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Raman visible through unaided eye




Raman scattering history

B 1918 r. /. N. MaHgenswtam npeackasan pacwensieHue

JIMHUU P321eeBCKOro paccesaHusa BCneaCTBME pacceaHNA CBeTa Ha
TEeNJIOBbIX aKYCTUYECKMX BOTHAX

B 1923 roay He3asmncumo oT MaHaenbwtama CmeKas TeopeTnyecku
npeacKasan ABneHue Heynpyroro pacceaHus.

Bnocneacteun 21 dpespana 1928 r. Jlanacbepr u MaHaenbswtam
obHapyXunm spPekT KOMOUHALMOHHOIO pacceaHUs CBeTa B
KpuUcTannax

1928 ron Y. B. PamaH u ero ctyaeHT K. C. KpnwHaHy ob6Hapyxuam
JIMHUM CNEeKTpa HOBOMo M3/lydeHUA B IKCNepmmeHTax No pacceaHuto
CBeTa B XUAKOCTAX 1 Napax.

1961 — n3obpeteHne nasepa

1977 — SERS

1997 — single molecule SERS
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Raman scattering (theory)

E = E,cos2 mayt incident electromagnetic wave (laser beam)

P=af = aE,cos2newt  Induced electric dipole moment ; « is the polarizability
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I 136; v; P4 classical expression of total scattered light
a=aq,+ (E%l) Q. * - «a is polarizability that changes by molecular
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vibration
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Raman scattering (theory)

Polarizability ellipsoids of CO2 molecule. dOL
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Information from Raman spectroscopy

Characteristic Raman

‘ l | I frequencies What is this?
G| _ L .
Changes in frequency Chemical interaction;
of Raman peak stress; strain; temperature
[ Polarization Crystal symmetry ;
1 of Raman peak orientation;
Width Morphology
of Raman peak

e Amount of material;

H Intensity film thickness;
of Raman peak e Nonlinear optical

effects



Methods of amplification of the Raman emission

* Resonant Raman Scattering e Surface-Enhanced Raman Scattering
~1E3-1E4 ~1E5-1E9

Electronic levels

SERS emission
Coherentlight excitation

Molecules

Nanostructures

« Stimulated Raman Scattering
e Coherent anti-Stokes Raman

Raman Raman

Stokes anti-Stokes



Stimulated Raman Scattering
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Stimulated resonance Raman
scattering of Rhodamine 6G

A microdroplet (typically of 10-50,um
radius) acts as a broadband dielectric
cavity.

103M R6G A= 550 nm.

A, B, C, D and E with Stokes shifts of 1361,
1415, 1507, 1569 and 1645 cm-!

Kwok A. S., Chang R. K. Stimulated resonance Raman scattering
of Rhodamine 6G //Optics letters. — 1993. —T. 18. — Neo. 20. - C.
1703-1705.



o (@) e | Mip = 590 om
8 ‘: & ] SRRS and lasing from 102 M R6G in ethanol
3 . droplets irradiated with | = 0.8 GW/cm?
4o:~ D )
20'.' B ‘ .
o 2 . o . A =
580 %0 600 610 620
:t ) IA P T T - : _ _ N
ol Mo =SSSnm |.(A=540 nm)/l (A=575 nm) ~250

300:. (e) 611 lil’l = 575 nm
2 aof
b} !
. 100 e ;
: ‘ 777 x c Kwok A. S., Chang R. K. Stimulated resonance Raman scattering
0f— et adinbeaorio — L of Rhodamine 6G //Optics letters. — 1993. —T. 18. — Neo. 20. — C.
™ 0 a0 620 630 1703-1705.

Wavelength (nm)



Surface-Enhanced Raman Scattering

Electromagnetic Enhancement The ‘Chemical’ (Charge Transfer) Mechanism

3

a nanosphere Esurface = EO A new charge transfer band is formed
E+2¢,

£ metal dielectric function when a molecule is adsorbed on a
metal surface

&y medium dielectric function

Metal Molecular
A) . levels levels
Matrix
acuum ‘_ LUMO
I\</avel N
E
Qinc | “’
electromagnetic wave . % HOMO
emG N E(rm.a V)
SERS (7> V) =
] inc(V ) -
(1) E.m. field enhancement (2) Chemical enhancement
max. ~ 10° (isolated Ag.Au) max. 10-100

max. ~ 10% (coupled)



Plasmonic nanogap-enhanced Raman scattering
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Surface-Enhanced Raman Scattering from Large
Gold Nanoparticle Arrays
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Kim B., Tripp S. L., Wei A. Self-organization of large gold Wei A. et al. Tunable surface-enhanced Raman scattering
nanoparticle arrays //Journal of the American Chemical  from large gold nanoparticle arrays //ChemPhysChem. —
Society. — 2001. — T. 123. — Ne. 32. — C. 7955-7956. 2001. —T.2. —Ne. 12. — C. 743-745.



Tip-enhanced Raman spectroscopy (TERS)

R M Stéckle et al. / Chemical Physics Letters 318 (2000) 131-136

Position #2
5-
)
i
aQ b
£
8 27 NH.
o
: K;E X
1 NH,
'/’ ZHCI a
0

400 600 800 1000 1200 1400 1600 1800
Wavenumber /em’



AFM images of Ag thin films with different rms roughness,

ranging from 0.83 nm to 7.14 nm.

(b) 1.98 nm The smoothest film, was
deposited by thermal
evaporation. Ag thin films with
> larger roughness were deposited

(a) 0.83 nm

35 nm
0 nm-

W\
AOY : AO¥ by sputtering at different
?%,0“ 00 deposition rates (1, 0.67 and
2 % 0.33 nm/s). The thickness of Ag
(c) 3.47 nm thin films to be around 100 nm
35 nm

Zhao Y. et al. Effects of surface
roughness of Ag thin films on
surface-enhanced Raman
spectroscopy of graphene: spatial
nonlocality and physisorption
strain //Nanoscale. — 2014. — T. 6.
— Ne. 3. - C. 1311-1317.



The enhancement factor of Raman
Intensity on Ag films with different roughness
compared with that on the Si substrate

Raman spectra of graphene on rough
Ag thin films and the Si substrate
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Raman spectroscopy (HORIBA HR800) with the excitation wavelength of 488 nm was used. A

100x objective was used to focus the laser beam and to collect the Raman signal. The size of

the laser spot is about 1 mm.

Raman shift (cm”)



Surface-Enhanced Raman Scattering

SM-SERS with
\\dc/df*m'”-w“m cm’/sr
SM-SERS with / >
dafd0~10%-10" cm’/sr
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Figure 3. Long-tail probability distribution of enhancement factors
(EFs) in SERS. From Ref. [29].

phenyl
CH-stretch
™

1000 2000 3000
wave number (cm')

lnee

Raman enhancement factor n

Percentage of molecules Percentage contribution to

overall SERS signal

<2.8 x 10° 0 0

2.8 x10°to 1 x 10° 61% 4%
10° to 10° 33% 11%
10° to 10’ 5.1% 16%
107 to 10° 0.7% 22%
10% to 10° 0.08% 23%
10 to 10*° 0.006% 17%
>10%° 0.0003% 7%

Fang Y., Seong N. H., Dlott D. D. Measurement of the distribution of site
enhancements in surface-enhanced Raman scattering //Science. —
2008. —T. 321. — Neo. 5887. — C. 388-392.



Single Molecule Detection Using Surface-Enhanced Raman
Scattering (SERS)

Crystal violet
(TondpeHnnmeTtaH)

;

200
cw Ti:sapphire laser operating at 830 nm (200 Mw).

Chromex spectrograph with a deep

depletion CCD detector.

A water immersion microscope

objective (x63, NA 0.9) was brought into direct contact

[
o
T

Raman Signal/Arbitrary Units

O__ ‘:, d
| ] ] 1 with a 30 ml droplet of sample solution for both
1000 1200 1400 1600 excitation and collection of the scattered light.
Raman Shift / 1/cm Scattering volume was estimated to be

approximately 30 pl. An average of 0.6

from |
SERS spectra collected from a 30 p molecules in the probed 30 pl volume

scattering volume containing an
average of 0.6 crystal violet

molecules Kneipp K. et al. Single molecule detection using surface-

enhanced Raman scattering (SERS) //Physical review
letters. — 1997. — T. 78. — Ne. 9. — C. 1667.



(a) Peak heights of the 1174 cm1line for the 100

SERS spectra shown in Fig. 1. (b) Signals measured at  Statistical analysis of 100 SERS measurements (1174
1174 cmafor 100 spectra from a sample without crystal  cmzRaman line) for an average of 0.6 crystal violet
violet to establish the background. molecules in the probed volume. The peaks reflect the
probability to find just O, 1, 2, or 3 molecules
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Raman scattering enhancement contributed from individual

(a) (A)

2 -

—
w
1 2

Frequency (a.u.)
]

gold nanoparticles anc

(b)

[

Distance (nm)

2

Distance (nm)

interparticle coupling

Zhu Z., Zhu T., Liu Z. Raman
scattering enhancement contributed
from individual gold nanoparticles
and interparticle coupling
//INanotechnology. — 2004. — T. 15.
— Ne. 3. - C. 357.

The SEM images of the 22 nm colloidal gold assemblies on APS modified silicon wafers
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The relationship between the enhancement factors and the
average Iinterparticle distances
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Nanostructures for SERS
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“SERSItive”

Feature Value
Dimensions 9 x 7 x 0,7 mm (width x height x thickness)
SERS active surface 5 x 4 mm (width x height)
Active metal Ag, Ag/Au hybrids
Substrate material ITO glass
Sampling methods drop deposition, immersion
Laser wavelength 514 nm, 633 nm, 785 nm (recommended)
Stability up to 4 months
Ef 10°-10°



€350.00 5 pcs Enhancement > 108 %SlLM ECO

' Fig. 1. Profile SEM image of the Ag nanopillar SERS substrates (top). The pillars
are roughly 400 nm in height. Schematic picture of the structure with a droplet
Hakonen A. et al. Detecting forensic and water capillaries (left). SEM image of nanoparticle clusters that have been
substances using commercially available pulled together by the elasto-capillarity (middle). Cartoon demonstrating how
SERS substrates and handheld Raman the electromagnetic fields around two pulled together nanopillars can look like

spectrometers //Talanta. — 2018. — T. 189. (right).
— C. 649-652.


https://shop.silmeco.com/

SERS Analytes Library - Limits of Detection

Analyte Classification
1,2-bis(4-pyridyllethylene (BPE) Taggant / Marker
4-mercaptobenzoic acid Taggant / Marker
4-mercaptopyridine Taggant / Marker
2-naphthalenethicl Taggant / Marker
1,10-phenantroline Taggant / Marker
1,2-Bis(d-pyridyljethane (BPYE) Taggant / Marker
4 A-Trimethylenedipyridine (TMDP) Taggant / Marker
1,4-Diethynylbenzene (DEE) Taggant / Marker
Cocaine llict drug

THC lllict drug (Cannabis)
2-propranalol Beta blocker
triamterene Diuretic
ipratropium bromide Eronchodilator
nicotinamide E witamin

crystal violet Fungicide



https://oceanoptics.com/
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KnnHosuaHaa ctpykrypa ana SERS

(a) Cxema HanblneHuA
K/IMHA: Ha NOAJIOXKe
pa3mellaeTca MacKa,
co3patolwan 061acTb TeHU;
(b) cxema obpasLa, MOXKHO
BblAENUTb TPU obnacTu:
cn/iowHaa nneHka, obnactb
K/IMHA, YMCcTana NoasioxKKa; (c)
AFM cKaH nosy4yeHHoOro
K/IMHA



SEM KnuHa

N306parkeHne y4acTKoB
K/JIMHA C pa3HOW
TONIWMHOMN NONYYEHHOM
C noKoubto SEM: (a)
TonwmHa 60 Hm, (b)
TonwmHa 30 Hm, (c)
TonwmHa 15 Hm, (d)
TONWMUHA 4 HMm



(a) N30bparkeHne KInMHaA «Ha NPOCBET» B CMEKTPasibHOW obnacTu nponyckaHua ¢unstpa FB780-10; (b)
YcuneHue ntommHecueHumna Cy-7.5 8 PMMA maTtpuue Ha KnnHe, Bo3byXaeHWe Ha aAninHe BoIHbI 780
HM
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(a) N30bparkeHne KAnHa «Ha NPocBeT» Npu 06ay4eHN KONNNMUPOBAHHBIM MYYKOM CBETA C
UEeHTPanbHOW ANMHOM BOAHbI 600 HM, cnekTpasibHaa wnprHa 40 HW, rpadUKOM MOKA3aHOo
N3MeHeHMe ToNWMHbI 06pa3ua; (b) cpes n3obparkeHne KAMHA «Ha NPOCBET» MO OCU X HA Pa3HbIX
AJINHAX BOJTH, BUAHbI XapaKTepPHble NpoBabl, 06ycnoBAeHHble NN1a3MOHHbIM PE30HAHCOM.
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3aBUCUMOCTb TONWUNHDI I'IepKal'IﬂLI,VIOHHOﬁ NAeHKU OT AJINHbI BOJ/IHbI
N1a3MOHHOTIO PE30HAHCA
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Intensity (a. u.)

SERS benzene
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Intensity (a.u.)

Raman spectrum Alg3

SERS Alg3
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