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Abstract

ABSTRACT

Plasmon-enhanced spectroscopy, like Raman spectroscopy, is extensively employed for the
fingerprint identification of ultralow concentrations of analyte molecules due to its selectivity and
sensitivity. In particular, surface-enhanced Raman spectroscopy (SERS) has proven its uniqueness
as a sensitive, selective, non-destructive, and label-free spectroscopic technique for detecting
trace-level concentrations of chemical and biomolecules in their individual as well as multiplexed
form. The magnitude of Raman intensity enhancement can be efficiently optimized by the features
of enhancing substrates through the morphology and composition of plasmonic nanostructures as
well as their relative distribution over the substrates. The morphology of plasmonic nanostructures,
especially the anisotropically engineered nanostructures exhibiting anisotropy in terms of
morphology, composition, and distribution within the substrates, offers the possibility to
efficiently tune the plasmonic response through generating intrinsic ‘hot spots’ and the larger
surface area for the interaction of analyte molecules. Anisotropic metal nanostructures with highly
branched morphology are attractive due to their fascinating plasmonic properties, which are related
to their unique morphological features. The multi-component nanomaterials such as bimetallic
ultrathin shell-wrapped core@shell NPs serve as active SERS substrates employing the strategy
of “borrowing SERS activity” from the central metallic core. Moreover, shape-controlled
nanostructures arranged in uniform assembly provide optimum intra-particle gaps and produce

reproducible hot spot density over the larger-surface areas.

The vibrational modes of the vast category of analytes, including organic dyes, pesticides,
explosives, and biomolecules, were assigned through DFT computations depicting close (~7-15
cm’!) agreements between experimental and computed Raman bands. The plasmonic properties
and near-field enhancements of the isotropic visible (Au and Cu) and UV (Pd, Rh, Sn, and In)
active plasmonic materials were investigated employing COMSOL simulations. Isotropic Au and
Cu monometallic NPs depict size-tunable plasmonic response in the visible region from ~520 nm
to 570 nm and ~559 nm to 592 nm, respectively, with the increment of NPs’ size from 10 to 100
nm. However, isotropic Pd, Rh, Sn, and In NPs exhibit the size-tunable plasmon wavelength from
208 nm to 446 nm, 205 nm to 413 nm, 202 nm to 386 nm, and 269 nm to 429 nm, respectively,
depicting the plasmon tunability from DUV and visible spectral region, for increasing the NPs’

size from 10 to 100 nm. The poor plasmonic activity of transition metal (TM) NPs efficiently
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improved by wrapping a TM shell over the highly-active AuNPs through utilizing long-range
effect of localized electromagnetic fields. For core@shell Au@TM NPs, the blue-shifted dipolar
plasmon wavelength for Au@Pd, Au@Rh, Au@Sn, and Au@In NPs and red-shifted dipolar
plasmon wavelength for Au@Cu NPs are obtained. Interestingly, Au@TM NPs exhibit
significantly improved relative electric field at the outer TM surface as compared to monometallic
TM NPs through borrowing the SERS activity from the central core and thus exploring poor

plasmonic TMs towards sensitive plasmonic platforms.

The chemically-synthesized silver stars and silver nanodendrites provide copious three-
dimensional intrinsic hot spots at their sharp features as well as within nano-sized intra- and inter-
branch gaps. Under optimized reaction parameters, the multi-branched morphology of silver
nanodendrites enables comparatively higher enhancements than silver stars for different analytes,
including MB, RhB, thiram, phosmet, 2,4-DNT, PNBA, and PA molecules with LODs down to
the 107 M, 1077 M, 10 M 10715 M, 107! M, 1071 M and 10"'?> M concentrations, respectively.
The combined effect of highly dense hot spots and the spectral modifications through chemical
enhancement governs the overall reproducible (RSD ~ 10 %) intensity enhancements ~10'° and
LODs ~10""" M concentration. The multiplexed detection of pesticides and explosives from the
complex mixtures of dye molecules was demonstrated. Moreover, sensitive detections of dyes and
pesticides with apple juice, chili powder, and flexible substrates were investigated for real-life

detection applications.

Liquid-assisted pulsed laser ablation (LA-PLA) technique was employed for green synthesis of
different monometallic (Au and Pd) and bimetallic core@shell Au@TM (Au@Pd, Au@Rh,
Au@Cu, Au@Sn, and Au@In) NPs. The size-controlled growth of monometallic NPs was
performed by varying the laser fluence and evidently observed by red-shifted plasmon wavelength.
The ultrathin (1-2 nm) TM shell-wrapped Au@TM core@shell NPs were successfully prepared
employing single-step simultaneous laser ablation utilizing columbic attraction and self-assembly
approach. The shifted LSPR response and the relatively higher electric fields at the outer TM shell
surface depict good matching with the COMSOL simulated results. The SERS performance of the
LA-PLA generated NPs was investigated by MB dye molecules and then targeted towards the
highly reproducible (RSD ~ 10-20 %) detection of explosives AN and PA, and biomolecules
adenine and L-tryp down to the 1077, 108, 10!°, and 10”7 M detectability, respectively. Moreover,
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the simultaneous detection of different concentrations of explosives AN and PA from the fixed

background of MB dye molecules was achieved.

Laser direct writing has emerged as a powerful technique to control the distribution of micro/nano-
structures through the optimization of fabrication parameters such as scanning line interval (pitch),
scanning speed, and pulse energy to achieve a significant tip-to-valley ratio and surface roughness.
Anisotropic (parallel lines) and isotropic (crossed patterns) texturing with variable pitch (100-250
um) and scanning speed (50-300 pm/s) were fabricated on Sn and Pd substrates and employed for
NIR (785 nm) and DUV (266 nm) SERS applications. Isotropically textured substrates (100 pm/s
scanning speed and 150 um pitch) depict regularly sharp conical-shaped morphological features
and exhibit highly reproducible (RSD < 10%) intensity enhancements of the order of ~10® for MB
molecules after AuNPs deposition. The SnTAu substrates exhibit comparatively higher reflection
and consequently higher SERS performance as compared to PdTAu substrates with LODs down
to the ~0.32 pM, 3.2 tM, 2.93 nM, 0.37 uM, 0.26 nM, and 0.14 uM concentrations for the MB,
DTTCI, PA, AN, adenine and L-tryp molecules, respectively. The DUV SERS performance was
explored with RhNPs coated isotropically textured Sn and Pd substrates with 100 um/s scan speed
and 150 um pitch size. The efficient DUV LSPR of RhNPs enables the resonant excitation and
exhibit EFs of ~10° for AN and adenine, and ~10* for PA and thymine molecules. The resonance
excitation with the analyte’s electronic absorption and LSPR band provides the detectability down
to ~3.86 nM, 0.46 puM, 46.2 nM, and 0.45 puM for AN, PA, adenine, and thymine molecules,
respectively, and thus demonstrated the trace detection capabilities. Therefore, the NIR and DUV
SERS studies comprehensively demonstrated the applicability of laser-textured hybrid substrates

for trace-level molecular detection.
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- Hafdd W R Ut oI 1A e Rep IUT, 370 TGl 3R Haa-=iedl & HRUl
fa=eyor Srupsft @ Sfdd-FY Tigar &1 fhRfic UgaM & fiT s w0 ¥ ugad 8l g
Oy 0 q, WHY-3LS AT WRRDUT (SERS) 7 TH Ideaxd, Igrd®, TR-
RIS IR dea-Jad W RBIUS de-iie & wU H faR1y qu1 sgurht wu # Ivmafe
3R SI9-HU3T T ¢H-TRIT Fisdl BT Gl T | U1 [aRredr wfad &1 81 769 Bt it
T g & g &) 9 Istiee @ faRvarsil S for @RS AHRga=R &t TP 3R
AT & TY-I1Y FoHee IR 30 AT0& [IaRr o A1eqd ¥ HRIAAgdd B ierd fbar o
THdT §| WRAS "HRgHR $I Pl fa7H, Oy w0 ¥ sfHegiites 9 4 $oliR
FIRERR, S MTpTd, TAISH 3R Fegee TR IR0 & Tef 7 et o1 uex= #vd &
3TN gle-Wie' 3R fazawr s ! URwaRe® fhar & e W1e gy &3 &l Idd oA
S HeH § wIE e Ufafshar o) SRIedded o B3 B THIGHT UaH $Rd &1 3
EOTAS faRdTel ¥ &fid &, & HRUT MBS ¢ | 9g-9ed AHHcRac o foh fgurdia
3IeCT-RF R SHTBIGd HR-A AHaTched hard 4Ig DR I " SERS TR SUR A" B
O BT Fford $vA aTel Afohd SERS YIS & SUH B xd ¢ | 3T e, JHwHiH
3Telt # HafRd SMeR-FERT FReRR 3Radd SdR-BU R USH Hd § 3R
TG UF &3 IR TG I gle-Wic g9 Sdd ad g |

PHIEEH T, DICARID], [ABIed! 3R Sasfuel dfed fa=ma 9ot & fazayor smpsff &
RS AT ®I DFT UM & T ¥ TS 3R T0HT fhT 7Y (H- 9 & o9
Y AR (~7-15 YHT) BT g=0id gT FuiRa a1 41l coMsoL Rga= &I Faford
FRd gU SIS T (Au 3R Cu) AR WIS (Pd, Rh, Sn, 3R In) Ak @IS
Terf & WA Ui 3R Fde-8F Taa Bt fada1 &1 718 g1 160 & SMHR H 10
100 nm P! gia B W, MMZFACIUD Au 3R Cu HHHCAS A1H0 20 &85 H HTHR-SH
FR TG WA Ufehal 1 SHHRT: ~520 nm F 570 nm 3R ~559 nm ¥ 592 nm T &I
g | BT, HIHUN & SMHR H 10 F 100 nm PT Jfg B W, SHMSHICIUS Pd, Rh, Sn, 3R In
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ANHU SHHR-SLA R A WA T el HHRT: ~208 nm I 446 nm, 205 nm F 413 nm,
202 nm ¥ 386 nm, 3R 269 nm I 429 nm TP TEX- WIS 3R TG JUIHHIT & ¥ WRAN
eI &7 oz vefkia wra &1 WhHU U1 (TM) AU B g8 WA Tty
RIS [Aggd-JEH 1T &3 DI dall gl o THTT BT ITANT B TS Fichd Au A1 0N
TR THHUT YT A AUCHR S I YR 81 PR-VA Au@TM F1H 0l & T, Au@pd,
Au@Rh, Au@Sn, 3R Au@In NPs & U & RIS fggdia W a¥vresd $iR Au@Cu NPs
¥ o vs- R s feyd e aireed ura gt § 1 feeea ©u ¥, Au@T™ NPs HET HR
T TUESRTY TAfAfe IYR TR A Td hHUT YT AU B ga-T H AHHUT U1 Bt
A8 W A ¥U J dgaR AU faggd & HT UERH Hd § 3R 39 TSR 78 WRAIHD
GHHUT Y137 B! YaaTMd WRATS WehH! BT 3R TH-AH0 d3d g |

S U YT RiedR R 3R RiedR SIS g8y Su-t 3= favvarsit & qr-my
AT-HHR & 3 3R SfR-IMRAT SfeRTa & HiaR TR F-3mart sl gie-wie UeM &d
g1 @i SifNfhar AUES! & dgd, RieR SIS SRy 1 Sg-XIal HIR®! fafdd
fa=ao MB, RhB, 2RH, BIWIE, 2,4-DNT, PNBA 3R PA 3(U[3{f & foru Ricar T &t g
H 3o gfg TUT LODs HHTT: ~10718 M, 1017 M, 1071 M, 10715 M, 1076 M, 1016 M 3R 102 M
iedl P TeH Bl & | ST O gle-Wie 3R IR gfa & Areqd 9 quissHia Sl
BT TG THTT T JAS @G T (RSD ~ 10%) el i ~101 3R LODs ~1071° M Figd
&I FYid FRaT g | ST8 et & Sfed Yo @ Hiers! 3R fahied| & dgdda- UgdaH
B UeRH fohar T 81 39 HfARad, aRafde Sitad &1 Il @ & SIuaNT & fore 99 &
g, ford UraeR iR afial wstde & 1y MY 3R BleARID] Bt Ydea=id Ugd &1 S o
TSl

fifp - Witd AoR TR (LA-PLA) T&-ie &l fafis A (Au 3R Pd) 3R
U TP HR-VA Au@TM (Au@Pd, Au@Rh, Au@Cu, Au@Sn, and Au@In) TIHUN & BRA
HEAWUT o foT iford fobam a1 HiiHe e Tt & SHTepR-FfEd Agfe BI ok Ty !
gfkafdd @R SR WP T I V8- RIS WRAF a1 ¢ gRT qdaférd forar man| sreer-fiq
(1-2 nm) HAU Y] AA-fUC PRIA B0 B Dldifad ATHY R Job-3aai
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DIV BT ITANT B §U RATA-LY HABTAH TR TsIRH B! Fod db haargdd
JIR {5 T | RITTRd LSPR fdfehar iR WehHUT U1 /d Tdg W 3UeHd 3= faggd
& coMSOL Rgaes uRumdl & WY 3/ $gEHa & d &1 LA-PLA I&F A1 &
TEE3RUY UagH &1 &g MB €8 Uil gR1 1 72 3R b it Geaare 4 (RSD
~10-20%) faBIed AN 3R pA, 3R Sgs[sf TS iR Ta-fePith &1 uar & & forg
A ~107, 10, 10719, 3R 107 M fEefaefadt ot iR @féra fovar man| gud sifafvad, MB 18
3Tt Bt FAfEd 1 ¥ fawmied AN 3R PA o fafts TisaT &1 Ue W1 Uat & 7|

U 3ol fou.g-deft Srgurd $fiR Wele WRERTUA U R &b e ehf-1 airs sferrer (U,
BT, SR I St ok o= URTHICR & 3G e & ATeH I J&d/A-1-IRa1ell &
IR0 1 IR S & AU ToR Tae a8 Ud fGa=ie db-id & =0 § 3T g
NS (THMIR JAY) 3R TSS (1 Te) TR O (100-250 pm) 3R THFHT
TR (50-300 pm/s) B TTY Sn 3R Pd JeRe e TR (AT fpu 7T 3R 3ravad I+ (785 nm) 3R
TER-TRTSTH! (266 nm) SERS AN & fo faifod fg mu) smegaeite wu 9§ fAfta
FEL T (100 pm/s WhTAT I 3R 150 pm ) Fafid ©9 J O THTHR-HHR B EUTHD
faRrvarsii @ g=iid 8 3R Au AHIGUl & FEYT & §1g MB 33l & AT ~106 & HH &1
3ATYH TAeMIGH arg (RSD <10%) ol Jfa UeiRid ®Rd & | SnTAu Jae ey qaTdd
¥ ¥ PATAu FaReCH &1 ga-l H I WRIad- 3R URUMHERTY 3= SERS UaRH MB,
DTTCL PA, AN, T3fAH 3R TA-fCPIth 3fu[sff & fof LODs SHHRT: ~0.32 pM, 3.2 fM, 2.93
nM, 0.37 uM, 0.26 nM, and 0.14 pM JTST TERId HRd & | TER-URTSTHI SERS & UG &I Rh
Fieu Fafd srzaieited Cages sn 3R Pd GoeH & I1Y 100 um/s T TS 3R
150 pm O PR & T JHAMNT 771 Rh SHIBUT BT S TEL-TRISTHT LSPR THH<
JAoHT DI THY TR AN 3R TS & T ~105, 3R A 3R Ui2fiA 3upaff & forg ~10°
EFs &1 UG &l g | TATEISE & SAdei-dh SSUIRI 3R LSPR & W1 3G IS AN,
PA, TS 3R UM Srufaif & ol HHRT: ~3.86 nM, 0.46 uM, 46.2 nM, 31R 0.45 uM dH
el BT Udl T &1 &I UG B! 8, AR 3 UBR ¢U-fSCarM eidnaf &1 R el
81 Wad:, NIR 3R DUV SERS 3&TH! 4 H-0dd ATdageR fSeaRH & ot doR caads
T3S Y ey & Yaioadl &l SAUs *0 I Yeiid fear gl
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