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Only for schematics & understanding

https://studiousguy.com/raman-spectroscopy-uses/#Principle_of Raman_Spectroscopy



Spectroscopy
“Light” — “Matter” interaction




Spectroscopy techniques
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Spectroscopy techniques

Vibrational

spectroscopy

X-ray fluorescence spectroscopy

— Emission spectroscopy,

— Studies electronic states
UV/Vis spectroscopy

— Absorption spectroscopy

— Studies electronic states
Fluorescence spectroscopy

— Emission spectroscopy

— Studies electronic states
Raman spectroscopy

— Scattering spectroscopy

— Studies vibrational states
IR spectroscopy

— Absorption (or reflection) spectroscopy

— Studies vibrational states
Microwave spectroscopy

— Absorption spectroscopy

— Studies rotational states

High frequency,
short wavelengths

Low frequency,
long wavelengths



The Raman effect: History

* First experimental observation of the inelastic scattering light by
C. V. Raman (Nobel prize, 1930) and K. S. Krishnan.

(Light source: filtered beam of sunlight)

Scattered
Sunlight _ Liquid
(White) > Violel :
Raylaigh Raman
violel Scattarad Scattarad
Filter Light Light
Violei Green
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https://www.acs.org/content/acs/en/education/whatischemistry/landmarks/ra maneffect.htm;: DSeTver



https://www.acs.org/content/acs/en/education/whatischemistry/landmarks/ramaneffect.html

Nature volume 121, pages 501-502 (1928)

A New Type of Secondary Radiation.

Ir we assume that the X-ray scattering of the
‘unmeodified ’ type observed by Prof. Compton corre-
sponds to the normal or average state of the atoms
and molecules, while the ‘modified’ scattering of
altered wave-length corresponds to their fluctuations
from that state, it would follow that we should expect
algo in the case of ordinary light two types of scatter-
ing, one determined by the normal optical properties
of the atoms or molecules, and another representing
the effect of their fluctnations from their normal
state. It accordingly becomes necessary to test
whether this is actually the case. The experiments
we have made have confirmed this anticipation, and

N 2

Nature volume 122, pages 12—-13 (1928)
: Benzene

R —
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502 NATURE

shown that in every case in which light is scattered
by the molecules in dust-free liquids or gases, the
diffuse radiation of the ordinary kind, having the same
wave-length as the incident beam, is accompanied by
a modified scattered radiation of degraded frequency.

The new type of light scattering discovered by us
naturally requires very powerful illumination for
its observation. In our experiments, 8 beam of sun-
light was converged successively by a telescope
objective of 18 em. aperture and 230 cm. focal length,
and by & second lens of 5 cm. focal length. At the
focus of the second lens was placed the scattering
material, which is either a liquid (carefully purified by
repeated distillation in vacuo) or its dust-free vapour,
To detect the presence of a modified scattered radia-
tion, the method of complementary light-filters was
used. A blue-violet filter, when coupled with a
yellow-green filter and placed in the inecident light,
completely extinguished the track of the light through
the lignid or wvapour. The reappearance of the
track when the yellow filter is transferred to a place
between it and the observer’s oye is proof of the
existence of a modified scattered radiation. Spectro-
seopic confirmation is also available.

Some sixty different common liguids have been ex-
amined in this way, and every one of them showed the
effect in greater or less degree. That the offect is a
true scattering and not a fluorescence is indicated in
the first place by its feebleness in comparison with the
ordinary scattering, and secondly by its polarisation,
which is in many cases quite strong and comparable
with the polarisation of the ordinary seattering. The
investigation is naturally much more difficult in the
case of gases and vapours, owing to the excessive
feebleness of theo effect. Nevertheless, when the
vapour ia of sufficient density, for cxample with
ether or amylene, the modified scattering is readily
demonstrable.

C. V. Ranman.
K. 5. KRISHNAN,

210 Bowbazar Street,

Calenita, India,
Febh. 16.
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https://www.nature.com/
https://www.nature.com/

Discovery of the Raman Effect (1928; NPP 1930)

e m— gy —— -

The new tv*p;e of ligil;e SL&ttef'lIleG(_hSOO\aé;‘G(i by ﬁq

naturally requires very powerful illumination for
its observation, In our experiments, a beam of sun-
light was - converged successively by a telescope




VisuallGuide to
Raman’Spectroscopy,



https://www.youtube.com/watch?v=G1jXR5PhUc0

The Raman effect

Light interacting with matter can either be elastically or inelastically scattered.
- The elastic process (no energy is exchanged) is called Rayleigh scattering.

- The inelastic process (photon energy loss or gain) results in scattered light of different
wavelength compared to the incident light : Raman scattering,

Stokes

\ oo
3 r\}\NW
o VWV (@ VWA =3

Anti-Stokes

W, + O,



What could be the origin of the Raman effect?



Classical Description of the Raman Effect

Incident electric field: E=E;- cOSs Wyt (1)
Induced dipole moment: iw=aoak (2)
Polarizability
I Induced Polarization
(1) in (2): (= abg cos wot (3)
Oscillating molecule: ¢ = ¢p - COSWgrt (4)
. da
Expansion of c around q=0: o = a(q) = ag + aq g+... (5)
0

The classical theory of the Raman effect is based upon
polarizability of molecules, which reflects how easy an electron
cloud of a molecule can be distorted by an electric field (light)




Raman Effect: Classical Description

. _ dav
(3) in (3): H = [(_1’0 + (F) 4y COSL&JRﬁ] E{] + oS Wyt (6)
o)y =
_Applying _ 1 7 dax
trigonometric t= apEycoswyt + — () go oo cos (wg — wg) t
formula — 2\Jdq/,
J .
Y
Rayleigh scattering Stokes Raman scattering
1 [ Oa ..
-|-§ (5_q)ﬁ qoEo cos (wo + wr) (7)
\_ J
Y

Anti-Stokes Raman scattering



Modulation of the incident electric field by vibrating molecule

Modulated electric
field with angular



Quantum mechanics approach

Raman spectrum

electronic level
106 Rayleigh
=
wn
c
&
virtual level —— - —- -—g === == ===- £
s 7 )7
h\,’D h(v[]-vvib) E A y Anti- g
S Stokes
hvg|  hv, 1 Stokes
vibrational levels hv, h(vg+vys) ! ,
_ Vi Vyib
v =1 (final) <
P hvyiy x
v = 0 (initial) e - —
0 0 0

Rayleigh Stokes Anti-Stokes

Raman shift (cm-1)

® Same information contained in Stokes and Anti-Stokes signals
= Same distance from Rayleigh line whatever v,



Quantum mechanics theory

" Classical theory inadequate: same intensity for Anti-Stokes and Stokes
lines is predicted

excited population

= o-EKT
relaxed population

Stokes lines more intense than Anti-Stokes lines (factor 100)

" Measure of Temperature:

. 4
[ (Anti-Stokes) = | Yo™Vib | o kT
I (Stokes)




Potential Energy

Different Intensities for Stokes/anti-Stokes Scattering

............. anti-
Stokes- Stokes-
Raman
Raman -
- v=1
i hoy,
v=0

anti-Stokes-
Raman

Stokes-
Raman

-

(Relatwe) Wavenumber

Relative Intensities -> Boltzmann Factor
N(v=1)
N(v=0)

vib

At room temperature:

kpT ~ 200 cm lor 1 eV/40 =25 meV

Helpful: 500 nm =20 000 cm' ~ 2.5 eV

Examples:

S-S stretch C-H stretch (aromatic)

~ 500 cm | ~ 3000 cm
e_sggjgog 8—3000;’200

_o5/2 —e 10

~ 8% ~3-107 %



Harmonic oscillator

Raman spectrum
|

Energy: E.=(n+%)hcVv
Selection rule: An=%1

Energy of transition: AE=hc v

Raman (Stokes) spectrum
of diamond (v=1331cml)

Premier diamond
mine (1.86 ct)




Potential Energy

Energy Diagram «» Vibrational Spectrum

S Virtual state

Stokes-Raman

———

v=1
IR 1 hmvib

Nuclear Distance R

hoyy,
Excitation '1—»' Stokes-Raman
<
Energy :
|
i >
0

(Relative) Wavenumber



Vibrations in Molecules

Sym. Stretching | 5086 o = 1 oV |
HCl  v=2991 cm’! oo - c HE v=4139 cm!
e O
Asym. Stretching Sym. Bending
H,0 v = 3835 em! = 3939 cm! = 1648 cm!
Asym. Bending
NH, vi =3505.7 cm! =3573.1 cm’! =1022 cm! =1689.7 cm!

Vs = 643.35 cm’! v, =615.02 cm! ve =348.08 cm!

2 7?§55 cm’l g V3 9598 cm’! § v, 5§56 cm’! §



H,0

Asym. Stretching Sym. Bending
v;=3835cm!  v;=3939 cm’! v, = 1648 cm’!
/]
Ty | : | : |
hydrogen -
- boid Y stretching /{:
AR x‘ “(“\
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Raman intensity (arb. units)
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Characteristic frequencies for the vibrations

Fingerprint CH str. vibration

Inorganic

"\J“/ O-H Organic
[ \.\/v [ [ [ [ [ [

500 1000 1500 2000 2500 3 000 3 500

AN 7 Raman shift (cm™")

Vibrations which characterize different
components




Example

Significant identification of alcohols which differ just in one CH,-group

Methanol - CH,OH vs. Ethanol - CH,CH,OH

(nun Aseayige) Alisusju| uewey

CH
|T| |T| stretching
H-C-C-O-H “ \
20000 F{ F1
CCO
stretching
. ~—*— CHzand CH, \
deformation
OH
stretching
10000 | J\'\/ r - D
/“‘-«-_ AN
CO
7 ITI stretching
H-C-O-H CH,
5000 I deformation
H j‘j
o

T T T
1000 1500 2000

Raman Shift (cm)

T T T
2500 3000 3500



Raman Spectroscopy: General

e Group assignments identify characteristic vibrational energy

OH
NH J ¢ = phenyl
o-HT[ -
o C=C-H
qCHa
e dCHg 7 m S-S
e S-H iNC-S
ﬁczw.
c=C ac=C
: C=0 B monogand1,2¢
| W¥COOH mono ¢, 1,3,¢ andl 1,3,5¢ ‘
N=N-R =N-¢
ll EN=N ? ‘qmono.¢
% lCHg;tﬁ ll1.4¢ [
all ¢ IR-¢ Md1,26and 1,3¢ |
Ho-o
aNO, | aa NO,
Cl-alkanes
Br-alkanes
l-alkanes
i

1000 3600 3200 2800 2400 2000 800

400




Raman Spectroscopy: General

e |R and Raman are both useful for Fingerprinting

10 s
IR 00
z 8 / Y_'_"\ 80
g ) CHa
g ) T
g 4 CHa'\._~ CHs + 40
- Mesitylene
x oL Y - 20
Raman _A
0 | | 1 1 { | | 1 | — | B | i 0
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200 0
-1 100
z =
§ - 60
£
= -140
& |
g 5| ndene a0
Raman M
0 | ] 1 | 1 N L | | | 1 -I 1 0
4000 3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 200 0

oor Aolem™')

e Symmetry dictates which are active in Raman and IR

IR transmission

IR transmission



Raman vs IR Spectroscopy: General

¢ IR and Raman are both useful for Fingerprinting i -
> el
TR T Af,\_/—*'h..ﬁh-hf._.d_—-‘fj-“'“—’_ ‘“'m\“\/\v\ Stre[l}l \I (—]l (\ stretch
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stretch stretch
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Fig. 2.25 — The infrared and Raman spectra of 2,5-Dichloroacetophenonc.

e Symmetry dictates which are active in Raman and IR



Raman Spectroscopy: Classical Treatment

« Number of peaks related to degrees of freedom

DoF = 3N - 6 (bent) or 3N - 5 (linear) for N atoms

* Energy related to harmonic oscillator
o or Ac = = \/k(ml+m2) <—O‘Ulfb.—>

2 m,m, m, m,

* Selection rules related to symmetry

Rule of thumb: symmetric=Raman active, asymmetric=IR active

COz H2O
<—Ow@PoO—> R : 1335 cm’!

e - d&(l.b Raman + IR: 3657 cm™!
—><—
Cu®@uO—> IR 2349 cm’! ¥ N\

A om OGQ% Raman + IR: 3756 cm™!

v V IR: 667 cm™! g N

$ PR d?Q% +1IR: 1594 cm!
©z3 250 %> <




Introduction - Raman vs. IR

It is due to the scattering of light by the
vibrating molecules

The vibration is Raman active if it
causes a change in polarisability

The molecule doesn’t need to have a
permanent dipole moment

(2}
]
C
()
=
()
-+
©
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(2}
©
O
-+
o
—
(@)
o
i
l_

Water can be used as a solvent

Sample preparation is not necessary
Sample can be almost in any state

Exp. statements

It is the result of absorption of light by
vibrating molecules

The vibration is IR active if there is a
change in dipole moment during the
vibration

The vibration concerned should have a
change in dipole moment due to that
vibration

Water cannot be used due to its intense
absorption

Sample preparation is important
Gaseous samples can rarely be used




Energy transfer model

Virtual 'y
energy
A

states -

Eol 1ErR Eo| |Es Eo| |Eas

Vibrational Es = Ep-Evib
energy states

4
3 EAS - Eﬂ " E‘u‘lb
2
_ Y 1
f E’u’ib Y 0
Infrared Rayleigh Stokes  Anti-Stokes
absorption scattering Raman Raman

scattering scattering

Inelastic processes:

* Gases, liquids: Excitation of molecular vibrations, Rotation E;, > E .,
e Crystals: Excitation of /attice vibrations (phonons)

* Stokes spectrum = Energy map of vibrational states E,, = E, - E,
* Raman-spectroscopy is complementary to IR-spectroscopy



Application
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Life sciences Materials sciences Chemical Sciences

Materials science home Chemical sciences home

e Life sciences home

» Cells » Carbon and nanotechnology » Pharmaceuticals
e Tissue * Semiconductors » Polymers

¢ Micro-organisms s Photovoltaics o Chemicals

» Plant biology » Battery technology » Catalysis

Analytical sciences Earth sciences
» Analytical sciences home e Earth sciences home
e Art and heritage » Geology

» Forensics * Gemmology

Contamination



Advantages of Raman spectroscopy

‘See’ spectroscopy — you can measure it if you can see it
® Visible lasers
® Fluorescent label free
® Adapted to common microscopy / optical components
‘Easy’ spectroscopy
® Sharp and well resolved features spectral bands
® Minimal sample preparation
® Ambient and stress conditions
High spatial resolution — lateral and axial (confocal)
® 3D mapping
® Through containers

High chemical specificity and structural selectivity — crystallinity, orientation, hydration,
polymorphism

Good for agueous solutions
Non-destructive methods



Raman Spectroscopy: Information Why Raman?

Band Intensity Band Ratio

* Polarizability | - Relative concentration
of the chemical bond
* Orientation

 Detectability

Polarization
* Orientation

Band Width

 Quality of crystalline
structure, crystallinity.
* Amorphosity

» Defects

* Doping content

Band Position
« Chemical structure  ——~],

Band Position Shift
» Deformation

* Pressure

» Stress

» Temperature




Characteristic frequencies for the vibrations

Polymers - PET

Structural Formula of Polyethylene-Telephthalate (PET)

9 .0
—0-C C—0-CH:—CH:
C=C
-1 =0 5
= C-H
@ C=C
= gm
5
< C-0
& C-H
| ]
1000 2000 3000 4000

Raman shift (cm™)



Example of Raman spectra of polymers

Nylon-6,6
Vo W

Acrylic
N ~

ABS

— s A e -
] A SAN

Polystyrene

Relative Intensity

800 1200 1600 2000 2400 2800 3200
Raman Shift (cm™)



Particle identification with Raman spectroscopy

Active .
sampling

Holder' \
with filter
Pump
Microscopic Acquired Multivariate Particle
imaging Raman spectrum Data Analysis identification

o
l & EO‘:O Oiog I
X_0C ~0C
XS0l H 0
filtered e 0 ¥ Nel

microparticles
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Intensity- concentration

4-Nitrophenol dissolved in CH,CI,
25000 -

20000
15000 -
10000

2000 -+

Integrated Intensity [cps] of band at 1341 em-1

0 0,02 0,04 0,06 0,08 0,1
Concentration [M]

OH

NO,



Example : Zircon

Bandwidth — Crystallinity — Structural order/disorder

Raman spectra of zircon, showing typical amorphous (blue) and
crystalline (red) spectra. (Broadness of peaks)

J\_M__J}L_V JLJL i
' [ ' | ' ' I ' I
500 1000 500 1000
Ramnan Shift (cn ) Raman Shift (e

L — N——

T | T | T [ T [ T [
200 400 600 200 1000 1200
Raman Shift (em' Y




Example
Characteristic frequencies for the vibrations

Diamond Graphite

G band

GRAPHITIC CARBON
D band 1580

\ Polycrystalline Graphite

2710
1357
1337 2D band
Y
3 Z
@
=
: 1576
" =z Highly Criented
= 5 Pyrolytic Graphite L.
’ 2 2719 I,/15 ratio is a
g measure of
S| .
| 1580 disorder
Natural Graphite Crystal
) 2724
A _
500 750 1000 1250 1500 1750

1 1
500 1000 1500 2000 2500 3000
Wavenumber

From: « Characterisation of diamond films by Raman spectroscopy », D.S.Knight,
W.B. White, J.Mater. Res. 4 (1989), 385-393.
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INntensity (a.

|dentification of single atomic layers of graphene

514mm |

Graphite | ;

i, S ‘-._.f| ~ t_:
Graphene

i

) e’ g

1500 2000 250 3000
Ramanshﬂ’t[cm'L;

Intensity (a. u.)

o

Graphene

(b)

graphite

10 layers

5layers

2 layers

1 layer

2600 2700 28

Raman shift (cm"')

A. C. Ferrari, et al., Phys. Rev. Lett. 97, 187401 (20086)

00




Raman probes-peaks

Strain analysis

The peak position of a non-strained silicon crystal is at 520,7cm-1.
If a stress is applied to the structure (due to a defect, a coating, the lattice
mismatch ...),
the position peak shifts towards the low frequencies (tensile stress) or towards
the high frequencies (compressive stress).

_ tension S o~ compression
- < 5 ”
T | l
| non-strain
I T T T T T I T I
510 515 520 525 530

Raman shift (cm™")



Raman probes-peaks

Number of layers

A384.0
>
4085

The difference of 2 peak positions
defines the number of layers of MoS2

Intensity [a.u.]

I T T | i | T ;
380 390 400 410 420
Raman shift (cm™)

Alecm1]

44



Distribution of sample components - Multispectral analysis

L] Multispectral acquisition over 1 direction (X, Y or Z axis)
® Profiles

L] Multispectral acquisition over a plane
® Maps or images

L] Multispectral acquisition over a volume
® 3D maps or images

[ Multispectral acquisition over time or temperature

® Kinetic profiles



Distribution of sample components - Multispectral

analysis

e One direction profile (Z axis)

nts)

Max height (cou

| ' | ' | ' |
0 20 40 60
Z (um)

e Volume (3D) maps

e Plane (2D) maps

Y (pm)

¢ Kinetic profile

100

80

60 -

Convresion (%)

40 -

20 -

0 10

Time (Hours)

20




Distribution of sample components
- Multispectral analysis

= Example of the Silicon with combined maps
® QOverlay of the chemical image with the video image

Intensity (a.u.)

T T T - T | ' |
400 450 500 550
Raman shift (cm™)

M Crystalline Si
B PolyCrystalline Si
B MicroCrystalline Si




Distribution of sample components (Pill)

- Multispectral analysis

® Monitoring the Height/Area of peaks that can be assigned to a single
compound

M Acetaminophen
B Aspirin
l W Caffein

u.)

Intensity (a.

. ‘;“ i Ay | | ‘”F\‘ ‘ A fl
VAV i UL

| i | i | i | i - | —— | i 7 — | 5
200 400 600 800 1000 1200 1400 1600
Raman shift (cm™)



Challenge/lssue: Databases

m Databases can be used in order to directly
identify the chemical compounds —should
take into account the environment

|
800
Raman shift (cm™)

KIA Database search

| D S el D WP Davr e | b Bl TE
|eranvéd Tdm wi L hazlE ikl T

m Databases can be also used to olivine
analyze the vibrations (band —
vibration assignment) : o sicas




Challenge/ issues / Al tools

e Deconvolution

— Choice in the peak shape type (gaussian, lorentzian, asymertric, etc...)
— Possibility to fix / limit some parameters
— A priori knowledge of the composition of the sample is recommended

©
N (4]
- N 8 8
| v
A /
2 / A\
: / :
< % 5
P o)
CTJ N / N\ \L
c ¢ \
Qo
= / ‘
N / \
o) \
N \
(q\]
= [ [ = = [ [ [ [
200 250 300 350 400

Raman shift (cm™)



Instrument & components




Instrument & components - Il

Renishaw

Horiba




Challenge to design a perfect Raman Instrument

1 by 102 photons is a Raman photon, rest of collected
light is scattered Rayleigh light

» 1St challenge is to get rid of this ,stray light'

Raman emission is very weak in numbers of photons

» 2"d challenge is to collect maximum of photons



Schematics of Raman spectrometer

A MicroRaman spectrometer typically consists in:

Laser source .
Detection

Device

Edge
Filter

Diffraction
Grating

Coupling optics and
laser cleaning optics Sampling optics
(microscope objective)

54



e

Confocal Raman Entrance SIit\, N

| Diffraction

Confocal Gratings
Pinhole -

Rayleigh ’ ’ _____________________
Rejection - Spectrograph

Filter
i1
Beam
Splitter /
[

Objective
Lens
Sample
/
e Microscope Stage

https://www.edinst.com/blog/what-is-confocal-raman-microscopy/

]



https://www.edinst.com/blog/what-is-confocal-raman-microscopy/

Role of the laser

B Raman efficiency
® Intensity of the Raman shifted light:

Frequency Amplitude of nuclear Intensity of incident

motion / beam
|
: Sa

I _ Wy 2 A 2
((’US) — 127TSOC3 QOl | E

———> Changein
polarizability

~ 1/A4

The efficiency increases when going to shorter wavelengths

56



Role of the laser

B Raman efficiency
® Intensity of the Raman light:

Spectra (polystyrene) normalized for the acq. time, the laser power, the detector response

8 000

7 000

6 000
— 532 nm
@ 5000-
[}
=
>
8
> 4000+ 638 nm
‘»
c
g
C
= 3000-

785 nm
2 000-
1000~ M\
0-—3 S\ : : ‘ :
500 1000 1500 2000 2500 3000

Raman shift (cm™)



fluorescent : the enemy of Raman

/
A A
L
A
Laser wavelength, A, Raman shift, 1,-1+A
NN\ VANV ANV 2
' Laser wavelength, A, x
NN AN
Laser o
wavelength, A Raman shift, A, +A
NN VANV -
A 4

Laser wavelength: A5 <A, <,



Commercial Hand cream

Laser Excitation
= Reduction of Fluorescence
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Laser source: Penetration depth

Penetration depth in Silicon

244 nm 325 nm \

Wavelength [nm]

N ©O oo o » N O
I I I I I

-

Depth penetration [nm]

» General: The larger the excitation wavelength, the deeper
the penetration.

» The exact values depend on the materials. (absorption
properties)



Graph2

		244 nm

		325 nm

		457 nm

		488 nm

		514 nm

		633 nm



Wavelength [nm]

Depth penetration [nm]
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3000
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Laser source: Penetration depth

488 nm 785 nm

Strained Si
of top layer

Si of SiGe
layer

Intensity [a.u.]

488 nm

\ Si of silicon

substrate

785 nm

T T T T
450 500 550

Raman shift (cm-)

= The higher the excitation wavelength, the deeper the penetration.



Role of the laser (Wavelength dependence)

B Spot Size / spatial resolution

Laser spot size D is defined by the Rayleigh criterion:

excitation wavelength (1)

=

>

Spot size

—_—

—_
The spatial resolution is roughly half of the laser spot size

Resolved Unresolved

Rayleigh criterion enables the
calculation of the dimension of the
smallest object theoretically
resoluble
Ad_ . =1.22A/2NA
= ultimate lateral resolution
62

{(Warking Distance)

D=1,221/NA

DOF
(Depth Of Foous)

\ objective numerical aperture (NA)
With NA=n sina



Spatial resolution: wavelength dependence

Profile along X axis

Profile 532 nm

Profile 785 nm

5 4 2 0 2 4 6 8
X (um)

FWHM 532 nm: 0.39 pm FWHM 785 nm: 0.73 ym
(average) (average)

- Use of patterned silicon: 100 nm wide gold covered stripes spaced
every 5 pm (substrate: Si).
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Filter

ND Filter  100%

HORIBA

B Keep in mind: the usage of high numerical objective lenses causes
a very small spot size of the laser which results in a high power

density

B To avoid sample burning radiation power has to be adapted

INDIVIDUALLY to the sample

Laser wavelength: 473 nm
Laser power at sample: 25.5 mW

Laser wavelength: 633 nm
Laser power at sample: 12.6 mW

Objective N.A. Laser Radiation Objective N.A. Laser Radiation
spot size power spot size power
(um) (kW/cm?) (Mm) (kW/cm?)
100x 0.90 0.64 ~7900 100x% 0.90 0.85 ~2200
50x 0.75 077 ~5400 o0x 0.75 1.03 ~1500
10% 0.25 2.31 ~600 10% 0.25 3.09 ~200

32018 HORIBA, Ltd. All rights reserved.
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HORIBA

Filter o Cr—

1 B Thin film of polystyrene_10 % laserpower
11 000- B Thin film of polystyrene 100 % laserpower

10 000-

9 000-

8 000~

7 000~

6 000~

5 000~

4 000- amorphous carbon
A

Intensity (counts)

¥ (pmj

3 000- ( A

2 000-

e

1 000-

2 000
Raman shift (cn™)

1 000

22018 HORIBA, Ltd. All rights reserved.




Component : pin hole
: Confocality and spatial Resolution

to sp?ctrumeter

/ Confocal pinhole
RO

L1
Laser beam




Component : pin hole
: Confocality and spatial Resolution

Narrow Hole:

Collecting Raman radiation that
originates only from within a
diffraction limited laser focal volume

Wide Hole with a dimension of:
Depth of Depth of laser focus ~ 4 A / (NA)?
aser focus
Sampling (d-o.f)
Volume
Narrow Hole w4 '  Fole T0gm
4 H Hole 300pm
m H Hole 500ym
> = ol soom
Confocal z-scan against silicon & |
with different hole apertures 3
— t=n 1.81um
}“exc =633 nm g L 286
3 422 im
4 < 5.18 um »
0.2 ‘4 562 m »
I T T T T T T T i
A0 5 0 5 10

Depth [Lm]



Role of the confocal hole

B Confocal Hole
® Increase the spatial resolution (X, Y and Z)

Measurement of 1pym polystyrene beads in confocal and
non-confocal mode

Hole 100 pm Hole 500 pm
(confocal) (non confocal)




Role of the spectrograph

B The spectrograph

Slit

! | Collimating

| mirror
Grating

O Focusing

2 mirror

o

0

[

o

q

Focal Length




Grating / groove density

i I|'| 600gr/mm
| | 950gr/mm
' 1800gr/mm

=x10°

Intensity (ent)

[ 1~ [ | T
T00 800 200 1 000 1100 1200 1300 1 400 1 500

CCD Detector

Low density groove grating

CCD Detector

High densi

Same focal length
Same excitation wavelength




Spectro ( cm™) EELE 3 ls'!giﬁlBA

3400

Spectro & Grating rae  |ER
EETER 200 grmm

Horizontal lines indicate a relative Raman Shift of 3800 cm™

o | — 244 - 269 nmM
— | | m— 325 - 371 nm
] 4 | =457 - 553 nm
— — 488 - 599 nm
- = = | =514 - 639 nm (125 nm)
I —— 1 | w532 - 667 nm (135 nm)
- - 633 - 833 nm (200 nm)
I —— 1 | == T785-1119 nm (334 nm)
B 7 | —830 - 1210 nm (380 nm)
1 | = 1064 - 1768 nm (704 nm)

25 nm)
46 nm)
96 nm)
111 nm)

— — — — — —

200 400 600 800 1000 1200 1400 1600 1800
Wavelength [nm]

Different excitation wavelength
Same focal length
Same grating

Dispersion
as a
function of
excitation
wavelength

CCD Detector

Short wavelength Long wavelength

22018 HORIBA, Ltd. All rights reserved.
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spectro( cm™) NS HORIBA

Scientific
Spectro & Grating
(o [T
Length of CCD Chip
I I Y Y
x10° ] - ]
22 473 nm—=633nm =785 nm
20 .
18 .
] Length of CCD Chip Same focg_l length
16 o Same grating |
o 1 A
3 14 |
& .
> 12 i
2 11 | |l
5 10t .
€ . . Length of CCD Chi
£ Relative Raman shift of 3100 cm’ II S[9n o P
8 correspondsto 81 nm ﬂ ﬂ i ]
] \
6 I I ] _I . ]
i < S
4 Retfative Ramanshift of 3100cm : : T
. corresponds to 154 nm Relative Raman shift of 3100 cm-
2 Sl i:cmesponds-te-zéz-nm—-
0] ﬁ#_# A
500 600 700 800 900 1000
Wavelength (nm)
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Scientific

Detector & Quantum Efficiency

Comparison of different detectors concerning
quantum efficiency between 200 — 1100 nm

e 50 2 80

g': 40 oy & Am T —

5 @ =" =~

g 30 N £ 4 —

= 20 - - N w Back illuminated|UV goated \

£ Front illuminated \ 5 20 \\
3 10 O c

E‘ 0 J \-— g 1]

a 200 300 400 500 600 700 800 900 1000 1100

200 300 400 500 600 700 800 900 1000 1100

Wavelenath. nm

Wavelength, nm

® 2 100
5 s = ~. > s S
S 40 _// < g % d ‘\
e T 2
E 30 - A g ® 7 \
g 20 " " \ w 4{} >,
£ Front illuminated open electrode Y £ N\
21 £ 2 : :
s N £ Back jlluminated deep depleted \
" g °
200 300 400 500 600 700 800 900 1000 1100 200 300 400 500 G600 700 800 900 1000 1100
Wavelength, nm Wavelength, nm
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On-going: Enhancing Raman signal

Spontaneous Raman Surface enhanced Raman

(SERS)

Electric Field

WL@k

A . Raman ,
500 1000 1500 2000 2500

Raman shift (cm™)

SERS: Surface Enhanced Raman Scattering

* TERS: Tip-Enhanced Raman Scattering

Gold, Silver, array., Plasmonics and etc.



Microscopy
: Spontaneous Raman, SRS, CARS

A Spontaneous B Stimulated C Coherent anti-Stokes
Raman Raman (SRS) Raman (CARS)
s ey Electronic

——————— - VZ excited state

................ 1 Virtual states
A A .
o—
51 351 5 3
Y - Vibrational state
ol
ET—— Ground state




Imaging — SRS / CARS

PS PMMA overlay

3060 cm
D - T 1
( )EDG: —— Poly-methyl methacrylate
160l — Polystyrene
“ 120]
E u
0 BG: {‘
4':]'— |'-'H| I.III
ID— [\ - e Im-l"-'
1000 1500 2000 2500 3000

wavenumber, cm?

(A), (B) acluster of three beads from a mixture of 5um PMMA and PS beads. (C) Overlay of two SRS images
acquired at resonance with PMMA (2955 cm~1, in red), and with PS (3060 cm~1,in green).



On-going: Raman Tag for imaging

5, 2-yne
- : 2,226
14« S-YT‘IU
1.2 4
f }JI F=%
g 2,06
2
i)
s [
2 os- / |
o
@
N
® 0.6
£
o
= OH \
0.4 - f \
02 =) __./_"\
0 T Tk-T\r’—l\’_,—/¥

2025 2,050 2075 2,100 2,125 2,150 2,175 2,200 2225 2,250
Wavenumber (cm™")

Nature Methods
volume 15, pages 194-200 (2018)



https://www.nature.com/nmeth

Summary & Comment

Raman spectroscopy occurs as a result of a molecular vibration causing a "change in
polarizability" of the molecule.

- cf) IR: dipole moment change

Raman microscope (spectroscopy) could utilize a lot and broadly of characteristic application
including chemical imaging.

To achieve the goal, it is important to understand the physics/optics and the components of
Raman instrument.

It would be good to consider not only experiment but also data (spectra) analysis and
database library.



References & Comments

Sources
- Horiba https://www.horiba.com/int/scientific/technologies/raman-imaging-
and-spectroscopy/raman-spectroscopy/

- University of Washington : Raman tutorial Springer Series in Surface Sciences

Raman Workshop in ETH Zurich (2025) enoporH

https://doctoral-school.ethz.ch/events/raman.html Thomas Dieing
Olaf Hollricher Editors

Confocal Raman
Microscopy

Second Edition

@ Springer
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