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Abstract
Since their invention in the early 20th century, the properties of synthetic poly-
mers have been steadily improved and therefore, polymers became one of the
most widely used materials in our modern world. To open up new application
fields for polymers, constant improvement of the materials’ properties is still
necessary. Nowadays, a common approach to fine-tune the required properties is
the employment of (in)organic additives, making industrial polymers a very com-
plex material. As further development of material properties goes hand-in-hand
with thorough characterization and analysis of the material, analytical tools
which enable characterization of polymers also need constant improvement.

There are several well-established analytical tools such as FT-IR- and Raman-
spectroscopy, Py-GC-MS, DTA/TGA or MALDI-TOF-MS which are convention-
ally used for polymer characterization, all coming with unique advantages and
limitations. Nevertheless, there are still several characteristics such as spatially
resolved classification and degradation studies, or quantitative assessment of
trace metals’ content which are beneficial for polymer characterization but are
not accessible with conventional techniques. To overcome these limitations,
the benefits of the two analytical techniques Laser Ablation-Inductively Cou-
pled Plasma-Mass Spectrometry (LA-ICP-MS) and Laser Induced Breakdown
Spectroscopy (LIBS) for polymer analysis are evaluated. Providing elemental
and also molecular information, high sensitivity for trace metal analysis and
the possibility of laterally resolved analysis and depth profiling, these two tech-
niques offer favorable figures of merit for polymer analysis. Although frequently
applied in fields such as geochemistry, biomedical applications, or materials
science LA-ICP-MS and LIBS are only scarcely reported in the literature for the
analysis of synthetic polymers. There is some work reporting the use of LIBS
for the classification of bulk polymer samples, and LA-ICP-MS has been used
for quantitative metal analysis when required reference materials are available.
Therefore, there is still a lot of room for improvements of LA-ICP-MS and LIBS
to establish them as useful techniques for polymer characterization.

In this work, LA-ICP-MS and LIBS are employed to tackle three different
applications of polymer characterization which are not easily accessible with
conventional techniques:

• Spatially Resolved Polymer Classification: With further develop-
ments, composite materials consisting of multiple polymer types have
emerged. To fully characterize these materials, spatially resolved polymer
classification is necessary to ensure the desired distribution of the polymer
within the material. With some conventional techniques such as FT-IR
or MALDI-TOF-MS, investigation of the lateral distribution of different
polymer types is already possible. Nevertheless, analysis of polymeric
multilayer systems is not accessible, since these techniques allow only the
investigation of the sample surface. Using different sample types and vari-
ous data evaluation strategies, the possibility of using LIBS for 2D as well
as 3D imaging of polymer distributions within a sample was investigated.
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• Investigation of Polymer Degradation: In many different fields where
polymers are used, the material is exposed to harsh (environmental) con-
ditions, such as UV-radiation, humidity, elevated temperatures and some-
times corrosive species. To ensure a safe application, characterization of
polymers’ degradation behavior as well as uptake of different species from
the surrounding environment is important. LA-ICP-MS and LIBS provide
unique features that could be used for comprehensive characterization of
polymer degradation. The detection of polymer specific emission signals
may be used to assess degradation of the polymeric network and detection
of oxygen may allow to investigate oxidation of the sample. Additionally,
a high sensitivity for inorganic species can be used to determine uptake of
these species. Both degradation and uptake of inorganic species can be
performed not only on the sample surface but also in depth profile analysis.
Using these benefits, the degradation behavior of a wide range of different
polymeric samples under different aging conditions was investigated.

• Quantitative Metal Analysis in Polymers: Analysis of polymers’
metal content is of great interest in many different fields ranging from the
assessment of toxic metals in polymers used in the food packaging industry
to the necessity of high purity polymers used in the semiconductor indus-
try. Even though reliable, conventional approaches for the quantitative
determination of polymers’ metal content such as microwave-assisted di-
gestion or combustion followed by liquid ICP-MS or ICP-OES analysis are
time-consuming, laborious and have a high usage of harsh and hazardous
chemicals. Additionally, only information about the bulk concentration
within the polymer is accessible. All these reasons make conventional
approaches both economical and ecological unfavorable. Using direct-
solid sampling techniques, all of the aforementioned disadvantages can be
overcome. Nevertheless, for quantitative analysis usually matrix-matched
standards are necessary which are scarcely available. In this work, the
application of LIBS combined with multivariate statistics for quantitative
metal analysis in polymers without matrix-matched standards is evaluated.
Results indicate adequate performance of the developed approach.
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Kurzfassung
Seit der Erfindung und Einführung von synthetischen Polymeren zu Beginn des
20. Jahrhunderts wurden deren Eigenschaften stetig verbessert und haben sich
daher über die letzten Jahrzehnte zu einem weitverbreiteten Material entwickelt.
Um auch in Zukunft immer neue Anwendungsgebiete zu eröffnen, ist eine weitere
Verbesserung der Materialeigenschaften nötig. In modernen Polymeren wird
häufig eine Vielzahl von (an)organischen Additiven eingesetzt, um die Eigen-
schaften für spezielle Anwendungen zu optimieren, wodurch sich sehr komplexe
Materialzusammensetzungen ergeben. Weiterentwicklung von Materialien ist
immer eng verbunden mit deren umfassenden Charakterisierung, wodurch sich
auch die Notwendigkeit der Verbesserung von analytischen Methoden für Poly-
mercharakterisierung ergibt.

Häufig eingesetzte analytische Techniken zur Charakterisierung von Poly-
meren sind FT-IR- und Raman Spektroskopie, Py-GC-MS, TGA/DTA oder
auch MALDI-TOF-MS. Jede dieser Techniken ermöglicht die Untersuchung
von speziellen Eigenschaften von Polymeren. Obwohl mit diesen Techniken
bereits ein Großteil von charakterisierbaren Merkmalen abgedeckt ist, gibt es
immer noch einige Eigenschafte, die mit konventionellen Messmethoden nur
schwer zugänglich sind. Dazu zählen etwa Bereiche der Polymerklassifizierung,
Untersuchung von Polymerdegradation, oder die quantitative Bestimmung des
Metallgehalts von Polymeren. Um die Analyse dieser wichtigen Bereiche zu er-
möglichen, wird in dieser Arbeit die Anwendung von Laser Ablation-Inductively
Coupled Plasma-Mass Spectrometry (LA-ICP-MS) und Laser Induced Break-
down Spectroscopy (LIBS)) untersucht. Diese beiden Techniken ermöglichen
nicht nur eine hohe Empfindlichkeit für die Detektion des Metallgehalts sondern
auch die direkte Detektion der Hauptbestandteile von Polymeren sowie moleku-
larer Fragmente der Probe. Zusätzlich ist eine ortsaufgelöste Analyse in Form
von Images und Tiefenprofilen möglich. LA-ICP-MS und LIBS sind etablierte
analytische Techniken, die in den Bereichen der Geowissenschaften, Material-
wissenschaften oder auch in medizinischen Fragestellungen bereits routinemäßig
eingesetzt werden. Im Bereich der Polymeranalyse gibt es jedoch kaum Literatur,
die sich mit der Anwendung von LA-ICP-MS und LIBS auseinandersetzt. In den
wenigen publizierten Arbeiten wird lediglich die Anwendung von LIBS für die
Klassifizierung von Bulk-Polymerproben gezeigt. Mit Hilfe von zertifizierten Ref-
erenzmaterialen wurde LA-ICP-MS bereits für die quantitative Bestimmung des
Metallgehalts verwendet. Daher werden in dieser Arbeit weitere Anwendungen
von LA-ICP-MS und LIBS im Bereich der Polymeranalytik untersucht:

• Ortsaufgelöste Polymerklassifizerung: Mit der Weiterentwicklung von
Polymeren wurden in den letzten Jahren Kompositmaterialien entwickelt,
welche aus mehreren unterschiedlichen Polymertypen zusammengesetzt
sind. Um eine vollständige Charakterisierung dieser Kompositmaterialien
zu gewährleisten, ist es notwendig die räumliche Verteilung der unter-
schiedlichen Polymertypen im Material zu bestimmen. Mit manchen kon-
ventionell verwendeten Techniken (FTIR oder MALDI-TOF-MS) ist bereits
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die zweidimensionale Klassifizierung von Polymertypen an Probenober-
flächen möglich. Allerdings gibt es keine Möglichkeit Schichtsysteme aus
verschiedenen Polymeren zu charakterisieren. An Hand von verschiedenen
Proben wurde die Anwendung von LIBS für zwei- und dreidimensionale
Klassifizierung von Polymertypen untersucht.

• Untersuchung von Polymerdegradation: Durch die Anwendung von
Polymeren in den unterschiedlichsten Gebieten wird dieses Material häufig
verschiedensten Umwelteinflüssen wie zum Beispiel UV-Strahlung, ko-
rrosiven Spezies, Feuchtigkeit, und erhöhte Temperaturen ausgesetzt,
wodurch es zu Degradation kommen kann. Um eine sichere Anwendung zu
gewährleisten, ist daher die Untersuchung des Degradationsverhaltens und
dem Aufnahmevermögen von unterschiedlichen Spezies aus der Umwelt
notwendig. Für diese Untersuchungen bieten LA-ICP-MS und LIBS her-
ausragende Eigenschaften. Durch die Detektion von polymerspezifischen
LIBS-Signalen kann die Degradation des Polymernetzwerks untersucht
werden. Zusätzlich bietet LIBS die Möglichkeit durch die Detektion von
Sauerstoff, die Oxidation der Probe zu bestimmen. Die hohe Empfind-
lichkeit von LA-ICP-MS kann zur Bestimmung der Aufnahme von anorgan-
ischen Bestandteilen genutzt werden. Zusätzlich ist mit beiden Techniken
die Messung von Tiefenprofilen möglich, was ebenfalls einen Mehrwert
liefert. Diese Vorteile wurden genutzt, um das Degradationsverhalten
von unterschiedlichen Polymeren in verschiedenen Umweltbedingungen zu
charakterisieren.

• Quantitative Bestimmung des Metallgehalts in Polymeren: In
vielen Anwendungsgebieten ist die Bestimmung von Metallgehalten in
Polymeren von großer Relevanz. So muss zum Beispiel in der Lebensmit-
telverpackungsindustrie der Gehalt von toxischen Schwermetallen überprüft
werden. Auch bei Polymeren, die in der Halbleiterindustrie eingesetzt wer-
den, ist eine hohe Reinheit der Materialien zu gewährleisten. Für die
quantitative Bestimmung des Metallgehalts in Polymeren gibt es etablierte
Ansätze, welche auf der Überführung des Polymers in eine Lösung und
anschließender flüssig ICP-MS oder ICP-OES Messung beruhen. Da Poly-
mere meist chemisch inert sind, ist für die Überführung in Lösung oft
ein Mikrowellenaufschluss oder auch eine Veraschung notwendig. Diese
Ansätze sind zeit- und arbeitsintensiv und benötigen eine Vielzahl an
gesundheits- und umweltgefährdenden Reagenzien, welche sowohl aus ökol-
ogischer als auch ökonomischer Sicht zu vermeiden sind. Zusätzlich bietet
ein Aufschlusses mit anschließender Flüssigmessung nur Information über
den Gesamtgehalt der Probe. Ortsaufgelöste Information geht dabei ver-
loren. Durch die Verwendung von direkten Feststoffanalyse-Techniken
können sämtliche oben erwähnte Nachteile vermieden werden. Allerdings
werden für quantitative Messungen mit direkten Feststoffanalyse-Techniken
matrix-angepasste Standards benötigt, die nur selten verfügbar sind. Daher
werden in dieser Arbeit Ansätze untersucht, wie mit LIBS durch Kombina-
tion mit multivariater Statistik auch ohne matrix-angepasster Standards
quantitative Bestimmungen in Polymeren möglich sind.
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1. Introduction

In the last decades, synthetic polymers have become omnipresent in most parts
of our daily lives. In the year 2019, 359 million tonnes of plastics have been
produced worldwide [1]. As polymers are a material class which comes with
a wide range of different physical and chemical properties, they are applied in
many different industries. Polymers are mainly employed as packaging material
for consumer goods in the form of boxes and bottles but are also commonly used
as a construction material [2]. With their wide-spread use as one-way packaging
material great effort is taken to adapt adequate recycling and waste management
systems [3]. Nevertheless, at the end of their life-cycle, polymers often end
up in the form of microplastics causing a threat to the environment [4]. More
demanding applications for polymers include e.g. the semiconductor industry,
where polymers are often used as a packaging and encapsulation material for
electronic devices [5, 6]. In this case, the main function of the polymer is to
protect the underlying electronic device from environmental influences such
as humidity, UV-radiation, and contaminations. Additionally, the polymeric
encapsulation material provides electronic insulation and mechanical stability.
Employed materials usually consist of a polymer with a wide range of (in)organic
additives allowing to tune the necessary characteristics [7]. Inadequate protec-
tion of the packaging material may lead to corrosion phenomena which can
lead to failure of the electronic device. With the wide spread use of electronic
devices not only in the consumer-goods field but also in more critical applications
such as medical appliances, cars, and aviation where device failure may lead to
severe consequences, reliable application is of utmost importance [8]. Figure 1.1
shows a schematic drawing of an encapsulated microchip. With increasing minia-
turization in the semiconductor industry, the demand for polymers employed
in this field is constantly increasing. This demand of novel high-performance
polymers goes hand-in-hand with the need for novel analytical tools for a more
comprehensive characterization of employed polymers as e.g. bulk analysis is
not sufficient anymore. These tools will not only be able to help to improve and
characterize polymers employed in the semiconductor industry but are applicable
to all fields where polymers are used.

Polymers usually consist of a carbon-based back-chain with various lengths
and different functional groups influencing the properties of the material. Besides
the basis material, often additives (e.g. plasticizers, antioxidants, antistatic
agents, lubricants, flame retardants or inorganic pigments) are used to fine-
tune the material properties for individual, high-demanding applications [9].
As improvements of material properties can only be achieved with analytical
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Figure 1.1: Schematic drawing of an encapsulated microchip
using a polymeric packaging material [8].

techniques which enable a thorough material characterization, there are several
well-established methods which are used for this purpose.

Conventionally, techniques such as Fourier Transform-Infrared spectroscopy
(FT-IR) and Raman-spectroscopy are used for the characterization of poly-
mers [10]. Besides being able to classify different polymer types by providing
molecular specific information [11, 12, 13], these techniques are also used to
investigate the degradation behavior of polymers [14, 15]. Other techniques
which are used for the characterization of polymers include Matrix Assisted
Laser Desorption/Ionization - Time of Flight - Mass Spectrometry (MALDI-
TOF-MS), which is an established technique for the determination of a polymers’
structure, composition and molecular mass [16]. Pyrolysis-Gas-Chromatography
(Py-GC-MS) [17] and Thermo Gravimetric Analysis/Differential Thermo Anal-
ysis (TGA/DTA) [18, 19] are techniques which are capable of characterizing
the degradation behavior of polymeric materials when exposed to elevated tem-
perature by either detecting the degradation products or measuring the mass
loss. X-ray based techniques, such as X-ray Photoelectron Spectroscopy (XPS)
have been employed to study the polymer-air interface and to characterize the
surface morphology of polymers [20, 21]. Even though, the aforementioned
techniques provide great insight into the chemical and physical characteristics of
polymers, there are still some properties which can not be analyzed with these
methods. In the last few decades, detecting bulk properties was sufficient for
material characterization but in recent years, with the development of more
sophisticated analytical techniques, spatially resolved analysis has become the
state-of-the-art for material characterization which in many cases is not yet
possible for polymer analysis. Additionally, the quantitative determination of
trace metal content with a high sensitivity is gaining more and more interest,
not only because of material properties but also due to environmental regulations.
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In this work analytical approaches are developed using the two laser-based
analytical techniques LA-ICP-MS and LIBS for a more comprehensive polymer
characterization. LA-ICP-MS and LIBS are both analytical techniques which
use the process of laser ablation for the analysis. In general, a high-energy
pulsed laser-beam is focused on the samples surface. When the laser beam
interacts with the sample, material is ablated and a localized plasma is formed
on the ablation spot. In this plasma, the ablated material is partly atomized,
ionized and excited. When performing LIBS experiments, light emitted from
the laser-induced plasma is collected and detected [22, 23]. After a certain
time particles begin to condense from the ablated material. When performing
LA-ICP-MS, these particles are transported to an ICP-MS usually using a helium
gas flow [24]. Depending on the pulse duration of the employed laser system
different properties of the laser-induced plasma as well as the generated particles
are obtained [25, 26]. In the LA-ICP-MS and LIBS community usually laser
pulses in the nanosecond (ns) or femtosecond (fs) time regime are used. Figure
1.2 illustrates the time-depending processes happening after laser irradiation
interacting with a sample surface.

Figure 1.2: Physical mechanisms occurring after pulsed laser
(ns and fs) radiation interacting with a solid sample over a time

frame of 15 orders of magnitude [24]

As LIBS and LA-ICP-MS both operate on the same principle of analyzing
a solid sample with a pulsed laser, instrumentation for a combined use in a
so-called tandem LA-ICP-MS/LIBS-setup was recently proposed and developed.
By combining the two techniques, several complementary advantages can be
exploited. With LIBS enabling the detection of H, O, C, F, and N, important
elements which are not accessible with ICP-MS can be detected in a tandem
setup [27]. Elements such as Mg and Ca which are difficult to analyze with
ICP-MS due to interferences show a high sensitivity in LIBS measurements.
Additionally, as especially in imaging and single-shot depth profiling experiments,
a conventional quadrupole ICP-MS system is restrained to a limited number
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of detected elements due to the nature of its sequential measurement, a tan-
dem LA-ICP-MS/LIBS setup can be beneficial for multi element analysis [28, 29].

LA-ICP-MS and LIBS being mainly considered analytical techniques for the
characterization of the elemental composition in materials science, geo-science or
biological samples [30, 31]. Besides conventional bulk analysis, LA-ICP-MS and
LIBS both offer lateral resolved analysis with resolutions in the low single-digit
µm up to several hundred µm range. Additionally, depth profiles can be recorded
with depth resolutions ranging from hundreds of nm up to several µm. A very
promising feature for polymer characterization is the possibility to use LIBS for
the detection of elements such as H, O, C, and N, which are usually the major
constituents of synthetic polymers.

In the literature, there is already work published where these two laser-based
methods are used for the characterization of organic polymers. Especially LIBS
has proofed to be an innovative analytical tool in the field of discrimination and
classification of synthetic polymers [32, 33]. Nevertheless, LA-ICP-MS and LIBS
have not been used to their full potential in the field of polymer analysis yet.
Therefore, the main goal of this work was to investigate novel applications of
LA-ICP-MS and LIBS in the field of polymer characterization.
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2. Analytical Challenges

In this chapter, the analytical challenges and main research topics of this work
are introduced and presented. The analytical challenges can be divided in three
different sections:

• Spatially resolved analysis

• Investigation of polymer degradation

• Quantitative metal analysis in polymers

2.1 Spatially Resolved Analysis
In the last few decades, the field of analytical chemistry was mainly focused
on the determination of bulk properties (e.g. measuring the total content of
major, minor, or trace constituents) for material characterization. With current
improvements and development of novel techniques and with increasing require-
ments for a more comprehensive characterization of materials, spatially resolved
analysis has become the state-of-the-art in many fields. Spatially resolved analy-
sis is usually based on either measuring the lateral distribution on the sample
surface or on recording depth profiles of a materials’ properties. In other cases
even three dimensional analysis is possible. When it comes to spatially resolved
(elemental) analysis, besides sensitivity and selectivity, the lateral as well as
the depth resolution arises as an important figure of merit for an analytical
technique. When performing spatially resolved analysis, different properties of
interest of a material, such as the elemental distribution in regions of interest
(e.g. on the interface between two materials, or concentration gradients within a
material) can be investigated [34]. Besides recording so-called elemental maps,
various analytical techniques additionally offer the possibility to perform spa-
tially resolved classification of materials by using e.g. elemental finger-printing
(the distribution of a marker element is correlated with a certain material type)
or using another material specific signal [35].

Nowadays, there are many different analytical techniques, such as X-Ray
Fluorescence Analysis (XRF), Electron Probe Micro Analysis (EPMA), Auger
Electron Spectroscopy (AES), X-ray Photoelectron Spectroscopy (XPS) or Sec-
ondary Ion Mass Spectroscopy (SIMS), that can provide either laterally resolved
elemental analysis, depth profiling or even spatially resolved analysis. Each of
these techniques comes with certain advantages and limitations: EPMA, AES,
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XPS and SIMS require complex instrumentation for the analysis. AES, XPS
and SIMS offer excellent depth resolution in the nm range which is beneficial
for the characterization of thin films in the nm range. Nevertheless, when
characterization of samples in the µm range is required, these techniques can
not be employed. Besides providing elemental analysis, XPS and AES can also
be used to gain additional information about the chemical bonds of the analyte
[36]. Figure 2.1 gives an overview of commonly used analytical techniques for
elemental imaging and their respective lateral resolution and detection range.
LA-ICP-MS and LIBS both offer an excellent sensitivity covering a detection
range of the sub-ppm range up to the detection of major constituents while still
providing adequate lateral resolution enabling the analysis of sample areas up
to cm2 [37].

Figure 2.1: Figures of merit (lateral resolution and detection
range of common analytical techniques used for elemental imaging

[37].

When it comes to polymer analysis, often the determination of the elemental
distribution within a polymeric sample is not sufficient for characterization. As
several materials have been developed consisting of multiple different polymer
types [38, 39], spatially resolved classification of different polymer types becomes
important for the characterization of such materials. Besides spatially resolved
classification of composite materials, the possibility to differentiate polymer
types with minimal instrumental requirements and short measurement times
is also important for the recycling industry [40]. Spatially resolved identifica-
tion of different polymer types is not only important in the field of materials’
science and the recycling industry but also can find applications in the field of
cultural heritage science where polymers are often used in combination with
pigments as paints [41]. In this case, identification of materials used in artworks
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is crucial for choosing proper restoration techniques and to identifying art forgery.

Using LIBS for spatially resolved polymer classification provides significant
advantages over established analytical techniques such as FT-IR or Raman spec-
troscopy. As LIBS ablates material with each laser shot, analysis of distributions
of different polymer types in depth becomes accessible. Additionally, simulta-
neous to polymer classification, LIBS provides elemental information from the
sample under investigation enabling a more comprehensive characterization of a
material with only one measurement. Nevertheless, as polymers usually consist
of the same elemental components (C, H, O, and N) differentiating between
different polymer types using LIBS data is not always an easy task as small
differences in the obtained LIBS spectra have to be used. Often sophisticated
multivariate data evaluation strategies are required to obtain reliable results.
For this reason, until now polymer classification from LIBS data was usually
carried out by accumulating multiple measurements on a sample improving the
signal-to-noise ratio (SNR) and therefore facilitating the classification task. This
approach though prohibits spatially resolved classification of polymers with a
high resolution from LIBS data.

In this work, the applicability of LIBS for spatially resolved polymer clas-
sification (2D and 3D mappings) combined with multivariate statistics using
single-shot spectra is evaluated for the first time.

2.2 Investigation of Polymer Degradation
For reliable application, for every material expected changes in the physical
and chemical properties over application time caused by exposure to environ-
mental conditions have to be estimated. This is also the case for polymers
which are often exposed to different conditions such as UV-radiation, corrosive
conditions, humidity and temperature changes due to their wide application
range. It is important to evaluate not only degradation of polymer properties
but also to develop models for specific degradation mechanisms resulting in a
deeper understanding of the material. This allows to design novel polymers with
high-performance properties withstanding harsh conditions opening up new ap-
plication fields. Besides developing new materials, often the stability of existing
materials can be enhanced using different additives. Material degradation is
often assessed by performing accelerated stress tests in time-dependent studies
where samples are exposed to harsh conditions for various times to determine
material failure [42].

When it comes to polymer degradation, several different mechanisms causing
degradation have been reported in the literature [43, 44]. As polymers consist of
a carbon-based backbone chain with different functional groups, these molecules
are usually prone to oxidation [45]. In many cases, degradation is caused by
the presence of UV-radiation [46, 47] or elevated temperatures combined with
oxygen [48]. An overview of different forms of polymer degradation is shown in
Figure 2.2. Besides the degradation of the polymeric network, also the uptake
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of (in)organic species may affect the material properties and therefore its appli-
cability. Polymers are often used as protective coatings for materials such as
steel, metallic alloys but also electronic devices [49, 50, 51]. In this case, the
main function of the polymer is to prevent diffusion of mobile, corrosive species
to the underlying material.

Figure 2.2: Overview of different forms of polymer degradation
adapted from Abioye et al. [52].

There are several analytical techniques commonly used to study the degra-
dation behavior of polymers which all come with unique advantages and disad-
vantages. FT-IR and Raman spectroscopy provide polymer specific signals that
change if the the investigated sample degrades. For investigations of changes in
functional- or side groups of the polymer structure, FT-IR spectroscopy proofs to
be useful, whereas Raman-spectroscopy is used to study the chain conformation
of a polymer [53, 54]. With these two techniques, not only bulk characterization
but also laterally resolved analysis of the sample surface is accessible [15, 55].
With TGA and DTA mainly the thermal stability as well as the decomposition
products of polymers can be investigated. This is useful to assess degradation
mechanisms [19, 18]. However, these techniques only provide bulk information
of the sample. Information about degradation of polymers with regard to the
sample depth, which is of interest when investigating polymer used as protective
layers, is not accessible with any of the aforementioned techniques.

As LIBS provides polymer specific signals, the assessment of polymer degrada-
tion using LIBS spectra should be investigated. If LIBS signals can be identified
that correlate with polymer degradation, this would bring many benefits and new
opportunities for characterizing polymer degradation. First of all, LIBS allows
the analysis of depth profiles. Therefore, investigations of polymer degradation
would not be limited to surface near regions or the bulk, as it is with current
techniques. As polymer films are often used to protect the underlying material
from corrosive inorganic species (such as SO2, H2S or Cl-), information about
the migration of these species is available from LIBS analysis as it allows simul-
taneous multi-element analysis. If the concentrations of the inorganic species
under investigation is below the limit of detection (LOD) for LIBS, a combined
use of LA-ICP-MS and LIBS in a tandem setup is possible improving the sensi-
tivity significantly. Therefore, the combined use of LA-ICP-MS and LIBS is a
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promising tool for a more comprehensive characterization of polymer degradation.

One element of interest, when investigating the migration behavior of inor-
ganic species in polymer is sulfur. Sulfur is an element that is very challenging to
detect with either optical methods like LIBS or mass-spectrometry like ICP-MS
due to various reasons. The most intense emission line of sulfur is in the UV-
range at 180.73 nm. Since the oxygen present in the air absorbs UV-radiation,
special instrumentation, in which the optical path and detection unit are flushed
with an inert gas such as argon, are necessary to allow the detection of radiation
with a wavelength < 200 nm. With conventional instrumentation, other, less
intense emission lines of sulfur in the IR-region are used limiting the sensitivity.
There are also challenges that have to be taken into account using ICP-MS for
the detection of sulfur. First of all, ionization efficiency within an argon-based
ICP is limited due to the high first ionization energy of 10.4 eV [56]. Sulfur has
4 stable isotopes, namely 32S, 33S, 34S, and 36S with 32S showing the highest
abundance with 95%. As 32S has an isobaric interference with 16O16O, which
can not be resolved using a conventional quadrupole ICP-MS, the less abundant
isotope 34S is used for detection. This sulfur isotope is also interfered by the
(less abundant) species 16O18O. To resolve this interference, special measurement
modes such an kinetic energy discrimination (KED) or a dynamic reaction cell
(DRC) can be employed [57, 58].

In this work, the ability of LIBS to detect degradation and oxidation of
polymers exposed to harsh environmental conditions is investigated. Additionally,
the advantages of a tandem LA-ICP-MS/LIBS setup is used to allow a combined
detection of polymer degradation using LIBS with a simultaneous highly sensitive
detection of the uptake of inorganic species.

2.3 Quantitative Metal Analysis in Polymers
In the polymer industry often (in)organic additives are used for the fine-tuning
of material properties. The concentration levels of these additives and also
inorganic contaminations, which may originate from the manufacturing process,
have a huge influence on the applicability of the product. For example, in the
food packaging industry where polymers are often used as a packaging material,
concentrations of heavy metals have to be monitored to assure their safe appli-
cation [59]. Due to these reasons, an accurate analysis and characterization of
metal contents in polymers is of great interest. As mentioned in Chapter 2.1,
conventional bulk analysis is still the most-widely accepted approach for this
type of analysis in the industry.

The procedure of conventional bulk analysis of metal content of a material
usually includes dissolving the material under investigation and performing
either a liquid ICP-MS or liquid ICP-OES measurement. Quantitative results
are usually easily obtained by a subsequent analysis of liquid standard reference
material (SRM). With this procedure being developed and validated for many
different material types, it still poses many challenges when it comes to polymer
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analysis.

One of the biggest challenges for conventional bulk analysis of polymers is
that polymers are usually difficult to dissolve because they are often chemically
inert. To achieve quantitative digestion, depending on the polymer type harsh
and hazardous chemicals have to be used. Additional procedures such as a
microwave-assisted digestion or combustion protocols are often necessary to
transform the sample into a solution [60, 61]. Besides requiring large amounts
of chemicals, which is neither ecological nor economical favourable, these proce-
dures are prone to contaminations causing an overestimation of the investigated
elements. Additionally, underestimation of the analyte of interest may be caused
by the formation of volatile components during the digestion procedure. Due to
the application of harsh chemicals for the digestion, dilution steps are usually
obligatory to ensure a compatibility of the obtained solution with the analytical
instrumentation. These dilution steps, which are also required to achieve a
matrix-adjustment to the liquid standards used for quantification, limit the
sensitivity of this approach.

The aforementioned reasons led to an increasing interest in the development
of quantitative direct-solid sampling techniques such as LA-ICP-MS and LIBS
which are capable of overcoming the above-mentioned drawbacks by eliminating
the need of sample preparation. Nevertheless, these methods come with one
significant drawback: due to matrix-effects obtaining reliable quantitative results
is a challenging task [62, 24, 63].

In general, matrix-effects, occur when the signal response obtained from a
measurement is dependent on physical or chemical properties of the sample under
investigation. During LA-ICP-MS and LIBS measurements matrix-effects mainly
originate from the laser-matter interaction which is highly dependent on the
physical properties of the sample. In the case of LIBS, depending on the material
different amounts of the provided energy of a laser pulse are used for sample
ablation, resulting in different amounts of energy being available for subsequent
excitation in the laser-induced plasma. This results in different plasma con-
ditions and therefore matrix-dependent excitation efficiencies of the analytes [63].

For LA-ICP-MS, the size distribution of the generated particles after the
laser ablation process is one of the main reasons for different signal responses.
Different materials ablated with the same laser conditions show different ablation
rates and size distributions of the generated particles. The size distributions
of the generated particles is not only crucial for the transport efficiency from
the laser system to the ICP-MS but also for the evaporation, atomization and
ionization efficiency within the ICP [25]. Besides particle size influencing the
signal response in LA-ICP-MS, elemental fractionation may occur during laser
ablation which is caused by different physical properties (e.g melting and boiling
point) of different elements [64]. Even though, it was reported in the literature
that the use of laser pulses in the range of femtoseconds can significantly reduce
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matrix-effects in LA-ICP-MS [65], they are rarely available in analytical labora-
tories due to there high cost.

Therefore, the application of matrix-matched standards for quantitative
measurements for LA-ICP-MS and LIBS analysis is necessary [66, 67]. Before
the application of standards for instrument calibration, a comprehensive charac-
terization of the standard has to be carried out where the nominal concentration
of the analytes present in the standard is determined and also a homogeneous
distribution is assured. For a selected number of commonly-used materials,
SRMs are available from accredited institutions like the National Institute of
Standards and Technology (NIST) or the Institute for Reference Materials and
Measurements (IRMM). Even for a limited number of polymer types, SRMs are
available. Nevertheless, SRMs usually contain only a limited number of certified
elements and do not cover the wide range of different polymeric materials used
nowadays. Additionally, usually only the bulk properties of these materials are
certified as it is difficult to assure adequate homogeneity on the µm scale. There-
fore, often in-house prepared standards or other approaches (e.g. multivariate
data evaluation strategies or identification of a proper internal standard) have
to be developed to obtain reliable quantitative results from direct solid-sampling
techniques.

In this work, a library of in-house prepared standards of different polymer
type is prepared. Using LIBS data from this library combined with multivariate
statistics, different data evaluation strategies are investigated which can overcome
the limitations of matrix-matched standards for quantitative measurements in
polymers.
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3. Proposed Approaches for
Polymer Characterization

3.1 LA-ICP-MS/LIBS Imaging and Depth Pro-
filing

LIBS and LA-ICP-MS are analytical techniques which use a pulsed laser do
probe the sample under investigation. When a high energy pulsed laser interacts
with a solid sample, material is ablated and a laser induced plasma is formed on
the sample surface. In the laser induced plasma, the ablated material is partly
atomized, ionized and excited. When the excited states of the atoms, ions, and
molecule fragments present decay, radiation is emitted. In the case of LIBS,
the emitted radiation of the laser induced plasma is collected using a collection
optics. The collected light is transported to a monochromator using optical
fibers. In the monochromator the collected light is separated by the wavelength
using either a prism or a grating. The separated light is detected using a CCD
chip and a spectrum is recorded. Broadband LIBS spectra cover a wavelength
range from UV-radiation to IR-radiation enabling simultaneous multi-element
analysis of all elements of the periodic table. Additionally, to some extend also
molecular information originating from incomplete atomization or recombination
within the laser induced plasma is accessible [68]. Figure 3.1 shows a schematic
overview of the principle and required instrumentation for LIBS analysis.

When the laser induced plasma cools down, the atomized sample material
condensates and particles are formed. In the case of LA-ICP-MS, the formed
particles are purged from the ablation chamber using a helium gas flow and
transported to an ICP-MS. In the ICP, the particles are atomized and ionized.
The formed ions are transferred to a high vacuum where they are separated by
their mass-to-charge (M/Z) ratio and detected. Conventionally, a quadrupole
mass analyzer is used for the ion separation. Due to the sequential operation
mode of a quadrupole, limitations in the number of elements detected in LA-ICP-
MS experiments arises. LA-ICP-MS offers a highly sensitive detection of the
elemental composition of the sample [69]. A schematic overview of LA-ICP-MS
is shown in Figure 3.2.

Both LA-ICP-MS and LIBS can correlate the obtained signal with the spatial
coordinates on the sample enabling imaging and depth profiling. By combining
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Figure 3.1: Schematic drawing of the principle and required
instrumentation for LIBS analysis.

imaging and depth profiling also 3D analysis is possible. There are different ap-
proaches on how to obtain spatially resolved information using LA-ICP-MS and
LIBS. Both measurement modes come with distinct advantages and disadvan-
tages and usually the measurement parameters have to be optimized individually
to guarantee a high quality analysis. As both LA-ICP-MS and LIBS operate
on the same principle of probing the sample with a pulsed laser, the concept of
spatially resolved analysis is similar for both techniques [68, 70].

For LA-ICP-MS imaging experiments, the sample is scanned with the laser
either using line-scans or spot-scans. Regarding line-scans, the individual laser
shots can usually not be resolved due to a limited washout efficiency of the
ablation chamber and a transient signal is obtained on the ICP-MS. Images can
be calculated from the transient signal using the information of the spot-size of
the laser and the scan-speed of the stage. In the case of spot-scans, adjacent
laser shots are performed on the sample and the signal produced from each
individual shot is evaluated. This approach offers an improved image quality
but requires longer measurement times. With the emerging of ultra-fast washout
cells for LA-ICP-MS, spot-scans for imaging have become more popular in the
last few years as with these cells washout times in the ms-range are possible.
This enables measurement with much higher laser repetition rates resulting in
faster analysis and therefore either the investigated area or the lateral resolution
can be increased. Nevertheless, with smaller spot-sizes, the amount of material
ablated is reduced and therefore limited by the SNR of the obtained signal.
Therefore, parameters have to be optimized carefully in preliminary experiments
for a successful measurement. As LIBS is independent from the washout speed
of the ablation chamber, LIBS imaging experiments are usually carried out using
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Figure 3.2: Schematic drawing of the principle and required
instrumentation for LA-ICP-MS analysis.

spot-scans. [34, 69].

When depth profiles are performed using LA-ICP-MS and LIBS many differ-
ent influences have to be considered to accomplish optimal results. Each laser
shot ablates an amount of material fundamentally enabling depth profiling. The
amount of material that is ablated and therefore the obtained depth resolution
is influenced by the samples’ properties, and the laser fluence [71]. Again, depth
profiling can be carried out in different measurement modes each coming with
unique advantages and disadvantages: a subsequent spot-scan on the same
position, a subsequent line-scan on the same position, and subsequent images.
When performing depth profiles, the energy distribution within a laser beam has
to be considered. Within Nd:YAG lasers (conventionally used for LA-ICP-MS
and LIBS), a Gaussian energy distribution within the beam-profile is observed.
Therefore, observed craters are not perfectly cylindrical and flat-bottomed after
a laser ablation process. This leads to so-called crater effects and smearing
of the depth profile when analyzing thick samples [72, 73]. The influence of
crater effects can be reduced by analyzing subsequent line-scan with overlapping
laser shots on the same position. Nevertheless, with this approach the depth
resolution is limited. For optimal results, the measurement mode as well as
measurement parameters have to be optimized with respect to the investigated
material and the necessary depth resolution and sensitivity.

By combining both imaging and depth profiling, the 3D information of a
sample can be obtained. Even though time-consuming, this approach can offer
great insight and benefits when it comes to material characterization and analysis.
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3.2 Multivariate Statistics
In general, multivariate statistics involves data evaluation strategies where not
only one variable is used to model a certain property but rather multiple input
variables are used. This approach offers many advantages, even though coming
with a more complicated data evaluation [74]. In many analytical techniques just
one signal is detected. Thus, the analyte concentration and measured signal is
correlated by establishing an univariate calibration function (e.g. Lambert-Beer
law in atomic absorption spectroscopy). However, as LIBS is a spectroscopic
method detecting light at different wavelengths, each detected intensity can
be used as an input variable for data evaluation. Therefore, LIBS can highly
benefit from multivariate data evaluation strategies [75]. Figure 3.3 schematically
illustrates the difference between univariate and multivariate data evaluation
from LIBS data. In this example, for the univariate calibration model only
the sodium emission signal is used as an input variable to model the sodium
concentration whereas for the multivariate approach additional emission signals
originating from the investigated polymer sample are added to improve the
performance of the evaluation.

Figure 3.3: Schematic example of univariate and multivariate
data evaluation for the determination of the sodium concentra-
tion in polymer standards. Univariate data evaluation uses only
one input variable (the sodium emission signal) to built a statis-
tical model whereas multivariate data evaluation uses additional
information (polymer-specific emission signals) from the LIBS

spectrum as input variables to improve the performance.
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Another field of application that greatly benefits from multivariate data eval-
uation strategies is sample identification, discrimination and classification. LIBS
has already been reported in the literature to perform polymer classification.
The classification of polymers from LIBS data can usually not be achieved by
simply evaluating the presence or absence of an emission signal, instead the
whole LIBS spectrum must be considered and small differences in obtained LIBS
spectra have to be evaluated to accomplish classification and discrimination of
different polymers. Therefore, LIBS spectra with a high signal-to-noise ratio
(SNR), which is usually obtained by accumulating multiple spectra, is favourable.
Until now, published papers only reported the classification of bulk samples
where multiple spectra can easily be accumulated.

When it comes to classification of LIBS data, several multivariate methods
have been applied in the literature. These methods range from simple Principal
Component Analysis (PCA) [76] to more sophisticated methods such as Random
Decision Forest (RDF) [77], Artificial Neural Networks (ANN) [78] and other
machine learning approaches [79].

Multivariate data evaluation approaches can not only enable classification
and discrimination of LIBS data but can also be used to enhance the performance
of quantification approaches. Nevertheless, it should be mentioned, that multi-
variate data evaluation strategies are complex mathematical procedures which
come with many prerequisites that have to be fulfilled. Therefore, a careless use
of these tools may yield poor results [80]. Properly applied, multivariate analysis
of LIBS data for quantification has found its way in the LIBS literature [81, 82].
Applied tools for multivariate calibration models include Principal Component
Regression (PCR) [83], Partial Least Squares (PLS) [84], or Random Decision
Forest (RDF) based calibration methods [85].

In this work, we use LIBS combined with multivariate statistics to develop
a method for spatial resolved classification of different polymers by evaluating
single-shot LIBS data. The developed approach was also used for an application
in the field of cultural heritage science allowing a combined spatial resolved
classification of contemporary art materials consisting of different polymers and
inorganic pigments. Multivariate approaches applied in this work include: PCA,
RDF, and k-means classification.

Besides classification of polymers, multivariate methods for the quantification
of unknown polymer types or polymer types with an unknown composition where
conventional matrix-matched quantification is not feasible were developed and
evaluated. Therefore, a library of in-house prepared standards of 8 different
polymer types was built and analyzed. This approach allowed to compare the
performance of different approaches for the quantification in polymers were
matrix-matched standards are not available.
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3.3 Accelerated Stress Tests
Nowadays, electronic devices are often employed in fields where a high reliability
is required. Therefore, estimating the life-time and possible failure mechanisms
of electronic devices is crucial to assure a safe application. The investigation
of polymer degradation, which is often linked to failure of the encapsulation
material of electronic devices, is usually carried out by performing accelerated
stress tests, that allow to observe alteration of these highly inert samples in a
reasonable time [86, 87, 88].These stress tests often include harsh conditions
such as elevated temperature, exposure to UV-radiation as well as exposure to
corrosive gases. To investigate the capabilities of LA-ICP-MS and LIBS for the
investigation of polymer degradation, various accelerated stress tests of different
polymeric samples were carried out.

In this work, the ability of LIBS to detect changes in the polymeric network
and oxidation of the sample was investigated. Oxidation of the sample should
be observable by an increase of the observed oxygen emission signal in the LIBS
spectrum. Additionally, polymer-specific signals that allow LIBS to distinguish
between different polymer types are investigated for the detection of alterations
in the polymeric network. Besides characterizing the degradation of the polymer,
changes in the uptake behavior of inorganic species can be investigated simulta-
neous using LIBS. If the sensitivity of LIBS for inorganic species is not sufficient,
a tandem LA-ICP-MS/LIBS system can be employed which to detect inorganic
species with the ICP-MS. The most important characteristic LA-ICP-MS and
LIBS offer, is the possibility to analyze depth profiles. Therefore, degradation
behavior and uptake of inorganic species can be investigated in relation to the
sample depth.

Figure 3.4: Schematic drawing of the weathering chamber and
weathering conditions used in this work.

Various different sample types, such as materials from the field of cultural
heritage science, high-performance polymers employed in the semiconductor
industry or polymers often found in the field of microplastics characterization
were investigated. These samples were exposed to a wide range of different
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ageing conditions in accelerated stress tests. These conditions include exposure
to UV-radiation as well as exposure to various combinations of corrosive gases
such as O3, SO2, and H2S in a weathering chamber. These ageing conditions
were used to investigate not only degradation of the polymer but also the in-
fluence of polymer degradation on the uptake of sulfur species. A schematic
drawing of the employed chamber is shown in Figure 3.4. Another approach
included an ageing procedure where samples where exposed to a combination
of UV-radiation and HNO3 with a consecutive exposure to artificial seawater
containing heavy metals. In this case, the degradation of the polymer was in-
vestigated with a simultaneous characterization of the uptake of the heavy metals.
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4. Scientific Publications

This thesis is composed of 4 peer-reviewed publications and one submitted
manuscript, which are all focused on the analytical challenges presented and
discussed in Chapter 2. The first 3 publications are all in the field of spatially
resolved analysis, the fourth publications is based on the investigation of polymer
degradation and the topic of the fifth publication is quantitative trace metal
analysis in polymers.

4.1 Article 1
The first publication is entitled "Spatially resolved polymer classification using
laser induced breakdown spectroscopy (LIBS) and multivariate statistics". This
article is, to the best of the authors knowledge, the first time that LIBS has been
used for spatially resolved polymer classification. In this work, the applicability
of LIBS to image the 2D distribution of two different polymer types (ABS nad
PLA) within a sample was demonstrated using single-shot LIBS analysis. On
the one hand, single-shot LIBS imaging provides fast measurement times but
also increases the complexity of classification due to a lower SNR compared to
accumulated spectra. Nevertheless, by using polymer specific LIBS signals as
input variables for a PCA and proper standardization, the two different polymer
types were accurately distinguished. The second application example presented
in this work is based on the depth profiling of a polymeric multilayer system
consisting of 4 layers of 3 different polymer types (PE, PAK and PVC) with a
total thickness of 250 µm. For the analysis, the sample was ablated layer by
layer with each layer covering an area of 1.5 mm x 1.0 mm. Due to lower SNR
caused by crater effects typically occurring during depth profile measurements
and a closer similarity in the LIBS spectra of the 3 polymers, classification
was more challenging. PCA did not provide satisfying results and therefore, a
more sophisticated method namely k-means clustering was employed. With this
approach the differentiation of the 3 polymer types in the multilayer system was
possible and the correct 3D distribution of the polymers within the sample was
obtained.
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A B S T R A C T

Synthetic polymers and plastics have become one of the most important materials in our modern world and everyday life with all kinds of applications mainly due to
their wide range of excellent and tuneable properties. Several novel materials consisting of multiple different synthetic polymers or composite materials like natural-
fiber-reinforced polymer composites have already been reported in literature. Additionally, materials consisting of multiple synthetic polymers already found their
way in our daily lives (e.g. double-sided adhesive tape). With emerging materials consisting of different structured synthetic polymers, the need for analytical
methods characterizing these kinds of sample also arises. Conventionally, analytical techniques such as FT-IR or Raman spectroscopy are used for polymer classi-
fication. Although, these techniques offer laterally resolved investigations they lack the possibility of analyzing depth profiles. In this work, we present laser induced
breakdown spectroscopy (LIBS) as a novel and powerful analytical method for spatially resolved polymer classification. As a feasibility study, two exemplary
structured synthetic polymer samples (2D structured and multilayer system) have been analyzed using LIBS and the spatial distribution of 5 different synthetic
polymers, namely acrylonitrile butadiene styrene (ABS), polylactic acid (PLA), polyethylene (PE), polyacrylate (PAK) and polyvinylchloride (PVC) have been suc-
cessfully classified using multivariate statistical approaches (principal component analysis (PCA) and k-means clustering). Spatially resolved classification results
were validated by comparing the obtained distribution of the 2D structured sample to the elemental distribution of a contamination present in one of the synthetic
polymers. Classification of the polymeric multilayer system was validated by comparing the obtained results to a microscopic cross-section. It was shown that LIBS
cannot only be used to investigate 2D structured polymer samples but also for direct analysis of depth profiles. Besides synthetic polymer classification, LIBS provides
simultaneous analysis of the elemental composition of the sample, which increases the total amount of information accessible with only one measurement.

1. Introduction

Nowadays, synthetic polymers and plastics are widely used mate-
rials with a broad range of applications in all kind of industries. The
main reason for the popularity of synthetic polymers in our modern
world is the large variety of properties these synthetic materials have to
offer. In 2016 335 million tonnes of plastic have been produced [3],
which is already getting close to the 1630 million tonnes of worldwide
steel production [4]. Recently materials consisting of multiple organic
species, especially natural-fiber-reinforced polymers or composites
made of polymers and various allotropes of carbon (e.g. carbon nano-
tubes) have been investigated due to their superior properties compared
to normal polymers [1,2,5]. Additionally, self-assembled layers con-
sisting of different synthetic polymers have been reported in literature
[6]. Also in the field of conservation and restoration of artworks the
knowledge about the distribution of different kinds of polymeric binder
materials is of great interest [7]. With more and more materials con-
sisting of different structured synthetic polymers, the need for

analytical methods characterizing the spatial distribution of different
synthetic polymers within one sample arises.

For classification of synthetic polymer samples, traditionally FT-IR
spectroscopy or Raman spectroscopy is used [8–11]. These techniques
offer spectral fingerprints for different polymers, which allow polymer
identification. Combining FT-IR or Raman spectroscopy with micro-
scopy, lateral distribution of multiple synthetic polymers within a
sample can be investigated [12]. However, these techniques lack the
inherent possibility of investigating depth profiles of layered systems
and offer only information about the sample surface.

Laser induced breakdown spectroscopy (LIBS) is a laser assisted
spectroscopic method which gives mainly elemental information about
the investigated sample [13,14]. In LIBS, a laser beam is focused on the
sample surface ablating material and forming a laser induced plasma. In
this plasma, the ablated material is atomized, excited and ionized.
When the excited states decay, radiation is emitted which is collected
and analyzed [15,16]. Therefore, LIBS enables elemental bulk analysis
but also mapping as well as depth profiling of elemental distributions
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within a sample. For a more detailed introduction to LIBS see Cremers
et al. [15]. As the recording of broadband LIBS spectra offers simulta-
neous multi-element analysis, multivariate data evaluation strategies
are very common in the LIBS community [17,18].

LIBS offers direct access to analyzing the common major compo-
nents of polymers namely carbon, hydrogen, nitrogen and oxygen and
additionally molecular emission bands like the C2 swan band, CN violet
band [19] or OH band [20]. Recently several papers have been pub-
lished showing the capabilities of LIBS combined with different multi-
variate statistical approaches for fast and reliable polymer classification
[21,22]. Various approaches of using PCA for polymer classification
have been published [23,24] whereas Banaee et al. used discriminant
function analysis (DFA) for classification [25]. Also artificial neural
networks have been applied for polymer classification using LIBS [26].
The capabilities and advantages of employing femtosecond lasers on
LIBS polymer classification was investigated by Junjuri et al. [27].
However, in those previous studies only bulk polymer samples were
analyzed and classified with LIBS.

LIBS has been used recently for imaging experiments as well as the
investigation of depth profiles of elemental distributions. With lateral
resolutions ranging from the low μm up to several hundred μm range
and fast measurement times, LIBS is a very promising technique for
imaging [28–31]. Additionally analyses of depth profiles have also been
reported in literature [32,33].

In this work, the possibility of spatially resolved analysis and
polymer classification using LIBS was combined and applied for the first
time to a laterally structured polymer sample as well as a sample
consisting of a layered system of different synthetic polymers. It was
shown that LIBS cannot only be used to identify and correctly classify
bulk polymer samples where spectra from multiple laser shots were
accumulated but it can be used to image the lateral structure of dif-
ferent polymers using single shots. Multivariate statistical approaches
(principal component analysis (PCA) and k-means clustering) were used
to correctly map the structured polymer samples. Additionally LIBS was
used to investigate a depth profile of a polymer multi-layer system.

2. Experimental

2.1. Chemicals

Polyethylene (PE), polyacrylate (PAK) and polyvinylchloride (PVC)
were obtained from Acros Organics (Geel, Belgium). 3D printable
polymers acrylonitrile butadiene styrene (ABS) and polylactic acid
(PLA) were obtained from RS Components (Corby, United Kingdom).
High purity n-doped Si wafer obtained from Infineon Austria AG
(Villach, Austria) were used as substrate materials for the analysis.

2.2. Sample preparation

1. 2D structured samples

A structured sample consisting of ABS and PLA was prepared using a
commercially available 3D printer (Ultimaker, Geldermalsen, The
Netherlands). The structured sample shows the logo of the TU Wien.
The letters “T” and “U” are made of PLA whereas the substrate material
is made of ABS. The sample was smoothened using SiC abrasive paper
(Struers GmbH, Austria) to decrease surface roughness which might
cause problems with the laser focusing. After smoothening the surface,
a pre-ablation step was used to clean the sample by removing surface
contaminations introduced by the sample preparation steps.

2. Layered polymer sample

For a polymer layer system, commercially available double-sided
adhesive tape (Tesa, Norderstedt, Germany) was used. The double-
sided adhesive tape consists of a four-layer-system: PE liner, PAK

adhesive layer, PVC support and a second PAK adhesive layer with a
total thickness of 250 μm. The thickness was determined using a pro-
filometer (DektakXT, Bruker, Massachusetts, USA). The double-sided
tape was applied with the PE liner to an n-doped Si wafer obtained by
Infineon Austria AG (Villach, Austria), which was used as a substrate
material for the analysis.

2.3. LIBS measurement

LIBS experiments were carried out using a commercially available
LIBS J200 system (Applied Spectra, Inc, Fremont, CA). A frequency
quadrupled Nd:YAG laser operating at a wavelength of 266 nm with a 5
ns pulse duration was used for ablation and excitation. Emitted radia-
tion after each laser pulse was collected using two different collection
optics connected to optical fibres: one collection optic optimized for
UV-light and a second collection optic for the remaining part of the
spectrum. The collected light was analyzed using a Czerny-Turner
spectrometer with 6 channels covering a total wavelength range from
188 to 1048 nm. LIBS data was recorded using Axiom 2.0 software
provided by the manufacturer.

LIBS parameters (laser energy, gate delay, atmosphere and laser
spotsize) were optimized in preliminary experiments for best classifi-
cation results for each sample. Optimizing the gate delay was a trade-off
between short gate delays resulting in increased emission intensities of
the elements carbon, oxygen and hydrogen and longer gate delays
improving the signal-to-noise ratio especially in the wavelength range
of the C2 swan band. Table 1 shows the used LIBS parameters.

For laterally resolved polymer classification, the 3D printed sample
was analyzed using line-scan patterns with a laser beam diameter of
100 μm and a distance of 100 μm between each line. The prepared
sample was analyzed using 115 parallel line-scans with a length of
16.5 mm each. Obtained data was imported to Epina ImageLab 2.97
(Retz, Austria) which was used for further data treatment. Images were
created using the recorded data of one laser pulse as one pixel.

The depth profile of the polymer multi-layer system was recorded
by analyzing consecutive layers until full penetration through the
sample was achieved. Each layer covered an area of 1.5 mm × 1 mm
and was analyzed using 10 parallel line-scans with a distance of 100 μm
between each line. Obtained data of each layer was imported to Epina
ImageLab 2.97 to create classification maps of each layer. The resulting
images were combined to a 3D map using Fiji with BoneJ plugin
[34,35].

3. Results and discussion

In this work 5 different polymers (ABS, PLA in a lateral structured
sample and PE, PAK, PVC in a layered sample) in two structured sam-
ples were analyzed and classified. Fig. 1 shows selection of emission
signals (C(I) emission at 247.88 nm, C2 swan band and H(I) emission at
656.28 nm) present in all 5 investigated polymers. All 5 polymer

Table 1
LIBS parameters.

Laser system
Laser output energy [mJ] 3.8
Laser spotsize [μm] 100
Laser repetition rate [Hz] 10
Laser beam geometry circular
Stage scan-speed [mm/s] 1
Atmosphere Argon
Laser wavelength [nm] 266
Spectrometer system (Czerny-Turner)
Detection channels 6
Detector CCD
Gate delay [μs] 0.3
Gate width [ms] 1.05
Covered wavelength range [nm] 188–1048
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samples show more or less the same emission signals but with varying
intensities and ratios between each polymer. For multivariate data
evaluation and polymer classification, an extended selection of

emission signals originating from the polymers was used. The selected
signals include atomic and molecular emission signals from major
polymeric components, namely carbon, hydrogen and oxygen. Signals
from inorganic additives, which may be present in polymeric samples
were not used for polymer classification. By using only emission signals
originating from the polymers itself, polymer classification independent
of additives should be assured. The integrated wavelength ranges listed
in Table 2 were used as variables for the following multivariate data
evaluation.

3.1. 2D structured sample

To compensate shot-to-shot variations and surface roughness, each
spectrum was standardized (mean = 0, standard deviation = 1) prior
to further data treatment. For data evaluation of the 3D printed sample
representing the logo of the TU Wien, principal component analysis

Fig. 1. Selected spectral LIBS features of the 5 investigated polymers.

Table 2
Integrated emission signals.

Emission signal Integrated wavelength range [nm]

C (I) 192.59–193.43
C (I) 247.49–248.48
CN violet band 387.36–388.64
C2 swan band Δv -1 473.22–474.29
C2 swan band Δv 0 516.17–516.73
C2 swan band Δv + 1 562.99–563.91
H (I) 650.21–663.67
O (I) 776.56–778.42
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(PCA) was calculated with all obtained spectra using the integrated
emission intensities listed in Table 2 as variables. Background correc-
tion was performed using the mean value of 5 neighboring pixels of the
detector when integrating each emission signal. All variables were
standardized prior to calculating the PCA. Variance explained by each
principal component is shown in Table 3. The score-plot of PC1
(81.33%) and PC2 (6.05%) (Fig. 2 a)) reveals two main clusters in the
data being separated mainly by the first principal component, which
corresponds well with the high amount of explained variance of the first
principal component. As shown in Fig. 3 c), both investigated polymers
can be also distinguished by their Na content. Therefore, the data of the
score plot was colored using the Na-emission signal (589.0 nm) as a
threshold to distinguish between the two clusters. The distribution of
the Na signal intensity is shown in Fig. 4. A threshold of 800 cts was
selected to distinguish spectra of the two polymers. In the score plot, all
spectra with a Na signal less than 800 cts are colored violet representing
PLA and all spectra with a Na signal more than 800 cts are colored
orange representing ABS. Loadings plot (Fig. 2 b)) show the influence of
each of the 8 variables on the principal components. As expected, a high
correlation of the three variables of the C2 swan band as well as the two
carbon atomic emission signals is observed. Additionally the oxygen
emission signal is negatively correlated to all other variables and shows
a high contribution to distinguish the two polymers using the first
principal component.

Fig. 3 a) shows a microscope picture of the analyzed area of the
sample prepared via 3D printing. Plotting the score of the first principal
component of the PCA of each spectrum as one pixel results in an image
with 17 250 pixels and shows very good laterally resolved classification
of the two polymers. To get a smooth result, the color between each
pixel and its surrounding pixels was interpolated (Fig. 3 b)). As the used
ABS contains Na-contaminations, this property was used to confirm the
classification results and to show the capabilities of LIBS for elemental
analysis. The elemental map of Na (589.00 nm) is shown in Fig. 3 c) for

comparison of the results. Pearson correlation coefficient (PCC) be-
tween the Na signal and the score of the first principal component was
calculated to assess the similarity between the two images resulting in
PCC = 0.8065. As the distribution of Na is not a perfect reference to
assess the polymer distribution due to inhomogeneity in the Na-dis-
tribution, the deviation of the observed PCC value from 1 is explained.
Nevertheless, correct classification of the two polymers is confirmed.

3.2. Depth profiling of a polymer multi-layer system

In this next section, the results of the depth profiling of a polymer
multi-layer system of a double-sided adhesive tape applied to an n-
doped silicon wafer are shown. The sample consists of a four-layer-
system: PE liner, PAK adhesive layer, PVC support and a second PAK
adhesive layer with a total thickness of 250 μm. The polymer multi-
layer system was analyzed layer by layer. Full penetration of the sample
was achieved after 53 ablated layers which was indicated by an in-
crease of the silicon emission line at 288.17 nm. With a total thickness
of 250 μm of the sample, an ablation rate of around 4.7 μm per layer
was calculated. For data evaluation, data of all analyzed layers was
merged into one dataset. To minimize the influence of crater effects,
from each layer the first and the last line-scan as well as the first and the
last shot of each line-scan was excluded from the following data ana-
lysis procedure. Influences of potential defocusing effects on the ob-
tained spectra were compensated by standardizing each spectrum
(mean = 0, standard deviation = 1). Emission signals listed in Table 2
were integrated as previously described and obtained variables were
standardized. These variables were used for the following classification.

In a first step, similar to the 2D structured sample, PCA was calcu-
lated using the dataset of the polymer multi-layer sample.
Corresponding score and loadings plots are shown in Fig. 5 and the
explained variance by each PC is listed in Table 4. The score plot reveals
only two clusters as opposed to the three different polymers present in
the investigated sample. PAK and PVC could not be fully distinguished
by PCA. Spectral features shown in Fig. 1 show a high similarity be-
tween PAK and PVC and as described later, different aspects in depth
profiling may increase the difficulty of the classification task and
therefore, PCA becomes insufficient for classification. For more sa-
tisfying results, a non-linear classification model, namely k-means
clustering was applied to the dataset.

As the double-sided adhesive tape consists of three different poly-
mers (PE liner, PAK adhesive layer and PVC substrate layer), k-means
algorithm was executed to classify each spectrum of the dataset as one
of three classes. After classification, images of the distribution of the
three clusters were generated for each analyzed layer of the sample. The
images representing the distribution of the three classes in each layer

Table 3
Explained variance of each PC for the data of the 2D structured sample.
Bold PCs are used for the Score-Plot.

Principal Component Explained Variance [%]

1 81.33
2 6.05
3 5.59
4 2.58
5 2.11
6 1.49
7 0.53
8 0.32

Fig. 2. a) Score-plot and b) Loadings-plot of the PCA revealing two clusters in the data of the 2D structured sample. Spectra were colored using Na signal as a cut-off
between the two different classes.
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were merged into a 3D model made of 13 × 8 × 53 voxels (Fig. 6 a)). It
should be mentioned that the z-axis was stretched by a factor of 10 for
better presentation of the data. As the distribution of the three polymers
in the layered sample is known, the three different polymers could be
assigned to the three different classes. Additionally the contributions of
each polymer to each layer was calculated and is shown in Fig. 6 b). The
obtained results show the spatial classification representing the ex-
pected distribution of PAK, PVC and PE in the double-sided adhesive
tape as shown in the microscopic cross-section in Fig. 7. It should be
mentioned that for the measurement of the depth profile, the double-
sided adhesive tape was applied to the Si-wafer the other way around.

The quality of the classification result was assessed by comparing
the obtained distribution to the microscopic cross section shown in
Fig. 7. In the first PAK layer and the PVC substrate layer, the classifi-
cation results show 98%–100% correctly classified spectra. The ob-
tained thicknesses in the first two layers are in very good agreement
(47 μm PAK and 75 μm PVC) with the obtained thicknesses from the
microscope (47 μm PAK and 70 μm PVC). After the PVC layer, the
classification result decreases slightly but still stays in the order of 90%
correctly classified spectra per layer and the obtained thicknesses from
the LIBS depth profile show a slight deviation (80 μm PAK and
44 μm PE) from the measured thicknesses from the microscope picture
(64 μm PAK and 69 μm PE). This slight decrease of the classification
results may be explained by uneven ablation of the sample causing a
smearing of the polymers present in each layer. In a depth of 150 μm
and lower, defocusing effects which may not be compensated by stan-
dardizing the obtained data and the enhanced distance of the laser
induced plasma to the collection optics may affect the classification
results negatively. Additionally, polymers may become translucent for
the laser wavelength at a certain thickness causing a combined ablation

Fig. 3. a) Microscope picture of the analyzed 3D printed sample consisting of ABS and PLA, b) Polymer classification results by plotting the score of the first principal
component of the PCA, c) Na distribution map for confirmation of the polymer classification results.

Fig. 4. Intensity distribution of Na signal (589.0 nm) of the 2D structured
sample with the marked cut-off to distinguish between ABS and PLA.

Fig. 5. a) Score-plot and b) Loadings-plot of the PCA of the multilayer sample revealing only two of the expected three different polymers. PAK and PVC cannot be
distinguished by PCA.

Table 4
Explained variance of each PC for the data of the multilayer sample.
Bold PCs are used for the Score-plot.

Principal Component Explained Variance [%]

1 39.99
2 17.88
3 12.5
4 9.37
5 7.88
6 6.28
7 3.34
8 2.75
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and excitation of the currently investigated and the underlying polymer
layer. This effect can also lead to blurring of the depth profile. The
observed deviation in the thickness of the PE layer can be explained by
incomplete evaluation of the depth profile: the depth profile was
stopped when an increase in the Si-signal was observed. Uneven abla-
tion and therefore full penetration of the sample on certain spots may
have caused an early abortion of the measurement. Nevertheless, a
clear classification of the layered sample was achieved.

4. Conclusion

In this study, the capabilities of LIBS for spatially resolved polymer
classification was shown using two structured samples consisting of
different polymers. A 2D structured sample was imaged and the
polymer distribution was successfully classified using PCA. The ob-
tained distribution of the two polymers present in the sample was va-
lidated by comparing the obtained image of the polymer distribution to
a contamination present in one of the two polymers. A high Pearson
Correlation Coefficient (PCC) of 0.8065 confirmed a good agreement
between the two images and therefore, the laterally resolved polymer
classification was confirmed. Besides imaging of a 2D structured
polymer samples, also the capabilities of investigating depth profiles of
samples consisting of layered systems of multiple different polymers
using LIBS was shown successfully. The obtained 3D distribution of the
different polymers present in the multilayer sample was compared to a
microscopic cross-section of the investigated sample. The sequence of
the different layers present in the sample was correctly classified and
also the thickness of each layer is in good agreement with the micro-
scopic cross-section. The presented results indicate that the conven-
tional way of using LIBS for elemental analysis and elemental mapping
can be extended to different fields where the qualitative distribution of
different polymers is of interest. One of the most promising ways to
improve especially depth profiling is refocusing the laser on the sample
surface after each ablated layer. This may help not only with uneven
ablation, which causes blurring of the depth profile but also with more
reproducible LIBS spectra as the distance between the plasma and the
collection optics stays constant throughout the complete measurement.
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Fig. 6. a) Spatial distribution and b) depth profile of the percentage of each polymer in each of the analyzed layers of the double-sided adhesive tape.

Fig. 7. Microscopic cross-section of the double-sided adhesive tape on a Si-
wafer.
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4.2. Article 2 37

4.2 Article 2
As the applicability of spatially resolved classification of polymers was confirmed
in the first published article, this approach was used for an application example
from the field of cultural heritage science. In the work "Multivariate analysis and
laser-induced breakdown spectroscopy (LIBS): a new approach for the spatially
resolved classification of modern art materials" LIBS was used to classify modern
art materials. The investigated modern art materials consist of two components:
a polymeric binder and inorganic pigments. The main goal of this work was to
perform a simultaneous classification of 3 polymers and 9 inorganic pigments.
Besides the classification of the polymers using polymer specific emission signals,
elemental fingerprinting was used to identify the inorganic pigments. The elemen-
tal fingerprinting approach is based on the presence of unique elements in each
inorganic pigment enabling the differentiation. To evaluate this approach, LIBS
spectra of pure inorganic pigments and polymeric binders were recorded. Using
a PCA, all investigated polymers and inorganic pigments were discriminated
by their LIBS spectrum. However, the main challenge of this work turned out
to be the classification of combinations of polymers and inorganic pigments.
LIBS is a technique which is very prone to so-called matrix-effects meaning
that the absolute signals observed are depending on the samples’ constituents.
Usually, the classification of polymers is based on small changes of polymer
specific signals. When different inorganic pigments are present within a polymer,
matrix-effects may also cause small variations of polymer specific signals making
the classification task more challenging. Therefore, a Random Decision Forest
(RDF) was used for the classification of polymer and inorganic pigments combi-
nation. RDF is a machine learning approach using a training data set to build a
classification model. In this work, a RDF was trained using LIBS spectra from
all investigated pigment/polymer combinations. With this approach a satisfying
classification was achieved. Using the RDF it is also possible to perform laterally
resolved classification.
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4.3 Article 3 (Review-Article)
The third publication entitled "Methodology and applications of elemental map-
ping by laser induced breakdown spectroscopy - a review" is a review article
focusing on spatially resolved analysis using LIBS. In the first part of the review,
instrumental requirements are discussed for successful LIBS imaging experiments.
The second part gives an introduction on chemometric approaches which are
beneficial for LIBS imaging. The third part discusses published application
examples of LIBS based imaging in fields such as: life science, geoscientific
studies, cultural heritage studies and materials science.
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a b s t r a c t

In the last few years, LIBS has become an established technique for the assessment of elemental con-
centrations in various sample types. However, for many applications knowledge about the overall
elemental composition is not sufficient. In addition, detailed information about the elemental distri-
bution within a heterogeneous sample is needed. LIBS has become of great interest in elemental imaging
studies, since this technique allows to associate the obtained elemental composition information with
the spatial coordinates of the investigated sample. The possibility of simultaneous multi-elemental
analysis of major, minor, and trace constituents in almost all types of solid materials with no or negli-
gible sample preparation combined with a high speed of analysis are benefits which make LIBS especially
attractive when compared to other elemental imaging techniques. The first part of this review is aimed at
providing information about the instrumental requirements necessary for successful LIBS imaging
measurements and points out and discusses state-of-the-art LIBS instrumentation and upcoming de-
velopments. The second part is dedicated to data processing and evaluation of LIBS imaging data. This
chapter is focused on different approaches of multivariate data evaluation and chemometrics which can
be used e.g. for classification but also for the quantification of obtained LIBS imaging data. In the final
part, current literature of different LIBS imaging applications ranging from bioimaging, geoscientific and
cultural heritage studies to the field of materials science is summarized and reviewed.
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1. Introduction

In the last century, atomic spectroscopy has been used for the
analysis of almost all elements in a wide variety of sample types.
Motivation for the measurement of metals as well as non-metals in
natural but also industrial samples was driven by their influence on
sample behaviour and properties. Moreover, knowledge about
prevailing trace element levels also provides information about
origin, formation or degradation of environmental or geological
samples. For example, there is a clear need to determine the con-
centration of toxic elements in environmental, medical, or biolog-
ical samples. The ability to catalyse environmental, biological or
technological processes is another important reason for the
assessment of metal concentrations prevailing in respective sam-
ples. Studies related to the determination of sample age or prove-
nance benefit from the measurement of elemental ratios. However,
the application of trace element analysis is not limited to earth
sciences and life sciences only. In the last decades, the measure-
ment of sample composition, additive levels and elemental impu-
rities have become important in the field of materials science.
Primary goal of these efforts is to maintain or even improve the
intended chemical, physical or mechanical product properties.

For many years, simple analysis of bulk concentrations was
sufficient for sample characterization. At the same time, it has also
become customary in many research fields to collect information
about the elemental distribution within the investigated samples.
For example, the spatially resolved analysis of essential metals
(such as Cu, Zn, Fe, Mn, Mg, and others), metalloids or non-metals
(like S, P, N and halogens) in thin sections of biological tissues has
become a subject of great interest in life science studies. Elemental

maps are also of great importance in materials science, where
typical applications include improvements in manufacturing and
processing techniques such as deposition, diffusion or segregation
processes, and coating or combustion procedures.

Thus, analytical techniques able to associate spatial coordinates
to information on elemental composition are in high demand.
Further requirements for appropriate methods include fast and
simultaneous multi-elemental analysis of major, minor, and trace
constituents, applicability for analysis of all kind of solid samples
(conductive as well as non-conductive samples), no or negligible
sample preparation, and no or minimal sample damage only. Since
some types of environmental and biological, in particular medical
samples are susceptible to vacuum, the method should work at
ambient pressure to avoid unintended sample alterations.

In the last decades several analytical techniques capable of
providing elemental imaging information have been employed for
these purposes, including micro-X-Ray-Fluorescence-Analysis (m-
XRF), Electron Probe Micro Analysis (EPMA), Auger Electron Spec-
troscopy (AES), X-ray Photoelectron Spectroscopy (XPS), Secondary
Ion Mass Spectroscopy (SIMS), Low Energy Ion Scattering (LEIS) and
other synchrotron-based chemical imaging procedures [1].
Although each of these techniques has its own benefits (e.g. some
are non-destructive (e.g. XRF), some are very surface sensitive (e.g.
SIMS), and some provide also chemical information (e.g. XPS)), the
method that complies with the requirements mentioned above to
the largest extent is Laser Ablation-Inductively Coupled Plasma-
Mass Spectrometry (LA-ICP-MS) [2]. Attributes that make this
technique attractive for spatially resolved analysis of complex
matrices such as geological, environmental, biological or techno-
logical samples are high sensitivity, wide linear dynamic range, fast
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sample throughput, minimal sample preparation, minimal risk of
sample contamination, and the ability to perform isotopic analyses.
The steadily growing field of imaging applications include the
characterization of advanced materials (e.g. metals, alloys, semi-
conductors, ceramic oxides, but also nitrides or carbides, composite
materials) [3], the investigation of naturally occurring but also
artificially introduced elements in hard and soft tissue material [4],
but also geological samples such as rocks, minerals or meteorites
[5].

Although LA-ICP-MS has become an established standard pro-
cedure for quantitative elemental mapping there still are three
major limitations hampering the universal applicability of this
method. Due to the transient nature of the signals produced in
imaging experiments, the sequential operation mode of quadrupole
and scanning sector field mass spectrometers (QMS and SFMS) does
not permit the measurement of full mass spectra. Thus, a pre-
liminary definition of the elements/isotopes of interest and there-
fore knowledge about sample composition is necessary prior to
analysis. Moreover, in case of multi-element analysis the number of
monitored m/z ratios is restricted when a certain degree in the
quality of analysis (precision, accuracy, resolution) should be
accomplished. A promising approach to overcome this limitation of
QMS and SFMS instrumentation in imaging experiments is the use
of a time of flight mass spectrometer (TOFMS), which provides
access to full mass spectra and allows the identification of unknown
sample constituents. However, independent from the applied type
of mass spectrometer, LA-ICP-MS struggles with limitations in the
sensitivity but also selectivity in the detection of most non-metals
(such as S or P). The elements H, C, N and O, which are the major
constituents of all organic compounds and thus all kinds of bio-
logical materials, and in addition also F for geological samples are
not accessible at all. Finally, the aerosol generated during interac-
tion of the focused laser beamwith the sample must be transported
from the ablation cell to the ICP-MS. Due to material losses in the
transfer line, the efficiency of this transport step is always below
100%. Moreover, the wash out behaviour of the applied ablation cell
determines the measurement time required for imaging experi-
ments. With conventional ablation cells and QMS or SFMS instru-
mentation for samples in the mm x mm range, measurement times
in the order of several hours are common. Combining the recently
introduced rapid response cells with high repetition rate laser
systems and ICP-TOFMS systems enables multi-elemental analysis
of the same area in a fraction of that time. Nevertheless, even with
these advanced ablation cells the repetition rates of commercial
laser systems are not fully exploited.

Laser-induced breakdown spectroscopy (LIBS), another laser
assisted technique used for elemental analysis, allows to overcome
most of the main drawbacks of LA-ICP-MS. LIBS is also a micro-
destructive method which requires practically no sample prepa-
ration, works under ambient pressure conditions and can be used
equally well for bulk measurements and spatially resolved in-
vestigations [6,7]. In addition to these useful features, which were
also fulfilled by LA-ICP-MS, LIBS offers some unique advantages
that make this technique especially attractive for imaging appli-
cations. Although the first ground-breaking works were published
in the late 1990s [8,9], a prerequisite for the development of a large
number of imaging applications was the continuous improvement
of applied laser systems, spectrometers and detection units in the
last two decades.

In the meanwhile, LIBS has attracted increasing attention in the
field of imaging [10] since it enables extremely fast imaging ex-
periments with pixel acquisition rates in the kHz range [11] and a
spatial resolution down to some mm [12] with valuable und
numerous developments and applications published by the group
of Vincent Motto-Ros [13]. The lack of need for the transport of

ablated matter also eliminates carry-over and wash-out effects and
transport efficiency is not an issue (even though with improved
setups these effects are becoming less of an issue in LA-ICP-MS as
transport efficiency improved from 40% in the beginning of ns-LA-
ICP-MS to 80e90% in recent fs-LA-ICP-MS [14,15]).The ability to
measure almost every element of the periodic table also including
the elements H, C, N, O, and F which are not easily accessible by ICP-
MS are further remarkable benefits of LIBS that are recognized in
elemental imaging studies. Compared to alkali and earth alkali el-
ements, which provide best detection limits, the sensitivity of non-
metals is reduced. However, as these elements usually are main
components this is not a limiting factor. In contrast to sequentially
operating mass spectrometers, LIBS facilitates a simultaneous
detection of the investigated wavelength range. Thus, with the
collection of broadband spectra, no preliminary analyte selection is
necessary and therefore, identification of prevailing elements can
be done after the measurement. Additionally, statistical evaluation
of broadband spectra is beneficial for sample classification. More-
over, LIBS spectra may also provide molecular information, which is
useful especially in terms of polymer characterization and capa-
bilities for stand-off analysis. Nevertheless, for some elements the
sensitivity of LA-ICP-MS is still superior compared to LIBS enabling
investigations with improved spatial resolution. Although the ca-
pabilities of LIBS for isotopic analysis have been demonstrated
recently [16], LA-ICP-MS is still the method of choice for this special
kind of analysis [17].

In Fig. 1, the basic concept of elemental mapping with LIBS is
outlined. Within this review, a brief description of recent de-
velopments in instrumentation and technology is described.
Different methodologies in terms of multivariate data processing,
and calibration protocols for LIBS imaging are also discussed. The
benefits of LIBS for spatially resolved analysis are presented by a
selection of application examples from the fields of life sciences,
geology and material sciences. Particular attention is paid to
demonstrate the versatile character of LIBS, enabling the analysis of
practically all kinds of solid samples without in-depth a priori
knowledge of the sample composition. Finally, future prospects and
potential applications of the technique are discussed.

2. Technical requirements

In order to be useful, LIBS imaging setups generally have to be
designed and built specifically for the purposes of elemental im-
aging, due to a set of concomitant requirements that are usually
demanded from conventional LIBS or LA-ICP-MS setups only
separately. The primary reason for this is that not only the scanning
laser ablation of the sample surface needs to be technically realized,
but at the same time the plasma light also needs to be collected
efficiently, therefore the optical and mechanical setup is more
complicated than either in LIBS or LA-ICP-MS systems. The laser
source, optical system, ablation chamber and the light detector all
need to work concertedly to provide near ideal conditions for a fast,
high-resolution, high-sensitivity LIBS imaging experiment. In the
followings, we briefly overview the requirements set up by these
conditions for the main components in the system. Readers inter-
ested in further technical details are kindly referred to reviews
[13,18e22] and chapters in books [6,23e25] dedicated to LIBS
instrumentation.

2.1. Laser source

The laser source has to be one that releases light pulses at a
wavelength well absorbed by the sample material. The minimum
pulse energy depends on the breakdown threshold (irradiance or
power density needed to generate an LIB plasma) on the particular
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sample. For most solids, GW/cm2 irradiances are sufficient for this,
which can already be achieved by using laser sources providing
10e100 mJ energy, 5e10 ns long pulses and a reasonable level of
beam focusing. Since the spatial resolution of an imaging LIBS setup
is always of primary importance, an advanced focusing optics is
generally required anyway, which helps to keep the laser pulse
energy requirement low. Good focusing, on the other hand, typi-
cally necessitates the laser source has a Gaussian intensity profile,
as higher transversal modes can be less efficiently focused. It is also
worth mentioning that flashlamp-pumped lasers often do not have
the beam quality for tight focusing (e.g. 3e5 mm focal spots), unless
they are built with an aperture-controlled resonator.

With regard to pulse energy, it is very important that the laser
source provides an active control of the pulse energy and that the
laser has ample reserve, in view of demanding samples with low
absorbance. It should also be borne in mind that a high dynamic
range (high contrast) attenuation of the primary laser beam (e.g.
two orders of magnitude or more in energy) can usually only be
achieved via the combination of at least two pulse energy control
approaches (e.g. time-controlled active Q-switch, adjustable energy
pumping source, rotatable polarizers, etc.) usually only available as
options at a premium cost. We discuss further considerations
related to both laser pulse energy and analytical spot size in the
next section.

Meaningful laser wavelengths for LIBS purposes are typically in
the UV or in the NIR range, especially for biological samples, where
the selection should be based on the consideration of multiple
factors. These include, but are not limited to the followings: i) the
absorbance of the sample needs to be high at the chosen wave-
length (to the benefit of sensitivity), ii) NIR wavelength, when
combined with ns pulse duration, usually gives the best sensitivity
in LIBS measurements, due to strong plasma heating which is
proportional with l3, iii) UV wavelengths should always be
preferred when spatial resolution is more important than sensi-
tivity, as NIR laser ablation often generates strong thermal effects
(charring) in the sample around the focal spot. However, wave-
length is not an independent variable with laser sources. A certain
laser type (active medium) will emit light at its characteristic
fundamental wavelength and this can typically only be modified at
a significant cost of pulse energy, also related to the regime of pulse
duration (e.g. ns or fs). At present, most laser sources used in LIBS
setups are still common solid-state lasers such as Nd:YAG or
Nd:YLF. These lasers can offer high pulse energies only at their ca.
1064 nm fundamental wavelength and therefore other output
wavelengths (532, 266 or 213 nm) are produced by employing
nonlinear crystals, via the sum frequency generation technique, at a
cost of 50e90% loss in pulse energy. Alternative laser sources are
also available for LIBS use, such as excimer gas lasers, which can
directly provide UV wavelengths (starting from 157 nm with an F2
and up to 351 nm with a XeF medium), but they never really
became widespread in analytical LIBS spectroscopy, due to their
bulkiness and impracticality (e.g. frequent need for a refill of cor-
rosive gases from gas tanks).

The selection of the laser source in terms of the pulse length
regime (e.g. nanosecond(ns), picosecond(ps) or femtosecond(fs)) is
also a subject of consideration. Apart from the significantly higher
costs, fs pulses have been found to be advantageous from the point
of view of a more stoichiometric ablation and therefore better
analytical accuracy as well as a somewhat better spatial resolution
(due to less debris around the crater caused by the smaller plasma
plume). Please note though that smaller ablation spot size often
also means smaller analytical LIBS signals. At the same time, ns
pulses (assuming comparable irradiances) provide far better
sensitivity, due to the higher mass of ablated material and more
effective plasma heating/shielding. Thus, a fs laser source may only

Fig. 1. A schematic flow chart of the preparatory and executive steps of 3D elemental
mapping by LIBS.
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be the better choice in an imaging LIBS setup, if the concentration of
the analytes is high.

High repetition rate is a critical characteristic of laser sources
suitable for LIBS imaging analysis, considering the large number of
single point measurements to be performed during scanning. For
example, a mapping task for an area of 1 cm2 with a step size of
10 mm requires 1,000,000 measurements (without spot overlaps),
which takes 13e27 h to complete with a laser operating only at the
typical 10e20 Hz repetition rate. This measurement time is too long
for many applications, where the use of lasers offering 1 kHz or
higher repetition rates are required. In this respect, Q-switched
diode pumped solid state (DPSS) lasers and fiber lasers, now
becoming widely available commercially, have great potential.
Typical Q-switched pulse energies of commercial lasers of these
types are a few millijoules, although a tens of mJ fiber lasers and
repetition rates in the hundreds of kHz range have already been
reported [26]. Both DPSS and fiber lasers have superior beam
quality, better stability and longer lifetime than conventional
flashlamp-pumped Nd:YAG lasers, which convert to better spatial
resolution, faster acquisition times and improved precision, thus at
present these are the ideal, even if not yet widespread, laser sources
for LIBS imaging analysis.

It also has to be added that while Ti:sapphire femtosecond laser
sources are becoming more and more used in imaging LIBS setups
due to their kHz-MHz range pulse repetition rates, high peak power
and ultrashort pulses, they are actually not very good at producing
single pulses [27]. They have difficulties with self-starting and
stability, so they are very time-inefficient when it comes to single
spot LIBS analysis (of course, these problems also affect fs LA sys-
tems). They are far more useful if trains of utrashort pulses need to
be generated, which makes them most useful in continuous scan
mode LIBS analysis (continuous line or area scans). For relevance of
this in imaging LIBS, see section 2.5. On the other hand, DPSS lasers
offer a good compromise between high repetition rate and reliable
single-pulse operation; the achievable repetition rate with a DPSS
is still quite high, typically some kHz.

Signal enhancement is always welcome in analytical spectros-
copy, and LIBS elemental imaging is no exception. As is known from
the literature, significant signal enhancement (up to ca. two orders
of magnitude) can be achieved with the use of double-pulse or
multi-pulse LIBS analysis (DP-LIBS and MP-LIBS) [19,28e33].
Although these approaches can be realized in several sophisticated
optical configurations (e.g. with two lasers or a single laser,
orthogonal/cross/colinear optical paths, delayed pulses, different
pulse energy ratios, combination of IR/Vis/UV pulses etc.) when the
analysis is carried out on a single spot, but the most practical one
for LIBS elemental imaging is the colinear arrangement, which re-
quires a special laser source that is capable of releasing a controlled
burst of Q-switched pulses. Hence the use of the double-pulse
approach in LIBS elemental mapping so far has been quite limited
[34e37]. A drawback of the colinear DP-LIBS setup is that both
pulses are ablative, which decreases the achievable depth
resolution.

2.2. Laser focusing and light collection optics

Generally speaking, the optical setups used in LIBS instrumen-
tation are quite diverse. Transmissive and reflective optical ele-
ments both in the laser beam focusing arm of the optical setup as
well as in the light collection arm are equally used [24].

In an imaging setup, the beam guiding optics primarily should
allow for a tight, variable spot-size focusing with a Gaussian in-
tensity profile for the sake of high spatial resolution. Adequate
focusing can principally be achieved by using a single “best form”

lens, but for best results, a high numerical aperture lens (or a high

damage threshold microscope objective) is needed, which has to be
illuminated as uniformly as possible, so often a beam expander is
also required to be incorporated in the optical path. For the sake of
variable spot sizes, a zoom optics is needed, with multiple further
optical elements. All optical elements in the focusing system need
to be anti-reflection coated in order to maximize the pulse energy
available on the sample surface and to minimize back-reflection of
laser light into the laser source. If such reflections are not avoided
they could deteriorate the performance of the laser, thereby
inducing a loss of beam and pulse quality eventually leading to
fluctuations in the LIBS signal. In more sophisticated setups, a
Faraday isolator (rotator) can also be used to eliminate the back-
propagation of laser beam. The smallest laser spot in a LIBS setup
ever achieved was 450 nm [38].

In LIBS elemental imaging, the analytical spot size has to be
chosen so that one also considers the area of the scan, the laser
pulse energy available and the information content to be obtained.
Choosing a smaller spot size means more information, which may
be a necessity for a largely heterogenous sample with very small
features to be resolved, but it also brings about a largely extended
analysis time (with non-overlapping spots, halving the spot diam-
eter makes the duration of the scan four times as long). This may
not be practical for large area scans. A too small spot size may also
decrease the analytical signal, thus the SNR of the obtained image
may suffer for low concentration analytes. This is further compli-
cated by the fact that very small spot sizes (ca. 40 mm or less) are
often produced in LIBS systems by a size aperture (pinhole) setup,
which wastes much of the cross section of the laser beam, and
hence there usually is a significant pulse energy loss with these
settings. Since the signal in LIBS, within the same pulse duration
regime, is more or less proportional to both the amount of ablated
matter and the fluence, the loss of analytical signal can be dramatic.
The possibility to use very small analytical spot sizes is a definite
advantage of LA-ICP-MS over LIBS in elemental imaging, which is
due to the fact that in the former, the laser ablation is only used as a
means of sample introduction and it is the ICP plasma that is
responsible for signal generation, plus of course MS detection has
very good sensitivity. This is also the reason why e.g. a ns laser LA-
ICP-MS system can work well with as low as 1 mJ pulse energy and
like 5 mm spot size, whereas with a similar laser source, LIBS
struggles with spot sizes below some 10 mm in diameter and/or less
than 10 mJ pulse energy. The much smaller fluences used in LA-ICP-
MS also cause less damage to the sample around the ablation crater.
The bottom line is that in most of the cases, it is advisable to choose
the maximum spot size that is sufficient to resolve sample features
and to pay attention to the laser pulse energy delivered to the
sample.

In most LIBS setups, spherical beam guiding optical elements are
used which produce a circular spot, however some analytical ad-
vantages have been reported to be associated with the use of cy-
lindrical lenses producing rectangular spots (e.g. Refs. [39,40]).
These may also be used in imaging setups in order to ablate more
material (e.g. in square-shaped spots as opposed to circular spots)
with a same scanning step resolution, thereby achieving higher
signals. Another interesting optical approach for laser beam
focusing is the incorporation of a microlens array described by
Sturm in Ref. [41] in a LIBS imaging setup.

The depth of focus (defined as the distance from the point of
minimum beam diameter after focus to the position at which the
area of the beam has doubled, characterized by the Rayleigh range)
increases linearly with the wavelength and with the square of the
ratio of the focal length to the input beam diameter at the focusing
lens [6]. The calculation gives about 4 mm depth of focus for typical
conditions (l ¼ 1064 nm, d ¼ 12 mm, f ¼ 120 mm). In an imaging
application, it means that for practical samples with minimal
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surface corrugations (<1 mm), a reasonably small area of interest
(e.g. 1 cm2) and minimal tilting (the sample is affixed in a holder in
a position that the area of interest on the surface is nearly hori-
zontal), there is usually no need for auto-focusing during scanning,
as the sample surface will not move out of the depth of focus, and
therefore the irradiance on the sample surface will stay acceptably
stable, which is a pre-requisite for accurate and precise elemental
mapping. This is fortunate from the point of view of scanning
speed, as auto-focus optomechanisms are usually not speedy
enough to keep the pace with the rate of data collection needed
(>kHz). Nevertheless, an auto-focus feature (based on e.g. time-of-
flight measurements from a supporting beam of diode laser pulses
or on a camera image) is very useful, because it makes the bringing
of the starting spot into focus much easier. This additionally aids
sample surface observation via a digital camera. It should also be
mentioned that in contrast to surface measurements, the depth of
focus requirements for depth-resolved analysis are more
demanding. A small depth of focus is also preferred if the sample is
a thin slice.

It should also be added that auto-focusing is typically only
featured in commercial LIBS (and LA) instruments, but can not be
expected to work equally well on all sample types. Typically,
transparent samples give camera-based systems a hard time, and
samples with strong specular reflection or very little scattering can
easily mislead time-of-flight based systems. In addition to this, it
can also cause similar problems if the optical characteristics of the
sample show great variability within the mapped area.

A general optical alternative for rastering the beam across the
sample surface instead of sample translation is steering the beam
by a mirror system (driven by e.g. piezoelectric drives or galvo-
scanners) and an F-theta lens. However, this arrangement is not
practical in LIBS, because the emitted light from the plasma also
needs to be collected and this would be very much complicated by
the varying direction of the ablative beam during scanning.

The light collection optics should of course be optimized for
maximum collection efficiency. First of all this means that the
collection solid angle should be as large as possible/practical. Sec-
ond, although the collection of the light emission by the plasma can
be also effectuated from the side, but most light can be collected if
the collection optics is uniaxial with the laser beam focusing optics
(„top view”). This is due to the fact, that breakdown plasmas always
propagate outwards in the direction of the surface normal and in
most setups, the direction of the laser beam is perpendicular to the
sample surface. This arrangement however necessitates the optical
separation of the forward propagating „monochromatic” laser light
from the backward propagating plasma emission to be detected.
The above requirements are best realized either by using a concave,
collection mirror pierced for the focused laser beam or by using a
telescope (e.g. Galilean) arrangement. The collected light, now
collimated by the mirror, can then be focused onto the entrance slit
(round or circular) of the spectrometer, preferentially using a
reflective optical component again in order to avoid chromatic
aberration. However ideal, this setup is rarely used in commercial
LIBS imaging systems because the sample surface also needs to be
observed with a high resolution digital camera prior to the mea-
surement for the selection of the area of interest and sample
documentation purposes. This can be done easiest if this third„observation beam” is collected uniaxially with the laser beam and
the light collection is performed from the side on a different axis, at
some cost of sensitivity. It should be mentioned that use of fiber
optic cables to couple the emitted light into to the spectrometer is
very practical from the point of view of system assembly, but it
comes with significant further losses in sensitivity, especially in the
UV range. This is caused by multiple problems associated with the
process of coupling light into the fiber, limited transmission

through the fiber and sub-optimal filling of the entrance slit with
light, etc.

2.3. Ablation chamber and sample positioning

Employing an ablation chamber that is rarely used in conven-
tional LIBS analytical measurements is hardly avoidable in imaging
analysis. Although the use of an ablation chamber imposes certain
limitations in sample size and shape, which necessitates some
mechanical sample preparation, it is not a drawback since sample
preparation is almost always involved with LIBS imaging anyway.

The ablation chamber also provides a possibility to perform
plasma generation under an inert gas atmosphere with pressure
and composition control. This can be beneficial with respect to i)
enhancing the sensitivity by modifying plasma physics, ii) allowing
the access of the VUV spectral region by purging oxygen and ni-
trogen from the optical path, iii) reducing gas-phase reactions in
order to avoid some spectral interferences and iv) reducing the
depositions and thermal effects on the sample surface thereby
slightly improving spatial resolution. For example, it is well docu-
mented [42] that a decreased pressure (ca. 10 Torr) argon gas at-
mosphere generally gives the highest sensitivity in LIBS
measurements, and the addition of He to the gas reduces the
amount of debris produced during laser ablation, which can help
increase the imaging resolution. The use of He as ambient gas is also
beneficial when detecting nonmetallic elements, such as F and S,
because the helium plasma has higher excitation potential than
argon. Using a gas flow around the sample and in the chamber also
helps to keep the window of the chamber clean of deposits, which
would otherwise continuously decrease the transmission of the
window, thereby leading to a decrease of the laser fluence reaching
the sample surface and a decrease of the recorded emission signal.
This is especially important in imaging applications, since a great
number of laser pulses are delivered to the sample, so cleaning the
chamber window after each few shots is not an option. As a rule of
thumb, it is generally advisable to use a laser focusing optics in
nanosecond LIBS at atmospheric pressure with a working distance
of at least 10e20 mm in order to keep the optical elements at a safe
distance from the ablation plume ejected from the sample surface
and some of the gas reaction products - if the gas pressure is higher
or a femtosecond laser source is used then the distance can be
smaller, because these conditions produce a much smaller plasma.
At the same time, this working distance will be higher if the abla-
tion gas has a pressure significantly lower than atmospheric, the
laser pulse energy is higher than usual or the samples vigorously
get oxidized in the atmosphere, such as with polymers/organics, as
the height of the plume will be larger. It also has to be considered
that plasmas in argon are generally hotter and larger than those in
helium, due to the higher thermal conductivity of the latter. It
should also be noted that the purging of the ablation chamber with
a gas flow ideally dictates to be performed at a volume rate which
ensures the exchange of the gas between each laser shots. This, in
turn, suggests that the volume of the chamber should be kept at a
minimum e limited by the sample size and the chamber height
(min. working distance), of course. The higher the laser repetition
rate, the faster the gas exchange needs to be. The use of gas flow
rates around 20 L/min are common.

A further device the use of which is crucial for a successful high
repetition-rate scanning LIBS imaging application is a motorized,
high-speed micropositioning two-axis (or if depth-resolved anal-
ysis is also planned, three-axis) translation stage that program-
matically moves the sample under the focused laser beam.
Needless to say that the linear resolution and the positional accu-
racy of these stages have to be in the sub-mm range, a value
significantly smaller than the spatial resolution (analytical spot
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size) aimed to be achieved, with a travel range that exceeds the
lateral sample dimensions. In addition to this, the stage also needs
to be very fast in x-y scanning speed, otherwise an ideally kHz-
range repetition rate laser can not be exploited. As a numerical
example, a fast precision translation stage with a 250 mm/s speed
allows a 10 mm line to be scanned in 1/25 s. This speed can be
exploited with a laser having 25 kHz repetition rate if a 10 mm
spatial resolution is to be achieved. A Z-axis piezo translation stage,
with a travel of, say, 500 mm is also necessary if depth-resolved
analysis is planned (3D mapping). This limited travel range is suf-
ficient for most such studies, considering the increasing difficulties
in the efficient collection of light from an increasing depth ablation
crater. It may also be added that the tilting of the sample surface
(e.g. by employing a rotation stage working around either the x or y
axis) can be used as an approach to enhance depth resolution [43].
Mounting the sample holder on a rotation stage also helps to
ensure that the area of interest on the surface of the sample is
horizontal for the scanning.

Considering the usual long time (several hours) needed for the
imaging, the use of a thermostatable (cooling) sample holder
should be considered in case of perishable (e.g. biological) samples.
Without cooling, the microbiological degradation of the sample can
cause analytical errors due to compositional changes (e.g. loss of
volatiles) or phase transformations (e.g. liquefaction, thawing).
Such sample holders are commercially available and are widely
used in microscopy; the cooling is performed by a thermoelectric
(TEC) device, supported by a recirculated fluid heat dissipation line.

The shape transformation or dimensional changes of the sample
during the measurement time are also to be avoided. Flexible or
mechanically not stable samples may not even be suitable for LIBS
imaging. A common solution for fixing such samples is to embed
them in a rigid polymer matrix, e.g. epoxy resin, and then cut the
block at the right elevation to expose the desired cross section of
the sample [44,45]. This approach has been long used in the field of
microscopy and was taken over by the LA-ICP-MS and now by the
LIBS imaging community. Another possibility to fix samples that are
not rigid enough is to freeze them and keep them frozen during the
whole measurement time by employing an above mentioned
thermostable sample holder. It is worth mentioning though that
local thawing of the sample and the production of water vapor
under the action of the laser pulse is inevitable. This can complicate
quantitative or 3D mapping measurements and the use of a dry
purging gas becomes very important. Further details of the sample
preparation of various applications can be found in section 4.

Last, but not least, the use of the ablation chamber is also
preferred due to safety considerations e without an ablation
chamber, the analysis of samples that impose chemical, radiolog-
ical, or biological hazards is not advised.

2.4. Spectrometers and detectors

The dispersive optical arrangement of spectrometers used for
elemental imaging is no different from regular LIBS analysis. The
choice of the optical setup of the spectrometer is dictated by such
features as spectral resolution, spectral coverage and sensitivity.
Theoretically, no specific dispersive optical setup is preferred over
the others in LIBS imaging, thus all major types of spectrometers
(e.g. Czerny-Turner, Paschen-Runge, Echelle, etc.) are in fact used. It
is mainly the type and characteristics of the photoelectric detector
used what makes a difference in mapping.

Charge coupled devices (CCD) are common in LIBS. Linear or 2D
CCD arrays, in an intensified (with a microchannel plate, MCP) or
non-intensified form are mostly employed. Linear CCD arrays are
mostly used in Czerny-Turner spectrometers, whereas CCD cameras
can be found in Echelle spectrometers. Back-thinned, Si-based CCDs

provide low noise levels and good sensitivity in the UVeViseNIR
range and can be efficiently synchronized with at least ms triggering
accuracy and ms - ms range integration times, suitable for gated LIBS
detection. The spectral resolution and sensitivity achievable
depend on the optical setup of the spectrometer as well as the pixel
resolution of the CCD array. Compact spectrometers incorporating
linear CCD array detectors (having 2048 or 3684 pixels) typically
provide good sensitivity, but the combination of spectral resolution
(0.05e0.1 nm) and spectral coverage (100e150 nm) they offer is
sub-optimal for LIBS detection, hence are preferred in portable and
cost-conscious instruments. Echelle spectrometers with megapixel
CCD cameras on the other hand can provide good spectral resolu-
tion (ca. 10e30 p.m.) along with a more or less complete UVeVis
spectral coverage, at the expense of some sensitivity.

A common problem with scientific CCD and intensified CCD
(iCCD) detectors is their strongly limited read-out speed (after
exposition, the pixels are read out in a serial fashion, which takes a
long time), typically in the 1e100 Hz range (1e100 frames per
second). This obviously is a serious drawback in LIBS imaging,
which gives best performance at frequencies two to three orders
higher (10e100 kHz). At present, the best promise for this field is
the development of complementary metal-oxide semiconductor
(CMOS) photosensor arrays. These devices have advanced read-out
electronics and some of them already offer Gpixel/s read-out
speeds, allowing for a sustained > kHz acquisition at their full
megapixel resolution. At this speed, the camera’s record length also
becomes an issue, as a high-speed camera is preferred to be able to
store all the frames in its on-board memory buffer, thereby
requiring multi-GB memory. These CMOS cameras are now
commercially available, but they are quite expensive, and have not
made their way into the mainstream spectrometers, partially
because of their somewhat reduced sensitivity compared to CCDs.
Nevertheless, they definitely represent the future of LIBS imaging
detectors. It is also worth mentioning that using photoelectron
multiplier (PMT) detectors in discrete wavelength spectrographs,
such as the Paschen-Runge arrangement, is a viable option for high
speed LIBS imaging, but it is only feasible in industrial setups which
work with a pre-defined set of analytical lines [24].

2.5. Data collection modes

Further consideration should also be given to the planning of
LIBS data collection; in other words, the measurement pattern or
data collection mode. This is the approach the system will follow to
scan the rectangular analytical area on the sample surface. Essen-
tially, two basic approaches are possible: step scan and continuous
scan. Whether the former or the latter is better for a given mapping
application strongly depends on the laser, optical setup, ablation
stage available in the system and on the analyte concentration.

In step scan mode, the sample stage moves step by step from
one measurement spot to the next. In each location, a full feature
LIBS measurement (with autofocusing, cleaning shots, signal aver-
aging or accumulation, double-or multi-pulsing, etc., if needed) is
performed and the stage only moves onwhen LIBS data collection is
completed. Step scan mode is therefore very adaptive and can be
employed in any LIBS system. The cost of this flexibility is the very
slow speed of mapping, which - in addition to the above features e
is further decreased by the necessity to accelerate, decelerate and
letting to stabilize the stage between locations (which is also
influenced by the weight of the sample). One would think that this
limits the usefulness of step scan mode to small area elemental
imaging, but in actuality, its ability to optically follow the change in
surface elevation becomes increasingly useful when larger areas
are to be scanned. Users of scanning LIBS setups with conventional
nanosecond laser sources can benefit the most from the step scan

A. Limbeck, L. Brunnbauer, H. Lohninger et al. Analytica Chimica Acta 1147 (2021) 72e98

78



mode data collection.
In continuous scan mode, the stage is continuously moving, and

the laser is continuously firing at a calculated relative rate that al-
lows the achievement of the required lateral imaging resolution
(distance of measurement spots). Obviously, only single-shot
analysis is possible in continuous scan mode e there can be no
cleaning shot, no signal averaging or accumulation to improve
sensitivity, etc. Should the sample surface move out of focus while
translating, practically there is also no possibility to re-focus the
optics. On the plus side, continuous scan mode is faster than step
scan, while it is also easy on the laser and the stage. The extra speed
of continuous scan mode can be best exploited, if the laser has a
very high repetition rate, the sample surface is very smooth and
levelled, and the analyte concentration is relatively high. That is
also the reason why scanning LIBS systems built around a femto-
second laser usually force the use of the continuous scan mode.

The overall organization of the ablation pattern is the same in
both scan modes: the area of interest on the sample surface is
covered by „horizontal” or „vertical” lines closely spaced next to
each other. In order to minimize stage movement and hence the
total scanning time, the stage steps to the next line position at the
end of a line, following basically a serpentine sequence („progres-
sive scan”). It is also worth mentioning that there is some dispute in
the LIBS and LA-ICP-MS elemental imaging literature about that
whether the overlapping or non-overlapping analytical spots,
assuming the same spot size, are better to use in the scans. As usual,
the truth is that both approaches have their pros and cons, which
are again related to the characteristics of the given LIBS instru-
mentation. Logically, non-overlapping spots generate less carry-
over of ablated material from one spot to the other (from one
pixel to the other in the elemental image), therefore tend to pro-
duce a sharper map that is a better reproduction of a highly het-
erogeneous sample composition. At the same time, overlapping
analytical spots are claimed to carry the advantage to produce
super-resolution images, which means that by using post-
processing of measurement data, an elemental map with higher
resolution than that possible by adjacent, but non-overlapping
spots can be produced. Since more debris around ablation craters
is generated with nanosecond pulses, large spot sizes and high
pulse energies, therefore it is not surprising that femtosecond LIBS
systems promote the use of scanning with overlapping spots. An
additional factor in these systems is that the repetition rate of the
laser is often so high that sometimes the sample translation stage
can not keep up the pace with it (especially at larger spot sizes), so
the use of non-overlapping spots is not really an option. At the same
time, conventional nanosecond laser-based systems, which are
slower to scan, but provide more flexible and more sensitive LIBS
mapping, can be used with or without spot overlap.

2.6. Two- and three-dimensional mapping

3D representations of elemental distributions in solid samples
by LIBS is recently becoming more and more popular, as they
provide a more informative and visually appealing illustration of
data. Since LIBS is a (micro) destructive analytical technique, depth-
resolved (3D) elemental mapping can only be carried out in a
sequential way, that is by repeating 2D scans over and over the
same sample area. In these experiments, the depth resolution is
basically defined by the depth of the ablation craters generated by
each laser shot (¼ the thickness of the layer removed by a 2D scan).
The 2D images are then stacked in order to get a 3D image.
Assessment of the depth resolution can be experimentally done by
ablating layered reference materials. Counting the number of
repeated laser shots (N) needed to penetrate a layer of known
thickness (d) in a reference material, to be determined by

monitoring the analytical signal from an analyte characteristic of
either the topmost layer or the layer below, is the basis of the
calculation (depth resolution ¼ d/N). The depth resolution can be
controlled mainly by the laser fluence, spot size and the angle of
incidence for the laser beam [43].

Unfortunately, the actual realization of 3D LIBS mapping with a
reliable depth resolution is quite complicated, especially for larger
cumulative depths (many layers). The root of many of these com-
plications are shared with 3D LA-ICP-MS mapping, so in order to
conserve space here, the interested reader is kindly referred to the
LA-ICP-MS imaging literature (e.g. Refs. [4,46]). These complica-
tions include, among others, the followings: i) mapping via laser
ablation leaves behind a roughened (crated- and debris-ridden)
surface, where the overall height of corrugations (depth) can not
be well defined (continuous scanning also suffers from the same
problem, when the whole analytical area is considered); ii) the
depth increase caused by each laser pulse becomes less and less as
the ablation depth increases; iii) after each 2D scan, the sample
stage is supposed to move the sample up into the depth of field
(DOF) of the focused laser beam again, but it will not be easy for the
autofocusing optical subsystem (either camera-based or time-of-
flight distance measurement-based) to control this movement,
with a roughened up analytical area (of course, the extent of these
difficulties also depend on the optical system and the intended
depth resolution); iv) the debris left behind in each area scan (it can
not be completely avoided) will spread the ablated matter over
onto adjacent craters, thereby „smearing” adjacent pixels of the
elemental map generated (this effect will intensify with the abla-
tion of each layer); v) signals collected during the depth-resolved
elemental imaging of porous materials (e.g. polymers or layers
with discontinuities) will also have contributions from underlying
layers of the material, thus the interface between layers can not be
correctly detected; vi) for heterogenous samples, the ablation rate
can also vary from point to point. One consequence of these and
other related complications is that only a few depth layers can be
mapped e or in other words, the depth of the mapped sample
volume should be practically much smaller than the side length of
the surface area (unless very small areas are scanned).

2.7. Stand-off mapping

Stand-off LIBS analysis in single spots has been successfully
demonstrated in the literature by many times, in several applica-
tions ranging from laboratory experiments to industrial moni-
toring, or from underwater archeology to planetary expeditions
[19,22,47]. The tasks of focusing the laser beam over a distance and
collecting the plasma emission with a telescopic optical system can
be practically solved, as is also illustrated by the availability of
several commercial LIBS measurement systems (see e.g. company
websites of Applied Photonics, CEITEC and others). It is also known
that the use of fs lasers in this scenario is especially advantageous,
as the self-focusing filamentation of these laser beams make it
easier to maintain the high fluence needed for plasma generation
on the sample surface from a distance [27]. Rastering a laser beam
over an analytical area is also a routine optical task, which can be
done e.g. by galvo scanners. This can lead one to the conclusion that
it is relatively straightforward to build a stand-off LIBS elemental
mapping setup with analytical features comparable to those
working in the lab.

In reality, there are several obstacles that need to be tackled for a
successful stand-off LIBS imaging. First the sensitivity of a stand-off
LIBS system is inherently much lower than that of conventional
LIBS setups due to the very small light collection solid angle. If trace
elemental mapping is to be attempted then this has to be
compensated for by, e.g. increasing the size of the analytical spot
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while keeping the laser fluence at the same level, but this will
seriously deteriorate the spatial resolution of the elemental map
and may need a very powerful laser. Another possibility is to use a
non-conventional spectrometer which is far more sensitive e for
example, interferometric spectrometers, such as the spatial het-
erodyne spectrometer (SHS) can boost sensitivity by a factor of 100
[48e50]. Second, any temporal or spatial fluctuations in the me-
dium in which the laser pulse has to travel from the source to the
sample will have an influence on the intensity or direction of the
beam during scanning which can compromise the spatial resolu-
tion and the intensity of the elemental map obtained. Third, in
stand-off analytical scenario, a clear view of the sample surface is
needed, which typically also means that the sample is exposed to
the influence of any environmental contaminations during the
scanning time, which can easily be hours, and this may introduce
spikes, glitches in the map recorded.

Table 1 offers an overview regarding commonly used laser pa-
rameters and instrumentation in various LIBS imaging applications.

3. Data processing of LIBS imaging

The following discussion applies to full LIBS spectra and not only
selected wavelengths, as this is sometimes done to speed up the
measuring process and to reduce memory requirements. While
there is plenty of literature dealing with simple univariate ap-
proaches (an overview is given, for example, by Jolivet et al. [13]
and by Zhang et al. [51]) we deliberately focus on multivariate
methods which can clearly outperform conventional approaches
both in accuracy and flexibility.

3.1. Conversion of 3D data

LIBS images form, as any other type of hyperspectral images,
three-dimensional data sets (two spatial dimensions and one
spectral dimension). However, most readily available chemometric
methods work on two-dimensional data matrices which makes it
necessary to convert the measured 3D data space into a 2D data
space before applying multivariate statistical methods. The 3D to
2D conversion is done by means of serialisation: each pixel of the
image is considered to be an independent sample [52]. Thus, all
pixels of the image are arranged into a two-dimensional array,
where the rows are the pixels and the columns are the intensities
(Fig. 2). Of course, after applying the statistical toolset the pro-
cessed data has to be transformed back to image coordinates. This
way it is possible to present the processed data as images showing
specific aspects of the original data.

There is one drawback to this approach: this transformation
ignores the spatial relationship between neighbouring pixels
because each pixel is treated independently. Thus special methods
should be used to exploit spatial relationship as well. This can be
done by performing, for example, texture analysis in parallel to
hyperspectral analysis as it has been done with images obtained
from the Mars rover Curiosity [53].

3.2. Automatic selection of spectral peaks

Given that full LIBS spectra have typically thousands of spectral
peaks an automatic selection of peaks is more or less mandatory.
Actually, one may have two goals when selecting spectral peaks: i)
finding and identifying all peaks and ii) finding the important peaks
which allows to solve a particular problem. Whether option i) or ii)
is the best way to go depends on the type of the subsequent
analysis. In the case of exploratory analysis one should use all peaks
in order to avoid loss of information, and in the case of a specific
classification task, for example, one wants to identify only those

peaks which have the greatest contribution to the classification. In
general, one should first identify all available peaks and use this set
of peaks as the starting point for the next steps of the analysis.
There are several methods, for example random forests, which
provide an intrinsic selection of proper wavelengths.

One way to automatically select spectral peaks is to identify
them by a method called image features assisted line selection
(IFALS) [54]. IFALS performs a geometric analysis of the spectral
curve which allows for detecting peaks in the spectral line. This
method comes from machine vision where it is used in motion
detection [55].

Another method is to correlate the spectral line with a small
template peak while shifting the template peak along the spectral
axis. Maxima of the correlation indicate the position of a spectral
peak. This method is sensitive to peak width and may require
running the algorithm several times with adjusted widths of the
template peak. While the IFALS method is in general faster it ex-
hibits some problems if peaks are driven into saturation (peaks are
cut off and show a flat top). The correlation method is more reliable
in such cases, given that the template width approximately
matches the peak width of saturated peaks.

3.3. Pre-processing and scaling of the spectra

Depending on the multivariate methods applied during data
analysis the scaling of spectra may be necessary or must not be
applied at all [56,57]. In general, methods based on distances, such
as hierarchical cluster analysis, must not be preceded by scaling
operations, and methods based on variances, such as Principal
Component Analysis (PCA), can use scaled data and might benefit
from it.

The most often used scaling types are mean-centering and
standardization. Mean-centering calculates the mean of the in-
tensities of each wavelength and subtracts it from the corre-
sponding intensities. This shifts the entire data cloud to the origin.
Standardization mean-centers the data and then divides the indi-
vidual variables by their respective standard deviation. Thus, the
extent of the data space becomes comparable along all axes. Please
note that standardization destroys the spectral correlation to some
extent, a fact which might become important when a particular
method requires the preservation of the spectral correlation (i.e.
when applying an internal standard).

In many cases there is no clear rule when to apply which type of
scaling. Thus, it is recommended to experiment with all three types
of scaling (no scaling, mean-centering and standardization) to find
out which approach fits best.

Pre-processing in LIBS-based hyperspectral imaging is
straightforward and comparatively simple. Basically, two methods
are often to be used: i) scaling the spectra to take care of varying
experimental conditions during the measurement (which may take
several hours if the image has a high spatial resolution). This can be
easily achieved by, for example depositing a thin uniform layer of
gold on the sample and using several of the gold lines as an internal
standard to correct the spectra [58]; ii) In many situations, espe-
cially when the concentration of a particular analyte is low, noise
acquired during the measurement of the data can become a
considerable problem. Although many applications simply use
spatial down-sampling approaches to reduce the spectral noise this
approach is not recommended because information is destroyed
(i.e. the spatial resolution decreases).

One of the methods to reduce noise without decreasing spatial
resolution is to perform a principal component analysis, remove the
components exhibiting low eigenvalues and back-transform the
reduced set of principal components to the original data space. In
this way it is possible to remove noise from the image data.
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However, this approach has a big drawback: the principal compo-
nents are sorted according to decreasing variance which might lead
to the removal of valuable image information if the removed
components contain useful information.

An alternative approach which uses basically the same idea but
exploits a different weighting of the information content is
maximum noise fraction (MNF) transform [59]. The basic idea
behind MNF transform is to rotate the data space in a way that the

Table 1
Overview of used LIBS instrumentation in various imaging applications. Application fields LS: Life science, GS: Geoscientific studies, CH: Cultural heritage studies, MS: Materials
science.

Laser Wavelength (nm) Laser energy (mJ) Pulse duration Lateral Resolution (mm) Detected Wavelength (nm) Reference number

532/1064 30/80 ns 100 200e975 [37]
1064 e ns 15 250e330 [52]
266 e ns 100 185e1048 [83]
266 3.8 ns 100 185e1048 [84]
266 21.5 ns 40 185e1048 [113]
266 0.8 ns 25 315e350 [114]
266 15 ns 100 185e1040 [115]
532 e ns e 200-510/200-900 [116]
532 20 ns 100 270e1000 [118]
266 20 ns 150 187e1041 [119]
266/1064 10/100 ns 200 e [120]
266 15 ns e e [121]
1064 160 ns 100 200e1100 [122]
1064 90 ns 75 200e850 [123]
532 20 ns 100 240e940 [124]
532/1064 60/60 ns e 240e860 [125]
1064 0.5 ns 12 315e345 [127]
1064 15 ns 100 315e350 [128]
1064 5 ns 100 286e320 [129]
1064 0.5 ns 40 315e350 [131]
1064 5 ns e 282e317 [133]
1064 2 ns 50 190e230 [134]
532 e ns 500 253e617 [137]
266/1064 10/90 ns 150 e [138]
1064 70 ns 190e970 [139]
266 10 ns 500 e [143]
532 20 ns 300 200e975 [144]
1064 35 ns 700 200e600 [145]
1064 0.5 ns 50 250-480/620-950 [146]
1064 e ns 10 245-310/400-420 [147]
266 18 ns 100 240e800 [148]
1064 10 ns 90 270e330 [149]
1064 0.6 ns 15 190-230/250-335 [150]
1064 1 ns 10 e [151]
1064 0.6 ns 10 150e250 [152]
213 e ns 85 668e708 [153]
213 6 ns 50 284e333 [154]
1064 60 ns 250 220e800 [155]
266 6.75 ns 50 185e1050 [156]
1064/1064 50/10 ns 60 198-710/284-966 [157]
1064 1 ns 50 252e371 [158]
355 170 ns 700 360e800 [163]
355 170 ns e 280e800 [164]
1064 50 ns 300000 240e340 [165]
1064 1.5 ns 8 200e1000 [166]
266 2.5 ns 80 180e1050 [167]
1064/1064 5.4/8.7 ns 20 190e900 [168]
1064 2 ns 6 130e777 [171]
1064 e ns 100 186e1040 [172]
400 0.2 fs 6 e [173]
1064 10 ns 30 190e210 [174]
532 ns e 209-225/335-345 [175]
1064 0.6 ns 15 338e362 [176]
1064 1 ns 30 150e255 [177]
343 0.16 fs 75 390-403/452-500 [178]
266 8.4 ns 40 185e1048 [179]
532 20 ns e 200e895 [180]
1064 3 ns 80 747e941 [181]
1064 65 Ns 0.67 200e980 [182]
532 120 Ns 1500 200e980 [183]
266 2 Ns 10 364e398 [184]
1064 100 Ns 800 258-289/446-463 [185]
266 2 Ns 25 e [186]
266 2 Ns 25 272e775 [187]
532 2.9 Ns 130 187e1045 [188]
- 0.6 Ns 12 310e350 [189]
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signal to noise ratio is maximized along the new axis (instead of the
variance in the case of PCA). The only problem with MNF is that it is
necessary to correctly estimate the covariance structure of the
noise. MNF transform works quite well if the structure of the noise
is estimated correctly. If it is impossible or difficult to create a
correct estimate of the noise structure, the results will be poor,
resulting in artefacts which may hamper the following analysis of
the image.

3.4. Data analysis

3.4.1. Exploratory analysis
Exploratory data analysis is a valuable toolset when just starting

to get into the analysis of a largely unknown sample. All these
methods are governed by the principle that the high-dimensional
data space is projected onto a two dimensional space (i.e. the
computer screen) in a way that the information contained in the
high-dimensional data is largely conserved. The following section
shortly discusses the most prominent methods used for explor-
atory purposes and gives some hints on introductory literature as
well as on applications:

3.4.1.1. Principal component analysis (PCA) [37,52,60,61]. The basic
idea of PCA [62] is the rotation of the p-dimensional coordinate
system to achieve uncorrelated axes which show a maximum of
variance of the data space. The maximizing of the variance is gov-
erned by the idea that the information content is proportional to
the variance in a certain direction of the data space. This way it is
possible to sort the resulting new (rotated) axes according to their
information content. Without going into the mathematics of the
PCA we can assume the first few components will show a big part of
all available information. And indeed, PCA can be easily used to find
spectrally similar regions of an image by looking at the score plots
(Fig. 3).

3.4.1.2. Hierarchical cluster analysis (HCA). Hierarchical Cluster
Analysis [64,65] generates dendrograms which depict the distances
between individual spectra. The fundamental idea is that similar
spectra show small distances in the p-dimensional data space and
thus form clusters of neighbouring points in this space. There are
several ways to create dendrograms which differ in the weighting
of the inter-cluster vs. the intra-cluster distances (controlled by the
Lance-Williams equation [66]). The resulting dendrograms can be
quite different, not all of them being easy to interpret. A notably
good choice is Ward’s approach (which can also be covered by the
Lance-Williams equation) [67]. The resulting dendrogram can be
used to assign class numbers to all the spectra according to their
mutual distance, thus effectively colouring chemically similar re-
gions of a sample.

3.4.1.3. Similarity maps. Similarity maps [68,69] are basically maps
which depict the spectral similarity of all spectra of an image to a
reference spectrum. The reference spectrum may either be taken
from the acquired image data or from a database. Thus, the user can
quickly identify regions which are similar to a particular spot of the
sample or similar to selected database spectrum. The spectral
similarity can either be based on some kind of correlation or on
some kind of spectral distance. Typical similarity measures are the
Euclidean distance, the Mahalanobis distance [70], the Pearson’s
correlation coefficient, the spectral angle mapper [71] or spectral
information divergence [72] (Fig. 4).

3.4.1.4. Vertex component analysis (VCA). The idea behind VCA is to
resolve a linear mixture model in order to identify pure component
spectra [73]. VCA is commonly used in endmember detection in
geology and mineralogy and assumes that there are pure spectra of
the searched components in the image. VCA operates on the raw
data and its speed depends on the dimensionality of the data space.
This automatically slows down VCA for full-scale LIBS spectra as
these spectra have typical lengths of more than 10.000 intensity
values.

3.4.1.5. Self-organizing maps (SOM). SOMs is a non-linear projec-
tion method which tries to segment images while maintaining
topological relationships [74]. Thus, SOMs lend themselves to be
used in imaging applications. SOMs have the advantage that the
expected number of clusters has to be known (as opposed to, for
example, k-means clustering).

Several applications have been published using SOMs. For
example, Pagnotta et al. use SOMs to segment LIBS images of
mortars [75], or Tang et al. use SOMs and k-means clustering to
classify polymers [76] whereas Klus et al. used SOMs to study U-Zr-
Ti-Nb in sandstone [77].

3.4.2. Classification
Classification methods are used when one wants to predict and

assign the type of an unknown material. Classifiers are not “instant
methods”, in fact they have to be trained by known correct samples.
This implies additional efforts, especially as far as the correctness of
the training data is concerned (because wrongly labelled training
data automatically lead to poor classification results). However, if
the training sample is correct, classifiers usually deliver excellent
results (assuming that the problem at hand can be solved at all).

Classification schemes can be grouped in linear and non-linear
classifiers. In general, linear classifiers such as Partial Leas
Squares Discriminant Analysis PLS/DA and Linear Discriminant
Analysis (LDA) cannot solve non-linear problems, while non-linear
classifiers will deliver solutions for both linear and non-linear
cases. This does not automatically imply that one should always
use non-linear classifiers, as non-linear classifiers tend to overfit

Fig. 2. The conversion from the 3D image space to the 2D analysis space.
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the training data while with non-linear classifiers, this can be
avoided if some requirements are met.

Most classifiers work best if configured as a binary classifier and
some of the classification methods cannot be used for multi-class
problems at all. In such cases it is recommended to generate bi-
nary indicator variables. Such indicator variables are derived from
the class numbers by creating as many indicator variables as
available classes. Each indicator variable is filled with a zero value
for spectra which do not belong to the particular class and with a
value of one if the spectrum belongs to this class. In this way the k-
multiclass problem is transformed into k binary classification
problems.

3.4.2.1. Linear Discriminant Analysis (LDA). One of the simplest
linear classifiers is LDA [78]. LDA is based on a linear regression
model which generates a linear surface in the p-dimensional space,
effectively separating the two classes. Linear discriminant analysis
suffers from the fact that multi-collinearity causes weakly

determined coefficients which can result in unstable class assign-
ments. Further, in LDA the number of variables must be well below
a third of the number of pixels, which might become a problem
with small images. Thus, LDA is largely replaced by PLS/DA (see
below).

3.4.2.2. Partial Least Squares discriminant analysis (PLS/DA).
As mentioned above the instabilities of the regression coefficients
can be avoided by using PLS/DA [79], which calculates the regres-
sion coefficients of the model by using PLS [80]. As PLS is not
sensitive to multi-collinearity of the variables, it does not need
more samples than the number of variables. PLS/DA is an almost
perfect approach to linear classification of spectra obtained from
images. However, PLS requires reducing the number of factors to an
optimum amount otherwise it degenerates to LDA in the case of
using all factors. The optimum number of factors is determined by
cross validation.

Fig. 3. Principal component analysis of the mean-centered LIBS spectra of a concrete sample. Left: score/score plot of the first two principal components. The cluster of spectra in
the lower right corner has been marked. Right: the score image of the second principal component, displaying the marked pixels. The marked regions contain high concentration of
calcium [dataset] [63].

Fig. 4. Similarity maps of three different positions using the Pearson correlation of standardized spectra. Red areas indicate high spectral similarity to the location marked by the
crosshair, blue areas indicate dissimilarity and white areas indicate indifferent areas (non-significant correlations). [dataset] [63].
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3.4.2.3. Random forests (RF). RF is one of the newer methods
introduced in the field of machine learning at the beginning of this
century [81,82]. RFs have proven themselves as a very reliable and
powerful tool both for classification purposes and for modelling
approaches. The basic principle of RFs is the combination of many
de-correlated decision trees which “vote” for the final outcome
within the ensemble of trees. The voting can be performed in
several ways, usually by majority voting in classification scenarios.
Typically, between 50 and 150 trees are sufficient to solve most
classification problems. Each of the decision trees is based on a
random selection of variables thus avoiding any correlation be-
tween the trees. Random forests have successfully been used to
classify LIBS images of modern art materials [83] or to discriminate
various polymer samples [84].

3.4.2.4. K-nearest neighbours (kNN). Another non-linear classifica-
tion method is kNN classification [85]. kNN is based on the idea that
the k closest objects in the p-dimensional space determine the class
of an unknown spectrum (by for example, majority voting). kNN is
easy to use and to calculate, however it requires having a good and
correct database of known spectra. Errors in the database auto-
matically lead to misclassifications. Further the database should
have built in some redundancy so that the data space is populated
by at least 10 to 20 examples per class.

There are no exact rules of the selection of k, however an odd k
in the range between 3 and 9 usually works best. For a particular
classifier and a particular database k should be determined by
means of cross validation. Theoretical considerations [64] show
that the error of 1NN (k ¼ 1) is less than twice the Bayes error -
which makes kNN some kind of a benchmark. However, kNN suf-
fers a lot from the curse of dimensionality [86] as the distances in a
p-dimensional space become more and more similar with
increasing p.

3.4.2.5. Support vector machine (SVM). SVM [87] is an intrinsically
linear classifier which can be applied to non-linear problems by
applying a transformation of the data space using for examples
polynomials or Gaussian density functions [88]. It can be shown
that SVMs can solve non-linear problems even without explicitly
calculating the non-linear transformation (this is commonly called
the “kernel trick”). The basic idea of an SVM is to find a discrimi-
nation surface of finite thickness (as opposed to PLS/DA which uses
an infinitely thin separating plane) which is controlled by a few
points at the border of this surface. These points are called “support
vectors” because they control the location and orientation of the
separating surface. An application of both SVM and kNN to classifier
soft tissues is given by Li et al. [89].

3.4.2.6. Artificial neural networks (ANNs). ANNs comprise a family
of diverse and partially unrelated methods whose applications span
a vast range of fields from pattern recognition and associative
retrieval to calibration tasks. A well-structured survey on these
methods can be found, for example, in the book of Du and Swamy
[90].

The main problems with the quantitative analysis of LIBS spectra
are spectral overlapping, self-absorption and matrix effects
resulting often in nonlinear relationships between quantities and
the corresponding spectral signals. These nonlinear effects can be
addressed by ANNs. While there are several applications of ANNs to
the quantitative analysis of LIBS data [91] imaging related analysis
based on ANNs is still in its infancy. An extensive overview on ANNs
and LIBS including spectral imaging is given by Koujelev and Lui
[92].

3.4.3. Calibration
Calibration based on LIBS data can become quite complex if the

matrix shows extreme variability, as for example in geological or
biological samples. In principle, the quantification of a particular
chemical element is possible by setting up a univariate regression
given that the matrix is well defined, and the used spectral lines do
not interfere with other elements. However, this assumption proves
to be not met in many practical cases. Thus, a multivariate approach
is needed to account for matrix effects and interferences.

The classical approach would be Multiple Linear Regression
(MLR). However, MLR suffers from multi-collinearity of the inde-
pendent variables and requires the number of training samples to
be at least three times higher than the number of used wave-
lengths. Although there are various variable selection techniques to
keep this ratio within an acceptable range, a much better approach
is to use Partial Least Squares (PLS) regression. Other possibilities
are random forests, artificial neural networks and the Franzini-
Leoni method [93].

3.4.3.1. Partial Least Squares (PLS). PLS is certainly the most com-
mon and most mature method [80] and the setup of a calibration
model is straightforward: i) define the independent variables (i.e.
use all available wavelengths), ii) define the target variable to be
calibrated, iii) find the optimum number of factors by cross vali-
dation, and finally iv) store and apply the found model. A good
comparison of univariate regression and PLS is given by Ref. [94].

3.4.3.2. Random forests (RF). Random Forests can be used in the
same way as in classification scenarios. The only difference is the
voting of the individual trees of the random forest. For regression
(¼ calibration) purposes the outputs of the individual trees should
be averaged (instead of majority voting). Random forests however
have one problem: they cannot extrapolate. Thus, when using
random forests, it is mandatory that the training data completely
cover the calibration range in order to avoid any extrapolation.
More details on random forests can be found in Ref. [95].

There are several papers using random forests for calibration
purposes. Wang et al. used a combination of wavelet transform
with random forests where wavelets were used for de-noising the
data. The de-noised and optimized variables were then fed into a
random forest-based model to determine metal concentrations in
an oily sludge [96].

3.5. Image fusion

Image fusion is a technique which allows to combine two im-
ages of different spectral and spatial resolution into a single image.
Normally an image with high spatial but low spectral resolution
(typically a monochromatic or a colour photo of the sample) is
combined with an image of high spectral but low spatial resolution
(i.e. the LIBS-based image). This combination results in a crisp
image of the sample which is coloured according to the elemental
information obtained from the LIBS measurement.

More than 10 methods of image fusion have been published,
from simple arithmetic multiplication of the two images, to spectral
substitution-based techniques such as the Brovey transform [97], to
sophisticated calculations based on principal components or
wavelets [98]. For most purposes Brovey transform delivers a very
good compromise, as it is fast and delivers nice images which retain
the texture of the high-resolution photo while being coloured to
indicate elemental constituents.

4. Applications

In the following chapter, selected LIBS imaging applications are
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presented which highlight the benefits of this analytical technique.
In particular, the possibility to detect all elements of the periodic
table is represented with 52 different chemical elements being
analyzed in the presented works. Moreover, capabilities for
simultaneous multi-element analysis is demonstrated in numerous
publications. In more than 10% of the discussed applications
elemental distributions of 10 or more elements were measured.
Additionally, elements which are not accessible or do not allow
detection with a high sensitivity with other imaging techniques are
often analyzed in LIBS applications. The most common detected
elements in the presented compilation of applications include
mainly light elements, alkali and earth alkali elements, and non-
metals. Another main benefit of LIBS is the high speed of analysis,
thus large sample areas (up to several cm2) can be analyzed in a
reasonable time. Table 2 gives an overview and summarizes LIBS
imaging applications allowing to conclude on the advantages this
techniques has to offer. A detailed discussion of the individual
publications is provided in the following chapter.

4.1. Life science

The capability of LIBS to obtain spatially resolved multi-
elemental images has received increased attention. Life science
applications appear to be one of the most promising field for
further development of LIBS-based imaging. In this review we
summarize the current state-of-the-art together with the most
recent and crucial research works related to elemental bio-imaging
in individual life science applications. Mainly, we tend to empha-
size technical aspects of the analysis including benefits of LIBS over
other analytical techniques, evidence on laser-tissue interaction,
etc.

Continuous improvements in LIBS lead to further establishment
of the technology among its analytical counterparts; namely LA-
ICP-MS which is still considered to be the reference to LIBS. LA-
ICP-MS held its position for decades in bioimaging due to its
higher sensitivity and spatial resolution [99e101]. Recently, LIBS
has been narrowing the gap in terms of repetition rate, cost of
analysis and instrumentation affordability when insufficient
sensitivity seems to be an issue of the past. LIBS fully matured in
plant bioimaging [44] and becomes a viable alternative in
biomedical applications [45].

The contemporary LIBS literature reflects a wide range of bio-
applications where various samples (soft/hard tissues, liquids,
pathogens, etc.) are analyzed under various conditions. Several LIBS
reviews dealing with the analysis of biological samples or, more
exactly, with their bioimaging were already published, e.g. plant
material analysis [102,103], plant bioimaging [44], agriculture and
food analysis [104,105], preclinical applications and medical ap-
plications [13,45,106], and veterinary and livestock applications
[106].

Here we focus solely on “solid” samples and thus skip any dis-
cussion over the analysis of algae [107], pathogens with emphasis
on bacteria [108], or liquid samples of biological origin [106]. The
analysis of homogenized pellets is not considered, despite this
approach enables easier calibration and quantitative analysis [109].
But the process of pelletization loses any information on the orig-
inal tissue composition and analyte distribution. Therefore, those
biological materials and/or approaches for their analysis are out of
scope of this review.

Numerous ways of sample pre-treatment leading to signifi-
cantly different outcomes and limitations have been presented. It is
noteworthy that the sample preparation process is crucial for suc-
cessful analysis using LIBS [110] and must be optimized a priori.
Unfortunately, there is no established protocol of biological tissue
sample preparation for LIBS analysis. The plant tissues are either

fixed on top of the epoxy or pressed onto a sticky tape; potentially,
cryo-fixing via flash freezing was also introduced [44,111]. Hard
tissues (e.g. bones and teeth) are non-demanding. Fixing them in
epoxy seems to be an appropriate approach and their cutting and
polishing is then straightforward.

Fixing soft tissues is a critical step in the analytical routine [112].
Most often the researchers choose between cryo-sections and
formalin fixation and paraffin embedding (FFPE). The FFPE is a
golden standard in clinical applications and pathological exami-
nation of a tissue when haematoxylin and eosin staining is con-
cerned. Thus, adapting the LIBS methodology to fit this sample
preparation seems adequate. The sample may then be measured in
thin sections with thicknesses approximately 10 mm. Direct LIBS
analysis of paraffin blocks is also possible when providing more
material for ablation and, in turn, better sensitivity. However, evi-
dence was found indicating that the FFPE preparation of a tissue
leads to unwanted redistribution of the elemental content [112].
This raises further considerations when using FFPE in metallomics
applications. It is advised to use other approaches too as references
to check the correctness of the sample preparation.

The parameters involved in sample preparation and consecutive
laser-matter interaction make the tissue ablation a complex phe-
nomenon. Involved parameters have convoluted dependence on
laser-ablation performance and the optimization process is,
therefore, tedious, and lengthy. Successful implementations of LA-
ICP-MS to individual applications (e.g. plants [101] and biomedical
[99]) may serve as an inspiration for LIBS research and develop-
ment efforts. Both techniques have already been utilized in tandem
when complementing their benefits and increasing the range of
detected elements [113]. Yet still, a potential of their joint utiliza-
tion is mitigated by certain discrepancies in optimal settings of
laser ablation parameters.

The quantitative analysis applied directly to bioimaging of het-
erogeneous samples attracts considerable attention. However, any
success is limited due to the essence of laser ablation itself; the
need for matrix-matched standards with similar physical and
chemical properties is a persistent challenge. A comprehensive
review summarizing individual efforts in quantification of LIBS and
LA-ICP-MS images was recently delivered [109]. As in the case of
sample preparation, works on LA-ICP-MS might be an interesting
source of information for further development of LIBS methodol-
ogy. Several approaches have been introduced to calibrate the LIBS
system. Quantification analysis of plant tissues is centered around
homogenization and pelletization [111]. In the case of soft tissues,
the methodology is not straightforward and contains homogeni-
zation of the tissue, utilization of inkjets or agarose gels. The most
promising method so far seems to be the use of epoxy mixtures
[114]. Considering hard tissues, the calibration strategies are based
on calcium-rich materials, including hydroxyapatite [115] or cal-
cium oxalate [116]. Despite all the efforts, there is still a dire need to
deliver a methodology enabling accurate quantification in direct
imaging of bio-samples [109]. Finally, the use of calibration-free or
C-Sigma methods [117] seems promising, yet still, their imple-
mentation to bioimaging is only foreseen.

In the following paragraphs, we overview papers dealing with
the imaging of plant, soft, and hard tissues. The literature research
of LIBS applications is extended with the discussion over utilized
LIBS instrumentation and its performance. Unifying benefits of LIBS
technique which make it especially attractive over LA-ICP-MS for
the presented applications are typically faster throughput and,
thus, larger imaged areas; measurement of inaccessible (e.g. O, N,
H) or challenging (e.g. C, P, S) elements; simultaneous detection of
all analytes with no need for preselection; etc.
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4.1.1. Imaging of plant tissues
In the last two decades LIBS became an established analytical

tool in the plant bioimaging. This issue has already been addressed
in several studies and review publications [44,102,104,111]. It is
noteworthy that we avoid any discussion of food analysis [104,105].

LIBS technique excels over other analytical techniques mainly in
terms of affordable instrumentation enabling large-scale mapping.
Such instrumentation provides reasonable analytical performance
(sensitivity) and is, thus, a vital alternative in many applications.
The imaging of macro- and micro-nutrients is a great added value

Table 2
Overview of LIBS imaging applications.

Sample Material Investigated Elements Data Evaluation Analyzed Area (mm2) Reference number

Minerals U Multivariate 225 [37]
Minerals Al, C, Cd, Co, Cr, Fe, H, Mn, O, P, Sn, Ti Multivariate 468 [52]
Cultural heritage samples C, H, Na, O Multivariate 128 [83]
Polymers H, K, Na, O Multivariate 190 [84]
Soft tissue Fe, Gd, Na, Si Univariate e [113]
Soft tissue Ca, Co, Mn, Ni, Sr, V Univariate e [114]
Hard tissue C, Ca, Cl, Fe, H, K, Mg, Mn, Na, O, P, S, Sr, Zn Univariate 4 [115]
Hard tissue Cd, Te, Si Univariate 900 [116]
Plant tissue Al, Ba, C, Ca, Cu, Fe, H Univariate e [118]
Plant tissue Cd Multivariate e [119]
Plant tissue Li Univariate e [120]
Plant tissue Cd Univariate e [121]
Plant tissue K, Mn Univariate 1.7 [122]
Plant tissue Er, Y, Yb Univariate e [123]
Plant tissue Cr Univariate e [124]
Plant tissue Ca, Gd Univariate e [125]
Soft tissue Ca, Cu, Gd, Na Univariate 2 [127]
Soft tissue Ca, Fe, Gd, Si Univariate e [128]
Soft tissue Ca, Na Univariate e [129]
Soft tissue Fe, Mg, Si Univariate e [131]
Soft tissue Al, Cu, Fe Mg, Na, Si Univariate e [133]
Soft tissue Ba, Ca, Fe, Na, Sr Univariate e [134]
Hard tissue Al, Ca, Na, P Univariate e [137]
Hard tissue Fe, Si Univariate e [138]
Soft tissue Cd Univariate e [139]
Immunoassay Ag Univariate e [143]
Immunoassay Au, Eu, Nd, Pr, Yb Univariate e [144]
Immunoassay Ag, Al, Ca, Cu, Fe, Mg, Si, Zn Univariate e [145]
Mine core Al, Fe, Mg, Mn, Na, Si, Sr Univariate 1600, 750 [146]
Speleothem Al, Ca, Fe, K, Mg, Na, Si, Sr Univariate 2000 [147]
Speleothem Ca, Mg Univariate 72 [148]
Shells Cu, Mg, Pb, Si, Zn Univariate e [149]
Minerals Ce, Cu, Fe, La, Si, Y Univariate 470 [150]
Minerals Al, As, B, C, Ca, Cu, Fe, Mo, P, S, Si, Ti, Zn Univariate e [151]
Mine core F, O Univariate 15, 200 [152]
Minerals Al, Ca, Si Univariate 16 [153]
Minerals Al, Cu, Fe, Mg, P, Si Univariate 0.6 [154]
Carbonaceous shale Al, Ca, Fe, K, Mg, Na, Si Multivariate 29 [155]
shale Al, C, Ca, Fe, H, Mg, O, Si Univariate 64 [156]
Ore Al, Ca, Cr, Cu, F, Fe, K, Mg, Mn, Na, Ni, P, S, Si, Ti, Zr, Pd, Pt Multivariate 10000 [157]
Minerals Al, Ca, Cu, Fe, K, Mg, Na, Ni, Pd, Pt, S, Si Univariate 1200 [158]
Cultural heritage samples Al, Cu, Fe Univariate e [163]
Cultural heritage samples Al, Ca, Fe, K, Mg, Na, Si Univariate e [164]
Cultural heritage samples Ca, Mg, Si Univariate e [165]
Cave walls Mg, Si, Sr Univariate e [166]
Cultural heritage samples Al, C, Ca, Cu, Na, O, S, Si Univariate 0.8 [167]
Limestone C, Ca, Fe Univariate 625 [168]
Steel Al, Mn, N, O Univariate 100 [171]
PCB Al, Au, Ba, Ca, Co, Cu, Fe, K, Li, Mg, Mn, Na, Ni, Sb, Si, Sn, Ti, Zn, Pb Multivariate 1200 [172]
Thin films Ba, Cu, Mg, Mn, Y Univariate e [173]
Composite material C, Co, Cr, Fe, Ni, Si, W Univariate 0.81 [174]
Catalyst Pd, Pt, Rh Univariate 345 [175]
Catalyst Al, CN, Fe, Pd Univariate e [176]
Catalyst Al, C, Ni, S, V Univariate e [177]
LLZO Al, La, Li, Zr Univariate 1.23 [178]
LLZO La, Li, Fe, Zr Univariate e [179]
LiCoO2 Co, Li Univariate 0.25 [180]
Concrete Ca, Cl, Na Univariate 0.04 [181]
Lithiated tungsten Ar, Ca, H, K, Li, Na, O, W Univariate 26.4 [182]
Lithiated tungsten Li, Si, Ti Univariate e [183]
Nuclear waste Al, Ca, Eu, Fe, La, Mo, Nd, Pr, Sr, Zr Univariate 1.9 [184]
Gunshot residues Ba, Pb, Sb Univariate 21450 [185]
Tablets Fe, Ti Univariate 4 [186]
Tablets K, Mg, Na Univariate 4 [187]
Solar cell material Cu, Ga, In, Se Univariate 6.6 [188]
Piezoelectric crystal Ca, Zr Univariate 225 [189]
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of LIBS when high number of whole plants (or their parts e roots,
stems, leaves) are scanned. The control of nutrient contents is of
paramount interest while plants suffer from various stress during
growth, e.g. draught, insufficient sunlight, under- or over-
fertilization, toxic environment. The latter then extends the num-
ber of applications into environmental monitoring and the uptake,
accumulation and translocation of toxic and heavy metals.

The most recent bioimaging plant review [44] deals in great
details with the novelty of using LIBS as a new instrumental
method in the spatially resolved single/multi-element analysis of
various plant samples. The paper comprehensively describes the
analysis of various plant species, plant tissues as well as detection
of different analytes as essential elements (K, Ca, Mg, P, Fe, Mn, Cu,
and B), non-essential elements (Pb, Cd, Ag, Si, Li, Y, Yb, and Cr),
several types of nanoparticles (silver, cadmium telluride, and
photon-upconversion nanoparticles) or even pesticide
(chlorpyrifos).

A recent work [118] studies the translocation of two types of
cadmium telluride NPs (CdTe quantum dots and CdTe quantum
dots cover by silica shell) together with free Cd (II) ions by using
two different LIBS approaches. Selected plants (white mustard)
were exposed to test compounds for 3 days, then the plants were
washed, dried, epoxide glued onto glass slides, and then LIBS
analysis was performed. Firstly, the whole plants were measured in
a raster of spots with a 100 mm step (giving the lateral resolution).
Then, only the important or somehow interesting plants parts
where measured with the step 25 mm, in so-called micro-LIBS
setting, to show exact place of cadmium bioaccumulation sites and
to demonstrate different behaviour of cadmium in plants based on
his source (see Fig. 5).

A recently published approach in LIBS plant analysis shows a
spatially resolved root-rhizosphere-soil image in wider context of
plant in its natural environment [119]. LIBS elemental images
visualize the nutrient exchange in plant rhizospheres and organic/
inorganic content in switchgrass. The live root sampling was
demonstrated in plant analysis and the drill press for sectioning
frozen stabilized soil. Multi-elemental images of roots (and rhizo-
spheres) in surrounding soil for H, C, O, P, K, Ca, Mg, Fe, Si, Al, Mn,
and Zn were shown with 100e150 mm lateral resolution. Based on

plotted maps and principal component data analysis the elements
profiles in soil depending on their distance from roots could be
assessed. This approach offers detailed information at the scale,
which has clear implications for various soil/plant science chal-
lenges (e.g. phytoremediation or effects of fertilizers on agricultural
yields).

The current state of the LIBS plant bioimaging can be summa-
rized by the following highlights. In the last two decades LIBS plant
analysis made a great step forward due to not only an improvement
in LIBS instrumentation (sensitivity, speed, and spatial resolution of
analysis) and in plant sample preparation, but mainly by using
obtained LIBS maps in interdisciplinary research works [119], by
involving of plant toxicity testing [120], and by searching for
interesting and novel applications in imaging of Li in the plant
leaves [121] and nanoparticle enhanced detection [122]. Recent
work presents the possibility of in situ plant analysis in field con-
ditions [123], 3D-model compilation of element distribution in
leaves [123], and nanoparticles localization [124].

The best achieved spatial resolution in plant analysis has been
recently improved to 25 mm [119], this value is already close to
commonly used LA-ICP-MS spot sizes, where the lateral resolution
is in the range of 1e500 mm [101]. Zhao et al. [122] demonstrated a
novel idea of deposition Ag nanoparticle on the plant surface in
order to achieve a sensitivity enhancement (limit of detection
(LOD) for phosphorus were found to be improved by two orders of
magnitude) in Nanoparticle Enhanced LIBS (NELIBS) experiments.
Double pulse LIBS arrangement was employed as another way of
signal enhancement [125]. Furthermore, the information on the
spatial distribution of selected elements can be used as a valuable
information showing the relationship between the exact location of
an element and its effect. This effect could be negative (even toxic) -
[122] as well as positive [126] for plant development, it depends on
the chemical species of the element and its concentration, and also
the type of monitored plant as the effects are specific to each
organism.

4.1.2. Imaging of mammal tissues
4.1.2.1. Soft tissues. The LIBS technique repeatedly proved its bio-
imaging applicability for tracing uptake, transport, distribution, and
bioaccumulation of macro- and micronutrients, nanoparticles, and
non-essential elements in several organisms (mouse, human), or-
gans (kidney, lung, skin), and diseased tissues (skin or lung tu-
mours) as was summarized in three most recent reviews
[13,45,106].

Elemental variations can be effectively used as an indicator of
malignancy and to monitor its stage and progression. Therefore, the
analysis of metallomes (metalloproteins, metalloenzymes and
other metal containing biomolecules) undergoes intense research.
The main research target of metallomics is the elucidation of
metallomes’ biological or physiological functions during physio-
logical and pathological alterations of tissues. Incorporation of
spectroscopic methods can fill knowledge gaps in these biological
processes. Any changes in the elemental composition induce sig-
nificant alteration of further tissues’ growth, pathological pro-
cesses, and even initiation and progression of a carcinoma.

The body of work published by the Vincent Motto-Ros’ group
bring tremendous progress in terms of spatial resolution and scale
of the analysis; the distribution of elements in mouse kidneys
[114,127e131], mouse tumours [132,133], and healthy human skin
or human skin melanoma [134] was imaged. Outside of their works,
the human malignant pleural mesothelioma (lung tumour) was
investigated using LIBS multi-element mapping [113]. All these
studies showed LIBS as an advanced analytical platform providing
large-scale elemental imaging of heterogeneous sample surfaces.
Also, the great accessibility for assessment of nanoparticles was

Fig. 5. Example of LIBS elemental images obtained for plants. 1. Photograph of Sinapis
alba plant exposed to CdTe QDs at the nominal concentration 200 mM Cd before LIBS
measurements. 2. LIBS maps constructed for Cd I 508.56 nm (spatial resolution of
100 mm). 3. Overlap of the original photograph of the plant with LIBS map. The scale
shows the total emissivity of the selected emission lines [118]. Reprinted from “Detail
investigation of toxicity, bioaccumulation, and translocation of Cd-based quantum dots
and Cd salt in white mustard”, 251, Pavlína Modlitbov�a, Pavel Po�rízka,S�ara
St�ríte�zsk�a,�St�ep�an Zezulka, Marie Kummerov�a, Karel Novotný, Jozef Kaiser, 126174,
2020), with permission from Elsevier.
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demonstrated by detection of gadolinium-based nanoparticles in
mouse kidneys [130].

It is noteworthy that the sample preparation process is crucial
for successful bioimaging in LIBS and has be to be optimized a priori
for each experiment as summarized in review by Jantzi et al. [110].
There is no established way of soft tissue sample preparation for
LIBS yet. Vincent Motto-Ross’ group early stage research papers
recommend the use of sample cryo-sections [128,129]. However, in
their latter work improved detection was obtained by using epoxy
fixing of samples after dehydration in a series of ethanol solutions
[114,130], see Fig. 6. On contrary, Bonta et al. [113] compared the
cryo-cutting and paraffin embedding after formalin fixation (the
gold standard in histological tissue preparation) and found that
paraffin fixation influences the distribution of certain elements.
Moreover, the soft tissue sections were planted on silicon wafers
instead of glass slides (as it is the most common), which led to
improvement in sensitivity.

The thickness of the cross-section is of interest in order to
supply sufficient amount of material for laser ablation and to reach
satisfactory sensitivity. An effort is being invested in fitting laser
spectroscopy to standard histological routines (to complement e.g.
haematoxylin and eosin staining with minimum extra sample
handling). However, the histology demands thinner sections (up to
5 mm) and laser-ablation demands more material in the interaction
spot and thus thicker sections are preferable (from 10 mm).

Finally, the phenomenon of and parameters affecting the laser-
tissue interaction are being extensively investigated. Detailed
description of pulsed laser ablation of soft tissues is given else-
where [135]. LIBS instrumentation and individual parameters were
comprehensively summarized by Jolivet et al. [13].

4.1.2.2. Hard tissues. The pulsed laser ablation of hard tissues is less
demanding in terms of analytical LIBS performance when
compared to the case of soft tissues. Therefore, there are many
pioneering works that utilized LIBS in the imaging of hard tissues
(e.g. bone, teeth) where imaging was substituted with less

demanding line scans. Former LIBS review publications have also
mentioned the imaging of hard tissues (also referred as biominerals
or calcified tissues) [102,106]. Another publication [136] brings a
detailed review on the utilization of LIBS in the analysis of bio-
minerals going well beyond the imaging point of view.

From the biological point of view, the imaging of biominerals
targets wide selection of elements [136]. First, the major interest is
in the detection of Ca and P forming the mineral phase and to
macro elements such as C, O, N, and H relating the signal to organic
phases (e.g. proteins). Detection of essential elements (Cu, Mn, I, Sr,
Zn, etc.) indicates changes in the function of organs and nutrition.
Finally, the uptake and accumulation of trace metals (Pb, Hg, Cd, As)
shows potential malnutrition or long-term exposition to toxic
environment.

The analysis of hard tissues may be divided into two main di-
rections: i) monitoring of uptake and accumulation of various ele-
ments in tissues and ii) detection of qualitative difference between
healthy and diseased tissue. The former case leads to nutrition
habits or malnutrition when the cross-section of a tooth is imaged,
e.g. the ratio of Sr/Ca was used to characterize a bear tooth [137].
The latter case, the imaging discovers correlations between the
diseased tissue and increase/decrease in content of major or minor
elements [138].

4.1.2.3. Tag-LIBS. Recently, traditional optical and spectroscopic
methods evaluating the immunoassay results (absorbance, fluo-
rescence, and luminescence) are being complemented with laser-
ablation based spectroscopy methods [44]. Spectroscopic tech-
niques are adapted to standard routines and benefit the researcher
with an alternative insight. Apart from the simple label readout,
accurate qualitative and quantitative chemical (i.e., elemental or
molecular) information is obtained.

The utilization of NPs across various applications has also
influenced the LIBS community. NPs are vitally used for signal
enhancement in the laser ablation of selected analytes. LIBS was
already used as a readout method for NP-based labels in the so-

Fig. 6. Example of LIBS elemental images obtained for soft tissues. 1) Gadolinium (green) and sodium (red) distributions in a coronal murine kidney section, 24 h after gadolinium
nanoparticle administration (spatial resolution of 40 mm). 2) Magnification of the image presented in (1.) in an adjacent section with 20 mm resolution. The white arrows indicate
regions that are lacking in tissue, corresponding to blood vessels and collecting ducts [114]. Reprinted by permission from Springer Nature: Springer Nature, Scientific Reports, Laser
spectrometry for multi-elemental imaging of biological tissues, L. Sancey et al., 2020.
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called Tag-LIBS; which was introduced almost a decade ago [139].
Ovarian cancer biomarker CA-125 conjugated with silica micro-
particles reached ppb-level limits of detection. From this success,
several patents stemmed [140,141].

The concept of Tag-LIBS is straightforward: the proteins (bio-
markers) within the tissue are selectively bonded to metallic
nanoparticles. The sample is then scanned, and the LIBS signal of
NPs is imaged. Then, the distribution of targeted proteins (e.g.
cancer) is imaged indirectly through the presence of NP-signal. The
biggest advantage is that the NPs may be engineered in various way
in order to be strictly specific to selected protein [142]. Such
concept has a great potential in large-scale analysis of cancerous
tissues when it could circumvent the relatively poor limits of
detection of LIBS technique. However, intense research and sample
pre-treatment optimization is needed prior the full exploitation of
the Tag-LIBS.

LIBS was further developed as a vital readout technique for
various pathogens and proteins. Metallothionein was deposited on
a polystyrene microtiter plate and detected via its conjugation with
Cd-containing quantum dots [143]. Au and Ag NP labels were
examined from the bottom of a standard 96-well microtiter plate; a
sandwich immunoassay for human serum albumin using
streptavidin-coated Ag NP labels was developed [144]. Most
recently, LIBS was implemented for the analysis of lateral-flow
immunoassays with Au NPs labelled Escherichia coli [145]. Fluo-
rescence and atomic absorption spectrometry were typically pro-
vided as reference techniques.

4.2. Geoscientific studies

Investigation of the distribution of different elements within
rocks, sediments, corals, and shell samples offers insights into past,
present, and future development of the climate. As mappings of
large areas, desirable with resolution in the low mm range, is often
necessary, LIBS is a very promising technique for paleoclimate
studies as it offers very fast mappings [146]. C�aceres et al. [147]
report the possibility to perform megapixel elemental images of
different large samples such as speleothems (calcium carbonate
cave deposits) and corals (calcium carbonate skeletons) using LIBS.
This study presents the advantages of mapping large areas with a
high lateral resolution for paleoclimate studies.

Speleothems were also investigated using LIBS by Ma et al. [148]
that report the distribution of relative elemental concentrations of
major, minor as well as trace elements. The list of investigated el-
ements includes Ca, Na, Mg, Al, Si, K, Fe and Sr. By evaluating
compositional correlations, mineral phases within the speleothems
were identified. In the work of Hausmann et al. [149], Mg and Ca
concentration ratios were mapped in shell carbonate, which is a
type of sample often used in paleoclimatic and environmental
studies. This work mainly focused on the development of an
automated, high-throughput LIBS system for the analysis of these
types of samples.

Fabre et al. [150] evaluated the use of LIBS for spatially resolved
mineral characterization. Different phases of the investigated
minerals were analyzed within a 5 cm2 sample area with a lateral
resolution of 15 mm. This study demonstrated the advantages of
LIBS when it comes to mapping of large sample areas. Additionally,
they also reported the detection of some rare earth elements (La
and Y) in LIBS imaging experiments using a laser spot size of 10 mm.
Challenges in the data evaluation of megapixel elemental images of
complex multi-phase samples were also addressed. Imaging of rare
earth elements in minerals was shown to be possible by combining
LIBS with plasma-induced luminescence (PIL) by Gaft et al. [151].
For the detection of elements that are relevant to mineralogy (e.g. S,
P, As, B, C or Zn) and have strong emission lines in the vacuum

ultraviolet (VUV) wavelength range, Trichard et al. [152] reported
the use of a VUV probe during mapping in a mining ore under
ambient conditions. They achieved a detection limit of 0.2 wt% for
sulfur in a single-shot configuration. In the work of Quarles et al.
[153], the unique ability of LIBS to detect F was used to map F in
bastn€asite mineral. Additionally, quantitative results were obtained
by using in-house prepared standards based on NIST SRM 120c.

3D elemental distributions of rare earth elements in the mineral
Bastn€asite were reported by Chirinos et al. [154], who used a
combined setup incorporating LIBS and LA-ICP-MS. They revealed
that new possibilities can be achieved by this combination, such as
an expanded dynamic range or the joint 2D/3D visualization of
elements and isotopes. Such a setup enables the detection of each
element with the more suitable technique, which was demon-
strated via the example of calcium: LIBS has a high sensitivity for Ca
whereas LA-ICP-MS suffers from interferences due to which usually
the less abundant isotope 44Ca has to be measured.

In order to boost sensitivity, a double-pulse LIBS system was
employed by Klus et al. [37] for the high resolution mapping of
uranium distribution in sandstone-hosted uranium ores. Different
data-evaluation strategies were also investigated in this work.
Moncayo et al. [52] demonstrated the applicability of PCA for
dataset reduction and for the exploration of megapixel elemental
maps of a turquoise sample. Shale samples were imaged in a study
conducted by Xu et al. [155]. In this study, the existence of a local
thermodynamic equilibrium (LTE) was assessed and confirmed on
the mapped area of the sample. As electron density and excitation
temperature was also confirmed on the mapped area, a linear
conversion of emission line intensities to concentrations was per-
formed. Prochazka et al. used a combination of double-pulse LIBS
with high resolution X-ray computer tomography to provide
volumetric information of the elemental distribution in minerals
[35]. Another study on shale samples was carried out by Jain et al.
[156]. In this work, shale samples taken at various depths were
analyzed and mapped using LIBS. Using the unique feature of LIBS
to detect C and H, it was possible to detect and map these elements.
Additionally, quantitative results for these elements were obtained
by characterizing some of the samples using CHN-analysis and
using these as calibration standards for LIBS.

As LIBS usually allows detection of emission signals over a broad
spectral range, multivariate data evaluation strategies are
commonly employed, which support not only elemental mapping
but also spatially resolved sample classification. Meima et al. [157]
investigated the applicability of a spectral angle mapper (SAM)
algorithm for the laterally resolved classification of different min-
erals in ore samples. Several base metal sulfides, rock-forming
minerals, accessory minerals, as well as several mixed phases
making up the main borderline between different mineral grains
were successfully classified in the recorded images. Rifai et al. [158]
used PCA for the identification of different minerals in a platinum-
palladium ore. With this approach, seven different minerals were
identified and correlated with the generated maps. Quantitative
multiphase mineral identification was also carried out by Haddad
et al. [159] using a multivariate curve resolution e alternating least
square (MCR-ALS) method. Obtained results were evaluated and in
good agreement to conventional EDS-SEM analysis. Therefore, LIBS
proves to be a very useful tool for mineral identification in mining
operations as it can be employed in an online-setup.

The EU regularly updates its list of critical raw materials (CRM)
and their governance levels. These strategic documents list a
number of inorganic elements and materials, which are highly
demanded by current industrial technologies, but for which the
supply is limited within the EU [160]. The high demand for some of
these elements and materials already increased their price on the
market, which in turn made mining and metallurgical processing of
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their ores economical in a significantly lower concentration than
before. Consequently, assessment or re-assessment of geological
formations potentially containing these elements/materials is in
progress everywhere in the EU. Considering that some of the ele-
ments on these CRM lists are light elements (e.g. Be, Li, B, F) that are
not easy to detect by other techniques, LIBS has a great prospect in
these explorations. For example, Fig. 8, shows LIBS elemental maps
of a granitoid rock sample for Be, studied by Jancsek et al. [161]. The
map reveals that out of the four mineral grain types studied, Be and
Bi is present in the highest concentration in biotite and amphibole,
which suggests that mainly these minerals should be mined. Such
LIBS imaging carried out by portable, stand-off instrumentation has
the potential to be able to seriously speed up the assessment of the
supplies (see Fig. 7).

4.3. Cultural heritage studies

LIBS imaging experiments can provide important information
about art or historical items. Elemental fingerprints can be used for
provenance studies and to assess the authenticity of samples. This
information can be well augmented by elemental imaging data that
can shed light on the fabrication process of the artefacts. One of the
first applications of LIBS imaging in the field of cultural heritage
science was presented at the first LIBS Conference in the year 2000
by Corsi et al. [162] investigating the elemental distribution of a
roman fresco by analysing a 11x11 grid on the sample. As LIBS also
offers remote analysis, historical objects can be analyzed directly in
museums without bringing the sample to the laboratory. Gr€onlund
et al. [163,164] were the first to report remote imaging of cultural
heritage objects using a fully mobile LIDAR system operating at a
wavelength of 355 nm mounted on a Volvo F610 truck. In this work,
the spatial arrangement of different metal plates was identified
over a distance of 60 m. In a study by Fortes et al. [165], elemental
images of the façade of a cathedral in Malaga were recorded using a
portable LIBS system. This data allowed the evaluation of Si/Ca and
Ca/Mg intensity ratios and hence the identification of construction
materials.

Alterations of cave walls, which poses a challenge when it comes
to preservation of cave art, were investigated by Bassel et al. [166].
In this study, mainly coralloid formations were investigated using a
portable instrument for spot measurements in the cave but imag-
ing experiments were also carried out in the laboratory. Major el-
ements (Si, Al, Fe, Ca, Mg, Na, K) as well as minor and trace elements

(Li, Rb, Sr, Ba) were detected.
While the use of portable LIBS systems allow analysis of samples

that otherwise would not be possible as the sample can not be
brought into a laboratory, these systems usually come with some
limitations compared to more sophisticated lab-based LIBS sys-
tems. These limitations usually involve sensitivity and spectral or
lateral resolution. Double-pulse or tandem LA-ICP-MS/LIBS instru-
mentation, which are only available in more sophisticated setups,
can also be used to improve the quality of analysis.

Syta et al. [167] reported the combined use of LIBS and LA-ICP-
MS imaging to investigate medieval Nubian objects with displaying
specific blue paintings whether they are Egyptian blue (CaCuSi4O10)
or lapis lazuli (Na8e10Al6Si6O24S2e4). By elemental mappings of
cross-sections of various samples and using Na and Cu as elemental
markers, the identification of these two inorganic pigments was
achieved. Weathering of historical limestone samples from Italian
urban environments were investigated by Senesi et al. [168] using
double-pulse LIBS 3D imaging. The double-pulse approach allowed
for high resolution and 3D elemental mappings of a degradation
layer present on the investigated weathered limestone. A decrease
of Al, Fe, Si and Ti line intensities and an increase of Ca line intensity
with depth in the degradation layer was found and was ascribed to
decreased atmospheric pollution effects at greater depths.

Bulk classification of various materials relevant for the field of
cultural heritage has already been performed in several works
[169,170]. In the work of Pagnin et al. [83] the capabilities of LIBS for
the spatially resolved classification of contemporary art materials
consisting of inorganic pigments and organic binder materials was
investigated. A multivariate classification model was established
that allows the classification of mixtures of 9 different inorganic
pigments and 3 different organic binders. The developed classifi-
cation model was used for the laterally resolved classification of
these materials within a structured sample (Fig. 9).

4.4. Materials science

Materials science uses and develops a range of materials. These
materials can vary widely in their chemical composition, as they
include e.g. alloys, steel, ceramics, glasses, polymers as well as
composites. All these materials must comply with criteria set up for
their physical and chemical properties for their successful appli-
cation e whether these criteria are met or not is often tested by
homogeneity and chemical composition analysis. Therefore,

Fig. 7. Chemical mapping of an area of 40 � 40 mm2, composed of 1602 � 1602 pixels, on the rough surface of the rock, showing the spatial distribution of Fe (green), Cu (blue), Zn
(red), Ca (cyan), Ag (magenta) and Al (yellow). The dark area corresponds to the absence of LIBS signal in the crystalline mineral (silicates) under our experimental conditions. The
spatial resolution (laser spot size and step size) is 50 mm [146]. Reprinted from Spectrochimica Acta Part B: Atomic Spectroscopy, Volume 150, K. Rifai et al., LIBS core imaging at kHz
speed: Paving the way for real-time geochemical applications, 2018, with permission from Elsevier.
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elemental imaging techniques such as LIBS are very useful to
investigate novel materials, derived information is often very useful
for further improvement of material properties as well as for the
monitoring of production/synthesis procedures.

Alloys, or eminently steel, are amongst the most widely applied
materials and are therefore of great interest for research. In the

work of Bette et al. [171] LIBS elemental imaging was performed for
the first time with repetition rates of 1000 Hz. In this work, steel
samples were analyzed with a special focus on detecting non-
metallic inclusions such as sulfur and phosphorus.

Recycling of electronical waste is becoming more and more
important. Mappings of printed circuit boards were carried out by

Fig. 8. Light microscope (on the left) and LIBS chemical imaging (on the right) of a granitoid sample taken from M�or�agy, Hungary. Location of the four mineral grain types (quartz,
feldspar, biotite, and amphibole) in the rock are indicated by coloured contour lines [161].

Fig. 9. Laterally resolved classification of contemporary art materials using LIBS. a) microscope image with marked distribution of different inorganic pigments, b) predicted
distribution by a random decision forest of the distribution of inorganic pigments, c) microscope image with marked distribution of organic binder materials and d) predicted
distribution by a random decision forest of the distribution of organic binder materials [83]. Reprinted by permission from Springer Nature: Springer Nature, Analytical and
Bioanalytical Chemistry, “Multivariate analysis and laser-induced breakdown spectroscopy (LIBS): a new approach for the spatially resolved classification of modern art materials”,
L. Pagnin et al., 2020.
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Carvalho et al. [172]. LIBS data combined with multivariate data
evaluation strategies (PCA) was used to investigate metal distri-
butions within the boards. The authors were able to identify and
map 18 elements within the sample. The described results are
valuable for the research of new recycling strategies for electronic
waste.

Bulk materials are often covered with thin films to enhance their
physical and/or chemical properties. Thin films of copper, as well as
YBa2Cu3O7 (YBCO) - a high-temperature superconducting material
- were investigated in the study of Ahamer et al. [173]. A fs-LIBS
system was employed to perform high resolution elemental and
molecular imaging of the thin film. Composite wear-resistance
coatings made of 1560 nickel alloy reinforced with tungsten car-
bide was analyzed by Lednev et al. [174]. In this work, LIBS was used
for 3D imaging experiments with a special focus on the analysis of C
and Si which were not detectable with SEM/EDX. Besides C and Si,
also Fe, Ni, Cr, W and Co were detected with LIBS.

Heterogeneous catalysis is a field important for various appli-
cations in the chemical industry or e.g. in the exhaust systems of
cars. Mesoporous alumina is often used as a support. Investigation
of the lateral distribution of the active material across the surface of
the catalyst, but also of contaminations in the mesoporous alumina
in spent catalysts offers an important insight into catalytic pro-
cesses. Compared to EPMA, which is conventionally used for
elemental mappings in the field of catalysis, LIBS enables analysis of
light elements. LIBS imaging experiments were already conducted
in 1999 in this field by Lucena et al. [175], who investigated the
distribution of platinum group metals (PGMs) in car catalysts. Tri-
chard et al. [176] use LIBS for the quantitative imaging of Pd in
catalysts. In their follow-up work [177] Trichard et al. reported
successful quantitative imaging in heterogeneous catalyst samples
impregnated up to 53 days with asphaltenes. LIBS was not only able
to detect S, C and Al, but also Ni and V, which are only present in the
trace (ppm) range. By transforming the 2D maps to 1D profiles,
transport mechanisms of the investigated materials within the
alumina substrate were assessed.

With the strongly going industrial application of Li-ion batteries,
a lot of research focuses on developing novel materials which could
improve the performance of these batteries. Hou et al. [178]
investigated LLZO (Li7La3Zr2O12), a promising novel material for a
solid-state electrolyte, by using fs-LIBS to perform 3D elemental
analysis with a special focus on elemental ratios of Li/La, Zr/La and
Al/La. The reported depth resolution was an impressive 700 nm.
Interface formation between a Li electrode with an LLZO electrolyte
were investigated by Rettenwander et al. [179] using LIBS imaging
combined with other analytical techniques. LIBS images revealed
the formation of a Li deficient interlayer at the interface. Li-ion
cathode material LiCoO2 was analyzed by Imashuku et al. [180].
Li/Co ratios were quantified and investigated in cycled cathode
materials. Even though the precision of obtained quantitative re-
sults is not comparable to conventional X-Ray Absorption

Spectroscopy (XAS), LIBS results can still be used to obtain semi-
quantitative results.

Concrete is one of the most important construction materials for
roads, bridges, tunnels, buildings, etc. hence the monitoring of the
degradation and changes of its properties is crucial. For example,
the distribution of various species harmful to concrete, such as Cl�,
Naþ, SO4

2�, is of great interest as it can promote the assessment of
the expected lifetime of the structures. As these species are only
harmful if they are present in specific phases within concrete, the
differentiation between the cement phase and agglomerates is also
necessary. Gottlieb et al. [181] reported the use of LIBS in combi-
nation with an expectation-maximization (EM) algorithm for the
cluster analysis of different phases present in concrete. This
approach made it possible to exclude non-relevant aggregates from
the analysis area.

The uses of polymers ranges from packaging over composite to
construction materials. In some applications, polymers are used as
a bulk material, however, materials consisting of multiple polymer
layers are also often used in e.g. food packaging. A study demon-
strating the capabilities of LIBS to map the distribution of different
polymers within a sample was carried out by Brunnbauer et al. [84].
2D mappings as well as 3D depth-profiling of structured polymer
samples were carried out and the distribution of the different
polymer types present in the sample were classified using multi-
variate statistical methods.

Due to its ability to perform remote analysis, LIBS inherently has
advantages over other techniques when analysing dangerous or
hazardous materials, for example in nuclear applications. Li et al.
[182] and Hai et al. [183] carried out studies regarding the Exper-
imental Advanced Superconducting Tokamak (EAST) fusion reactor
located in Hefei, China. In the first study by Li et al., 2D analysis as
well as depth profiling of Li on a W wall employed in the EAST
fusion reactor as a plasma facing material (PFM). Hai et al., recorded
distribution of impurities (H, O, Ar, K, Na, and Ca) on lithiated
tungsten employed in reactor walls. Investigations regarding nu-
clear waste using LIBS were carried out by Wang et al. [184] with a
special focus on the long-term migration of Mo, Ca, Sr, Al, Fe and Zr
and various rare-earth elements.

Lately, LIBS imaging has also found its way into forensic science,
where L�opez-L�opez et al. [185] et al. successfully employed LIBS
mapping experiments for the visualization of gunshot residues. In
this work, elemental markers such as Pb, Sb and Ba were used to
investigate the distribution of residues as a function of their dis-
tance from clothing targets.

Pharmaceutical tablet coatings were investigated using 3D
depth profiling by Zou et al. [186]. In this work, coating thickness,
coating uniformity as well as contaminations were analyzed in
various tablets. Coating thickness and uniformity was characterized
using Ti as an elemental marker. Additionally, Fe was detected as a
contamination. In a follow-up work by Smith et al. [187], hyper-
spectral imaging was used to investigate minor elements present in

Fig. 10. LIBS transversal chemical imaging for Ca and Zr obtained on the two cross sections of a 3-mm wide fiber pulled at 6 mm h�1 and located at (a) z ¼ 19 mm and (b) z ¼ 27 mm
[189]. Reproduced from by permission of The Royal Society of Chemistry, CrystEngComm. 21, Lead-free piezoelectric crystals grown by the micro-pulling down technique in the
BaTiO3eCaTiO3eBaZrO3 system, P. Veber et al., 2019.
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tablet coatings such as Na, Mg and K. Additionally, PCA was
employed and successfully used for the classification of 4 different
tablet coatings.

The capabilities of LIBS for the investigating the composition of
solar cells was reported by Lee et al. [188]. In this work, the
composition of a commercial Cu(In,Ga)Se2 solar cells module was
mapped. Obtained results were in good agreement with conven-
tionally used SIMS analysis making LIBS a promising tool in quality
control in the solar cells industries as analysis times could be
reduced significantly.

In the work of Veber et al. LIBS was used as an analytical tool to
investigate elemental distributions of Ca and Zr in lead-free
piezoelectric crystals grown by the micro-pulling down technique
[189]. Longitudinal LIBS analysis was in good agreement with EPMA
analysis and was able to reveal inhomogeneities of Zr especially at
high pulling speeds. Additionally, cross-sections of pulled fibres
revealed elemental segregation at the core (Fig. 10).

5. Conclusion

LIBS is gaining more and more attention in the field of elemental
imaging, mainly due to its ease of use in terms of sample prepa-
ration, speed of analysis and simple instrumentation compared to
similar techniques. However, recently these advantages have
become also accessible with LA-ICP-MS using laser-ablations sys-
tems with fast washout cells and modern ICP-TOF-MS instrumen-
tation. Nevertheless, compared to this advanced approach LIBS
offers some unique benefits such as access to the whole periodic
table of elements and the possibility to collect elemental and mo-
lecular information simultaneously. In addition, LIBS instrumen-
tation is usually significantly cheaper than LA-ICP-MS Thus,
applications become feasible which could not be addressed with
other elemental imaging techniques, some prominent examples
have been presented within this review.

Despite the general applicability of LIBS there are still some limi-
tations which hamper the usefulness for challenging research tasks.
In particular, to fully exploit the multi-element capabilities of this
technique the measurement of broadband spectra is obligatory.
However, to ensure selective analysis the presence of spectral in-
terferences must be avoided, necessitating also requirements
regarding spectral resolution. Unfortunately, most instruments
enable either the collection of broadband spectra with rather low
resolution or the analysis of small wavelength sections with high
resolution. Consequently, the development of LIBS spectrometer
which enable the simultaneous measurement of the whole spectral
range (approximately from 200 to 1000 nm) with high resolution is
aimed for.

Another weakness of current LIBS instrumentation is the
sometimes insufficient sensitivity, thus measurements require the
use of increased laser beam diameters to enable reliable analyte
detection, and thereby imaging applications which need a high
spatial resolution are disabled. A common solution to improve the
sensitivity of analysis is the use of ICCD detectors or novel de-
velopments such as sCMOS detectors, enabling LIBS measurements
with significantly improved detection limits. But usually with these
advanced detectors only a certain spectral range can be covered,
disabling the coincident detection of emission lines from different
wavelength ranges. Even though, recording of high-resolution LIBS
spectra with excellent sensitivity can be already achieved by
combining an Echelle spectrometer with several ICCD detection
units, ongoing improvements in LIBS instrumentation are deman-
ded which will most probably allow for higher sensitivity at a lower
price point in the future.

Besides instrumental developments, novel approaches such as
Tandem LA-ICP-MS/LIBS, LIBS/Raman or double-or multi-pulse LIBS

are promising to enhance the performance of LIBS [190] as well. In
the case of Tandem LA-ICP-MS/LIBS, trace elements can be detected
with the high sensitivity of ICP-MS and LIBS is used for the analysis
of minor and major components as well as e.g. H, C, N and O making
it a very versatile tool for multi-element imaging. The applicability
of this Tandem approach for the investigation of tissue thin cuts
[113] and archaeological samples [167] have been published
recently. Hybrid LIBS/Raman systems have been recently reported
in literature [191]. With this setup complementary information
obtained from Raman spectroscopy was combined with LIBS data
and used e.g. to improve classification of polymers [192] and
analysis of forensic samples such as pigments and inks [193]. This
combination is very promising to solve difficult classification tasks
which seem to become more and more important. Double-pulse
LIBS uses two consecutive laser pulses increasing the plasma
temperature and reducing the atmospheric pressure and number
density. This approach is especially interesting for applications
which demand quasi non-destructive sample analysis such as
valuable art work or heritage samples. With the use of a fs-laser for
the ablation step only a minimum of sample material is consumed,
which is efficiently atomized and excited with the second pulse
from a ns-laser. This allows in particular significant improvements
in the spatial resolution of analysis as a result of the enhanced
sensitivity [120,138].

The progress of various chemometric approaches useful for LIBS
data evaluation is also remarkable and may help advancing the
establishment of LIBS as an elemental imaging technique, which is
also capable of chemical sample classification. Here, especially the
advantage of broadband LIBS spectra should be mentioned. Im-
provements of automatic peak detection combined with multivar-
iate evaluation methods may enable fast and superior data
evaluation strategies taking advantage of the information present in
broadband LIBS spectra compared to simple univariate evaluations
where only one emission signal from the spectrum is used. Never-
theless, due to the fast advancements in multivariate data evaluation
strategies such as machine learning, algorithms are often used as
black-boxes, often leading to misinterpretation of results. Therefore,
expertise in this field could be very valuable for LIBS.

At the same time, some aspects of LIBS elemental mapping e

most notably quantification - remain to be challenging. In this field,
novel approaches such as multivariate calibration or calibration-
free quantitation may prove to be useful tools.
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4.4 Article 4
The fourth publication is entitled "Combined LA-ICP-MS/LIBS: powerful ana-
lytical tools for the investigation of polymer alteration after treatment under
corrosive conditions". As LIBS provides polymer specific signals which can
be used to differentiate between different polymer types, in this article the
possibility of using LIBS signals to assess polymer degradation is evaluated.
When it comes to polymer degradation often not only the alteration of the
polymer itself is of interest but also the uptake of inorganic species. To provide
adequate sensitivity to analyze the uptake of inorganic species, a combined LA-
ICP-MS/LIBS system was employed enabling the detection of polymer specific
signals using LIBS and using LA-ICP-MS for the measurement of inorganic
species. Three different polymeric sample types were investigated within this
work: high-performance polyimides (PI) used in the semiconductor industry,
mixtures of inorganic pigments and polymeric binders from the field of cultural
heritage science and polystyrene (PS) often used for characterizations in the field
of microplastics. In a first step, pigment/binder combinations were exposed to
UV-radiation for different amounts of time (1-6 weeks) causing degradation of the
sample. Time-dependant degradation of the sample surface was confirmed using
FTIR-spectroscopy. In a next step the sample surface was analyzed using LIBS
and polymer specific emission signals were evaluated. As the signal intensity of
the C2-swan band at 515 nm correlated with the signal changes of the FTIR-
measurements during the ageing of the samples, it was confirmed that LIBS can
be used to assess polymer degradation. With LIBS not only allowing analysis
of the sample surface, but also enabling depth profiling, the degradation of the
samples can also be investigated related to the sample depth. Samples were also
exposed to corrosive conditions (O3 and SO2) in a weathering chamber. Depth
profiling measurements of these samples confirmed the degradation not only on
the sample surface but until a depth of approximately 15 µm. High-performance
PIs from the semiconductor industry were also exposed to various corrosive
conditions such as SO2 and H2S for 192 h in a weathering chamber. In this case,
LA-ICP-MS was used to evaluate the uptake of different sulfur species. Again,
uptake of sulfur was not only confirmed on the sample surface but sulfur was
detected until a depth of 6 µm. Additionally, a substantial difference between
the uptake of SO2 and H2S was observed. The third investigated sample was
a PS-film which was exposed to a combination of UV-radiation and HNO3
with a subsequent exposure to cadmium in artificial seawater. Using a tandem
LA-ICP-MS/LIBS system, a simultaneous analysis of the oxidation of the PS
film using LIBS and the cadmium uptake using LA-ICP-MS was possible. Depth
profiling again revealed oxidation of the sample not only on the surface but until
a depth of 10 µm and an increased uptake of cadmium on the aged sample side
compared to an unaged sample.
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4.5 Article 5 (Submitted manuscript)
The fifth submitted manuscript is entitled "Strategies for Trace Metal Quan-
tification in Polymers using LIBS". In this work, the challenge of providing
quantitative measurements of trace metals in polymers is investigated. Quantifi-
cation using direct-solid sampling techniques such as LIBS is a challenging task
no matter what sample type is investigated. As described before, the absolute
signal response during LIBS analysis is highly dependent on the samples’ matrix
meaning that matrix-matched standards are required for accurate quantitative re-
sults. Well-characterized matrix-matched standards are only available for widely
used and standardized materials. Therefore, in many cases other approaches
for quantification have to be applied. In this work, the unique capabilities of
LIBS are used for quantification in unknown polymer types or polymer types
with an unknown composition. LIBS provides not only adequate sensitivity
for trace metal analysis but also polymer specific signals. Combining these
capabilities with multivariate data evaluation strategies, this work demonstrates
the advantages of using LIBS for the quantification of trace metals in of polymers.
Therefore, a library of in-house prepared polymer standards of 8 different poly-
mer types (Acrylic, PAN, PI, PMMA, PSU, PVA, PVC, and PVP) containing
various levels of K is prepared and analyzed. Using this library of standards,
the performance of the multivariate data evaluation strategies are evaluated by
considering each polymer type as a test type which is treated as an unknown
polymer. Two different multivariate data evaluation strategies are presented
in this work: A RDF classification model which matches the unknown test
polymer type to a known polymer type using its univariate calibration model for
quantification. The second approach is based on a PLS model which is built from
the data of the polymer library. For quantification, the PLS model is applied to
the test polymer types’ standards. The deviations from these two multivariate
data evaluation strategies are compared to bench mark values of matrix-matched
quantification (best-case) and non-matrix matched quantification (worst case).
Obtained results demonstrate, that multivariate data evaluation approaches
provide significantly more reliable quantitative results compared to non-matrix
matched quantification.
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Abstract 
Providing unique advantages, laser-based analytical techniques such as LIBS have gained 
more and more popularity for quantitative elemental analysis in the last few years. However, 
to obtain reliable quantitative results, matrix-matched standards are required. A particular 
material of interest for quantitative trace metal analysis is synthetic polymers, which is 
among the most widely used materials in our modern world. As the exact composition of a 
polymer under investigation (polymer type and applied additives) is often not known, the 
selection of an appropriate matrix-matched standard is difficult. In this work, we investigate 
and assess different approaches for quantifying potassium in unknown polymer types or 
polymers with an unknown composition where matrix-matched standards cannot be 
employed. This is of great interest in the semiconductor industry where monitoring of 
mobile ions in applied polymers is crucial, and the composition of the polymer is often not 
known due to confidentiality. We use the unique capabilities of LIBS, providing adequate 
sensitivity for potassium, and additionally delivering polymer-specific emission signals. Two 
different multivariate approaches (Random Decision Forest classification combined with 
conventional univariate calibration and a Partial Least Squares model) are developed and 
applied. Therefore, an in-house prepared library of standards of 8 different polymer types 
(Acrylic, PAN, PI, PMMA, PSU, PVA, and PVC) is prepared. The errors obtained from the 
multivariate approaches are compared with conventional matrix-matched as well as non-
matrix-matched quantification. With our developed approaches, for some samples 
quantitative determination of potassium in the low µg/g range in unknown polymer types is 
achieved with a relative error less than 20% which is comparable to conventional matrix-
matched quantification. For all other samples, relative errors in the range of 30%-90% are 
obtained. Thus, the deviation from the nominal concentration is less than a factor of 2 for all 
investigated polymer types, which is sufficient for the determination of trace metals in many 
applications. The presented results pose a significant improvement compared to non-matrix-
matched quantification which often leads to deviations up to a factor 10 from the nominal 
concentration. 
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1. Introduction 
Besides different physical properties such as hardness, strength, durability, and resilience, 
trace metal content is one of the most critical polymers’ characteristics influencing their 
applications 1. In the semiconductor industry, the employment of high purity materials, such 
as polymers, is crucial, as contaminants of mobile ions can affect electronic devices’ 
performance and lifetime 2,3. In sectors such as the food packaging industry, the content of 
trace metals in the polymers used is monitored because of the possible migration of toxic 
species into the food 4,5. Investigating trace metals in microplastics is also of significant 
interest as these contaminants may cause an additional ecological impact on exposed 
environments 6,7. Therefore, the determination of trace metal contents in wide ranges of 
different polymer applications is of great interest and poses a challenge for analytical 
chemistry.  

Conventional analytical approaches for the determination of the trace metal content in 
polymers include microwave-assisted digestion 8, dry ashing 9 or microwave-induced 
combustion 10 of the sample for conversion into solutions with subsequent liquid Inductively 
Coupled Plasma-Mass Spectrometry (ICP-MS) or Inductively Coupled Plasma-Optical 
Emission Spectroscopy (ICP-OES) measurement 11. All these approaches have in common an 
easier path to quantification based on the availability of certified liquid standards. 
Nevertheless, certain drawbacks must be considered: harsh and hazardous chemicals must 
be employed to ensure complete digestion of the sample, including manual sample handling 
which is laborious, time-consuming, and susceptible to contamination. When using digestion 
protocols to determine trace metal content in polymers, incomplete digestion or 
volatilization of analytes may underestimate the actual trace metal content. At the same 
time, contamination by manual sample handling may cause an overestimation. Additionally, 
the samples are usually diluted, limiting the analysis’s sensitivity, and only bulk information 
is available. 

For these reasons, direct solid sampling approaches such as X-ray fluorescence spectroscopy 
(XRF) to detect metal traces in polymers have recently been reported in the literature 12,13. 
Laser-based techniques such as Laser-Induced Breakdown Spectroscopy (LIBS) 14,15 and Laser 
Ablation-Inductively Coupled Plasma-Mass Spectrometry LA-ICP-MS 16–18 have also been 
applied successfully for metal analysis in polymers. These direct-solid sampling techniques all 
benefit from eliminating the sample preparation steps, thus reducing the chemicals and time 
required for the analysis. Additionally, the risk of contaminants is reduced significantly as 
less manual sample handling is required. Besides advantages regarding the lack of sample 
preparation, direct solid-sampling techniques can provide information about the spatial 
distribution in the form of images or depth profiles 19–21, which is not accessible with 
conventional liquid analysis.  
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Nevertheless, direct-solid sampling techniques come with one significant drawback: 
quantification is a challenging task. Due to matrix effects occurring during the measurement, 
matrix-matched standards are necessary to obtain reliable quantitative results 22–24. Besides 
the availability of matrix-matched standards being limited for some materials, also 
information about the exact matrix of the sample under investigation is necessary for proper 
selection and application. The matrix-matched requirement is especially problematic for 
polymers. This type of material usually exhibits a wide variety of chemical structures and 
properties, such as optical absorption behavior, and hardness influencing the ablation 
process. Different additives, which are often used in the polymer industry to adjust material 
properties 25, can also lead to varying matrix-effects. When analysing polymer samples used 
in industrial applications, due to confidentiality, often the exact sample composition 
(polymer type and applied additives) is not known. Additionally, in the field of microplastics 
analysis, information on the polymer type of individual particles is also not known a priori. 
Therefore, the selection of suitable matrix-matched standards is difficult, hampering 
quantification with conventional calibration approaches without prior comprehensive 
sample characterization.  

In contrast to XRF and LA-ICP-MS, LIBS provides not only elemental information but 
additional characteristic molecular features for each type of polymer, which we will use to 
overcome the aforementioned quantification issues of polymeric samples with an unknown 
composition. In the field of LIBS, various approaches have recently been published reporting 
on multivariate data evaluation for different forms of polymer analysis, with most focusing 
on their classification 26,27. Besides classification, the use of multivariate calibration models 
for quantification from LIBS data for different materials was reported 28–30.  

The presented work focuses on demonstrating the advantages of LIBS concerning 
quantifying the potassium content in unknown polymer types or polymers with an unknown 
composition using multivariate statistics. Therefore, a library consisting of in-house prepared 
standards of 8 different polymer types was prepared, and broadband LIBS spectra were 
recorded. We applied and evaluated two different multivariate data evaluation strategies 
based on a Random Decision Forest (RDF) classification model and a Partial Least Squares 
(PLS) model. To assess the performance of the applied procedures, benchmarks are 
required. Therefore, conventional matrix-matched and non-matrix-matched quantification is 
evaluated. 

2. Experimental 
2.1 Chemicals 

High-purity silicon wafers (n-doped) used as substrate materials were provided by Infineon 
Austria AG (Villach, Austria). Polyimide (PI) P84 in powder form (>98% purity) was obtained 
by HP Polymer GmbH (Lenzing, Austria). Polyacrylonitrile (PAN), Poly (methyl methacrylate) 
(PMMA), Polysulfone (PSU), Polyvinyl acetate (PVA), Polyvinyl chloride (PVC), and Polyvinyl 
pyrrolidone (PVP) in powder form were obtained from Arcos Organics, Geel, Belgium. Acrylic 
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varnishes (TerraGloss UV) were obtained from ACTEGA Terra GmbH, Lehrte, Germany. 
Surface additives used for the preparation of acrylic standards were obtained from BYK-
Gardner GmbH, Geretsried, Germany. Conostan, SPS Science, Quebec, Canada, provided oil-
based standards for spiking acrylic varnish. A polyester film used as a substrate material for 
acrylic standards was obtained from BYK-Gardner GmbH, Geretsried, Germany. N-Methyl-2-
pyrrolidon (NMP) with p.a. grade quality was obtained from Merck (Darmstadt, Germany). 
Potassium trifluoromethane sulfonate (98%) soluble in NMP used to prepare spike solutions 
were acquired from Sigma-Aldrich, Buchs, Switzerland.  

2.2 Preparation of polymer standards 

For the preparation of PAN, PI, PMMA, PSU, PVA, PVC, and PVP standards, polymer powders 
were dissolved in NMP, obtaining solutions with concentrations ranging from 10 to 20 wt% 
depending on the polymer type. A stock solution for spiking was prepared by dissolving 
Potassium trifluoromethane sulfonate in NMP. Different concentration levels of K were 
prepared by diluting the prepared stock solutions using NMP. NMP standards were used to 
spike the prepared polymer solutions, and the obtained mixtures were thoroughly 
homogenized using a vortex mixer. Thin films of spiked polymer were prepared by applying 
50 μl of the mixtures to cut high purity Si wafer with 10 mm x 10 mm using a pipette and 
cured at 80°C for 12 hours. The thickness of produced polymer thin films was 10 µm, 
determined by a Dektak XT Profilometer (Bruker Corporation, USA). A more detailed 
description of these standards’ preparation is given by Bonta et al. 14.  

For acrylic standards, a 1:1 mixture of two different acrylic varnishes, varying in viscosity, 
was used. An anti-foaming agent and a surface additive were added. Potassium was added in 
the form of a certified oil-based standard. The mixture was dispersed thoroughly using an 
Ultra Turrax® by IKA Werke GmbH & CO. KG, Staufen, Germany. Thin films of varnish were 
applied onto a 100 µm thick polyester substrate with uniform layer thickness with the help 
of wire-wound rods and an automatic film applicator (Automatic Film Applicator S by BYK-
Gardner GmbH, Geretsried, Germany). A layer thickness of 25 µm was chosen. The varnish 
was put into a UV-chamber (Dinies Technologies GmbH, Villingendorf, Germany) and 
hardened under UV-light for a few minutes. To prevent inhibition of the radical 
polymerization by oxygen, the UV-chamber was flushed with nitrogen.  

Potassium concentrations of the prepared standards were in the range of 0-70 µg/g. For 
each polymer type, between 4 and 8 standards were prepared. A Table containing the 
concentration of each standard is provided in the supplementary material. 

2.3 LIBS Instrumentation and data evaluation 

A LIBS system (Model J200) equipped with a 266 nm Nd: YAG laser by Applied Spectra, Inc. 
(West Sacramento, California) was used for LIBS measurements. The light emitted by the 
laser-induced plasma was collected and was transferred to a Czerny-Turner spectrometer 
covering a wavelength range from 186-1048 nm and detected using a CCD chip. Samples 
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were placed in a sealed chamber mounted on an XY stage continuously flushed with Ar. Each 
polymer standard was analyzed using a pattern consisting of 10 parallel line scans with a 
total length of 1.8 mm.  With a distance of 0.15 mm between each laser-shot, a total number 
of 120 spectra were recorded per standard. To improve signal-to-noise ratios and reduce the 
amount of data, sets of 6 shots were accumulated, resulting in 20 spectra per standard. The 
accumulated spectra were normalized to the Euclidean norm to reduce shot-to-shot 
variations which is commonly used in LIBS analysis 31. This normalization approach reduced 
the Relative Standard Deviation (RSD) of the 20 LIBS spectra per standard on average from 
11% to 7%. The RSD of the potassium signal of the standard with the highest nominal 
concentration for each polymer type was in a range of 7% (PVA) to 12% (PVC), confirming 
the homogeneity of the standards. 

Each laser-shot was performed with a separation distance of 0.15 mm to the previous 
measurement, avoiding previous measurements' influences (cross-contamination). LIBS 
parameters were optimized in preliminary experiments to assure sufficient sensitivity for 
potassium while avoiding full penetration of the prepared polymer standards to exclude LIBS 
signals from the substrate and provide polymer-specific molecular information. The data 
acquisition starting time, or gate delay, was set to a compromised value between using a 
short gate delay (<1 µs), where atomic emission signals (e.g., K, C, H, O) usually show a 
higher signal-to-noise ratio and a longer gate delay (>1 µs) where molecular emission signals 
(e.g., CN violet band, C2 swan band) show a higher signal-to-noise ratio. Used LIBS 
parameters are summarized in Table 2. Crater depths after LIBS measurements were 
measured using a Dektak XT Profilometer (Bruker Corporation, USA) and were used to 
determine ablation rates. 

Table 1: LIBS parameters used for the analysis of polymer standards. 

LIBS parameters 
Laser wavelength (nm) 266 

Laser energy (mJ) 3.12 
Spot size (µm) 100 

Repetition rate (Hz) 10 
Gate delay (µs) 1 
Gate width (ms) 1.05 

Atmosphere Ar 
 

LIBS data were collected using Axiom 2.0 software provided by the manufacturer. Univariate 
and multivariate data evaluation was carried out using Epina ImageLab 3.34 (Retz, Austria). 

3. Results and Discussion 
In this work, different approaches for quantifying the potassium content in unknown 
polymer types or polymers with an unknown composition are investigated and evaluated. 
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Potassium was selected as the analyte of interest because the contamination of mobile ions 
in polymers is of great interest in the semiconductor industry 32,33. 

LIBS spectra were obtained from in-house prepared standards of 8 different investigated 
polymer types (Acrylic, PAN, PI, PMMA, PSU, PVA, PVC, and PVP) containing potassium levels 
in the range of 0-70 µg/g. Figure 1 shows an overview of the different data evaluation 
approaches followed in this work. In a first step, univariate calibration curves are calculated 
for all investigated polymer types. Errors obtained from matrix-matched quantification are 
calculated and used as a best-case benchmark. In a second step, quantification of unknown 
polymer types is considered where matrix-matched quantification is not feasible. Therefore, 
non-matrix-matched quantification is investigated where each of the investigated polymer 
types is evaluated using the univariate calibration functions of all remaining polymer types. 
Next, two multivariate data evaluation strategies are presented based on a Random Decision 
Forest (RDF) classification model and a Partial Least Squares (PLS) model where each 
investigated polymer type is considered as unknown one after the other. The idea behind 
the RDF approach is a matching of the unknown polymer type to the closest-matching 
polymer from the dataset to minimize the error from non-matrix-matched quantification. 
The PLS approach is based on building a statistical model estimating the potassium 
concentration using the LIBS data from the different polymer types. 

 

Figure 1: Overview of all different data evaluation approaches presented in this work. 

 

3.1 Matrix-matched univariate calibrations 
The first step in this study involved the performance evaluation of the classical univariate 
calibration approach for each polymer type. Therefore, the emission signal of potassium 
(766.14 nm - 766.90 nm) is integrated after normalization of the spectra to the Euclidean 
norm. A background correction was performed by averaging and subtracting the background 
signal at 765.60 nm - 766.04 nm and 767.01 nm - 767.55 nm next to the potassium emission 
line. 

Univariate calibration models with correlation coefficients (R2) ranging from 0.971 (PAN) to 
0.998 (PSU) are obtained for all polymer types confirming the applicability of the in-house 
prepared standards. Limits of quantification (LOQ) are determined for each polymer type 
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according to DIN 32645 and are in a range of 0.3 µg/g (PSU) to 1.4 µg/g (PMMA). The 
standard with the lowest potassium concentration of each polymer type is at least 4.3 times 
higher than the LOQ, also confirming the standards’ applicability.  

Different slopes of different polymer types’ calibration curves are observed, ranging from 
0.0018 a.u./µg·g-1 (PI) to 0.0440 a.u./µg·g-1 (PVA). The slopes of the remaining 6 polymer 
types lie in-between forming two groups of similar slopes (Group 1: Acrylic, PMMA, PVC; 
Group 2: PAN, PSU, PVP). Table 2 gives an overview of the figures of merit of the obtained 
univariate calibration functions as well as the ablation rate and carbon content for each 
polymer type. 

The variability in the observed slopes of the univariate calibration curves can be explained by 
matrix-effects that occur when analyzing different polymer types with LIBS. Different 
polymer types show different absorption behavior resulting in different ablation rates and 
different fluctuating plasma energies, leading to different atomization and excitation 
efficiency of the analyte within the laser-induced plasma.  

We investigate two different normalization strategies to reduce the variability of observed 
slopes: normalization to the ablation rate, which is already reported in the literature 34,35, 
and normalization to the carbon content of the polymer. Comparing the ablation rate and 
the carbon content of each polymer type with the slope of the univariate calibration curve 
(Table 2), no correlation is observed. For example, PAN and PI exhibit identical ablation rates 
and comparable carbon contents but the slopes of the calibration are significantly different. 
Acrylic and PVC show similar slopes although the carbon content and the ablation rate are 
significantly different. Therefore, slope variations cannot be explained by different ablation 
rates or carbon content. Thus for potential reduction of matrix effects additional material 
properties must be considered, or other more sophisticated approaches for data evaluation 
are needed.  

Table 2: Figures of merit of observed univariate calibration functions and properties of the investigated polymer types. 

 R2 LOQ (µg/g) wt% C (%) Ablation rate (µm/shot) Slope (a.u./µg·g-1) 
Acrylic 0.992 0.7 68 0.7 0.0221 

PAN 0.971 1.2 68 0.6 0.0052 
PI 0.990 0.6 72 0.6 0.0018 

PMMA 0.956 1.4 60 1.1 0.0223 
PSU 0.998 0.3 73 1.3 0.0056 
PVA 0.976 1.1 53 5.7 0.0400 
PVC 0.992 0.5 38 1.8 0.0197 
PVP 0.974 1.0 65 0.5 0.0060 

 

In the next step errors for matrix-matched quantification are estimated. These errors will be 
used as best-case benchmark values to assess the performance of the proposed multivariate 
models for the quantification in unknown polymer types. Therefore, the potassium 
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concentration of the standards in the concentration range of 8 – 25 µg/g of all polymer types 
are evaluated by the corresponding univariate calibration of the same polymer type using a 
leave-one-out (LOO) cross-validation. Relative errors are calculated according to 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝐸𝑟𝑟𝑜𝑟 =  |𝑐𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑−𝑐𝑛𝑜𝑚𝑖𝑛𝑎𝑙𝑐𝑛𝑜𝑚𝑖𝑛𝑎𝑙 | ∙ 100       (1) 

where 𝑐𝑒𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 is the estimated potassium concentration of the evaluated standard and 𝑐𝑛𝑜𝑚𝑖𝑛𝑎𝑙 is the nominal concentration of the evaluated standard. The obtained relative 
errors are averaged for each polymer type. Relative errors shown in the diagonal line of 
Figure 2 (marked green) correspond to matrix-matched quantification. Derived values range 
from 7% (Acrylic) to 17% (PI and PMMA), resulting in an averaged relative error of 11% (n=8) 
for all polymers.  The order of magnitude of the observed error is in good agreement with 
relative errors reported in the field of LIBS and other direct-solid sampling techniques such 
as LA-ICP-MS using matrix-matched standards for quantification 36–39. All other cells in Figure 
2Table 1 correspond to non-matrix-matched quantification when a polymer type is evaluated 
by the univariate calibration of a different polymer type and will be discussed in the next 
chapter. 

 

Figure 2: Relative errors obtained when evaluating the potassium content in standards with a concentration range of 8-25 
µg/g of all polymer types by the different univariate calibration curves of all polymer types. The case of matrix-matched 
quantification is marked in green whereas all the other cells represent non-matrix-matched quantification. The best-case for 
non-matrix-matched quantification is marked in orange and the worst-case for non-matrix-matched quantification is 
marked in blue. 

3.2 Quantification strategies for unknown polymer types 

3.2.1 Non-matrix-matched quantification 

When performing quantitative analysis of unknown polymer types or polymers with an 
unknown composition, non-matrix-matched quantification is the only conventional approach 
available. In this case, the potassium content of an unknown polymer type is assessed using 
the univariate calibration functions of a different polymer type. In this chapter, the expected 
errors from non-matrix-matched quantification are evaluated. Therefore, the standards in 
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the concentration range of 8 – 25 µg/g of each polymer type are evaluated by the univariate 
calibration functions of the other polymer types within our dataset and relative errors are 
calculated. The results are shown in Figure 2.  

In this case, a high variability of the relative errors is observed. In some cases, low relative 
errors are obtained for non-matrix-matched quantification (e.g. evaluating PVA using the 
univariate calibration of PMMA results in a relative error of 11%), in other cases huge errors 
are obtained (e.g. evaluating PVC using the univariate calibration of PI results in a relative 
error of 2105%). For each polymer type evaluated with the calibration curves of the 
remaining polymer types, the best-case with the lowest relative error is marked in orange 
and the worst-case with the highest relative error is marked in blue in Figure 2. Interpreting 
the results presented in Figure 2 with the perspective of quantification of the potassium 
content in unknown polymer types it can be concluded that non-matrix-matched calibration 
can provide reliable quantification in some cases. Nevertheless, choosing a random 
calibration curve for the quantification of an unknown polymer type is not a feasible 
approach as expected errors cannot be estimated and may result in deviations more than a 
factor of 10 from the nominal content. For example, only 3 out of the 56 possible standard 
and unknown polymer combinations results in errors comparable to matrix-matched 
calibrations whereas 31 combinations show a relative error >100% and 10 combinations 
show a relative error >500%. To improve the performance of quantification of unknown 
polymer types, multivariate data evaluation strategies are investigated in the next part of 
this work. 

3.2.2 Multivariate evaluation strategies  

To evaluate the performance of multivariate data evaluation models for the quantitative 
determination of the potassium content in unknown polymer types, each of the 8 
investigated polymer types will be considered an unknown polymer type and is evaluated by 
a multivariate model based on the remaining 7 known polymer types. For the multivariate 
models we use not only the emission signal of potassium for quantification but also polymer-
specific signals from the LIBS spectrum, including atomic emission signals of the main 
components of the investigated polymers (C, H, and O) and molecular signals (CN violet band 
and C2 swan band) A representative LIBS spectrum with marked emission signals used for 
multivariate models is shown in Figure 3. 
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Figure 3: Exemplary broadband LIBS spectrum of PI with marked polymer-specific emission signals used for multivariate data 
processing. 

3.2.2.1 Multivariate classification (RDF) combined with univariate calibration 

The first multivariate approach for the quantification of the potassium content in unknown 
polymer types is based on a Random Decision Forest (RDF) classification model, commonly 
used in LIBS data analysis 40,41. In this study, we use the RDF analysis to select the 
appropriate calibration model for a particular unknown polymer type. For example, we use 
the RDF analysis to find the closest match to the unknown polymer type among the 7 known 
polymer types. Then, we apply the univariate calibration model corresponding to the 
matched standard material to evaluate the unknown polymer type. Assuming that the 
similarity in the broadband LIBS spectra is indicative for the matrix-effects observed in 
univariate calibration models, in the best-case scenario the polymer type yielding the lowest 
non-matrix-matched error (marked orange in Figure 2) is selected by the RDF for the 
corresponding unknown polymer type.  

The RDF uses all intensities of the marked regions of the obtained LIBS spectra (Figure 3) as 
input variables. The model is built with 75 trees and a resampling factor of 0.5. 8 different 
RDFs were calculated, each excluding one of the polymer types. Therefore, e.g., PI will not 
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be classified as PI because PI was not part of the training set for this respective RDF. Instead, 
the built RDF will find the polymer type out of the remaining 7 types with the closest 
matching LIBS spectrum to PI. A majority vote on the classification is used to determine the 
matched polymer type.  

To evaluate the described approach, each polymer type from our sample set is considered 
an unknown polymer type, and relative errors for the standards within the concentration 
range 8-25 µg/g are calculated and shown in Table 3. Evaluating the polymer types PI, 
PMMA, and PVA, the best-case result with the lowest possible relative error is obtained by 
this approach. PAN and PVP are matched to the second-best-case. The other polymer types 
are not matched to the best-case scenario by the RDF resulting in non-optimal results. 
Nevertheless, the worst-case scenario is only selected for PSU. These results indicate the 
benefit of the application of a classification model for subsequent non-matrix-matched 
quantification of unknown polymer types. Compared to the random selection of non-matrix-
matched standards, which delivers useful results only in a limited number of cases, the RDF 
approach provides significant advances. Nevertheless, for some polymer types the results 
are still not satisfying, thus further improvements are necessary. 

3.2.2.2 Multivariate calibration (PLS) 

The second multivariate approach for quantifying the potassium content in unknown 
polymer types is based on a PLS regression model, which is also commonly used in the field 
of LIBS 42,43. In this study, PLS models are built using data of 7 of the 8 polymer types. The 
obtained PLS model is used to quantify the omitted polymer type. The same regions of the 
broadband LIBS spectra (Figure 3) used for the RDF are used as input variables for the PLS 
model. Moreover, the corresponding element-specific signals for potassium (766.10 nm - 
766.91 nm and 769.44 nm - 770.41 nm) were added to the polymer specific emission signals 
as input variables. Similar to the RDF approach, 8 different PLS models are calculated, each 
excluding one of the 8 polymer types treated as an unknown polymer type for this model. 
The number of factors for each PLS model was optimized by calculating a cross-validation 
and choosing the number of factors with the lowest Root Mean Square Error of Prediction 
(RMSEP).  

Relative errors for the standards within a concentration range 8-25 µg/g obtained from this 
approach are shown in Table 3. The PLS approach employed for the quantification of 
unknown polymer types shows promising results with adequate relative errors in the two-
digit range for all polymer types. PI, PMMA, and PVP yield even lower relative errors 
compared to the best-case non-matrix-matched quantification within our dataset. PVC 
shows the highest relative error. One reason for this may be that PVC is the only polymer 
type within our dataset containing a halogen. This might have an influence on polymer-
specific signals observed in the LIBS spectrum due to different reactions within the laser-
induced plasma resulting in a significant influence on the performance of the PLS approach. 
Nevertheless, the PLS approach applied for the quantification of unknown polymers enables 
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a reliable estimation of the potassium concentration in all investigated polymer types. 
Compared to the RDF approach, the PLS approach provides a more universal application.  

Table 3: Results of the multivariate approaches for the quantification of unknown polymer types where each of the 8 
investigated polymer type was considered unknown.  

 RDF Approach PLS Approach 
Polymer type considered 

unknown 
Matched polymer type 

Relative error 
(%) 

Relative error (%) 

Acrylic PVP 425 38 
PAN PVP 28 30 

PI PSU 76 54 
PMMA PVA 16 16 

PSU PI 216 74 
PVA PMMA 11 19 
PVC PVP 517 90 
PVP PAN 79 45 

 

4. Conclusion 
In this work we investigate the possibility of using LIBS for the quantitative analysis of 
potassium in unknown polymer types where matrix-matched standards cannot be used. In a 
first step we evaluated univariate calibration curves of 8 different polymer types where 
significant matrix-effects were observed. Relative errors of matrix-matched quantification 
and non-matrix-matched quantification were calculated and used as benchmark values to 
assess the performance of multivariate approaches for the quantification in unknown 
polymer types. Figure 4 shows the errors obtained from presented data evaluation 
approaches. The selected standards for the evaluation of relative errors are in a 
concentration range of 8-25 µg/g which is only one order of magnitude higher compared to 
obtained LOQs. 
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Figure 4: Overview of the relative errors obtained for the different data evaluation strategies for the quantification of 
unknown polymers presented in this work. 

Naturally, matrix-matched quantification yields the lowest relative errors ranging from 7% to 
17%. As for the quantification of polymer samples where the exact composition is not 
known, matrix-matched quantification cannot be employed, conventionally only non-matrix 
matched quantification can be used. Since different polymer types come with a wide range 
of physical and chemical properties, the relative errors obtained from non-matrix-matched 
quantification heavily depend on the polymer type selected for quantification. The 
presented results show that conventional non-matrix-matched quantification using a 
random polymer type as a reference material for an unknown polymer type is not feasible, 
as the expected error cannot be estimated. By chance, an appropriate polymer type can be 
selected for non-matrix-matched quantification resulting in relative errors of 20% or less. 
However, in most of the cases relative errors resulting from non-matrix-matched 
quantification can result in deviations more than a factor 10 from the nominal concentration 
which is not suitable for research tasks or industrial/environmental routine analysis. 
Considering polymer-specific signals provided by LIBS broadband spectra significantly 
improved the quality of the analysis. The two developed multivariate approaches based on a 
RDF- and a PLS-model for the quantitative analysis of the potassium content in unknown 
polymer types yield relative errors ranging from 11% to 517%% and 16% to 90% respectively. 
Comparing the findings for these two multivariate approaches, the RDF approach delivers 
inadequate results for some polymers (e.g. Acrylic or PVC), whereas the PLS-model allows a 
universal application for all polymer types. Considering that the quantification of the 
multivariate models is carried out without the use of matrix-matched standards, precise 
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quantification cannot be expected but the presented approaches enable a reliable estimate 
of the potassium content in the low µg/g range which is sufficient for many applications. 

In further works, more elements will be added to the standards for a broader range of 
applications. Additionally, the influence of an increase in the number of polymer types 
available in the library on the obtained errors will be investigated.  
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Polymer type Nominal K concentration (µg/g) 

Acrylic 

0 
10 
25 
50 

PAN 

0 
8 

16 
21 
27 
46 

PI 

0 
6 

11 
17 
23 
31 
63 

PMMA 

0 
6 

11 
17 
23 
32 
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56 

PSU 

0 
6 

10 
15 
51 
65 

PVA 

0 
6 

11 
19 
24 
32 
47 

PVC 

0 
5 

11 
16 
20 
33 
54 
65 

PVP 

0 
5 
9 

17 
21 
31 
53 
66 
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5. Conclusion

In this work, the potential of LIBS and LA-ICP-MS for advanced character-
ization of polymeric samples was investigated. Using the techniques’ unique
characteristics, novel material characterization methods were developed allow-
ing a more comprehensive characterization of polymeric samples which is not
accessible with conventional techniques used for polymer analysis. The unique
ability of LIBS enabling the detection of polymers main elemental constituents
such as C, H, N, and O and also providing molecular information combined
with the possibility to record images and depth profiles offers a wide range of
applications in many different fields. LA-ICP-MS offers an excellent sensitivity
for trace element analysis and provides complementary information for polymer
characterization. As both techniques are based on the same principle of laser
ablation, they can be employed in a so-called tandem setup where LIBS and
LA-ICP-MS data is recorded simultaneously from the same measurement. Three
different applications for polymer characterization using the aforementioned
techniques are presented and discussed.

In the first part, LIBS combined with multivariate statistics is used to per-
form spatially resolved classification of polymers. Discrimination of polymers
using LIBS data usually requires a high SNR of the polymer specific signals.
Conventionally, multiple measurements can be accumulated to achieve satisfying
results. In the case of imaging experiments or depth profiling, only single-shot
LIBS spectra are available which increases the demand on data evaluation
strategies. With optimized LIBS parameters and sophisticated data evaluation
strategies such as RDF and k-means clustering, it was not only possible to resolve
the lateral distribution of two different polymer types within a 2D structured
sample but also a depth profile of a polymer multi-layer system was recorded and
the distribution of the different polymer types present were correctly classified.
The developed approach was also applied to samples from the field of cultural
heritage science where a simultaneous classification of organic binder materials
and inorganic pigments was achieved. Therefore, LIBS proofed to be a suitable
method for studying and investigating the distribution of different polymer types
within structured samples.

In the second part LIBS and LA-ICP-MS depth profiling is used to investigate
polymer degradation and uptake of inorganic species in accelerated stress tests
of a wide range of different polymeric materials. Weathering conditions of the
accelerated stress tests included UV-radiation and exposure to corrosive gases
(H2S, SO2 and O3) as well as exposure to artificial seawater spiked with heavy
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metals. A polymer specific LIBS signal (C2 swan band) was identified which
can be used to assess the degradation of the polymer under investigation. These
findings were confirmed using FT-IR spectroscopy. Additionally, oxidation of
the polymer is observed using the oxygen emission signal. In the conducted
weathering experiments, alteration of the samples was not limited to the sample
surface but also propagation to the bulk was observed. Combining LIBS data
with LA-ICP-MS measurements allowed to monitor the uptake of sulfur contain-
ing species as well as heavy metals which was correlated with the ageing of the
sample. The combination of LA-ICP-MS and LIBS enabled a comprehensive
study of alteration of polymeric samples by analyzing depth profiles

The third part of this work investigates strategies for the quantification of
trace metals in unknown polymer types using LIBS. Therefore, a library of
in-house prepared polymer standards was prepared and analyzed with LIBS.
Two different multivariate data evaluation strategies based on a RDF and a
PLS model are evaluated when used for the quantification of unknown poly-
mers. Obtained results were compared to matrix-matched quantification and
non-matrix-matched quantification. Matrix-matched quantification is the gold
standard for LIBS and usually provides the most reliable result but is not
applicable for unknown polymer types. When analyzing unknown polymer
types, non-matrix-matched quantification is the only conventional approach
available. However, with this approach obtained errors can hardly be estimated
and therefore it does not provide reasonable results for the quantification of
unknown polymer types. The two investigated multivariate data evaluation
strategies proofed to provide reliable quantitative results outperforming non-
matrix-matched quantification. Therefore, they are a promising approach for the
quantification in unknown polymer types or polymers with no matrix-matched
standards available.

The presented work shows the application of LA-ICP-MS and LIBS for the
field of polymer characterization and provides information not accessible with
standard techniques for polymer analysis. Nevertheless, some improvements are
still required for certain applications. With improved instrumentation, better
lateral resolution as well as depth resolution can be obtained. Additionally, inves-
tigation of uptake of inorganic species can benefit from a higher sensitivity. Using
a tandem LA-ICP-MS/LIBS approach can help to overcome some of the above
mentioned limitations. Even though for this approach further instrumental de-
velopments are necessary. Especially improvements in the washout performance
are essential to establish the tandem approach for routine investigations.



93

6. Curriculum Vitae



Dipl.-Ing. Lukas Brunnbauer                 

 
 

  

Meiselstraße 14/1/6, 1150 Wien     +43 677 61678409             lubrunnbauer@gmail.com 

 

 

CURRICULUM VITAE 
 

 Personal Information 

 

Date of birth 14.03.1992 

Place of birth Salzburg 

Citizenship Austria 

 

 Professional Experience 
01/2018 - recent 

 

 

PhD student at TU Wien in cooperation with Infineon AG and KAI 
GmbH 
 Research in the field of material characterization with a focus on 

polymers and trace metal analysis 
 Contribution to 6 peer-reviewed publications 
 Attendance of 10 international scientific conferences with 

multiple oral and poster presentations 
 Supervision of Bachelor- and Master theses 
 Experience with several analytical techniques (LA-ICP-MS, LIBS, 

ICP-MS/OES, SEM, TEM) 

01/2020 - 04/2020 Applied Spectra, Inc. Sacramento, USA 
 Guest researcher working on polymer analysis using ns/fs LIBS 

systems 

07/2016 - 09/2016 
 

 

Infineon Villach 
 Internship at Infineon Villach in the department of wet chemical 

etching working in a clean room environment  
 Participation in the set-up of a new tool for single wafer cleaning 

10/2013 - 06/2016 

 

TU Wien 
 Tutor in several lab courses in the field of analytical chemistry 

07/2015 - 09/2015 
 

 

Infineon Villach 
 Internship at Infineon Villach in the department of wet chemical 

etching working in a clean room environment  
 Investigating etch rates of different semiconductor materials 

10/2010 - 06/2011 Red Cross Salzburg 
 Alternative civilian service performing ambulance transports  

 

 

 

 



Dipl.-Ing. Lukas Brunnbauer                 

 
 

  

Meiselstraße 14/1/6, 1150 Wien     +43 677 61678409             lubrunnbauer@gmail.com 

 

 

 Education 
01/2018 - recent 

 

PhD program TU Wien 
 PhD thesis: Advanced Polymer Characterization using LA-ICP-MS 

and LIBS 

01/2020 - 04/2020 Master Program ”Technical Chemistry”, TU Wien 
 Focus on applied physical and analytical chemistry 
 Master thesis: “Corrosion investigations with the system 

copper/polyimide for microelectronics” 
 Passed with distinction 
 Degree: Dipl.-Ing. (equivalent M.Sc.) 

 
08/2016 - 01/2017 ERASMUS Uppsala University 

 Research project on the synthesis and characterization of 
quasicrystals in the REAuSi-system 

 
10/2011 – 04/2015 Bachelor Program ”Technical Chemistry”, TU Wien 

  Degree: B.Sc 
 

 Additional Skills 

IT-Skills  Data analysis: MS Excel (proficient), OriginLab Origin (proficient) 
 Presentations: MS Powerpoint (expert) 
 Word processing: MS Word (expert), LaTeX (proficient) 
 Design: Inkscape (proficient) 
 Programming: Python 3 (novice) 

 

 
 
 
 

Languages  German (mother tongue) 
 English (C1) 
  French (A2) 

 
Academic 

Achievements 
 JAAS Poster Prize (2020 Conference on Plasma Spectrochemistry, 

Tuscon, Arizona) 
 Travelling grant of the TU Wien for a stay in Sacramento, USA 
 Performance scholarship of the TU Wien 2017 

 





97

7. List of Publications

7.1 Peer-Reviewed Articles
L. Brunnbauer, J. Gonzalez, H. Lohninger, J. Bode, C. Vogt, M. Nelhiebel,
S. Larisegger and A. Limbeck, ”Strategies for Trace Metal Quantification
in Polymer Samples with an Unknown Matrix using LIBS ”, submitted to
Spectrochimica Acta Part B: Atomic Spectroscopy

A. Limbeck, L. Brunnbauer, H. Lohninger, P. Porizka, P. Modlitbova, J.
Kaiser, P. Janovszky, A. Keri and G. Galbacs, ”Methodology and applica-
tions of elemental mapping by laser induced breakdown spectroscopy”, Ana-
lytica Chimica Acta 1147 (2021) https://doi.org/10.1016/j.aca.2020.12.054

L. Brunnbauer, M. Mayr, S. Larisegger, M. Nelhiebel, L. Pagnin, R.
Wiesinger, M. Schreiner and A. Limbeck, ”Combined LA-ICP-MS/LIBS:
powerful analytical tools for the investigation of polymer alteration after
treatment under corrosive conditions”, Scientific Reports 12513 (2020)
doi:10.1038/ s41598-020-69210-9

L. Brunnbauer, S. Larisegger, H. Lohninger, M. Nelhiebel and A. Limbeck,
”Spatially resolved polymer classification using Laser Induced Breakdown
Spectroscopy (LIBS) and multivariate statistics”, Talanta 120572 (2019)
doi:10.1016/ j.talanta.2019.120572L.

L. Pagnin, L. Brunnbauer, R. Wiesinger, A. Limbeck and M. Schreiner,
”Multivariate analysis and laser-induced breakdown spectroscopy (LIBS):
a new approach for the spatially resolved classification of modern art
materials”, Anal. Bioanal. Chem. (2020) doi:10.1007/s00216-020-02574-z

W. Knierzinger, R. Drescher-Schneider, K-H. Knorr, S. Drollinger, A. Lim-
beck, L. Brunnbauer, F. Horak, D. Festi and M. Wagreich, ”Anthropogenic
and climate signals in late-Holocene peat layers of an ombrotrophic bog in
the Styrian Enns valley (Austrian Alps)”, E&G Quaternary Sci. J., 69,
121–137, https://doi.org/10.5194/egqsj-69-121-2020, 2020

W. Knierzinger, D. Festi, A. Limbeck, F. Horak, L. Brunnbauer, S.
Drollinger, M. Wagreich, J.-J.S. Huang, M. Strasser, K.-H. Knorr, H.
Reschreiter, S. Gier, W. Kofler, C. Herzig, K. Kowarik, ”Multi-proxy
analyses of a minerotrophic fen to reconstruct prehistoric periods of hu-
man activity associated with salt mining in the Hallstatt region (Austria)”,



98 Chapter 7. List of Publications

J. Archaeol. Sci. Rep. 36 (2021) 102813. https://doi.org/10.1016/
j.jasrep.2021.102813.

7.2 Oral Presentations at Conferences
Presenting author is underlined.

A. Limbeck, L. Pagnin, R. Wiesinger, M. Schreiner and L. Brunnbauer,
”Assessment of Polymer Degradation by the Combined Use of LIBS and
LA-ICP-MS”, International Workshop on LIBS 2020, Szeged, Hungary

L. Brunnbauer, L. Pagnin, R. Wiesinger, M. Schreiner and A. Limbeck,
”Analysis of Contemporary Art Materials using Laser Induced Breakdown
Spectroscopy (LIBS)”, Winter Conference on Plasma Spectrochemistry
2020, Tucson, USA

A. Limbeck, L. Brunnbauer, M. Bonta, L. Pagnin, R. Wiesinger, and M.
Schreiner, ”Tandem LA-ICP-MS/LIBS For Improved Polymer Character-
ization”, Winter Conference on Plasma Spectrochemistry 2020, Tucson,
USA

A. Limbeck, L. Brunnbauer, M. Bonta, L. Pagnin, R. Wiesinger and M.
Schreiner, ”Advanced Polymer Analysis using Tandem LA-ICP-MS/LIBS”,
Workshop on tandem LIBS/LA-ICP-MS 2019, Berlin, Germany

L. Brunnbauer, S. Larisegger, M. Nelhiebel and A. Limbeck, ”Spatially Re-
solved Polymer Classification using Laser Induced Breakdown Spectroscopy
(LIBS)” : Colloquium Analytische Atomspektroskopie (CANAS) 2019,
Freiberg, Germany

A. Limbeck, L. Brunnbauer, M. Mayr, L. Pagnin, R. Wiesinger and Man-
fred Schreiner, ”Degradation of Modern Art Materials: comprehensive
examination by the combined use of LIBS and LA-ICP-MS”, 15th Interna-
tional Conference on Laser Ablation 2019, Maui, USA

L. Brunnbauer, M. Mayr, M. Bonta, W. Mack, H. Preu, C. Schäffer,
S. Larisegger, M. Nelhiebel and A. Limbeck, ”LA-ICP-MS and LIBS:
Analytical Techniques for Lateral Resolved Elemental Analysis applied to
Corrosion Studies in Semiconductor Devices” : Eurocorr 2019, Sevilla,
Spain

L. Brunnbauer, L. Pagnin, M, Schreiner and A. Limbeck, ”Investigation of
Polymer Degradation of Modern Art Materials Using LIBS and Multivariate
Statistics” : ANAKON 2019, Münster, Germany

M. Mayr, L. Brunnbauer, S. Larisegger, M. Nelhiebel, J. Lohninger and
A. Limbeck, ”Investigation of Polymer Degradation under Corrosive Con-
ditions Using Tandem LA-ICP-MS/LIBS”, 30th MassSpec-Forum 2019,
Vienna, Austria



7.3. Poster Presentations at Conferences 99

L. Brunnbauer, S. Larisegger, M. Nelhiebel, J, Lohninger and A. Limbeck,
”Spatial distinction of different polymers for the accurate determination of
their trace metal content using LIBS”, ASAC-JunganalytikerInnen-Forum
(JAF) 2018, Vienna, Austria

7.3 Poster Presentations at Conferences
Presenting author is underlined.

L. Brunnbauer, J. Gonzalez, and A. Limbeck, ”Matrix Effects in Quan-
titative Polymer Analysis: A Comparison of ns and fs Laser Systems”,
International Workshop on LIBS 2020, Szeged, Hungary

L. Brunnbauer, S. Larisegger, M. Nelhiebel and A. Limbeck, ”Matrix
Independent Quantification of Trace Metals in Polymers using Laser In-
duced Breakdown Spectroscopy (LIBS)”, Winter Conference on Plasma
Spectrochemistry 2020, Tucson, USA

K. Kubíčkova, P. Pořízka, M. Kaška, A. Fibir, L. Krbal, L. Brunnbauer,
A. Limbeck and J. Kaiser, ”Implementation of laser spectroscopy in skin
tumor analysis”, EMSLIBS 2019, Brno, Czech Republic

L. Brunnbauer, M. Mayr, S. Larisegger, M. Nelhiebel and A. Limbeck,
”Tandem LA-ICP-MS/LIBS Analysis of Polymer Coatings: Investigating
Degradation under exposure to UV-radiation and SO2”, Eurocorr 2019,
Sevilla, Spain

L. Brunnbauer and A. Limbeck, ”Polymer classification in structured sam-
ples using laser induced breakdown spectroscopy (LIBS)”, 20. Tagung
Festkörperanalytik, Vienna, Austria

L. Pagnin, L. Brunnbauer, R. Wiesinger, A. Limbeck and M. Schreiner,
”Multispectral Investigations for Characterizing UV-light Degradation of
Modern Art Materials”, 20. Tagung Festkörperanalytik, Vienna, Austria

L. Pagnin, L. Brunnbauer, R. Wiesinger, A. Limbeck, and M. Schreiner,
”Multispectral Investigations for Characterizing UV-light Degradation of
Modern Art Materials”, YHIP 2019, Lisbon, Portugal

L. Brunnbauer, L. Pagnin, M. Schreiner and A. Limbeck, ”Depth Profiling
of UV-light Degradation of Modern Art Materials Using LIBS”, European
Winter Conference on Plasma Spectrochemistry (EWCPS) 2019, Pau,
France

P. Janovszky, A. Kéri, L. Brunnbauer, A. Limbeck and G. Galbács, “Quan-
titative Multielemental Mapping Of Biological Samples By Laser Induced
Breakdown Spectroscopy: A Case Study of Pig Tissues”, European Winter
Conference on Plasma Spectrochemistry (EWCPS) 2019, Pau, France



100 Chapter 7. List of Publications

L. Brunnbauer, S. Larisegger, M. Nelhiebel, J. Lohninger and A. Limbeck,
”Investigation of Polymer Degradation under Corrosive Conditions Using
Tandem LA-ICP-MS/LIBS”, European Winter Conference on Plasma
Spectrochemistry (EWCPS) 2019, Pau, France

L. Brunnbauer, S. Larisegger, M. Nelhiebel, J. Lohninger and A. Limbeck,
”Accurate analysis of trace metals in polymers with varying composition
using LIBS and multivariate statistics”, 14th European Workshop on Laser
Ablation (EWLA) 2018, Pau, France


	Abstract
	Kurzfassung
	Acknowledgements
	List of Abbreviations
	Introduction
	Analytical Challenges
	Spatially Resolved Analysis
	Investigation of Polymer Degradation
	Quantitative Metal Analysis in Polymers

	Proposed Approaches for Polymer Characterization
	LA-ICP-MS/LIBS Imaging and Depth Profiling
	Multivariate Statistics
	Accelerated Stress Tests

	References
	Scientific Publications
	Article 1
	Article 2
	Article 3 (Review-Article)
	Article 4
	Article 5 (Submitted manuscript)

	Conclusion
	Curriculum Vitae
	List of Publications
	Peer-Reviewed Articles
	Oral Presentations at Conferences
	Poster Presentations at Conferences


