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Advanced Analytical Imaging Techniques for Material Investigation 

 

Introduction 

 Acquiring useful information from images taken from a sample 

o Physical state 

 Morphology  

 Detection of defects 

o Chemical state 

 Elemental distribution 

 Qualitative 

 Quantitative  

 

Analytical Imaging Techniques 

 Microscopy- technique of producing visible image or structures or objects not seen by the naked 

eye. 

o Optical microscopy and electron microscopy 

 Involves reflection, diffraction and refraction of incident radiation and 

collecting the scattered radiation to construct the sample image 

 It may be carried out by wide a wide field irradiation of the sample (e.g. optical 

microscopy, transmission electron microscopy (TEM), etc.) or by scanning a 

fine beam over the sample (e.g. confocal microscopy, scanning electron 

microscope (SEM), etc.) 

o Scanning probe microscopy 

 Involves interaction between the probe and the surface or object being scanned 

(e.g. atomic force microscopy (AFM), scanning tunnelling microscopy (STM), 

etc.) 

 

Typical microscopy images are shown in the Figures 1-4: 
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Figure1: SEM image of the oxidized layer of 316L stainless steel after annealing at 1000°C 

 

Figure 2: Optical microscope images of microscratched sample of CaP coatings on 316LSS [1] 

 

 

Figure 3: TEM micrographs of as-sintered Nd-a-sialon ceramics. (a) TEM bright-field image of 

Nd-a-sialon, (b) EDX pattern of the core, and (c) EDX pattern of theelongated grain shell [2]. 

 

Figure 4: Deformed geometry of shocked line for aluminum sample by using AFM: (a) 

three-dimensional geometry (scan area = 80 x 80μm, data scale = 1μm [3] 

 

 Spectroscopy- the study of interaction between radiation and matter 
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Nature of physical quantity being measured 

o Optical spectroscopy 

 Involves the interaction of electromagnetic radiation or light with matter (e.g. 

X-ray fluorescence spectroscopy (XRF), Raman spectroscopy (RS), Infrared 

spectroscopy (IR), Particle- induced X-ray emission (PIXE), etc.)   

o Electron spectroscopy 

 Involves interaction with electron beam (e.g. Auger electron spectroscopy 

(AES), X-ray photoelectron spectroscopy (XPS), etc.) 

o Mass spectroscopy 

 Involves the interaction of charged species with magnetic and/or electric fields, 

giving rise to a mass spectrum (e.g. spark source mass spectrometry (SSMS), 

gas analysis by mass spectrometry, etc.) 

 

    Nature of interaction 

o Absorption spectroscopy- uses the range of electromagnetic spectra in which a 

substance absorbs (e.g. IR spectroscopy, nuclear magnetic resonance (NMR) 

spectroscopy, etc.) 

o Emission spectroscopy- uses the range of electromagnetic spectra in which a substance 

radiates (emits), (e.g. XRF, PIXE, energy dispersive x-ray analysis (EDX), etc.) 

o Scattering spectroscopy- measures the amount of light that a substance scatters at 

certain wavelengths, incident angles, and polarization angles (e.g. Raman spectroscopy) 

 

Examples of typical spectra of the different spectroscopy techniques mentioned are shown in 

Figures 5-7: 

 

 

Figure 5: FTIR spectra of the post-heat treated CaP coatings under different coating conditions [1]. 
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Figure 6: PIXE spectra of one of 30 SLPs. Typical elements such as Cu, Zn, Fe, Cl, K, and Y (internal 

standard) are highlighted [4]. 

 

Figure 7: Core level XPS spectra of silicon carbide using zirconium and magnesium radiations [5]. 

 

Table 1: Table of analytical imaging techniques [ 6] 

Techniques General Uses Example of applications 

Microscopy 

Optical 

microscopy 

Quick visual inspection of a 

sample which does not require 

very high magnification 

·  Used for general purpose imaging of specimens 

SEM 
Investigation of the 

microstructure of materials 

·  Imaging which requires resolution and 

magnification intermediate of that of optical 

microscope and TEM 

TEM 
Imaging of electrons transmitted 

through 100 nm thick specimen. 

·  Used heavily in both material science/metallurgy 

and the biological sciences 
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AFM 

Tools for imaging, measuring 

and manipulating matter at the 

nanoscale 

·  Producing 3D profile and image of a surface 

 
·  Quantification of surface topography data (e.g. 

roughness) 

 ·  Measurement of force-distance curve 

  ·  Identification of individual surface atoms 

Spectroscopy 

Techniques General Uses Example of applications 

XRF 

Qualitative and quantitative 

elemental determination in solids 

and liquids 

· Qualitative identification of elemental composition 

of materials for elements of atomic number greater 

than 11;identification at concentrations greater than 

a few ppm requires only a few minutes 

 
· Support of phase identification using x-ray powder 

diffraction patterns 

 
· Selection of alternate methods of quantitative 

analysis 

 

· Quantitative determination of elements without 

regard to form or oxidation state in various solid and 

liquid materials and composition 

  
· Determination of thickness of thin films of metal 

on various substrates 

PIXE 

· Nondestructive multielemental 

analysis of thin samples, sodium 

through uranium, to 

approximately 1ppm or 10-9 

g/cm2 

· Analysis of air filters for a wide range of elements 

· Nondestructive multielemental 

analysis of thick samples for 

medium and heavy elements 

· Analysis of atmospheric aerosols by particle size 

for source transport, removal, and effect studies 

· Semiquantitative analysis of 

elements versus depth 

· Analysis of powdered plant materials and 

geological powders for broad elemental content 

· Elemental analyses of large 

and/or fragile objects through 

external beam proton milliprobe 

· Analysis of elemental content of waters, solute, 

and particulate phases, including suspended 

particles 
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· Elemental analyses using 

proton microprobes, spatial 

resolution to a few microns, and 

mass detection limits below 

10-16 g 

· Medical analysis for elemental content, including 

toxicology and epidemeology 

 
· Analysis of materials for the semiconductor 

industry and for coating technology 

 
· Archaeological and historical studies of books and 

artifacts, often using external beams 

 · Forensic studies 

IR 

· Identification and structure 

determination of organic and 

inorganic materials 

· Identification of chemical reaction species; 

reaction kinetics 

· Quantitative determination of 

molecular components in 

mixtures 

· Quantitative determination of non-trace 

components in complex matrices 

· Identification of molecular 

species adsorbed on surfaces 

· Determination of molecular orientation in 

stretched polymer films 

· Identification of 

chromatographic effluents 
· Identification of flavor and aroma components 

· Determination of molecular 

orientation 

· Determination of molecular structure and 

orientation of thin films deposited on metal 

substrates 

· Determination of molecular 

conformation and 

stereochemistry 

(oxidation and corrosion products, soils, adsorbed 

surfactants, and so on) 

 
· Depth profiling of solid samples (granules, 

powders, fibers, and so on) 

  
· Characterization and identification of different 

phases in solids or liquids 

RS 

· Molecular analysis of bulk 

samples and surface or 

near-surface species as identified 

by their characteristic vibrational 

frequencies 

· Identification of effects of preparation on glass 

structure 

· Low-frequency vibrational · Structural analysis of polymers 
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information on solids for 

metal-ligand vibrations and 

lattice vibrations 

· Determination of phase 

composition of solids 
· Determination of structural disorder in graphites 

 
· Determination of surface structure of metal oxide 

catalysts 

 · Identification of corrosion products on metals 

  
· Identification of surface adsorbates on metal 

electrodes 

XPS 

· Elemental analysis of surfaces 

of all elements except hydrogen 

· Determination of oxidation states of metal atoms 

in metal oxide surface films 

· Chemical state identification of 

surface species 

· Identification of surface carbon as graphitic or 

carbide 

· In-depth composition profiles 

of elemental distribution in thin 

films 

  

· Composition analysis of 

samples when destructive effects 

of electron beam techniques 

must be avoided 

  

AES 

· Compositional analysis of the 

0- to 3-nm region near the 

surface for all elements except H 

and He 

· Analysis of surface contamination of materials to 

investigate its role in such properties as corrosion, 

· Depth-compositional profiling 

and thin film analysis 
wear, secondary electron emission, and catalysis 

· High lateral resolution surface 

chemical analysis and 

inhomogeneity studies to 

determine compositional 

· Identification of chemical-reaction products, for 

example, in oxidation and corrosion 

variations in areas ≥100 nm 
· In-depth compositional evaluation of surface films, 

coatings, and thin films used for various 

· Grain-boundary and other 

interface analyses facilitated by 

fracture 

metallurgical surface modifications and 

microelectronic applications 
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· Identification of phases in cross 

sections 

· Analysis of grain-boundary chemistry to evaluate 

the role of boundary precipitation and solute 

  
segregation on mechanical properties, corrosion, and 

stress corrosion cracking phenomena 

EDX 
Used for elemental analysis and 

chemical characterization 
  

RBS 

· Quantitative compositional 

analysis of thin films, layered 

structures, or bulks 

· Analysis of silicide or alloy formation; 

identification of reaction products; obtaining 

reaction kinetics, activation energy, and moving 

species 

· Quantitative measurements of 

surface impurities of heavy 

elements on substrates of lighter 

elements 

· Composition analysis of bulk garnets 

· Defect distribution depth 

profile in single-crystal sample 

· Depth distribution of heavy ion implantation 

and/or diffusion in a light substrate 

· Surface atom relaxation in 

single crystal 

· Surface damage and contamination on reactive ion 

etched samples 

· Interfacial studies on 

heteroepitaxy layers 

· Providing calibration samples for other 

instrumentation, such as secondary ion mass 

spectroscopy and Auger electron spectroscopy 

· Lattice location of impurities in 

single crystal 

· Defect depth distribution due to ion implantation 

damage or residue damage from improper annealing 

 · Lattice location of impurities in single crystal 

 · Surface atom relaxation of single crystal 

  
· Lattice strain measurement of heteroepitaxy layers 

or superlattices 

SIMS 

· Surface compositional analysis 

with approximately 5-to 10-nm 

depth resolution 

· Identification of inorganic or organic surface 

layers on metals, glasses, ceramics, thin films, or 

powders 

· Elemental in-depth 

concentration profiling 

· In-depth composition profiles of oxide surface 

layers, corrosion films, leached layers, and diffusion 

profiles 

· Trace element analysis at the 

parts per billion to parts per 

million range 

· In-depth concentration profiles of low-level 

dopants ( ≤ 1000 ppm) diffused or ion implanted in 
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· Isotope abundances semiconductor materials 

· Hydrogen analysis 
· Hydrogen concentration and in-depth profiles in 

embrittled metal alloys, vapor-deposited thin films, 

· Spatial distribution of 

elemental species 
hydrated glasses, and minerals 

 · Quantitative analysis of trace elements in solids 

 
· Isotopic abundances in geological and lunar 

samples 

 
· Tracer studies (for example, diffusion and 

oxidation) using isotope-enriched source materials 

 
· Phase distribution in geologic minerals, multiphase 

ceramics, and metals 

  
· Second-phase distribution due to grain-boundary 

segregation, internal oxidation, or precipitation 

NMRS 

· Phase analysis · Detection of phase changes 

· Electronic structure of metals · Study of hydrogen diffusion in metals 

· Near-neighbor environment of 

atoms in solids 

· Studies of long-range order in intermetallic 

compounds 

· Measures rate of kinetic 

processes, for example molecular 

reorientation or diffusion 

· Spin wave studies in ferromagnetic materials 

· Magnetic structural studies · Effect of pressure on electronic structure 

· Defect and annealing studies · Isomer identification and quantification 

· Molecular structure of organic 

compounds 
· Determination of copolymer ratios 

· Quantitative analysis of 

specific components and 

functional groups 

  

SSMS 

· Qualitative and quantitative 

analysis of inorganic elements 

· Analysis of impurities in high-purity silicon for 

semiconductors 

· Measurements of trace 

impurities in materials 

· Determination of precious metals in geological 

ores 

 
· Measurement of toxic elements in natural water 

samples 

  · Verification of alloy compositions 
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The challenge… 

 

 Microscopy and spectroscopy techniques give a lot of useful information (e.g. elemental 

distribution, chemical state, morphology, topography, etc.) but they are often qualitative.  

 Qualitative evaluation of specimen is very important since it can give an idea of the state of a 

sample. 

 Often, quantification of the data is needed to supplement qualitative information. 

 Computer programs are being develop in research laboratories all over the world to bridge the 

gap between qualitative analysis and quantification. 

 One such program, which calculates SRXRF fluorescence intensity and displays elemental 

distribution images, was developed in Ide-sensei’s Lab. 
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