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General Aspects of Raman Scattering
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Simple model illustrating (a) fluorescence, (b) IR absorption, and

(c) Raman scattering

@1 = laser .frequency, @ gy @ = frequency 1, 2 (fluoroscence?; N
= absorption frequency, @ ¢ = frequency of Stokes scattered light
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InfraRed Spectroscopy

InfraRed Source




Rayleigh Scattering

* Elastic (Rayleigh) scattering dominates
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Raman Scattering

+ 1 partin 108 is inelastically (Raman) scattered
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Raman Scattering
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Raman Scattering from
Molecular Vibrations

1 k 2 v = Vibrational frequency
V= k = Spring force constant
21t L u = Reduced mass of atoms, m;m,/(m;+m,)
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What is Raman Spectroscopy?

LASER
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Rayleigh scattering:

Elastic scatter

Raman :
Inelastic scatter




Raman Shift — The Great Equalizer

» Displayed Raman spectrum is independent of laser wavelength

o Sample characteristics and analytical goals may determine laser
choice

Raman shift (relative)

Laser 1
Vo =932 NM v, = 785 nm

. Wavelength (absolute) _ Laser 2
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Polarizabllity of a Diatomic Molecule

e For the molecule vibrating with a frequency
, the nuclear displacement ¢ is written

— Where (, Is the vibrational amplitude.
e |f the vibration is small, then

— Here o, Is the polarizability at the equilibrium
position, and IS the rate of change of «
with respect to the change in ¢, evaluated at the
equilibrium position
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Band analysis of Raman spectra of water.



IR and Raman Spectra

» Raman spectroscopy gives us information about the vibrational energies of molecules

« Raman is complementary to IR, producing relatively stronger peaks for symmetrical stretching
vs. anti-symmetrical stretching modes

« Raman spectra tend to be less cluttered than IR, much less affected by water and it is usually
easier to implement/sample than IR



Comparing FT-IR and Raman

»FT-IR

» Absorption
» Fundamental information
» Sample preparation (most)

» Process measurements
less flexible

» High spectral density
» Organics
» Dipoles

» O-H, C=0, N-H
» Water a problem

» Raman

» Emission
» Fundamental information
» No sample preparation
» Process measurements
» High spectral density
» Static sampling challenges
» Qrganics and inorganics
» Polarizability

» Aromatics, C=C
» Water not an issue
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Wet- Substrates for SERS
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Figure 14. Schematic diagram of DMNA hybridization detection using a SERS label [138].
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Plasma factor

Silica Core/Gold Shell Nanoshells
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Wurtzite Structure C6v4-P6;mc




Spectra for Inorganic Samples
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Rayleigh and Raman Scattering

* The first term represents an oscillating
dipole that radiates light of frequency

— Rayleigh Scattering
 The second term corresponds to the
Raman scattering of frequency
(Ant| -Stokes) and (Stokes shift)
 To observe Raman scattering, (0a/oq),

the rate of change of polarizability with
the vibration must not be zero.




Placzek's Equation for Raman
Scattering Intensity

= proportional to I,
= proportional to N

r Stronger at shorter
wavelength

Statistical factor:
(1_e-hV/kT)

Iy

173 hI;N(v,~v)?
(4 5)(32)04 uv(l_e—hv/kT)

Where

c = speed of light

h = Planck's constant

I;, =laser intensity

N = number of scattering molecules

v =molecular vibrational frequency in Hz

vL, = laser excitation frequency, in Hz

u =reduced mass of the vibrating atoms

k = Boltzmann's constant

T = absolute temperature

o2' = mean value invariant of the polarizability
tensor

Ya' = anisotropy invariant of the polarizability
tensor



Analytical Raman Spectroscopy

~ | /
o o I, = Raman intensity
an \

o = Raman cross section
L = Pathlength
C = Concentration

I = Instrument parameters



Choices of Excitation Wavelength

luminescence

uv near IR IR

51 nm 633 nm 780 nm

Luminescence problems can often be solved by choosing
an appropriate excitation wavelength



Choices of Excitation Wavelength

Uy near IR IR

] 514 nm 633 nm 780 nm

+ Shorter wavelength lasers excite Raman scattering more
efficiently

+ Efficiency sqnm - 9 X Efficiencygq am



Modes of material interaction

Specular Transmission
Reflectance
_ Diffuse Diffuse Transmission
Absorption Reflectance (Forward Scatter)
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Raman in Nanoporous semiconductors
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Size effect
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Schematic Energy Level Diagram
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Instruments
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Plastic and Polymer

Real-time Raman analysis of UV induced polymerization
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Optical Filters set

Plasma or intereference filter

Raman

Edge filter

Notch filter

Grating

Adustable angle flter

L1003 kinematic filter system

The Unigue L1003 kinematic filter
system allows the notch filter to be
exchanged quickly and the angle of the
flter to be adjusted with simple
spacers. The optical alignment of the
lazer and microscope 15 maintained
and reguires NO adjustment. So, in
Just a second, the angle adjustment of
the filter can be obtained.



Real cut-off response of a Notch
filter
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The spectral range on which the filter reflects light shifts
with the tilt angle of the filter in the beam



Intensity (a.u.)
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HOLOGRAPHIC RECORDING
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ION-ETCHING PROCESS

Evolution of groove profile simulated
throught faceting model of ion beam erosion

lon Beam

N
M

= =
e e——

Substrate

M: Angle of maximum etch rate
t, : Initial mask profile

An holographic mask, symetric and sinusoidal profile
IS transformed into a sawtooth profile :

— higher efficiency
— still all advantages of holographic gratings



HOLOGRAPHIC BLAZED GRATING

MADE BY ION-ETCHING
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Efficiency curves of some gratings
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Focal length problem

Intensity (a.u. )

Focal length 800
Focal length 300

Raman shifi (cnt'y
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Applications




Carbon Nanotubes
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Carbon Nanostructures

Singlggyvalled Carbon Nanotube
(Buckminsterfulle&VeéNT)
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Constructing Nanotubes from a Graphene Sheet

Chiral angle

Each possible nanotube structure is labeled by two integers,
(n,m), that uniquely define its diameter and chiral angle.



SWCNT
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Intensity

Five ring effect
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The small shoulder should be different electron contribution, indicating that the CNT might have
two kinds of carbon rings like as five-ring or six-ring, which is called G+ and G- bands. Moreover,
the three CNTs have different band shape, implying that the CNTs show a non-consistent double-

or single- wall carbon.



G’'2d

— CNC
— CNC-COOH

G

4000 -

Intensity

T T T T
1000 1500 2000 2500

Raman shift (cm™)

3000

CNCEF#A Pl i » B Ak & VCNC B (™3 (G/D ratio) ™ [ » =" #fl
SPELV G/G'2d - B - Wavelength = 633 nm



Energy

30F 4 ' -

E..

g L, -

s @ " ]
absorption . P e 4 ]
W 1.5 2 f h .

n-n e o o o 0 o o 5 o 0 o 5 g o B 4 4 4
0.5 1.0 1.5 2.0 2.

Nanotube diameter (nm)

0 2 L G 2] 10
Density of Electronic States



.(i p -
5153 nm !
RB #E
A ks J e
4
633 nm
/
782 nm J
'} hL""--—F--—_ — _‘_--_..—-"""-ﬁ—r‘:) L_.,__,..-.._

200 400 600 800 1000 1200 1400 1600

Raman shift cm-1

1800 2000

i

180
h

1320 Wiciin? 1570,
0. 20 Vet 1258
55 858
191 502 ss8 0671110 A8
(V)4 3L L e
1503
1570
1064 nm, 5Wiem®

B15860 922
bl (R

i,

780 nm,12W/em®

4?16

584 B6 1l
F !

514.5 nm 2W/em*

I

500

1000 1500

Raman shift cm-1



NanoSpectralyzer® Operation
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Near-IR Spectrograph
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Excitation wavelength (nm)

Fluorimetric analysis from a full 2-D scan

Co-Mo catalyst process
D. Resasco
University of Oklahoma
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2-D scan shows that two abundant
SWCNT species are present

J. Amer. Chem. Soc. 125, 11186 (2003)




Thanks for your attention



