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Abstract

Recent advancements in nanotechnology have enabled the development of highly efficient
surface-enhanced Raman spectroscopy (SERS) platforms, facilitating rapid, cost-effective, and
ultra-sensitive molecular detection. Contemporary SERS substrates consistently achieve
enhancement factors up to 10'°, facilitating dependable single-molecule detection. These
remarkable sensitivities result from localised surface plasmon resonances (LSPRs) produced
at the nanoscale, where the electromagnetic field can be amplified by over 10! times. A diverse
array of materials has been explored for the fabrication of SERS substrates, with noble metals
like gold (Au), silver (Ag), and copper (Cu) being the predominant choices due to their robust
plasmonic response in the visible to near-infrared spectrum, chemical stability, and capacity to
produce intense hotspots at nanogaps and sharp edges. Silver (Ag) provides the greatest
electromagnetic enhancement and minimal losses, rendering it optimal for ultra-trace detection,
whereas gold (Au) offers remarkable chemical stability and biocompatibility, facilitating
biosensing and in vivo applications. Copper, despite its lower stability, provides an economical
option with adjustable plasmonic properties. In addition to noble metals, semiconductor
materials such as ZnO, TiO2, MoS;, WS,, and graphene-based hybrids have garnered interest
due to their mechanisms of charge transfer enhancement, chemical stability, and capacity to
facilitate photocatalytic or synergistic sensing. These materials facilitate detection while
concurrently enhancing selective adsorption, controlling molecular orientation, and
suppressing fluorescence. Hybrid plasmonic semiconductor platforms, including Au-ZnO, Ag—
TiO2, and Au-MoS,, have demonstrated significant efficacy by merging robust electromagnetic
enhancement with chemical enhancement, facilitating reproducible SERS signals even at parts-
per-trillion analyte concentrations. Diverse fabrication techniques, such as electron-beam
lithography, chemical vapour deposition, thermal evaporation, laser-induced nanostructuring,

colloidal assembly, and nanoparticle self-organisation, facilitate meticulous regulation of



morphology, interparticle spacing, surface roughness, and crystallinity, critical factors
influencing hotspot density and SERS reproducibility. These advancements enable SERS to
provide molecular fingerprinting in seconds, surpassing traditional analytical methods in
sensitivity, speed, portability, and cost-effectiveness. These advancements have broadened the
applicability of SERS to areas including pathogen identification, detection of environmental
pollutants at ppb -ppt concentrations, monitoring of drug residues, food safety assessments,
and early disease diagnostics. This advancement positions SERS as a premier nanotechnology-

based analytical instrument for real-time, label-free, and ultra-trace molecular detection.

This thesis presents an in-depth examination of the fabrication and characterisation of advanced
nanostructured materials and thin films, with a focus on enhancing optical and spectroscopic
performance, particularly in Raman and surface-enhanced Raman scattering (SERS)
applications. The study combines experimental synthesis techniques, such as chemical vapour
deposition (CVD) and thermal evaporation, with controlled nanostructure engineering, and
comprehensive structural, optical, and vibrational characterisation to elucidate the relationships
among material morphology, composition, and spectroscopic response. The study begins with
a comprehensive examination of conventional Raman spectroscopy, outlining its classical and
quantum mechanical principles while highlighting the constraints imposed by weak scattering
cross-sections in dilute molecular systems. This thesis investigates rational design principles
for plasmonic and semiconductor-based SERS substrates to address these challenges,
emphasising the controlled modulation of localised surface plasmon resonances, hotspot
formation, and interfacial charge-transfer phenomena. Diverse post-treatment techniques, such
as laser modification, plasma processing, ion irradiation, and surface texturing, were utilised
to adjust surface roughness, crystallinity, defect density, and electronic structure, facilitating
substantial enhancement of Raman signals. Comprehensive characterisation employing SEM,

TEM, AFM, UV Vis spectroscopy, Raman spectroscopy, XRD, XPS, RBS, and computational



methods (FDTD and DFT) offers a profound understanding of structure—property correlations.
The optimised nanostructured films exhibit significant SERS activity, exceptional sensitivity,
reproducibility, and stability for the detection of trace-level analytes. The thesis emphasises the
pivotal roles of nanoscale morphology, interparticle gap engineering, and electronic coupling

in regulating enhancement mechanisms.

The first study focused on an Au-Ag multilayer system grown on a Si wafer using the thermal
evaporation technique and then subjected to 400 keV Krypton irradiation for nanostructure
formation. The film deposition and crystalline nature of the samples were confirmed by X-ray
diffraction (XRD) and Raman spectroscopy. The surface morphology and microstructural
analysis revealed the formation of distinct nanostructures with varying ion fluences, as
observed by atomic force microscopy and field-emission scanning electron microscopy
(FESEM). Rutherford backscattering spectrometry (RBS) results indicate a considerable
change in film thickness after ion irradiation, mainly due to the removal of surface atoms due
to sputtering. The Rhodamine 6 G (R6G) molecules were used to study the SERS on ion beam-
induced plasmonic nanostructures. The maximum enhancement in Raman intensity of R6G
was observed in the Bi-layer Au-Ag substrate compared to other substrates, with an
enhancement factor of 4.78x10° corresponding to a 1516 cm™ characteristic peak. A finite-
difference time-domain (FDTD) simulation was performed to provide a better understanding
of the nanostructure hot-spots formation and support the obtained SERS results. This study
presents a viable approach to fabricating a highly uniform SERS substrate over a large area for

chemical and biological sensing.

The second study discusses the growth of MoO3 micro-flakes on Si0,/Si substrate by the
chemical vapour deposition (CVD) technique, and then Ag-Au thin films were deposited over
the MoOs3; microflakes via the thermal evaporation method. These prepared substrates were
subjected to swift heavy irradiation to alter their morphology under extreme electronic

Vi



conditions, thereby creating defects and facilitating nanostructure formation. The phase
formation and crystalline nature of the samples are confirmed by X-ray diffraction (XRD) and
Raman spectroscopy. The electronic structure and defect analysis were performed using X-ray
photoelectron spectroscopy (XPS). The microstructure and purity of the samples are observed
by field emission scanning electron microscopy (FESEM). Detailed SERS measurements were
taken using different dye molecules to establish the use of the developed substrates in molecular
detection. Density functional theory (DFT) based theoretical calculations were in agreement
with the experimental results. The finite-difference time-domain (FDTD) simulation was

performed to see the electric field distribution over the surface.

The third part focuses on the effect of the size of Au nanoparticles on SERS enhancement,
which was studied in detail, and the hybrid system of Au-WS, was developed. Small (20nm)
and large (80nm) Au nanoparticles were synthesized to investigate their role in electromagnetic
field enhancement, and their hybridization with WS> nanosheets was formed to examine the
synergistic effect of chemical and electromagnetic enhancement. The change in size of Au
nanoparticles and the morphology of WS> nanosheets were studied through FESEM images.
The ultraviolet-visible near-infrared (UV-vis-NIR) spectroscopy was performed to study the
shift in the LSPR response with a change in the Au nanoparticle size and to study the intrinsic
optical properties of the nanohybrid with Au-WS». The FDTD simulation was performed to

understand the plasmonic properties and field distribution over the substrate.

The last part includes the highly sensitive Ag wire-based SERS substrates, which were
developed using a chemical synthesis procedure. These wires were further treated to develop
roughened nanostructures throughout their surface using a single-step chemical synthesis
procedure. The roughened nanostructures on the surface of Ag wires were responsible for
inducing plasmonic hotspots via coupling of inherent surface plasmon oscillations of adjacent
nanostructures. These plasmonic hotspots enhanced the Raman scattering signals from analyte

vii



molecules, such as MB, MO, R6G, and the pesticide thiram. The morphology variation was
confirmed by AFM, FESEM and HR-TEM. The elemental and structural characteristics was
performed by XRD. Field intensity enhancement profiles of plasmonic hotspots were
monitored using FDTD simulations. Overall, this thesis offers a comprehensive understanding
of material design strategies for efficient spectroscopic platforms and introduces novel methods
for producing durable, scalable SERS substrates for chemical sensing, biosensing,
environmental monitoring, and optoelectronic applications. The findings of this research
provide essential directives for future progress in nanophotonic-based materials and molecular

detection technologies.
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AR

AT H giferar Ui A i géf Tag-aftid T WagRe Ul (SERS) WEWhiH
& faHM &1 YHa S €, S i, forwradt auT Sifa-Tae=id Suifaed uga &l I
ST ¢ JHBTA SERS TSHCE U 101, I & TBHE haeR U Hd o, R
faygg Uh-HU[ (single-molecule) ddh gl IHd 33[ it %| ERl 3ffgdrg R RINRIE]
BT Igd TR W I FTPd gl @A 3G (LSPR) ¥ 8T 8, el
fIqgada® I 8 &1 10! 1Y $fIH qob Hafifd fasar ST qdhdT g | SERS Il & FHTor
%mmwﬁﬁawﬁmﬁmmaﬁwmw% ﬁﬂﬁwf(Au) TSd (Ag)
3R TIET (Cu) S I8 T UHE ¥U § I9ANT fhU 977 § | 3T HRUI e ¥ Hdve-

R WaeH | 30! Jad WISAN-S Uiaishdl, I fRURdT, Tl 941 3R dieor
fFTRI R fig glewic IUT B Bt 3! &HAT |

o (Ag) Talftre fagqgadas a UaeH aut g g1l UeH &-dl 5, s a8 fde-
Figdl UGHT (ultra-trace detection) & o watad fawed s=ar gl =% famiq, quf (Au)
IV IS fRRAT Td S9-Td1 UG HRT &, S STARIRAT T in vivo SIISART &
e ST g | dlaT (Cu), T 30eTdHd HH R 7, b Trrisy @eAi-e ol &
1Y U frpradt fadwed & U H I1RAT & | 99 urgaif & sifdfkad zno, Tio,, MosS.,
WS, TUT TBH-3TeTRd BTfos ot Srefarad arHar Ht o=y & siefia #x <@ §|
SIPH! ABIIAN BT HRUT 3db  HAN-GIRU FaeH o, IEAHDG RRAT, a1
BIcldbeleed Ual T (synergistic) ARITT P Gerd s Pt & 8 | T Jrafr
TS AN T, 3OS SHTIBRUN B (AT HRA dUT FARAT GHT TR B
TIY-TTY Yae (detection) H TETID BIdl & | GHR (hybrid) WIHIHS =TS QehIH,
Y Au-Zn0, Ag-TiO, 3R Au-MoS,, 7 IR HTa=iedr uelRid o1 g1 3 yonferai uad
faqgddeeia yadH &1 IR uada & wry Sisdt €, for urdg-wR-feferaq aigd R
fl TTS@TE SERS Wdhd U HRA1 94T 81 Ural g | fafae fafor ao-ids-oi Seige-ad
foriiumw!, Ffhed dw SR, yrid TaReF, doR-IRd ke, idssd
SRIFCT TUT AAIHUN B W-WSd TTRIT-3HIA-[ITH (morphology), TerUCHS g3,
TR GRERTU qUT fhee e S R IR &H FE01 U™ HRd! 8, ol glewic g
3R SERS B TvdIGHdl & (HUITgdh &9 F THIfAd Hd & | 37 Wl 7 SERS B $S
S b el H 3Murfaes fhRIITET TeM & & Wem a1 &, foR 98 URURS fawavonas
db-tep! ! a1 H Tag-=iierdr, Tifa, aréfaferdt ok fewra & amva # wal ol fAdd
Gl'I?IT%Is:fBﬂﬁ'q}fefSERS%Waﬁﬁlﬁwwgmﬁm(pathogen)
UgdH, ppb—ppt TR d% TATGRUT Tgu! &1 UdT AT, WY S/aQiel &t fAR, Wre
R eUTeh1 a1 I & RIS g 2nfie |1 39w+t fawrl & ufkumieasu, SERS
JRAAP-Hd, dad-Jad adl 3fd-3cd Iigdl 3Muifdd Ugad & fou e 3pmf
AN TR- TR fIRAUITe®s SUSHRU & =0 § R 8 ol 5 |

I8 YuyEy IFd A-RRId IHEE Ud uae et & i gyt St oRvarett &
I Siere &1 Ugd FRll 8, Fow faRiw &0 § 37 Sidwd Td W Raifue UaxH
IRy I JUT Gdg-aftfd T Whe T (SERS) &l 98k s R Sid fhar marg 139
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3T # IrfAe IR SO (cvp) 3R yHd TaraReE SR e ST
de-iel & AR AARRET SfEit®! Ul WedE®, e iR SIS
(vibrational) TIRINUT & Ty Tiford forar Tam 8, aif ARl &t S, W= SR
Wac ke U Ufaferdr & Heg Al ol Ty a1 S op | 3{e08 & YB3 URURSD XA
WS & faxd fades ¥ & 78 &, o 39 IR Ud Sich-gite Rgidl &
HRATRIA a1 77 § TUT Gad Whe T HIY-GaRH! &b HRUT faRd 3urfads yonferdl o
Ie dureii B ¥@ifed fobar w81 39 I B TSI B 8 I8 MUvEy
WA T4 SaTe- TR SERS FoHee! & dlfche (oIS [Gidl B Sird Bl g,
ST WHahd gdg! Wiedd 316 (LSPR), Blcdlc & dUl dRbald 1d¥l-
IR Uishanell o FRifd faf o W faRiv 9 faar T 81 Uy-STeR daie! o
SR RN, T WERIT, 31a- fafdxur quT Tdg SCRaiAT o1 IUINT Fdg! WYREUH,
fopeefaidt, QY-TaAdT 3R Saaei-e WAl &I AT B & fod fovar ma, fores
URUMARGET I ddbdl # Iea@-1d yadq U g3l SEM, TEM, AFM, UV-Vis
WD T, I WG Ul, XRD, XPS, RBS AU FDTD Ud DFT oI WU dileh! &
H1ed ¥ fory Y fad faRIwor = SREAT- Ui Ggdet &1 T8 GHe UG & | IPaHipd
AR fhedl A 3= SERS AehadT, Sh T Hag-I=iTardT, TedTadhdr 3R fRRd velRid
o1, R 3ifdr-3rey Figar arel foRAS (analytes) BT AT TaT TIHT HUT g1l T8
MYV R SHTHIA-fAFH, Sexuiicna MU e qul gaae e Hufe & 3
fufas Yfimrar &1 faRiy w0 9§ Xaifdd &ar §, St SERS UaeH a3 &1 fafd st |

U QT 31¢099 Udh Au-Ag SEURA (multilayer) JUTEH UR diod g, R yvie TaTaRe = ddb-ie
@RTsﬁww%ﬁa%mwawwmmomv%@ﬁmﬁ%%mﬂqm
T, o AR 1 faior 81 9os | e STama ofR ! &1 foprearg udfa &t gfp
TegX fdade (XRD) TUT T WD gRT B TS| Jaqd! 3Mpfa-fawm 3R g&A-
TS fa=ayT, WWWW(AFM)@?WW%
SAdS I HIZHIDIUT (FESEM) & HIeAH ¥ fovdl T, = 31 - & URad- & a1y
ARy AR & e B WY T I USRd fHa1l ISBIS dHhe T Wae el
(RBS) & TR ¥ 31 fafarrur & a1 fhed &1 Hiers H Seia-1g ukad- 1 Ul 9T,
RTIhT i HRUT WA & HRUT Tdg RIS FHT g1 5|

Rhodamine 6G (R6G) 3MU[3{T BT JUTNT 319 SH-URA WIGHIA® A-Ra131 TR SERS
3 o fore fosar mam| fgmRa Au-Ag Istice U 3= Isticcl &1 gal H R6G Pt I
gt § siftredd vadH urd gofm, R 1516 em! & fAR1S fUe & @ 4.78x10° &1
TEiHc thaer UTW g1 ARR=msi # glewdie fAafur o IHg@ IuT SERS URUTH! &
TS ¢H & AU Bigge f$Wy egA-8MH (FDTD) REgaRM foar | a8 srergq
IS Te Sfds SRIT g 98 &3 # 3fdfie W SERS Is¥ce & U0l &1 Th
AT OIS Tdd P 8|

TR AT T MoO; HATSHI-TITT DI Si0,/Si Te¥ce W Hifwd aiR fSUIfeRMA (CVD)

GRT fab TR fham 72, 9T TUTd S HIgehl-tid TR YHe TATURTM Tl I Ag-Au
gdcht fhed! BT STHTd foan 1| JOR Istiee! & Rate gl 3maq fafevur & aref= foa




a1, R Srafeier gaaei-ie Il ! uRfUfad & 39! 3pfa uRkafdd gl iy
ﬁﬁmwﬁwﬁﬁwamﬁw|mﬁﬂmﬁnﬁmmwﬁq@
XRD TYT I WIRRD U gRI B 715 | TG U1 Td GIY [IRA0T XX Wieigaagi-
TICIRDIGT (XPS) B W1 Y o 7T | Y&H-URTT U9 Yl i offd FESEM §RT &1 TS |
fapRia Isicel o IuaNT & Huifdd U O RiIfUd H3A 7 fafia T (dyes) & 1Y
faxgd SERS A f5d MUl SRS thawma @Rt (DFT) SuRa Vi TUAE Ui
ORUMHl & SFU Ul 13| Idg W faggd &9 Aol &1 3ieqgq ax+ & [ FDTD
Rrger=r foar man)

FIRRT YIT SERS YA R Au A0 & STHR & YHTT WR dHisd &, forass faxga sremm
& UYTT Au-WS, SRS Tume fasid & 13 | faggadas g &7 Uadq # Al SeR
ﬁ@mwﬁa@wmﬁ%%ﬁ@ﬁ%(zonmmzﬂa@(gonm)AuﬁﬂﬁWmW
fopar man, QU ws, AARie & WY 3@ gRfSeH v faear T, dife e U
faqgademauada & e (synergistic) THTd BT BT fHaT ST | Au 1B
& HTHR T WS, A IRICH BT 1pfa & ufkacd o1 399+ FESEM faaii & Arend § fopan
7| 3fegTargae-eRaqM Hae-3/avad (UV-Vis-NIR) Wae R IUT &1 UGN Au A1H0T
3THR TRGd- & 1Y LSPR UfAfehal H 8 a1 URacdd ddl Au-WS, THIeIEioe &t
Sidfifea siifoewa faviarstt & sieqa= g fovar | Tedce W WAl I Ug &
fqavur &1 gHgH 8 FDTD RgaH fovar |

Sifam yrT H Srcdd Wagald Ag arR 3MeiRd SERS Tsgee! R Iai ol T8 ©, 59
NG AAW0T fafY T ITTNT s fasRia fovan 11 39 aRl &1 3 Thd-aRul
S Uitk gRT IuTRd fohar Tan, fod S9! a8 W GRas! A Resi &1
faor g 37 GRS ARREAIST 7 S A EREIs & Tde! WA alaH & A
& H1e0H I WISHIH® glcdic 3ad fhU | §9 glewicd 7 MB, MO, R6G YT H-dHIeRI
R oI fazarsy srupsff & Ut 94 Tdhd! H Ieara-1g yadq ueH faar| snefa-fafaear
@1 gf¥ AFM, FESEM TYT HR-TEM GRI &1 5| daid U9 WIS a0 XRD §RT
fohaT 1| WA gicwicy & &F-diadl yadH Whed FDTD REeRH & [ o
AR fhu U |

TIIU ¥ ¥, I8 MYYSY THT WA R I1UP WIcHIH! o [0 Jeeh fewmg ol ot
MUH JHY UM dRdl & dUT IMEHE ded, TR, yafaeiiy A RE ek
JHIPIScIaei-® ATHANT 8q [CHTS, Thalad SERS TsHcc! o MU0 & T aid] Bl
TId T g 50 Ty Py FpRRE-enuRa aEiEl T sufie ggEH
TRl # yiasy &t wifd & fog Heayul fexnder veM axd §
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