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The editorial board of Atomic Spectroscopy is delighted to present 

the 2026 Best Paper Award to Prof. Minchao Cui (Fig. 1) for the 

highly influential research article "Physicochemical State 

Classification of Heat-treated TC4 Samples Based on Laser-

induced Breakdown Spectroscopy (LIBS)". This work, co-

authored with Nan Yang, Mengjie Shan, Guangyuan Shi, Haorong 

Guo, Shilei Xiong, Ming Luo, and Dinghua Zhang, was published 

in Atomic Spectroscopy, 2024, 45(4), 324–335.1 

This annual award recognizes exceptional scholarly 

contributions evaluated through both scientific merit and citation 

impact metrics. Under the oversight of the journal's editorial 

leadership—including the editor-in-chief, executive editor, and 

associate editors—recipients are honored with an official 

certificate alongside a monetary prize of US $5,000. 

According to Essential Science Indicators (ESI) data, the 

recognized paper has attained "Highly Cited Paper" and “Hot 

Paper” designation, ranking within the top 1% and top 0.1% by 

citation performance in the academic field of Chemistry, based on 

ESI threshold for its field and publication year. This achievement 

highlights the research community's appreciation for the work's 

methodological rigor and its practical value in advancing materials 

characterization. 

 

 

 

 

 

 

 

 

 

Fig. 1 The winner Prof. Minchao Cui.  



 

www.at-spectrosc.com/as/article/pdf/2026007 176                Atom. Spectrosc. 2026, 47(2),175−178. 

 
 

 

 

 

 

 

Fig. 2 Story of the award-winning paper. 

The award-winning study tackles a longstanding challenge in 

aerospace materials engineering: developing efficient, non-

destructive methods for evaluating the physicochemical properties 

of heat-treated metallic components. TC4 titanium alloy (Ti-6Al-

4V), a widely deployed α + β dual-phase alloy in aero-engine 

blades and structural components, requires precise 

characterization of microstructure and hardness following thermal 

processing to ensure optimal performance and safety (Fig. 2). 

Prof. Cui's research team introduced an innovative analytical 

framework that integrates LIBS with independent component 

analysis (ICA) and deep neural network (DNN) algorithms. The 

investigators systematically examined eight TC4 samples 

subjected to varying aging treatments (480°C to 690°C), 

correlating their microstructural evolution, Vickers hardness 

variations, and spectral signatures. The established ICA-DNN 

classification model achieved 91% accuracy with a Kappa 

coefficient of 0.893, while receiver operating characteristic (ROC) 

analysis yielded area-under-curve (AUC) values approaching 

unity for all sample categories—demonstrating robust 

discriminative capability. 

"This research elegantly bridges the gap between fundamental 

spectroscopic analysis and practical industrial quality control," 

commented the editorial team of Atomic Spectroscopy. "By 

synergizing machine learning with LIBS technology, the authors 

have opened new avenues for rapid, intelligent characterization of 

thermally processed materials. The journal takes great pride in 

acknowledging this pioneering contribution." 

Prof. Minchao Cui, the corresponding author and awardee from 

School of Mechanical Engineering at Northwestern Polytechnical 

University and Shenzhen Cyborg Robot Co., Ltd., shared his 

reflections: "Receiving this honor is both humbling and 

encouraging for our entire research group. We set out to create an 

intelligent detection solution that could meet the demanding 

standards of aerospace manufacturing while being adaptable to 

industrial settings. Witnessing the scientific community embrace 

and build upon our findings has been tremendously fulfilling. I am 

profoundly grateful to my talented co-authors—especially Nan 

Yang for her dedicated experimental work—and to our funding 

sources including the National Natural Science Foundation of 

China (62375221), National Science and Technology Major 

Project (2025ZD1606600), and Qinchuangyuan Support Plan in 

Shaanxi Province of China (QCYRCXM-2022-132). Special 

thanks also go to Atomic Spectroscopy for providing a platform 

that amplifies high-quality research." 

Prof. Minchao Cui earned his bachelor’s degree from Xi'an 

Jiaotong University in 2013 and completed dual doctoral 

programs at Tokushima University (Japan) and Xi'an Jiaotong 

University, graduating in 2018 and 2019 respectively. He once 

served as a visiting researcher at Tokushima University and a 

professor at Northwestern Polytechnical University. Currently 



 

www.at-spectrosc.com/as/article/pdf/2026007 177                Atom. Spectrosc. 2026, 47(2),175−178. 

serving as the vice president of Shenzhen Cyborg Robot Co., Ltd. 

He holds senior membership in the Chinese Optical Society and 

foreign membership in the Iron and Steel Institute of Japan. His 

research centers on Intelligent Laser Manufacturing technologies. 

Prof. Cui has led numerous research initiatives supported by the 

National Natural Science Foundation of China and the Ministry of 

Industry and Information Technology of China, and his scholarly 

contributions have garnered recognition including the 

"Outstanding Young Scholar in Engineering Frontiers of China" 

award from the Chinese Academy of Engineering. He has 

authored more than 40 peer-reviewed publications in leading 

journals such as Small, Atomic Spectroscopy, and Spectrochimica 

Acta Part B: Atomic Spectroscopy. 

Apart from the award-winning paper, various other research 

works have been highly commended by the selection committee 

and are included in sequence at the conclusion of this editorial. 

"Thin Layer Method for LA-ICP-MS Analysis of Trace 

Elements Concentrates of Germanium Dioxide" by Nikolay S. 

Medvedev, Valeriya D. Kurbatova, Tatiana Ya. Guselnikova, and 

Anatoly I. Saprykin, published in Volume 45(1), 2024, pp. 26–32. 

https://doi.org/10.46770/AS.2023.256.2 

"Covalent Targeting Drug Mediated Specific Lanthanide 

Tagging Towards In Situ Bruton's Tyrosine Kinase Quantification 

Using ICP-MS" by Ruxue Hou, Yuxin Gu, Yang Zhao, et al., 

published in Volume 45(2), 2024, pp. 74–82. 

https://doi.org/10.46770/AS.2024.078.3 

"Micro-XRF Mapping Elucidates the Taphonomy of Two Early 

Cretaceous Paravian Fossils from Western Liaoning, China" by 

Yichuan Liu, Qiang Ji, Xuri Wang, et al., published in Volume 

45(2), 2024, pp. 123–131. https://doi.org/10.46770/AS.2024.033.4 

"A Review of Development in the Research of Self-Absorption 

on Laser-Induced Breakdown Spectroscopy" by Yun Tang, Ping 

Liao, Kai Yang, et al., published in Volume 45(4), 2024, pp. 336–

357. https://doi.org/10.46770/AS.2024.041.5 

"Synthesis and Characterization of GO/MOF-199/MoSe₂ for 

use as a Solid Phase Extractant for Flame AAS Determination of 

the Speciation of Cr in Natural and Wastewater Samples" by 

Hassan Elzain Hassan Ahmed, Ali Mohammednour Ali 

Mohammed, and Mustafa Soylak, published in Volume 45(2), 

2024, pp. 132–143. https://doi.org/10.46770/AS.2024.052.6 

"Determination of REEs in Seawater RMs (NASS-7, CASS-6, 

and NMIJ 7204-A) Using Online Automated Separation ICP-MS 

Analysis System" by Rui Tong, Haitao Li, Wei Guo, et al., 

published in Volume 45(2), 2024, pp. 144–149. 

https://doi.org/10.46770/AS.2024.027.7 

"A New Micro-Solid Phase Extraction Using ZnMnAl LDH 

Nano-Sorbent for Cu and Ni Determination in Natural Water and 

Soil" by Hassan Elzain Hassan Ahmed, Zaki S. Seddigi, and 

Mustafa Soylak, published in Volume 45(1), 2024, pp. 44–55. 

https://doi.org/10.46770/AS.2023.310.8 

"A Rapid Method for Preparing Hematite Reference Material 

for In-situ Determination of Iron Isotope Ratios" by Xianli Zeng, 

Ming Li, Hongyun Jin, et al., published in Volume 45(6), 2024, pp. 

532–540. https://doi.org/10.46770/AS.2024.053.9 

"Accurate Determination of Selenium in the Serum by 

Inductively Coupled Plasma Tandem-Mass Spectrometry" by 

Huajing Yang, Liang Fu, Jianhua Huang, et al., published in 

Volume 45(3), 2024, pp. 191–199. 

https://doi.org/10.46770/AS.2024.091.10 

"Robust Soil Total Carbon Prediction Using LIBS: Integrating 

Expert Knowledge with Machine Learning and External Dataset 

Evaluation" by Wesley Nascimento Guedes, Diego Victor Babos, 

Vitor Silveira Freitas, et al., published in Volume 46(2), 2025, pp. 

141–149. https://doi.org/10.46770/AS.2025.018.11 

"Enhanced Chlorine Content Calibration Method for 

Simultaneous Determination of Apatite U-Pb Age and Trace 

Elements by LA-ICP-MS" by Guo-Chao Sun, Mao-Yu Chen, Jin-

Jing Huo, et al., published in Volume 46(2), 2025, pp. 185–197. 

https://doi.org/10.46770/AS.2025.012.12 

"Size Matters: Chemical Representativeness of Lunar Impact-

Generated Glass Beads" by Bi-Wen Wang, Qian W. L. Zhang, 

John W. Delano, et al., published in Volume 46(2), 2025, pp. 119–

130. https://doi.org/10.46770/AS.2025.055.13 

*W. Guo (wei.guo@cug.edu.cn) 

On behalf of the Editorial Team of Atomic Spectroscopy 
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ABSTRACT: The search for carbonaceous matter in Martian rocks is the key to evaluating their potential biosignatures. 

Studying carbonaceous matter preserved within Earth’s basaltic analogs provides critical insights into the mineral–organic 

interactions that may also occur on Mars. To characterize molecular-level chemical information of carbonaceous matter, correlative 

surface-sensitive approaches such as Focused Ion Beam Scanning Electron Microscopy (FIB-SEM), Secondary Ion Mass 

Spectrometry (SIMS), and Atomic Force Microscopy Infrared Spectroscopy (AFM-IR) are employed. In this study, we developed a 

correlative microanalytical protocol starting with the ex-situ FIB-SEM lift-out, in which lamellae from a Mars-analog basalt were 

transferred onto a clean silicon substrate using a glass-needle nanomanipulator. The lamellae were then analyzed sequentially by 

Time-of-Flight SIMS (TOF-SIMS), AFM-IR, and Nano-

scale Secondary Ion Mass Spectrometry (NanoSIMS). 

Specifically, spatially and chemically co-registered TOF-

SIMS, AFM-IR, and NanoSIMS analyses provided 

complementary insights into the same region, correlating 

organic distribution, molecular vibrations, and isotopic 

compositions within mineral matrices. Together, these results 

demonstrate that the established correlative microanalytical 

protocol in this study effectively integrates sample 

preparation and multi-modal surface analyses, providing a 

framework for investigating planetary materials and future 

Mars samples. 
 

INTRODUCTION 

The exploration of carbonaceous matter preserved in Martian 

rocks is crucial for understanding potential biosignatures and the 

possibility of life beyond Earth.1-3 As a terrestrial planet, Mars 

contains basic building blocks. Although their compositions differ 

from that of Earth, both planets share many similarities in their 

geological evolution.4,5 Therefore, studying Mars-analog 

environments on Earth provides valuable insights for interpreting 

the possible biosignatures on Mars.6 Among these analog 

environments, subsurface settings have gained increasing 

attention in recent years because they can support deep 

biospheres.7,8 In particular, micro- to nano-scale carbonaceous 

matter preserved in basalt, the most common rock type on Mars,9 

can contain key information. Similar organic signatures have been 

identified in Earth's subsurface samples.10-12 

To characterize carbonaceous matter at the micro- to nano-scale, 

analytical techniques must resolve their spatial distribution, 

chemical composition, and molecular structure with high 

sensitivity and resolution. Correlative multitechnique approaches 

such as Secondary Ion Mass Spectrometry (SIMS) and Atomic 

Force Microscopy Infrared Spectroscopy (AFM-IR) rely on 

surface-sensitive analyses to resolve mineral–organic associations 

in geological samples11,13-15 because they provide molecular-level 

chemical information that traditional structural techniques such as 

http://dx.doi.org/10.46770/AS.2022.235
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Transmission Electron Microscopy (TEM) cannot offer. 

However, a major challenge lies in accurately locating and 

targeting areas of interest in bulk rocks, which are often only a few 

micrometers apart. This makes it difficult to perform reliable 

correlative measurements, particularly for precious planetary 

materials, which must be handled with minimal damage or 

contamination.16. 

To address these challenges, Focused Ion Beam Scanning 

Electron Microscopy (FIB-SEM) is widely employed to prepare 

lamellae (thin sections ranging from tens of nanometers to several 

micrometers in thickness) that enable precise surface analysis and 

integration across multiple techniques.17-19 Specifically, FIB-SEM 

allows site-specific milling, nano-scale imaging, and precisely 

controlled thinning, enabling the preparation of well-defined 

sections for high-resolution surface and microstructural analyses. 

Two general lift-out strategies are typically employed, depending 

on the system configuration and analytical objectives. In modern 

dual-beam FIB-SEM systems equipped with nanomanipulators, 

the in-situ lift-out technique allows the specimen to be directly 

attached, typically onto a Cu grid, within the vacuum chamber. 

This configuration facilitates efficient specimen transfer for 

transmission and cross-sectional analyses. By contrast, the 

classical ex-situ lift-out approach formalized by Giannuzzi and 

Stevie 20 involves removing and externally mounting the FIB-

milled section after ion milling. This well-established and low-cost 

procedure expands the applicability of FIB processing to planar 

sample analysis and provides an alternative means of preparing 

samples for a wide range of surface-sensitive characterization 

techniques. 

In this study, we adopted the classical ex-situ FIB-SEM lift-out 

approach as a practical means to enable multitechnique correlative 

microanalysis. We prepared lamellae (a few micrometers thick) 

and placed them directly onto clean Si substrates to provide a flat 

and stable platform suitable for various surface-sensitive analyses. 

We demonstrate the applicability of this protocol using Mars-

analog basalt sample from the Emeishan large igneous province, 

which contains naturally preserved carbonaceous matter. This 

approach offers a simple and reliable solution for integrating 

multiple analytical techniques on the same lamella and provides a 

useful framework for preparing and studying precious planetary 

materials in future sample-return missions. 

EXPERIMENTAL 

Sample preparation. The Mars-analog basalt sample contains 

carbonaceous matter intimately associated with mineral matrices  

 

 

 

 

 

 

 

Fig. 1 Characteristics of the studied Mars-analog basalt. (A) Backscattered 

electron (BSE) image of a polished basaltic section showing the fine-

grained groundmass and mineral assemblage. Labeled phases include 

pyroxene, plagioclase, titanite, Fe–Ti oxide, and discrete carbonaceous 

matter domains. Energy-dispersive X-ray spectroscopy (EDS) maps are 

shown in Fig. S1 to confirm mineral-phase identification. (B) High-

magnification SEM image highlighting the focused ion beam (FIB) cut 

region targeted for the following lift-out procedure. (C) Mean Raman 

spectrum (black line) with 95% confidence interval (gray shaded area) 

derived from 11 replicate measurements on the carbonaceous domains. The 

spectrum exhibits prominent D (~1350 cm⁻¹) and G (~1580 cm⁻¹) bands, 

indicative of disordered and graphitic carbon structures, respectively. 

such as pyroxene, plagioclase, titanite, and Fe–Ti oxides, 

simulating potential microenvironments in Martian basalts. Before 

focused ion beam–scanning electron microscopy (FIB-SEM), the 

sample surface was polished to a mirror finish and coated with a 

thin platinum layer (~10 nm) using a sputter coater to enhance 

surface conductivity during imaging and analysis. 

Representative backscattered electron (BSE) images illustrate 

the fine-grained groundmass and distribution of the major mineral 

phases and carbonaceous domains (Fig. 1A), as well as the FIB-

cut region prepared for microscale analysis (Fig. 1B). Raman 

spectroscopy conducted on carbon-rich areas reveals prominent D 

(~1350 cm⁻¹) and G (~1580 cm⁻¹) bands, characteristic of 

disordered and graphitic carbon structures. The mean spectrum, 

compiled from 11 measurements, is shown along with a 95% 

confidence interval envelope to highlight the spectral 

reproducibility (Fig. 1C). 

FIB-SEM preparation and electrostatic needle lift-out and ex-

situ placement. Lamellae were prepared using a ZEISS 

Crossbeam 550 FIB-SEM system to target the carbonaceous 

matter domains embedded within the basaltic matrix. Before 

milling, a protective platinum layer (~1 µm thick) was deposited 

via a gas injection system to preserve surface integrity. Rough 

trenching was performed using a 30 kV Ga⁺ beam at 2.5 nA, 

followed by progressive thinning and final polishing under 5 kV 

and 80 pA to achieve a lamella thickness of approximately 5 µm. 
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Importantly, during the final stage of FIB milling, the lamellae 

were not fully detached from the host basalt. A narrow connection 

was intentionally retained at the basal edge to prevent premature 

movement or distortion during vacuum transfer. The basalt sample 

was then moved under an optical microscope equipped with a 

precision ex-situ lift-out system. A sharp nanomanipulator-

nanometer-scale glass needle, which was fabricated in situ by 

thermally pulling a borosilicate capillary, was used to establish 

electrostatic contact with the lamella. 

A nano-scale glass needle was fabricated using a two-step 

process involving micropipette pulling and tip reshaping under 

optical monitoring. First, standard borosilicate glass capillaries 

were heated and stretched using a micropipette puller, and the 

central filament coil provided uniform thermal softening of the 

glass. Subsequently, the pulled needle is refined using a 

microforge. Under a stereomicroscope, the needle tip is brought in 

proximity to a heating filament, allowing precise melting, bending, 

or trimming to achieve the desired sharpness and geometry. The 

relative position between the tip and the heating wire was finely 

controlled along three axes to ensure consistent tip formation. 

The finished glass needle was mounted on a nanomanipulator 

probe holder for a subsequent lift-out operation. Photographs of 

the puller and microforge setup, along with the key components 

used for heating and shaping, are shown in Fig. S2. 

Upon approaching the lamellar surface, electrostatic attraction 

enables stable adhesion without the need for adhesives or welding. 

A brief mechanical tilt was then applied to gently break the 

residual tether between the lamella and the host rock, allowing the 

fragment to be cleanly lifted from the surface. The lamellae were 

subsequently aligned and transferred onto a pristine Si wafer. 

Contact between the lamella and Si substrate was maintained 

during retraction of the lift-out needle to ensure accurate 

positioning and full planar adhesion. The entire placement process 

was monitored in real-time using an optical microscope. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 Protocol for high-resolution, multitechnique analysis of micron-scale lamella from the Mars-analog basalt. (A) The procedure begins with site-specific 

FIB-SEM preparation. A focused ion beam (FIB) is used to mill the lamella (~5 µm thick) from the polished basalt surface. A protective platinum cap is 

deposited before milling, and a small remnant tether is intentionally preserved at the base of the lamella to maintain positional stability before transfer. (B) 

The sample is then transferred to an optical microscope equipped with a precision nanomanipulator. A glass needle, thermally drawn to a nanometer-scale tip, 

is brought into contact with the lamella. Electrostatic attraction between the needle and the lamella enables a lift-out approach without adhesives or deposition. 

A slight retraction breaks the remaining tether, allowing the lamella to be lifted cleanly and placed onto a pre-cleaned silicon wafer. (C-E) Once transferred, 

the lamella is subjected to correlative, spatially resolved chemical and isotopic analyses using multiple surface-sensitive techniques. TOF-SIMS provides 

molecular fragment and elemental composition; AFM-IR detects vibrational signals corresponding to chemical functional groups; and NanoSIMS yields sub-

micron-scale isotopic and elemental mapping. 
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Following transfer, the silicon wafer bearing the lamella was 

reintroduced into the FIB-SEM chamber for post-transfer 

stabilization. A localized Pt coating was carefully deposited on 

both lateral edges of the lamellae using a gas-injection system. 

Notably, the deposition was spatially restricted to the peripheral 

contact zones between the lamella and the substrate, avoiding 

direct coverage of the top surface of lamella. 

A silicon wafer with the prepared lamellae was analyzed using 

Nano-scale Secondary Ion Mass Spectrometry (NanoSIMS), 

Time-of-Flight Secondary Ion Mass Spectrometry (TOF-SIMS), 

and AFM-IR. To minimize beam-induced damage, the analyses 

were performed sequentially in the following order: TOF-SIMS, 

AFM-IR, and NanoSIMS (Fig. 2). 

Time-of-flight secondary ion mass spectrometry analysis. 

Time-of-flight secondary ion mass spectrometry (TOF-SIMS) 

was conducted using a TOF-SIMS V instrument (IONTOF GmbH) 

at the Tan Kah Kee College of Xiamen University. The instrument 

was equipped with a 30 keV pulsed Bi3
+ liquid metal ion gun 

(LMIG). To remove adventitious surface contamination, we 

actively employed gas cluster ion beam (GCIB) cleaning by 

sputtering a sample with low-energy Arn
+ beams at 500 eV for 

both polarities. This step ensured that the organics detected during 

the analysis were indigenous to the lamellae and not surface 

residues. After cleaning the sample surface, we acquired large-area 

mass spectra (20 μm × 20 μm) in bunched mode using a 0.7 pA 

pulsed Bi3
+ beam, achieving a mass resolving power (m/Δm) of 

6000–9000. The ion images were recorded at 128 × 128 pixels, 

corresponding to a pixel size of 156 × 156 nm2. To enhance the 

reproducibility and ensure accurate peak assignment, we 

conducted both positive- and negative-ion mode acquisitions by 

accumulating 100–200 scans. We carefully maintained the total 

ion fluence below the static SIMS limit (2.56 × 1012 ions/cm2). The 

ion species were identified based on the exact mass-to-charge 

ratios, peak shapes, and known stoichiometric relationships. All 

data processing and image generation were performed using the 

SurfaceLab software (IONTOF GmbH). 

Atomic Force Microscopy−Infrared Spectroscopy analysis. 

Nano-scale infrared characterization was performed using atomic 

force microscopy-infrared spectroscopy (AFM-IR) with a 

VistaScope system (Molecular Vista Inc.). Measurements were 

performed in dynamic noncontact mode using NCHAu probes 

(Nanosensors), with AFM images acquired at a resolution of 256 

× 256 pixels over areas ranging from 20 to 50 μm. A tunable 

quantum cascade laser (QCL, Block Engineering) was employed 

as the mid-infrared source, covering a spectral range from 775 to 

1970 cm−1. After recording the topographic data, infrared 

responses were collected in two complementary modes: point 

spectroscopy and spectral imaging. Single-point IR spectra were 

acquired over integration times of 60–200 s, with a spectral 

resolution of 2 cm−1. Infrared imaging at selected wavenumbers 

was conducted by synchronizing the cantilever deflection 

(topography) and photoinduced force (IR absorption) signals 

using the second and first eigenmodes of the cantilever, 

respectively. Targeted IR bands were selected based on prior 

spectral screening to guide hyperspectral mapping. All data, 

including the AFM morphology, single-point spectra, and IR maps, 

were post-processed and analyzed using SurfaceWorks software 

(Molecular Vista, Inc.). 

Nano-scale secondary ion mass spectrometry analysis. We 

performed nano-scale secondary ion mass spectrometry 

(NanoSIMS) measurements using a NanoSIMS 50 L instrument 

(CAMECA, Gennevilliers, France) at the School of Earth System 

Science, Tianjin University. The analysis targeted light element 

distributions, including 12C1H−, 12C14N−, 13C−, and 28Si−. Mass 

calibration and isotope referencing were conducted using a suite 

of certified reference materials supplied by the Beijing Qiaotai 

Mineral and Environmental Technology Co., Ltd. These included 

the ZJ Metal Set (metal element standards) and ZBA Oxide Set 

(oxide standards). Specific elements C, CH, and CN were 

calibrated against the C4 GSB A70024-87 (glass carbon) standard, 

and Si was calibrated using a single-crystal silicon wafer. Before 

data acquisition, we performed surface presputtering using a Cs+ 

primary beam with a current of 500 pA rastered over a 30 × 30 μm 

area for 3 min to remove surface contamination and stabilize 

secondary ion yields. During analysis, we employed a 0.8 pA Cs+ 

primary beam with a beam energy of 16 keV and a spot size 

suitable for high-resolution imaging. Secondary ions were 

collected from a 25 μm× 25 μm area at a spatial resolution of 512 

× 512 pixels, with a dwell time of 5 ms per pixel. All signals were 

acquired in multi-collection mode using electron multipliers (EM), 

enabling the simultaneous detection of targeted masses. 

RESULTS AND DISCUSSION 

Feasibility of the ex-situ FIB-SEM lift-out protocol for 

correlative analysis. The FIB-milled lamellae prepared in this 

study were approximately 20 μm × 15 μm in lateral size and 

approximately 5 μm in thickness. Two lamellae from the Mars-

analog basalt specimen were successfully transferred onto Si 

wafers and remained stable throughout all analyses, showing no 

warping or delamination. 

This protocol has been applied to silicate-based planetary 

analogs. However, when applied to materials with greater 

brittleness or porosity, adjustments to the ion-beam parameters or 

lift-out forces are required. Although further testing of a broader 

range of mineralogies is required, the present results demonstrate 

the reliability of this approach for basaltic materials. 

Successful preparation and downstream analysis of the FIB-

milled lamellae validated the feasibility of the ex-situ FIB-SEM 
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lift-out protocol. This classical approach enables the preparation of 

lamellae suitable for correlative analysis using TOF-SIMS, AFM-

IR, and NanoSIMS platforms. The transferred lamellae exhibited 

excellent structural integrity across multiple platforms, including 

TOF-SIMS, AFM-IR, and NanoSIMS, with no observable 

distortions, fractures, or loss of adhesion during repeated vacuum 

cycling or beam exposure. 

A key aspect of this protocol is the preservation of surface 

cleanliness and structural stability throughout the multiple 

analytical stages. Although a secondary Pt coating was applied for 

stabilization, its deposition was confined to the lateral surfaces of 

the lamellae, avoiding direct coverage of the analytical area. This 

design ensures mechanical reinforcement while maintaining an 

uncontaminated surface for high-sensitivity chemical imaging, 

which is crucial for organic and light elements. 

The use of a clean Si wafer substrate also provides mechanical 

robustness and cross-platform compatibility, allowing the same 

lamella to be efficiently transferred between different instruments 

without remounting or reprocessing. This approach also facilitates 

accurate localization and targeting of areas of interest, which not 

only enhances sample throughput but also ensures precise spatial 

correlation. 

Spatial distribution of organic fragments revealed by TOF-

SIMS. To ensure surface purity before imaging, a low-energy 

GCIB sputtering step (500 pA, 3 min, 30 μm raster) was applied 

to gently remove surface contaminants. This preparatory step 

eliminated adventitious hydrocarbons and exposed a clean 

representative surface for molecular mapping. 

High-resolution TOF-SIMS analyses revealed a heterogeneous 

distribution of carbonaceous species across the lamellae (Fig. 3). 

Distinct molecular fragments—such as C₂H⁻, C₆H⁻, C₁₀H⁻, C₃N⁻, 

C₅N⁻, SiONa+, and 71Ga+—were detected with varying spatial 

patterns and intensities (Figs. S3 and S4). 

Small hydrocarbon ions such as C2H⁻ and C6H⁻, higher-mass 

fragments including C10H⁻, as well as nitrogen-bearing species 

like C5N⁻ and C3N⁻ were all colocated within the condensed 

carbonaceous matter (CCM) region, exhibiting overlapping and 

uniform distributions that point to a common origin. Outside of the 

CCM, however, this section also contains other mineral 

components. Specifically, the elevated SiONa+ signals derived 

from feldspar and the occurrence of CaTiO₂+ in discrete hotspots 

attributable to titanite suggest a possible association between 

organics and silicate phases. Notably, 71Ga+ signals were mainly 

observed in the mineral matrix rather than in the CCM. This 

qualitative observation suggests that Ga implantation was more 

persistent within the mineral phases, whereas GCIB cleaning 

likely reduced the surface Ga contamination in the organic-rich 

CCM region. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3 TOF-SIMS ion distribution maps of representative secondary ions 

extracted from a Mars-analog basalt lamella. Organic-related fragments 

show diverse aromatic and aliphatic species, including C2H⁻ (m/z 25.01), 

C6H⁻ (m/z 73.01), C10H⁻ (m/z 121.00), C3N⁻ (m/z 50.00), and C5N⁻ (m/z 

74.01). These signals exhibit clear spatial heterogeneity, with colocalization 

trends suggesting compositional zoning within the carbonaceous matter. 

Inorganic ion signals (bottom row) such as SiONa+ (m/z 66.97) and 

CaTiO₂+ (m/z 119.91) highlight the underlying mineral matrix. 71Ga+ (m/z 

70.93) signals originated mainly from the mineral matrix rather than the 

condensed carbonaceous matter (CCM). 

Nano-scale infrared mapping by AFM-IR. The AFM-IR 

measurements (Fig. 4) conducted on the lift-out lamella revealed 

well-resolved vibrational signals across the surface. Distinct bands 

from the CCM were observed at 1262 cm−¹, mainly attributable to  
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Fig. 4 AFM-IR (photo-induced force microscopy) analysis of a Mars-analog basalt lamella. A) Representative mid-infrared spectra collected from three 

spatially distinct regions, showing diagnostic absorption features associated with organic and mineral phases. (B–D) IR chemical maps corresponding to 

selected wavenumbers: 1262 cm−1 (green), attributed to C–O stretching (alcohols, esters, or ethers) or C–N stretching; 1037 cm−1 (red), corresponding to Si–

O–Si/Si–O–Al asymmetric stretching; and 900 cm−1 (blue), typically assigned to Si–O asymmetric stretching in silicates. (E) RGB overlay of the three 

channels, illustrating the spatial separation and partial overlap of chemically distinct domains. 

C–O stretching (alcohols, esters, or ethers) or C–N stretching, and 

at 1429 and 1460 cm−¹, corresponding to the bending (scissoring) 

modes of –CH2/–CH3 groups. In the mineral components, titanite 

exhibited a Si–O asymmetric stretching band near 900 cm−¹, 

whereas feldspar showed its characteristic Si–O–Si/Si–O–Al 

asymmetric stretching peak at ~1037 cm−¹. 

Importantly, the lamella remained exceptionally stable during 

contact-mode scanning with no lifting, edge delamination, or 

vertical displacement, even after repeated measurements. This 

mechanical stability reflects the solid attachment of the ex-situ-

lifted section to the flat Si substrate, which provides an adhesive-

free, conductive, and geometrically stable support for tip-sample 

interactions. 

From a practical standpoint, sample localization is significantly 

facilitated. Unlike conventional lamellae mounted on Cu grids, 

where the optical contrast is poor and precise AFM positioning 

often requires prolonged trial and error, the lamellae transferred on 

Si wafers can be readily located and aligned under an integrated 

optical microscope. This saved considerable time during the 

AFM-IR setup and minimized tip wear owing to unnecessary 

scanning. Moreover, Mo grids or other alternative substrates may 

offer improved optical contrast and are worth exploring in future 

studies. 

High-resolution elemental imaging by NanoSIMS. NanoSIMS 

imaging of the lift-out lamella revealed sub-micrometer-scale 

heterogeneities in light elements and isotopes, including 12C1H⁻, 
12C14N⁻, 13C⁻, and 28Si⁻ (Fig. 5). Organic-related signals (CH⁻, CN⁻) 

were spatially confined within the CCM domain, while the spatial 

decoupling of CH⁻ and Si⁻ signals also support a nonrandom 

association, indicating potential mineral–organic partitioning. 

Ex-situ lift-out onto a silicon wafer provided stable mounting 

throughout the NanoSIMS measurements. The lamella maintained 

its adhesion and geometry under multiple raster scans and 

presputtering steps without observable charging, warping, or drift. 

This stability results from the uniform contact area and good 

electrical coupling between the lamella and Si substrate, rather 

than from any intrinsic advantage of Si conductivity over Cu. 

In addition, the silicon-mounted lamella enables rapid and 

precise positioning for NanoSIMS acquisition. As with AFM-IR, 

the prealignment under the optical microscope was 

straightforward owing to the high contrast between the lamella and 

the wafer surface. This streamlined the identification of target 

areas and reduced the overall setup time, thereby improving both 

throughput and tip longevity. 

Methodological context and limitations. The classical ex-situ 

FIB-SEM lift-out protocol developed in this study demonstrates 

the feasibility of obtaining lamellae from planetary analog samples.  

Compared with conventional Cu grids, Si wafers provide a flat and 

stable platform. Importantly, the lamella remained exceptionally 

stable during contact-mode scanning using AFM-IR, with no 

lifting, edge delamination, or vertical displacement, even after 

repeated measurements. 

However, this study had certain limitations. First, the transfer 

process requires precise manual alignment and manipulation 

under a microscope, which may limit the throughput or 

reproducibility in less experienced hands. Second, although the 

electrostatic adhesion of the lamella to the Si wafer is sufficient for 
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Fig. 5 NanoSIMS ion maps of a focused ion beam (FIB)-prepared lamella from the Mars-analog basalt sample. Shown are secondary ion distributions of: 

(A) 12C1H− (organic carbon proxy), (B) 12C14N− (nitrogen-bearing organic species), (C) 13C− (stable carbon isotope), and (D) 28Si− (silicate matrix reference). 

These high-resolution (submicron) images reveal strong colocalization of 12C1H− and 12C14N− signals along microdomains adjacent to the silicate phase, 

suggesting spatial association between organic matter and the mineral matrix. The distribution of 28Si− outlines the structural framework of the silicate substrate. 

A relatively uniform 13C− signal indicates stable carbon incorporation across the interface zone. 

most techniques, the absence of permanent fixation may pose 

challenges for certain physical manipulations or prolonged 

analyses under thermal or vibrational stress. Finally, although this 

method eliminates most surface contamination using TOF-SIMS, 

future analysis of returned samples still requires additional in-

vacuum cleaning and shielding steps. 

In contrast to modern dual-beam FIB-SEM systems equipped 

with nanomanipulators for in situ lift-out, the classical ex-situ FIB-

SEM lift-out protocol developed in this study offers an alternative 

and accessible framework for the preparation of lamellae with 

minimal chemical interference. It bridges FIB-SEM sample 

thinning with advanced correlative microspectroscopy and is 

particularly suited for fragile or chemically reactive materials, 

such as organics in Mars-analog basalts, where the preservation of 

both structure and composition is essential. 

CONCLUSION 

The correlative microanalytical protocol established in this study 

integrates FIB-SEM sample preparation with sequential TOF-

SIMS, AFM-IR, and NanoSIMS analyses, providing a coherent 

protocol for the molecular- to nano-scale characterization of Mars-

analog basalt. This integrated approach enables the preparation 

and transfer of stable lamellae suitable for trace organic detection, 

isotopic mapping, and nano-scale mineralogical analysis. 

Compared with modern dual-beam FIB-SEM systems 

equipped with nanomanipulators for in-situ lift-out, the classical 

ex-situ FIB-SEM method used in this study provides an accessible 

alternative for preparing lamellae. The GCIB-cleaned TOF-SIMS 

maps revealed spatially compartmentalized organic fragments 

preserved within the mineral matrices, indicating that fine-scale 

heterogeneity, which is often obscured by surface contamination, 

can be reliably resolved through nondestructive cleaning and 

sectioning. The lamella also showed excellent compatibility with 

AFM-IR, NanoSIMS, and spatial mapping of C–N-bearing 

organics. However, our claim is based on qualitative observational 

evidence obtained during TOF-SIMS analyses, rather than on a 

quantitative comparison, which needs to be pursued in future 

studies. 

Collectively, these results establish a workflow combining FIB-

SEM, TOF-SIMS, AFM-IR, and NanoSIMS as an integrative 

protocol for studying complex mineral–organic associations in 

planetary materials. Future work will evaluate its applicability to 

materials with diverse mineralogical and mechanical properties, 

including returned samples from Mars and other planetary bodies, 

as well as the potential chemical modifications introduced during 

sample preparation. 
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