Raman Spectroscopy
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Raman Spectroscopy
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What is Raman spectroscopy?

C. V. Raman won the
for his work on the scattering of light and for the
discovery of the effect named after him.
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Advantages of Raman spectroscopy

« Raman spectroscopy is :

- Non destructive

- Non contact

- Fast

« Raman measurements can be carried out:
— Without any preparation

- At ambient Temperature

— At atmospheric Pressure

+ Sample form can be:

- Solid

— Liquid and as directly through glass containers
- Organics and inorganics

— Big or smali

— in solution

« Raman spectrometer can be coupled to a microscope + confocal:
— High spatial resolution

— Depth discrimination
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Comparison to other analytical techniques
Raman is compared with:

IR: - Non destructive
— Non contact
- Fast

Optical Microscopy: Chemical information

XRO: —minimal amounts needed
— Higher spatial resolution

SEM, Auger, XPS, TEM: - no sample preparation, non destructive

- measurement at atmospheric pressure
— molecular structure/phase information
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Basic Theory
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Light Spectrum
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Common Spectroscopy Technologies

X-ray fluorescence spectroscopy
— Emission spectroscopy

— Studies electronic states
UV/Vis spectroscopy

— Absorption spectroscopy

— Studies electronic states
Fluorescence spectroscopy

— Emission spectroscopy

— Studies electronic states

IR spectroscopy

— Absorption (or reflection) spectroscopy
— Studies vibrational states
Raman spectroscopy

— Scattering spectroscopy

— Studies vibrational states
Microwave spectroscopy

— Absorption spectroscopy

— Studies rotational states
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Raman scattering
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Laser Selection

- Theoretically
— An ordinary Raman spectrum is independent of the laser wavelength.
— Raman scattering intensity, / is stronger with shorter wavelength, %, of
the laser: / « 1/4.
— Under the same conditions
- Spatial resolution is higher with shorter wavelength laser
- Spectral resolution is higher with longer wavelength laser.
- Empirically
— Avoid fluorescence background
— Achieve resonance conditions
— Hardware (CCD, grating, mirrors and lenses) efficiency, cost and life time
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Resonance Raman
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Unity

Raman Units are defined Av=v,....—Vg.man

where v=1/A

A —>nm
Av —> cm-’
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Spectrum Analysis

What information can we obtain from a Raman spectrum ?

Qualitative and quantitative information

Peak position:
Chemical species, crystal phases,
alloy compositions

Peak shift:

Strain, temperature

Intensity:

Concentration
Molecular orientation(polarized)

Bandwidth
Structural disorder
(amorphous/crystalline phases)
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Raman/IR Peak Positions Characteristic
for Functional Groups

Functi'onaI.Group/ Frequency Region Raman Infrared Functi.onaI'Group/ Frequency Region Raman Infrared
Vibration (cm-) Vibration (cm)

crystal lattice (LA) 10 - 200 s s S(CHy) 1380 m S
3(CC) 250 — 400 s w 8(CHz); 6(CHs) asym 1400 - 1470 m m
v(Se-Se) 290 — 330 s W v(C-NO,) 1340 - 1380 s m
v(S-S) 430 - 550 s W v(C-NO,) asym 1530 - 1590 m s
v(Si-O-Si) 450 - 550 s w v(N=N) aromatic 1410 - 1440 m -
v(M-O) 150 — 450 s w-m [ v(N=N) aliphatic 1550 - 1580 m -
v(C-1) 480 - 660 s s 8(H,0) ~1640 ww bls
v(C-Br) 500 — 700 s s v(C=N) 1610 - 1680 s m
v(C-Cl) 550 — 800 s s v(C=C) 1500 - 1900 s W
v(C-S) aliphatic 630 — 790 s m v(C=0) 1680 - 1820 m S
v(C-S) aromatic 1080 — 1100 s M v(C=C) 2100 - 2250 s W
v(0-0) 845 — 900 s W v(S-H) 2550 - 2600 s W
v(C-0-C) 800 - 970 m W v(C=N) 2220 — 2255 m s
v(C-O-C) asym 1060 — 1150 w s v(-C-H) 2800 - 3000 S S
Zf}gﬁ) alicyclic, aliphatic | g, _ 1309 m m v(=C-H) 3000 - 3100 s m

*1580, 1600 s m v(=C-H) 3300 w s
aromatic ring *1450, 1500 m m

*1000 s-m W v(N-H) 3300 - 3500 m m
v(C=S) 1000 — 1250 s w v(O-H) 3100 - 3650 w s
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Example |

Significant identification of salts (S0,27) which differ just in the metal ion employed
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Example ||

Significant identification of alcohols which differ just in one CH,-group
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Raman Spectroscopy for Polymers applications

Examples of polymers identification, depth profiles, Raman mapping for blends
characterization, and in line monitoring of polymerization reactions

Example of Polymer/Monomer Raman spectra

12000 II].
[ ]
- BERE =TT
oo G aromate
T oo Polystyrene

o CeH;CH=CH,
2000 1 Styrene - JL

500 1000 1500 N (Crzn(l_l{;()) 2500 3000 B

]

O
01517 | & B SR AMIE]
K A RA KAIST Analysis CenteErfor Resaearch Advancement S p e CtFO SCO py LAB



Raman Spectroscopy for Polymers |
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Raman Spectroscopy for Polymers |1

Differentiation between Nylons

Nylon 6 or 12: - [-NH-(CH,)s,, 1,-(C=0)-],
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On casual examination, the higher nylons begin to resemble pethylene because of long chains.
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Applications of Raman Spectroscopy
for IlI-V Semiconductors

Stre_ss/Strain measurement on bare wafers or
devices

Dopant content / stoichiometry
Crystal structure and quality
Defect analysis -

Temperature measurements |5 y v‘
F L

Raman and Photoluminescence 4
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Strain Measurement

Stoichiometry/ Doping Content

In relaxed SiGe, the Ge content
can easily be determined by
looking at the Si—Si peak shift
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FIGURE 4. Raman spectra {(a) and frequency (b} of the
S1-S1 LO phonon mode in 30 nm SiGe films with diffe-

rent Ge contents ) on Si, in comparison with bulk Si.
The line shows a linear fit to the data (symbols).

Courtesy of Ran Liu, Motorola
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Resonance Raman vs. Ordinary Raman

Acetaminophen

857

Resonance Raman Spectrum

Laser_?» = 2%9 nm

Ordinary Raman Spectrum
Laser A = 532 nm
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Raman Application
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* High throughput screening of * DNA Analysis
multiwell plates - Drug / Cell interaction ' iassste
- Crystalline phases & polymorphis - Diagnostic & pronostic for canct

- Compound distribution - Lipids, proteins & amino acids [REEEEE &
- In vivo & In vitro skin an* - Combined Raman & Fluorescenc @sse st
- Real time reaction monitor

- Blends & multilayer structures  Contamination distribution and defects
 Polymerization monitoring - Stress distribution at submicron scale

. Crystallinity & orientation - Combined Haman/Photolumlnescence

- Stress in fibers & films ] - Doping effects
- Carbon nanotubes

-300 -

Lingth Y (1m)

1000 A
M .00 A0 0 100 20M 0 - i : ; : 3 : :
Length X (jm) »ny £ an_ ns 20

Art-Biomedical-Carbon-Catalysis-Chemistry-Forensics-Geology-
Materials—-Pharmaceuticals—Physics-Polymers-Process-Semiconductors
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pispersive vs. FI-Raman vs.
FT-IR spectroscopy
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Selection Rule

o

Absorption of IR light in a sample cuvette Inelastic scattering of light at a molecule

* IR especially is sensitive to the change of Dipole moment
Dipole moment P

symmetric stretch asymmetric stretch
1340cm’ 28350cm’

IR inactive IR active

* Raman: sensitive to the change of polarizability to covalent bonding
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Raman vs. IR

Dispersive Raman

FT-Raman

FT-IR
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Raman Instrument
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Software
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LabRam HR 800

Integrated laser source: Edg%,fllter

Motorized confocal hole
He-Ne.

Confocal CCD detector
microscope |- 1
Spectrograph,
f =800 mm,
ahbes --—_Jincluded two

groove gratings

Video Camera : sample visualisation with
white light, laser spot visualisation

o o
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Raman instrumentation

Dispersive Raman Spectroscopy

Laser Detection

Device

Rayleigh Filter
(Notch/Edge filter)

Dispersion
Grating

Coupling optics and

laser cleaning optics Sampling optics

(microscope
objective, macro optics)
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Basic Optical Design

Clean up filter

ND filter wheel

Confocal hole

ﬂating

\&E{ion/rejection filter

/7

White light

Microscope

KARA & S52sm
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/ Camera

——/

; ' ' Sample

CCD
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1. Laser

Laser medium Laser material

Optically pumped solid-st|Ruby, Nd3* YAG, Nd3* : glass, Cr3* : BeAl,0,(al

ate exandrite), Tis* : Al,O5 (sapphire)

Semiconductor(diode] GaAs, GaAlAs, InGaAsP/InP, GalnN, GaN/AlGaN,
PbSnTe

Atomic and ionic gas He/Ne, Ne*, Ar+, Kr+, Xe*

Metal vapor Cu, Au, Sr, Mn, Ba, Pb

Molecular gas CO,, N,, I,, chemical, excimer(ArF, KrF, XeF, K
ICl, etc.]

Dye Rhodamine 6G

Free—electron fFree electrons
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2. Notch Filter vs. Edde Filter

White light spectrum: notch filter White light spectrum: edge filter

150 A 1500 4

100 7 1000 -

50 7 500

0~

-300 -200 -100 100 200 300

T T T T T T T T T T T T T
-300 -200 -100 0 100 200 300
Wavenumbey (cm-1)

\/WW (em-1)

Zero Raman shift = Excitation laser position

= Made of gelatinous material® — finite life t » Made of glass — virtually infinite life ti
ime; Access to both Stokes and Anti-Stok me; Access to Stokes Raman only
es Raman : '

* A new technology (volume bragg grating) filter provides ultra low frequency cut-off enjo
ys a virtually infinite life time and offers the access to both Stokes and Anti-Stokes Raman
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3. Confocal Microscope

Confocal hole

Image P ' of laser focus P matches

Rejected exactly the confocal hole.

beams

Focus

WA
P‘# TLength of

Multilayers sample
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4. Grating

a

Same focal length

High density groove grating
Same wavelength

Dispersion

Same focal length

Dispersion

Low density groove grating
Same wavelength

B Spectral resolution is a function of the grating groove density. Gi
ven the same focal length and wavelength range,

® High groove density grating — High spectral resolution,
® | ow groove density grating = Low spectral resolution

W Very high groove density gratings (e.g. 2400 gr/mm) cannot be u
sed with long wavelength lasers (e.qg. red and NIR).
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Spectral resolution and spectral coverage

Influence of the groove grating

10000 -

—— 1800 gr/mm

8000

6000

Intensity (a.u.)

) M ﬂ% WUL"J

500 ' 1000 ' 1500 ' 2000 ' 2500

Wavenumber (cm-1)
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Raman Mapping: XYZ motorized stage

-XY motorized stage

Z Motor or Piezo stage : For Z
profilings .

0.1 um step size and 0.1 um
precision for X,Y,Z displacements
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Raman Images

- Red: Raman Image of Caffeine
- Green: Raman image of Aspirin
- Blue: Raman image of Acetaminophen
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