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and systematic introduction to recent developments in
chemical composition imaging based on LIBS, with a focus
on principles, operation, and recent developments. More
importantly, existing problems in LIBS imaging are illustrated
and we provide our own insights into its future development
direction, including LIBS signal optimization, LIBS imaging
resolution improvement and multiple technology integration.

Image reproduced by permission of Shangyong Zhao and
Zhe Wang from J. Anal. At. Spectrom., 2025, 40, 665.

7 ROYAL SOCIETY
PN OF CHEMISTRY

A8

See Zhe Wang et al.,
J. Anal. At. Spectrom., 2025, 40, 665.

As featured in:

)

rsc.li/jaas

Registered charity number: 207890



#® ROYAL SOCIETY
PP OF CHEMISTRY

JAAS

View Article Online
View Journal | View Issue,

TUTORIAL REVIEW

Recent advances in chemical composition imaging
operation based on laser-induced breakdown
spectroscopy

i ") Check for updates ‘

Cite this: J. Anal. At Spectrom., 2025,
40, 665

Shangyorg Zhao, ©? Yuchen Zhao,? Yujia Dai,? Ziyuan Liu, @2 Zongyu Hou, ©°
Xun Gao © 9 and Zhe Wang ® *©

With the rapid development of laser-induced breakdown spectroscopy (LIBS) imaging technology, it has
attracted widespread attention. A LIBS imaging system based on laser ablation generates two- and
three-dimensional (2D/3D) images through the point scanning method. This paper reviews the recent
developments based on LIBS chemical composition imaging technology, including its background,
fundamental principles, operation types, applications, and technical upgrade schemes. Here, the types of
LIBS imaging operations and proposals for technological upgrades are the focus of this review. More
importantly, we point out the existing problems in LIBS imaging and provide our own insights into its

future development directions, including LIBS signal optimization, LIBS imaging resolution improvement
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Accepted 10th January 2025 and multiple technology integration. As a newly recent development direction, the technology fusion
method is also a very promising research field in chemical composition imaging based on LIBS. This

DOI: 10.1039/d4ja00314d review is of great significance for the research and application of LIBS chemical composition imaging
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1. Introduction

Characterization technology has been playing a big role in
research applications such as materials science, biomedicine,
industry, agriculture, and environmental science, enabling
a better understanding of the morphology, structure, compo-
sition, performance, and other characteristics of materials.*” In
general, researchers will match the corresponding detection
technologies for characterization analysis according to the
detection demands for one or more characteristics of the
analysis object. For example, the scanning electron microscopy
(SEM), laser ablation inductively coupled plasma mass spec-
trometry (LA-ICP-MS) and other technologies commonly used
for comprehensive testing of lithium batteries include experi-
mental techniques such as composition, morphology, crystal
structure, functional group, material ion transport observation,
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operations, which will provide basic knowledge guidance for LIBS researchers.

material micromechanical properties, and material surface
work function,® but they are time-consuming and costly.
Hence, the diversity of material properties, simplification of
operations, and cost savings put forward higher requirements
for the traditional detection technology and means.

The proposed chemical composition imaging operation
method provides a new research idea and technical direction to
solve the above problems, which can provide the distribution of
chemical composition on the surface of materials.” This opera-
tion can simultaneously detect the surface morphology, compo-
sition, and other characteristics of the analysis object.®* Common
methods of chemical composition analysis include spectral
technology, mass spectrometry, energy spectroscopy, and chro-
matographic and chemical analyses. In particular, spectral
analysis technology has shown a strong development momentum
in recent years, and is constantly evolving towards miniaturiza-
tion, high performance, multi-functionality, intelligence, and
green environmental protection, showing great application
potential. Typical spectral analysis technologies include ultravi-
olet radiation (UV),” optical emission spectroscopy (OES),*
Raman spectroscopy (RS),"* infrared and near-infrared spectros-
copy (IR/NIR),"* X-ray fluorescence spectrometry (XRF),** laser-
induced breakdown spectroscopy (LIBS),"* etc. Among them,
LIBS technology is known as the “future superstar for chemical
analysis” due to its advantages such as rapid, in situ, micro-
invasive, simultaneous multi-element detection, simple opera-
tion, and safety.” Over recent years, with the continuous
improvement of LIBS basic theory and the increasingly mature
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application, chemical composition imaging based on LIBS has
become one of the key research highlights.

Compared to other imaging techniques based on chemical
element analysis, such as XRF's strict requirements for radiation
protection, low sensitivity to light elements, and specific needs
for sample preparation, as well as the problems faced by LA-ICP-
MS, including high instrument complexity, high cost, complex
operation, and high dependence on sample preparation, LIBS
imaging technology demonstrates higher cost-effectiveness and
wide adaptability. Besides, in contrast to conventional imaging
techniques such as SEM, scanning tunneling microscopy (STM),
and atomic force microscopy (AFM), LIBS imaging operation
starts with point-to-point spectral lines obtained from different
locations on the analysis object's surface and goes through the
process of elements analysis to create a photograph that contains
plenty of information, such as the chemical components and
concentration at a certain location, the distribution of edge
features, shape features, or texture features of the material
surface chemical composition.'*” However, this point-to-point
approach causes a contradiction between spatial resolution and
time consumption. The more point data collected per unit area,
the better the spatial resolution, but the collection time will also
increase.” Furthermore, the instability of LIBS spectra, quanti-
fication issues, and the processing of large amounts of data also
need to be solved.

Previous work has summarized the principles and applica-
tions of LIBS imaging technology.'*** This paper aims to provide
a comparatively comprehensive and systematic introduction to
recent developments in chemical composition imaging based on
LIBS, with a focus on the principle, operation, and development
of LIBS imaging. We first briefly introduced LIBS technology,
LIBS imaging operation, and spectral data processing. Then, the
types and applications of LIBS imaging operations were
summarized and discussed. Finally, we have put forward some
constructive conclusions and suggestions regarding the current
situation and existing problems of LIBS imaging operation.
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2. Fundamental principle
2.1 LIBS technology

The schematic diagram of LIBS technology is shown in Fig. 1. A
typical LIBS system is composed of a pulse laser, an optical
spectrometer, a focusing lens, samples, a two- or three-
dimensional (2D/3D) automatic objective table, a coupling
lens, optical fibers, and other optical devices.'** When a high-
energy pulse laser radiation focuses and is irradiated onto the
target surface, after a series of physical processes such as
melting, evaporation, expression, cooling, and disappearing,
the laser plasma is generated and spectral radiation occurs.”
Qualitative and quantitative analysis of the elements corre-
sponding to the spectrum is then performed to measure the
types and contents of elements in the substance,*** as shown in
Fig. 1(a). LIBS technology can detect all elements in the periodic
table, and in practical applications, light elements to radioac-
tive elements have been reported,'” as shown in Fig. 1(b).

2.2 LIBS imaging operation

The crater of laser ablation is considered the point or pixel of
LIBS imaging, and there are two parameters, the ablative crater
diameter and ablative crater depth, as shown in Fig. 2(a). The
size and shape of the ablative crater are related to the beam
polarization state, focusing diameter, laser energy, sample
physical parameters, etc.>*° By systematically collecting point-
to-point spectral information on the sample surface, a LIBS
imaging cube (x, y, A) with both positional information (x, y) and
spectral information (1) can be obtained,*® as shown in Fig. 2(b).
The principle of LIBS imaging operation is based on the
clustering-oriented image segmentation approach, and each
minimum subset is called a region of interest (ROI). The greater
the ROI per unit area, the higher the spatial resolution of the
image, as shown in Fig. 2(c and d). However, the higher reso-
lution of LIBS imaging operation is clearly associated with the
longer acquisition time of the source data.*
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Fig. 2 LIBS imaging operation 2203t

The analytical resolution, spot size, and detection limit of
commonly used characterization techniques are shown in
Fig. 3. The overall system performance of LIBS is effective, with
the minimum size of the detection point reaching several
micrometers and the optimal performance detecting the level of
hundreds of ppb.** In terms of single performance, such as
sensitivity and analytical spot size, the advantages of LIBS
technology are not obvious, but it is acceptable considering the
cost-effectiveness of the technology, including sample process-
ing, instrument complexity and portability, system construction
cost, detection ability, and other factors. There is no doubt that
LIBS technology still has huge space for further enhance-
ment.**** Besides, compared with traditional imaging analysis
techniques like SEM,*® LIBS also has the capability of chemical
composition identification and concentration detection, as well
as scanning imaging. As shown in Fig. 3, it can be seen that LIBS
technology is in the middle of performance comparison, both of
the sensitivity and analytical spot size are better, which means it
becomes an attractive alternative to other technologies. In
summary, the superiority of chemical composition imaging
operations based on LIBS has been well confirmed.

2.3 Methodology

The schematic diagram of the original LIBS spectral processing
workflow is shown in Fig. 4, which mainly consists of two parts:
data preprocessing and LIBS imaging operation. Data

This journal is © The Royal Society of Chemistry 2025

preprocessing can significantly improve data quality and make
the data more suitable for subsequent analysis and modeling,
thereby obtaining more accurate and reliable results.*® Mean-
while, data preprocessing also helps to improve the execution
efficiency of algorithms and the performance of models. And
the LIBS imaging operation is to sequentially stitch various ROI
segments, which can obtain the distribution of chemical
components within the LIBS scanning area, achieving the effect
of information visualization.

The spectral preprocessing process and some important
modeling tools are as follows: (1) data dimensionality reduction:
common models include principal component analysis (PCA),
linear discriminant analysis (LDA), and ¢-distributed stochastic
neighbor embedding (+-SNE).**® (2) Baseline correction: the
baseline correction process can eliminate baseline drift in
spectral data and improve data stability and accuracy.
Commonly used models include the polynomial fitting method
and the least squares method.* (3) Noise removal: the de-
noising process can eliminate random noise in spectral data
and improve the signal-to-noise ratio, and common models
include smooth filtering and wavelet transform.* (4) Stan-
dardization: the standardization process can standardize spec-
tral data to zero mean and unit variance, eliminate the
dimensional and magnitude differences in data, and improve
its analyzability. Common models include minimum-
maximum normalization and standard deviation normaliza-
tion.* (5) Interpolation: the interpolation process can be used to
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Laboratories website).

fill missing values in spectral data or smooth out missing values
in outlier data to improve data integrity and reliability.
Commonly used models include linear interpolation and poly-
nomial interpolation.* (6) Principal component selection and

identification based on the NIST atomic database.** The infor-
mation obtained through these methods forms the basis for
clearly identifying, documenting, and evaluating the impor-
tance of each chemical element in matter.
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Fig. 4 Schematic diagram of the processing workflow of raw LIBS spectra.
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The basic principle of LIBS imaging is image region
segmentation and stitching, which involves the orderly
arrangement of multiple segments (or pixels) of the ROIL.** Each
pixel corresponds to a spectrum, which contains many variables
(i.e., spectral lines of different elements in the material after
excitation, such as Si, Fe, Ga, and Na, as shown in Fig. 1(b) and
4). In general, most of the reported research work is based on
semi-quantitative analysis of characteristic variables, that is, the
element distribution and corresponding spectral intensity of
LIBS imaging. However, it still remains a challenge to predict
the concentration of each pixel in a substance more accurately
and precisely. The existing solution is assisted by other tech-
nologies, such as ICP-MS, which will be discussed in Section 5.
In addition, the number of pixels can reach 2 million over
a surface of 488 mm? with a step resolution reaching 15 pum,*
and how to deal with such a large scale of data is still the major
problem that computer hardware devices and software tools will
face.***

3. Types of LIBS imaging operation
3.1 Laser device selection

The morphology and formation of surface and internal craters
also depend on the laser pulse width, as shown in Fig. 5(a).
There are three main pulse-width types of laser sources
commonly used in LIBS, including nanosecond (ns), pico-
second (ps), and femtosecond (fs) lasers, among which ns lasers
are the most widely used.** The mechanisms that lead to
energy absorption and target ablation are entirely different in
both cases. During the laser pulse duration, fs-LIBS greatly
reduces thermal damage and the heat-affected zone of the
target due to negligible heat conduction and hydrodynamic
motion. In addition, the spatial resolution obtained by fs pulses
is superior to that of ns pulses. Other advantages of fs-LIBS
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compared to ns-LIBS include reduced mixing of continuum
and atmospheric plasma, as well as the generation of atomic
plumes. However, the main disadvantages of fs lasers compared
with ns lasers include high equipment cost, high technical
requirements, strict environmental requirements, and
unknown long-term effects. But with the development of fs laser
technology, we believe that its cost performance will continue to
improve and its applicability will be increasingly wide. At
present, it is regrettable that we have not found the “right way”
to use it and can only say that the fs laser has great potential for
future development in the field of LIBS imaging.

3.2 LIBS 2D/3D imaging

As shown in Fig. 5(b), the LIBS 2D/3D imaging operation is based
on the number of pulse shots, with single-pulse shooting and
multi-pulse shooting corresponding to two types of 2D imaging
and 3D imaging, respectively. In the case of multiple laser pulses
striking the same position on the target material surface, the
depth of the crater increases with the number of strikes (see
Fig. 2(a)),” and a 3D LIBS imaging data cube (x, y, z, A) with both
positional information (x, y, z) and spectral information (1) can
be obtained (see Fig. 5(b)). Therefore, the 3D imaging of LIBS
technology is realized by adding depth information on the basis
of 2D imaging. This usually requires changing the focusing
position or scanning path of the laser beam to obtain the
distribution information of elements at different depths in the
sample. Then, these 2D images with different depths are super-
imposed by computer image processing technology to form a 3D
element distribution image of the sample. It can be said that the
2D imaging of LIBS technology can quickly obtain the element
distribution information on the sample surface, while the 3D
imaging can further reveal the internal structure and element
distribution characteristics of the sample.
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Fig.5 Schematic diagram of LIBS 2D/3D imaging operation: the (a) method of laser bombardments (the data source comes from the Coherent
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3.3 Micro-LIBS imaging

Micro-LIBS, or p-LIBS, is a new element analysis technique
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displacement platform. The lower pJ laser power allows the
sample to be very small in volume (about 10 to 10*> um?) and in

mass (10 pg to ng). Meanwhile, p-LIBS also has good compati-
bility with Raman technology, and multifunctional detection of
elements and molecular groups can be achieved by using the
combined LIBS-Raman operation.** Compared with the p-LIBS
system, traditional LIBS technology uses laser energy and spot
size ranging from dozens to hundreds pm and mm levels,
respectively.®»** Based on the analysis of target size and
dimensions, LIBS and micro-LIBS imaging should consider the
actual situation of chemical composition imaging operations.

based on the combination of LIBS technology and microscopic
optics.*>*® Compared with the traditional LIBS imaging method,
the p-LIBS imaging method has smaller laser energy and
focusing spots. The p-LIBS system employs i energy laser
pulses for laser ablation, which can achieve minimally invasive
craters, high-spectral resolution composition detection, and
high-spatial resolution (laser spot size <10 pm). Besides, u-LIBS
can also complete point-to-point scanning detection and anal-
ysis of the target object by docking with the precision load
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Fig. 6 Biomedicine analysis by the LIBS imaging approach: (a) enhancing diagnostic capabilities for occupational lung diseases using LIBS
imaging on biopsy tissue,* (b) the representative breast cancer xenograft tumor mice after tail vein injection of 0.9% saline, 100 png mL™* DOX,
hydrogel/DOX (125 pm DNA nanohydrogels, 100 png mL~* DOX), and 125 um DNA nanohydrogels, respectively,s! (c) multi-elemental imaging of
different lung tissue types,®® (d) histological H & E images complemented with LIBS elemental images of Mg, Ca, Na, and K for selected tumor
samples,®* (e) spatio-temporal comparison for P and Zn elements, and an example of various elemental images in a selected section of the brain
of a mouse,®® (f) high-resolution HES histological images of a healthy skin sample before LIBS analysis,® (g) titanium accumulation in a lymph
node,®® (h) general protocol for LIBS imaging,®’ (i) microscope image of 70% cell confluence, clinical images of mice after 10 days of subcu-
taneous melanoma cell implantation, and optical image of cryosectioned tissues for LIBS mapping, respectively,®® and (j) elemental images of Gd
distribution in a murine kidney.”®
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4. LIBS imaging application
4.1 Biomedicine

Minor changes in elements within living organisms can directly
affect their metabolism and physiological processes. The
correlation between the composition and content of elements
in organisms and the development of biological metabolism
and diseases has been widely studied and has become impor-
tant supporting information for medical diagnosis and treat-
ment. Studies have found that some essential biological
elements participate in oxidation reverse reactions, regulate
biological metabolic balance, control biological processes, and
have adaptive immune regulation functions.>**® In recent years,
LIBS imaging has been continuously enhanced as an influential
biomedicine technique, showing intriguing potential in the
field of clinical and medical analysis, such as for occupational
lung disease,” tablet coating,’® human breast cancer,* lung
tumor,® lung cancer,*® skin tumor,** cerebral distribution,®
human tissue,**® clinical specimens,* and melanoma tissue.”
Some of the application results and diagrams are shown in
Fig. 6. On the basis of 2D LIBS imaging operations, 3D LIBS
imaging is investigated. There are two methods to collect
longitudinal data: multiple pulse shots”™ and slice-by-slice
cutting,” and then a 3D database is constructed. Generally,
the former is used for the analysis of solid samples (with
a small longitudinal depth and hundred-micron scale), while
the latter is used for three-dimensional imaging analysis of
biological tissues (with a large longitudinal depth and complex
operation).

4.2 Minerals

The mineral composition and ore structure are key factors
affecting the sustained economic extraction of base and
precious metals and require in-depth understanding from
upstream ore characterization, metallurgical testing, and
process design, to mineral processing. Therefore, mineral
analysis is an important basis and premise for geological work
and the mining industry, which helps researchers obtain
mineral information in time and quickly understand the
physical and chemical properties of a certain region or
a certain type of mineral.” At present, LIBS imaging has been
applied to mineral phases,*»”*”> luminescence phenomena,”®
trace compounds,” rock classification,”® mineral core
surfaces,” irregularly shaped minerals,® elemental
identification,*® heterogeneous inorganic archaeological
samples,® uranium mineralization in uranium ores,** and
other aspects. Part of the application results and schematic
diagrams are shown in Fig. 7. Besides, multiple combined
techniques have been applied for mineral analysis, improving
the diversity of mineral detection information. Existing
methods include LIBS-RS,*® LIBS-HSI,** Micro-LIBS/Micro-
XRF,” and LIBS/LA-ICP-MS.”* Finally, the research on data
processing algorithms (such as principal component analysis,
feature lines selection),”** double pulse Micro-LIBS,***
miniaturized devices,*® etc. Finally, the matching technology
and data analysis methods for large-scale and small-scale

This journal is © The Royal Society of Chemistry 2025
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scanning objects have further optimized the application of
imaging technology in the field of mineral analysis.?”*®

4.3 Industry and materials

Due to the simple sample preparation, fast analysis speed,
remote online telemetry, 2D/3D surface distribution, and multi-
element depth analysis, LIBS imaging operation has attracted
the attention of researchers in the industrial and materials
fields.>?* LIBS imaging has the characteristics of real-time
monitoring of the production process, traceability of detection
data, representative analysis data, industrial transmission of
data, product quality alarm function, simultaneous detection of
multi-component parameters, etc., so it has great advantages in
the quality control of industrial production processes. In recent
years, the application results and diagrams of LIBS imaging in
metal scrap identification,” fluoropolymer materials,'
building materials,"* Li-ion solid-state electrolytes,'®* trace
metal impurity diffusion,'® fresh impregnated catalysts,'**
mineral fertilizers,'® printed circuit board compositions,'®
lithium phosphorus oxide thin films,"”” superconductor thin
films,'® and others,'***** and the typical work (ref. 97, 102, 104,
106 and 107) are shown in Fig. 8. In addition, three-dimensional
elemental imaging of material surfaces” and nanoscale
subcellular resolution imaging'*® based on LIBS technology
have also been studied. Moreover, related research work on
quantitative LIBS imaging based on the multiple-calibration
approach™* and LIBS-ICP-MS'® has been carried out.

4.4 Other applications

In order to investigate changes in ancient climate, such as
precipitation, major climate changes on Earth, and changes in
biological growth processes, there have been reports of
extracting reference ancient climate data from fossil samples
based on element distribution imaging technology."'**” Also,
LIBS imaging technology can monitor the environment and
growth status of seeds and plant samples, including detecting
the absorption, transportation, and accumulation of relevant
elements (including nutrients and toxic elements), which is of
great significance for understanding the growth status of plant
samples, environmental quality, and the interaction between
plants and the environment."***** Besides, LIBS imaging tech-
nology has shown great application potential in food safety,'**
public security investigation,*** archaeological mortar,*** extra-
terrestrial exploration,' and other fields.

5. LIBS imaging development
5.1 Basic requirements in LIBS imaging

Currently, LIBS imaging technology is still in the stage of
qualitative analysis, and how to achieve quantification is
a problem that needs to be solved in the future.”*®'” The
traditional LIBS quantitative method is based on standard
samples. Because the signal intensity of atomic spectral lines
can reflect the quantitative relationship corresponding to
element content, for samples with high purity and a simple
structure, the quantitative method based on standard samples
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a gray color scale,*® (b) distribution images of elements generated from the classical signal integration method from LIBS and PIL spectra,’® (c)
principle of elemental LIBS, molecular LIBS, and PIL experiments,® (d) the mean spectrum of the LIBS data set, the global intensity image, and
elemental images generated with the conventional approach,” (e) elemental images (B, Ca, S, Mo, Fe, and Zn) of the mine core surface in the
region represented by the rectangle,” (f) elemental and luminescence imaging of Kovdor fluorapatite.®?

can well reflect the composition of the material.””® Another
approach is called calibration-free LIBS (CF-LIBS), which is
a physical process that studies laser-induced plasma. According
to the corresponding theories and practical assumptions,
quantitative analysis can be conducted using experimental data

672 | J Anal. At Spectrom., 2025, 40, 665-678

measured by experiments and physical theoretical
formulae.****° But it is a consensus that developing a universal
LIBS quantitative method is almost impossible. A more feasible
approach is to develop specialized LIBS quantitative methods in
specific fields to meet their application needs. Besides, how to

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ja00314d

Open Access Article. Published on 22 January 2025. Downloaded on 11/15/2025 11:59:40 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Tutorial Review

0.. - .:O .'c-. o
= ¥
gt o % o

View Article Online

JAAS

—————

d
z«)u
.
=

ompressor

e

(d)

Air sorting module

Si substrate
+ shadow masks

.} /D= 107mm

Face view

(e)ADove view E

Fig. 8

Industry and materials analysis by the LIBS imaging approach: (a) three-dimensional elemental imaging of Li-ion solid-state electrolytes

using fs-LIBS,'°2 (b) optical images of supports impregnated with asphaltenes and the corresponding LIBS images of the asphaltenes,**4(c) semi-
quantitative information obtained using SEM-EDS for the surface (solid arrows) and crater (dotted arrows),*°¢(d) laboratory-scale automatic
sorting system based on laser-induced breakdown spectroscopy.®” and (e) relative positions of the target (LizPOg4; red) and substrate (Si wafer;

green) during magnetron sputtering.*”

improve the accuracy, precision, and sensitivity of LIBS quan-
titative imaging is also a key issue to be addressed in the future.

5.2 Technology upgrade proposal

5.2.1 LIBS signal optimization. The existence of signal
uncertainty remains the biggest obstacle to qualitative and
quantitative chemical analysis of LIBS, with original signal
optimization being a key and difficult problem that needs to be
overcome in the past, present, and future. The object of LIBS
analysis is the dynamic plasma plume, in which the signal
source varies dramatically with the short-time spatiotemporal
evolution of the plasma expansion process.**"**> Besides, in the
process of LIBS measurement, signal uncertainty and
measurement accuracy are also influenced by factors such as
the matrix effect, self-absorption effect, and spectral overlap
interference.® In order to solve the uncertainty problem of LIBS
original signals, researchers mainly focus on two aspects:
experimental methods and data processing and modeling
methods. A universal truth is that the quality and integrity of the
original signal have an important impact on the accuracy and
reliability of model results. Therefore, it is necessary to use
some experimental methods to improve the stability and reli-
ability of LIBS imaging signals. Specifically, the double-pulse
1337135 gpark discharge pulse re-excitation system,"*%*%”
138139 resonance excitation

system,
microwave supplementary system,

This journal is © The Royal Society of Chemistry 2025

system,™*® flame supplementary system,'*' cavity confinement
system,'**'** magnetic field confinement system,"**'** nano-
particle and micro-nanostructure systems,*® external gas and
pressure systems,'’” light-field modulation system,"**'* and
ultrafast laser beam system'* have been proposed. A summary
of LIBS signal optimization methods is shown in Fig. 9.

5.2.2 LIBS imaging resolution improvement

5.2.2.1 Spectral resolution. On the basis of LIBS signal
optimization, from the perspective of software and algorithms,
image super-resolution reconstruction (ISRR) technology may
become an effective way to solve the problem of lower spectral
resolution.”**? ISRR technology refers to the restoration of
a given low-resolution image to a corresponding high-
resolution image by using a specific algorithm. The tradi-
tional super-resolution reconstruction algorithm mainly relies
on basic digital image processing technology for reconstruc-
tion, which generally includes (1) interpolation-based super-
resolution reconstruction, (2) degenerate model-based super-
resolution reconstruction, and (3) learning-based super-
resolution reconstruction. Besides, deep learning has begun
to be widely applied in various fields, especially in the fields of
image and vision, and convolutional neural networks have
made great achievements, which has led more and more
researchers to attempt to introduce deep learning into the field
of super-resolution reconstruction.*>****
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Fig. 9 A summary of LIBS optimization methods.

5.2.2.2 Spatial resolution. High-resolution LIBS images
typically have greater pixel density, richer texture details, and
higher reliability than low-resolution images. The most direct
way to improve spatial resolution is to increase the point-to-
point density of laser ablation, which puts forward higher
requirements for beam quality and spot diameter. However, the
LIBS system faces great challenges in providing the minimum
spot size while maintaining overall beam parameter stability.
Several solutions have been proposed at present: changing the
laser wavelength (the limit value of the focused spot is propor-
tional to the wavelength), changing the focal length of the
objective lens (the focused spot is proportional to the focal
length), and changing the diameter of the entrance pupil spot
(the entrance pupil spot diameter is inversely proportional to
the focal length); that is, using a short wavelength laser, a small
focal length objective lens, a beam expander, or a spatial filter
might be able to resolve the existing spatial resolution problem.

5.2.2.3 Spectral sensitivity. Existing LIBS imaging operations
have high requirements for the flatness of samples. For some
samples with uneven surfaces, the commonly used methods
currently have low spectral sensitivity. A promising solution is
to elongate the spatial distance of the focused beam, using

1 Spectral intensity and |
i distribution of surface
E reflection E

LIBS+HSI
N

1 Composition and
i content of material
i elements

H Organic molecular groups,
i molecular structure, crystal
! analysis, etc

optical field modulation, self-focusing lens, femtosecond laser
filamentation, and so on. This can further improve the spectral
sensitivity and accuracy of LIBS imaging.

5.2.3 Multiple technology integration. Spectral analysis
technology is the latest high-tech analytical tool in the field of
analytical chemistry, which is receiving increasing attention
from domestic and foreign analytical experts. At present, spec-
trum technology and spectrum instruments are based on
optical principles, with precision machinery as the framework
and electronic signal processing as the display.*»'*® Digitaliza-
tion, intellectualization, and networking have become the new
development directions of spectrum instruments, and multi-
spectral data fusion may also become another “breakthrough
point” in the development of spectral technology.

Modern spectral technology allows rapid, micro/non-
destructive analysis of targets directly. Different types of spec-
trum measuring methods have different analysis focuses. In
order to achieve a more comprehensive and accurate analysis, it
is necessary to combine various analysis methods. The combi-
nation method optimizes and integrates different types of spectra
to realize the complementary advantages of a single spectrum so
as to obtain more comprehensive, reliable, and abundant

LIBS+HSI+RS

A

/I Three-technology fusion

Other physical and chemical
characteristics detection
technologies, such as ICP-MS,
EDS. IR, ...

\
\ Multi-technology fusion

\

LIBS+? +27 +...

Fig. 10 Schematic diagram of multiple technology integration operations.
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characteristic data, achieving the purpose of improving the
accuracy and stability of model prediction.** The schematic
diagram of multiple technology integration is shown in Fig. 10.
There are currently mature technology integration cases, such as
LIBS + HSI,"° LIBS + RS,"*” LIBS + ICP-MS,**®* and so on. The joint
usage of two or more technologies is the trend of future devel-
opment and has important application value.

There are two ways to achieve the multi-technology integra-
tion. One depends on the degree of matching between hardware
devices, such as HSI, RS, IR, etc., and these technologies have
the characteristics of being fast, in situ, and simple. Therefore,
the combination of these technologies can improve the
performance of LIBS spectral imaging technology without
losing their respective advantages. Another way is low hardware
compatibility, such as ICP-MS and EDS. First, image segmen-
tation, ROI recognition, and feature classification are per-
formed based on LIBS data. A more accurate component
analysis of small sample ROIs is then performed using mass
spectrometry or other techniques. Besides, LIBS-ICP-MS can
provide full spectral and elemental information. Finally,
a component content distribution map is drawn on the basis of
feature correlation analysis.

6. Conclusion

LIBS has received more and more attention in the field of
elemental imaging, mainly due to its advantages of rapid, in
situ, small-invasive, and simultaneous detection of multi-
elements, simple operation, and safety compared to other
techniques. This review introduced the fundamental principle,
operation, and data-processing methods of LIBS imaging and
compared and discussed the types of LIBS 2D/3D imaging and
micro-LIBS imaging. On this basis, the relevant applications in
the fields of biomedicine, minerals, industry, materials, etc.,
were introduced. Finally, four technological upgrade proposals,
including LIBS signal optimization, spatial resolution
improvement, multiple technology integration, and quantita-
tive analysis, were proposed and discussed. All these will be
further studied and overcome in the future, and LIBS imaging
technology will be applied in more fields.
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