparticles with

Figure 23.
An image of metal laser ablation in liquids in (a) different pulse energy (fixed beam diameter), (b) different
working distances, and (c) indicating laser fluence changes in different sizes of beam diameter on nanoparticle
production efficiency (Gaussian beam profile is considered) [23].
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beam distribution. This factor changes the laser fluence and the degree of ionization of
the liquid environment containing colloids.

A regular plasma plume can be detected during the laser radiation. Severe plasma
will be created if the target is below the focal point. At low laser energy, the target
temperature increases, but its evaporation rate decreases due to the liquid’s function as
a cooling agent on its surface, eliminating the formation of plumes. At medium laser
beam energy, the plume is formed slowly. While at high energy, target laser ablation
in the liquid environment results in the production of a plasma plume, which is visible
to the naked eye near the target surface and creates a significant sound that can be due
to the breaking bubble caused by cavitation from the evaporation of the fluid layer
that is in close contact with the plasma. The release of the plasma and related sounds
near the focal point are much greater [23].

Figure 24.
Changing the diameter of the laser beam to above the focal point (af), the focal point (f), and below the focal point
(bf) [64].

Figure 25.
The design shows the propagation of sound waves in the enclosed liquid (liquid and shock waves on the
solid target) [65].
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According to Figure 25, a plasma plume can be seen during the radiation. When
the laser is performed in a liquid environment, the fluid-induced enclosure on the
solid target produces a shock wave in the plasma plume. As shown in Figure 25,
evaporated species are classified as highly aroused ionic particles that are inappropri-
ately abandoned in their primary quantum modes and emit electromagnetic radiation.
It has been shown that the most severe plasma is produced by placing the target at a
point a little before the geometric focal point [65].

5.7 Effect of scan speed

The interaction of laser pulses with plasma, bubbles, and laser-caused particles
limits the efficiency of nanoparticles in the PLAL. It is only possible to reduce the
protective effects caused by self-induced plasma by using shorter pulse times and
changing the scan speed to minimize the effect caused by previous laser pulses. The
spatial separation strategy of consecutive laser pulses is controlled by adjusting the
interaction of the laser point size, the scan speed (the relative movement between the
laser beam and the target), and the pulse repetition rate to prevent previous pulse
protection [23].

Sattari et al. [66] found that the Al2O3 target PLAL efficiency can be increased by
reducing the spatial overlap of consecutive laser pulses by increasing the scan speed in
the IR laser with the ns pulse. The researchers reached the maximum efficiency by
completely separating the pulses from each other. However, the linear decrease in
efficiency was achieved at much higher distances due to the less target heat heating.
Wagener et al. [67] studied the distance between the optical pulses in the laser
ablation with the VIS laser with a 7 ps pulse of zinc metal target in tetrahydrofuran.
However, reducing efficiency at distances between pulses was not more noticeable
without overlapping. This was probably due to these researchers’ lower pulse time
(ps pulse). Streubel et al. [18] showed no efficiency decreases between longer pulse
distances during 3 ps pulse time.

The thermal heating of the ablation target during the longer pulses will affect
the distance between the optimal pulses because the heating mechanism is more
prevalent in longer pulses. In short, the PLAL efficiency can be optimized by
performing a complete pulse separation. For longer pulse time, the efficiency
between the optimum pulses is maximized. Figure 26 shows the effects of the dis-
tance between the appropriate pulses for the production of nanoparticles by the PLAL
method.

Figure 26.
(a) The distance image between the very short pulse, (b) the distance between the appropriate pulse in the metal
laser ablation in liquids, and (c) the graph of the relative effects of the laser pulse time on the dependence of the
efficiency on the distance between the pulses [23].
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6. Effect of ablation environment on nanoparticles produced

6.1 Effect of liquid environment on the size of nanoparticles

The size of nanoparticles in the liquid after ablation in the liquid phase can be
controlled with parameters such as laser fluence, pulse width and pulse repetition
rate, wavelength, focal length, and ablation environment. In addition, the average size
of colloidal nanoparticles is inversely related to fluid depth [57]. Increased liquid
temperature changes the morphology of the nanoparticles from spherical to long [68].

Control of nanoparticles is an essential aspect of colloidal synthesis because the
physical and chemical properties of the metal nanoparticles depend very much on
their size. The physical and chemical properties of liquids and stabilizers in the liquid
environment affect the synthesized nanoparticles. The viscosity, density, and fluid
surface tension affect the bubble caused by cavitation and the enclosure of the plasma
plume. Increasing viscosity in the liquid environment increases ablation efficiency by
improving the plasma plume enclosure. Also, reducing the accumulation causes
nanoparticle stability in the liquid [27].

Stabilizers change viscosity, density, and liquid surface tension, which affect
the bubble dynamics caused by cavitation and enclosure of the plasma plume on
the target. An example of this is the silver nanoparticle colloids prepared in
deionized water (DW), ethanol, and polyvinylpyrrolidone (PVP) via laser
ablation with a wavelength of 1064 nm to determine the effect of the liquid
environment on the average size of nanoparticles. The nanoparticle distribution
results and ablation efficiency results are presented in Table 1. Changing the fluid
environment in the DW, ethanol, and PVP leads to changes in the average size of
nanoparticles [57].

Also, the effect of changing the physical-chemical properties of liquid is associated
with the interactions of nanoparticles and stabilizers. Table 2, for example, shows the
physical properties of DW and acetone as two commonly used liquid environments in
the PLAL process [69, 70]. Figure 27 shows the interaction between stabilizers and
ablated materials in different degrees. In studies on the effect of SDS, researchers
concluded that SDS anions have electrostatic interactions with nanoparticles and form
a molecular layer that restricts the accumulation and growth of nanoparticles by
absorbing free atoms [71]. For example, the size of the gold nanoparticles from 20 nm
in pure water is reduced to about 10 nm in a 10 mM SDS aqueous solution [59]. As
shown in Figure 27(a), reducing the size of nanoparticles during growth is only
effective if the concentration of ligands is large enough to overlap the nanoparticles
and prevent the accumulation and deposition of nanoparticles. Similar effects are also

Liquid
environment

The average size of
nanoparticles

Ablation
efficiency

Distribution of
nanoparticle size

PVP 16 High Narrow

DW 23 Low Wide

Ethanol 26 Very low Narrow

Table 1.
Average size, ablation efficiency, and colloidal silver nanoparticle size distribution in three different PVP, DW,
and ethanol environments [57].
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observed with stabilizers such as cyclodextrins, biopolymers, PVP, or cetyltrimethy-
lammonium bromide (CTAB) [27]. As shown in Figure 27(b), some molecules change
the composition of nanoparticles at the highest level of interaction between stabilizers
and ablated materials. For example, gold laser ablation in NaCl aqueous solution
causes Au-Cl chemical bonds. In the case of NaCl, creating a high zeta potential
increases surface repulsion among nanoparticles and creates smaller particles than
pure water [45]. Similar results have been reported for silver laser ablation with NIR
pulses [72]. In addition, as shown in Figure 27(c), if spontaneous or temperature
chemical reactions activate the solution, they can act as nanoparticle nucleation sites.
For example, noble metal salts on the metal nanoparticles are reduced during the laser
ablation process to create core-shell structures [27, 73].

Figure 27.
Effect of stabilizers on nanoparticles (a) preventing growth, accumulation, and deposition of nanoparticles with
physical or chemical interactions of ligands on the nanoparticle surface, (b) combining stabilizers with ablated
materials and formation of new composition, and (c) the nucleation place of nanoparticles on stabilizers [27].

Parameters Acetone DW

Dielectric constant 21.01 80.10

Boiling point (°C) 56 100

Density (g.ml�1) 0.7845 0.9970

Special heat capacity on 25°C (J.g.K�1) 2.175 4.180

Surface tension in 25°C (mN.m�1) 22.72 71.99

Thermal conductive on 25°C (Wm.K�1) 0.161 0.6062

Dipole moment (D) 2.88 1.8546

Viscosity on 25°C (mPa.S) 0.306 0.890

Reduction potential (V) �1.2 �0.83

The refractive index in wavelength of 1064 nm 1.36135 1.32604

The passage of light (thickness of 1 cm) ≈1 0.54559

Table 2.
Physical and chemical properties of distilled water and acetone [69, 70].
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Applying the magnetic field during the laser ablation process also increases the
concentration and size of the nanoparticles, thereby increasing the absorption and
efficiency. Using the external electric field decreases the size of the resulting
nanoparticles, and tin and gold samples created under different electric fields can be
mentioned [74].

6.2 Effect of the fluid environment on the morphology of the nanoparticles

It has also been found that liquids such as ethanol, DW, and acetone affect the
morphology of the synthesized nanoparticles in the laser ablation method. The liquid
controls the morphology, size, and distribution of nanoparticles and their composi-
tion. Its effect can be seen in Figure 28 on the average size, distribution, and mor-
phology of the tin produced by the PLAL [75]. The dipole moment in liquid is essential
for producing smaller nanoparticles. The dipole moment is much higher for the
acetone environment than DW and ethanol. For this reason, acetone’s significant
dipole moment leads to the smaller size of the tin nanoparticles because it prevents the
cluster from growing in the plume. Therefore, the likelihood of spherical
nanoparticles also increases [75].

Laser ablation for the production of nanoparticles relies on two mechanisms:
(1) direct nucleation of atoms in the dense plume and (2) the act of nanoparticles as a
growth center for the production of new nanoparticles. The effect of these mecha-
nisms results in the distribution of the wide size of the nanoparticles. Compact and

Figure 28.
TEM images of nanoparticles synthesized in the laser fluence 2.3 J.cm�2 in (a) ethanol, (b) DW, and
(c) acetone [75].
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strong bonds are absorbed onto the surface by very polar molecules. The electrostatic
repulsion force of the dual electrical layers on the overlaps of the nuclei and the
clusters in the plume prevents more growth, accumulation, or deposition. The average
size, size distribution, and shape of particles obtained in different liquid environments
are presented in Table 3.

Azawi et al. [57] synthesized metal nanoparticles with spherical morphology by
controlling the process parameters in water, ethanol, and PVP aqueous solutions at a
concentration of 20 mM. Aye et al. [76] also concluded that synthesized nanoparticles’
morphology and physical and chemical properties can be regulated by controlling
laser ablation parameters in the liquid environment. For example, when using copper
as a target, immersing it in acetone instead of water at low laser fluence results in
smaller nanoparticles and non-oxidation [23]. In addition, it is said that laser ablation
in a stirring liquid environment is more effective than in a static liquid environment
and increases ablation efficiency (up to 30%). The quality of colloidal properties is
achieved [77].

7. The composition of the target matter in the process of ablation

All quantities that affect laser ablation can be somehow related. The characteristics
of the target exposed to radiation significantly influence the ablation process. This
material has a distinct melting temperature, and the melting process is initiated only
when the laser energy is capable of raising the surface temperature of the material to
this threshold. For example, the melting temperature of the copper is about 1358 K. If
the laser with a power of 102 W.cm�2 is used, the surface temperature can reach
1500 K, which is not too much to produce a significant amount of molten layer on the
surface. However, a laser with a power of 108 W.cm�2 reaches a surface temperature
of 8000 K and converts about 1.8 μm of the target surface to a liquid phase. It is
undoubtedly different in other cases. Other quantities, such as boiling temperature,
special heat capacity, and heat conductivity of the target matter, are important in the
ablation process. On the other hand, nanoparticles produced with the composition of
the target matter have the maximum absorption at a specific wavelength, and the
composition of nanoparticles can be found even by examining the nanoparticle
absorption spectrum [42]. For example, Table 4 shows the physical properties of
copper and silver [69, 70, 78–80]. In this table, the values of the refractive index (n)
and the extinction coefficient (k) indicate that the more k> > n in metals show more
shine (higher reflection). On the other hand, if the values of k ≈ n ≈ 3 are divided into

Liquid Dipole moment
(D)

Average size of particles
(nm)

Size distribution
(nm)

Morphology

Ethanol 1.69 — — Filamentous
state

DW 1.85 37 �10 Stretched state

Acetone 2.89 2 �1 Spherical state

Table 3.
Nanoparticle size, size distribution, and morphology were observed for tin nanoparticles prepared by laser
ablation in different liquid environments [75].
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gray metals. For example for silver in the wavelength of 500 nm is n = 0.13 and
K = 2.92, known as shiny metal. However, tungsten in this wavelength (500 nm) is
n = 3.4 and k = 2.69, known as gray metal. Figure 29 shows the reflection of some
shiny metals (copper, silver, gold, and aluminum) in the wavelengths of 200 to
1200 nm [80].

8. Conclusion

In this study, different parameters of the PLAL process for the preparation of
metal nanoparticles were examined. Higher laser fluence results in an increase in

Physical parameters Silver Copper Reference

Surface energy (J.m�2) 1.25 1.825 [78]

Electrons-phonon coupling constant
(λ)

0.1 0.15 [79]

Refractive index (500 nm) 0.13 1.13 [80]

Refractive index (1000 nm) 0.21 0.33 [80]

Extinction coefficient (500 nm) 2.92 2.56 [80]

Extinction coefficient (1000 nm) 6.76 6.6 [80]

Melting point (°C) 961.8 1.85 [69]

Boiling point (°C) 2162 2562 [69]

Thermal conductivity (Wcm.K�1) 4.29 4.01 [69]

Reduction potential (V) (Ag+) 0.8 and (Ag2+)
1.98

(Cu+) 0.52 and (Cu2+)
0.34

[70]

Table 4.
Physical and chemical properties of copper and silver.

Figure 29.
Reflection of some shiny metal in the in the wavelengths of 200 to 1200 nm [80].

103

Synthesis of Nanoparticles Using Pulsed Laser
DOI: http://dx.doi.org/10.5772/intechopen.1004415



nanoparticle production efficiency. However, further increased laser fluence reduces
metal target ablation due to its effect of self-absorption of nanoparticles. Laser pulse
time, by increasing the pulse width from the ps and fs laser to the ns laser, increases
efficiency due to the larger cavity in the target and the size of the smaller
nanoparticles due to the maximum evaporation of the nanoparticles in the plasma
plume. As the repetition rate (frequency) increases of laser pulses, due to the effect of
higher heat density, the efficiency of the target increases, and the size of the
nanoparticles is reduced due to the crushing of nanoparticles due to successive pulses.
Also, with increased wavelengths from UV to NIR, the efficiency and size of
nanoparticles will increase due to the self-absorption of nanoparticles. It should be
noted that due to the interactions of the laser parameters and the liquid environment
of the synthesis, it is difficult to have a conclusion about the efficiency and size of the
nanoparticles, and this is a general result according to the results of most researchers,
which are mentioned in the sources. An essential key to the synthesis of nanoparticles
by the PLAL method is to optimize the process parameters.

Conflict of interest

The authors declare no conflict of interest.

Author details

Hamed Naderi-Samani and Reza Shoja Razavi*
Faculty of Materials and Manufacturing Technologies, Malek Ashtar University of
Technology, Tehran, Iran

*Address all correspondence to: shoja_r@yahoo.com

©2024TheAuthor(s). Licensee IntechOpen. This chapter is distributed under the terms of
theCreative CommonsAttribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in anymedium, provided
the originalwork is properly cited.

104

Pulsed Laser Processing of Materials



References

[1] Zhang D, Gokce B, Barcikowski S.
Laser synthesis and processing of
colloids: Fundamentals and applications.
Chemical Reviews. 2017;117(5):
3990-4103

[2] Amendola V et al. Room-temperature
laser synthesis in liquid of oxide, metal-
oxide core-shells, and doped oxide
nanoparticles. Chemistry–A European
Journal. 2020;26(42):9206-9242

[3] Amans D, Cai W, Barcikowski S.
Status and Demand of Research to Bring
Laser Generation of Nanoparticles in
Liquids to Maturity. Vol. 488.
Netherlands: Elsevier; 2019. pp. 445-454

[4] Ziefuß AR et al. Laser fragmentation
of colloidal gold nanoparticles with
high-intensity nanosecond pulses is
driven by a single-step fragmentation
mechanism with a defined educt
particle-size threshold. The Journal of
Physical Chemistry C. 2018;122(38):
22125-22136

[5] Meader VK, John MG, Frias
Batista LM, Ahsan S, Tibbetts KM.
Radical chemistry in a femtosecond laser
plasma: Photochemical reduction of Ag+
in liquid ammonia solution. Molecules.
2018;23(3):532

[6] Hunter BM, Blakemore JD,
Deimund M, Gray HB, Winkler JR,
Muller AM. Highly active mixed-metal
nanosheet water oxidation catalysts
made by pulsed-laser ablation in liquids.
Journal of the American Chemical
Society. 2014;136(38):13118-13121

[7] Marzun G, Levish A, Mackert V,
Kallio T, Barcikowski S,
Wagener P. Laser synthesis, structure
and chemical properties of colloidal
nickel-molybdenum nanoparticles for
the substitution of noble metals in

heterogeneous catalysis. Journal of
Colloid and Interface Science. 2017;489:
57-67

[8] Ma C, Yan J, Huang Y, Yang G.
Directional scattering in a germanium
nanosphere in the visible light region.
Advanced Optical Materials. 2017;5(24):
1700761

[9] Niyuki R et al. Double threshold
behavior in a resonance-controlled ZnO
random laser. APL Photonics. 2017;2(3):
036101

[10] Petersen S, Barcikowski S. In situ
bioconjugation: Single step approach to
tailored nanoparticle-bioconjugates by
ultrashort pulsed laser ablation.
Advanced Functional Materials. 2009;
19(8):1167-1172

[11] Hess C et al. Dose-dependent surface
endothelialization and biocompatibility
of polyurethane noble metal
nanocomposites. Journal of Biomedical
Materials Research Part A. 2014;102(6):
1909-1920

[12] Zhang D, Gökce B. Perspective of
laser-prototyping nanoparticle-polymer
composites. Applied Surface Science.
2017;392:991-1003

[13] Maurer E, Barcikowski S, Gökce B.
Process chain for the fabrication of
nanoparticle polymer composites by
laser ablation synthesis. Chemical
Engineering & Technology. 2017;40(9):
1535-1543

[14] Compagnini G, Scalisi AA, Puglisi O.
Ablation of noble metals in liquids: A
method to obtain nanoparticles in a thin
polymeric film. Physical
Chemistry Chemical Physics. 2002;
4(12):2787-2791

105

Synthesis of Nanoparticles Using Pulsed Laser
DOI: http://dx.doi.org/10.5772/intechopen.1004415



[15] Jonušauskas L et al. Plasmon assisted
3D microstructuring of gold
nanoparticle-doped polymers.
Nanotechnology. 2016;27(15):154001

[16] Doñate-Buendía C et al. Oxide
dispersion-strengthened alloys generated
by laser metal deposition of laser-
generated nanoparticle-metal powder
composites. Materials & Design. 2018;
154:360-369

[17] Hupfeld T et al. A new approach to
coat PA12 powders with laser-generated
nanoparticles for selective laser
sintering. Procedia CIRP. 2018;74:
244-248

[18] Streubel R, Barcikowski S, Gökce B.
Continuous multigram nanoparticle
synthesis by high-power, high-
repetition-rate ultrafast laser ablation in
liquids. Optics Letters. 2016;41(7):
1486-1489

[19] Jendrzej S, Gökce B, Epple M,
Barcikowski S. How size determines the
value of gold: Economic aspects of wet
chemical and laser-based metal colloid
synthesis. ChemPhysChem. 2017;18(9):
1012-1019

[20] Tymoczko A et al. How the crystal
structure and phase segregation of Au–
Fe alloy nanoparticles are ruled by the
molar fraction and size. Nanoscale. 2018;
10(35):16434-16437

[21] Wagener P et al. Solvent-surface
interactions control the phase structure
in laser-generated iron-gold core-shell
nanoparticles. Scientific Reports. 2016;
6(1):1-12

[22] Du H, Castaing V, Guo D, Viana B.
Rare-earths doped-nanoparticles
prepared by pulsed laser ablation in
liquids. Ceramics International. 2020;
46(16):26299-26308

[23] Fazio E et al. Nanoparticles
engineering by pulsed laser ablation in
liquids: Concepts and applications.
Nanomaterials. 2020;10(11):2317

[24] Blatchford C-G, Campbell J,
Creighton JA. Plasma resonance—
Enhanced Raman scattering by
absorbates on gold colloids: The effects
of aggregation. Surface Science. 1982;
120(2):435-455

[25] Nano, Nanoparticle Production by
Pulse Laser Ablation in Liquid. IMRA.
Available from: http://nano.imra.com/
[Accessed: June 13, 2022]

[26] Particular, Nanoparticle Production
by Pulse Laser Ablation in Liquid.
Particular GmbH. Available from: http://
particular.eu/start.html [Accessed:
June 13, 2022]

[27] Amendola V, Meneghetti M. What
controls the composition and the
structure of nanomaterials generated by
laser ablation in liquid solution? Physical
Chemistry Chemical Physics. 2013;15(9):
3027-3046

[28]Mat Isa SZ, Zainon R, Tamal M. State
of the art in gold nanoparticle
Synthesisation via pulsed laser ablation
in liquid and its characterisation for
molecular imaging: A review. Materials.
2022;15(3):875

[29] De Giacomo A et al. Cavitation
dynamics of laser ablation of bulk and
wire-shaped metals in water during
nanoparticles production. Physical
Chemistry Chemical Physics. 2013;15(9):
3083-3092

[30] Dell’Aglio M, Motto-Ros V,
Pelascini F, Gornushkin IB, De
Giacomo A. Investigation on the material
in the plasma phase by high temporally
and spectrally resolved emission imaging
during pulsed laser ablation in liquid

106

Pulsed Laser Processing of Materials



(PLAL) for NPs production and
consequent considerations on NPs
formation. Plasma Sources
Science and Technology. 2019;28(8):
085017

[31] Taccogna F, Dell’Aglio M,
Rutigliano M, Valenza G, De Giacomo A.
On the growth mechanism of
nanoparticles in plasma during pulsed
laser ablation in liquids. Plasma Sources
Science and Technology. 2017;26(4):
045002

[32] Dell'Aglio M, De Giacomo A. Plasma
charging effect on the nanoparticles
releasing from the cavitation bubble to
the solution during nanosecond pulsed
laser ablation in liquid. Applied Surface
Science. 2020;515:146031

[33] Kanitz A, Kalus M, Gurevich E,
Ostendorf A, Barcikowski S, Amans D.
Review on experimental and theoretical
investigations of the early stage,
femtoseconds to microseconds processes
during laser ablation in liquid-phase for
the synthesis of colloidal nanoparticles.
Plasma Sources Science and Technology.
2019;28(10):103001

[34] Tanabe R, Nguyen TT, Sugiura T,
Ito Y. Bubble dynamics in metal
nanoparticle formation by laser ablation
in liquid studied through high-
speed laser stroboscopic videography.
Applied Surface Science. 2015;351:
327-331

[35] Shih C-Y et al. Two mechanisms of
nanoparticle generation in picosecond
laser ablation in liquids: The origin of the
bimodal size distribution. Nanoscale.
2018;10(15):6900-6910

[36] Reich S et al. Fluence threshold
behaviour on ablation and bubble
formation in pulsed laser ablation in
liquids. ChemPhysChem. 2017;18(9):
1084-1090

[37] Strutt JW. LVIII. On the scattering of
light by small particles. The London,
Edinburgh, and Dublin Philosophical
Magazine and Journal of Science. 1871;
41(275):447-454

[38] Creighton JA, Eadon DG.
Ultraviolet–visible absorption spectra of
the colloidal metallic elements. Journal of
the Chemical Society, Faraday
Transactions. 1991;87(24):3881-3891

[39] Chewchinda P, Tsuge T,
Funakubo H, Odawara O, Wada H. Laser
wavelength effect on size and
morphology of silicon nanoparticles
prepared by laser ablation in liquid.
Japanese Journal of Applied Physics.
2013;52(2R):025001

[40] Nedialkov NN, Atanasov P,
Sawczak M, Sliwinski G. Ablation of
ceramics with ultraviolet, visible, and
infrared nanosecond laser pulses. In: XIV
International Symposium on Gas Flow,
Chemical Lasers, and High-Power
Lasers. Vol. 5120. USA: SPIE; 2003.
pp. 703-708

[41] Sikora A, Grojo D, Sentis M.
Wavelength scaling of silicon laser
ablation in picosecond regime. Journal of
Applied Physics. 2017;122(4):045702

[42] Bogaerts A, Chen Zh. Effect of laser
parameters on laser ablation and laser-
induced plasma formation: A numerical
modeling investigation. Spectrochimica
Acta Part B: Atomic Spectroscopy. 2005;
60(9-10):1280-1307

[43] Solati E, Mashayekh M,
Dorranian D. Effects of laser pulse
wavelength and laser fluence on the
characteristics of silver nanoparticle
generated by laser ablation. Applied
Physics A. 2013;112(3):689-694

[44] Tsuji T, Okazaki Y, Tsuji M. Photo-
induced morphological conversions of

107

Synthesis of Nanoparticles Using Pulsed Laser
DOI: http://dx.doi.org/10.5772/intechopen.1004415



silver nanoparticles prepared using laser
ablation in water—Enhanced
morphological conversions using
halogen etching. Journal of
Photochemistry and Photobiology A:
Chemistry. 2008;194(2–3, 253):247

[45] Amendola V, Meneghetti M. Laser
ablation synthesis in solution and size
manipulation of noble metal
nanoparticles. Physical Chemistry
Chemical Physics. 2009;11(20):
3805-3821

[46] Patra N et al. Parametric
investigations on the influence of nano-
second Nd3+: YAG laser wavelength and
fluence in synthesizing NiTi nano-
particles using liquid assisted laser
ablation technique. Applied Surface
Science. 2016;366:104-111

[47] Chaturvedi A, Joshi M, Mondal P,
Sinha A, Srivastava A. Growth of anatase
and rutile phase TiO2 nanoparticles
using pulsed laser ablation in liquid:
Influence of surfactant addition and
ablation time variation. Applied Surface
Science. 2017;396:303-309

[48] Desarkar HS, Kumbhakar P,
Mitra A. Optical properties of tin oxide
nanoparticles prepared by laser ablation
in water: Influence of laser ablation time
duration and laser fluence. Materials
Characterization. 2012;73:158-165

[49] Badr Y, Mahmoud M. Excimer laser
photofragmentation of metallic
nanoparticles. Physics Letters A. 2007;
370(2):158-161

[50] Giorgetti E et al. TiO2 nanoparticles
obtained by laser ablation in water:
Influence of pulse energy and duration on
the crystalline phase. Journal of Alloys
and Compounds. 2015;643:S75-S79

[51] Schwenke A, Wagener P, Nolte S,
Barcikowski S. Influence of processing

time on nanoparticle generation during
picosecond-pulsed fundamental and
second harmonic laser ablation of metals
in tetrahydrofuran. Applied Physics A.
2011;104(1):77-82

[52] Momma C et al. Short-pulse laser
ablation of solid targets. Optics
Communications. 1996;129(1-2,
142):134

[53] Sylvestre J-P, Poulin S, Kabashin AV,
Sacher E, Meunier M, Luong JH. Surface
chemistry of gold nanoparticles
produced by laser ablation in aqueous
media. The Journal of Physical
Chemistry B. 2004;108(43):16864-16869

[54] Sylvestre J-P, Kabashin AV,
Sacher E, Meunier M. Femtosecond laser
ablation of gold in water: Influence of the
laser-produced plasma on the
nanoparticle size distribution. Applied
Physics A. 2005;80(4):753-758

[55] Valverde-Alva M et al. Laser
ablation efficiency during the
production of Ag nanoparticles in
ethanol at a low pulse repetition rate
(1–10 Hz). Laser Physics Letters. 2016;
13(10):106002

[56] Tsuji T, Tsuboi Y, Kitamura N,
Tsuji M. Microsecond-resolved imaging
of laser ablation at solid–liquid interface:
Investigation of formation process of
nano-size metal colloids. Applied Surface
Science. 2004;229(1-4):365-371

[57] Al-Azawi MA et al. The effects of the
ambient liquid medium on the ablation
efficiency, size and stability of silver
nanoparticles prepared by pulse laser
ablation in liquid technique. Jurnal
Teknologi. 2016;78(3):7-11

[58] Piriyawong V, Thongpool V,
Asanithi P, Limsuwan P. Effect of laser
pulse energy on the formation of
alumina nanoparticles synthesized by

108

Pulsed Laser Processing of Materials



laser ablation in water. Procedia
Engineering. 2012;32:1107-1112

[59] Mafuné F, Kohno J-y, Takeda Y,
Kondow T, Sawabe H. Formation of gold
nanoparticles by laser ablation in
aqueous solution of surfactant. The
Journal of Physical Chemistry B. 2001;
105(22):5114-5120

[60] Kabashin AV, Meunier M. Synthesis
of colloidal nanoparticles during
femtosecond laser ablation of gold in
water. Journal of Applied Physics. 2003;
94(12):7941-7943

[61] Nichols WT, Sasaki T, Koshizaki N.
Laser ablation of a platinum target in
water. II. Ablation rate and nanoparticle
size distributions. Journal of Applied
Physics. 2006;100(11):114911

[62] Chewchinda P et al. Preparation of Si
nanoparticles by laser ablation in liquid
and their application as photovoltaic
material in quantum dot sensitized solar
cell. Journal of Physics: Conference
Series. 2014;518(1):012023

[63] Elsayed KA, Imam H, Ahmed M,
Ramadan R. Effect of focusing
conditions and laser parameters on the
fabrication of gold nanoparticles via laser
ablation in liquid. Optics & Laser
Technology. 2013;45:495-502

[64] Nath A, Laha S, Khare A. Effect of
focusing conditions on synthesis of
titanium oxide nanoparticles via laser
ablation in titanium–water interface.
Applied Surface Science. 2011;257(7):
3118-3122

[65] Messina E. Metal Nanoparticles
Produced by Pulsed Laser Ablation in
Liquid Environment. Italy:
Universita'degli Studi di Catania; 2011

[66] Sattari R, Sajti C, Khan S,
Barcikowski S. Scale-up of nanoparticle

production during laser ablation of
ceramics in liquid media. In:
International Congress on Applications
of Lasers & Electro-Optics. Vol. 2008.
USA: Laser Institute of America; 2008.
p. N204

[67] Wagener P, Schwenke A,
Chichkov BN, Barcikowski S. Pulsed
laser ablation of zinc in tetrahydrofuran:
Bypassing the cavitation bubble. The
Journal of Physical Chemistry C. 2010;
114(17):7618-7625

[68] Al-Dahash G, Obaid NM,
Majeed HA. The effect of liquid
environment and magnetic field on
optical properties of Pt nanoparticles
colloidal prepared by pulsed laser
ablation. International Journal of
ChemTech Research. 2016;9:118-130

[69] Haynes WM. CRC Handbook
of Chemistry and Physics. USA: CRC
Press; 2016

[70] Charlot G. Selected Constants
Oxydo-Reduction Potentials: Tables of
Constants and Numerical Data
Affiliated to the International Union of
Pure and Applied Chemistry. Vol. 8.
Turkiye: Elsevier; 2013

[71] Baiee RM. Generation of Ultra-Fine
Nanoparticles by Laser Ablation in
Liquid. United Kingdom: The University
of Manchester; 2019

[72] Šišková K, Vlckova B, Turpin P,
Fayet C. Ion-specific effects on laser
ablation of silver in aqueous electrolyte
solutions. The Journal of Physical
Chemistry C. 2008;112(12):4435-4443

[73] Jimenez E, Abderrafi K, Abargues R,
Valdes JL, Martinez-Pastor JP. Laser-
ablation-induced synthesis of SiO2-
capped noble metal nanoparticles in a
single step. Langmuir. 2010;26(10):
7458-7463

109

Synthesis of Nanoparticles Using Pulsed Laser
DOI: http://dx.doi.org/10.5772/intechopen.1004415



[74] Sapkota D, Li Y, Musaev OR,
Wrobel JM, Kruger MB. Effect of electric
fields on tin nanoparticles prepared by
laser ablation in water. Journal of Laser
Applications. 2017;29(1):012002

[75] Bajaj G, Soni R. Effect of liquid
medium on size and shape of
nanoparticles prepared by pulsed laser
ablation of tin. Applied Physics A. 2009;
97(2):481-487

[76] Aye HL, Choopun S, Chairuangsri T.
Influence of solvents on characteristics
of nanoparticles prepared by pulsed laser
ablation on iron target. Chiang Mai
University Journal of Natural Sciences.
2014;31:37-42

[77] Resano-Garcia A, Battie Y, Koch A,
En Naciri A, Chaoui N. Influence of the
laser light absorption by the colloid on
the properties of silver nanoparticles
produced by laser ablation in stirred and
stationary liquid. Journal of Applied
Physics. 2015;117(11):113103

[78] Vitos L, Ruban A, Skriver HL,
Kollár J. The surface energy of metals.
Surface Science. 1998;411(1–2):186-202

[79] Grimvall G. The electron-phonon
interaction in normal metals. Physica
Scripta. 1976;14(1–2):63

[80] Photonics marketplace, refractive
index, mirrors: Coating choice makes a
difference. Available from: https://www.
photonics.com/Articles/Mirrors_
Coating_Choice_Makes_a_Difference/
a25501 [Accessed: June 14, 2020]

110

Pulsed Laser Processing of Materials



111

Chapter 5

Ultrashort-Pulse Burst-Mode 
Materials Processing and Laser 
Surgery
Robin S. Marjoribanks, Jinseng Tang, Thomas Dzelzainis, 
Melissa Prickaerts, Lothar Lilge, Margarete Akens, 
Colin Veevers, Nick N. Gharabaghi, Andreas Hitzler, 
Seydi Yavas and Sohret Görkem Karamuk

Abstract

Laser processing of materials and biological tissues has evolved in stages, ever 
since the earliest use of the laser for gross deposition of heat and for ablation. For 
instance, wavelength specificity was an early development that facilitated the 
treatment of certain biological tissues, while leaving others relatively unaffected. 
Ultrashort-pulse material ablation escapes the usual paradigm of heat diffusion 
because of the comparisons of scales: A rarefaction wave can cut through the thin 
layer of femtosecond-laser-heated material and carry away the absorbed energy 
before much heat can diffuse into the substrate. Burst-mode femtosecond laser abla-
tion brings yet another paradigm, in which the laser fluence is divided over two dispa-
rate timescales: the ultrashort duration of a pulse and the microsecond-scale duration 
of a burst. This division of timescales opens new avenues for control, because much of 
the governing physics is about the comparison of timescales—for instance, the times-
cale of thermalization of heated electrons into the substrate lattice or the timescale of 
hydrodynamic ablation. Applications to fused silica, to in vitro cell-cultures prepared 
in hydrogels, and to ex vivo articular cartilage help to show what is different in the 
science of ultrashort-pulse burst-mode laser processing.

Keywords: ultrashort pulse, burst-mode laser, femtosecond laser, laser-materials 
processing, laser surgery, plasma-mediated ablation, persistence of plasma, ablative 
quenching

1.  Introduction

At the time of its invention, Irnee D’Haenens in Theodore Maiman’s laboratory 
was credited with describing their first laser to Maiman as “a solution looking for a 
problem” [1]. Over the years, endless applications have been found, both directly and, 
perhaps with even greater impact, as an enabling technology.
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In laser materials-processing and laser-surgery, this path toward problems solved 
might be usefully framed in terms of qualitative generations of applications that have 
re-framed what the laser can do:

First Generation—Power Delivery: cutting without tool bits, offering non-
contact, low-contamination; spatially localized delivery of gross heat to workpieces, 
to cut or weld metals, cut cloth, wood and plastic. From lab to factory before the 
1960s ended.

Second Generation—Wavelength-tunable selective absorption: differential 
control due to intrinsic or extrinsic absorbers; specialized cutting in plastics; surgical 
cauterization; port-wine-stain birthmark-removal. Roughly from the 1970s onward.

Third Generation—Modes of Fluence Delivery: controlling duration/intensity/
pattern of pulses; ultrashort-pulse chirped-pulse amplification (CPA) lasers, low 
collateral damage surgery and micromachining, custom machining of microfluidics 
(emerging in the 1990s) and direct-write of internal optical waveguide structures in 
bulk glasses (emerging in the early 2000s).

At the most basic level, the final outcomes of laser treatment of materials or 
biological tissues are governed by several key observations:

1. At its simplest, material modification requires deposition of specific energy 
(energy/unit mass), a per-atom energy characteristic of chemical or material-
structure changes, e.g., latent heat of melting, or of vaporization.

2. This deposited specific energy derives from a given absorbed laser fluence 
 (radiant exposure: energy/unit area), together with a characteristic range of heat 
diffusion into the sample.

3. Therefore the most basic issues around laser materials-processing and laser-
ablative surgery are the absorption and subsequent disposition of incident laser 
energy as heat.

In broad terms, the impact of long- and short-pulse laser materials-processing 
differ because of characteristic time-scales of materials and of processes, meaning 
that the two classes bring with them very different relationships to jobs needing to be 
done. Given that specific energy, and therefore laser fluence, is a driving figure-of-
merit, we can use it to compare in generalities:

Long-pulse lasers—For a given delivered fluence, longer-duration pulses mean 
lower peak intensities. At lower intensities, nanosecond and microsecond-pulse 
lasers typically exploit linear absorption, either from intrinsic absorption and 
endogenous chromophores or from Joule heating in the case of conductors. Energy 
is absorbed over a depth determined by the inverse of the optical absorption coef-
ficient. Dielectrics such as glass depend on nonlinear absorption and therefore high 
peak intensities in order to surpass the dielectric breakdown threshold; however, after 
breakdown and plasma creation the absorption becomes linear but largely indepen-
dent of the original material. The result is that, for nanosecond or longer pulses on 
dielectrics, this runaway process necessarily means that far more energy than desired 
may be delivered.

Ultrashort-pulse lasers—For a given delivered fluence, peak intensity goes up as the 
pulse-duration shortens. Short-enough pulses then assure dielectric breakdown and 
plasma formation, regardless of whether a material has appreciable linear absorp-
tion. Absorption is then plasma-mediated, with the effect of making absorption 
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“universal”: independent of local variations in extrinsic absorption from defects, 
impurities or dopants, or independent of having distinct endogenous chromophores 
in different locations, as is the case for a differentiated biological tissue containing a 
mix of connective tissues, nerve and muscle.

In particular, plasma-mediated absorption, because of the effect of plasma screen-
ing, also puts a constraint on the optical absorption depth. This small optical absorp-
tion depth, and the limited amount of plasma produced by pulses that are over so 
quickly, mean that the mediating plasma that absorbs laser energy is thin. These are 
principal factors in why ultrashort laser-pulse processing leaves so little heat behind 
in the target.

Ultrashort-pulse lasers, used at intensities near the damage threshold, show much 
less shot-to-shot variability in outcome than do nanosecond and longer pulses, even 
in a pure dielectric such as fused silica [2, 3]. This, too, is due to a qualitative change in 
physics relationships governing ionization [4, 5]. For ultrashort-pulse lasers, shock-
waves launched in the material also show a reduced range of shock-damage, a thing 
particularly important in laser-surgery [6, 7].

Ultrashort-pulse lasers are used to deliver fluence on target at values similar to 
those used for longer-pulse lasers, but they deliver that fluence over shorter times-
cales and at higher intensities. Each of these qualitative changes above traces back to 
a change in physics, obviously, but more particularly these changes trace to ways in 
which delivery by ultrashort-pulse lasers crosses characteristic timescales and intensi-
ties, and thereby qualitatively changes the governing physics-relationships.

2.  Physics relationships of single-pulse ultrashort-pulse material 
processing

In physics, meaning naturally derives from relationship. Every formula relates 
parameters to an outcome, every plot shows a dependency. Dimensionless numbers 
mark for us, as ratios, the truly qualitative shifts in relationship that govern major 
changes in physical interactions. For instance, the Mach number marks the qualitative 
change that happens between subsonic and supersonic flight—the transition at which 
the control surfaces at the trailing edge of a wing can no longer affect airflow over 
the wing, because the pressure change induced by changes in, say, an aileron, cannot 
travel forward as a sound wave, against the oncoming flow of air which is traveling 
faster than the speed of sound. The Prandtl number Pr is the ratio between the dif-
fusivity of momentum in a fluid flow to the diffusivity of heat in that fluid—it flags 
the flow of energy via bulk convection (Pr > 1) as compared to the flow principally via 
heat diffusion through a fluid.

For laser interactions with materials, Figure 1 helps to give context to our relevant 
timescales. For instance, the extended plasma plume generated from laser ablation 
may take hundreds of nanoseconds to a microsecond to dissipate—it makes a few-
nanosecond laser pulse look impulsive, like a Dirac delta-function, by comparison. 
Yet lateral thermal conduction or ambipolar diffusion in the plasma around critical 
density is so rapid that the rise and fall of a few-nanosecond pulse looks like an adia-
batic change by comparison. However, ambipolar diffusion in the plasma, or lateral 
thermal conduction, seem frozen in time during the interaction of a subpicosecond 
pulse. Changing from few-nanosecond to subpicosecond laser pulses, the relation-
ship of timescales between laser and material process is inverted—the role of those 
processes is qualitatively changed, and their significance is fundamentally different: 
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in the case of few-nanosecond pulses, ambipolar diffusion and lateral thermal con-
duction essentially follow the laser conditions in near steady-state; for subpicosecond 
laser pulses, they are virtually frozen in time.

In this general way, ultrashort pulse materials-processing is distinguished by a 
transition which changes laser-energy deposition from a near-steady state dynamic, 
with power deposited at a surface and then flowing onward by diffusion, to one in 
which a small thin volume is suddenly heated, and not long afterwards dispersed. 
Then whatever little heat has made it into the material, before the mediating plasma 
disperses, is left to diffuse inward after the fact, and its final impact may be deter-
mined long after the laser interaction has ended.

Among modes of fluence-delivery, femtosecond and few-picosecond laser pulses 
are unique in laser materials-processing and laser surgery for the small amount of 
collateral damage they typically produce in a target substrate, and the small amount 
of residual heat they leave behind [2, 3]. How does this categorically different result 
relate to the inversion of the relationship of timescales?

Fundamentally, free electrons cannot absorb energy from the passage of an 
infinite-plane oscillating electric field, but of course this changes with collisions. The 
principal path to plasma formation is avalanche ionization of atoms through collisions 
of electrons rapidly driven in the intense optical field. Yet collisional ionization by 
electrons requires that at least some free electrons be available, and original specula-
tion was that in dielectrics like fused silica these were provided by multi-photon 
ionization [2, 3, 9]. Subsequent wavelength-scaling studies established that initial 
ionization originates instead from AC tunneling ionization of atoms in strong fields 
[4, 10]. For materials with intrinsic or extrinsic absorption, initial ionization can 
begin thermally, following initial linear absorption. This scenario is equally available 

Figure 1. 
Summary of material and process timescales relevant for laser materials-processing and surgery. For burst-mode 
ultrashort pulse laser processing, a new timescale is introduced by the time-separation of pulses within a burst. 
The repetition-rate period is also a timescale, typically long compared to these processes. The significance of the 
pulse duration or intraburst time delay is context-dependent, emerging from native timescales of the problem [8].
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to nanosecond interactions that create plasma. But there’s a qualitative transition for 
collisional ionization under intense ultrashort-pulses.

The cross-section for atom ionization by laser-driven electron-impact depends 
importantly on the electric field strength: assuming constant fluence, the optical field 
strength going from few-nanosecond- to 100-femtosecond-duration pulses increases 
by orders of magnitude. Over this range, the cross-section for laser-driven collisions 
rises by orders and then trends toward saturation at higher field strengths [5, 11], 
fields routinely accessed by ultrashort-pulse lasers in laser materials-processing, but 
not typically by nanosecond or longer pulses. The consequence for laser materials-
processing is that avalanche ionization is more sensitive to field-strength variations 
within the range of fields generated in nanosecond pulses than it is within the range 
of fields of subpicosecond pulses. Consequently, tests of damage threshold for 
ultrashort pulses are quite repeatable, whereas for longer pulses the range of scatter in 
laser intensity-values associated with damage is much greater [2, 3].

Once a thin mediating plasma has been established, absorption of laser energy into 
the plasma becomes quite generic and linear, and is largely determined by electron 
density and gradients of the electron density profile around the plasma critical-density 
surface.

2.1  Time scales for depth of heating in plasma-mediated absorption

Under these conditions, one of the relationships governing laser materials- 
processing is overthrown. During the time (i.e., the pulse duration τ) that laser energy 
is applied to a material or biological tissue, thermal diffusion produces a characteristic 
scale-length =thL D , where D is the thermal diffusion constant of the medium. This 
should not be understood as a range of the heat-affected zone, because it contains no 
reference to the absolute energy deposited, and, as noted above, a phase transition such 
as melting requires a specific energy, like the molar latent heat necessary for vaporiza-
tion and ionization of a solid. Other heat-affected processes may be more complicated, 
and may depend on more than just the heat delivered or peak temperature achieved: 
an example would be protein-denaturation, which is governed by both temperature 
and duration, as expressed through the Arrhenius damage integral. In either case, the 
extent over which the threshold condition is met for being heat-affected is not the scale 
length of the distribution of heat. This thermal scale-length is instead a characteristic, 
much like the skin depth of an optical field penetrating a metal.

Indeed, the laser field has just such an optical skin-depth, δ, for the field (or an 
absorption scale-length for the intensity), in the thin plasma that has formed (cf. 
the Bouguer-Lambert law). The comparison of these two scale-lengths—thermal vs. 
absorption—is the next qualitative change in relationships that arises as the physics of 
interaction transitions, as progressively brief laser pulses effectively “freeze” impor-
tant physical processes.

As pointed out by Pronko et al. [12], a wavelength of 800 nm produces an opti-
cal absorption scale-length of about 12 nm in metallic silver. The thermal diffusion 
scale-length Lth above will equal this in the case of a pulse of duration τ = 7 ps. On the 
timescale of pulses very much shorter than 7 ps, diffusion appears relatively “frozen,” 
and the heat distribution during the laser pulse is set by the properties of the plasma 
alone. For substantially longer-duration pulses the heat scale-length during the pulse 
is governed by diffusion.

At the end of an ultrashort pulse, the tiny optical absorption depth of a dense 
plasma means a very thin layer of constant thickness has been heated to an ionized 
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state. Therefore the material damage threshold is reached at a reduced laser fluence, 
which becomes independent of pulse duration.

For pulses tens of picoseconds and longer, a τ  dependence of damage-threshold 
fluence on irradiating-pulse duration was well-recognized [13–15]. For pulses shorter 
than about 10 ps, early studies from both Livermore and Michigan groups showed a 
relationship change, for damage in transparent dielectric targets [4, 5, 9]. Researchers 
initially disagreed about the behavior below this point of transition, but it’s now 
largely agreed that the damage-threshold fluence does become constant for pulses 
with τ < 10 ps.

More recently, refinements in modeling the non-thermal transport of electrons 
generated in intense laser-plasma interaction have added to the understanding of heat 
deposition in the substrate, including the range and heating of a fraction of electrons 
that penetrate directly [16, 17].

2.2  Time scales for erosion of thin mediating plasma layer

For femtosecond laser pulses, hydrodynamic expansion is a relatively slow process, 
and the mediating plasma layer is typically quite thin at the time the pulse ends. The 
absorbed energy resides as heat in this plasma layer, in close contact with the target 
substrate, and heat diffusion will carry a small amount of heat inward while the laser 
pulse is depositing energy into the absorption-depth layer.

A new time scale enters at this point, while the thin heated layer of plasma is still 
in thermal contact with the substrate. The subsequent erosion of this thin hot plasma 
layer is by a rarefaction wave—the “negative profile” hydrodynamic wave of loss of 
density, moving inward through the plasma layer. This rarefaction wave is the same 
general phenomenon as the process by which an inflated party balloon releases its 
internal overpressure once the latex rubber has been popped and very rapidly retracts 
over the whole surface, or by which a collapsed dam creates a traveling depletion wave 
in the water-level of the reservoir previously contained.

The timescale of erosion of the thin plasma layer is governed by the speed of 
propagation of a density wave in the plasma, cs, together with the layer thickness d. 
After a time st d / c≅ , the heated plasma has decoupled from the target and been 
carried away in the expansion—the phenomenon of ablative quenching.

 B e
s

k Tc
M

Z
=  (1)

Here cs is the ion-acoustic speed; Te is the isothermal electron temperature. The 
ion temperature Ti is relatively low, so that Te ≫ Ti; Z  is the ion average charge-state; 
M is the ion mass (the electrons are assumed to be isothermal, typically justified). An 
ion-acoustic wave is the plasma density wave in which the restoring force is derived 
from the electron pressure, via the electron temperature, and the inertial term is the 
ion mass. Effectively, the electrons dress the ion perturbations within a characteristic 
Debye length, coupling the electron and ion density perturbations together. See also 
Kerse et al. [18].

Thus, the time of heating is not the duration of the laser, but instead is the lifetime 
of the plasma layer in thermal contact with the target material. After this point, the 
heat diffusing inwardly in the target is only what energy had already propagated 
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past the laser-heated plasma and into the substrate during the brief time the mediat-
ing plasma was in contact. For a subpicosecond pulse and an absorbed fluence of 
40 J/cm2, into a laser skin-depth of ~50 nm, a simple estimate of electron temperature 
gives an ablative-decoupling time of a few picoseconds. For longer-pulse lasers still 
less than about 100 ps, thicker layers of plasma are heated, and the time to decouple 
this reservoir of heat from the surface is longer, leading to greater heat-impact in the 
target. For pulses of roughly 100 fs or less, very little residual heat is left in the mate-
rial; in biological tissues there may be very little histological impact or inflammatory 
response, just a few cells away from a laser-cut wound-edge, and thin shock waves 
will erode as they propagate relatively short distances, due to viscous dissipation.

2.3  Scale lengths for erosion of shock waves

The scaling of ultrashort-pulse lasers leads to another inversion in relationship: 
for the propagation of laser-created shockwaves. Early in the exponentiation of laser 
applications, it was identified that strong heating and cavitation from laser interac-
tion could drive shockwaves through water [19]. The nature of such shockwaves is 
well known: a material surface is driven at a speed greater than the local speed of 
sound. Pressure increases locally, as the moving surface accrues material faster than 
it can unload as a pressure wave (acoustic wave). The driving surface ultimately 
drops to a speed below the speed of sound, and the local region of increased pressure 
detaches as a propagating feature with a steep front. The steep front propagates at a 
speed determined from the amplitude of the shock—a speed greater than the speed of 
sound in the background material.

Originating from a laser focus, the shock wave diverges in 3D, increasing its sur-
face area, and spreading its energy thinner. At some distance depending on the shock 
strength, the pressure jump degrades until it goes merely sonic.

The transitions at the leading and trailing edges of the shock involve sharp shear 
stress of the flow, which can result in material or tissue and cell damage. Because of 
the large shear rates there, the transition is subject to viscous dissipation, with wave 
kinetic energy converted to local heating, and in the process eroding the shock. Thus 
the shock weakens and can vanish by viscous effects, in addition to dissipating as the 
shock diverges and is spread out.

From this arises an additional scaling that ultrashort-pulse lasers can exploit: 
shockwaves launched in the material from femtosecond pulses are thin, as their 
driving is brief, and may vanish from viscous dissipation long before their strength 
is otherwise naturally spread out and reduced. Shocks driven by a fixed fluence of 
9 J cm−2 in corneal tissue show a striking difference depending on mode of fluence-
delivery: the range of shocks driven by 150 fs laser pulses is an order of magnitude less 
than when delivered using 60 ps pulses [6, 7].

2.4  Longer-time diffusion of heat and range of heat-affected zone

The mediating plasma layer decouples rapidly from the substrate, for ultrashort-
pulse laser ablation—essentially the absorbed energy is carried away in the ablated 
material itself, quenching the process. What residual heat has managed to couple 
to the substrate, in the brief time before quenching, then diffuses normally, but its 
timescale relation is essentially lost. The residual heat-affected range in this case is 
determined by the maximum extent of heating in the context of the relevant threshold 
(e.g., latent heat of melting), as the heating spatially spreads and decays in intensity.
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By way of heuristic illustration, consider Figure 2, which supposes heat deposited 
initially in a Gaussian pattern in one dimension, into a homogeneous material. This 
profile diffuses as a Gaussian distribution, its width increasing and its amplitude 
decreasing, preserving the total area under the curve (i.e., without energy loss). At 
any time, a heat-affected zone can be identified (arrows in Figure 2) as the range over 
which the local specific heat (cf. temperature profile) exceeds the threshold for a spe-
cific effect under consideration, such as melting, or meets the conditions for protein 
denaturation.1 In the figures, initially this radius increases, as the heat spreads; but 
the amplitude also decays, and in the trade-off the boundaries (arrow tips) where 
the threshold condition is met subsequently shrinks. The ultimate extent is then the 
maximum extent for which the threshold was met, at any given time.

For single ultrashort pulses, this residual heat is quite small and may not show 
any heat-affected zone. But for burst-mode delivery of fluence, discussed below, the 
accumulation of many small residuals can have a useful and controllable impact. The 
heuristic notion of Figure 2 will be revisited quantitatively and in simulation later in 
this discussion.

1 In medical applications, this effect is referred to as selective photothermolysis, originally developed by 
Anderson and Parrish [20] to thermally heat high-contrast targets, such as tattoo ink or superficial blood 
vessels, in a manner that surrounding tissues are not heated beyond their threshold temperature.

Figure 2. 
A schematic depiction of the diffusion of a generic Gaussian temperature distribution over space, for 
different times (A–F). Where a specific-energy threshold effect (dashed blue line: e.g., necrosis, latent heat of 
vaporization), provides the reference, neither the initial full-width at half-max (FWHM) nor the thermal-
diffusion length-scale Lth is the figure of merit for the range of heat impact. Instead, the extent of impact grows, 
then diminishes, and the ultimate heat-affected zone is the maximum value. Video 1 animation of this can be 
viewed at https://youtu.be/ioogrzE_46I [8].
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3.  Physics relationships of burst-mode ultrashort-pulse material 
processing

For single ultrashort-pulse laser treatments, at repetition rates much less than 
about 1 MHz, all plasma and most heat in the substrate will dissipate before the next 
pulse of a sequence arrives, and the mediating plasma must be re-established by each 
subsequent pulse. Very little heat is left behind, but it is typically only negligible for 
repetition-rates less than roughly 100 kHz.

Burst-mode ultrashort-pulses—packets of tens to thousands of pulses delivered at 
multi-MHz repetition rates—cross time-scales and create new control in two ways: 
(1) tiny but non-negligible heat left by single ultrashort-pulse lasers will not have dis-
sipated, creating the option for accumulating a desirable amount of residual heat, and 
(2) ionized atoms comprising the plasma may not have fully recombined, meaning 
that an opportunity is created for simmering the conditions which control plasma-
mediated absorption. We introduced burst-mode ultrashort-pulse laser processing as 
a new mode of fluence-delivery around 1999, [21–24] using amplified trains of 1 ps 
pulses derived from a feedback-controlled Nd:glass oscillator [25].

In Figure 1, red bars illustrate the disparate time scales for pulse duration and 
for the separation of pulses within a burst—added to this might also be a third bar 
to indicate the duration of a burst (typically ~100 ns to ~1 μs), and a fourth for the 
period of the burst-repetition rate. The pulse duration, time-separation between 
pulses within a burst, total burst-duration, and pause-time between bursts delivered, 
all have an impact on the amount of heat left within the target, the time-dependent 
temperature, and the strength of shock waves that may be generated in a biological 
tissue or material [26–29].

3.1  Slow heat accumulation

As mentioned above, for nanosecond and longer-duration laser pulses, a heat-
affected zone (HAZ) surrounding the focal spot may be large, and significant 
collateral damage may result. Single ultrashort pulses are known typically to leave 
behind negligible—but not zero—residual heat. Given that burst-mode ultrashort-
pulse laser treatments combine both timescales, do they exhibit long-pulse char-
acteristics like the duration of a burst, or ultrashort-pulse characteristics deriving 
from the individual pulses that comprise the bursts? The answer is that bursts allow 
controlled accumulation of small amounts of residual heat typical of ultrashort pulse 
interaction.

To show this, 100 μm-thick aluminum foils were drilled through by single bursts 
of 1600 1 ps pulses (12 μs @ 133 MHz), at integrated fluences up to 6 kJ cm−2, and 
hole diameters were recorded (Figure 3 [8]). As the burst-fluence increases, the size 
of the hole cut through increases, but not surprisingly this size is not just the imprint 
of the focal spot—the hole radius is not simply the radius below the Gaussian 
focal spot distribution at which the specific energy directly imprinted matches 
the specific latent heat of vaporization. Ablation was not determined by local heat 
deposition. Instead, the much larger hole sizes seen can be fitted in Figure 3 by a 
dependence E0

1/2.
The hole diameters produced in aluminum foils, in the series of Figure 3, can be 

matched [8] by finding—over a family of equal-area 2D Gaussians, similar to the 
heuristic of Figure 2—the maximum radius for which the specific energy threshold is 
met, viz.,
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with E0: absorbed energy shared to the foil (after ablative quenching), l: foil thickness 
(100 μm in Figure 3), Qsp: latent heat of vaporization (J cm−3) and e is Euler’s number.

Figure 4 illustrates this radius at different times, identifying the maximum above. 
This shows a model of heat diffusion in aluminum following irradiation by a single 
12-μs burst of 1-ps pulses, focused to a spot of 5-μm radius. The simple model is illus-
trative: it assumes equal-efficiency absorption for all pulses, without hydrodynamics. 
Two different net-absorbed pulse-energies are compared, corresponding to different 
pulse-energies or to different absorption efficiencies. The sketched trajectories show 
the radius r(t) at any time of a disk within which the specific energy exceeds the latent 
heat of melting for aluminum. The two ultimate melt-diameters of Figure 4 are 15 
and 44 μm, to compare to the 30 μm maximum hole-diameter from Figure 3.

Figure 3. 
Measured dependence of through-hole diameter as a function of average irradiant exposure (fluence), for 
100 μm-thick aluminum foils under burst-mode processing. The hole size is shown compared to two simple models: 
(A) the radius within which the Gaussian focal spot locally “prints” sufficient fluence F so that the specific energy 
F/l equals the latent heat of vaporization; and (B) the maximum extent (cf. Figure 2) achieved starting from an 
initial Gaussian temperature-profile derived from the laser-spot profile.

Figure 4. 
Model of heat diffusion in aluminum for two possible absorbed laser per-pulse energies. A 12-μs train of 1-ps 
pulses is focused to a focal-spot radius of 5 μm. The trajectory, for each energy, traces the boundary radius of the 
disk inside of which the temperature exceeds the melting point of aluminum (cf. heuristic Figure 2, in 1D).
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3.1.1  Ductile cutting of glass

Brittle materials bring their own challenges for laser materials-processing. For 
1 ps single-pulse ablation of fused silica, 200 J cm−2 was seen to be a limit, corre-
sponding to etch-depths of a few micrometers [8]. Above this single-pulse fluence, 
the sample typically would shatter in a single shot. Delivering the same fluence, but 
divided over multiple single pulses at 1 Hz repetition-rate, the weaker shots would 
cumulatively etch only to about the same ultimate depth before they, too, shat-
tered the glass (Figure 5 (left)). The final effect was that single pulses delivered at 
the same location could not ultimately etch more deeply than a few micrometers, 
regardless of delivering a fixed fluence in a single strong pulse, or divided into 
multiple weaker shots [21].

This contrasts with the effect of a burst of 300 1 ps pulses at an intraburst rate 
of 133 MHz, which etch to 10–30 μm in one shot. These etch-depths are deeper than 
those possible by accumulating single shots. Burst-mode irradiation permitted per-
shot fluences of 1–60 kJ cm−2, well beyond the limit at which any number of isolated 
pulses shattered the fused silica. Figure 5 illustrates the result: an optically smooth 
bore, and a lip of material apparently raised while the material was ductile [8].

An important theme of burst-mode ultrashort-pulse materials-processing is that 
while isolated subpicosecond pulses leave negligible heat behind, this small residual 
heat can be accumulated within a rapid burst. In practice, glass is transformed from 
a brittle to a ductile state during a burst, and cutting is achieved during that ductile 
state.

The accumulated heat results in permanent material changes, as well as this glass-
transition softening during processing: after hole-drilling in glass, a change in refractive 
index can be seen in the zone just outside the channel that has been cut (Figure 6).

Figure 7 shows the micro-Raman spectrum of untreated fused silica along with 
the spectrum sampled for the remelted lip around the ablation crater. The features 
corresponding to three- and four-member breathing modes show that there is a 
change in the bond-coordination statistics, which may correspond to densification of 
the glass. The details of the number of pulses in a burst, their energies, and even the 
pattern—the distribution of their amplitudes within the burst—offer control over the 
residual heat accumulated and its range.

Figure 5. 
Scanning electron-microscope (SEM) micrographs of laser-irradiated fused silica. Left: top view, four individual 1-ps 
pulses at 1 Hz, λ = 1 μm, 93 J cm−2 fluence each; Right: oblique view of a ~15-μm deep channel made into BK7 glass by 
one burst (300 1-ps pulses, λ = 1 μm). The channel has smooth walls and shows no evidence of fractures or cracks.
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3.1.2  Control of heat accumulation in hard biological tissues

We can demonstrate control of accumulation of small pulse-to-pulse residual heat 
by simply changing the duration of a burst. Figure 8 shows burst-mode treatment 
of ex vivo dentin tissue from rat teeth. Trains of about 650 pulses at 133 MHz show 
thermal changes that are localized, with a kind of melting of the surface of the dentin. 
Twice that length, about 1300 pulses, results in gross melting and pooling at the lip 
of the hole drilled. Three times the original length (2000 pulses) exhibits splashing 
before re-solidification.

Figure 6. 
Hole from one burst-shot drilled in fused silica; optically smooth sides, showing limb of glass with index-of-
refraction changes. 300-pulse burst, τ = 1 ps, λ = 1 μm, intraburst rate of 133 MHz. Dotted line indicates top 
glass-surface making total internal reflection, for this side-view.

Figure 7. 
Micro-Raman spectra (MRS) of fused silica comparing unmodified glass far from the treatment site to the smooth 
lip of glass around the ablated hole. Where the glass has been melted and resolidified, there are significant changes 
in the ring-bond structures.
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Micro-Raman spectra (Figure 9) from the inside of laser-cut channels, and from 
the glassy-looking redeposited material at the hole-lip, show molecular structural 
changes suggesting that the organic component of dentin ablates away [8, 28].

3.1.3  Incubation effects and division of fluence-delivery

The observed differences between modes of delivery, isolated or rapid bursts, 
raise the question about how one pulse affects the absorption of the next, when the 
material or plasma has an effective memory with a characteristic timescale. In laser 
materials-processing of crystalline and amorphous solids, a well-known effect is 
“incubation” of crystal defects, subtle material modification, or latent damage [16]. 
For instance, there is evidence in metals that long-lived crystal dislocations can be 
accumulated in the bulk, following irradiation with many pulses just below the cata-
strophic damage threshold. These occur over the depth of heat diffusion, accumulat-
ing over many shots before gross damage is manifest. In irradiation of dielectrics at 
intensities below dielectric breakdown, color centers can be developed. Such subtle 
preconditioning of the material is thought to have an ultimate impact on ablation 

Figure 8. 
SEM images of rat dentin tissue irradiated by single bursts of duration 5, 10, and 20 μs (22 kJ cm−2, 44 kJ cm−2, 
67 kJ cm−2, respectively). 1 ps pulses at 133 MHz. Magnification scale bars in each image are 5 μm [8, 30].

Figure 9. 
Micro-Raman spectra (MRS) of native enamel (bottom trace, red) and of both untreated dentin (middle trace, 
blue) and 1 ps burst-mode treated dentin (top trace, green), intra-burst rate of 133 MHz. The burst-mode laser-
modified dentin is glassy in appearance—MRS shows it has almost completely lost its organic components, the 
dentin converted to a structure more like enamel [8].
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damage-thresholds. It might well be expected to be a factor that affects pulse-train 
burst mode treatments.

For burst-mode ultrashort-pulse interactions, mediated by plasma absorption, we 
investigated incubation-type effects using a principle of “fluence division”—deliver-
ing one, constant, net fluence and constant number of pulses, but dividing it over 
separate bursts that must restart the interaction each time [8].

This constant total fluence (18 kJ cm−2) was delivered in four different modes: as 
a single burst of 12 μs, split into two bursts of 6 μs, three bursts of 4 μs, or four bursts 
of 3 μs, with a delay of a few seconds between bursts to ensure complete relaxation of 
the processes involved. Thus, a single pulse-train burst of 1600 pulses was partitioned 
into N smaller sub-bursts, each with n pulses, keeping × =1600N n . We compared 
the depth of etching for each of these modes of delivering the same fluence.

Figure 10 shows the results for fused silica; Figure 11 shows the results for human 
dentin. In either case, breaking up the burst into sub-bursts created progressively 
shallower net etch-depths: each time the laser-matter interaction was re-started, there 
was loss of efficiency.

The loss-trend can be explained by the hypothesis that a certain number of pulses 
at the start of any burst go into conditioning or incubating the material before abla-
tion really begins, and depth of cutting is proportional to the remainder of pulses in 
each burst.

This can be interpreted as follows: We posit that for any burst with a given per-
pulse fluence a number a of pulses are expended at the start before ablation substan-
tially begins. If one burst consisting of A pulses is partitioned into N mini-bursts, 
then N·a pulses are ultimately lost as “overhead” to seed the ablation process, leaving 
A − N·a pulses to do the etching. If these remaining pulses then etch with unchanged 
efficiency, once the material has been preconditioned by the initial a pulses each time, 
then the etch-depth which results will scale as A − N·a.

For fused silica (Figure 10), the scaling fits the data well on condition that a = 155 
pulses go into conditioning at the start of any burst. The more times the initial pulse 
train is interrupted, the greater the overall “overhead” cost.

For dentin, in Figure 11, there are two cases with different net fluence: low 
per-pulse fluence at 0.34 J cm−2, and high fluence an order of magnitude higher at 
3.4 J cm−2. For the lower fluence case, a good linear fit suggests a latency equivalent to 
the first a = 300 pulses of each mini-burst. For the higher-intensity case, a similar fit 
suggests a latency of about a = 128 pulses. These results may indicate that under these 

Figure 10. 
Fluence-division effect in fused silica: overall fluence, and number of pulses (1600) delivered to each site was kept 
constant, but delivered in separate bursts: 2 bursts × 800 pulses, 3 × 533, and 4 × 400. “Restarting” the ablation 
process instead of letting it continue imposes a cost on ablated volume interruption. The “restart cost” is equivalent 
here to ~155 pulses lost from cutting each time interrupted. Total fluence was fixed at 18 kJ cm−2 [8].
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conditions ablation may not begin immediately, while some transient precondition-
ing effect is in play, possibly that the density of plasma builds instead of promptly 
ablating, or perhaps that the material itself changes composition. This is somewhere 
similar to incubation, but here the process must be reversible, in the sense that re-
starting the pulse-train burst means that the process must start all over again.

3.1.4  In vitro: range of cell death

Applied to soft tissues and considering the implications for laser surgery, the 
issue of residual heat from ultrashort-pulse laser ablation in general, and ultrashort-
pulse burst treatment in particular, is less about modification of the material left 
behind and more about survivability for cells remaining in the tissue around the 
ablated region. We used a standardized tissue-model with the aim of getting consis-
tent and unambiguous results [31]. Hydrogel cell cultures are common soft-tissue 
phantoms for laser-irradiation [32, 33] and for studies of cell response to drug and 
radiation treatments (e.g., photodynamic therapy [34] and interstitial laser photoco-
agulation [35]).

Our soft-tissue model was a 3D agar-based gel phantom: 1% agar content seeded 
with live F98 rat glioma cells (1–3 × 106 cells/mL). Staining protocols included 
Hoechst 33342, propidium iodide (PI), and Annexin-V (see Table 1). After laser-
treatment and staining, the samples were 3D-scanned by confocal microscopy, and 
virtual sections were taken through the ablated regions.

Figure 12 shows the distribution of viable (blue) & necrotic (red) cells from 
our treated phantom, irradiated by a single burst of 133 pulses of 1 ps duration (1 μs 
@133 MHz), having a peak pulse-intensity of 4.6 × 1013 W/cm2, a total energy of 1 mJ.

Figure 11. 
Fluence-division effect in dentin at two different per-pulse fluences (cf. Figure 10 for fused silica). In the lower-
fluence case, the “restart-cost” is equivalent here to ~280 lost pulses; this reduces to only ~130 pulses lost, in the case 
of the higher-fluence interaction. Integrated fluences were kept constant: 5.4 kJ cm−2 (lower fluence, green curve) 
and 54 kJ cm−2 (higher fluence, blue curve) [8].

Live cells Necrotic Apoptotic

Hoechst + + +

PI − + −*

Annexin-V − + +
*PI can bind to late-apoptotic cells.

Table 1. 
Protocols used for staining cells-in-gels phantoms.
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Irradiating over a range of pulse peak intensities 1–5 × 1013 W/cm2, this study 
showed a necrosis range between 50 and 350 μm that scales as I  where I is the 
pulse-intensity in the burst (Figure 13). This might be understood, other factors being 
constant, as the absorbed burst-energy spreading out like the surface of a sphere until 
the specific energy-density drops below a threshold associated with cell necrosis.

The impact above is the result of a single 1 μs burst-shot onto a cultured-cell phan-
tom. In practical use, burst-mode packets are delivered at the interburst repetition 
rate. Depending on the tissue or material in use, and the system for pointing pulses to 
different positions across the surgical target, the interburst repetition-rate can also be 
expected to have an impact on heating.

3.2  Burst-mode ultrafast laser surgery: ex vivo articular cartilage

Diffusion of accumulated heat and damage from shock waves in surgery using 
burst-mode ultrashort-pulse ablation may depend on the tissue type, and even on 
new effects in complex differentiated tissues of muscle, bone, connective tissue, and 
nerves. We examined the impact of burst-mode ultrashort-pulse ablation on porcine 
and ovine articular cartilage.

Figure 13. 
The cell-necrosis range for the phantom used, as a function of the pulse intensity for a 1-μs-duration pulse-train 
burst. The fit through the data is a power-law as shown in the figure, where = ×I . /13 2

0 10 10 W cm , and 
µ= ±C m138 28 .

Figure 12. 
The 3D distribution of viable (blue) and necrotic (red) cells cultured in hydrogel after irradiation at a peak 
intensity 4.6 × 1013 W/cm2 in a 1-μs-duration burst @133 MHz intraburst repetition-rate. Left: 3D confocal-
scanning microscope image across the interaction region. Right: the cylindrical projection from 3D of viable and 
necrotic cells, overlaying the radius-bins used for subsequent analysis. The red solid-line semicircle marks the 
necrosis range. Video 2 animated 3D rotation can be viewed at https://youtu.be/sA6wmdhtNJg.
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The laser for this was a compact Yb:glass fiber, 1030 nm, 300 fs per pulse, 5 ns 
between pulses (i.e., 200 MHz intraburst rate), 1 ms between bursts (i.e., 1 kHz 
interburst rate) from FiberLAST Inc./Bilkent University (Turkey). Bursts were 350 ns 
in duration, comprising about 70 pulses per burst. Average power was up to 240 mW: 
3.4 μJ per-pulse energy; 240 μJ per-burst energy.

One question for these studies was about the ultimate depth of cutting, without 
also changing the laser focus along the axis, deeper into the material—what cut-
ting can be expected under practical conditions? The laser intensity was expected 
to decrease at the bottom of the channel, for two reasons: loss of propagating laser 
power to the sidewalls of the channel where plasma would form; and diverging laser 
spot size, for points past the focal distance.

In previous studies, in which we drilled single channels through metal foils using 
burst-mode ultrashort-pulse lasers, we characterized a persistent-plasma waveguid-
ing effect. This effect produced channels much longer than a Rayleigh range for 
the beam [36]. This occurs without translating the laser focus to be deeper into the 
workpiece, and comes as a result of optically transforming the beam while preserving 
its global coherence. In order to assess the impact of such guiding in biological tissues, 
to find the ultimate depth of cutting for laser surgery, and to ascertain what of the 
effect survives from single channel geometries to extended slices, line-cuts were made 
in porcine cartilage over multiple passes, without making any changes in focus depth.

Translation speeds 1–10 mm/s were used. Directly after the laser treatment, 
the cartilage was stained with Calcein AM (live; green fluorescence) and ethidium 
homodimer (EthD-1) (dead; red fluorescence) to evaluate cell viability2 and the 
stained cartilage pieces were sectioned perpendicular to the line-cuts. The live-dead 
stain fluorescence was imaged using confocal laser-scanning microscopy (CLSM), 
in a virtual section plane set about 200 μm deep into the tissue (Figure 14, Top). 
Thereafter the tissue was fixed in 10% buffered formalin, paraffin-embedded, 
and sections stained with hematoxylin and eosin (H&E) (Figure 14, Bottom). 

2 LIVE/DEAD Viability/Cytotoxicity Kit for mammalian cells; Molecular Probes, ThermoFisher Scientific, 
Mississauga, ON.

Figure 14. 
Line cuts made by repeated passes without repositioning focus, onto porcine articular cartilage, in order to identify 
ultimate depth of cutting. Translation speed 2.5 mm/s. (a) Live-dead (green-red, respectively) stain was used to 
identify the range of cell necrosis in the viable tissue away from the cut surfaces. White bars = 100 μm. (b) White-
light microscopy of H&E-stained microtome sections. Black bars = 50 μm.
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The cut-depth without refocusing deeper was seen to saturate after about 16 passes, at 
a depth of about 200 μm.

3.2.1  From line cuts to graft beds

We then prepared small graft-beds, up to 10 mm wide, cut into ovine cartilage 
using an x-y raster-scan pattern, in this case raising the cartilage toward the lens 
systematically. A 3-axis high-precision translation stage setup directed the tissue at 
the laser focus, in lines, in a strictly serial motion, rather than position-dithered. A 
visible-infrared (IR) spectrograph monitored our depth of cutting through cartilage, 
employing characteristic spectral lines in the plasma-plume to stop cutting as soon as 
the ablation touched bone (see Figure 15).

The evolving graft-bed was irrigated with phosphate-buffered saline (PBS) 
medium at intervals during preparation. The prepared graft beds were cultured after 
laser-cutting, live-dead stained, and then scanned in three dimensions using laser 
confocal microscopy.

Figure 16. 
Laser-scanning confocal imaging provides a virtual section across a small graft bed in articular cartilage. Left: live-
dead (green-red, respectively) staining helps to identify the range of dead chondrocytes, in the remaining tissue walls. 
Right: the range of cell-death can be seen to depend on the overall fluence used to prepare the graft-bed. The bed has 
an asymmetry associated with raster-scanning: tissue was cut in lines corresponding to in and out of the page, with 
new lines added progressing left to right as shown in left figure, with the starting side sloped and the ending side more 
upright. For similar final graft-beds, lower-fluence (gentler) cutting reduces the zone of damaged tissue.

Figure 15. 
White light photograph of a simple open-faced section through a small graft bed in ovine articular cartilage 
(left), showing articular cartilage and underlying bone. Safranin-O stained paraffin section of the graft bed 
(right). Size-bars 500 μm.
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The left image of Figure 16 is analogous to the left image of Figure 15, but is a 
composite image: it combines a CLSM image of live-dead stain, and a bright-field 
white-light microscope image of the same sample. The CLSM scan represents a virtual 
section made for a plane about 200 μm below the section surface.

A small range of cell death is an essential factor in the success of integration of 
cartilage tissue-grafts, and below we show the range of dead chondrocytes brought 
about by integrated laser fluences in the range 1–5 kJ cm−2. It’s immediately evident 
how significant an effect it is that most of the heat of burst-mode ultrashort-pulse 
laser cutting is carried off in the ablated material itself. The range of tissue damage is 
less than expected from frictional heat in mechanical removals such as drilling and 
sawing. However, it seems clear as well that the slow serial processing in x-y raster 
scans likely accumulates more heat than is necessary, burst after burst at 1 kHz [37].

4.  Persistence of plasma and burst-mode ultrashort-pulse lasers

As discussed above, for single ultrashort pulses at repetition rates much below 
1 MHz, all plasma and most heat in the material dissipates before the next pulse, and 
the material largely returns to its original state. For multi-MHz intraburst rates, nei-
ther plasma nor heat dissipates, meaning that an opportunity is created for keeping 
alive the transient plasma that governs plasma-mediated absorption. This can be both 
hindrance and help, depending on details. It’s a “feature,” if one can exploit linear 
absorption in a residual plasma lying close to the target, meaning that one does not 
have to re-initiate breakdown. In that case the burst can be shaped, after the first few 
pulses, to have smaller pulses, less likely to cause strong shocks, optimally tailored to 
the surgical or processing needs. It’s a “bug,” if substantial plasma plume develops, 
and interferes with deposition of laser energy onto or close to the ablating target-
surface. In practice, the nature of laser-target interaction for any given pulse depends 
on the history of all previous pulses before it, and possibly in complicated ways.

4.1  Where does the laser energy go?

We studied the development of plasma conditions throughout a burst of pulses by 
making a complete laser-energy accounting: measuring the transmission, specular 
reflection, and diffuse backscatter for each of the pulses during a burst-irradiation. 
Knowing the energies of each incident laser pulse, and the disposition of all light that 
was not absorbed, let us infer the full dynamics of burst-mode absorption [38].

The measurements amounted to a full laser-calorimetry setup (Figure 17). A 
reference of incident laser light was measured pulse by pulse using a beam-sampler 
and a photodiode. Transmitted laser light was collected immediately below the target 
using an apertured integrating tube coated internally with barium sulfate high-
reflectance coating, and fitted with a high-speed photodiode. Diffuse-backscatter 
light was collected by a similarly coated integrating sphere suspended above the 
target and fitted around the lens tube holding the 8 mm aspherical target lens, with 
a 2 mm entrance hole situated about 100 μm above the target, almost in contact with 
the fused silica targets. A high-speed photodiode collected the light which filled this 
integrating sphere. Laser light which was specularly back-reflected from the plasma 
was re-collected by the target lens, naturally collimated backwards along the beam, 
and a sample was relayed to the input face of a large-core multimode fiber, with fast 
photodiode at the output end.
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4.2  Measurement of absorption dynamics

With this full accounting for incident laser light, and all laser light not absorbed, the 
light lost to absorption in the plasma was inferred, pulse-by-pulse for the entire burst. 
Figure 18 shows the dynamic changes in specular reflection, diffuse backscatter, and 
transmission, along with the computed history of absorption during burst-irradiation.

What this shows: specular reflection is high for about 15 pulses of the burst: each 
pulse sees the plasma it has itself created afresh during 300 fs, added on top of any 
plasma that still survives 5 ns after the previous pulse (and longer times for effects of 
earlier pulses). The initial plasmas each pulse creates is expected to be thin, dense, 
and sharply defined, but as residual ionization or weak plasma accumulates in small 
remainders following hydrodynamic expansion from pulses 5 ns, 10 ns, 15 ns earlier, 
it’s expected that the plasma critical-density surface would evolve to be farther out 
from the substrate surface, thereby reducing specular reflection.

The diffuse backscatter signal is small at all times, indicating an accumulating 
plume is not very substantial for these conditions and timescales. Given 5 ns each 
time, to expand, disperse, and recombine before the next pulse arrives, the accumu-
lated plume does not greatly refract or scatter light. Self-transmission of laser pulses is 
relatively high for the first pulse, and the next pulse or two of a burst, but then shows 
a sharp drop. This is consistent with the expected formation of a thin plasma overly-
ing the fused silica substrate, with an initially steep density gradient (scale-length 
less than a laser wavelength) around critical density. In the thin overdense plasma the 
laser light will be evanescent and not propagate, but will effectively tunnel energy 
through to the glass, in the manner of frustrated total internal reflection. As the 
plasma develops over the initial few pulses, its thickness increases and the transmis-
sion drops; this is consistent with the fluence-division observations above. Late in the 

Figure 17. 
Schematic of the optical layout for time-resolved laser calorimetry, to infer dynamic absorption. Direction of 
propagation is indicated by red arrows. PBS: polarizing beam splitter, GL: Glan-laser polarizer, λ/2: half-wave 
plate. All of the energy from light incident on the fused silica target ends up in one of four places: transmitted, 
specularly reflected, diffusely backscattered, or absorbed by the plasma.
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burst, the transmission begins to rise again, which may indicate that the accumulation 
of plasma has degraded the ability of focused pulses to reach the substrate and form 
a reflective plasma, or possibly an extended plasma has refracted the incident light 
enough to cause it to pass outside the nominal focal spot. 

 By complete accounting of all laser light  not  absorbed, we find the absorption 
dynamics from first to last pulse of the burst. We can see the jump in absorption from 
about 30% for the first pulse, in its context as a single isolated pulse on a dielectric, 
to more than 40% as the mediating plasma is established, and after that a steady 
increase in absorption throughout the burst, reaching 70% before declining slightly. 
This late decline of absorption results from the rise in transmission instead.  

  4.3  Picosecond probing of plasma persistence 

 From the time-resolved absorption of each pulse incident on the target, we can infer 
much about the plasma and plume that gradually builds over the whole time of the burst. 
A finer-grained understanding of what happens to the plasma created by each pulse, in 
the 5 ns period  between  pulses, would lay out the role of the persistence of the plasma 
from the end of one pulse until it becomes the initial condition for the next pulse. 

Figure 19   sets out our schematic for creating a burst-mode ultrashort laser-pulse 
produced plasma, and then probing that plasma precisely, at times ranging from 
just before and up to 300 ps after each pulse, for every pulse in the burst. The laser 
is polarization-divided into pump and probe beams, and the probe is delayed in a 
timing-slide to arrive at a selected time in the range −30 ps to +5 ns relative to the 
pump pulses on target. The rapidly dissipating plasma created by each pump-pulse 
throughout the whole burst is probed this way, so we can examine whether the 

  Figure 18.
  Dynamics of (a) specular reflection, (b) diffuse backscatter, (c) transmissivity, for each pulse within a burst. 
Knowing each input pulse energy, a full accounting of laser light not recollected gives the time-dependent 
absorption (d). Laser: λ = 1030 nm, 300 fs pulses @ 200 MHz; 60 pulses/burst [ 38 ].          
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dynamics of plasma creation and persistence are the same for early pulses, when the 
fused silica target is bare, as they are for pulses late in the burst, when “fresh” plasma 
is being added on top of some manner of accumulated background.

Pump and probe beams are propagated collinearly to the target, and timed to each 
other using frequency-domain interferometry. Two aspects of the plasma are probed: 
specular reflectivity and beam transmissivity. Because the probe is distinguished from 
the pump by its orthogonal polarization, diffuse backscatter or scattered transmis-
sion that do not preserve the laser beam k-vector cannot be directly measured. It was 
verified that polarization cross-talk signal from the pump line into the probe channel 
line was less than 5%.

4.3.1  Plasma persistence: specular reflection and transmission

Figure 20 summarizes the specular reflectivity and direct transmissivity of the 
probe from the plasmas created by the pump pulses, for times from 30 ps before each 
of the pump pulses arrives until 300 ps after them. This 330 ps time-dependence relax-
ation is summarized in separate plots for the 3rd, 11th, and 19th pulses in the burst.

The Fresnel reflectivity of bare fused silica is a few percent for laser pulses, if 
no plasma is created. For each pulse n = 3, 11, 19 in the burst, there is some specular 
reflectivity seen for the probe for times before the pump pulse has arrived—of course, 
these are times about 5 ns after at least one previous pump pulse on target. The 
reflectivity seen 30 ps before pulse 19 has arrived is half the reflectivity of flat native 
fused silica, but by the time of the 19th pulse, nearly 100 ns into the burst, a crater at 
the surface has already been created, and reduced reflectivity is expected.

For the first 50 ps after each pump-pulse of a burst has ended, the probe sees 
specular reflectivity growing. This reflects that the plasma is an initially very thin 
layer, much of it at a density above critical density. Within this thin overdense plasma 

Figure 19. 
Schematic of the optical setup for pump-probe studies of specular reflectivity and transmissivity for times up to 
300 ps following each pulse of a burst of 60 pulses. Polarization is indicated with black arrows for horizontal 
polarization (parallel to optical table), and black dotted-circles for vertical polarization. Direction of beam 
travel is indicated by red arrows. PBS: polarizing beam splitter, GL: Glan-laser polarizer, λ/2: half-wave plate.
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the wave has an evanescent solution. The light tunnels, and recovers a real olution on 
the other side of the overdense plasma, as discussed above in the context of (self-) 
transmitted light in the absorption measurements of the pump, above.

As the plasma layer begins to expand over tens of picoseconds, and the gradient 
scale-length increases while the plasma is still overdense, the reflectivity can rise, and 
the transmissivity will drop. As expansion continues, past 100 ps, the unloading 
plasma will eventually go underdense, at which point reflectivity will drop and probe-
transmissivity will again increase. Over nanoseconds the plasma dissipates, absorp-
tivity decreases, and eventually reflectivity and transmissivity return to values nearer 
to native fused silica, albeit with a cratered surface scattering both the reflected and 
transmitted light, and likely with a little plasma ionization remaining.

The effect is most pronounced for pulses early in the burst, here the 3rd pulse. For 
pulses late in the train, like the 19th, the plasma that has slowly accumulated during 
the burst degrades the contrast of reflection and transmission, as does ablative dam-
age to the surface.

5.  Conclusions

Intense ultrashort-pulse lasers that employ plasma-mediated absorption minimize 
residual heat—not because of a diffusion timescale, but through a competition 
between heat diffusion inward, and the dissipation of hot plasma in which the laser 
pulse has deposited energy. This “ablative quenching” is distinct from the mecha-
nisms governing heat transfer in nanosecond laser heating.

Burst-mode ultrashort-pulse lasers add additional timescales—the timing between 
pulses within a burst, and the duration of the entire burst—which depend on new 
characteristics of the interaction physics, and therefore provide additional measures 
of control of the heat left behind in the surgical tissue or material being processed. 
Rapid repetition of pulses, here at 133 MHz or at 200 MHz intraburst rates, leads to 
the persistence of plasma from one pulse to the next. Keeping the plasma “alive” gives 
a universal and more predictable and universal linear absorption, without repeat-
ing dielectric breakdown, and even without the linear absorption typical of native 
chromophores, which themselves may vary from location to location in a sample.

This persistence of linear absorption, and not having to re-initiate dielectric break-
down, also means that the opportunity is created to use lower-intensity pulses subsequent 

Figure 20. 
Summarizes the evolution over 300 ps of the probed specular reflectivity and probed direct transmission of the 
plasmas created by each of the pump pulses. The evolution is similar but not identical, for the 3rd, 11th, and 19th 
pulses in the burst [38]. (NB: the single data point at −30 ps stands alone, the connecting line does not imply a 
smooth temporal evolution up to the time of arrival of the pump pulse).
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to the first few of a burst, which affords the possibility of reducing shockwave damage. 
Thus the duration of a burst, intra-burst pulse-spacing, and indeed the pattern of intensi-
ties of pulses within a burst, all together determine the impact, and support different 
modes of fluence-delivery customized to particular applications [26, 27, 39].
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Chapter 6

Modernization and Automation 
of Gemological Testing:  
Harnessing the Power  
of Laser-Induced Spectroscopy 
for Raman, Photoluminescence, 
and Photoluminescence Lifetime 
Analysis
Wenxing Xu

Abstract

The chapter explores the revolutionary application of laser-induced spectroscopy 
in the field of gemstone analysis. It highlights the use of advanced techniques such as 
Raman spectroscopy, photoluminescence, and photoluminescence lifetime analy-
sis, which have proven instrumental in identifying a variety of gemstones such as 
corundum, spinel, emerald, alexandrite, etc. This state-of-the-art technology stands 
at the forefront of differentiating natural from lab-grown materials, discerning 
treatment methods, and determining the origins of significant colored gemstones. 
This chapter provides an in-depth view of the practical implementation of emission 
spectroscopy in the analysis of colored gemstones, shedding light on its integral role 
in the rapidly evolving gemological testing systems. The goal is to furnish readers 
with a thorough understanding of how these advanced methods are transforming 
gemstone analysis, contributing significantly to the industry’s quest for enhanced 
precision and accuracy.

Keywords: gemological testing, non-distractive testing, characterization of gemstones, 
Raman spectroscopy, photoluminescence, PL lifetime analysis

1. Introduction

In the realm of gemological science, the quest for methodologies that are precise, 
non-destructive, efficient, and straightforward for the identification of gemstone 
materials presents a significant and ongoing challenge. This challenge is particu-
larly pronounced in the context of the rapidly advancing technologies in gemstone 
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synthesis and treatment. Recent decades have underscored the need for reliable 
identification tools within the gemstone industry. This need is primarily driven by 
the prevalence of melee diamonds in the jewelry market. Despite their relatively 
low individual value, these diamonds carry substantial implications for brand 
reputation, especially in cases where the presence of laboratory-grown or treated 
diamonds is not transparently disclosed [1–4]. Additionally, the surge in popularity 
of colored diamonds, notably pink diamonds, which are often the product of complex 
multi- treatment processes, adds another layer of intricacy to the task of gemstone 
 identification [5–12].

In light of these challenges, there has been a notable acceleration in the develop-
ment of advanced spectroscopic methods, such as photoluminescence [13–17] and 
photoluminescence lifetime analysis (PLLA) [18–20]. These methodologies are 
complemented by the advent of new, portable gemstone testing devices, including 
Raman spectrometers (e.g., [21, 22]) and long-wave ultraviolet (LWUV) fluores-
cence spectrometers (e.g., [23]), which have rapidly evolved in the realm of dia-
mond testing. Of particular note, the applicability of these methods extends beyond 
diamonds and is increasingly being recognized in the broader field of colored 
gemstone testing.

In the controlled settings of gemstone laboratories, a suite of established gem-
ological testing methods is employed to rigorously identify and characterize gem-
stones. The use of microscopy allows for the detailed examination of both internal 
and external features of gemstones, utilizing binocular microscopes. Refractometry, 
a technique that measures the refractive index of gemstones, plays a critical role in 
their identification. Likewise, specific gravity testing, which assesses the density of 
a gemstone relative to an equal volume of water, is a key determinant in identifica-
tion processes. Beyond that, ultraviolet testing, examining gemstones’ responses to 
ultraviolet light, forms another crucial component of their identification, belonging 
to the classic testing methods in gemology. Additionally, spectroscopic methods, 
encompassing fourier-transform infrared spectroscopy (FTIR), UV-VIS, and Raman 
spectroscopy, probe the interaction between different types of light and the gem-
stones, yielding insights into their complex physical and chemical compositions, 
which are mainly useful for solving questions concerning the identification of variet-
ies and for treatment examination. Furthermore, while sparingly used, destructive 
testing methods, such as acid testing, can be crucial in the identification of certain 
challenging gemstones [24]. In modern gemological laboratories, LA-ICP-MS plays 
a crucial role, enabling precise analysis of trace elements in gemstones. This aids in 
their identification and authentication. By detecting elements at very low concentra-
tions, LA-ICP-MS assists gemologists in assessing the origins and authenticity of 
gemstones, thereby contributing significantly to the quality control process in the 
industry [25].

This chapter delves into the pivotal role of gemological laboratories in maintain-
ing transparency within the industry, focusing on the application of spectroscopic 
techniques, including Raman spectroscopy, photoluminescence (PL), and photolu-
minescence lifetime analysis (PLLA). These advanced methods have proven highly 
effective in differentiating between natural and lab-grown gemstones, identifying 
various treatment methods, and potentially ascertaining the origins of significant 
colored gemstones. Furthermore, the discussion included herein aims to provide a 
comprehensive and detailed overview of the state-of-the-art methodologies used in 
gemological testing, highlighting their significance in an industry where precision, 
innovation, and transparency are paramount.



143

Modernization and Automation of Gemological Testing: Harnessing the Power of Laser-Induced…
DOI: http://dx.doi.org/10.5772/intechopen.1004413

2. Portable Raman spectroscopy

In the field of gemology, the ability to accurately classify mineral types is the cor-
nerstone of gemstone identification and valuation. Traditional methods of gemstone 
assessment, reliant on visual inspection and basic physical properties, often fall short 
in the face of diverse and overlapping features of minerals [26–29]. Sophisticated 
systems, such as micro-Raman systems, offer more definitive identification but come 
with high costs and complexities, limiting their use to well-equipped laboratories.

Against the backdrop, portable Raman spectroscopy emerged as a game-changer in 
the gemstone industry. Unlike the traditional, more complex micro-Raman systems, 
portable Raman devices offer a balance of cost-effectiveness, ease of use, and speed, 
without compromising the accuracy of mineral identification [22, 30–33]. These devices 
leverage the unique Raman scattering features of gemstones and are complemented by 
automatic spectral analysis algorithms, enabling rapid, accurate, and simple mineral-
type classification. This advancement not only democratizes the use of advanced 
technology in smaller-scale gemological labs and retail settings but also enhances the 
ability to test a wide variety of gemstone samples quickly and efficiently in standard 
office conditions.

Take the portable Raman spectroscopy device described by Tsai & Xu [22] as an 
example, which is equipped with fiber-based 405 nm laser spectroscopy. The device’s 
design simplifies sample alignment, meets safety standards, and enables it to be oper-
ated effectively in routine office environments, making it an ideal tool for identifying 
a broad range of gemstones. The device has been proven to have a broad mineral 
testing capability, and it is effective in differentiating between natural and synthetic 
gemstones, isolating mineral subcategories, and identifying rare gemstones. In the 
subsequent section, a selection of case studies is presented that effectively highlight 
the remarkable accuracy, efficiency, and clarity of the portable 405 nm laser Raman 
equipment, underscoring its utility and effectiveness in routine gemological practices.

2.1 Distinguishing between gemstones and their simulants

For the gemologist, distinguishing gemstones from their imitations is a crucial task. 
Common imitations of diamonds in the gem market include colorless corundum, topaz, 
cubic zirconia (CZ), gadolinium gallium garnet (GGG), and yttrium aluminum garnet 
(YAG). Each of these materials has characteristic Raman scattering spectra, which 
are key to their identification. Diamonds are identified by a single peak at 1337.5 cm−1, 
indicative of the sp3 diamond lattice [34]. Corundum displays intense peaks at 424 and 
758 cm−1, and topaz is characterized by a distinct peak at 937 cm−1, primarily due to Si∙O 
vibration [35]. Cubic zirconia shows a strong, broad band at 622 cm−1. GGG and YAG, 
both synthetic materials with high refractive indices and that are used as diamond simu-
lants, have distinct peaks at 746, 598, and 361 cm−1 (for GGG) and 787, 727, and 269 cm−1 
(for YAG), enabling their differentiation from diamonds. These Raman spectral features 
are essential for accurately separating these gemstones from their imitations.

However, both diamonds and their simulants typically exhibit a high refractive 
index, often surpassing the upper limit of traditional refractometers. Consequently, 
differentiating between them necessitates the use of multiple gemological testing 
techniques, including specific gravity testing and the use of handheld spectroscopes, 
among others. In this context, Raman spectroscopy stands out for its remarkable 
efficiency, offering a clear advantage in rapidly and accurately distinguishing between 
diamonds and their various imitations (Figure 1).
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Figure 2. 
Raman scattering spectra for garnet varieties, source [22].

2.2 Distinguishing between varieties in the same mineral group

Mineral groups such as garnet, tourmaline, and feldspars have distinct varieties 
impacting gemstone quality, identifiable by their Raman spectra when using a 405 nm 
laser based on chemical composition. For instance, the 405 nm Raman spectra of 
various garnet species (pyrope-almandine-spessartine, grossularite, hessonite, tsavor-
ite, and andradite) show unique patterns. The pyrope-almandine-spessartine series 
displays similar spectra with intense Si∙O vibrations, while the grossularite group and 
andradite garnet each have distinct spectral characteristics. This allows for differentia-
tion between key garnet varieties without needing further chemical analysis (Figure 2).

2.3 Distinguishing between natural and lab-grown gemstones

When it comes to distinguishing between natural and lab-grown gemstones, 
the portable Raman spectroscope distinctly identifies variations in the Raman 
spectra of synthetic spinel compared to natural spinel. Natural and flux spinels 
exhibit characteristic peaks at 322, 412, 671, and 772 cm−1. However, flux spi-
nels show broader peaks, signaling their disordered structure owing to higher 
manufacturing temperatures (900–1200°C) than the temperatures that produce 
spinel in nature [36]. In contrast, Verneuil synthetic spinels, which are formed at 
higher temperatures (2150–2250°C), present a unique spectrum with significantly 
broader peaks at 343, 426, 527, 697, 792, and 872 cm−1, indicative of an even more 
disordered structure (Figure 3).

Figure 1. 
Typical Raman scattering spectra for diamond and commonly encountered diamond simulants, including GGG, 
YAG, colorless sapphire, topaz, CZ, and diamond; source [22].
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These distinctions are consistently observed in over 80 Gemological Institute of 
America (GIA)’s collections. Verneuil spinel features a higher refractive index (RI) of 
1.728 compared to the natural spinel’s RI of 1.718. Meanwhile, flux spinels have the 
same RI as natural spinels, meaning additional tests such as photoluminescence and 
LA-ICPMS are commonly needed for differentiation. Raman spectroscopy simplifies 
the process by providing a clear and singular method for distinguishing these vari-
ants, thus significantly enhancing efficiency in gemological testing.

The 405 nm laser Raman spectroscopy setup, covering a range of 150–4500 cm−1, 
also effectively characterizes natural and synthetic emeralds, differentiating them 
based on the presence of hydroxyl vibrations at around 3500 cm−1. Furthermore, 
flux synthetic emeralds lack the water-related peaks present in natural and hydro-
thermal synthetic emeralds, while Biron hydrothermal synthetics are uniquely 
identifiable by a peak at 2822 cm−1 [22]. These factors are relevant when it comes to 
differentiating between low-iron emeralds, such as those from Colombia, and high-
iron emeralds from Russia and Zambia, which 405 nm Raman spectroscopy can 
facilitate. Colombian emeralds show only type 1 water peaks at 3615 cm−1, whereas 
Russian and Zambian emeralds exhibit both type 1 and type 2 water-related peaks 
at 3605 and 3666 cm−1 [37]. Thus, the 405 nm Raman spectroscope can effectively 
identify various types of synthetic and natural emeralds, including high-iron 
natural emeralds and different hydrothermal synthetics (Figure 4).

Figure 3. 
Raman scattering spectra for natural spinel, source [22].

Figure 4. 
Raman scattering spectra for high-Fe natural, low-Fe natural, flux synthetic, and hydrothermal synthetic 
emerald; source [22].
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2.4 Discussion

The common laser wavelengths used in portable Raman systems are 405, 532, 785, 
and 1064 nm [22, 38–40]. While a confocal Raman system, for example, Renishaw 
products such as the inVia Reflex and Virsa Raman analyzer, commonly uses a 532 nm 
and also includes 660 and 786 nm lasers for excitation [41, 42]. These wavelengths 
are widely utilized for their efficiency in Raman spectroscopy applications. The 405 
and 532 nm laser are known for its high Raman signal efficiency, ideal for inorganic 
materials and mostly used in gemstone analysis; the 785 nm laser is popular due to its 
effectiveness for over 90% of Raman active materials with limited interference from 
fluorescence; and the 1064 nm laser is better suited to colored and darker materials 
such as natural products, dyes, oils, and colored polymers [39].

The use of a 405 nm laser, for example, as the excitation source in portable Raman 
spectroscopy, offers several distinct advantages over other excitation light sources in 
Raman analysis. Firstly, it provides a flat background baseline from wavenumbers 
100 to 4000 cm−1, minimizing the need for background correction. This feature 
simplifies the analysis process significantly. Secondly, it delivers a strong and clear 
signal at around 3500 cm−1 area, making it highly effective for studying crystal water 
in gemstones. The presence of hydroxyl groups in crystal water, commonly found in 
gemstones such as the beryl group, tourmaline, and topaz, provides valuable infor-
mation for their identification. Traditionally, hydroxyl groups are analyzed using 
FTIR in gemological labs, particularly for emeralds, where FTIR testing is essential 
to distinguish natural from flux synthetic and Biron hydrothermal synthetic variet-
ies [43–45]. However, with the pronounced hydroxyl signal offered by the 405 nm 
portable Raman system, the FTIR test may be reduced, thereby streamlining the 
identification process in gemological practices. In contrast, the Raman spectrum 
collected using a 532 nm laser as the excitation source has its hydroxyl signal obscured 
by the photoluminescence spectrum between 600 and 800 nm, leading to a loss of 
completeness in the information.

The effectiveness of the 405 nm laser in Raman spectroscopy largely stems from its 
optimal choice of excitation wavelength, which significantly influences the interplay 
between Raman and photoluminescence spectra. Raman spectroscopy, which mea-
sures changes in energy due to light interacting with molecular vibrations, reports 
values relative to the excitation source as a Raman shift in cm−1 [46]. In contrast, 
photoluminescence sheds light on the composition and structure of materials, with 
a spectral range extending from 400 to 1000 nm when using a Raman spectrometer 
with a charge coupled device (CCD) detector [47]. Selecting an excitation wavelength 
that minimizes photoluminescence is key to reducing noise and enhancing the 
signal-to-noise ratio in Raman spectra [48]. Furthermore, this careful selection helps 
avoid overwhelming fluorescence backgrounds, which can hinder accurate Raman 
measurements. Therefore, the relationship between Raman spectroscopy and photo-
luminescence underscores the critical role of excitation wavelength choice in achiev-
ing precise and reliable results in both techniques [46].

Nonetheless, the Raman spectroscopy probe system, while effective in many 
scenarios, does have certain limitations in its sensing capabilities. For instance, its 
spectral resolution restricts its ability to differentiate fine variations in the Raman 
spectra of certain subcategories. Additionally, samples with strong blue background 
fluorescence, such as some natural diamonds, and translucent minerals, such as 
turquoise and lapis lazuli, may encounter interference from background fluores-
cence. Moreover, in the case of rubies with high chromium content, the Raman 
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scattering can be absorbed by the chromium, leading to a reduction in signal strength. 
Additionally, Raman spectroscopy is not always sufficient for distinguishing between 
gemstones of the same mineral type that differ in trace element concentrations, as 
seen in ruby and sapphire, both corundum varieties or in emerald and alexandrite, 
where chromatic element impurities influence their color. These subtle variations 
typically do not result in notable changes in the Raman spectra captured by this 
device [22].

3. Innovative photoluminescence analysis

Photoluminescence analysis is a non-destructive analytical technique used in 
gemology to identify treated and synthetic gemstones. It involves illuminating a 
material, often with a laser, and recording the resulting luminescence as a plot of 
emitted light intensity versus wavelength. This technique is essential for identifying 
optically active defects in diamonds, which can indicate treatments or synthetic ori-
gins. It is particularly important for type II diamonds (both colorless and fancy-color) 
and colorless type IaB diamonds [15]. The technique is also used to study the spatial 
distributions of luminescent properties in gem materials, providing valuable insights 
for gemologists and scientists. Photoluminescence spectroscopy is, therefore, a vital 
tool for major gemological laboratories in differentiating between natural and treated 
gemstones [16] and various mineral materials [49].

3.1 Identification of varieties

In the world of color gemstones, especially among the top five gemstones, namely 
ruby, sapphire, emerald, spinel, and alexandrite, chromium plays a pivotal role 
in the coloration of various gemstones, imparting distinctive and vibrant hues. In 
emeralds, chromium is the key element responsible for their rich green color, creating 
an intense and vivid hue that is characteristic of this gemstone. Similarly, in rubies, 
chromium acts as the chromophore, and its incorporation into the aluminum oxide 
crystal structure produces the gem deep red color. Furthermore, in the realm of sap-
phires, particularly pink and red varieties, chromium is the color-influencing factor. 
Likewise, alexandrite, a unique color-changing variety of chrysoberyl, is also colored 
by chromium. This element is critical for the remarkable phenomenon where alexan-
drite displays different colors under different lighting conditions—green in daylight 
and red under incandescent light [27, 50, 51]. Additionally, chromium is responsible 
for the coloration of certain semi-gemstones, such as the vivid green tsavorite garnet 
or chromium-colored green tourmaline, which derives its striking color from chro-
mium and is sought after in the gemstone market. This illustrates the significant role 
played by chromium in defining various gemstone varieties.

Figure 5 presents a comprehensive view of the typical chromium photolumines-
cence (PL) spectra observed in several significant colored gemstones. These include 
corundum, spinel, emerald, alexandrite, and zoisite, each demonstrating a distinct 
chromium PL spectrum signature. Furthermore, gemstones such as corundum, 
spinel, and chrysoberyl often incorporate chromium into their solid solution matrix 
[43], generally resulting in a distinct chromium luminescence spectrum. Additionally, 
red beryl is highlighted, showcasing its characteristic manganese (Mn) PL spectrum, 
unique to its crystal structure. The comparison between the emerald and red beryl is 
particularly noteworthy, as they exhibit markedly different PL spectra. This contrast 
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exemplifies how PL spectroscopy can be utilized to differentiate between various 
varieties within the same species.

To further delve into photoluminescence analysis, we explore its critical role in 
identifying the presence of chromium in gemstones, thereby aiding in the classifica-
tion of their varieties. When applied to green beryl minerals, Raman spectroscopy 
can detect chromium in the fluorescence spectrum, categorizing the mineral as an 
emerald. Conversely, the absence of chromium-induced fluorescence in beryl indi-
cates that it is not an emerald but rather green beryl or aquamarine, with its coloration 
attributed to iron impurities. The same principle applies to green tourmaline; the 
presence of chromium in its fluorescence spectrum identifies it as chromium-tourma-
line, whereas the absence of chromium suggests it is an iron-colored tourmaline. This 
approach underscores the significance of PL spectroscopy in the precise identifica-
tion and categorization of gemstones based on their compositional and structural 
characteristics.

In summary, photoluminescence analysis serves as a complementary spectro-
scopic method to Raman spectroscopy, offering additional insights crucial for 
gemstone identification. While Raman spectroscopy excels in determining the 
mineral species, photoluminescence analysis goes a step further. It not only charac-
terizes the mineral based on, for example, chromium luminescence spectra but also 
sheds light on other chromophoric elements and emission-capable trace elements 
within the gemstones [49]. This dual capability is invaluable for accurately identify-
ing gemstone varieties and effectively compensates for any limitations in Raman 
spectroscopy.

Figure 5. 
Typical photoluminescence (PL) spectra of corundum, spinel, emerald, red beryl, alexandrite, and zoisite.
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Additionally, in professional gemological laboratories, the use of UV-visible 
spectroscopy (UV-VIS) is a standard practice in the study of the coloration origin. The 
integration of photoluminescence analysis into this process introduces an additional, 
robust technique. This advancement in gemological tools enhances the precision and 
depth of analysis, allowing for a more comprehensive understanding of a gemstone’s 
composition and characteristics.

3.2 Identification of treatment

3.2.1 Heat treatment

Photoluminescence (PL) analysis has been instrumental in studying the heat 
 treatment of natural spinel. The results of photoluminescence spectroscopy have shown 
that heat-treated spinel exhibits distinct changes in its luminescent properties, which can 
be used to differentiate heated from unheated spinel. Additionally, PL spectroscopy has 
been used to analyze the effects of low-temperature heat treatment on blue to violet spi-
nel, revealing broader absorption bands and changes in chromium emission peaks. These 
findings demonstrate the utility of photoluminescence analysis in identifying heat-treated 
spinel and understanding the impact of heat treatment on its optical properties [36, 52].

To investigate the effects of heat treatment on natural spinel, a series of controlled 
thermal experiments were conducted, primarily within the lower temperature range 
of 600 to 800°C. The objective was to meticulously observe the characteristic pho-
toluminescence (PL) at each temperature level, with a keen focus on discerning any 
subtle changes. As demonstrated in Figure 6 of the experiment results, minimal color 
enhancement was detected at these lower temperatures. However, a slight modifica-
tion became perceptible when the temperature reached the thresholds of 750 to 
800°C, indicating the beginning of the so-called order–disorder behavior in the crys-
tal structure, when an Mg cation exchanges its site with an Al cation [53–58]. As such, 
this careful application of photoluminescence analysis provided valuable insights into 
the thermal behavior of natural spinel and its potential for color alteration through 

Figure 6. 
The outcomes of heat treatment experiments on natural spinel over 24 hours, conducted at temperatures of 600°C, 
650°C, 700°C, 750°C, and 800°C (left). And the corresponding changes observed in the photoluminescence (PL) 
spectrum of the spinel due to these varying temperatures (right).
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heat treatment.Furthermore, in several recent investigations, photoluminescence 
(PL) analysis has been utilized to detect heat and beryllium treatments in natural 
sapphires—treatments that are commonly applied to enhance the gemstones’ color 
and clarity. The PL spectra of sapphires subjected to heat treatment reveal signifi-
cant alterations, notably the emergence of new Cr3+ luminescent peaks that signify 
modifications within the corundum structure (Figure 7). More precisely, sapphires 
treated with beryllium exhibit luminescent peaks that are distinct and characteristic 
of the chrysoberyl structure, differing markedly from the emission spectrum of 
unaltered corundum [13, 14]. This research underscores the critical nature of these 
spectral changes as a diagnostic tool for the detection of beryllium, offering a non-
destructive and reliable method for tracing the treatment history of gemstones. While 
the LA-ICP-MS technique has long been the standard for identifying beryllium, PL 
analysis provides a sophisticated and less invasive alternative.

3.2.2 Clarity enhancement

Photoluminescence analysis has emerged as a technique also applied to assess 
clarity treatments in gemstones. This method uses multi-excitation fluorescence 
imaging to detect treatment materials. By employing specific excitation wavelengths, 
this technique can highlight the fillers used in treatments, such as oils or resins in 
emeralds, while minimizing interference from the gemstone’s inherent fluorescence. 
The innovative approach employs a combination of LED light sources and a color 
camera with filters to capture detailed fluorescence images of the treated gemstones. 
This research showcases the potential for rapid and accurate identification of clarity 
enhancements, particularly demonstrated through the detection of common emerald 
fillers, thereby streamlining the gemological evaluation process [59].

3.3 Application of PL in origin determination

Photoluminescence (PL) analysis is a valuable tool in the pre-selection and origin 
determination of gemstone, for example, corundum. The influence of chromium 

Figure 7. 
Luminescence spectra of unheated sapphire (black; showing only the emission of Cr3+ in the corundum structure), 
heated at 1650°C (blue; Cr3+ also in the boehmite structure), and Be-treated sapphire (red; Cr3+ also in the 
chrysoberyl structure) (source [14]).
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on luminescence is significant, but it is not the only factor; iron also plays a crucial 
role in modulating fluorescence intensity. The presence of iron is known to quench 
fluorescence in many minerals. This suggests that the levels of iron can significantly 
influence the luminescent properties of gemstones. This phenomenon is particularly 
important in gemstone identification, where the presence or absence of luminescence 
can provide insights into a gem’s composition and inherent characteristics. Notably, 
higher concentrations of iron in gemstones are often associated with reduced lumi-
nescence. Understanding this relationship is crucial for interpreting their luminescent 
behavior [16, 17, 60].

In the specific context of rubies and sapphires, there is a notable contrast in their 
iron (Fe) and chromium (Cr) contents. Rubies are characterized by a high chromium 
concentration (at least 2000 ppm, reaching up to 10,000 ppm) and variable iron lev-
els (ranging from undetectable to several thousand ppm), as noted in various studies 
(see [61]). Conversely, sapphires are predominantly composed of high iron levels (a 
few hundred ppm to tens of thousands of ppm) and low chromium contents (ranging 
from undetectable to around 1000 ppm) (see [62]). Consequently, the fluorescence 
intensity in rubies is typically much more pronounced than that in sapphires. This 
variation in intensity can be semi-quantitatively analyzed either through spectrum 
intensity or by measuring integration time at a fixed luminescence level, which is 
especially useful given that a ruby’s luminescence often surpasses the spectrometer’s 
upper limit. Figure 8 illustrates the correlation between the Cr/Fe ratio’s chemical 
characteristics and the integration time needed for a fixed luminescence intensity. 
The scale for integration time spans from microseconds (μs) to seconds (s), offering 
a comprehensive spectrum to distinguish between rubies and sapphires. For instance, 
a marble-type ruby, known for its low iron content, requires only a few hundred 
microseconds of integration time. In contrast, a basaltic sapphire, with its high 
iron content, necessitates up to several seconds to achieve a luminescence intensity 
comparable to that of the ruby.

Figure 8. 
Correlation between the Cr/Fe ratio’s chemical characteristics and the PL integration time.
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Moreover, natural rubies can be differentiated based on their iron contents. 
Marble-type rubies, typically containing less than 1000 ppm of iron and originally 
from countries such as Myanmar, Vietnam, and Tajikistan, exhibit significantly 
stronger PL compared to high-iron amphibole type and basaltic rubies (iron contents 
over 2000 ppm) from locations such as Mozambique and Thailand [61]. This distinc-
tion in PL intensity between marble- and high-iron-type rubies further underscores 
the utility of PL analysis in not only identifying gemstone varieties but also in tracing 
their geographical origins.

3.4 Discussion

Photoluminescence analysis represents a significant advancement in gemological 
diagnostics, potentially revolutionizing traditional ultraviolet testing methods. 
Ultraviolet testing, while a subjective observational technique, is prevalent in daily 
gemological practice. For instance, assessing the fluorescence strength under long-
wave and short-wave UV light is a key method for distinguishing between marble 
and amphibole-type rubies. Additionally, the detection of chalky fluorescence under 
short-wave UV light serves as a critical indicator of heat treatment. Moreover, long-
wave UV handheld lights are commonly utilized to evaluate the presence of clarity 
enhancement fillers within gemstone fissures. Now, the introduction of portable 
photoluminescence spectrometers transforms these subjective assessments into 
quantifiable visual spectra. This shift not only dramatically increases the sensitivity 
of detection but also aids in drawing more objective conclusions. Moreover, it contrib-
utes significantly to the digitization of gemological testing processes, heralding a new 
era of precision and standardization in the field.

However, there are several important limitations to note: First, a significant num-
ber of gemstone varieties do not exhibit luminescence phenomena. Second, in certain 
cases, fluorescence spectra can appear similar. For example, the fluorescence spectra 
of chromium in silicate minerals often show a high degree of similarity, leading to 
only minimal differences in the fluorescence spectra between emeralds and chro-
mium-bearing tourmaline. In such situations, the assistance of Raman spectroscopy is 
necessary to accurately identify the specific species or varieties of these materials.

4. Photoluminescence lifetime analysis

Photoluminescence lifetime analysis (PLLA) has become an increasingly valuable 
tool in the field of gemological studies. This advanced form of spectroscopy detects 
the temporal events in the environment of a fluorophore, particularly focusing on 
the decay types signified by a reduction in photoluminescence following excitation 
(Figure 8). Such techniques have found success in the analysis of biomolecular struc-
tures [18], nitrogen-vacancy defects in diamonds [19], and rapid testing of diamond 
melee sorting [63], evidencing their versatility (Figure 9).

The application of PLLA in studying Cr-doped gem materials, specifically using 
405 nm photoluminescence spectroscopy, has yielded impressive results in identifying 
and distinguishing between natural, heated, and lab-grown spinel and alexandrite 
based on luminescence decay profiles [20]. These gemstones demonstrate long pho-
toluminescence lifetimes, with that for spinel ranging from 9 to 23 microseconds and 
that for alexandrite ranging from 25 to 53 microseconds, which can be quantitatively 
measured and differentiated (Figure 10). Furthermore, studying the fluorescence 
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decay of ruby, another Cr-doped gemstone, revealed a notably shorter lifetime 
compared to spinel and alexandrite, suggesting a clear distinction based on crystallo-
graphic properties. These findings highlight the importance of structural complexity 
in governing electron decay paths and the duration of excited states, which can be 
altered through treatments such as heating, thus affecting the decay profiles.

As an additional non-destructive technique alongside Raman and photolumines-
cence spectroscopic analyses, photoluminescence lifetime analysis (PLLA) provides 
deeper insights into the crystal structure. For instance, the study of time-resolved 
photoluminescence spectroscopy on spinel and alexandrite revealed the Mg-Al order–
disorder behavior of spinel post-heating through semi-quantitative fitting analysis 
of the exponential decay curves. It also successfully laid out the contributions of Cr 
in alexandrite in two types of slightly distorted interstitial octahedral sites: octahedra 
with Ci symmetry and octahedra with Cs symmetry [20]. Such intricate studies are 
typically the domain of those applying more complex analytical techniques, such as 
X-ray diffraction (XRD) or single-crystal X-ray analysis. From a gemological stand-
point, distinguishing heated natural spinel from flux-grown synthetic spinel, or natu-
ral alexandrite from synthetic alexandrite, often requires the assistance of advanced 
trace element analysis techniques such as LA-ICPMS or FTIR. Both Raman and 

Figure 9. 
Time-resolved fluorescence decay spectra of alexandrite, source [20].

Figure 10. 
PL lifetime of spinel and alexandrite varieties, source [20].
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singular photoluminescence spectroscopic analyses reach their limits and are unable 
to differentiate between them. However, PLLA alters this predicament by offering 
new avenues from the insight of crystal structure to address these challenges, all while 
maintaining the non-destructive approach that is paramount in gemological analysis.

LA-ICPMS represents the pinnacle of contemporary gemological testing meth-
odologies, distinguishing itself as an indispensable tool in technologically advanced 
gemological laboratories. This sophisticated technique primarily focuses on the 
precise quantitative analysis of trace elements, a critical aspect for determining the 
provenance of prestigious gemstones such as rubies, sapphires, emeralds, alexandrites, 
and red spinels. Furthermore, LA-ICPMS excels in identifying complex treatments in 
gemstones, such as beryllium diffusion in sapphires, and discerning between naturally 
heated spinels and flux synthetic spinels, as highlighted in this discussed section.

Nonetheless, while LA-ICPMS is renowned for its remarkable precision and com-
prehensive analytical capabilities, it is important to recognize its limitations. One of 
the primary challenges lies in its high operational and maintenance costs, alongside its 
restricted portability, which can be a significant barrier, especially for smaller-scale 
laboratories. In light of these constraints, the advent of the PLLA method represents a 
promising shift in the field. PLLA offers a more cost effective and expedient solution, 
making it an accessible alternative for gemological laboratories that may not have the 
extensive resources required for LA-ICPMS.

It is crucial to acknowledge, however, that PLLA is still in its nascent stages. The 
consistency and reliability of results obtained from PLLA as compared to LA-ICPMS 
necessitate further empirical investigation. This involves the analysis of a larger pool 
of comparative samples and extensive data to affirm the precision and reliability of 
PLLA. Investing in such studies is of paramount importance. The primary advantage 
of Photoluminescence and PLLA lies in their non-destructive nature and rapid analysis 
capabilities, coupled with significantly lower operational costs. These attributes not only 
enhance the efficiency of gemological testing but also broaden the scope of their applica-
tion, making spectroscopical analysis more accessible and sustainable in the long run.

The initial research with the 405 nm PL device offers promising insights into 
the capabilities of time-resolved photoluminescence in gemstone identification 
and treatment detection. As we look toward future studies, the use of more refined 
measurements and sophisticated instrumentation is anticipated to refine the methods 
for distinguishing between various groups of gemstones.

Unlike traditional testing methods, time-resolved photoluminescence provides quan-
titative assessments, processing large data sets which, when combined with automated 
data acquisition and analysis software, can meet the rigorous demands of gemstone 
testing analysis. The outlook for PLLA in gemstone testing is promising, with potential 
applications in determining gemstone treatments, identifying species, and possibly trac-
ing origins, thereby advancing both the precision and efficiency of gemological studies.

5. Integration with automation of big data analysis

In this chapter, we have explored laser-induced spectroscopic methods, specifically 
Raman spectroscopy, photoluminescence analysis, and photoluminescence lifetime 
analysis (PLLA), and showcase their practical applications in addressing routine 
challenges faced in gemological laboratories. Many of these techniques and their 
corresponding equipment are still in the early stages of development, yet they hold the 
potential to revolutionize the capabilities of non-destructive analytical processes.
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A shared characteristic of these methods is the standardized collection of spectral data, 
which can be automatically processed using sophisticated algorithms. The instruments 
developed to date, for instance, are equipped with automated spectrum decoding pro-
grams [22, 23, 59]. This feature is a significant advancement compared to many traditional 
gemological testing methods that rely on subjective interpretation. Laser excitation spec-
troscopy methods allow for objective and independent analysis based on an established 
database, greatly enhancing the reliability and efficiency of gemological assessments.

As previously discussed, relying on a single method for gemstone testing can 
lead to deviations in results due to the limitations of the material being tested, the 
testing method, or the instrumentation itself. In an improvement on that scenario, 
since Raman spectroscopy, photoluminescence, and PLLA each have their unique 
strengths, they can complement each other, make up for one another’s shortcomings, 
and cross-verify conclusions. Consider an example with emerald, where a low-quality 
emerald with excessive fillers causing excessive fluorescence may disrupt the Raman 
spectrum test. In such instances, the characteristic fluorescence spectrum of chro-
mium in a beryl crystal environment can be used to confirm that it is an emerald as 
a conclusive result. Conversely, for iron-colored green tourmaline, which may not 
exhibit any fluorescence spectrum, a clear Raman spectrum of tourmaline can be 
obtained without interference from fluorescence. In the case of spinel, the overlap-
ping Raman and photoluminescence (PL) spectra between heated natural spinel 
and flux lab-grown spinel pose a challenge for spectroscopic testing. PLLA becomes 
crucial in solving this problem. Similarly, the issue of overlapping Raman and PL 
spectra between natural and lab-grown alexandrite can be effectively addressed using 
PLLA. When feasible, employing multiple methods simultaneously and compiling an 
extensive reference database can significantly enhance the accuracy of test results and 
the determination of mineral subspecies, reducing the need for subjective judgments 
from gemologists.

The implementation of laser-induced spectroscopic testing systems is notably 
advantageous due to their compatibility with big data analysis, which centers on 
a thorough understanding of various data types, the application of flexible data 
analysis tools, and a focused approach to defining and predicting expected outcomes. 
These principles are supported by the four critical dimensions of big data, com-
monly referred to as the four V’s [64]: volume, which pertains to the quantity of data; 
variety, relating to the different types of data; velocity, which addresses the speed of 
data processing and analysis; and veracity, concerning the accuracy and reliability of 
the data. This alignment with big data principles enhances the efficacy and precision 
of these spectroscopic testing systems.

Laser-induced spectroscopic testing systems exemplify these principles in 
action. These methods are adept at handling the “volume” of data generated from 
singular or multiple excitation sources, such as a 405 nm laser, as described in 
the text. This allows for the categorization and sub-categorization of materials, 
satisfying the “variety” aspect based on a consistent set of analytical conclusions. 
Meanwhile, the “velocity” of data analysis is unprecedented, with the capability 
to complete testing across all three methods in a timeframe ranging from a mere 
1 to 10 seconds. Finally, the “veracity” of the testing outcomes is ensured through 
mutual verification across the methods, reinforcing the reliability and accuracy of 
the conclusions drawn.

This comprehensive approach to data analysis in gemological testing through 
laser-induced spectroscopy not only streamlines the process but also enhances the 
precision and trustworthiness of the results. As such, this integration of modern 
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techniques represents a significant leap forward in the field, offering a more nuanced 
and rapid understanding of gemological properties.

6. Conclusion

This chapter delved into the transformative impact of laser-induced spectroscopy 
in the realm of gemology. The deployment of Raman spectroscopy, photoluminescence 
(PL), and photoluminescence lifetime analysis (PLLA) represents a paradigm shift 
in the way gemstones are analyzed and characterized. To date, these techniques have 
proven invaluable in distinguishing natural gems from lab-grown counterparts, identi-
fying treatment methods, and tracing the origins of significant colored gemstones.

The integration of these advanced spectroscopic methods in gemological testing 
has not only enhanced the precision and accuracy of gemstone identification but 
also streamlined the analysis process. The ability to conduct non-destructive, rapid, 
and reliable tests on gemstones using these technologies is a significant advancement 
over traditional methods. This progression aligns seamlessly with the growing need 
for more sophisticated and efficient testing procedures in the face of the increasing 
complexity of gemstone treatments and the proliferation of synthetic varieties.

Photoluminescence, in particular, has emerged as a crucial tool for understanding the 
chemical and structural properties of gemstones. Its application in determining the chro-
mium contents in various stones and its role in identifying heat treatments in minerals 
such as spinel and sapphire exemplify its versatility and effectiveness. Similarly, Raman 
spectroscopy’s capacity to classify minerals accurately and its application in distinguish-
ing natural from synthetic gemstones underscore its significance in modern gemology. 
Meanwhile, photoluminescence lifetime analysis (PLLA) provides deeper insights into 
the crystal structure of gemstones. This method opens up a new avenue for investigating 
intricate details of alterations in the crystal lattice in a non-destructive manner.

Furthermore, the adoption of these techniques in gemological laboratories has 
facilitated greater transparency and accountability within the industry. In this sense, 
by providing more detailed and accurate information about gemstones, these meth-
ods assist in maintaining the integrity of the market and the trust of consumers.

As we look to the future, the ongoing development and integration of these 
advanced spectroscopic techniques with automation and big data analysis promise 
to further revolutionize gemological testing. This evolution will likely lead to even 
more sophisticated, efficient, and comprehensive analysis methods, ensuring that the 
gemology field remains at the forefront of scientific innovation and continues to meet 
the challenges posed by an ever-changing market.

The advancements discussed in this chapter not only highlight the current state of 
gemological testing but also pave the way for future innovations that will continue to 
enhance the field’s ability to discern, categorize, and appreciate the intricate beauty 
and complexity of gemstones.

Acknowledgements

I would like to extend my heartfelt thanks to my former colleagues at the GIA’s 
research department: Dr. T.H. Tsai, Dr. A. Palke, and Dr. W. Wang. Their willingness 
to involve me in groundbreaking research and innovation projects, coupled with 
enriching professional knowledge exchanges.



Modernization and Automation of Gemological Testing: Harnessing the Power of Laser-Induced…
DOI: http://dx.doi.org/10.5772/intechopen.1004413

157

Author details

Wenxing Xu
Independent Researcher, Lucerne, Switzerland

*Address all correspondence to: wenxingx@gmail.com

Conflict of interest

The authors declare no conflict of interest.

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 



Pulsed Laser Processing of Materials

158

References

[1] Willems B, Tallaire A, Barjon J.  
Exploring the origin and nature of 
luminescent regions in CVD synthetic 
diamond. Gems & Gemology. 
2011;47(3):202-207

[2] Eaton-Magaña S, Shigley JE. 
Observations on CVD-grown. Gems & 
Gemology. 2016;52(3):222-245

[3] Eaton-Magaña S, Shigley JE, 
Breeding CM. Observations on HPHT-
grown synthetic diamonds: A review. 
Gems & Gemology. 2017;53:262-284

[4] Lu Q , Gong H, Guo Q , 
Huang X, Cai J. Gemological 
characteristic difference between 
colorless CVD synthetic diamonds 
and natural diamonds. Materials. 
2021;14(20):6225. DOI: 10.3390/
ma14206225

[5] Moses TM, Reinitz I, Fritsch E, 
Shigley JE. Two treated-color synthetic 
red diamonds seen in the trade. Gems & 
Gemology. 1993;29:182-190

[6] Fisher D, Spits RA. Spectroscopic 
evidence of GE POL HPHT-treated 
natural type IIA diamonds. Gems & 
Gemology. 2000;36:42-49

[7] Collins AT. The colour of diamond 
and how it may be changed. The Journal 
of Gemmology. 2001;27:341-359

[8] Martineau PM, Lawson SC, Taylor AJ, 
Quinn SJ, Evans DJF, Crowder MJ. 
Identification of synthetic diamond 
grown using chemical vapor 
deposition (CVD). Gems & Gemology. 
2004;40:2-25

[9] Shigley JE, McClure SF, Breeding CM, 
Shen AH-T, Muhlmeister SM. Lab-
grown colored diamonds from Chatham 

created gems. Gems & Gemology. 
2004;40:128-145

[10] Shigley JE, Breeding CM, Shen AH-T. 
An updated chart on the characteristics 
of HPHT-grown synthetic diamonds. 
Gems & Gemology. 2004;40:303-313

[11] Wang W, Doering P, Tower J, 
Lu R, Eaton-Magaña S, Johnson P, et al. 
Strongly colored pink CVD lab-
grown diamonds. Gems & Gemology. 
2010;46:4-17

[12] Wang W, D’Haenens-Johansson UFS, 
Johnson P, Soe Moe K, Emerson E,  
Newton ME, et al. CVD synthetic 
diamonds from Gemesis Corp. Gems & 
Gemology. 2012;48:80-97

[13] Wanthanachaisaeng B, Bunnag N,  
Sutthirat C, Atichat W, Ounorn P, 
Sripoonjan T. Luminescence of beryllium 
heat treated corundum. In: Burapha 
University International Conference. 
Thailand: Burapha University; 2012

[14] Wanthanachaisaeng B, Bunnag N, 
Sutthirat C, Atichat W, Ounorn P,  
Sripoonjan T, et al. Investigation of 
Be-treated sapphire by luminescence 
spectroscopy. In: in Conference on 
Raman and Luminescence Spectroscopy 
CORALS–2013. Austria: University of 
Vienna; 2013

[15] Eaton-Magaña S, Breeding CM. 
An introduction to photoluminescence 
spectroscopy for diamond and its 
applications in gemology. Gems & 
Gemology. 2016;52:2-17

[16] IGR. Basic Elements of 
Photoluminescence Spectroscopy 
in Gemology [Online]. IGR; 2018. 
Available from: https://www.
rivistaitalianadigemmologia.com/



Modernization and Automation of Gemological Testing: Harnessing the Power of Laser-Induced…
DOI: http://dx.doi.org/10.5772/intechopen.1004413

159

en/2018/02/23/basic-elements-of-
photoluminescence-spectroscopy-in-
gemology/

[17] Eaton-Magaña S, Breeding CM,  
Palke AC, Homkrajae A, Sun A,  
McElhenny G. Raman and 
photoluminescence mapping of gem 
materials. Minerals. 2021;1(2):177. 
DOI: 10.3390/min11020177

[18] Gupta A, Hacquebard  L, Childress L.  
“Efficient signal processing for time-
resolved fluorescence detection of nitrogen-
vacancy spins in diamond”. Journal of the 
Optical Society. 2016;33: 28-34

[19] Jones D, Alexandrov Y, Curry N, 
Kumar S, Lanigan P, McGuiness C, 
et al. Multidimensional spectroscopy 
and imaging of defects in synthetic 
diamond: Excitation-emission-lifetime 
luminescence measurements with 
multiexponential fitting and phasor 
analysis. Journal of Physics D: Applied 
Physics. 2021:5303

[20] Xu W, Tsai T-H, Palke A. Study of 
405 nm laser-induced time-resolved 
photoluminescence spectroscopy 
on spinel and alexandrite. Minerals. 
2023;13(3):419

[21] Scarani A, Åström M. Raman 
spectroscopy: Technique. Rivista Italiana 
Di Gemmologia. 2017;2:42-45

[22] Tsai T, Xu W. Rapid gemstone 
mineral identification using portable 
Raman spectroscopy. Journal of Raman 
Spectroscopy. 2023;54:640-650

[23] Tsai T-H, D’Haenens-Johansson UFS. 
Rapid gemstone screening and 
identification using fluorescence 
spectroscopy. Applied Optics. 
2021;60:3412-3421

[24] GIA. Gem Identification Lab Manual. 
Carlsbad, California: Gemological 
Institute of America; 2005

[25] Groat L, Giuliani G, Stone- 
Sundberg J, Renfro ND, Sun Z. A review 
of analytical methods used in geographic 
origin determination of gemstones. Gem 
& Gemology. 2019;55:512-535

[26] Liddicoat R. Developing the powers 
of observation. Gems & Gemology. 
1962;10:291

[27] Fritsch E, Rossman GR. An update 
on color in gems. Part 1: Introduction and 
colors caused by dispersed metal ions. 
Gems & Gemology. 1987;23:126-139

[28] Chow BHY, Reyes-Aldasoro CC. 
Automatic gemstone classification using 
computer vision. Minerals. 2022;12(1):60

[29] Breeding C. Developments in 
gemstone analysis techniques and 
instrumentation during the 2000s. Gems 
& Gemology. 2010;24:241

[30] Anton-paar. Handheld Raman 
Spectrometer: Cora 100 [Online]. 
Austria: Anton-paar; 2024. Available 
from: https://www.anton-paar.
com/ca-en/products/details/
handheld-raman-spectrometer-cora-100/

[31] StellarNet, Inc. StellarRAM 
Handheld Raman Spectrometer [Online]. 
Florida: StellarNet, Inc.; 2024. Available 
from: https://www.shopstellarnet.
com/stellarram-handheld-raman-
spectrometer/

[32] StellarNet Inc. 785nm Preconfigured 
Raman Spectrometer System [Online]. 
Florida: StellarNet Inc.; 2024. Available 
from: https://www.shopstellarnet.
com/785nm-preconfigured-raman-
spectrometer-system/

[33] Magilabs Ltd. gemmoraman. 
Magilabs Ltd.; 2024 [Online]. Available 
from: https://www.gemmoraman.com/
products/gemmoraman-532/



Pulsed Laser Processing of Materials

160

[34] Krishnan R. Raman Spectrum of 
diamond. Nature. 1945;155:216

[35] Beny JM, Piriou B. Vibrational spectra 
of single-crystal topaz. Physics and 
Chemistry of Minerals. 1987;15:148-159

[36] Saeseaw S, Wang W, Scarratt K, 
Emmett JL, Douthit TR. Distinguishing 
Heated Spinels from Unheated Natural 
Spinels and from Synthetic Spinels. 2009. 
[Online]. Available from: https://www.gia.
edu/doc/distinguishing-heated-spinels-
from-unheated-natural-spinels.pdf

[37] Huong LT-T, Häger T, Hofmeister W. 
Confocal micro-Raman spectroscopy: 
A powerful tool to identify natural and 
synthetic emeralds. Gems & Gemology. 
2010;46:36-41

[38] Illy E, Karlsson H. How to Choose a 
Laser: How to Choose a Laser for Raman 
Spectroscopy. Oklahoma: Laser Focus 
World; 2018. [Online]. Available from: 
https://www.laserfocusworld.com/
lasers-sources/article/16555207/how-to-
choose-a-laser-how-to-choose-a-laser-
for-raman-spectroscopy

[39] Metrohm. Auswahl der am besten 
geeigneten Laser-Wellenlänge für Ihre 
Raman-Anwendung. 2024. [Online]. 
Available from: https://www.metrohm.
com/de_ch/applications/bw-tek-
applikationen/410000001-c.html

[40] CNI. 405 nm Violet Blue Diode Laser. 
Changchun, China: CNI; 2024 [Online]. 
Available from: http://www.cnilaser.
com/blue_laser405.htm

[41] Renishaw. Multi-laser Raman 
analysis of zirconia. 2017. [Online]. 
Available from: https://www.renishaw.
com/en/multi-laser-raman-analysis-of-
zirconia--43004

[42] UNSW, "Renishaw. inVia Reflex. 
Raman Microscope (532, 785, 830 and 

1064 nm)," 2024. [Online]. Available 
from: https://www.analytical.unsw.
edu.au/facilities/speclab/instruments/
renishaw-invia-reflex-raman-
microscope-532-785-830-and-1064-nm

[43] Stockton CM. The separation 
of natural from synthetic emeralds 
by infrared spectroscopy. Gems & 
Gemology. 1987;23:96-99

[44] Mashkovtsev RI, Solntsev VP. 
Channel constituents in synthetic beryl: 
Ammonium. Physics and Chemistry of 
Minerals. 2002;29(1):65-71

[45] Schmetzer K, Kiefert L. Water in 
beryl—A contribution to the separability 
of natural and synthetic emeralds 
by infrared spectroscopy. Journal of 
Gemmology. 1990;22:215-223

[46] Renishaw. Photoluminescence 
spectroscopy and fluorescence 
explained. renishaw, [Online]. Available 
from: https://www.renishaw.com/en/
photoluminescence-spectroscopy-and-
fluorescence-explained--25809

[47] Tuschel D. Photoluminescence 
spectroscopy using a Raman spectrometer. 
Spectroscopy. 2016;31:14-21

[48] Tuschel D. Selecting an excitation 
wavelength for Raman spectroscopy. 
Spectroscopy. 2016;31:14-23

[49] Gaft M, Reisfeld R, Panczer G. 
Modern Luminescence Spectroscopy 
of Minerals and Materials. Cham, 
Switzerland: Springer; 2015

[50] Sicree A. Chrome, Rubies, 
Emeralds, and Alexandrite. 2007. 
[Online]. Available from: http://
worcestermineralclub.org/wp-content/
uploads/2015/03/PopMin-07a.pdf

[51] Gemporia. Gemstone Elements: 
Chromium. United Kingdom: 



Modernization and Automation of Gemological Testing: Harnessing the Power of Laser-Induced…
DOI: http://dx.doi.org/10.5772/intechopen.1004413

161

Gemporia; 2017 [Online]. Available 
from: https://www.gemporia.com/
en-gb/gemology-hub/article/644/
gemstone-elements-chromium/

[52] Peretti A, Günther D, Haris M. New 
type of treatment of spinel discovered 
involving heat-treatment and cobalt-
diffusion. 2015. [Online]. Available from: 
https://www.gemresearch.ch/assets/
documents/publication-articles/2015-05-
spinel-diffusion-treatment-1.pdf

[53] Yamanaka T, Takéuchi Y. Order-
disorder transition in MgAl2O4 spinel 
at high temperatures up to 1700°C. 
Zeitschrift fuer Kristallographie. 
1983;165:65-78

[54] Peterson R, Lager G, Hitterman R. 
A time-of-flight powder diffraction 
study of MgAl2O4 at temperatures 
up to 1273 k. American Mineralogist. 
1991;76:1455-1458

[55] Redfern S, Harrison R, O’Neill H, 
Wood D. Thermodynamics and kinetics 
of cation ordering in MgAl2O4 spinel 
up to 1600°C from in situ neutron 
diffraction. American Mineralogist. 
1999;84:299-310

[56] Andreozzi G, Princivalle F. Kinetics 
of cation ordering in synthetic MgAl2O4 
spinel. American Mineralogist. 
2002;87:838-844

[57] Méducin F, Redfern S. Study of 
cation order-disorder in spinel by in 
situ neutron diffraction up to 1600 K 
and 3.2 GPa. American Mineralogist. 
2004;89:981-986

[58] Princivalle F, Martignago F, Dal 
Negro A. Kinetics of cation ordering 
in natural Mg(Al, Cr3+)2O4 spinels. 
American Mineralogist. 2006;91:313-318

[59] Tsai T-H. Multi-excitation 
fluorescence imaging for identifying 

clarity enhancement in gemstones. In: 
Proc. SPIE 11815, Novel Optical Systems, 
Methods, and Applications XXIV. Vol. 
1181505. Washington, USA: SPIE (The 
International Society for Optics and 
Photonics); 2021

[60] Arem JE. What Can Gemstone 
Luminescence Indicate? IGS; 2024. 
[Online]. Available from: https://
www.gemsociety.org/article/
understanding-luminescence-gemology/

[61] Palke AC, Saeseaw S, Renfro ND, 
Sun Z, McClure SF. Geographic origin 
determination of ruby. Gems & 
Gemology. 2019;55:580-612

[62] Palke AC, Saeseaw S, Renfro ND, 
Sun Z, McClure SF. Geographic origin 
determination of blue sapphire. Gems & 
Gemology. 2019;55:536-579

[63] Lanigan PMP, McGuinness CD, 
Rendle M, Aked PA, Bearcroft CG, 
Jones DC, et al. Real-time detection of 
long lived near infrared luminescence 
from colourless cubic zirconia by 
time-gated imaging. Minerals. 
2020;10:891-902

[64] Opensistemas. The Four V’s of 
Big Data. 2023. [Online]. Available 
from: https://opensistemas.com/en/
the-four-vs-of-big-data/





163

Chapter 7

Recent Advances in Machine 
Learning Methodologies for LIBS 
Quantitative Analysis
Hao Liu, Kai Han, Weiqiang Yang and Minsun Chen

Abstract

The mapping between LIBS spectral data to the quantitative results can become 
highly complicated and nonlinear due to experimental conditions, sample surface 
state, matrix effect, self-absorption, etc. Therefore, the accurate quantitative analy-
sis is the longstanding dream of the LIBS community. The advantages of machine 
learning in dealing with high-dimensional and nonlinear problems have made it a 
cutting-edge hot topic in quantitative LIBS in recent years. This chapter introduces the 
current bottlenecks in quantitative LIBS, sorts out the data processing methods, and 
reviews the research status and progress of conventional machine learning methods 
such as PLS, SVM, LSSVM, Lasso, and artificial neural network-based methods. By 
comparing the results of different methods, the perspective of future developments 
on learning-based methods is discussed. This chapter aims to review the applications 
of the combination of quantitative LIBS and machine learning methods and demon-
strate the performance of different machine learning methods based on experimental 
results.

Keywords: laser-induced breakdown spectroscopy, machine learning, quantitative 
analysis, artificial neural network, LIBS data processing, AI for science

1. Introduction

Laser-induced breakdown spectroscopy (LIBS) is a noninvasive spectroscopy 
technique based on the emission from the excitation of atoms in materials, and it 
is widely applied for elemental compositional analysis. The sketch of the LIBS is 
illustrated in Figure 1. The spectra and images of the plasma plume produced by the 
pulsed laser ablation onto the sample surface are collected by the spectral-resolved 
measurement devices. The electrons and ions/atoms ejected from the sample can 
represent the quantitative characteristics (e.g. elements, concentrations, etc.) of the 
target, and LIBS offers a spectrometric method to obtain the information of samples.

The quantitative results can be obtained by analyzing the spectrum emitted from 
the plasma produced by a pulsed laser irradiation. Due to its capabilities of standoff 
and online measurements, portability, quasi nondestructive detection, etc., LIBS has 
widely used in the fields of environmental monitoring, space missions, industrial 
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monitoring, and isotope analysis. Several excellent existing works have reviewed LIBS 
applications [1–4], mainly focusing on specific areas or techniques such as diagnosis 
of the plasma-facing wall of confinement fusion devices [5–7], industrial applications 
[8–10] and data analysis [11], nanoparticles in LIBS [12, 13], underwater applications 
[14], aerosol analysis [15], and the study of uranium-containing compounds [16].

Since the physics and chemical mechanism involving complicated processes, 
including laser-sample target, laser-plasma, and plasma-sample interactions, the 
emission spectra are sensitive to laser parameters, ambient gas pressure, target 
characteristics (e.g. heat capacity, thermal conductivity, surface roughness, wave-
length-dependent absorptivity, etc.). Their temporal and spatial evolving [17, 18] 
lead to complex nonlinear mapping from spectral data to quantitative results, thus, 
the accuracy and real-time performance of quantitative LIBS needs further improve-
ments. In recent years, the rapid developments of machine learning and deep learning 
methods have received extensive attention from LIBS community due to their bril-
liant capability for solving nonlinear problems. Chen et al. [19] summarized machine 
learning methods in the LIBS analysis of geological applications. Li et al. [3] reviewed 
artificial neural networks (ANN) methods in geology, biology, and industrial applica-
tions, demonstrating the potential of ANN-based LIBS for material identification/
classification and quantitative analysis. Zhang et al. [11] focused on evaluating the 
performance of conventional machine learning methods, such as principal compo-
nent analysis (PCA) and support vector machines (SVM), on LIBS classification and 
regression. Huang et al. [20] provided a review of machine learning-based LIBS in soil 
analysis tasks.

These works concluded the comprehensive application of machine learning 
methods in LIBS classification and regression tasks; however, quantitative analysis, 
especially accurate quantitation, is still the vital barrier for LIBS toward real-world 
practicality. Since different types of data processing methods and machine learning 
methods have their own strength and inadequacy, it is of great importance to analyze 
and optimize one or hybrid appropriate methods according to application scenes and 
tasks. While at present, few reviews specifically focus on the comparative analysis and 
outlook of learning-based methods for quantitative LIBS. Following prior excellent 
reviews, this chapter emphasizes on machine learning techniques in quantitative 
analysis and summarizes the existing methods and advances in combination with 

Figure 1. 
The sketch of the LIBS method.
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the latest artificial intelligence (AI) results and development trends. Based on the 
latest experimental results, we propose a perspective on the future development of 
learning-based quantitative LIBS from the viewpoint of AI-driven LIBS research.

2. LIBS data preprocessing methods

LIBS system usually includes pulsed lasers, laser focusing optics, spectral 
 collection optics, spectrometers, spectral calculation, and interpretation devices. 
Nanosecond lasers are the most common-utilized LIBS light sources in laboratory 
and industrial scenarios due to its advantages of small size and weight, low cost, 
and portability. In recent decades, with the development of ultrafast laser technol-
ogy, femtosecond lasers have also been applied to LIBS analysis with benefit of their 
characteristics, such as smaller ablation volume and cold ablation effect [21].

Although the LIBS hardware system seems to be relatively simple at first glance, 
the laser characteristics (e.g., wavelength, pulse width, energy), focusing charac-
teristics (e.g., spot size, ablation rate, incident angle), target characteristics (surface 
roughness, absorption rate, thermal conductivity, etc.), and ambient environment 
characteristics (e.g., background gases and their pressures) during the process 
[17, 22–26] significantly affect the plasma emission spectra, reducing the accuracy 
elements concentration calculations by analyzing spectra emitted from laser-induced 
plasma. Despite its strength of online measurements, LIBS with conventional quan-
titative methods has a lower limit of detection (LOD) in comparison to those offline 
chemometric techniques. For trace element detection in most solids, the LIBS LOD 
is often in the range from 1 to 100 ppm [27], which barely meets the needs of several 
element trace tasks.

In order to enhance the reproducibility of LIBS spectral signals and improve the 
signal-to-noise ratio, spatial confinement [28], electric-field-assisted [29], magnetic-
field-assisted [30], polarization enhancement [31], nanoparticle enhancement [32], 
and optical capture enhancement [12] have been proposed in the current study to 
establish stable experimental acquisition conditions in order to improve the quality 
of raw data. For the acquired spectral data, data preprocessing is one of the key steps 
for quantitative analysis of LIBS, which can effectively improve the accuracy and 
reproducibility of the results. Existing spectral data preprocessing methods can be 
classified into four categories: accumulation and averaging, data filtering, normaliza-
tion and standardization, and self-absorption calibration.

2.1 Accumulation and averaging

Accumulating and averaging measured multiple spectra is effective in reducing 
noise and improving repeatability and signal-to-noise ratio (SNR). Theoretically, 
accumulating multiple spectra can improve the spectral SNR while avoiding spectral 
intensity saturation, and the higher the number of accumulations, the more beneficial 
it is to the quantitative results. However, according to the principle of statistics, if the 
noise affecting spectral repeatability obeys a normally distributed random noise with 
expectation m and standard deviation s, the expectation of the average intensity and 
standard deviation of the noise of the accumulated n spectral measurements are also 
m and s. Therefore, the larger the number of accumulations is, the smaller impact 
of further increase in the number of accumulations on the improvement of signal 
repeatability, that is. the marginal utility is decreasing.
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2.2 Data filtering

Data filtering methods mainly include smoothing, mean filtering, Kalman 
 filtering, Wiener filtering, adaptive filtering, and wavelet transform. These methods 
can theoretically divide the spectra into “signal” and “noise,” and then remove the 
“noise” part from the spectra to improve the SNR and enhance the reproducibility of 
the LIBS plasma and its spectra, hence the reproducibility of the LIBS plasma and its 
spectra is enhanced. However, it is very difficult to define “signal” and “noise” in real 
scenarios. For example, in steel samples, the characteristic spectral signals of trace 
elements, such as sulfur and phosphorus, which are usually in the order of 0.01% or 
less, can be easily ignored and regarded as the “noise” signal due to the insufficient 
SNR. Therefore, before applying filtering methods to spectral data, it is important to 
consider their physical background and their impact on the raw LIBS data. It is often 
possible to optimize the filtering method and determine the filtering parameters 
based on the physical mechanism of quantitative analysis. For example, moving aver-
ages and the resulting moving convolutions that can be adapted to machine learning 
methods are more typical spectral smoothing methods. The method can be applied 
to the spectra of each sample, thus reducing errors due to instrumental and environ-
mental noise. It is important to note that the choice of the sliding window width is one 
of the most important parameters. If the moving window is too narrow, the smooth-
ing effect will be limited, while if the moving window is too wide, the resolution of 
the spectrum will be compromised, resulting in a poor quantitative analysis.

2.3 Normalization and standardization

Spectral normalization, also known as spectral standardization, is a commonly 
used method to reduce signal uncertainty and improve signal concentration correla-
tion. Normalization methods include background normalization, spectral integral 
normalization, standard normal variable normalization, internal standard normaliza-
tion, and external standard normalization [33]. Usually, normalizing the background 
can effectively improve the data quality, but some of the findings also give contrast 
results [34].

Spectral integral method divides the spectrum intensity by the integral intensity 
of the whole spectrum to obtain the normalized spectrum [35]. Standard normal 
variational method refers to the intensity calibration to the standard normal distribu-
tion [36]. Internal standard method involves selecting the reference spectral lines in 
the vicinity of the interested spectral lines to calculate the relative intensities [37], 
and external normalization uses spectral lines from the known elemental concentra-
tion to calibrate the spectral lines of unknown elements.

Several studies on LIBS normalization are listed in Table 1. Some prior research 
hypothesized that normalization is expected to yield better experimental results but 
did not verify it by comparing experiments.

From the table, the R2 is often used as an evaluation parameter, complemented by 
other metric parameters such as root mean square error (RMSE), root mean square 
error of the validation set (RMSEC), root mean square error of the cross-validation 
(RMSECV), and the limit of detection (LOD), which allow evaluation of the superi-
ority from different perspective.

In addition, some studies have used other parameters from LIBS experiments as 
normalization references. For example, a normalization method based on plasma 
parameters is proposed and applied to archeological samples [42]. The total number 
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density, temperature, and electron number density can also be used to normalize the 
measured spectra under different conditions in order to compensate for fluctuations 
in the spectral signals due to variations in the nature of the plasma [43]. A method 
based on the ideal sample normalization is proposed by [44]. The method assumes 
that the plasma temperature (T), electron number density (Ne), and atomic number 
density (Ns) of the measured element are at standard values in the ideal state, and 
each actual measured signal can be regarded as the ideal state value plus the devia-
tion caused by the variation of T, Ne, and Ns. By converting each measured spectrum 
to a spectrum at the standard state, the measurement uncertainty can be reduced. 
Similarly, researchers have used the current of the LIBS plasma, total emission 
intensity, plasma images, the Euclidean norm, the maximum and minimum intensity 
values of each individual spectrum [45–47], and other reference signals to calibrate 
spectral raw data [48].

However, for quantitative analysis, the plasma does not always satisfy the local 
thermodynamic equilibrium (LTE). In addition, the elements with low concentration 
in the target yield a small intensity of the spectral lines, so the SNR is not sufficient to 
derive accurate quantitative results. Thus, the use of calibration methods in practical 
applications needs careful assessment based on the actual state of the LIBS plasma. 
In conclusion, although normalization can reduce the fluctuation and error of the 
signal under certain circumstances, the normalization method that lacks mechanism 
support can also lead to a worse quantitative accuracy than the non-normalized case 
[34]. Therefore, the selection of normalization methods should consider availability 
of prior knowledge, suitable reference lines, and reliable mechanistic models.

2.4 self-absorption calibration

The spectrum of spontaneous radiation in the central region of the plasma under-
goes self-absorption as it passes through the region occupied by the plasma. In the 
measurement of relative concentration of trace elements to iron in steel samples by 
using the remote LIBS technique [49], nonlinear effects are still obvious due to the self-
absorption even after the internal normalization. Experiments [50] have shown that 
even if no significant attenuation in the line shape, the self-absorption effect still pres-
ents and affects the accuracy of the quantitative results. Theoretical models for optically 
thick plasmas are commonly used in studies to calibrate self-absorption via the curve 
of growth (COG). The COG method is firstly applied to the Cr peak and analyzed the 

Normalization method Norm vs. non-norm 
comparison

Metric 
parameters Reference

internal normalization Yes RMSECV, LOD Thomas et al. [38]

internal normalization Yes RMSEC, R2 Andrade et al. [39]

background normalization No R2, LOD Dell’Aglio et al. [34]

spectral integral No RMSE, R2 Payre et al. [40]

spectral integral Yes RMSECV, R2 Takahashi et al. [41]

standard normal Yes R2, LOD Syvilay et al. [36]

Table 1. 
Several existing normalization methods, where RMSECV is root mean square error of cross-validation, RMSEC 
is root mean square error of cross-validation, RMSE is root mean square error, and LOD is the limit of detection.
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properties of the laser-induced plasma, such as temperature. The mode [51] l demon-
strated the difference in the relationship between peak intensity and concentration over 
a wide range of concentrations. The line absorption model [52] is also used to calculate 
theoretical intensities from the significant self-absorbing Cu lines, demonstrating that 
their method is effective for generating highly linear calibration curves of the Cu/Si 
intensity ratio as a function of Cu concentration. Lazic et al. [53] calculated optically 
thick plasma self-absorption of different elemental spectral lines and showed that self-
absorption can lead to relative errors of up to 20% in quantitative LIBS analysis.

The temporal–spatial evolution of LIBS plasma is complicated [25], so the self-
absorption study is important to understand the mechanism of plasma emission 
spectra in LIBS. Existing studies have proposed many methods to reduce matrix 
effects and correct for self-absorption to improve the accuracy of calibration quan-
titative analysis. However, the effectiveness of these methods still depends on the 
samples and experimental conditions used. For example, for the quantitative analysis 
of samples with complex compositions, such as steel, rock, and soil, the nonlinear 
effects caused by matrix effects and self-absorption effects are still the bottleneck, 
which limits the high-precision quantitative analysis of LIBS.

3. Conventional machine learning methods for LIBS

3.1 Partial least squares (PLS)

Partial least squares (PLS) regression is a statistical-based machine learning 
method that obtains a linear regression model by projecting the prediction and 
observable variables onto a new space and then determining maximum variance 
hyperplane between the function and the independent variables. PLS has been widely 
used in the quantitative LIBS, especially in the quantitative analysis of samples 
containing multiple elements, for example, the prediction of chemical composition 
of rock samples [54]. The serial partial least squares (S-PLS) and multiblock partial 
least squares (MB-PLS) [55] are used in quantitative analysis. The hybrid method [56] 
of PLS and wavelet transform is proposed to measure the C content in 24 bituminous 
coal samples. Since the output of the PLS method is not limited to elemental concen-
trations, it has also been applied to other quantitative analyses. For example, C ele-
ment, ash, and volatile components in 58 coal samples are determined by a combined 
model [57] of principal component analysis and partial least squares. The isotopic 
ratio of U235/U238 is outputted with relative error of 0.1–8% [58], whose accuracy 
can meet the demand of in situ detection for industrial production.

The PLS method is not only used for the detection of samples in atmospheric 
environment but is also applied to underwater LIBS measurements. Large fluctua-
tions occurred in the signal of LIBS in water by PLS and improved the accuracy of the 
quantitative analysis, which resulted in a reduction of the RMSECV by 30% [59]. In 
addition, the PLS method has been applied to the in situ analysis of Martian rocks by 
ChemCam, a LIBS device on board Curiosity [60, 61]. Experimental results in labora-
tory and practical environments [62–65] show that PLS quantitative analysis achieves 
better results with a 9% reduction in RMSEP compared to other multiple regression 
methods, such as elastic net, least absolute contraction, and selection operators, sup-
port vector regression and k-nearest neighbor regression [66, 67].

Since PLS has theoretical advantages in dealing with multivariate regression 
problems, the PLS method outputs more accurate results under the circumstance that 
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more variables than observed condition numbers in the prediction matrix, or when 
there is multicollinearity among the data. It is important to note that PLS relies on 
statistical correlation or curve fitting, ignoring the physical knowledge of the LIBS 
measurements, which may lead to excessive noise and ultimately undermine the 
accuracy of quantitative measurements if the samples are out of the range of calibra-
tion sample set. Therefore, PLS should be used in combination with methods that 
incorporate physical mechanisms, such as principal component analysis and wavelet 
transform, to obtain better analytical results.

3.2 Support vector machine (SVM)

SVM is a machine learning method based on the principle of structure 
 minimization, which is suitable for multivariate regression problems and has strong 
adaptability to high-dimensional, complex, and nonlinear data. SVM is widely used 
in quantitative LIBS, and fusion of principal component analysis (PCA), which 
reduces the dimensionality of the data, with SVM is a common approach in LIBS.

The combination of PCA and SVM can analyze ash, volatile matter content, and 
calorific value in 550 kinds of coal samples [68] and can establish calibration model 
for 35 kinds of coal samples after spectral normalization by Lorentzian and linear 
functions [69]. Experiments [70] reveal that SVM method could effectively reduce 
the model complexity and obtain more accurate results of silicon, magnesium, 
calcium, iron, and aluminum elemental concentrations. However, SVM is not robust 
to noise, it needs to consume a lot of computational resources and the speed is slow 
when regression analysis is performed on spectral data embedded with different 
kinds of noise in the real scene. A combination [71] of particle swarm optimization 
(PSO) algorithm with the SVM algorithm is proposed to measure the concentration 
of heavy metal chromium Cr in pork, and both R2 and RMSE are reduced compared 
to the traditional SVM method. Compared with the artificial neural network-based 
quantitative analysis presented in the following section, the SVM method has the 
advantages of simple parameter control and high interpretability.

Least squares support vector machine (LSSVM) is an improvement of SVM. In 
LSSVM, the least squares method is used to solve the problem of classification or 
regression instead of the convex optimization problem in SVM. Thus, LSSVM has a 
simpler solution process, faster computation and can handle high-dimensional sparse 
data. In addition, LSSVM can optimize the performance of the model by adjusting the 
regularization parameters and the parameters of the kernel function. Results of LIBS 
quantitative analysis on Al-Cu-Mg-Fe-Ni alloy samples [72] show better performance 
of LSSVM method than PLS regression from the perspective of prediction accuracy, 
model robustness, computational time, and generalization ability. Prior work [73] 
also quantitatively analyzed atmospheric deposition of four metallic elements (Pb, 
Cu, Zn, and Al) by fusion of random forest with the LSSVM method. The predictive 
performance of different models was evaluated via metric parameters such as accu-
racy, sensitivity, precision, and specificity, and the LSSVM model showed superiority 
in pollution sources LIBS experiments.

3.3 Least absolute shrinkage and selection operator (LASSO)

In statistics and machine learning, the least absolute shrinkage and selection 
operator (LASSO) is an often-used regularization-based regression analysis method. 
Its basic principle is to constrain the complexity of a linear model by applying an L1 
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regularization term to the model to improve the predictive accuracy and interpret-
ability of the generated statistical model. The Lasso regression can be generally 
expressed as
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The advantage of using these linear methods is to prevent overfitting due to the 
application of penalty terms. The method can be used even if the number of predic-
tions in the dataset is greater than the number of observations. It is also computation-
ally efficient in terms of learning and prediction. The Lasso algorithm can be used to 
optimize the feature parameter selection in machine learning by ranking the correla-
tion between the different elemental concentration in the sample and the spectral 
intensity. The larger the absolute value of the Lasso coefficient β indicates the higher 
correlation between the intensity and the concentration of the element. Therefore, it 
is very suitable for quantitative LIBS for those samples with many elemental species 
and large differences in concentration. For example, Boucher et al. [67] used the 
LASSO regression method to quantitatively analyze the principal components of 
rocks. Zhang et al. [74] quantitatively analyzed the C element in steel samples, and 
the relative error was reduced to 13.6%.

4. Artificial neural network (ANN)

Neural network is a powerful and effective analytical method for describing the 
mapping relationship between the input parameters I, ∈ mI   (m-dimensional feature 
space  ) and the output result O, ∈ nO   (n-dimensional result space  ). The 
method can model complicated systems, including causal and logical reasoning based 
on knowledge of physics, chemistry, etc., and stochastic processes such as noise by 
using datasets to train artificial neural network (ANN) and finally accomplish regres-
sion analysis task. Specifically for LIBS quantitative analysis, neural networks can 
construct models to learn the mapping relationship between input parameters such as 
spectral intensity, spectral line shape, spectral center wavelength, plasma character-
istic parameters, experimental condition parameters and output parameters such as 
the concentration of each element in the sample, containing spectroscopic processes 
based on physicochemical mechanisms, matrix effects, self-absorption, background 
noise, random noise, signal fluctuations, and any processes that interfere with the 
linear/nonlinear relationship between input–output parameters. With sufficient data 
and appropriate training, neural networks can theoretically achieve high-precision 
quantitative analysis for complex LIBS processes (Figure 2).

4.1 Back-propagation neural network (BPNN)

BPNN is a kind of ANN based on error back-propagation algorithm. BPNN can 
adaptively learn complex nonlinear relationships, the training speed is fast, and 
the effect is more prominent when the amount of data is not large. As a supervised 
learning method, BPNN needs some known samples for training and then uses some 
unknown samples to test the performance of the training network. For the quantita-
tive analysis of elemental concentration, all samples are usually divided into training, 
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validation, and test samples, and accordingly, the whole LIBS spectral dataset is 
divided into training, validation, and test sets. The initial weights and bias values of 
the original BPNN are randomly assigned. When BPNN training is performed, the 
spectra of the training samples are input into the network along with their concentra-
tion truth values. The output concentration values predicted by the BPNN are then 
compared with the measured values and the total error between them is calculated, 
and this is iterated for many rounds until the total error converges to the desired value 
or the number of iterations reaches the pre-set upper limit, thus obtaining a set of 
final weights and bias values that constitute the convergence of the trained network 
to the appropriate range. Finally, the predictive ability of the evaluated model is 
examined by validation and test sets. The trained network predicts and calculates the 
elemental content in the sample, and its accuracy can be assessed by the difference 
between the actual and predicted values.

As mentioned above, the problem of the reproducibility of LIBS raw data spectra 
and the fluctuation of experimental parameters, such as laser energy and plasma 
temperature, can seriously affect the accuracy of the calculation of the elemental 
content of the samples. Researchers have solved the problem by building BPNN net-
works containing experimental parameters. For example, Wang et al. [75] proposed 
a method for quantitative analysis of LIBS based on key parameter monitoring and 
back-propagation neural network, called KPBP [76], which used the BPNN algorithm 
to fit the spectral intensities, and standardized the spectral segments containing the 
characteristic lines using KPBP. In the study, KPBP experiments were first carried out 
on the spectra of monolithic samples such as pure aluminum, monocrystalline silicon, 
and pure zinc in order to optimize the KPBP model. The results show a significant 
reduction in the RSD of the quantitative results obtained by KPBP compared to the 
conventional machine learning method and the BPNN method.

4.2 Multilayer perceptron (MLP)

MLP is a common feedforward neural network. It consists of multiple neurons 
connected through multiple layers. Its basic principle is to pass the output obtained by 
weighted summing the inputs of each node to the nodes in the next layer through the 
activation function, and at the same time, to perform nonlinear transformations and 
dimensionality reduction on the data, to better characterize the structure of the data, 
and to deal with the complex nonlinear problems. Compared with BPNN in quantita-
tive LIBS, MLP has higher model complexity and fitting ability. However, MLP also 
suffers from the overfitting problem and requires a suitable regularization method to 

Figure 2. 
The common-used ANN structures. (a) Sketch of BPNN, (b) sketch of CNN.
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constrain the learning process of the neural network. Bhardwaj et al. [77] developed a 
semi-supervised learning method based on an adaptive MLP algorithm for long-range 
portable LIBS systems. The method is lightweight, low computational, and power 
cost, and the model training and prediction can be deployed on commercial cell 
phones with accuracy of 89.3% for quantitative analysis. Effects from experimental 
parameters and physical and mechanical properties of samples are studied [78] by 
designing the network inputs, including the laser single-pulse energy, the iCCD time 
delay, ionization energy of the measured element, the central wavelength of the 
corresponding spectral line, the concentration of individual elements, the reflectivity 
of the sample, the latent heat of vaporization, the specific heat, and the boiling point, 
in the MLP network model, which is used to obtain the optimal SNR of the LIBS 
spectra. The results show that the experimental parameters can be optimized effi-
ciently using the MLP method, so it is possible to select the experimental parameter 
corresponding to the best SNR value as the optimization parameter for LIBS measure-
ments and improves the performance of LIBS measurements. Both BPNN and MLP 
are shallow neural network algorithms, and they are highly adaptive, flexible, and 
predictive accurate. When choosing a specific algorithm, it is necessary to consider 
the data volume, sample characteristics, prediction accuracy, and other factors and 
choose a suitable neural network structure according to the actual situation.

4.3 Convolutional neural network (CNN)

CNN is a deep neural network method commonly used in quantitative LIBS 
 analysis. Compared with the BPNN and MLP networks, the modules of convolution 
and pooling in the CNN framework achieve better performance in processing nonlin-
ear LIBS spectral data. The basic principle of CNN in quantitative LIBS is to extract 
the internal correlation of the neighboring data points through the convolution opera-
tion to learn the deeper features in the LIBS spectrum.

Due to the rapid development of CNN models, CNN methods have been a hot 
research topic in quantitative LIBS research in recent years. Yang [79] and Li [80] 
et al. studied LIBS spectra collected during the preflight test of the Mars mission 
based on the Mars Surface Composition Detector (MarSCoDe) on Tianwen 1 Mars 
Rover, achieved high-precision quantitative LIBS by using a CNN model with five 
convolutional layers and two pooling layers. Castorena et al. [81] proposed a CNN 
network dedicated to spectral processing, which can simultaneously realize the 
preprocessing and quantitative measurement of LIBS spectral signals, and the experi-
mental results demonstrated that this method was significantly better than the exist-
ing method used by the U.S. Mars rover Curiosity. Davari et al. [82] fused the Lasso 
model with a one-dimensional CNN method to analyze LIBS spectra of single-crystal 
silicon and measured the oxygen-related impurities in the samples with LOD as low as 
0–16 ppm. Cui et al. [83] proposed a migration-learning multitask regularized CNN 
model for quantitative analysis of coal samples on a dataset with small sample size. 
Compared with PLS, SVM regression, and ordinary CNN networks, the RMSE of 
this method was reduced by 19.9%, 5.9%, and 7.7%, respectively. Choi et al. [84] used 
LIBS to monitor laser cleaning of painted stainless steel and proposed a deep learn-
ing method based on CNN for quantitatively analyzing whether the base elemental 
material appeared in LIBS spectra and achieved satisfied results in terms of real time 
and accuracy. Eynde et al. [85] used the CNN-architected GHOSTNET network for 
trace elements such as Fe, Cu, Mn, Mg, and Zn, which are found in very low levels in 
fertilizers, and compared it with the BPNN method. The results show that the average 



173

Recent Advances in Machine Learning Methodologies for LIBS Quantitative Analysis
DOI: http://dx.doi.org/10.5772/intechopen.1004414

RMSE of the deep learning method does not exceed up to 0.01%. In addition, the 
method is lightweight and real time with processing time only 10 ms, which plays an 
important role for the practical application of LIBS technology in metal sorting and 
other fields.

In conclusion, CNN can mine the intrinsic features and distribution of data and is 
a more accurate quantitative LIBS method. In practical applications, the appropriate 
network structure and training strategy can be selected according to the data charac-
teristics and the constraints of computational resources to improve the accuracy and 
robustness of quantitative analysis.

In addition to the above commonly used neural networks, there are other deep 
learning methods that have been applied to LIBS quantitative analysis. For example, 
Wei et al. [86] used the wavelet neural network (WNN) to quantitatively analyze the 
main components in coal ash, and the results showed that WNN still has high accu-
racy in online detection. Rezaei et al. [87] used recurrent neural network (RNN) to 
compare the accuracy of quantitative analysis of aluminum alloy with other methods, 
such as SVM regression and MLP, and the results showed that the RNN had good 
performance for most of the element concentrations with the highest efficiency in 
quantitative measurements.

5. Discussion

Table 2 lists the comparative studies conducted on different machine learning 
methods on the same sample in recent years. We can see that the PLS algorithm is 
frequently used in the quantitative LIBS due to its simple implementation and good 
fitting. In addition, in most cases, the LSSVM method, which is based on an improved 
SVM, has greater fitness and smaller error.

It is worth noting that few studies have been conducted to compare and analyze the 
quantitative analysis of conventional machine learning methods and ANN methods 
due to the lack of benchmark quantitative LIBS datasets. It is well-known that for 
machine learning, especially deep learning methods, datasets play an important role in 
experimental studies such as model training, and the number and quality of datasets 
can significantly affect the accuracy of quantitative results. The current targets for 
quantitative LIBS based on machine learning include geological samples such as soil 
and rocks, alloy industrial materials, biomedical samples, food materials, and many 
other target samples with different properties, elemental contents, shapes, and states. 
These researches cover a wide range of fields, most of the datasets are not open source 
nor public available, and many research groups have private datasets, so it is difficult to 
compare the performance of different machine learning methods fairly in analogy to 
the fields of image processing and machine vision, which have many open-source pub-
lic datasets. Kepes et al. [95] have previously proposed and created a benchmark dataset 
of LIBS for soil for classification tasks and launched a LIBS classification competition 
at the EMSLIBS 2019 conference [96]. The dataset contains tens of thousands of LIBS 
spectral data from a total of 138 soil samples of 12 different species. Unfortunately, 
however, there is no publicly recognized benchmark dataset for quantitative LIBS 
analysis to compare the performance of different machine learning algorithms.

With the rapid development of artificial intelligence field, LIBS quantitative 
analysis is facing opportunities. In the following, we throw light on the development 
of AI+LIBS from the aspects of mechanism, data, and method to provide viewpoint 
support for the practicality of high-precision quantitative LIBS.
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5.1 Spectral data acquisition based on LIBS mechanism

The state of LIBS plasma is crucial for quantitative analysis, and to make LIBS data 
measurement more accurate, the spectral signals need to be collected at the appropriate 
time, orientation, environment, and other experimental parameters in the experiment. 
However, the kinetic mechanism of the emission spectra during the time-dependent 
expansion of LIBS plasma is complicated, and most of the previous works have not 
carefully studied the selection of experimental parameters, resulting in poor accuracy 
of the raw LIBS spectral data. Some recent works used machine learning methods for 
optimization [78] but did not give a suitable spatial and temporal range for sampling 
LIBS spectral measurements from the mechanism. To address this, in recent years, the 
authors’ group has conducted several studies on the evolution of LIBS plasma dynam-
ics. Firstly, we diagnosed the silicon plasma evolution process and parameters such as 
electron temperature and density by a temporal–spatial-spectral resolved observation 
system and found that it is difficult for the plasma to reach the local thermodynamic 
equilibrium (LTE) within the first 200 ns after laser ablation, and we derived a suf-
ficient and necessary criterion for LTE from an universal electron energy distribution 
function, which is more effective than the McWhirter criterion [97], which provides 
theoretical and technical methods for the measurement of LIBS plasma parameter 
evolution with time and space [25]. Subsequently, in order to enrich the parameter 
database required for quantitative analysis of LIBS plasma, a method of expanding 
the database using cross-correction was proposed, which promotes the practicability 
of quantitative analysis of LIBS plasma in the non-LTE [26]. In order to analyze the 

Samples Target elements/compound Method RMSEP R2

Iron ore [88]
Fe, SiO2, Al2O3, CaO, MgO PLS 1.218 wt% 0.9710

LSSVM 0.624 wt% 0.9933

Iron Ore [89]
CaO, MgO, SiO2, Al2O3 PLS 7.8018 wt% 0.7166

LSSVM 6.5724 wt% 0.8047

Coal [90]
C, Si, Al, Fe, Ca, Na, K PLS 1.68 mJ/kg 0.9300

SVM 1.08 J/kg 0.9700

Pork [71]

Cr PLS 4.8362 wt% 0.9696

SVM 0.6961 wt% 0.9973

MLP 15.2996 wt% 0.9136

Olivine [91]
Mg2SiO4, Fe2SiO4 MLP 29.03 0.9010

BPNN 28.64 0.9110

Chemical fertilizer [92]
N, P, K SVM 0.0752 0.9656

LSSVM 0.0242 0.9960

Soil [93]
Cd PLS 0.051 0.9463

LSSVM 0.034 0.9730

Cement [94]
Ca, Si, Al PLS 1.3517% 0.8260

SVM 0.5831% 0.9900

Table 2. 
Summary of a comparative study of different machine learning methods on the same sample.



175

Recent Advances in Machine Learning Methodologies for LIBS Quantitative Analysis
DOI: http://dx.doi.org/10.5772/intechopen.1004414

mechanism of wavelength-dependent LIBS, the authors [17] fused a hydrodynamics-
based adiabatic expansion simulation model and spatial–temporal spectrally resolved 
experimental observations to reveal the mechanism by which plasmas generated by 
long-wavelength lasers are more likely to satisfy LTE. The experimental results show 
that the LIBS plasma has stronger inverse bremsstrahlung absorption for 1064 nm 
nanosecond pulsed lasers compared to 532 nm lasers, and the higher electron tempera-
ture leads to a more rapid energy transfer within the plasma and thus is easier to reach 
the LTE state. Recently, the author’s team has established a temporal–spatial resolved 
thermodynamic state evolution model of LIBS plasma and proposed the LTE criterion 
based on the spectral line fitting method, which realizes a more accurate identification 
of the time window and spatial location of the LIBS plasma in LTE. The above mecha-
nism studies provide a theoretical basis for the accurate acquisition of LIBS spectral 
data. For example, Ke et al. [98] used this criterion to optimize the acquisition time of 
LIBS signals under different background air pressures, which significantly increased 
the accuracy of quantitative LIBS under different air pressure conditions.

5.2 Data issues

As mentioned in Section 4.3, sufficient and high-quality data can train 
 high-performing machine learning models. However, the lack of open-source large-
scale datasets is still a difficulty for community of LIBS. On the one hand, we should 
continue to call for the establishment of publicly available benchmark datasets in 
the field of LIBS research, and on the other hand, we can find ways to overcome the 
bottleneck from the interdisciplinary aspect. Few-shot learning is not only a challenge 
in the field of LIBS quantitative analysis but also a frontier and hotspot in the current 
development of new generation artificial intelligence. Methods, such as data aug-
mentation, transfer learning, and deep learning with the fusion of knowledge-guided 
and data-driven, have been proposed in recent research in the field of AI to solve the 
small-sample problem in practical applications. These studies can provide ideas and 
inspiration for LIBS quantitative analysis. For example, in a recently published work, 
Cui et al. [83] proposed a transfer learning multitask regularized CNN model to 
achieve quantitative analysis of coal samples on a small number of target samples. In 
the future, we can introduce constraints such as multitask regularization and make full 
use of the physical knowledge embedded in the spectral data as a prior information, 
which is expected to achieve high-precision LIBS analysis in the case of small samples.

5.3 Interpretability of deep learning

Although deep learning has demonstrated excellent performance for nonlinear 
and complex problems in many fields, including LIBS quantitative analysis, its 
“black box” characteristics make safe, trustworthy, and interpretable deep learning 
methods a key issue in the development of the new generation of AI. Since there is a 
theoretical mapping relationship between LIBS spectra and elemental concentrations 
based on physicochemical mechanisms, although the coupling of matrix effects, self-
absorption, plasma evolution, and other complex factors leads to the nonlinearization 
of this mapping relationship, the deep learning methods in quantitative LIBS still 
have certain interpretability. For example, it has been shown [80] that the quantiza-
tion ability of PLS can be greatly improved by using baseline removal as a spectral 
data preprocessing step, while the quantization ability of BPNN is almost unchanged, 
and the quantization ability of CNN is even slightly decreased, and experiments have 
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shown that the performance of full-spectrum-based CNN quantization in [99] is 
better than the prediction of CNN based on selected spectral regions. These results 
indicate that although there is a large amount of noise signal in the baseline, it still 
contains useful information making the output of the deep learning model more accu-
rate. The underlying reason is that although the LIBS line spectrum is the main feature 
of raw data, the continuous spectrum comes from physical processes, such as brems-
strahlung, which implies information, such as the plasma temperature, so the CNN 
model using the full spectral information obtains more. In the future, the knowledge 
of physics and chemometrics applied to spectroscopic analysis can be combined with 
neural networks to innovate network architecture, training process, loss function, 
and the use of methods, such as supervised and reinforcement learning independently 
or jointly. Utilizing knowledge-inspired deep learning methods can not only solve 
the small sample but also enhance the interpretability of the deep learning methods, 
serving as an example of the interpretability of next-generation AI technologies while 
promoting further improvement of the accuracy of quantitative LIBS.

6. Conclusion

This chapter provides an overview of the current bottlenecks in LIBS quantitative 
analysis, outlines the common-used data preprocessing methods required for machine 
learning (ML), and reviews the research status and progress of conventional ML 
methods such as PLS, SVM, Lasso, and ANN-based quantitative analysis methods. 
Finally, in response to challenges and opportunities in the development of AI and 
LIBS, suggestions are proposed from the perspectives of mechanism, dataset prob-
lems, and interpretability of deep learning. Through this review, we aim to provide 
support for interdisciplinary research of AI and LIBS.
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