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Light properties

Direction of propagation

Electric field direction or polarization

Photon energy or wavelength

Intensity

Propagation speed > Wy
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Light interactions

Transmission
» Reflection
Absorption
cattering
Refraction

Non-linear effects
« SFG
« SHG
« DFG
*  Multi-photon absorption
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Light interactions with matter

Size Temperature
Lattice structure, dopants
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Light interactions with matter

(V|
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Spectroscopy
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Wavelength {nm})
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Light interactions

Transmission
» Reflection
Absorption
cattering
Refraction

Non-linear effects
« SFG
« SHG
« DFG
*  Multi-photon absorption
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Light interactions
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Spectrophotometry (UV-VIS-NIR)
Monoatomic gas (H,) Solid material (CdS)
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Transmittance (%)

Spectrophotometry (UV-VIS-NIR)
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Optical band gap determination of CdS thin films as a
function of growth substrate temperatures

J. Surf. Eng. Mat. and Adv. Tech. 3, 43 (2013)
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Tauc’s relation:

ahv = A(hv — Eg)m

m = 0.5 for direct and 2 for indirect allowed transitions.
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Spectrophotometry (UV-VIS-NIR)
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Spectrophotometry (UV-VIS-NIR)
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Spectrophotometry (UV-VIS-NIR)
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v (cm™)
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Spectrophotometry (UV-VIS-NIR)
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Spectra from Developments in Clay Science, Vol. 8. Ch. 5
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Spectrophotometry (UV-VIS-NIR)
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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.
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Spectrophotometry (UV-VIS-NIR)
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Vibrational spectroscopy

Normal vibrational modes in molecules:

CO, (4 modes)

R —

v, = 1388 cm
/ \ v, =667 cm?
= = vy = 2349 cm?

Number of modes:
3N-6 for non-linear molecules
3N-5 for linear molecules
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Vibrational spectroscopy

Normal vibrational modes in solids:

Sb/GaAs(110)
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Fourier Transform IR spectroscopy (FTIR)

IR active vibrations

The intensity of a vibrational absorption
depends on the change of the transition’s
dipole momentum caused by that
vibration, so a vibration mode v; will be
“IR active” only when the vibration
causes a change in the dipole
momentum of the molecule, i.e. Au#0

I © 2025 University of lllinois Board of Trustees. All rights reserved.
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Fourier Transform IR spectroscopy (FTIR)

IR active vibrations

The intensity of a vibrational absorption
depends on the change of the transition’s
dipole momentum caused by that
vibration, so a vibration mode v; will be
“IR active” only when the vibration
causes a change in the dipole
momentum of the molecule, i.e. Au#0

These vibrations appear as “dark bands”
in the transmitted light spectrum

I © 2025 University of lllinois Board of Trustees. All rights reserved.
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Fourier Transform IR spectroscopy (FTIR)

The Nobel Prize in Physics 1907 .
Albert A. Michelson Instrumentation:
"for his optical precision instruments and the The FTIR uses a Michelson interferometer with a moving

spectroscopic and metrological mirror, in place of a diffraction grating or prism.
investigations carried out with their aid"

" The Nobel Foundation AL = n) => constructive interference
AL = (n+1/2) A => destructive interference

27
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Fourier Transform IR spectroscopy (FTIR)

L& The Nobel Prize in Physics 1907

2 Albert A. Michelson Instrumentation:
"for his optical precision instruments and the The FTIR uses a Michelson interferometer with a moving
spectroscopic and metrological mirror, in place of a diffraction grating or prism.

investigations carried out with their aid"

The Nobel Foundation AL = n\ => constructive interference
AL = (n+1/2) A => destructive interference

Time
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Detector voltage

Fourier Transform IR spectroscopy (FTIR)

I(v) = TS(r)ez“’”dr
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Fourier Transform IR spectroscopy (FTIR)

2 Hz + 3 Hz

1.0 ﬁ
7 x-coordinate of center of mass
J \' \ O O ,\VAVAV’}"WV/:\VAVAVAV[: } ’
Grant Sanderson 1 2 3 4 5
—0.5 + Frequency
—1.0 - i::él

S0
I © 2025 University of lllinois Board of Trustees. All rights reserved.



Transmission (%)

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

d

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

=3

Al;S1,0,4(0OH),

Mg3Si,04(OH),

Images from Wikipedia and eurotalc.com
Spectra from Developments in Clay Science, Vol. 8. Ch. 5
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Spectrophotometry (UV-VIS-NIR) and FTIR

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.

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).

Complementary techniques:

Raman, Electron Energy Loss Spectroscopy (EELS), Extended X-ray Absorption
Fine Structure (EXAFS), XPS, Auger, SIMS, XRD, SFG.

34
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Light scattering
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Light scattering
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Light scattering

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

Sir Kariamanikkam Srinivasa Krishnan

Co-discoverer of Raman scattering, for which his mentor C. V. Raman was awarded the
1930 Nobel Prize in Physics

37
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Raman spectroscopy

What is measured:
The light inelastically scattered by the material.

Scattered intensity
Stokes
Anti-Stokes

Basic principle:

Photon energy The impinging light couples with the lattice
Raman shift vibrations (phonons) of the material,
and a small portion of it is inelastically
scattered. The difference between the
0 energy of the scattered light and the
S MN~ incident beam is the energy absorbed or
D el states released by the phonons.
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Impinging light couples with vibration

modes of the material:

Raman spectroscopy

Graphene Dispersion
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Instrumentation:

Raman spectroscopy

/

E © 2025 University of lllinois Board of Trustees. All rights reserved.
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P

Raman spectroscopy

E = Eq - cos (27 - vg-t)

p=ca-Eqg-cos (27 - vyt)

I © 2025 University of lllinois Board of Trustees. All rights reserved
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Raman spectroscopy

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

p = ag-Eq-cos (27 - vp-t)+

|
+ Sy io Bo-leos (27 - £ (v0 + ) + 01) +

+-cos (2 -t - (Vo — Vi) — Pr)] Q) = (ko) 70

the dipole oscillates with three frequencies simultaneously, corresponding to the three possible scattering modes
(Rayleigh, and anti-Stokes Raman)

42
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Raman spectroscopy

Vi = (3%k)0 70
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IR active vibrations
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Raman spectroscopy

Raman active vibrations

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

AN AN
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FTIR and Raman:

(different selection rules).

Aun £ 0 -

Raman spectroscopy compared to FTIR
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Raman spectroscopy compared to FTIR

SULFUR DIOXIDE
INFRARED SPECTRUM
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Studying the ...

Characteristic Raman
frequencies

Raman peak intensity

Raman peak
frequency shift

Raman peak width

Raman peak
polarization
dependency

13113

... We can estimate ...

Identity and
composition of
materials

Volume of material
probed

Strain, stress, crystal
lattice distortion

Crystallinity of material

Crystal orientation and
symmetry

I © 2025 University of lllinois Board of Trustees. All rights reserved.
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Raman spectroscopy

Molecular and crystalline structure characterization
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Raman spectroscopy

Crystalline structure and defect characterization
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Raman spectroscopy

Composition and distribution of compound polymer components
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Strain/stress a

Intensity (a.u.)

Raman spectroscopy
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Nano Lett. 18, 2098 (2018)
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Primary Strengths:

b Gr/20nm NSs Gr/flat SiO,

Very little sample preparation.

Structural characterization.
Non-destructive technique.
Chemical information.
Complementary to FTIR.

1590.4

1580
w,p (cm™)
2683.4

2662.5

wg (em™)

Raman spectroscopy

300

200+

100

—— Gr/flat SiO, 2D
—— Gr /50 nm NSs
——— Gr/ 20 nm NSs

€]

0 :i

1400 1500 1600 2600 2700
Raman shift (cm™)

Primary Limitations:

Expensive apparatus (for high spectral/spatial resolution
and sensitivity).

Weak signal, compared to fluorescence.

Limited spatial resolution (diffraction limited).

Complementary techniques:
FTIR, EELS, Mass spectroscopy, EXAFS, XPS, AES, SIMS, XRD, SFG.
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Luminescence
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Luminescence

Lifetime: Phosphorescence, fluorescence

Mechanism: Photoluminescence, bioluminescence, chemoluminescence,
thermoluminescence, piezoluminescence, etc.

A

Disney Pixar

Charles Hedgcock ©

Radim Schreiber Profilephotocovers.com
_ 58
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Photoluminescence

What is measured:
The emission spectra of materials due to radiative recombination following photo-excitation.

Basic principle:

— Conduction band \A \

\ /
Valence band

direct band gap indirect band gap

59
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Instrumentation:

Photoluminescence

E © 2025 University of lllinois Board of Trustees. All rights reserved.
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Conduction band

Photoluminescence

Defect luminescence in GaAs

(D™, X)

D

- — FE

———(D°X)

(A°,X)

Valence band

I © 2025 University of lllinois Board of Trustees. All rights reserved.

PL INTENSITY (arb. unit)

PHOTON ENERGY {(eV)

1.52 1.51 1.50 1.49 - 1.48
(D°,X) '
[ (D*X)
4.2K
(AS,X)
P =17 Torr
n =2.3x10"%cmS
H,,=105,000 cm?/V-s
E\ (e’ﬂw (D°,C°)
s e 3 31 3 5 2 3 ) s 2 g 2 loa. 3 & o 0 . o .
820 830 840
WAVELENGTH (nm)
Jap. J. App. Phys. 23, L100 (1984)
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Photoluminescence

Carrier concentration InN

Photoluminescence spectra of InN layers

with different carrier concentrations. w ey
= 24
1 - n = 6x10%8 cm3 (MOCVD); = i
2 - n = 9x108 cm3 (MOMBE); £ e
3-n=1.1x10'° cm3 (MOMBE); 8 e
4 - n = 4.2x10%° cm3 (PAMBE). 2 Q5
s &
w
s &
(m]
§ <
06 0.7 0.8 0.9 1.0 1.1
E (n) Energy (eV)
Phys. Stat. Solidi (b) 230 (2002b), R4
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Alloy composition

Thiswork (CL-77K)

Thiswork (PL-77K)

Ref. 1 In,Ga, N alloys. Luminescence peak positions of
catodoluminescence and photoluminescence spectra

Ref.2 .
VS. concentration X.

Ref.3

The plots of luminescence peak positions can be fitted to the
curve

E4(X)=3.48 - 2.70x - bx(1-X)
with a bowing parameter of b=2.3 eV
Ref.1 - Wetzel., Appl. Phys. Lett. 73, 73 (1998).

Ref.2 - V. Yu. Davydov., Phys. Stat. Sol. (b) 230, R4 (2002).
Ref.3 - O’Donnel., J. Phys .Condens. Matt. 13, 1994 (1998).
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Photoluminescence
Ino_asGac_.esAs N /GaAs 3QWs

0.994° 0.006

Width and quality of semiconductor quantum wells.

%—Q\V‘i QW width: 9nm 3nm
100 nm GaAs cap = 30
2 :
3nm InGaAsN QW % : ;—25 o
E L8
5 a i ~
35 nm GaAs barrier & RaC)
i [ £
15 £
5nm  InGaAsN QW j r
_ 10 p
5 . - - {
35 nm GaAs barrier - -
:—J\/\W; 5
9rm  InGaAsN QW - é é § :
- - —_ . """I""""'I""""'I""""'I""_0
100 nm GaAs buffer 900 00 1100 20
hu (meV)
GHAS (”{)l ) SU B Journal of Crystal Growth 278 (2005) 259263
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Photoluminescence

Number of layers in 2D materials

a) PLspectra for mono- and bilayer MoS,.
Inset: PL QY of thin layers for N = 1-6.

PL Intensity (a.u.)

b) Normalized PL spectra by the intensity of peak A of thin layers of MoS, for N = 1-6. Feature | for N = 4—6 is magnified for clarity.
c) Band-gap energy of thin layers of MoS,, inferred from the energy of the PL feature | for N = 2—6 and from the energy of the PL peak A for N = 1. The dashed line represents the
(indirect) band-gap energy of bulk MoS,.

Photon Energy (eV)

Photon Energy (eV)

7
- (a) . ® (b) 1.0 4 (c)
o]\ 1 X0 '
I B h : Blay 1.8 -
; " L\\ " ] P X10 Slay S 174 == | OWest Energy
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1076 o ke Te—n E 4 * X3 % 1 6
: 3 a4 5 @ = . 4|ay B, D -
Layer Number g 3 - ‘ E b
5 t 3la 5 1.5+
e 1lay < 2= x . )
2lay : cay| © 144 ~——,
1 . | x
’ J\ |E L R Sy
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! ' T ' ' v T v T ' ¥ v ¥ v ! v 1.2 r r 7 1§ 17T 17 T
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Phys. Rev. Lett. 105, 136805 (2010)
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Photoluminescence

Defects in 2D materials

Defect induced PL emission.

a) Schematic diagram of electron beam irradiation on monolayer WSe,sample during the EBL process.
b) PL spectrum of pristine monolayer WSe, and monolayer WSe, after EBL.

The inset shows optical image of WSe, with PMMA patterned by EBL, scale baris 5 um
c) PL spectra of a pristine WSe, under different e beam irradiation density.
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1600
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1200

800 F

400}

PL intensity (a. u.)

1.4 1.5 1.6 1.7 1.8
Energy (eV)

arXiv:1608.02043
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Photoluminescence

Free-exciton and bound-exciton
luminescence in GaN

DBE

5 ABE

3

S

2

e

]

8

&

= e . ! i ! s ! ; |

3.1 3.2 3.3 J. 4 3. 5 J.6

how, eV
Low-temperature photoluminescence spectra of a sample of bulk
GaN crystal at temperatures (from top to bottom) of 6, 10, 15, 20, 30, and 45
K. Excitation light comes from a DRSh- 250 lamp.

Semiconductors 33 (10), October 1999
© 2025 University of lllinois Board of Trustees. All rights reserved.

Excitonic molecule luminescence

in Si

5
=z
-
ot
Z
4
=3
-
<
2
[+ 4

1.04 1.08
PHOTON ENERGY (eV)

Spectrogram of a Si specimen at ~3 K.
The horizontal axis is the energy of the emitted pho-
tons in eV. The vertical response is nearly propor-
tional to the number of photons per unit energy inter-
val, The specimen resistivity at room temperature
was 9%10° Q cm.

Phys. Rev. Lett. 17, 860 (1966) 67
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Photoluminescence

Pitfalls, artifacts, corrections ...
19 Order 1" Order 2™ Order
Rayleigh Fluorescence Rayleigh

Signal

m=+2 300
nm
AN
600

2™ Order
Fluorescence
3 Order
Rayleigh
300 400 500 600 700 800 900
Wavelength (nm)
EDINBURGH

www.edinst.com/blog

m =

100
nm

N

400 200
nm nm

0

grating
normal
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Photoluminescence

Pitfalls, artifacts, corrections ...

w
o

Non-ideal components

(b) introduce spectral distortions

B
Correction Factor
o
(8]

[y
(=]
L

200 300 400 500 600 700 800 900 1000
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PMT Quantum Effieicny (%)

300 400 500 600 700 800 900 1000
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a
Corrected DCM Spectrum
~ c
< O
& wn
& 501 e
o L
© ge]
G} (D]
N
©
0356 406 500 606 700 806 900 1000 E
Wavelength (nm) o
=
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Photoluminescence

Strengths: | .
e Very little to none sample preparation. \ ‘_ ! /
e Non destructive technique. |
e Very informative spectrum;

o’
N~ p

Limitations:

o Often requires low temperature.
e Data analysis may be complex
e Many materials luminescence wea

o
7 ot

Complementary techniques:
Ellipsometry, Modulation spectroscopies,
Spectrophotometry, Raman.

I © 2025 University of lllinois Board of Trustees. All rights reserved.

70



Light properties

Direction of propagation

Electric field direction or polarization
Photon energy or wavelength
Intensity

5

71
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Polarization

I
S

I © 2025 University of lllinois Board of Trustees. All rights reserved.
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Polarization

ol

Zes

v

4

A = /4
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Polarization

N

i

I © 2025 University of lllinois Board of Trustees. All rights reservi

)
%y

ed.
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Polarization

A = /2 \/

I © 2025 University of lllinois Board of Trustees. All rights reserved.
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Polarization

Incident ray
(unpolarised)

Reflected ray
(polarised)

Refracted ray
(slightly polarised)

76
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Ellipsometry

Basic principle:

The reflected light emerges from the surface elliptically polarized, i.e. its p and s polarization
components are generally different in phase and amplitude.

I © 2025 University of lllinois Board of Trustees. All rights reserved.
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Ellipsometry

What is measured:
The changes in the polarization state of light upon reflection from a mirror like surface.

Analyzer

Light source

Detector

79
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Ellipsometry

What is measured:

The changes in the polarization state of light upon reflection from a mirror like surface.

goniometers

detectors Light source

Wi

!
analyzer — Wi}

m43

M4

mz3

Mueller Matrix Elements

0 500 1000 1500 2000 2500

Wavelength (nm)

0 500 1000 1500 2000 2500 O 500 1000 1500 2000 2500

0

500 1000 1500 2000 2500

% J.A. Woollam Co., Inc.
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Ellipsometry

Applications
Sio, 187+ 02 A SiO, 4923.1+ 0.2 A
Si Si
35 ; 180 180
20 o u oo l60
e m 70° {140 160
25 A o m 80° -
{120
—~ 140
& 20+ 4100 & > .
> < s L
15 1380 120
" 60
"0 100
> 120 -
0 : : : Honsteenet o o+
400 600 800 600 800 1000 1200
A(nm) A(nm)
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Ellipsometry

Applications

280

1240

200

160

120

180 5

40 [NH40OH] (M) Thickness (nm) E:]ont:)ghness ZnS (%) Band-gap (eV)

0

40 0.19 42.12 23.77 99.7 3.49

I\, 80 0.38 73.79 7.15 45.5 2.52

0} T . T T T T T T 0.56 50.89 5.94 32.3 2.45
i B iRl R 0.75 18.59 4.54 5.2 2.43

Wavelength (nm)

Ellipsometric (1) and A(A) spectra of Cd,_,Zn,S thin films deposited under
the different concentration of ammonia: 0.19, 0.38, 0.56, and 0.75 M

Jpn. J. Appl. Phys. 49 (2010) 081202
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Ellipsometry

8 L.
oy A Applications
f
1 = 019M £ 7 i
64 * 0.38M 4 ; # g
. 0.56M s ’
5- s+ ? I
» 0.75M } i é L
4- Ay '
: F.r'I= f 24 B
' 4 - wyy
v £t : n:Mw
Ard ’ ¥ e ;
2- h? .f 9.5 }.- Bt iegir s e e e e e R
47 !, 2 ITTTTTTE L
1 o
v A {r;j ‘-" -ij 2.0
OMJJ-‘———-“N' L 3
18 21 24 27 30 33 36 £ 04-
E(eV)
» Composition 024 - 0.56M
» Surface roughness v 075M y
. . v
> Film thickness 0.0__,____.*#:’. : .
» Band gap energy 1.2 16 20 24 28 32 36 40
» Optical constants (dielectric E (eV)
function)

Jpn. J. Appl. Phys. 49 (2010) 081202

83
I © 2025 University of lllinois Board of Trustees. All rights reserved.



Ellipsometry

Limitations:
— Flat and parallel surface and interfaces with
Strengths: i 2?§§|?;3:|e ref!ectlwty. | |
physical model of the sample is required

— Fast. to obtain most useful information.
— Measures a ratio of two intensity values and a phase.

» Highly accurate (even in low light levels).

* No reference sample necessary.

* Not susceptible to scatter, lamp or purge fluctuations.

* Increased sensitivity, especially to ultrathin films (<10nm).

— Can be used in-situ.

Complementary techniques:

PL, Modulation spectroscopies, X-Ray Photoelectron Spectroscopy, Secondary lon
Mass Spectroscopy, XRD, Hall effect.

84
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VVon Leeuwenhoek
microscope
ca. late 1600's

Optical microscopy

Hand-held microscope ca. early 1700's
Hooke microscope

ca. 1670

British microscope
ca. 1850

Zeiss microscope . e .
ca. 1930 Modern scientific microscope

I © 2025 University of lllinois Board of Trustees. All rights reserved.
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Image

Optical microscopy

“Conventional” Optical Microscopy

Eyepiece

Tube lens

I © 2025 University of lllinois Board of Trustees. All rights reserved.

Objective

~ Perceived image
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Optical microscopy

Collector

lens
Condenser
Annulus

Specimen =

Phase
plate

! Diffracted
light (red)
Surround

Light (yellow)

Image
plane

Retina

Simple
Magnifying
ens
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Optical microscopy

Dark field
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But how small a thing can we see?

Resolution

o‘f_
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But how small a thing can we see?

- N
Y -

Resolution

90



Diameter of
Airy Disc

Lateral resolution

intensity

A

The Alry pattern

1.22)/d
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y
angular offset
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Lateral resolution

NA = (n)sin(p)
(a) p=7° NA=0.12
(b) u = 20°NA = 0.34
(c) 4 = 60°NA =0.87

I © 2025 University of lllinois Board of Trustees. All rights reserved. _
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Lateral resolution

O

@ &L

Numerical aperture
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Resolution

7. 0.614

Airy Discs

Intensity Distributions

NA

L ateral resolution

. } ) Rayteigh limit Abbe limit
Rayleigh criterion g= 081 g= 251

Abbé criterion

I © 2025 University of lllinois Board of Trustees. All rights reserved.

d=

Sparrow limat
0,474
NA,

94



Depth resolution

Axial Intensity Distribution

Paraxial
Focus

2x

I © 2025 University of lllinois Board of Trustees. All rights reserved.
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Confocal microscopy

* Increased contrast => 200:1.

» Slightly increased in plane resolution (1.5 x)

« Significantly increased resolution along the optical axis.
« Scanning image formation.

96
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Confocal microscopy

* Increased contrast => 200:1.

» Slightly increased in plane resolution (1.5 x)

« Significantly increased resolution along the optical axis.
« Scanning image formation.
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Confocal microscopy

The relation of the first ring maximum amplitude to the amplitude in the center is 2% in case of
conventional point spreading function (PSF) in a focal plane, while in case of a confocal microscope

this relation is 0.04%.
The Point Spread Function

| 2 NA =0.3 ]
s Figure 1 ; _

] 2 0.6 - NA=1.3 ]

’ . é - -==FWHM

- ﬂ " Dim g 0.4 4 =

i Obj eCt g 0.2+ Zero Intensity

nRIvAN

A N

=0.61 =1.22—
D

r
resel .
nsin @
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Confocal microscopy combined with spectroscopy

Widefield Confocal
microscope microscope
PSF PSF

Confocal microscopy reconstruction of a 3D capillary bed

E\N o
2 ¢ 3 e

I

PLOS ONE 7(12): €50582 (2012)
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Confocal microscopy combined with spectroscopy

Chemical composition
Component identification
Components distribution

3 Tim . 20 p
\_j\’/\ Carbonaceous matter
ﬁ;_ Olivine
Pyroxene Carbon
Olivine

Pyroxene

Fluorescence Fluorescence
Organics

¥ I ¥ 1 L 1 Y I v 1 v 1 ¥ I
500 1000 1500 2000 2500 3000 3500
Raman Shift (cm™)

Intensity (a.u.)

Earth and Space Science 5 (8), 380 (2018) DOI: (10.1029/2018EA000369)
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Confocal microscopy for measuring topography

Confocal microscopy z-stack

101
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Confocal microscopy for measuring topography

102
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Confocal microscopy

Mm

Scratch on glass

941
pm 4
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Raman spectroscopy

Primary Limitations:

e EXxpensive apparatus (for high spectral/spatial resolution and sensitivity).
e Weak signal, compared to fluorescence.

e Limited spatial resolution (diffraction limited).

River stone
7 Ay =785 nm

Carbon

Olivine
Pyroxene
Fluorescence
Organics

Y

Raman Intensity

I’ River stone
Ay =532 nm

Raman Intensit

T T T T T T T y L Ll T T 7 1 v 1 B 1
2 %500 ™ 1080 ™ 1500 2000 2500
Raman shift (cm™)

Raman shift (cm™ ) 104
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The More Time Approach

2908°

105
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The More Power Approach
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Surface Plasmons

Diclectric

A A

“‘
™ T

Mctal www.juluribk.com

Plasmons can be driven by photons at resonance to build large standing wave electric fields.
That leads to a strong enhancement of Raman scattering, proportional to the squared E field strength.
I = Kv*p§sin© 0

107
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Surface Enhanced Raman Spectroscopy (SERS)

Typically achieved with corrugated
gold/silver surface or gold/silver
nanoparticles with molecules of
interest attached.

Capable of boosting Raman signal
up to 14 Orders of Magnitude or
more! science 275, 1102 (1997)

s T

 Chem. Rev. 117, 5002, (2017

Metal sphere @) Electricfield 1Y pojecule N Holes €  Electrons

108
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Surface Enhanced Raman Spectroscopy (SERS)

3500 cps
4-MBA n
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< 11184@107Sem’ 7539@158%m”
o I
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500 1000 1500 2000

Raman Shift (cm'l)

Anal. Methods, 6, 9547 (2014)
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Confocal Raman Microscopy

That’s cool, but what about ...
e Limited spatial resolution (diffraction limited).

Phys. Rev. Lett.103, 186101 (2009)

110
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(@) Raman S|gnal TERS enhancerhent

Tip Enhanced Raman Spectroscopy (TERS)

H
Gy EF=5,500 , M

T|p out

1000

(b)
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I
1000

Chem. Soc. Rev. 46, 4077 (2017)

1 I
1500 2000 2500
Raman shift (cm™)

What is really cool is that this also works

with a single metalized sharp tip, such as
an STM or AFM tip!

Not only do you get the electric field enhancement,
but now the source of the Raman signal is
extremely localized.

I © 2025 University of lllinois Board of Trustees. All rights reserved.
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Tip Enhanced Raman Spectroscopy (TERS)

Confocal Raman Image Tip Enhanced Raman Image

Carbon Nanotubes
Phys. Rev. Lett.103, 186101 (2009) ;-

I © 2025 University of lllinois Board of Trustees. All rights reserved.



Near-field scanning optical nanospectroscopy

Nano-FTIR

a b
20 nm
0nm
c
o | 14°
r
1,720cm™ | o¢
d

Norm. absorption

1,400 1,500 1,600 1,700 1,800 1,400 1,500 1,600 1,700 1,800
Frequency o (cm™) Frequency « (cm™')

Nature Communications 4, 2890

Insulin

ATR-FTIR absorption
uondiosqe Y| 4-oueN

;/

1,600 1,650 1,700 1,600 1,650 1,700
Frequency o (cm™) Frequency o (cm™)

14°
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Sio,

Nature 000, 1-4 (2012) doi:10.1038/nature11253

Graphene

+1 I -1 +2.5 [ -2.5

Science 344, 1369
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