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MSE 160 – Ceramic synthesis

MSE 160 class page: bowmanlab.eng.uci.edu/class
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Outline

• Ceramic characterization

• Dynamic light scattering (DLS)

• Scanning electron microscopy (SEM)

Lecture outline

Colloidal methods

Wet chemistry processes where different ions 
are mixed to form insoluble precipitates

Used to produce metals, metal oxides, 
organics, and pharmaceuticals.

Basic principles of colloidal preparation were known since antiquity. E.g. gold colloids used for high 
quality red and purple stained glass from medieval times to date. However, proper scientific 
investigations of colloidal preparation methods started only in 1857 when Faraday has published 
results of his experiments with gold.

Au suspensions
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Sol-gel process

gelest.com

Dip coating process

Dip coating process
Substrate is immersed in a sol and withdrawn with well-defined speed under controlled temperature 
and atmospheric conditions. The sol forms a film with thickness mainly defined by the withdrawal 
speed, the solid content and the viscosity of the liquid. Gelation (densification) of the layer occurs by 
solvent evaporation, and finally annealing (heating) yields the oxide coating.

Common application - fabrication of coatings and films
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Dynamic light scattering (DLS)

Brownian motion

Correlation

Analyzing the correlation function

DLS is also called “photon correlation spectroscopy”

Dynamic light scattering (DLS)

Brownian motion

Correlation

Analyzing the correlation function
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Applications of DLS

Determine the size distribution of particles in 

solution 1 nm – μms

Examples:

Engineering pigments in paint, dyes, inks

Drug delivery

Emulsions, colloidal systems

Etc.
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*Can correct for shape via rotational diffusion coefficient.
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Photo diode has single-photon sensitivity with time resolution of nanoseconds
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Photo diode has single-photon sensitivity with time resolution of nanoseconds
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Fluctuation rate of intensity depends on particle size via velocity

Fluctuation rate of intensity depends on particle size via velocity
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Which scenario will 

produce destructive 

interference? Why? 
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*Photon scatter is isotropic

c
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If particles are still, the intensity is fixed

In dispersion, particles move, and intensity 

fluctuates with time

c

If particles are still, the intensity is fixed

In dispersion, particles move, and intensity 

fluctuates with time

cc What happens to 

signal in this case?
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If particles are still, the intensity is fixed

In dispersion, particles move, and intensity 

fluctuates with time

If particles are still, the intensity is fixed

In dispersion, particles move, and intensity 

fluctuates with time

What is the qualitative relationship 

between particle size and intensity 

fluctuation rate?
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I = intensity

t = time

τ = delay time

t ∞ = seconds, practically

Delay time, τ = 0
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Delay time, τ = 1

Delay time, τ = 2
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Delay time, τ = ∞

Delay time, τ = ∞

q = Scattering 

vector length
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c

Re-plotted on semi-log scale on x-axis

Delay time, τ = ∞

c

Re-plotted on semi-log scale on x axis

Delay time, τ = ∞

Which correlation function comes 

from larger particles?
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c

Re-plotted on semi-log scale on x axis

Delay time, τ = ∞

• Ceramic characterization

• Dynamic light scattering (DLS)

• Scanning electron microscopy (SEM)

Lecture outline
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Why use electrons for microscopy?

GaAs nanowire
CNRS France, Phys. Rev. Lett. (2019)
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Krivanek et al. Nature (2010)
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Scanning electron microscopy

http://toutestquantique.fr/en/scanning-electron/

Scanning electron microscopy

http://toutestquantique.fr/en/scanning-electron/

Similar to transmission electron microscopy (TEM)
Similar to scanning TEM (STEM)
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Gatan.com

Many characteristic signals are generated during irradiation

Primary e- beam

Many signals are generated during electron beam irradiation

D.B. Williams & C.B. Carter, Springer (2008)

Primary e- beam

Sample
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Scanning electron microscopy

Dense ceramic
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δ

C. Ding et al., 
Energy Environ. Sci., (2010)

Cathode

Porous perovskite oxide

Electrolyte

Dense fluorite oxide

Anode

Porous ceramic-metal composite

Powder processing – Sintering
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Sintering – Overview

Sintering is the process of transforming a powder into a 
solid body using heat.

The most important process in making bulk dense 
and porous ceramics, but also needed for powder 
metallurgy.

What are the 
features of the 
sintered 
microstructure?

Imaging structure is useful, but spectroscopy tells us more… 

phenom-world.com
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There are many microscopes at UCI

microbiologyinfo.com

Visible light is the most common microscopy

Lenses (de)magnify beams.
What lenses did you bring to this lecture?
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J.S. Cybulski … Manu Prakash, PLOS One (2014)
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microbiologyinfo.com

Electron microscopy is analogous to visible-light microscopy,
but with higher resolution

microbiologyinfo.com

Electron microscopy is analogous to visible-light microscopy,
but with higher resolution
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hyperphysics.com

Resolution is the smallest distance that can be resolved

hyperphysics.com

Resolution is the smallest distance that can be resolved

δ =
0.61 λ

μ 𝑠𝑖𝑛β
≈
0.61 λ

1

Resolution Wavelength

Refractive index 
of viewing medium

“Numerical aperture”

Semi-angle of 
collection 

of magnifying lens
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Wave number k is a vector that captures wave direction and wavelength

Eric Stach “Elastic Scattering” nanohub.org (2008)

A wave is a periodic disturbance in both space and time

Eric Stach “Elastic Scattering” nanohub.org (2008)
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Electron wavelength is inversely proportional to accelerating voltage

D.B. Williams & C.B. Carter, Springer (2008)

1 nm
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Imaging structure is useful, but spectroscopy tells us more… 

phenom-world.com
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Beam-solid interactions produce characteristic chemical signals

Elastic scattering: ~0 energy transfer,

e.g. ‘backscattering’

inelastic scattering

from core level

inelastic scattering

from outer shell

Beam-solid interactions produce characteristic chemical signals

inelastic scattering

from core level: >0 energy 

transfer

inelastic scattering

from outer shell
Elastic scattering: ~0 energy 

transfer,

e.g. ‘backscattering’
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Beam-solid interactions produce characteristic chemical signals

Elastic scattering: ~0 energy 

transfer,

e.g. ‘backscattering’

inelastic scattering

from core level: >0 energy 

transfer

Surface features visible

azom.com; hitachi-hightech.com

More protons, more BSE
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Surface features visible

azom.com; hitachi-hightech.com

More protons, more BSE

azom.com; hitachi-hightech.com

More protons, more BSE
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azom.com; hitachi-hightech.com

More protons, more BSE Surface features visible

Detector

azom.com; hitachi-hightech.com

More protons, more BSE Surface features visible

Detector
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CeO2-δ Nanocrystal

AC-STEM HAADF, JEOL ARM200F
Arizona State Univ.

1 nm

The spatial resolution is defined by the “interaction volume”
between probe and specimen

CeO2-δ Nanocrystal

AC-STEM HAADF, JEOL ARM200F
Arizona State Univ.

1 nm

The spatial resolution is defined by the “interaction volume”
between probe and specimen
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CeO2-δ Nanocrystal

AC-STEM HAADF, JEOL ARM200F
Arizona State Univ.

1 nm

The spatial resolution is defined by the “interaction volume”
between probe and specimen

azom.com; hitachi-hightech.com

The primary beam undergoes elastic and inelastic scattering,
the latter enables various spectroscopies
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azom.com; hitachi-hightech.com

The primary beam undergoes elastic and inelastic scattering,
the latter enables various spectroscopies

Inelastic scattering Energy dispersive X-ray spectrum

azom.com; hitachi-hightech.com

The primary beam undergoes elastic and inelastic scattering,
the latter enables various spectroscopies

Inelastic scattering

energy dispersive x-ray spectroscopy (EDX)

83

84



2/11/2020EngrMSE 160, 2020 Winter

azom.com; hitachi-hightech.com

Energy dispersive x-ray spectroscopy is a common method for elemental mapping

Inelastic scattering

energy dispersive x-ray spectroscopy (EDX)

CeO2-δ Nanocrystal

AC-STEM HAADF, JEOL ARM200F
Arizona State Univ.

1 nm

The spatial resolution is defined by the “interaction volume”
between probe and specimen

How can the interaction volume be reduced

to improve spatial resolution?
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CeO2-δ Nanocrystal

AC-STEM HAADF, JEOL ARM200F
Arizona State Univ.

1 nm

The spatial resolution is defined by the “interaction volume”
between probe and specimen

How else can the interaction volume be 

reduced to improve spatial resolution?

Lower primary beam energy

Williams and Carter

Electron microanalysis spatial resolution is better for thinner specimens
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Williams and Carter

Electron microanalysis spatial resolution is better for thinner specimens

Modern scanning transmission electron microscopy
obtains sub-Angstrom resolution

R.F. Egerton, Electron Energy-Loss 

Spectroscopy in the Electron Microscope

D.B. Williams & C.B. Carter, Springer (2008)
S.J. Pennycook & P.D. Nellist, Springer (2011)
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Muller Group & Nion Co.

La

Mn

Ti

DLS

R. Pecora (2000) Dynamic light scattering measurement of nanometer particles in liquids. Journal of 

Nanoparticle Research

Malvern Panalytical (2019) A basic introduction to Dynamic Light Scattering (DLS) for particle size 

analysis. www.youtube.com/watch?v=FaQM7C4oTz0

Electron microscopy

Throughout

References (see Class page)
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