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Fig. 1 SEIRA active plasmonic materials from refs 9
and 10

(a) A 22 nm-thick Au nanoshell with array (solid
curve, 8 nm separation between the particles) and
isolated nanoshell (dashed curve)”. (b) Relative IR
transmittance spectrum near the fundamental
resonance of a gold nanowire decorated with ODT
monolayer. The fundamental plasmonic resonance
is observed around Ar = 3.6 um (/) and SEIRA signal
is observed for wire-parallel (/) direction. Inset is
SEM micrograph of a gold nanowire. Fig. 1 is partly
adapted from Ref. 9 and 10 with permission.
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Fig. 2 In situ ATR-SEIRA of Au NP during
adsorption on the (3-Aminopropyl)triethoxysilane
(APTES) coated SiO,/Sisurface: (a) overview and (b)
magnification of the dashed frame shown in panel (a)

The reference spectrum R, was obtained with D,O in
the flow cell contacting the SiO,/Sisurface. The
spectra are vertically shifted against each other. Fig.
2 is adapted from Ref. 12 with permission.
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Fig. 3 (a) Fabrication of Au nanoislands by
electroless deposition of Au nanoparticles (11 nm
diameter) adsorbed on APTES coated SiOy/Si
substrate'”

The AuNP submonolayer was exposed to Au’’/
NH,OH solution [0.3 mmol L HAuCl, and 0.4 mmol
L7 NH,OH in water (at room temperature)].  (b)
Formation of Au nangaps, and mechanism of their
self-limited growth. (c) Near-percolated Au islands
with high density of nanogaps. The enhancement of
electric field amplitude reaches 32 times of the
incident light amplitude at excitation wevelenght of 4

um.

O—& A4+ DI HES N, BREL %5 (Fig. 3).
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Fig.4 in situ ATR-SEIRA spectra and SEM
micrographs of Au island films during the growth by
electroless deposition

Relative reflectance spetctra at each stage of the
growth and their corresponding SEM micrographs are
showns. Near the percolation threshold of the
islands, OH stretching vibrational signal in the spectra
assumes the feaure of Fano-shape indicating the
strong interferernce between the broadband infrared
plasmons and the vibration through the field
enhancement in the nanogaps.
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ERARIEHESINTHRE =205 5. 5 TRBOW
s e, Wt - Bl A 7 1 2 A% KWL BRI 2 b5
BLr2EEbELI LT, LB ATETDS.

3T, L THW/2 DNA 4 T1%, TBA-15 L IFiEN 2,
YUTNWVALFS Y FODNAFY) I —TdHb. 7D DNA



&
op
S
=

(a) T T T T T T 10
DNA Mercapto [
= Lo
- 2
o )
c =g
£ 101 5
c— _37 8
& =
= @
g i
= %0
95
704
Plasmonic background
T T =7 = ™%
1500 2000 2500 3000 30 4000
Wavenunrber [em']
(b)

Peak height [%]

—=— DNA 1693 cm”'
—e— MercaptoEthanol 3205cm™ |

0 4
T T T T T T

LI | 1 1 1 1 L]
0 100 200 300 400 500 600 700
Time [min]

Fig. 5 (a) FTIR trasmission spectum from the Au
nanogap film near the percolation threshld as shown
in Fig. 4 curve B (red curve). SEIRA spectra from
the mixed solution of 15-base single-stranded DNA
oligomer and mercaptoethanol (blue curve). (b)
Adsorption kinetics of the two bio molecules trapped
in the Au nanogap islands is measured simultaneoulsy
by the SEIRA signal intensities of the DNA carboxyl
bond and mercaptoethanol OH bond.
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Fig. 6 (a) Schematic illustration of the thormbin
adsorption on the Au surface via TBA-15 DNA
aptamer grafted on the Au surface. (b) Thrombin
molecules trapped in the Au nanogaps are deteted by
SEIRA. (c) in situ ATR-SEIRA spectra from the
thrombin molecuerls in phosphate buffred saline
(PBS) solution with different concentratoins.
Thrombin molecules are detected down to 10 nmol
L. (d) Adsorption kinetics of thrombin and
prothrombin molecules trapped in the Au nanogaps.

TINFNINYF (73 FHED C=0 ifEikRE) ROT 3
FUNYF (73 FEADO NHZAIRE) 2Bl shs.
COT7 I KXY FIZ10 nmol L FREE F Tu, WK BI
T&5. —J, AfkLERLZELEOV/-7a ba e v
WLTITHE, Fubur ¥y TBALS ICRET 5720
FILLT7IFIR7IFUNY FPBIENS. LT
I PNV FOWITH A0, baryertsorary
yeid, A7 bV EOHRIEEE LAY, Fig. 6 (d) O X
AICWEFT A7 ADTay v eRBE, KELBRLZ
ENGHD. DL, ANRZ MBIROARL ST, IR
HOWRMEEB O EE L@ EiT5 2 LT, LK
D\ SEIRA TS RECTH 5. B OMHTITIE, 2
I VA & v 72 ATR-SEIRA 255071 CTd % 5, ATR-
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(a) Dielectric functions of various metals used

Fig. 7
in plasmonic applications®’. Electric near-field

profile of the etched (b) Al nanotriangles and (c) Au
nanotriangles

The substrate is assumed to be etched 40 nm in

depth. The two types of nanoantennas show similar

near-field enhancement with slightly higher intensity
21) S

E denotes the polarization

for Au nanoantennas™ .
of the incident electric field. Fig. 7 is partly adapted

and combined from Ref. 9 and 10 with permission.
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Fig. 8 Schematic illustration of the fabrication of Al
nanoantenna arrays by nanoshpere lithography

The polystyrene spheres are self-assembled on the Si
substrate and they act as mask for subsequent Al film
deposition to form triangular antenna array.
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Fig. 9 Tunable plasmon of Al

nanotriangles with different microspheres

resonances
21)

(a) Transmission spectra of Al nanotriangles
fabricated from microsphere with different sizes
(diameters).  Bigger polystyrene microspheres results
in bigger nanotriangles and thus resonances at longer
wavelength range (smaller wavenumber). (c)
Simulated plasmon resonances of Al nanotriangle
arrays made from different sizes of microspheres.
The three arrows indicate the three spectra
corresponding to experimental results in panel (a).
Fig. 9 is partly adapted from Ref. 21 with permission.
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Fig. 10 (a) Transmission spectra of the Al

nanoantennas with different etching times. The
insets illustrate the etching effect on the substrate as
well as the formation of SiO, layer. (b-d) SEM
images (30° tilted view) of three Al nanoantennas
etched for 0, 80, and 160 seconds from top to bottom,
respectively.  The scale bars in (b—d) are 200 nm in
length. (e) Baseline-corrected difference spectra of
plasmon-enhanced Fuchs-Kliewer (FK) modes at the
surface (F": SiOy/air) and the interface (F: Si/SiO,),
respectively. The vibrational signals were extracted
from the spectra in Fig. 10 (a) after plasmonic
baseline subtraction. The color of the spectrum
corresponds to that in Fig. 10 (a). Fig. 10 is partly
adapted from Ref. 21 with permission.
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Sputtered
Al-ALOy-Al layers

Fig. 11  Schematic illustration of the fabrication of
Al metamaterial perfect absorbers (MPA) by
nanoshpere lithography combined with reacive-ion
etching (RIE).
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Fig. 12 (a) Atomic Force Microscope (AFM) image
of the fabricated Al perfect absorbers (MPAs). (b)
Top view of the simulated near-field profile of the
electricfield intensity |E[* at resonance for Al MPAs
with disk diameters of 1.8 wm. (c¢) Measured
reflectance spectra of three Al MPAs showing the
near-perfect absorption with different disk diameters:
1.8, 2, and 2.2 pm

Fig. 12 is partly adapted from Ref. 29 with permission.
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Fig. 13 (a) SEM image of BSA-adsorbed Al perfect

absorbers (MPAs). Inset shows a schematic of BSA.
(b) Measured reflectance spectrum of Al MPA.  (c)
Vibrational signals of BSA molecules adsorbed on Al
planar film using ATR configuration (blue), or on Al
planar film using IRRAS configuration (dash red) and
Al MPA using normal reflection configurations (solid
red)

Fig. 13 is partly adapted from Ref. 9 and 10 with
permission.
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Fig. 14 (a) Schematics of surfae functionalization of
Al,Os/Al surface by phosphonic acid. Molecular
formula of 10-carboxydecylphosphonic acid (10-
CDPA). (b) Schematic illustration of the Al MPA
functionalied by 10-CDPA. (c) SEIRA signal of the
10-CDPA monolayer on the Al MPA

Fig. 14 is partly adapted from Ref. 29 with permission.
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Fig. 15 Epitaxially-grown syngle-crystal ITO nanorod
antenna array on YSZ(100) surface designed for
protein detection with SEIRA

ITO nanorod surfaces are functionalized with
phosphonic acid-containing biotin, so that streptavidin
molecules are specifically captured at the surfaces of
ITO nanorods. Electric-field hot spots of the ITO
nanorods (bottom-left) yield SEIRA signal of
streptavidins when they are trapped at the ITO
surfaces. Fig. 15 is partly adapted from Ref. 25 with
permission.
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Fig. 16 (a) SEIRA specta of streptavidin molecules
trapped by biotin-terminated phosphinic acid on ITO
nanorods (taken at conventinal refrection geometry).
(b) 2D map of the same data for better visual clarity
of the angle dependence of the absorption intensities
for amide-I and amide-II bands

Fig. 16 is partly adapted from Ref. 25 with permission.
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Surface-Enhanced Infrared Absorption (SEIRA) is a phenomena in which vibrational signals
from trace amounts of analyte or sub-monolayer molecules adsorbed on solid surfaces are
dramatically enhanced in their intensities. By utilizing the localized surface plasmon
resonances of infrared optical antennas and metamaterials, strong signal enhancements of
molecules become operative in an effective manner to realize high sensitivity vibrational
sensing. Recent developments in nanostructure fabrication techniques as well as their surface
functionalization techniques have enabled us to propose and fabricate various types of
advanced SEIRA nanodevices in nanophotonics and in nano-biosensing fields as well as in
analytical chemistry. Moreover, recent advances in searching appropriate infrared plasmonic
materials beyond noble metals have widened the possibilities to utilize low-cost base metal and
conductive metal oxides for SEIRA applications. In this review article, we introduce the
detection of dilute molecules and pathogenic enzymes in solution by an in situ ATR-IR method,
as well as protein SEIRA sensing by surface-functionalized Al optical antennas and
metamaterials. We also introduce our new approach to utilize infrared surface plasmons in
optical antenna array made of phosphonic acid-functionalized conductive oxide nanorods to
detect proteins with high specificity and sensitivity.

Keywords: surface-enhanced infrared absorption (SEIRA); plasmons; conductive oxides;
aluminum; phosphonic acid.



