EAAHNIKH AHMOKPATIA

Edvikov kat Kanodictplakov
Movemoetnuov Adnvov

ANnNAenidpaon H/M akTivoBoAiag pe Tnv UAN

PwronAektpdvia e (XPS, UPS)

PBopITOG-PwaPopIaHOS V<V,

Atroppdonon (... UV-Vis, IR ...)

H/M akTivoBoAia v,(l
b ol 2uvToviopdg (ESR, NMR - pikpokupara)

1<,

Ehaoriki okédaon v=v, (Rayleigh)
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(akriveg =X, VETPOVIA, NAEKTPOVIQ)

Mn EAaaTiki okédaan v=v,tv' (Raman, verpovia)

Infrared Region
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l Gamma I X-Rays |U|traviolet Radar |FM| v

1x 10- R0 1x10°% I 1x1072 o 1x10
Abbreviation Wavelength
Visible Region
Near-Infrared NIR 0.75-1.5 pm
. Mid-Infrared MIR 1.5-15 um
«— uv Infrared —
Far-Infrared FIR 15-1000 pm
400 nm 500 nm 600 nm 700 nm
Shorter Wavelengths Longer Wavelengths
( Higher Energy Lower Energy )
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Transition probability: Fermi’s golden rule |
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Absorption Emission Scattering Sample
Detector Detector cell
Laser \
Beam
combiner >
Sample \ \I I Scattered \‘ _
radiation
Source Detector
Source [ ]
Grati — _ Monochromator
rating - S | - or interferometer
Reference ampie

Material “quantity” (light path length, scattering volume)

Scattering volume)
Beer-Lambert Law
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Lineshape functions
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width:w=2 width:w=1.5
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yc=y0+2A/(W*pi) y=y0 ye=y0+A/(w*sqrt(pi/2))
w=w1/sqrt(In(4))
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Spectral resolution Multi-peak fitting
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Electron Paramagnetic (Spin) Resonance
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Electron Paramagnetic (Spin) Resonance

) variable variable ) crystal
isolator  attenuator attenuator isolator detector

— KLYSTRON W|—| >|_®_
INPUT
REF
s S
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__ magnet l
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~  STABILIZER “— supPLY
FREQUENCY Ces /\/‘
COUNTER
CONTROL
T
» GAUSSMETER

Field modulation (100 kHz): absorption derivative dP/dH - Increase of S/N
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Electron Paramagnetic (Spin) Resonance

A 1 mS
2 +3gﬂBH

Absorption derivative

increasing
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Polycrystalline (powder) EPR spectra
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Inelastic Raman Rayleigh scattering

i j 103 1
Scattering Laser line

I

Raman

CCl, (A=785 nm)

2
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Rayleigh

i
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1000 800 600 400 200 0 -200 -400 -600 -800 -1000
Wavenumber (cm-?)
11740 11940 12140 12340 12540 12740 12940 13140 13340 13540 13740
Absolute wavenumber (cm™)
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Wavelength (nm)
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Exmounn H/M toAavioduevov oumdAov
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2kEdaon Raman vs Atroppognon YtrepuBpou (IR)
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Atroppognon YtrepuBpou (IR)
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>kedaon Raman: KBavTikn epunveia

H/M axtwvoBoAia = po D via svépysiag E; = ha;, opuns p; = hlzi, omov w; =CK; katk; =271,
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>kedaon Raman: KBavTikn epunveia

Rayleigh

Ewovikn katdotoon
(virtual state)

A
|
L
ho; = hog

Elaotikn oké€daon

Aiatripnon Evepyeiac

Stokes
o
AN i’\/VW
P
—
'

1
1
|

ho;, = hog + hoy

“Exmoumn”

onuovpyia

QP®VOVIOU
opps q

Anti-Stokes
T
I [
L
AVAVAVA AVAVAVAS

g !
L

:

. 4

ha)i = ha)S — ha)o

“Amoppoenon”
KOTOUOTPOP)
QP®VOVIOU

opuNs q



>kedaon Raman: KBavTikn epunveia

AilaTripnon opuNng Stokes

0|
o

Anti-Stokes i

- - - IZ ~ - - ks
k: = incident wavevector ks = scattered wavevector G, = phonon wavevector
Incident Laser in the visible range A,=514 nm
7 =Y =1 _1/500 nm = 20000 cm* = 2
c A4 27C
W, = W
7o =20 _50_3000 cm*
2ne w(k) optical
k :2—7Z—ﬂz&:kS k. =K acoustic
' A4 Cc ¢
q=2k;sin(¢/2) = 0<q <2k,
472' 5 1 27[ - - 8 -1 :
O = 2K; = - 2.5x10° cm™ << Q,,, = ?(1st Brillouin Zone) ~10° cm -n/a k— T/a

Backscattering (¢=180°) kg=-k;

Neutrons A~1 A ?



Absorption, Raman Scattering, and Resonant Raman Scattering

A
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Absorption, Raman Scattering, and Fluorescence
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Near IR Visible
785 nm 514 nm
Py
‘w
c
Q
<
Stokes Anti-Stokes
Stokes Anti-Stokes
Aol | | +A® —Ao| | |tA®
/\ | j | I/\ | | | /I\ jl | /\I
11,000 13,000 15,000 17,000 19,000 21,000

Absolute Wavenumber (cm-1)



Raman Scattering vs Fluorescence

4 o
Raman Fluorescence 3. Bxctation
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1t Electronic )
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Laurence J. Hardwicket al.

, Phys.Chem.Chem.Phys., 2019,21, 23833
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2kedaon Raman: Kavoveg €1TIAOYNC - 2UPUETPIA
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2kedaon Raman: Kavoveg eTTIAOYNG - 2UMUETPIA

Awrtopuko popro m.y. H,

<0, 0y a>a

o0aloQ=0 evepyr Raman ou/oQ=0 avevepyn IR

w:c k(m1+m2):c k
2 m,m, 2 \| 1

Erepomopnvicd swtopea popa (. HE, HCT): 0a/0Q+-0 (Raman) kal ou/oQ # 0 (IR)




2kedaon Raman: Kavoveg €1TIAOYNC - 2UPUETPIA
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2kEdaon Raman: Kavoveg €TTIAOYNC - 2UMUETPIA

Mn I'poppikod tpratopko popro n.y. H,O

Kapyn Raman+IR

ZOUUETPIKY
€KTOOM

0 Raman+IR
éa
[ =0

AvrticoppeTpiki C/]\D /Q\Q C/D\D
( oa J -0 Raman+IR
90; Joug
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2kedaon Raman: Kavoveg €1TIAOYNC - 2UPUETPIA

, Enineoo Hvpopioa
Mopta AB3 e.g. NO; e.g. ClOy
*
Symmetric Stretching Raman E/P‘ Raman+IR
K
.
Symmetric Bending IR ‘/i\/ Raman+IR
ol
Asymmetric Stretching ~ Raman+IR /[\; Raman+IR
i
Asymmetric Bending Raman+IR /[\ “/]\ Raman+IR
ik

¥
-



2k€daon Raman: Kavoveg emIAOYNG - ZUMMETpPIA

* Ap1OuOC KavoVIK®OV TPOTTMV TOAAVTOONS

3N — 6 (yevika) 3y 3N - 5 (ypoupixa uopia)

¢ 2VYVOTNTO OPUOVIKOD TOAXVTMTY

y W=
<« O @—> 27

m My

c \/ k(m,+m,)

mm
* Kavoveg emAoyng

ApyM aporfaiov amokAEGpov (I KEVTPO GCUUNETPLOC)
ZoppeTpiki) = evepyog Raman - Avticvopperpikn) = evepyog IR

Co, H,0
<—O@PuO)—> R : 1335 cm™!
aman em Cf&(%o Raman + IR: 3657 cm™
—><—
OC=@uQ—>  [R:2349 cm! ¥ N
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1 V IR: 667 cm™! g "
: cm-
décl% Raman + IR: 1594 cm™!
©z3 250 % <




IR vs Raman
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diatomic chain o b
Acoustic phonon: u,, u,, in-phase chain in 3D

Optical phonon: u,, u,, out-of-phase

wac

phonon dispersion: o, (q) # @,(q), forg~0, ,,> @,

3D crystal with N atoms per cell :

3 acoustic and| 3N — 3 optical phonons| indiced dipole moment 0 qa T
= interact with light

1 Longitudinal: wave polarization (u) || wave propagation (q)
2 Transverse: wave polarization (u) L wave propagation (q)

LA -c——o—o o oco0000—0— 0 LO ©oo0—oo0 —o—oco—0—o0—00-
— PR
TTDﬂoﬂo TD ° o ©

TA -o o o TO © © Y
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Isolated TO, group ——  Crystal: Pb;(PO,),, R3m

T

A
- Ph,
&

Raman-active

Raman-active IR-active

Pb, Pb,
||: P ||:' GP

K%\D‘ — Pby o’ . : Poraed :

IR-active

Raman-active IR-active
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2kEdaon Raman: NoAwaon

Raman intensity Directionsl of the /N Directinnsf of the
propagation of polarisation of
I ( o )2 incident (i) and ki (EiES )ks incident (i) and
af scattered (s) light - d scattered (s) light
Geometry Sample Laser Polarisation
v XYYVX X(Y2)X X(Z2)X
Backscattering — kS ~ Ei l ] ES Ei | /]EDS Ei //ES
(180°) . <
7 X E— k; (¢z,0,0) Ctyy Ay 7 Ayz
Q) n: X=LOand Y,Z=TO
Y - I Y(XZ2)X Y(XY)X Y(Z2)X
Right angle —2— El_/ Es Ei_ | Es Ei //ES
Z o, Ay gy Axy Ay,
X ‘?ki\ (42144, 0) .

¥

: X,Y=LO+TO and Z=TO
ki :ks‘l'q,Eisalways ltgk ag 1 , + an
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180° backscattering geometry SKEOA on Raman: MNMoAwo N

2

| ~ é(‘-Rijoég u,v=XxY,Z

k.= propagating vector of the incident laser beam
k= propagating vector of the scattered laser beam
e, = incident unit polarization vector

e, = scattered unit polarization vector

Porto’s notation: A(BC)D
A, D - directions of the propagation of incident (k;) and scattered (k) light,

IRaman oC Ufaﬁz B, C — directions of the polarization incident (E,) and scattered (E.) light
XX X(ZD)x X(T2)X
(qX70?0) E] ES El ES El Eg
4— .
back-scattering ’ k | | /4 I/
X

geometry 7

] oL Clzz Olyz
kl Y n ’ n=x = LO
n (I’ZZ ayzn —

(k, =k t+q, E is always L to k) n=y,z= TO
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%‘ Demokritos

, National Centre for Scientific Research

Institute of Physical Chemistry

k_| )
ki [ s

~

...}’:;I
N

Intensity (arb. units)

Intensity (arb. units)

Polarized micro-Raman scattering
Crystallite’s orientation

Phosphate TiO, NT (1 um)

— [[(XX)
— 1 (XY)

Ethylene Glycol TiO, NT

— || (XX)
‘ 1 (XY)

200 400 600 800

RBA TiO, NT (~30 um)

200 400 600 800

NP TiO, film (12 um)

200 400 600 800
-1
Wavenumber (cm )

200 400 600 800
-1
Wavenumber (cm )

Advanced school on hybrid nanostructures for photovoltaic applications, 9-11th March (Valencia-Spain)



%) Demokritos Crystallographic orientation of anatase crystallites in

; National Centre for Scientific Research

Institute of Physical Chemistry TiOZ na nOtUbeS
1.0
_ _ _ i Ethylene Glycol
Depolarization ratio _ o8l T
[ :_| 0 7 fzzz Eg’ B“]g(‘]) s s
p = [_J_ lcl:]. l Zr 7777 A1 =+ B1 ) 77 77 Il/i/ Z
[ o o6f ¢ ¥ .
© i EG10  EG20 EGm |
; 0.5 L J .
Random orientation % 04l . i
E p=3/4 N - Pk —e—E
g ra 03 | A a(1) _
B p=3/4 = ! P1.0 —o—B
19 o) 19(1)
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0 541 Phosphate —v—E ’ i
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0.0

Sample Preparation

> Phosphate short (0.5 um, 1.0 um ) tubes = Partial crystallographic orientation
(occasional highly polarized spectra)
> Ethylene glycol + RBA tubes = Random orientation similar to nanoparticulate films

Advanced school on hybrid nanostructures for photovoltaic applications, 9-11th March (Valencia-Spain)
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Dispersive Raman spectrometer
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Focal length 800
Focal length 300

CCD Detector

Intensity (a.u.)

Same grating
Same excitation wavelength

T 1
1 000 1100 1200 1300

CCD Detector

HORIBA

Sciantific
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Horizontal lines indicate a relative Raman Shift of 3800 cm”

- q | —244 - 269 NM (25 NmM)

r - 1 | =325 - 371 nm (46 nm)

- e ~ | =457 - 553 nm (96 nm)

- — 1 | =488 - 599 nm (111 nm)

- . 514 - 639 nm (125 nm)

r —— 1 | =532 - 667 nm (135 nm)

u 1 633 - 833 nm (200 nm)

- 1 | =785 - 1119 nm (334 nm)
u q | =830 - 1210 nm (380 nm)
r 1 | ===1064 - 1768 nm (704 nm)

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

CCD Detector
CCD Detector

Short excitation o
wavelength Same focal length Long excitation

Same grating wavelength
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Length of CCD Chip

e e e e
x103 ]
- 473 nm — 633 nm - 785 nm
20
18—
. I Length of CCD Chip Same focal length
= i
@ 14—
2
2 i
“5 12
£ 1
g 10- > Length of CCD Chi
= Relative Raman shift of 3100 cm™ engto_'p
8+ corresponds to 81 nm
6_
’ < >
4+ Relative Raman shift of 3100 cm™
2__ corresponds to 154 nm lative Raman shift of 3100 cm*’
1 corresponds to 252 nm
0_
T ' | ' I '
500 600 700 800 900 1000

Wavelength (nm)
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Dispersive Raman spectrometer

Triple spectrometer
d Laser

— d Rayleigh Rejection filter

detector O Diffraction grating

Lateral entrance

Spectrometer =9 d Detector (CCD)
Stage 3 G3 \ I Axial exit
FANY I

- 1 s|23

bﬂ Additive mode
Pre-monochromator S, , m
Stage 1

Lateral entrance

Horiba Jobin=¥aion 164000

Mucroscope



830nm g——

) 785 nm o——
Laser choice 633 nm o—

1 Laser laser 532 nm o—

excitation 514 nm @

) ) ) ) wavelengths 488 nm o—
L Rayleigh Rejection filter 442 nm o—
325 nm o—
. . . 244 nm g—
4 Diffraction grating = — —
wavenumber / cm-1 40K 30k 20k 10k
D DeteCtor (CCD) energy / eV é 4'1 ('3 é "I
frequency / THz 1200 1000 800 600 400 200

Higher energy = Higher Raman intensity: lz,man~ (Oscattereq)* =--- Fluorescencel!!

visible excitation
Fluorescence
dominates 7/
Fluorescence
dominates
Raman
. o dominates
near-infrared excitation
514 nm 633 nm 785 nm
{Ar+) {(HeNe) (dicde)
T T T T T T T T T
500 1000 1500 2000 2500 18000 16000 14000 12000

Raman shift {cm™
( ) absolute wavenumber / cm-1
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excited fluorescence
electronic 4 o Rhodamine 6G:
state
=
-
To) / >
3 7
= C
2 §3
e
Sy
(i) =
-
o - Raman
o \ | scattering

0 500 1000 1500 2000 2500

Raman shift, cm-1

Willlamson, Bowling, McCreery, | Applied Spectros. 1989, 43, 372
Allred, McCreery, Applied Spectroscopy 1990, 44 1229,
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1 Laser

L Rayleigh Rejection filter

O Diffraction grating
O Detector (CCD, PMT)

Scanning/PMT
20 minutes
SNR ~ 28

1985

CCD multichannel 2000
5 seconds
SNR ~ 280

T T T 1
1100 1300 1500 1700

Raman shift, cm’
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Sample chamber

@ | | :

Fixed mirror
Detector

Interferometer
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Michelson Iinterferometer

M1

AX +—

M2

x=0 Beamsplitter

Detector

bl

6=0

;1"\\ ’,‘u\ B
. .
N . \ ' Resultant =0
/ N s .
‘\},' e
8= M2

2Ax=n\ (@=0,1,2,3,... )

ZAx:n%, vur=0,1,2, 3, ..
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Michelson interferometer

Fixed Mirror Beamn Splitter 1. A B n2A )
s B o
s
Moving Mirror 2 ) >
2Ax=n\ (n=0,1.2.3,... )
Moving Length Light Path Difference

2Ax = H%, viaA=0,1,2,3, ...
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Interferograms

A
\ A | \AARNANAAA 2 —
Monochromatic : ALAAAAANALANA f‘gw ¢ S()
e VUV :
-‘Mv\f.'\}v‘\« U | ]M
Optical Retardation Frequency
Spectrum of a Dichromatic Light Source Interferograms, 1(z ¥)
i7  Dichromatic
: iz iz
0 I(z,v)
| | | | | | | 1 1 I(Z:VZ) 1 L I}

Spectrum Aﬂer‘Absorbing Sample

Unmodified Interferogram (red in Fig 2)
Interferogram VWith Absorbing Sample

Intensity

Movable Mirror Delay
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Interferograms

Apodization
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FT-IR spectrum
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FT-IR spectrum
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FT-IR spectrometer
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® Detectors
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® Beamsplitters

He Me LASER
A= (LA e WAVELENGTH
250nm | l = i 10 pm | 100 pm 1000 p=
— I i I : t I
— I
i T401 1 e |
: CaF2 VISNIR - N
| _ | e
| ."Irf \‘ i -"?NT I
i / "'., Vi ' |
| | Vi i Mulflayer T222
| [ J |
} I fih -
T&02 | iy o | | )
CaFZ LVIVISNIR / IT [ *.H "~_j ! \/ \
n [ L \ [ \ .-"ll ¥
i I VoY I
T . R In
E foo N o I
= | I 1 II V1 J N 1 ||
W / | ! FAn \ :l ||
0 ' - IR [l
E |" : I:, | ||. ! / I". ': | I
h |II : ||I |I Y I'- |
B B S P
i Iy | I | 1
| i [ | [ i \ |I: I| \
AR I
| 1 ) i !
I|I : | : ,'I f \\ II"-\ { : | I|
II i |I i { I|I '." I|I 1 | I|I
|I : II : |I | '-,' | : | ||
! R i '\_‘ [ i
: ,'I : IlI .."I \\\ . : I|I II'. L
| ] : i S \ \\\"J |
" 25000 13000 |
40000 110000 4000 1000 400 100 40 10
-— LY Vis NIR MIR FIR —
WAVENUMBER [cmi]



EAAHNIKH AHMOKPATIA

Edvikov kat Kanodictplakov
Movemoetnuov Adnvov

FT-IR reflection techniques

NaCl MaCl
window  co0ling and heating‘ window
IR Beam 0000000000000000000000 IR Beam Sampie
Gas Cell (powder)

e Sample L
_wl

(powder)
? Gasin Themmuﬂe‘ Gas out

IR Beam

—y

o Diffuse-Reflectance
Transmission (TIR) (DRIFTS)

[1ii00 SamplelFTTTETT] p polarization |

| IR Beam'

IR Beam

Attenuated Total Reflection Reflection-Absorption
(ATR) (RAIRS)
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Attenuated Total Reflection (ATR

Acgiyua
v\\\
Kpuotaloc ATR N
Acgiyua
N2
AgikTng didBAaong
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n, o ;
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Attenuated Total Reflection (ATR

Acgiyua

Evanescent Wave
dy — _ 2)‘ — ) Bulk Sample
2rmp(sin” 0 —n_ ) ATR Crystal
Material Refr. Index | Depth of Penetration (p)
ZnSe 2.4 1.66
AMTIR 2.5 1.46
Ge 4.0 0.65
Si 3.4 0.84
KR5-5 2.37 1.73
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Attenuated Total Reflection (ATR

Material Refractive Index at 1000 cm™ | Spectral Range (cm™) Safe pH
Zinc Selenide 2.4 20000-630 5-9

AMTIR (As/Se/Ge) 2.5 11000-630 1-9

Germanium 4.0 5500-780 1-14

Silicon 3.4 8300-1500 1-12

KRS-5 2.37 17900-400 5-8

| . W \|Z</

[ = ]
st
e T i

| 7
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Spectrometer

1. Laser

2. Sample

3.Collection Optics

4, Interferomete

Interferogram

5. Detector

v

Interferometer Fixed

mirror

Beamsplitter Laser

=

Moving
mirror

Detector

284
£ 20]
—> i,
A !
h 2] AV S _)llutlu._.’L N A
3500 3000 2500 2000 1500 1000 500
E Raman Shift {cm™)
FFT Spectrum
6. Computer
Feature Dispersive (FT-Raman)
Available Wavelength <200nm to 850nm 1064nm

Fluorescence

More fluorescence

Better fluorescence

(Except UV) avoidance
Detector CCD Ge or GaAs
Best Spectral Resolution Typically 1-4 cm™ ~0.5cm"!
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FT-Raman disadvantages

InGaAs Il
Three classes of compound prove intractable

to FT-Raman analysis:

InGaAs |

* Aqueous phase samples. These may /’
strongly absorb both the exciting laser &?;e,sive

radiation and the Raman scattered light Raman)
e (FT-Raman)

* Samples at elevated temperatures.
Above 250 °C intense black body emission
can mask the Raman signal

3 5 1 1.5 2.0 25
Wavelength (um)

Silicon detectors (i.e. CCDs) are not sensitive to light beyond ~1100 nm,
* Black samples. These can strongly
absorb, heat up, and produce intense Combine a 1064 nm laser

.. with a dispersive spectrograph
background emission, or even degrade and specialized InGaAs array

detector (DeltaNu/Intevac)

/m—f’“—’fw Captain Morgan Rum
= // 1 250 mW 1s SN 5 )
o // 514 nm excitation .LI I'| 'f i1 ‘ | ‘. w
3 . 400 pW power ’1\”] W’w I ‘I W‘ Ur'll l F'L' W
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E | (\ | g | i
= | '. } T ks sy SN 13
5
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| 50 mW power [ r . 40 mW 1s
i x50 objective l
r.\- P .fl ‘I’\\ Jl‘-lll.-'. '“\ a ‘\l JL\_ 40 s expostre } ..l ) SN 60
A Pt T N Sl e e 0| . . .
o . | . . . . 40 W 305 > Dispersive Raman, 1064 nm
500 1000 1500 2000 2500 3000
_Haman shift / cm-1 SN 300
T 500 1[!3‘0 1500 2000 -~

— x obiective) (slide from Keith Carron)



EAAHNIKH AHMOKPATIA

Edvikov kat Kanodictplakov
Movemoetnuov Adnvov

Raman intensity [a.u.]

2200

2000

1800

1600

1400

1200

1000

800

600

FOCusifig Stics Entrance slit
!
Most popular and Microscope " orch flter [/
efficient choice ©®) \ / / Sl CCD-Camera
nowadays == ) w_‘
Sl_ngle grating o g .
micro-Raman Sl %
spectrometer =~ %a Imaging Setup
= = Entrance
}—H—'/ mirror
Mirror  Line filter Beam shaping

|
Raman imaging

1500 2000 2500 2000
; -1
Raman shift [em ]

| |
—e— .‘. b

lv'_/k,«w/h_/;v’k.u/\.\
. 3

Aspirin,
paracetamol,
caffeine,
cellulose



EAAHNIKH AHMOKPATIA

Edvikov kat Kanodictplakov
Movemoetnuov Adnvov




C)

CCS Conferance 2013

Corrosion properties of [C,mim][C(CN),] by micro-Raman spectroscopy

Immersion of mild steel (MS) in [C,mim] [C(CN),] at 80 °C for 1 and 10 days

200 400 600 800 1000

Raman shift (cm™)

)
()
3)
(5)
6

200 400 600 800 1000

Raman shift (cm™)
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S Confarance 2013

Mild steel in [C,mim] [C(CN).] Immersion at 80 °C for 10 days
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| é‘; Rﬁg&ﬂ:}g&mm Rescarel Ethylene glycol TiO, nanotubes RBA TiO, nanotubes

Institute of Physical Chemistry

Micro-Raman spectroscopy:
Phase Identification- crystallinity
of nanomaterials

Amorphous titania
Cr'ys’ralline titania - —— NIR (785 nm) —— NIR (785 nm)

vis (514.5 nm) ¥is (514:5'nm)
cio,-
. . E Carbon
Vibrations of ethylene glycol |

molecules and carbon As-grown NTs
ethylene glycol

As-grown RBA NTs x10

T T T T .f/.*'{ T rrTT T T T T TTTT '\\ ____________ 1
— Expor
| —Fit |\ || - Lt-----wwmsTTTToo-.-.

Laser annealed
Anatase

nanocrystallite
x10

Thermally
annealed Thermally annealed
x10 at450 °C at 450 °C x10
O
n n 1 " " I 1 n 1 X 1 " n X 1 " 1
/ , P R S T 400 800 1200 1600
- 500 1000 1500 2000 2500 3000 3500 4
1000 1200 1400 1600 2600 2800 3000 3200 3400 Wavenumber (cm )

-
Wavenumber (cm™) Wavenumber (cm ')
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Institute of Physical Chemistry

Micro-Raman at variable laser excitation wavelengths (Resonance Raman) can do it Il

T T I T T ' T T T ' T T T T T T T

Maghemite y-Fe,0; Anatase TiO,

514 nm

o
c
>
Q -Fe,0./TiO -NT.
i e, ll NS ~ Resonance f
> _ x |
2 éa TiO, 785 nm \ ! Eg ~ 2.2 eV ! Eg ~ 3.2 eV
[} a = 12 : ~ | ~
2l = .{!,2 2 A ~ 560 nm | A~ 390 nm
< |
: TiO,-NTs 785 nm
1 . 1 A 1 L L A 1 L 1 . 1 . 1 A 1 ’Y'F9203
200 400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)
The individual oxides on the hybrid nanostructure are clearly
discriminated though the resonance Raman as the excitation
energy at 514 nm (2.4 eV) approaches the band-gap (~2.2 eV) TiO
of maghemite (y-Fe,05) (minor phase) causing the ‘/ ?

enhancement of its modes, which appear only as weak
shoulders on the dominant anatase modes (major phase) at the

off-resonance conditions of the NIR Raman spectra. Ti metal

Advanced school on hybrid nanostructures for photovoltaic applications, 9-11th March (Valencia-Spain)



) b i :
%}; Demokritos Micro-Raman on Hybrid Nanostructures

, National Centre for Scientific Research

Institute of Physical Chemistry

Phase transformation of the iron-oxide nanoparticles upon thermal treatment

In-situ local heating through Ex-situ Raman measurements
the laser beam after thermal treatment at 500 °C
0.44 mW ]
Ot-F(-:'ZO3 . o
a., After annealing at 500 'C i
. 8.70 mW 3 T * Anatase
L o [ * Hematite
c o c 1
. - >
_D -
1 o £ H, | :
> 3 — o G'-Fezoa + Tloz 785 nm
= > o
2 = i .
Q 2 l: ]
c 0.09 mW o |
y-FeZO3 < ' -
514 nm _ I .' : ! . | a-Fe,0, 514 nm
200 400 600 800 1000 1200 1400 1600 1800

Raman shift (cm”) 200 400 600 800 1000 1200 1400 1600 1800
Raman shift (cm™)

In-situ Raman monitoring of the
phase transformation by increasing
the laser power at 514 nm, where
the y-Fe,O5; NPs absorb strongly.
Heating is performed through the
~ 1 focusing objective on the Raman
Sa; | microscope stage.

ple .

Local temperature: anti-Stokes

Objective

Corundum
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Crystallization of TiO, nanotube substrate

—
2=514.5 nm
*

Intensity (arb. units)

T T T T T T T T T T

*

x20
— As-grown TiO, NT
—— Post-annealed TiO2 NT ~
&
Q
: %)
x1 E Bun AuBiue  Eaw » GC)
* -—
1 1 1 1 E
0 200 400 600 800
Wavenumber (cm™)

the bipyridine ri

(1250-1320 cm?t)

Frequency shifts and broadening of

1615 cm-t) modes as well as the C-C
inter-ring and C-

ng stretching (1470-

O stretching modes

Dye coordination on the semiconductor surface

-
R o R
| s
C / C
IN AN
(8] (0] QO (0]
N/
Mo\ M
Unidentate \H&ientate
~

-—

—y

R~ N R

RN |

C \ C
N\ AN\
0 o |l o §)
I A .

M M/ M H
Bridgi}a’ Pseudobridging

—

Dye sensitization on TiO, nanotubes

Hybrid dye/semiconductor interfaces

Weak C=0 stretching
mode at ~1720 cm-1,
pointing to the presence
of a small amount of dye

Analysis of the organic dye
anchoring mode onto the

(1]

Qo000 0000000,
00000000007,
0000000000«
000000000
0000000000
0000000000
00000000000,
00000000000,

00000000000
00000000000 °

Wavenumber (cm'1)

semiconductor surface

molecules either non-
coordinated or adsorbed
onto the TiO, surface by
unidentate (ester-type)
linkages

N719 powder

TiO, NT + N719

o Ve,

2000 2200

New mode at ~1370
cm-1, which has been
assigned to the
symmetric COO-
stretching mode
pointing to
Bidentate or Bridging
coordination
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Disordered/amorphous Carbon

sp’
—

Bond disorder ~, Chains
/0
/ e\.geﬂng

/ /DN G \\

- \___

L J
1000 1800

" L 1 L T
1300 1400 1500 1800 1700

Raman Shift {cm”)

L
1100 1200

G mode: Bond stretching of sp?
carbon atoms in both aromatic rings
and chains

1—-’——

D-mode: Breathing of rings

Hybrid amorphous carbon/polymer interfaces
Diamond-like carbon (DLC) on polyethylene terephthalate (PET) films

Deposited by plasma enhanced chemical vapour deposition PECVD at different bias voltages

Intensity (arb. units)

Intensity (arb. units)

lowest bias voltage

A
AZ ~ >
NA
I ' 1 v I M 1 M I M 1 ' 1 M
B 1615 cm” -
L 20x 1728 cm™' |
—— B0x
" —— 100x

100x Conf.

600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

-—— 20x
| — 50x
— 100x
i 100x Conf.

lGIIWZE

600 800 1000 1200 1400 1600 1800 2000

Raman shift (cm™)

Use of different objectives and the
confocal mode to resolve the very thin
DLC layers deposited on PET under the

Intensity (arb. units)

0.1

10 |

Objective
Confocal | ;’
inhole i
p by i i
pz 4 KRS T 2ctoured
coni A Az ‘material
A
' i \\ Sample

- —— 20x T
. — 50x

—— 100x
B 100x Conf.

L. ; ; ;
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Raman shift (cm™)

| |
. 139V
-300

x20 x50LWD x50 x50 Conf x100 x100 Conf
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EAAHNIKH AHMOKPATIA

Edvikov kat Kanodictplakov
Movemoetnuov Adnvov

(7))

o

g Optical parameters for the lateral spatial resolution

o

-

O -%  Laser spot size

+ 3

o g 2| &

— e § Spot size §_ 1 .22 ﬂ«

S . o d, =
8

O ] NA

Diffraction limited resolution d given by the Rayleigh criterium

_ 0614 _0.614 e. g. with 633nm HeNe laser and
nsina  NA > %100 objective with NA = 0,9

d

d =430 nm
HORIBA

Scientific



EAAHNIKH AHMOKPATIA

Edvikov kat Kanodictplakov
Movemoetnuov Adnvov

Collection optics

. . : : )
B Depending on the experiment and the sample different collecting B%)
optics are used =
B Therefore micro Raman instruments are equipped with different 7}
objectives with different numerical aperture é
Objective N.A. Working distance [mm] 3
¥ x100 0.90 0.21 o
A =
2 x50 0.75 0.38 =
= Q
-
P "
x10 0.25 10.6 o
= D
O
—
-
x100 LWD 0.80 3.4 &)
=
D
D
x50 LWD 0.50 10.6 -
HORIBA

Secientific
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Edvikov kat Kanodictplakov
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Collection optics

Collection solid angle
Large for high N_A. lens ~.
Small for low N.A. lens

Sampling volume

Working distance

nE Small for high N.A. lens ——_

= Large for low N.A. lens

@

o Laser spot size

£ Small for high N.A. lens

§ Large for low N.A. lens i

NA =n - sin (©)
n: refraction index

;E. 8: aperture angle



Nanomaterials “Antenna effects” Mapping nanostructures Device characterization
: Photoelectrochemical cells

Surface Modes + couplin
Vouter snell/ Vauk ping

with the matrix
40 -
35 | Interface modes Microscope
10 | Interphase modes
25 | Confined
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20 phonons 1 Objective lens
15 | " g AN NS
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D/t §
Surface/Interface o
o
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Q Wavenumber (cm™) ‘

Spectrograph
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Matorized XYZ stage 6,@ 66«9
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pinhole l o N
N
T AZooured
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OPTICAL MICROSCOPY

® A
g ¢ [ 4 A )\ AX
- — AX o o o o @ Y
—— d . Y ¢ o o o o
0 ¥ A
Y
AXx > ()p] A (Rayleigh criterion) el d
n sin(a)
E.H. Synge, Phil.Mag. 6, 356, 1928 , D.W. Pohl et al., Appl.Phys.Lett. 44, 651, 1984

Rayleigh Criterion: Diffraction limit of the far Aperture scanning near field microscopy is a
field microscopy is of the order of the wavelength technique that allows for arbitrarily small details to
of the incident light. Resolution> 500 nm. be resolved. Lateral resolution ~ aperture size.

FIELD ENHANCEMENT MICROSCOPY

A

P
Instead of using a small aperture,
scan 0 a metal tip is used to provide a
T AX local electric field enhancement

0 L (TERS). Lateral resolution is the
size of the tip.

Ay

Ax > d

H. Furukawa and S. Kawata, Opt. Commun.148, 221, 1998
L. Novotny et al., Ultramicroscopy 71, 21, 1998
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Near-field scanning optical
microscopy (NSOM/SNOM)

INCIDENT LIGHT (A)

uy

Aperture a<<

I— | P ——
I Near-Field

" Far-Field

Aperture SNOM
Modes of operation

Transmission — Reflection — Collection

Tip-Enhanced Raman Scattering
(TERS)

Apertureless SNOM
:‘\\.Zl‘no.:wcnl "' Surface
S Enhanced
+ Raman
Scattering
(SERS)

4

Tip-Enhanced Raman Scattering

Tip
approached

/

Tip
retracted

1000 1500 2000

Raman shift, em '
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Intensity —s

d
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GHE (date rape drug)

Methamphetamine (meth)
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