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Light properties

ÅDirection of propagation

Å Electric field direction or polarization

Å Photon energy or wavelength

Å Intensity

Å Propagation speed
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Light interactions

Å Transmission

Å Reflection

Å Absorption

Å Emission

Å Scattering

Å Refraction

Non-linear effects

Å SFG 

Å SHG

Å DFG

Å Multi-photon absorption
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Size

Lattice structure, dopants

Temperature

Concentration

Composition

Microstructure

Thickness

Stress

Light interactions with matter
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Light interactions with matter
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Spectroscopy

9



© 2025 University of Illinois Board of Trustees. All rights reserved. 

Light interactions

Å Transmission

Å Reflection

Å Absorption

Å Emission

Å Scattering

Å Refraction

Non-linear effects

Å SFG 

Å SHG

Å DFG

Å Multi-photon absorption

10



© 2025 University of Illinois Board of Trustees. All rights reserved. 

Light interactions

Å Transmission

Å Reflection

Å Absorption
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What is measured:

 The transmitted and reflected light intensity as a function of the incident photon energy, which depends 

on the materialôs electronic, atomic, chemical and  morphological structure. 

Transmission, Reflection, Absorption

UV-Vis-NIR 

IR 
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Instrumentation:

Spectrophotometry (UV-VIS-NIR)
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Instrumentation:

Spectrophotometry (UV-VIS-NIR)
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Spectrophotometry (UV-VIS-NIR)

15

Solid material (CdS)

Electronic levels Electronic bands

Conduction band

Valence band

Monoatomic gas (Ὄ )

Absorption spectrum

(white light)
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Optical band gap determination of CdS thin films as a 

function of growth substrate temperatures

Spectrophotometry (UV-VIS-NIR)

m = 0.5 for direct and 2 for indirect allowed transitions.

Eg=2.41

Eg=2.40

Eg=2.39

J. Surf. Eng. Mat. and Adv. Tech. 3, 43 (2013)

Taucôs relation: ‌Ὤ’ ὃὬ’ Ὁ
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Using absorbance to determine Rhodamine B concentration 

in water solutions

Spectrophotometry (UV-VIS-NIR)

Abs = K l c = a l 

Beer-Lambert Law

Abs = log (1/T)
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Spectrophotometry (UV-VIS-NIR)
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Spectrophotometry (UV-VIS-NIR)

Using transmission interference fringes to determine 

thickness
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Spectrophotometry (UV-VIS-NIR)

Al2Si4O10(OH)2

Mg3Si4O10(OH)2

Images from Wikipedia and eurotalc.com

Spectra from Developments in Clay Science, Vol. 8. Ch. 5 
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Excitations in materials

ÅPlasmons

Plasmons are quanta of collective motion of charge-carriers in 

a gas with respect of an oppositely charged background. They 

play a significant role on transmission and reflection of light.

Spectrophotometry (UV-VIS-NIR)

Phys. Today, 64, 39 (2011) 
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Spectrophotometry (UV-VIS-NIR)

Applied Materials Today 8, 68 (2017) 

Optical Materials Express, 332858 (2018)
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Vibrational spectroscopy

Normal vibrational modes in molecules:

 
H2O (3 modes)CO2 (4 modes)

Number of modes: 

3N-6 for non-linear molecules

3N-5 for linear molecules

CH4 (9 modes)

n1 (3657 cm -1)

n2 (1595 cm -1)

n3 (3756 cm -1)

n1 = 1388 cm-1 

n3 = 2349 cm-1 

n2 = 667 cm-1 
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Normal vibrational modes in solids:

 SWCNT

GaN
Sb/GaAs(110)

Vibrational spectroscopy
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IR active vibrations

Fourier Transform IR spectroscopy (FTIR)

25

The intensity of a vibrational absorption 

depends on the change of the transitionôs 

dipole momentum caused by that 

vibration, so a vibration mode ni will be 

ñIR activeò only when the vibration 

causes a change in the dipole 

momentum of the molecule, i.e. Dm Í 0 
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IR active vibrations

Fourier Transform IR spectroscopy (FTIR)

26
Journal of Near Infrared Spectroscopy, 6 (1998)

The intensity of a vibrational absorption 

depends on the change of the transitionôs 

dipole momentum caused by that 

vibration, so a vibration mode ni will be 

ñIR activeò only when the vibration 

causes a change in the dipole 

momentum of the molecule, i.e. Dm Í 0 

These vibrations appear as ñdark bandsò  

in the transmitted light spectrum 
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Fourier Transform IR spectroscopy (FTIR)

DL = nl => constructive interference

DL = (n+1/2) l => destructive interference

Instrumentation:

 The FTIR uses a Michelson interferometer with a moving 
mirror, in place of a diffraction grating or prism. 

The Nobel Prize in Physics 1907

Albert A. Michelson

"for his optical precision instruments and the 

spectroscopic and metrological 

investigations carried out with their aid"

The Nobel Foundation
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Fourier Transform IR spectroscopy (FTIR)

DL = nl => constructive interference
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Fourier Transform IR spectroscopy (FTIR)
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Fourier Transform IR spectroscopy (FTIR)

But what is the Fourier Transform? A visual introduction.

30

Grant Sanderson



© 2025 University of Illinois Board of Trustees. All rights reserved. 

Fourier Transform IR spectroscopy (FTIR)
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FTIR can be used to identify components in a mixture by comparison 

with reference spectra.

J. of Archaeological Sci. 39 (2012), 1227

Discovery of beeswax as binding agent on a 6th-century 

BC Chinese turquoise-inlaid bronze sword
Wugan Luo, Tao Li, Changsui Wang, Fengchun Huang

Fourier Transform IR spectroscopy (FTIR)
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Fourier Transform IR spectroscopy (FTIR)

Al2Si4O10(OH)2

Mg3Si4O10(OH)2

Images from Wikipedia and eurotalc.com

Spectra from Developments in Clay Science, Vol. 8. Ch. 5 
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Strengths:

¶  Very little or simple sample preparation.

¶  Simplicity of use and data interpretation.

¶  Short acquisition time, for most cases.

¶  Non destructive.

¶  Broad range of photon energies.

¶  High sensitivity (~ 0.1 wt% typical for FTIR).

Spectrophotometry (UV-VIS-NIR) and FTIR

Complementary techniques:

Raman, Electron Energy Loss Spectroscopy (EELS), Extended X-ray Absorption 

Fine Structure (EXAFS), XPS, Auger, SIMS, XRD, SFG.

Limitations:

¶   Reference sample is often needed for quantitative 

analysis.

¶   Many contributions to the spectrum are small and 

can be buried in the background.

¶   Usually, unambiguous chemical identification 

requires the use of complementary techniques.

¶   Limited spatial resolution.

nanocomposix.com
34



© 2025 University of Illinois Board of Trustees. All rights reserved. 

Light scattering

35
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Light scattering
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Sir Chandrasekhara Venkata Raman

The Nobel Prize in Physics 1930 was awarded to Sir Venkata Raman "for his work on 

the scattering of light and for the discovery of the effect named after him".

The Nobel Foundation

Light scattering

Sir Kariamanikkam Srinivasa Krishnan
Co-discoverer of Raman scattering, for which his mentor C. V. Raman was awarded the 

1930 Nobel Prize in Physics
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Raman spectroscopy

Ground state

Excited state

Virtual states

Vibrational states

Resonance Raman
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Raman shift

What is measured:

 The light inelastically scattered by the material.

Basic principle:

The impinging light couples with the lattice 

vibrations (phonons) of the material, 

and a small portion of it is inelastically 

scattered. The difference between the 

energy of the scattered light and the 

incident beam is the energy absorbed or 

released by the phonons.

IR 38
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Raman spectroscopy

Impinging light couples with vibration 

modes of the material:

ÅPhonons

ÅMolecular vibrations

http://flex.phys.tohoku.ac.jp/~pourya

http://exciting-code.org

Materials Research Laboratory
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Raman spectroscopy

40

Instrumentation:
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Classical Approach

E

p

0

Raman spectroscopy
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The Ŭ tensor is dependent on the shape, strength, and dimensions of the chemical bond. Since 
chemical bonds change during vibrations, Ŭ is dependent on the vibrations of the molecule:

the dipole oscillates with three frequencies simultaneously, corresponding to the three possible scattering modes 

(Rayleigh, Stokes Raman and anti-Stokes Raman)

Raman spectroscopy

42
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Raman spectroscopy
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IR active vibrations

Fourier Transform IR spectroscopy (FTIR)
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Raman active vibrations

Raman spectroscopy

The intensity of the Raman scattering linked to a vibrational state depends on the change in the 

polarizability tensor . 

46
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Raman spectroscopy compared to FTIR

FTIR and Raman:  

The two techniques are complementary 

(different selection rules).

Dm Í 0 
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48

Raman spectroscopy compared to FTIR

Canadian Journal of Chemistry, 43 (1965)

Journal of Near Infrared Spectroscopy, 6 (1998)
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Characteristic Raman 

frequencies

Raman peak intensity

Raman peak 

frequency shift

Raman peak width

Raman peak 

polarization 

dependency

Identity and 

composition of 

materials

Volume of material 

probed

Strain, stress, crystal 

lattice distortion

Crystallinity of material

Crystal orientation and 

symmetry

Studying the é é we can estimate é
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C content

Presence of N vacancies yields 

poor crystallinity

Substitutional C fills N vacancies 

improving the crystallinity

C incorporates interstitially causing a 

degradation of the crystal lattice 

Molecular and crystalline structure characterization

Raman spectroscopy
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