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ABSTRACT

Surface-enhanced Raman spectroscopy (SERS) offers a reliable sensing platform capable of
rapid detection and precise identification of hazardous compounds at ultra-low concentrations.
SERS has become the preeminent spectroscopic technique for molecular detection due to its
combination of various desired characteristics, including ultra-sensitivity, rapid acquisition
speed, low cost, multiplexing capabilities, and portability. The development of SERS
substrates with ultrasensitive detection capabilities is now undergoing a technological
resurgence leveraging simple and cost-effective fabrication techniques. The detection
capabilities of a SERS substrate are greatly enhanced by altering the composition, shape, and
size of nanomaterials. However, the most critical aspect in influencing the detection sensitivity
of a SERS substrate is the shape of the nanoparticles. The shape-anisotropic metal
nanoparticles enable tuning their plasmon resonance wavelength over a broad spectral range
and the generation of a high density of electromagnetic hot spots at corners or sharp edges. In
addition to the enhancement of the SERS signal offered by plasmonic materials (mostly Ag
and Au) in the visible and near-IR regions, harnessing the enhancement due to plasmon
excitation in the UV is highly desirable. Employing the UV excitation wavelength in SERS
produces a fluorescence-free and resonant Raman signal, making UV-SERS an attractive
technique for molecular detection. This work focuses on the design and fabrication of SERS
substrates with ultra-sensitive molecular detection capabilities using shape-tailored
nanoparticles of different metals having a broadband plasmonic response in the deep-UV and

visible to near-infrared regions.

FDTD simulations demonstrate the critical dependence of various important factors, including
excitation wavelength, nanoparticle size, and corner curvature radius, on the optical properties
of nanoparticles. A significant redshift in the dipolar LSPR peak wavelength (from 507 nm to

632 nm) and the emergence of higher-order multipolar plasmon modes are observed in the

e
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FDTD-calculated Ag nanocube extinction spectra. The redshift (~449 nm) is more prominent
in Ag nanoplates and only the in-plane excitations dominate the extinction spectra for large
aspect ratio nanoplates. The Ag nanowire demonstrates a single plasmon peak at 413 nm for
transverse polarization and Fabry-Pérot resonator characteristics for longitudinal polarization.
Further, corner curvature has a significant impact on optical properties, resulting in drastic
declines in field enhancement and a blue shift of the LSPR peak. In a dimer system, the strength
of the near-field coupling, hence field enhancement, increases with decreasing interparticle
separation and decreases with increasing corner roundness. However, in heterodimers, the

nanoparticle size is crucial, deciding the degree of hybridization between all plasmon modes.

Shape-anisotropic Ag nanoparticles, including nanocubes, nanowires, and triangular
nanoplates, are produced using chemical reduction-based synthetic techniques. Ag nanocubes
show higher-order plasmon modes, while large aspect ratio nanowires exhibit exclusively
transverse plasmon modes. Ag nanoplates exhibit a strong dipolar plasmon mode, tuned from
visible to near-infrared wavelengths (698 nm to 1094 nm). Ag nanocube-based SERS substrate
offers an enhancement factor (EF) as high as 3.6 x 107 and is higher than the substrate based
on Ag nanowire. SERS detection of molecules at ultralow concentrations (LODs of 3.8 x 10/
M for PATP and 7.3 x 1071 M for thiram) demonstrates the remarkable detection capabilities
of the Ag nanocubes-based substrates. Trace level SERS detection of explosive molecules
with EFs of 107 for PA and 10° for AN and LOD values of 2.3 x 10™* M for PA and 3.1 x 108
M for AN display the superior field detection capability of the Ag nanoplate-based SERS
substrate. The Ag-Au alloy nanocubes with 11.2% Au exhibit the highest EF of 1.9 x 10’
among the Ag-Au bimetallic nanocubes with varying Au contents generated by a simple
galvanic replacement reaction. The Ag-Au alloy nanocubes-based SERS substrate displays
remarkable detection sensitivity for explosive compounds, with LODs of 1.71 x 1014 M for

PNBA and 4.1 x 101t M for PA.
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Three distinct shapes of Rh nanoparticles, triangular nanoplates (TNPs), rectangular nanoplates
(RNPs), and concave nanocubes (CNCs), are synthesized using a modified polyol method to
develop a deep-UV SERS platform. Rh CNCs have the highest deep-UV SERS activity with
an EF of 4.5 x 10°, as corroborated by FDTD-calculated extinction spectra and electric field
distribution maps, in addition to near-field enhancement in Rh nanoparticle dimers. Further,
the detection of trace explosives (LOD of 4.9 x 10** M for AN, 1.3 x 10"1° M for PNBA, and
1.1 x 107 M for DNT) demonstrates the excellent deep-UV SERS sensitivity of the cost-

effective Rh nanoparticles substrate.
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g
WHY-TTERS T WA DI (THSHRTY) U f[ag1a Gag- Hd UM Hal & Sl

SAT-HH Higdl H GARAD TIND] BT doit F U A 3R T UgdT HR | F&H g
S d-Hag-T=itadT, doft & SR 6t 1fa, 1 AT, e alf i earall oiR arefafedt
Tfed faft difesa faRiwdrsif & TaeH & SR Ui TqET & T TOeemRey uiga
TR RDINUG dH-1dH o T8 8| Ad-Tde-T=Ned AT &AdIst & A TISHRTH
JeRec H1 [P 3@ WA 3R AFTd YT HigHIE ddb-ie! &1 iy I81d gU U
qHla! T & IR ¥ ToR W1 31 U5 THSIRUY ToHee H G emaisd 3
T B TRET, HUI-3THTT 3R 3MMHR H URad B Sgd a¢raT Sl § | gTefifep,
TEE3IRUY Gouec B! Tga YdeTgierdl B! UHIAd B H Ja& Hgeaqul uge b ol
BT MBR | HHR-SMAHICIUS YT A BN Th IS WaeH I & AT-1 HI1 T
a9t fhIRI WR faggd T glcdic & & 99d & IdIGT R 39 WRAF 3G
TG BT JARSH UM HRd gl TAAM R Fdc-sRaa &l # @rAH®
HHRTE (SUTETR Ag 3R Au) §RT U fhT 7T THEeRTy Rrd 1 3f & srar,
RIS Y& B @RI IS & SR GEH BT ST IxAT SIS Ia-19 3
THSRTY & RIS ST aeiged ol Faifid 3 ¥ ufadiitg-gad 3R /e T
fRErer e 21T B, o gdt-THS3RuE 3Muifdes T & foIT U My debiip &
oIt 81 T8 B Sicdd-HaeTeiiet SUIfdeh Te &marsll & 1Y TUS3RTY ey &
Uy 3R fAmfor R Hfea B, forad faftrr engsif & seR-sifAaieifte Al &1 IuanT
fomar ST B, R TeRI-RET SR de-siaRad ¥ w7 &df 7 Sieds Wi®
yfaforan gt 5l
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IgIEE [STHIH TTEH S (UhSICle]) SR, AUl & GepIiRic UIEH| TR SeieiT
T &, AIHU HR 3R HIH ahar e dfga fafia Aeayul sRa! Bt Ay
R &1 UeRid #xa 5| f§a TauadieR RRaR a1 <& (507 nm ¥ 632 nm d) d
T AU YSRITE 3R =% TgYdId WRAH IS & Iad $! Tha ] uRe e
Ag THIHgE TRIfcaRM Wael H ST Sl 81 Ag SHIicy H YSRITE (~ 449 nm) 31fid
T § 3R 98 MU Awicy & Y tafdaw Weel R ad 39-©F Iow gl 2|
Ag TR SR YATHR0T & AT 413 nm TR Thd WRAN RER 3R 3rced ydiau
& forg Wsit-TRie WHeR faRvdrsht &) uefRid &di §1 59 Sfelral, SI- B sl BT
TSI oIl IR He@yuf uHTa usar 8, foraes uRumRaR=y faggd dadia &8 smas
H U} fiRTae ot § 3TR TAUHTieR RReR &1 sIfRIve 81T 8| Th A0l f$TR e
H Ade-87 g & dida, Safal faggd &7 3adq, ged SfaR-&H01 Quaul & a1y
TGl 8 3R BIH B WIS Fg- o 1Y "l 51 BIediie, BeRI-FEWR H, I =i /s o

I ST B TSl 09 FRd g, SHIH U BT THR HedqUl & | STHR-AACIUS Ag
ANHUN, fH T egsy, FHEe 3R Adivig AHde witd 8§ e soes-
3MTRT ST AH-11D| BT ITAN HP IcIGd [HU T & | Ag TSI I-hH WRAM
Are feard 8 Safe oS Ugd Sud Fary faRy U ¥ Uy WA 1 UeiRid
FRA gl Ag AIRICH Ue ASigd feydia WRaH A UelRid #xd §, S exadH ¥ Ade-
AR AT & (698 nm T 1094 nm) T THTAINTT a1 ST 8 | Ag T gsd-3eTiRa

TUS3RUY TSHCT 3.6 x 107 & ¥4 H I YT HREP (SUB) UG HaT g 3R Ag
AR WR SUTRT Jetee F S § | Sdd-HH igdl TR UL HT THs SRTY Iga-
(it & frw 3.8 x 10777 M & TASNSY SR fRA & 1T 7.3 x 10716 M) Ag TSy -
MR T T P Ieag-19 Ugd &marstt & UelRid #xar 8| fiehe thrs ) &
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forg 107 SR Sy Agee (WE) & fiE 105 & S SR du & faw 2.3 x 10717 M 3R
T & AW 3.1 x 108 M & TASHS! & 1Y [ahied MUl HT 3a-y TR USRI
UGE ¥ Ag AIRICH- UG T d5aR & ST &l TGRId gl & Ub IURY
Teafe UfaRITIS Ufehar GRT I 11.2 WA= Au & 14 Ag-Au TS 41 T gy,
faftra Au TET Ag-Au feenfa® T iegsy & o9 1.9 x 107 BT Yo T1 SUB Y Rd
gl Ag-Au T ol TAIHgsT-3uiRd TIS3RTY Istice faxpied el & o
STRGHT T FdGTRNerdr e Fa 3, s fieadi (R-ide~iss thie) &
T 1.71x 10" M AR T & fAT 4.1 x 107" M & TASAST B

Rh 910N & i S-S HHR, BRI ey (@gdh), EdieR AHwiey
(3TRTAUY, 3R e THIHged (T BT Th TeXT JaI-THsHRUT WehiH f[damid
B & forg RN UTellailer fafd 1 SuhIT b IV fobar STl ¢ | Rh TR H 4.5
X 10° % S & T I SU-Jdl THSSRTH TAfafy §, ol fas Rh A iaur fem &
fAc-8F oMae & Sfamar THaIc el Tafear Wael 3R faggd &F faarur
AFRE GRT O &1 718 81 3% S{lTd], ey fapiea! &1 udl T (WU & g 4.9
x 1013 M, GITTSIT & foT 1.3 x 10770 M, 3R ST & 1T 1.1 x 107 M) ARTA UHTdT Rh
Bl T Bl IPT SU-gdl THSIRTY HdgARfeid Pl UafRid Ha 5|
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Er represents the Fermi level of metal and HOMO (highest occupied
molecular orbital) and LUMO (lowest unoccupied molecular orbital)
corresponds to molecular orbitals.

Schematic illustration of various stages of the reaction leading to the
formation of noble-metal nanoparticles of different shapes. R is the ratio
of the growth rates in the [100] and [111] directions.

Block diagram of the classification of techniques for trace explosives
detection.

Schematic representation for the synthesis of Ag nanocubes using polyol
method.

Schematic representation of heat-up polyol method for the synthesis of
triangular Rh nanoplates.

Schematic representation of hot-injection polyol method for the synthesis
of Rh concave nanocubes.

Schematic representation of the seed-mediated method for the synthesis
of seed nanoparticles and TSNPs.

Schematic depiction of galvanic replacement reaction for the synthesis of
bimetallic Ag-Au alloy nanocubes.

Schematic diagram of a scanning electron microscope.

Schematic diagram of the transmission electron microscope.

Schematic diagram of dual-beam UV-Vis spectrophotometer.

Schematic diagram of a confocal micro-Raman spectrometer.
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Figure 2.10

Figure 2.11

Figure 2.12

Figure 3.1

Figure 3.2

Figure 3.3
Figure 3.4
Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Schematic illustration of dispersion of light by a low and high groove
density grating.

Schematic representation of (a) a blazed grating and (b) frontside and
backside illuminated CCDs.

Schematic illustration for the removal of surfactant for the surface of
nanoparticles.

The three-dimensional computational space composed of Yee cells and
the corresponding distribution of electric field and magnetic field
component in Yee cell.

Yee algorithm's space-time sampling demonstrating the implementation
of  central differences for spatial derivatives and leapfrog stepping for
time derivatives.

The flowchart of the 3D-FDTD algorithm.

The schematic representation of the FDTD simulation setup.

(a,c) real and (b,d) imaginary parts of the dielectric function for silver
(upper panel) and rhodium (lower panel) taken from Palik’s database
(squares) and FDTD model fit to the data points (blue curve).
FDTD-calculated absorption spectra for (a) Ag nanosphere of various
radii and corresponding peak absorbance wavelength (table) tested
against the reported work in reference [145] (b) Ag nanosphere of radius
20 nm in different surrounding medium validated against reference [146].
(a) Extinction spectra of an Au nanorod obtained by Starowicz et al. [147]
and (b) results reproduced using the FDTD method in this work.
Calculated absorption, scattering, extinction spectra of (a) Ag nanosphere
(b) Ag nanocube (c) Ag triangular nanoplate (d) Ag nanowire.

(a) Calculated extinction spectra of Ag nanocube for edge length varied
from 10 nm to 100 nm. (b) LSPR wavelength variation of plasmon modes
as a function of edge length.

Calculated extinction spectrum of Ag nanocube of edge length (a) 200 nm
(b) 500 nm.

(a) Calculated extinction spectra of Ag nanoplate for edge length varied
from 10 nm to 100 nm. (b) LSPR wavelength variation of plasmon modes

as a function of edge length.
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Figure 3.12

Figure 3.13

Figure 3.14

Figure 3.15

Figure 3.16

Figure 3.17

Figure 3.18

Figure 3.19

Figure 3.20

Figure 3.21

Figure 3.22

Calculated extinction spectra of Ag nanowire for aspect ratio varied from
2 to 25 for polarization of incident light along (a) transversal axis (b)
longitudinal axis.

(a) Pictorial representation of the corner curvature radius for a nanocube
(b) calculated extinction spectra of 80 nm Ag nanocube for curvature
radius varied from 0 nm to 20 nm and extinction spectrum of Ag
nanosphere with diameter 80 nm (c) LSPR wavelength variation of
plasmon modes as a function of curvature radius.

(a) Calculated extinction spectra of 80 nm Ag nanoplate for curvature
radius varied from 0 nm to 20 nm. (b) LSPR wavelength variation of
plasmon modes as a function of curvature radius.

(a-c) Calculated extinction spectra of 80 nm Ag nanocube, 80 nm Ag
nanoplate and Ag nanowire of AR 20 in different surrounding medium of
refractive index from 1 to 1.56. (d) Nanoparticle shape dependence of
LSPR wavelength shifts with the refractive index of medium from 1 to
1.56.

(a) Calculated electric distribution maps of Ag nanoplate at 785 nm
excitation wavelength for edge length varied from 10 nm to 100 nm (b)
Maximum electric field enhancement as a function of edge length for
different excitation wavelength.

Calculated electric distribution maps of Ag nanocube at dipolar resonance
excitation wavelength for edge length varied from 50 nm to 100 nm.
Calculated electric distribution maps of 80 nm Ag nanoplate common
excitation wavelengths and different resonance excitation wavelengths.
Calculated electric distribution maps of 200 nm Ag nanocube at different
resonance excitation wavelengths.

Calculated electric distribution maps of Ag nanowire (AR 20) at common
excitation wavelengths and transverse resonance excitation wavelengths.
Calculated electric distribution maps of 80 nm Ag nanoplate at resonance
excitation wavelength for curvature radius varied from 0 nm to 20 nm.
Calculated electric distribution maps of 60 nm Ag nanocube for curvature
radius varied from 0 nm to 10 nm and Ag nanosphere at the resonance

excitation wavelength.
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Figure 3.23

Figure 3.24

Figure 3.25

Figure 3.26

Figure 3.27

Figure 3.28

Figure 3.29

Figure 3.30

Calculated (a) extinction spectra (b) fractional plasmon shift of dipolar
plasmon mode as a function of interparticle distance normalized to
nanoplate size (c) electric distribution maps of Ag nanoplate homodimer
for nanogap distances varied from 1 nm to 10 nm. g is the interparticle
nanogap distance and d is the size of nanoplate.

Calculated (a) extinction spectra (b) electric field distribution maps of Ag
nanoplate homodimer for curvature radius varied from 0 nm to 10 nm at
a fixed nanogap distance of 2 nm.

Calculated (a) extinction spectra (b) fractional plasmon shift of dipolar
plasmon mode as a function of interparticle distance normalized to
nanoplate size (c) electric distribution maps of rounded Ag nanoplate
(curvature radius = 5 nm) homodimer for nanogap distances varied from
1 nm to 10 nm.

Calculated (a) extinction spectra (b) fractional plasmon shift of dipolar
plasmon mode as a function of interparticle distance normalized to
nanocube size (c) electric distribution maps of rounded Ag nanocube
homodimer for nanogap distances varied from 1 nm to 10 nm.
Size-dependent calculated (a) extinction spectra (b) electric field
distribution maps of Ag nanoplate heterodimer. The size of one nanoplate
is varied from 10 nm to 60 nm at a fixed nanogap distance of 1 nm.
Nanogap distance-dependent calculated (a) extinction spectra (b)
fractional plasmon shift of dipolar plasmon mode as a function of
interparticle distance normalized to large nanoplate size (c) electric
distribution maps of 50-80 nanoplate heterodimer. The nanogap distance
is varied from 0.5 nm to 10 nm. Inset shows the failure of exponential
behavior of fractional plasmon shift at 0.5 nm nanogap distance.
Size-dependent calculated (a) extinction spectra (b) electric field
distribution maps of Ag nanoplate-nanodisk heterodimer. The size of the
nanodisk is varied from 10 nm to 60 nm at a fixed nanogap distance of 1
nm.

Nanogap distance-dependent calculated (a) extinction spectra (b)
fractional plasmon shift of dipolar plasmon mode as a function of

interparticle distance normalized to nanoplate size (c) electric distribution
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Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 4.6

Figure 4.7

Figure 4.8

Figure 4.9

Figure 4.10

Figure 4.11

maps of nanoplate-nanodisk heterodimer. The nanogap distance is varied
from 1 nm to 10 nm.

FESEM images of Ag nanocubes synthesized for different PVP/AgNO3
molar ratios (a) 5 (b) 2 (c) 1 (d-f) 0.5. Insets show the magnified images
of Ag nanoparticles with a scale bar of 200 nm.

FESEM images of Ag nanocubes synthesized for different HCI
concentrations (a) 200 mM (b) 10 mM (c,d) 120 mM. (e) EDX spectrum
of as-synthesized Ag nanocubes.

(a-c) UV-Vis spectra of Ag nanosphere, mixed shapes, and pure
nanocubes. The pure Ag nanocubes were obtained for a molar ratio
(PVP/AgNO3) of 0.5 and HCI concentration of 120 mM. (d) FDTD-
calculated extinction spectra of Ag nanocube with an edge length of 200
nm.

(a-c) FESEM images (d) EDX spectrum of Ag nanowires synthesized at
different magnifications. The Ag nanowires are obtained for a molar ratio
(PVP/AgNOs3) of 1.

(@) UV-Vis spectrum of Ag nanowires with a diameter of 220 nm (b)
FDTD-calculated extinction spectrum of Ag nanowires with a diameter
of 220 nm (AR=20).

TEM micrographs and nanoparticles size distribution histograms of (a) 10
nm Ag nanoparticles (b) plate-like seed nanoparticles.

UV-Vis spectra of (a) Ag seed nanoparticles at different time duration (b)
plate-like Ag seed nanoparticles. The inset is the optical image of the color
evolution of Ag seed solution over time.

TEM micrographs and corresponding size (red) and curvature radius
(blue) distribution histograms of nanoplates for seed volume of (a) 6 mL
(b) 4 mL (c) 1 mL.

UV-Vis spectra of (a) nanoplates of the edge length of 80 nm (b)
nanoplates for different seed volumes increased from 0.5 to 6 mL.
Experimental and FDTD comparative extinction spectra for edge length
(@) 80 nm (b) 100 nm (c) 40 nm.

SERS spectra of 10° M concentration of (a) RhB and (b) thiram

deposited on Ag nanocubes (red line) and Ag nanowires (blue line).
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Figure 4.12

Figure 4.13

Figure 4.14

Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

Figure 4.19

Figure 4.20

SERS spectra of (a) 10° M concentration of PATP for Ag nanocubes and
Ag nanowires (b) 10°® M concentration of PATP for Ag nanocubes and
nanowires under excitation wavelength of 785 nm and 532 nm.

SERS spectra of PATP of different concentrations and corresponding
characteristics peak (1078 cm™) intensity variation as a function of
concentration for (a,b) Ag nanocubes and (c,d) Ag nanowires. The
concentration and intensity of the peak are transformed into the
logarithmic scale while performing linear regression.

SERS spectra of thiram of various concentrations and corresponding
characteristics peak (1386 cm™) intensity variation as a function of
concentration for (a,b) Ag nanocubes and (c,d) Ag nanowires. The
concentration and intensity of the peak are transformed into the
logarithmic scale while performing linear regression.

SERS spectra of R6G of concentration 10 M for nanoplates with an edge
length of 40 nm (red line), 80 nm (dark grey line), and 100 nm (green
line).

(@) SERS spectra of R6G of different concentrations for 80 nm nanoplates
and (b) corresponding characteristics peak (at 1512 cm™) intensity
variation as a function of concentration.

(a) SERS spectra of PA of different concentrations for 80 nm nanoplates
and (b) corresponding characteristics peak (at 821 cm™) intensity
variation as a function of concentration.

(@) SERS spectra of AN of different concentrations for 80 nm nanoplates
and (b) corresponding characteristics peak (at 1042 cm™) intensity
variation as a function of concentration
(a) SERS spectra of R6G of concentration 10° M recorded from 15
different random spots on the substrate and (b) the corresponding
histogram of SERS intensity for peaks at 1360 cm™ and 611 cm™.

(a) SERS spectra of DNT of concentration 10 M recorded from six
different SERS substrates by averaging five spots on each substrate and

(b) the corresponding histogram of SERS intensity at 1351 cm™.
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Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8

Figure 6.1

Figure 6.2

Figure 6.3

TEM (blue background) and SEM images of Ag nanocubes reacted with
0.2 mM HAuCI4 of volume (a,d) 0 mL (b,e) 0.1 mL (c,f) 0.25 ml (g,j) 0.5
mL (h,k) 0.6 mL and (i,I) 1 mL.

Schematic representation of the Ag-Au alloying and dealloying process
in galvanic replacement reaction.

FESEM-EDX elemental mapping of Ag nanocube after reacting with (a)
0.1 mL (b) 0.25 mL (c) 0.5 mL (d) 0.6 mL (e) 1 mL aqueous 0.2 mM
HAUCI,.

UV-Vis spectra of Ag nanocubes reacted with (a) 0 mL (b) 0.1 mL (c)
0.25 mL (d) 0.5 mL (e) 0.6 mL (f) 1 mL aqueous 0.25 mM HAUCI.. Insets
show the photographs of aqueous suspension of nanocubes reacted with
different volume of HAUCI..

(a) SERS spectra of 10° M R6G and (b) maximum SERS intensities
correspon-ding to the peak at 1512 and 612 cm for Ag nanocube reacted
with various volumes of aqueous 0.2 mM HAUClIj.

(a) SERS spectra of PNBA of decreasing concentration from 10° M to
10® M adsorbed on Ag-Au alloy nanocubes (b) SERS intensity versus
concentration plot for the mode at 1598 cm™.

(a) SERS spectra of PA of decreasing concentration from 10° M to 101°
M adsorbed on Ag-Au alloy nanocubes (b) SERS intensity versus
concentration plot for the mode at 821 cm™.

SERS spectra of 10® M concentration R6G adsorbed on Ag-Au alloy
nanocubes. The spectra were recorded from 20 randomly selected sites on
the substrate (b) corresponding histogram of SERS intensity for peaks at
1512 cm™ and 612 cm™.

HRTEM image of (a) branched Rh nanoparticles synthesized using 32
mM of Rh precursor (b) irregular-shaped Rh nanoparticles at 20 mM of
Rh precursor (c) Rh TNPs using 10 mM of Rh precursor (d, €) magnified
images of Rh TNPs (f) single Rh TNP.

(a) UV-Vis spectrum of as-synthesized Rh TNPs (b) calculated extinction
spectra of Rh TNP for different edge lengths.

HRTEM image of (a) Rh quasi-spherical nanoparticles synthesized
without KBr (b) Rh RNPs synthesized using KBr (c) high-resolution
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Figure 6.4

Figure 6.5

Figure 6.6

Figure 6.7
Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

Figure 6.12

Figure 6.13

image of single Rh RNP (d) TEM image of Rh RNPs with size distribution
histogram.

(a) UV-Vis spectrum of as-synthesized Rh RNPs (b) calculated extinction
spectra of Rh RNP for different aspect ratios.

(a, b) HRTEM image of Rh CNCs (b) enlarged HRTEM image of Rh
CNC (d, e) TEM images of mono-disperse Rh CNCs (f) size distribution
histogram of Rh CNCs.

(a) UV-Vis spectrum of as-synthesized Rh CNCs (b) calculated extinction
spectra of Rh CNC for different curvature radii. The curvature radius was
varied by changing the angle (0) with a fixed edge length of 27 nm.

EDX spectrum of as-synthesized (a) Rh TNPs (b) Rh RNPs (c) Rh CNCs.
(a) SERS spectra of 10° M R6G deposited on Rh CNCs, RNPs, and TNPs
at the excitation wavelength of 785 nm and (b) SERS intensities at 611
and 1512 cm™ for Rh CNCs, RNPs, and Rh TNPs. The data represent the
average and standard deviation from five measurements.

(a) Deep-UV SERS spectra of 10°® M adenine adsorbed on Rh CNCs,
RNPs, and TNPs at the excitation wavelength of 266 nm and (b) SERS
intensities at 1316 and 1582 cm™ for Rh CNCs, RNPs, and Rh TNPs. The
data represent the average and standard deviation from six measurements.
Electric field distribution maps of (a) Rh CNC, (b) Rh RNP, and (c) Rh
TNP calculated using the FDTD method at excitation wavelengths of 266
nm and 785 nm.

FDTD-calculated electric field distribution maps of Rh CNC for different
(a) curvature radii varied from 14 nm to 7 nm (b) edge length varied from
5nm to 40 nm.

FDTD-calculated electric field distribution maps of (a) Rh TNP for
different edge lengths changed from 5 nm to 10 nm (b) Rh RNP for
different aspect ratios increased from 1 to 4.

FDTD-calculated electric field distribution maps of dimers of (a) Rh
CNC, (b) Rh RNP, and (c) Rh TNP in two different orientations. The field

distribution maps were calculated at the excitation wavelength of 266 nm.
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Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20

Figure 6.21

Figure 6.22

FDTD-calculated electric field distribution maps and extinction spectra of
Rh CNC dimer for varying nanogap distances from 0.1 nm to 5 nm in (a)
corner-to-corner (b) edge-to-edge orientations.

FDTD-calculated electric field distribution maps and extinction spectra of
Rh RNP dimer for nanogap distances ranging from 0.1 to 5 nm in the (a)
short edge lengths faced orientation and (b) long edge lengths faced
orientation.

FDTD-calculated electric field distribution maps and extinction spectra of
TNP dimer for varying nanogap distances from 0.1 nm to 2 nm in (a)
corner-to-corner (b) edge-to-edge orientations.

Normal Raman and SERS spectra of AN acquired at the excitation
wavelength of 266 nm and 785 nm.

(a) Deep-UV SERS spectra of AN of decreasing concentrations from 10
® M to 102 M coated on Rh CNCs (b) deep-UV SERS intensities at 1060
cm? as a function of AN concentration. The intensities and
concentrations were plotted on a logarithmic scale.

(a) Deep-UV SERS spectra of PNBA of decreasing concentrations from
10° M to 10° M adsorbed on Rh CNCs (b) deep-UV SERS intensities at
1602 cm™? as a function of PNBA concentration. The intensities and
concentrations were plotted on a logarithmic scale.

(a) Deep-UV SERS spectra of DNT of concentrations ranging from 1073
M to 10°® M adsorbed on Rh CNCs (b) deep-UV SERS intensities at 1603
cm? as a function of DNT concentration. The intensities and
concentrations were plotted on a logarithmic scale.

(a) Deep-UV SERS spectra of 10°® M PNBA recorded from 20 random
spots on the substrate and (b) histogram of intensities for peaks at 1602
cm™ and 1348 cm™™,

(a) Deep-UV SERS spectra of 10® M adenine acquired over 35 days from
the same substrate and (b) corresponding histogram of intensities for
peaks at 1316 cm™.
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