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ABSTRACT

This review article describes the recent development in field of surface-
enhanced Raman scattering research. Thefirst SERS spectrawas obtained
from an electrochemical system of pyridine molecule adsorbed on rough-
ened silver electrode, which |led to the discovery of the SERS effect in the
mid-1970s. The various aspects of SERS research which includesvarious
SERS active substrates, mechanism of SERS and the various applications
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have been described inthisreview article. Special emphasisisgivento the
important features of electrochemical SERS (EC-SERS), aspecial branch

of SERS. © 2013 Trade Sciencelnc. - INDIA

INTRODUCTION

Thediscovery of surface-enhanced Raman scat-
tering spectroscopy (SERS) by Fleischmann and co-
workersin 1974 at the University of Southampton,
whichisintimately connected with the e ectrochemica
systems, has drawn alot of attention to researchers
dueto thelarge enhancement of weak Raman signal
andthereby fadilitateconvenientidentificationinchemicd
and biological systems. Later, with theadvent of scan-
ning probe microscopy technique (SPM) intheearly
1980s, it wasreved ed that the order of surfacerough-
nessisin nanometer dimension. Therefore, SERSand
nanoscience/nanotechnol ogy arenow intimately rel ated.
SERS has now emerged asapowerful technique not
only for studying themoleculesor ionsat trace concen-

trationsdownto singlemoleculedetectionleve but also
for hel ping to understand the surface chemistry espe-
cidly eectrochemidry a thenanometer scae. Therapid
development of

nanoscience and nanotechnology in recent years
boosted the scientific community and attracted awide
interest of SERS. Thus, SERS has become animpor-
tant branch of nanoscienceand nanotechnology and aso
astrong andytical tool availablebothin surfacechem-
istry aswell asin electrochemistry. Electrochemical
SERS (EC-SERS) isaspecia branch of SERS. Itisa
very important yet very complex tool in e ectrochemis-
try asevident from the moderate number of publica-
tionson variousaspectsof SERSfrom e ectrochemical
systems. Asthe SERS spectracan berecorded by the
application of € ectrode potentia, which makes EC-
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SERS one of themost complicated systemsin SERS.

Although, several review articles(both tutorid and
critical) had beenwrittenon

various aspects of SERS, none of these articles
coversthe prospective development of SERSinterms
of substrates, methods, theory based on the mecha-
nism aswell asitsvariousapplicationsanditscorrela
tionwith e ectrochemistry, nanoscience/nanotechnol ogy
and surfacechemigtry. Therearefew review articleson
thedeve opment of EC-SERS. Theaim of thispaper is
to provide an updated review on variousapectsof SERS
effect whichinclude historica background anditsde-
velopment, correlation with both e ectrochemistry and
nanoscience, various SERS active substrates, the vari-
oustheoriesto explain themechanism of SERSand its
various applications. Dueto spacelimitations, acom-
pletereview of al recent work on thisimportant areaof
research in both electrochemi stry/nanoscienceisnot
possible. However, afew representative exampleshad
been summarizedtoillustrate the recent devel opment
in SERSresearch.

HISTORICAL BACKGROUND

Raman spectroscopy isaspectroscopic technique
used in condensed matter physics and chemistry to
study vibrational, rotational, and other low-frequency
modesin asystem. It depends on theinel astic scatter-
ing, or Raman scattering of monochromatic light, usu-
ally fromalaser inthevisible, near-infrared or near-
ultraviolet range of € ectromagnetic spectra. Thiseffect
was discovered by famous Indian physicist Professor
C.V.Ramanintheyear 1928%. Theshiftinwavelength
of the inelastically scattered radiation provides the
chemical and structural information of the molecule.
Raman shifted photons can be of elther higher or lower
energy, depending upon the vibrationa state of the
molecule under study. Ramanlineintengity (1 ) ispro-
portional tov** o * | * exp (-E /kT) *c, wherev and
| arethefrequency andintendity of incident radiation, ¢
is the Raman cross section, exp (-E, / KT) is the
Boltzmann factor for statei and cisthe concentration
of themoleculewhich scattered theradiation to pro-
duce Ramanline. Theweak intensity of Raman signd
due to the low scattering cross-section (~ 10-% cm?
molecule?) isthebi gzc,ﬁst disadvantage of Raman spec-
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troscopy with low sengitivity, whichisthereasonwhy it
was not widely used for alongtime.

The name surface enhanced Raman spectroscopy
impliesthat it providesthe sameinformationthat nor-
mal Raman spectroscopy does, s mply with agreatly
enhanced sgnd. Theweak Raman Sgnd canbegrestly
enhanced by the introduction of surface-enhanced
Raman scattering (SERS) spectroscopy in 1974 by
Fleischmann, Hendraand Mcquillan of University of
Southamptont?. It wasaccidentally discovered by them
when they tried to do Raman with an adsorbate of very
high Raman cross section, such aspyridine (Py) onthe
roughened silver (Ag) eectrode. Theinitia ideawasto
generate high surface areaon theroughened meta sur-
face. Onthebasisof their extensive experienceinin-
creasing thesurfaceareaof aAg electrodeby usng an
€l ectrochemicd roughening method, they applied about
450 potentid oxidation and reduction cycles (ORC) to
aAg electrodein an agqueouse ectrolyte comprised of
0.1 mol L*KCI +0.05mol L Py. The Raman spec-
trum obtai ned was of unexpectedly high quality and
evidently dueto the adsorbed Py and the spectrawas
found to be dependent onthe el ectrode potentid . They
initialy explained theintense surface Raman signa of
Py duetoincreased surfacearea. Thiswas, infact, the
first SERS measurement and that roughened electrode
wasthefirst nanogtructureexhibiting the SERS activity,
athough it wasnot recognized assuchin 1974. L ater,
Jeanmaire and Van Duynefrom Northwestern Univer-
sty, USA, fird redized that surfaceareaisnot themain
pointintheabove phenomenonin 19775, Albrecht and
Creighton of University of Kent, UK, reported asimi-
lar result in the same year™. These two groups pro-
vided strong evidencesto demonstrate that the strong
surface Raman signal must be generated by area en-
hancement of the Raman scattering efficiency (10°to
10° enhancement). The effect waslater named as sur-
face-enhanced Raman scattering and now, itisan uni-
versally accepted surface sengtive technique. Although,
thefirst SERS spectrawere obtained from an el ectro-
chemical system (Py + roughened Ag electrode), all
important reactionson surfacesincluding e ectrochemi-
cal processescan bestudied by SERS. Thetechnique
Isso sengtivethat even snglemoleculecan bedetected.
Theexact mechanism of theenhancement effect of SERS
isstill amatter of controversy intheliterature. There
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aretwo main mechanisms on thelarge enhancement
effect of weak Raman signd from Py adsorbed on elec-
trochemically roughened Ag. Jeanmaireand Van Duyne
proposed an el ectromagnetic effect on the enhance-
ment!®, Thee ectromagnetic theory isbased on the ex-
citation of localized surface plasmons. Albrecht and

Creighton proposed atheory based onthechargetrans-

fer effect of the adsorbed molecul e on the enhance-

ment efficiency™. Thischemical enhancement theory
reliesonthe chargetransfer complex formation of the
adsorbed molecule. Howeve, itisvery difficult to sepa-
ratethesetwo effectsexperimentally.

Themainfeatures of SERStechniqueare summa
rized briefly asfollows.

1) Itisahighly surface sengtive, non-destructiveand
in-situ vibrational spectroscopictechnique.

2) SERSoccurswhen target moleculesare brought
closer withinthefew nanometersof the surface of
SERS active substratesof different morphologies.

3) Theexcitation profile(scattering intensity versus
excitationfrequency) deviaesfromthefourth power
dependence of norma Raman scattering.

4) It hasextremely high spatial resolution. Theen-
hancement rangeisseveral nanometers, effective
for oneor severd molecular layersdosetothe SERS
activesubstrate.

5) SERSactivity strongly depends on the nature of
meta and surfaceroughness.

Therecent advancement in thefield of SERSre-
searchismainly focusedinthefollowingdirections:

e Fabrication of new, novel and efficient SERS ac-
tive substratesto overcomethe substrate general -
ity of SERS.

e Singlemolecule SERStoimprovethe molecule
generality and enhancethe detection limit of vari-
ous adsorbates/species.

¢ Understanding the mechanismsinvolved in the
SERS phenomenon.

o Useof SERSforimaging, sensing, diagnosticsand
further search for new applications.

GENERAL FEATURESOFELECTRO-
CHEMICAL SERS(EC-SERS)

Thed ectrochemicd surface-enhanced Raman scat-
tering (EC-SERS) isaspecia branch of SERS tech-
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nique, which generdly consistsof nanostructured elec-
trodes and electrolyte. Thereby, an el ectrochemical
doublelayer isformed in between, asthe most impor-
tant and complicatedinterfacid region. Beyondtheana:
lytical aspect, EC-SERS has paid more attention to
provideredly meaningful information for revedingthe
adsorption configuration or the reaction mechanismfor
eectrochemistry!®.

Generally, it has been widely accepted that the
SERS enhancement effect is contributed by thelong
range€ ectromagnetic fiel d enhancement (EM) and short
range chemical enhancement (CM). Theformer isthe
main contributionto SERSsignalsinmost SERS sys-
tems. However, in case of eectrochemicd systems, CM
aso playsanimportant role especidly in characteriza
tion of chemical speciesasitisclosdly associated with
thechemical property of surface speciesand substrate.
Both chemicd and physicd or e ectromagneticfidden-
hancements can beinfluenced to someextent by chang-
ing theapplied e ectrode potentid, i.e., the Fermi level
of metal and dielectric constant of interfacial el ectro-
lyte, in an EC-SERS system. The chemical enhance-
ment can bestrongly tuned by the potential, leading to
extreme change of interfacia structure and property.
Thismakes EC-SERS asone of themost complicated
systemsin SERS. Another important and common fea-
tureof EC-SERSisthat the SERS intensity strongly
depends on the e ectrode potential. The change of the
€l ectrode potentia may result inthe changeof the cov-
erage and/or theadsorption orientation of themolecule,
both of which will lead to achangein the SERS inten-
Sty.

Inatypical EC-SERS study, the electrochemical
systemisstudied whiletheeectrode potential istuned
and the spectral response (including theintensity and
frequency changeor even theappearanceof new bands)
isrecorded. In most cases, the experimental datawill
beinterpreted by anayzing theintensity or frequency
changeof somecharacteristic bands(vibrationd modes),
which may directly reflect achangeinthe surface cov-
erage, orientation, structure, composition and morphol-
ogy, ahd sometimes may indicate theinvolvement of a
certain kind of surfaceenhancement. Figurelillustrates
the schematic of atypica experimentd setupusedinin
stu EC-SERS, whichincludesaRaman spectrometer,
apotentiostat or galvanostat, acomputer and an EC-
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SERScell. TheEC-SERSccell consistsof three elec-
trodes configuration : A conductive SERS activework-
ing electrode, aninert counter electrode and arefer-
ence electrode (usually asaturated calomel eectrode
(SCE) or Ag/AQCI electrode).The three electrodes
should beassembled in agood rel ative geometric posi-
tionto alow both efficient Raman signa and accurate
€l ectrochemical measurements. Most of the systems
which havebeeninvestigated by EC-SERS ded swith
the adsorption and reaction of inorganic species, or-
ganic moleculesand biomolecul esin agueous sol utions.
In case of EC-SERS, acollective anaysisof the spec-
tral featuresfrom the experimenta and theoretical as-
pectsisessentid to obtain theimportant information of
chemical bonding, orientation and even el ectrochemi-
cd reactionsof themolecules at the e ectrode surfaces,
thereafter to understand theoverall interfacid structure
at theelectrodelel ectrolyteinterface. Py wasthefirst
molecule which was used to demonstrate the SERS
effect in electrochemica system and sincethen, it has
been avery important probe molecule to verify the
SERS activity and surface properties of anew SERS
activesubstrate. Therelativeintensitiesand frequency
shiftsof themgor bandsof Py arevery sendtivetothe
electrode potential and the surface properties of the
metal surfacesused as SERS substrates. These phe-
nomenacannot be solely interpreted with the el ectro-
magnetic field enhancement (EM) effect, and contribu-
tion of CM effect should betaken into account.
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Figure1: The schematic of a typical experimental setup
used in in situ EC-SERS, which includes a Raman
spectrometer, apotentiostat or galvanostat, acomputer and
an EC-SERScll.

Tian and hisgroup carried out systematic SERS
studied of Py on different metal surfaces (both coinage
%rld tra;usjiti %1 metal 2‘) illustrating how EC-SERS can

&

be used to characterize the surface adsorption and
molecule-metd interaction®. Their study dsoreveded
that thefrequenciesand theintensities of SERS of Py
were corre ated to the chemica interaction between Py
and themetal surface and the adsorption orientation.

Itishighly desirableto apply in-situ SERSto ob-
tanmolecular-leve information about thebresking and
formation of bond in thereaction, observethereaction
intermediateonthesurfaceandfindly, todistinguishthe
reaction products. The microscopic structureand dy-
namicsof interfacia water moleculesisimportantin
understanding the e ectrode/d ectrolyteinterfaceandis
dtill an ongoingissuein dectrochemistry aswel | assur-
face science. However, theinteractions between water
moleculesand electrolyteionsaswell asbetweenwa
ter and el ectrode surface are very complex. Recently,
Tian et d. have characterized the surfacewater onAu
core Pt group metal shell nanoparticles coated elec-
troded”. They obtained the potentia -dependent SERS
spectraof water molecules adsorbed on Pt, Pdand Au
el ectrode surfacesinthe potentia region of the hydro-
gen evolutionreaction, whereintheband at around1615
cmrt isthebending vibration of water!”. Thebroad band
at around 2000 cm'* observed only on the Pt surface
can beattributed to the Pt—H stretching vibration. Sci-
entistsareoptimisticthat SERSwill becomeanindis-
pensabletool inthe study of interfacial structuresand
various surface processesinvolvinginterfacial water
moleculeswithout any interferencefrom bulk water.

Weaver and hisgroup carried out acombined study
of EC-SERSand cyclic voltammetry (CV) toinvesti-
gate the nitrobenzene surface reaction on the SERS
activeAusurface®, Itiswell knownfact that nitroben-
zene can be reduced by three two-electron steps to
form nitrosobenzene,

CeHsNO; + 28 — [CeHsNO] +2e” —
[CeHsNHOH] +2e” — C.H5NH;

They acquired the SER spectraduring the potentia
sweep for thereduction of nitrobenzeneat the SERS
activegold eectrodeand correlated the voltammetric
and SERS resultsand proved that the peak at -0.11V
potential can be assigned to thereduction of nitroben-
zeneto nitrosobenzene. Thar sudy based on EC-SERS
incombinationwith CV providesanew dimensionin
theinvestigation of €ectrochemical reaction ontheelec-
trode surfaces and identification of theintermediates
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and productsof thereaction.

Thenon-destructive, highly surface-sengtiveandin-
situ nature of surface SERS can be utilized to detect
reaction intermediates such asradical andradica ions
on the electrode surface and elucidate the reaction
mechaniam. Recently, Tian and hisgroup & Xiamen Uni-
versity, Chinareported thefirst in-situ e ectrochemical
SERS (EC-SERS) study on thedectrochemica reduc-
tion of PhCH,Cl in acetonitrile (CH,CN) onAg elec-
trode’®. They detected benzyl radica anionasaninter-
mediate of the above surfacereaction. Theoveral re-
action mechani sm revealing the adsorption process of
PhCH,Cl ontheAg surfaceand all other possiblein-
teractionsincudingthe solvent hasbeenducidated from
the SERS study. The SERS resultswere confirmed by
Density Functiona Theory (DFT) caculations, which
can provide concrete evidenceto identify thereaction
intermediate and products.

ENHANCEMENT MECHANISM IN SERS

Despite numerous theoretical and experimental
workson SERS and large number of research publica:
tions based on these works, the exact nature of thegi-
gantic enhancement in Ramanintensity found in SERS
isgtill amatter of controversy. However, itisgeneraly
accepted that two enhancement mechanisms, one a
long-rangedectromagnetic (EM) effect and theother a
short-rangechemicd (CM) effect, areoperativesmul-
taneously. TheEM mechanism isbased ontheamplifi-
cation of the electromagnetic field generated dueto
coupling of theradiation field withthelocalized surface
plasmons (L SP) of the metal nanoparticles. Thelocal-
ized surface plasmon resonanace (L SPR) occurswhen
aresonance condition between theincident wavel ength
of light and thedectronsinthenanoparticlesisachieved.
Thiscausesacollective oscillation of the conduction
electronsand hastwo primary consequences. First, the
wavd engthsof light that causethiscollectiveoscillation
are selectively absorbed by the nanoparticlesand can
be monitored using UV-Vis spectroscopy. The second
consequenceistheformation of enhanced € ectromag-
neticfieldsthat extend from the nanoparticle surfaces.
Thesefieldsareresponsiblefor alarge portion of the
enhancement observed in SERS. Theenhancement is
roughly proportiona to |E*| and generally inthe order
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of 10° or more, where E istheintensity of theel ectro-
magneticfied.

Localized surface plasmon resonance (LSPR), the
lightning rod effect, and theimagefield effect havedl
been considered to contributeto SERS. Among them,
L SPR makesthe mgjor contribution to the el ectromag-
netic field enhancement and SERS. Anisotropic metal
nanoparticlesexhibit ‘lightning-rod effect’%, another
typeof field enhancement refersto an enhanced charge
dendity locdization at atip or vertex of ananoparticle.
When anelectromagneticfield (laser light) excitesthe
freedectronsof ametalictip, ahighly localized, strong
eectricfield developsat thesesharptip or vertex with
large curvatures, leadingto largefield enhancement in
thoseregiong'?. Thisisthereason for thehigh SERS
activity of ananisotropic nanoparticle. Anisotropic meta
nanoparticles had been used asan efficient SERS ac-
tivesubstratewith high SERSactivity. Thehigh SERS
activity of the anisotropic metal nanoparticlescan be
explanedintermsof their unusua LSPR propertiesand
the sharp edgeson the surface of ananoparticle being
abletogenerateagreater locaized dectricfiddincom-
parison toisotropic (Spherical) nanoparticles.

The chemica enhancement mechanism reflectsthe
enhancement asaresult of thechemica interaction be-
tween the adsorbates and the metal surface. Among
thevarioustypes of chemica enhancementssuch as
chemica bonding enhancement, resonance enhancement
of a surface complex, and photon-induced charge-
transfer enhancement (PICT), PICT isthemost impor-
tant one. Therefore, the CM mechanismisaso known
asthechargetransfer (CT) mechanism, involvesthe
photoinduced transfer of an electron from the Fermi
levd of themetd to an unoccupied molecular orbita of
the adsorbate or vice versadepending on the energy of
the photon and theelectric potential of theinterface.
Theenhancement of CM isusudly intheorder of 10-
10% EM isalong-range effect, which requiresrough
surfaceas SERS active substrate, while CM isashort-
range effect occurring on themolecular scae. Thetwo
mechanismscaEM and CM are not mutually exclu-
sive, but work together in concert to producethe over-
al SERSeffect. Itisvery difficult to separate CM from
EM. Several research groups havetried to overcome
thisproblem. Therefore, it isdesirableto evaluatethe
relative contribution of these two mechanismstothe
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overd| understanding of the SERS phenomenon.

FABRICATION OF ORDERED SERS SUB-
STRATE

Although, nanoparticlesand nanopartidefilmeec-
trodes show very good surface uniformity, it isdifficult
to control the spacing of the nanoparticlesto optimize
the SERSactivity. Templatemethods can providehighly
ordered SERS substrateswith controlled inter-particle
spacing. Among varioustemplates, nanospherelithog-
raphy (NSL) and anodic duminum oxide(AAO) films
have been most widdly used for thefabrication of SERS
activesubstrates. Inadditionto these, Langmuir-Blodgett
technique can beusedto fabricate highly-ordered SERS
activesubstrates.

Nanospherelithography

NSL technique has been well developed by the
groups of Van Duyne and Bartlett™*2, In this tech-
nique, monodispersed polystyreneor SO, nanospheres
of thedesired diameter are sdlf-assembled on clean con-
ductive substrate such asindium tin oxide (ITO) or
evaporated metal substrate over glasstoformavery
ordered singleor multi-layer colloidal crystal template
or mask for metal deposition. Afterwards, ametal layer
isdeposited by physical vapour deposition or el ectro-
chemical deposition on the substratewithacontrolled
thickness. It will then result in threetypesof structured
SERS substrate: @) physica vapour deposition onthe
nanospheretemplateleadsto theformation of Ag meta
“film over nanosphere” (FON) surface; b) theremoval
of nanospheres of the FON surface by sonicatingina
solvent resultsin surface confined nanoparticleswitha
triangular footprint; c) e ectrochemical depositionfol-
lowed by removal of spheres leaves a thin
nanostructured filmscontainingaregular hexagond ar-
ray of uniform segment spherevoids.

Ag/AAO systemsfor chemical and bio-sensing

Wang et al. had utilized porousAAOfilm astem-
plateto eectrochemicaly deposit arraysof silver (AQ)
nanoparticleswith aprecisely controlled gap upto 5
nmi*3, ThisAg/AAO system with tunablesub-10 nm
interparticle gap can beused asauniform SERS active
substrate with large enhancement factor (~ 108). The
“hot junction” present at theinterparticlegap of this

Rescarch & Reotews On

nanostructure-based SERS substrates can increasethe
SERS sengitivity (akey factor for large el ectromag-
netic field enhancement and increased SERS sensitiv-
ity). ThisAg/AAQ based SERS substratewith highly
uniform and reproducible SERS sgndscanbeused as
bio/chemica sensor and concentration upto picomolar
level had been detected. Thisexce lent SERS substrate
can befurther extended into singlemol ecular regime
increasing thedetectionlimit and SERS sengitivity.
Recently, Liu et a. used these SERS-active Ag/
AAO system to monitor antibioticinduced chemical
changesinbacteriacdl wall*¥, The SERS profilesre-
corded by them are sengitive and stableand the ‘chemi-
cal features’ obtained from SERS spectrum of bacte-
rial cell wall enablesrapididentificationof drugresis-
tant bacteriawithin an hour. The SERS based novel
techniquewasapplied to asingle bacterium. Thishigh
speed SERS detection makespossibledirect analysis
of clinical specimeninstead of pure cultured bacteria

L angmuir-blodgett technique

Chemical assembly of metal nanoparticlesonsolid
substrateslike glass, silicon ,ITO can be used as or-
dered SERS substratesthrough el ectrostatic or chemi-
cd interactiontoforman ordered layer of nanoparticles.
However, thismethod still can not providetotally de-
fect free SERS substrate over alarge areaof few hun-
dred of cm2.

The Langmuir-Blodgett (L B) technique can poten-
tidly solvethisproblem. The LB method wasorigindly
usedto preparealarge-areasurfacefilm of amphiphilic
molecules on solid substrates. In this method, the
amphiphilicmoleculedissolvedinavolailesolventim-
mi sciblewith water, and dispersing the solution onthe
surface of the water phase, a monolayer of the
amphiphilicmoleculewill format theair/water interface
after the evaporation of thevolatile solvent. By chang-
ing the position of themovablebarrier inthe LB trough,
one can changethe density of the monolayer film. The
film can then be deposited on the substrate by the dip-
ping and pulling method. Similarly, ananoparticlefilm
can be fabricated by LB method. At first, the
nanoparticles should be modified with hydrophobic
moleculesand digpersedinto highly voldtilesolvent, which
isimmisciblewith water. By dispersion of the solution
into thewater phase, alayer of randomly distributed
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nanoparticleswill beleft a theinterface after theevapo-
ration of the solvent. Asaresult of compression of the
layer through moving the barrier, an ordered layer of
nanoparticleswill beformed onthe surface. TheLB
techniquehasbeen shownto beahigh-throughput, low-
codt, rapid and easily integrated method for the con-
trolled assembly and patterning of nanoparticlesand
Nanowires.

Thistypeof nanoparticlesassembled onasubstrate
can bepotentially used as highly ordered SERS sub-
strate. During the compression process, theinterpar-
ticlespacing will decrease, leading to strong el ectro-
magneti ¢ coupling between nanoparticlesand asignifi-
cant shift of the LSPR band.

The LB method isthe method that is capabl e of
achieving themost uniform SERS substrate based on
the nanoparticle assembly method. ThisLB technique
will provide arapid, low cost and high throughput
complementary protocol to fabricate highly ordered
SERS active substrates over large areaaround 20 cm?
without using any complicated, costly and specidized
instrument or tedious steps of fabri cating templatesfor
template based synthesis. Yang and hisgroup had car-
ried out systematic SERS studiesusing SERS substrate
fabricated by LB technique™®. At present, the LB tech-
nique has been successfully utilized to fabricate most
uniform SERS substrates of films of nanorods,
nanowires, and spherical, cubic, cuboctahedral, and
octahedral Ag nanoparticles®™. Among them, theAg
nanocube exhibits the lowest enhancement, and the
octahedra nanoparticleshowsthe highest enhancemernt,
up to 10"-108. With use of the latter asa SERS sub-
strate, a detection limit as low as 1 ppb has been
achieved for the detection of arsenateand arsenitein
solution®,

APPLICATIONSOF SERS

Nie and Emory*” carried out one of the earliest
experiment on single-molecule SERS by combining
SERSwith thetransmission e ectron microscopy (TEM)
and scanning tunneling microscopy (STM) techniques.
This study enabled them to study the rel ationship be-
tween themorphology of the SERS active nanoparticles
and SERS effect. They observed Raman enhancement
ashigh as10*to 10* for singlerhodamine 6G (R6G)

———— Review

molecule adsorbed on selected Ag nanoparticles. In
caseof single-molecule SERS, they observed asingle
event rather than an ensembleaveraged vauegenerdly
obtained for conventional SERS measurements. Intro-
duction of snglemolecule SERStechnique hasbrought
anew dimensioninbiomedicd research asaversdtile
probing tool to study varioushiological moleculeslike
virus, bacteria, protein, DNA and RNA.

SERSisamong themost sengtivetechniquesavail-
ableto surface science. Thistechniquecan be coupled
with awiderange of other surfacetechniquesto study
variousfundamental and applied research areas such
as, corroson, catays's, advanced materids, biology and
sensors. In arecent devel opment, anew approach has
been introduced to enhance the Raman scattering in-
tensity by combining Raman spectroscopy with scan-
ning probe microscopy such asatomic force micros-
copy (AFM) or STM. Itscentral element consists of
anilluminated AFM or STM tipplacedinaclosevicin-
ity of asubstrate. Thetipisoperated in contact or tun-
neling mode. Upon illumination with alaser beam, a
localized surface plasmons are excited inthetip-sub-
strategap, producingalarge, local enhancement of dec-
tromagnetic field compared to theincident radiation. In
thisway, Raman spectroscopy and scanning probetech-
nique can becombined and thisnew techniqueisknown
as tip-enhanced Raman spectroscopy (TERS). The
techniquewasinvented by Pettinger et a. in 2004 to
probe mal achite greenisothi ocyanate adsorbed onAu
(111) surface®®, TERS has been used to study surface
reactionson singlecrystal and smooth surfaces, assur-
faceroughness of the substrate doesnot play any role
inthisenhancement. Thein-situ and non-destructive
natureof SERShasbeen utilized to study variousphysi-
ological and biochemical processesin-vivoinaliving
cdl.

SERStechniquecan beusedinenvironmentd andy-
sis. Thetarget molecules analyzed by SERS included
pesticides; herbicides; pharmaceutical chemicalsin
water; banned food dyes; aromatic chemicasin regu-
lar aqueous sol utions and in seawater; chlorophenol
derivativesand amino acids; chemica warfare species,
explosives,; and various organic pollutants.

Metal nanoparticlesimmobilized as SERS sub-
strates can be used in biomedical diagnostics. For ex-
ample, the SERS substrate can be used asglucose sen-
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sor to detect glucosein blood. Although, glucoseismost
commonly monitored by el ectrochemi cal-based sen-
sors, andternative protocol using SERS substrates pre-
pared by NSL has been devised for the detection of
glucoseinblood*®. Thekey to detection of glucose by
SERSwasthe surface chemistry. The SERS substrate
was modified with an alkanethiol partitionlayer tofa-
cilitatethe glucose adsorption to themetal surface.

CONCLUSION

Although, thetheory to quantify the exact mecha-
nism of SERS effect is yet to be developed, the 30
yearsof thisversatiletechnique hasreached anew height
dueto theincreased efficiency of the modern Raman
instrumentation and recent advancement in
nanotechnology. Thus, SERS offersameanto over-
cometheobstaclesof sengtivity and surface/substrate
s ectivity, dlowingtheobtainment of surfacevibrationd
datainsituindiversed environmentssuch asair, ultra-
high vacuum and e ectrochemica environments.
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