


ABSTRACT 

Engineered Plasmonic Nanostructures for Infrared 
Spectroscopy, Refractive Index Sensing and Nonlinear Optics 

by 

Liangliang Dong 

	 Surface	plasmon	–	the	electromagnetic	interaction	in	metal	nanoparticles	and	

nanostructures	 –	has	been	 the	 topic	 of	 intense	 research	 activities	 for	many	years.	

Early	researchers	studied	 the	dependence	of	plasmon	resonance	 frequency	on	 the	

size,	shape	and	dielectric	environment	of	the	nanoscale	system,	mainly	for	sensing	

applications.	 The	 intense	 and	 localized	 field,	 generated	 by	 two	 adjacent	 metallic	

nanostructures	when	appropriately	illuminated,	has	been	utilized	for	enhancing	the	

sensitivity	 of	 vibrational	 spectroscopy.	 The	 near-field	 enhancement	 is	 also	

responsible	for	benefiting	device	properties,	such	as	improving	nonlinear	frequency	

conversion	 efficiency.	 In	 this	 thesis,	 I	 will	 present	 plasmonic	 structures	 with	

interesting	optical	properties	and	discuss	their	applications	in	infrared	spectroscopy,	

refractive	index	sensing	and	subwavelength	nonlinear	optics.	

	 The	 first	 part	 of	 this	 thesis*	 focuses	 on	 nanogapped	 antenna	 for	 surface-

enhanced	 infrared	 absorption	 (SEIRA)	 spectroscopy.	 SEIRA	 spectroscopy	 has	
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outstanding	potential	 in	 chemical	 detection	 as	 a	 complement	 to	 surface-enhanced	

Raman	 spectroscopy	 (SERS),	 yet	 it	 has	 historically	 lagged	 well	 behind	 SERS	 in	

detection	 sensitivity.	We	 designed	 a	 nanogapped	 infrared	 antenna	 on	 a	 reflective	

substrate	to	approach	the	detection	of	less	than	1000	molecules	using	a	conventional	

FTIR	spectrometer.	By	turning	the	size	of	the	antenna	to	different	wavelength,	we	can	

easily	build	a	broadband	sensor	covering	the	entire	mid-infrared	range.	Our	results	

demonstrate	 a	 new	 platform	 for	 analyzing	 minute	 number	 of	 analysts	 that	 leads	

insight	toward	single-molecule	mid-infrared	detection.	

The	 second	 part	 of	 this	 thesis*	 is	 devoted	 to	 all-metal	 magnetic-resonant	

nanostructures	for	refractive	index	sensing.	Dimers	are	one	of	the	primary	nanoscale	

geometries	 in	 plasmonics,	 supporting	 high	 local	 field	 enhancements	 in	 their	

interparticle	 junction	 under	 excitation	 of	 their	 hybridized	 “bonding”	 plasmon.	

However,	when	a	dimer	is	fabricated	on	a	metallic	substrate,	its	characteristics	are	

changed	profoundly.	We	investigated	the	structure	of	a	gold	dimer	on	gold	film	that	

supports	two	dominant	modes:	a	bright	“bonding”	plasmon	and	a	magnetic	charge	

transfer	plasmon.	These	two	modes	show	enhanced	spectral	sensitivity	upon	change	

of	 dielectric	 environment.	 The	 resonance	 shift	 is	 also	 accompanied	 by	 emerging	
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higher-order	hybrid	plasmons	in	the	visible	region.	Our	study	may	offer	new	options	

for	refractive	index	sensing	with	high-performance	sensitivities.	

The	final	part	of	this	thesisà	centers	on	metallic	toroidal	metasurface	for	third	

harmonic	generation	(THG).	The	harmonic	generation	of	light	with	plasmonic	and	all-

dielectric	nanostructures	has	gained	much	recent	interest.	This	approach	is	especially	

promising	 for	 short	 wavelength	 (i.e.,	 ultraviolet	 (UV))	 generation,	 where	

conventional	nonlinear	crystals	reach	their	limits	both	in	transparency	and	in	their	

ability	to	achieve	phase-matching	between	the	input	and	output	fields.	We	explored	

a	 toroidal	 plasmonic	 metasurface	 on	 top	 of	 an	 indium	 tin	 oxide	 (ITO)	 layer	 that	

dramatically	boots	third	harmonic	signal.	The	large	increases	in	THG	is	a	result	of	the	

unique	field	enhancements	of	the	toroidal	structure	in	combination	with	a	sublayer	

of	 matched	 thickness.	 This	 work	 is	 essential	 for	 furthering	 the	 development	 of	

enhanced	frequency	generation	in	UV	regime.	
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Chapter 1 

Introduction 

The	 ability	 of	 small	 metallic	 nanostructures	 to	 manipulate	 light	 at	 the	

nanoscale	has	led	to	significant	advance	in	a	major	research	field	called	plasmonics.1		

Upon	 stimulation	 by	 incident	 light	 these	metallic	 nanostructures	 excite	 collective	

electronic	 resonances,	 known	 as	 plasmons,	 and	 give	 rise	 to	 the	 sharp	 optical	

absorption	 and	 scattering	 properties,	 as	well	 as	 strong	 electromagnetic	 near-field	

interaction.2,3	 This	 phenomenon,	 especially	 witnessed	 among	 strongly	 coupled	

metallic	nanostructures,	has	been	widely	leveraged	for	applications	in	field-enhanced	

spectroscopy,	refractive	index	sensing	and	subwavelength	optical	devices.		

The	goals	of	this	thesis	are	to	tailor	and	optimize	optical	properties	of	plasmon	

resonances	 for	 applications	 in	 surface-enhanced	 infrared	 absorption	 (SEIRA)	

spectroscopy,	 localized	 surface	 plasmon	 resonance	 (LSPR)	 sensing	 and	 third	

harmonic	generation	(THG).	I	will	start	by	reviewing	the	physical	basis	of	relevant	

topics	followed	by	a	summary	of	each	chapter	given	below:	
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Chapter	2	contains	an	overview	of	the	fundamental	concepts	used	in	SEIRA,	

LSPR	 and	 THG.	 The	 first	 section	 is	 a	 description	 of	 lightning	 rod	 effect	 and	 Fano	

resonances.	Following	this	bears	on	an	introduction	of	refractive	index	sensing	and	

charge	 transfer	 plasmon.	 Finally,	 the	 basic	 principles	 in	 THG	 and	 the	 difference	

between	 toroidal	 and	 its	 counterpart,	 electric	 and	 magnetic	 multiples,	 will	 be	

presented	to	readers.	

Chapter	3	 demonstrates	 a	 systematic	 investigation	 of	 a	 new	ultrasensitive	

infrared	 antenna	 designed	 to	 bring	 SEIRA	 spectroscopy	 into	 the	 few-molecule	

detection	range.	Our	antenna	consists	of	a	bowtie-shaped	Au	structure	with	a	sub-3	

nm	 gap,	 positioned	 to	 create	 a	 cavity	 above	 a	 reflective	 substrate.	 This	 three-

dimensional	 geometry	 tightly	 confines	 incident	 mid-infrared	 radiation	 into	 its	

ultrasmall	junction,	yielding	a	hot	spot	with	a	theoretical	SEIRA	enhancement	factor	

of	more	than	107,	which	can	be	designed	to	span	the	range	of	frequencies	useful	for	

SEIRA.	We	quantitatively	evaluated	the	IR	detection	limit	of	this	antenna	design	using	

mixed	monolayers	of	4-nitrothiophenol	(4-NTP)	and	4-methoxythiolphenol	(4-MTP).	

The	optimized	antenna	structure	allows	the	detection	of	as	few	as	∼500	molecules	of	

4-NTP	and	∼600	molecules	of	4-MTP	with	a	standard	commercial	FTIR	spectrometer.	

This	 strategy	 offers	 a	 new	 platform	 for	 analyzing	 the	 IR	 vibrations	 of	 minute	
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quantities	of	molecules	and	 lends	 insight	 into	the	ultimate	 limit	of	single-molecule	

SEIRA	detection.*	

Chapter	4	presents	a	thorough	examination	of	the	optical	properties	of	an	Au	

dimer	on	an	Au	substrate.	This	structure	supports	a	bright	“bonding”	dimer	plasmon,	

screened	 by	 the	 metal,	 and	 a	 lower	 energy	 magnetic	 charge	 transfer	 plasmon.	

Changing	the	dielectric	environment	of	the	dimer-on-film	structure	reveals	a	broad	

family	of	higher-order	hybrid	plasmons	in	the	visible	region	of	the	spectrum.		Both	

the	LSPR	of	the	individual	dimer-on-film	structures	as	well	as	their	collective	surface	

lattice	resonances	(SLR)	show	a	highly	sensitive	refractive	index	sensing	response.		

Implementation	 of	 such	 all-metal	 magnetic-resonant	 nanostructures	 offers	 a	

promising	 route	 to	 achieve	 higher-performance	 LSPR-	 and	 SLR-based	 plasmonic	

sensors.	à	

Chapter	 5	 explores	 the	 THG	 of	 deep	UV	 light	 in	 an	 ITO	 film	which	 can	 be	

substantially	 enhanced	 by	 a	 metasurface.	 The	 metasurface	 consists	 of	 metallic	

toroidal	 meta-atoms	 covered	 with	 an	 alumina	 layer	 for	 protection	 against	 laser-

induced	 damage.	 This	 approach	 combines	 the	 benefits	 of	 the	 large	 nonlinear	

susceptibility	 of	 ITO	 with	 the	 unique	 field	 enhancement	 properties	 of	 a	 toroidal	

	
	

*	This	paragraph	is	partially	reprinted	(adapted)	with	permission	from	Dong,	L.	et	al.	
Nanogapped	Au	Antennas	for	Ultrasensitive	Surface-Enhanced	Infrared	Absorption	Spectroscopy.	
Nano	Lett.	2017,	17,	9,	5768-5774.	Copyright	(2017)	American	Chemical	Society.	

à	This	paragraph	is	partially	reprinted	(adapted)	with	permission	from	Dong,	L.*	and	
Gerislioglu,	B.*	et	al.	Monolithic	Metal	Dimer-on-Film	Structure:	New	Plasmonic	Properties	
Introduced	by	the	Underlying	Metal.	Nano	Lett.	2020,	20,	3,	2087-2093.	Copyright	(2020)	American	
Chemical	Society.	(*equal	contribution)	



xxiii	
	

metasurface.	This	ITO−meta-atom	combination	produces	a	third	harmonic	signal	at	a	

wavelength	of	262	nm	 that	 is	nominally	 five	 times	 larger	 than	 that	of	 an	 ITO	 film	

patterned	with	a	conventional	hotspot-enhanced	plasmonic	dimer	array.	This	result	

demonstrates	the	potential	for	toroidal	meta-atoms	as	the	active	engineered	element	

in	a	new	generation	of	enhanced	nonlinear	optical	materials	and	devices.*

	
	

*	This	paragraph	is	partially	reprinted	(adapted)	with	permission	from	Dong,	L.*,	
Ahmadivand,	A.*,	Semmlinger,	M.*	et	al.	Toroidal	Dipole-Enhanced	Third	Harmonic	Generation	of	
Deep	Ultraviolet	Light	Using	Plasmonic	Meta-atoms.	Nano	Lett.	2019,	19,	1,	605-611.	Copyright	
(2019)	American	Chemical	Society.	(*equal	contribution)	



	

24	
	

Chapter 2 

Background Information 

2.1. 	Surface-Enhanced	Infrared	Absorption		

2.1.1. Lightning	Rod	Effect	

Infrared	 spectroscopy	 provides	 fingerprinting	 information	 about	 the	

vibrational	absorption	bands	associated	with	the	analyte	molecules.	Molecules	with	

strong	 absorption	 bands	 are	most	 likely	 to	 have	weak	Raman	modes.	 As	 a	 result,	

SEIRA	has	become	a	subject	of	growing	interest	as	the	complementary	technique	to	

SERS.	 To	 improve	 the	 detection	 limit	 of	 traditional	 infrared	 spectroscopy,	 SEIRA	

usually	 exploits	plasmonic	 substrates	 that	produces	 strong	electric	 field	 to	 largely	

reduce	the	number	of	molecules	required	for	detection.	In	such	plasmonic	substrates	

the	 free	 electrons	 from	 conduction	 band	 oscillate	 collectively	 in	 response	 to	 the	

incident	 electromagnetic	 field.	 The	 oscillation	 exhibits	 the	 strongest	 near-field	

amplitude	at	the	resonance	frequency.	This	very	intense	field	is	highly	localized	on	
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the	boundary	of	the	conductor	and	external	medium	and	decays	rapidly	away	from	

the	interface.		

When	two	plasmonic	structures	are	in	close	mutual	proximity	the	interacting	

plasmons	 can	 be	 described	 by	 the	 plasmon	 hybridization	 method.	 In	 analogy	 to	

molecular	hybridization	 theory,	 the	plasmon	modes	of	a	complex	structure	can	be	

expressed	as	bonding	and	antibonding	 combination	of	 the	 individual	 components.	

This	method	provides	a	simple	and	intuitive	description	of	the	interaction	that	has	

been	 seen	 in	 variety	 of	 plasmonic	 systems	 including	 SEIRA.	 A	 successful	 SEIRA	

substrate	is	capable	of	generating	large	electromagnetic	enhancements	in	the	mid-

infrared	 regime.	To	design	 a	 sensitive	 SEIRA	 substrate	one	of	 the	most	 important	

guidance	 is	 summarized	 as	 the	 “lightning-rod”	 effect,	 where	 perfect	 conductors	

screen	the	electric	field	from	the	interior	and	squeeze	it	into	the	junction,	resulting	in	

a	 focused	 field	 in	 the	 gap	 region.	 In	 many	 studies,	 the	 high-intensity	 regions	 are	

nicknamed	 “hot	 spots”	where	 infrared	 absorption	of	 the	 analyte	molecule	 is	most	

strongly	 enhanced.	 One	 example	 of	 utilizing	 “lightning-rod”	 effect	 in	 concert	with	

plasmonic	structures	is	presented	in	chapter	three.	More	recent	experimental	efforts	

on	the	development	of	nanogapped	SEIRA	substrates	can	be	found	in	reference4–7.	

2.1.2. Fano	Resonances	

The	spectral	dependence	of	plasmon	and	plasmon	hybridization	resonances	

discussed	above	is	generally	described	by	the	Lorentzian	equation.	However,	a	Fano	

resonance	has	a	distinctly	asymmetric	lineshape	that	is	expressed	as	follows:8		
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𝐼 ∝ 	
(𝐹𝛾 + 	𝜔 − 𝜔!)"

(𝜔 − 𝜔!)" + 𝛾"
	

Equation	2.1	|	Fano	resonance	formula	

where	𝜔!	and	𝛾	refer	to	the	position	and	width	of	the	resonance,	respectively,	and	F	

denotes	the	Fano	parameter.	The	asymmetric	lineshape	seen	in	Fano	resonance	is	a	

result	 of	 constructive	 and	 destructive	 interference	 between	 the	 discrete	 and	

continuum	states.9	 	To	satisfy	 the	condition	of	a	Fano	resonance	 the	energy	of	 the	

narrow	 discrete	 state	 has	 to	 be	 overlapping	 with	 the	 energy	 range	 of	 the	 broad	

continuum	 state.	 The	 Fano	 parameter	 in	 the	 formula	 measures	 the	 degree	 of	

asymmetry	as	the	excitation	probability	ratio	of	the	discrete	state	to	the	continuum	

state.	 When	 the	 excitation	 through	 discrete	 state	 dominates	 (𝐹 → ∞ )	 the	 Fano	

formula	resembles	the	usual	Lorentzian	equation:	

𝐼 ∝ 	
𝛾"

(𝜔 − 𝜔!)" + 𝛾"
	

Equation	2.2	|	Lorentzian	resonance	formula	

2.2. Localized	Surface	Plasmon	Resonances		

2.2.1. Refractive	Index	Sensing	

Plasmons	are	collective	oscillation	of	free	electrons	with	respect	to	the	fixed	

positive	 ions	 in	a	noble	metal.	Localized	surface	plasmons	(LSP)	refer	to	plasmons	
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confined	to	the	surface	of	a	particle	that	has	a	size	comparable	to	or	smaller	than	the	

excitation	 wavelength.	 The	 plasmon	 extinction	 has	 a	 maximum	 amplitude	 at	 the	

plasmon	resonant	frequency	and	its	position	and	intensity	are	very	sensitive	to	the	

refractive	index	of	the	surrounding	medium.	One	can	derive	the	dependence	of	LSPR	

peak	 wavelength	 on	 refractive	 index	 of	 media	 from	 the	 Drude	 model	 and	 the	

analytical	expression	is10:	

𝜆#$% = 𝜆&02𝑛" + 1	

Equation	2.3	|	LSPR	peak	wavelength	for	visible	and	near-infrared	frequency	

where	𝜆#$%	and	𝜆&	are	the	LSPR	peak	wavelength	and	plasma	wavelength	of	the	bulk	

material,	 respectively,	 and	𝑛 	corresponds	 to	 the	 refractive	 index.	 The	 LSPR	 peak	

wavelength	 shift	 shows	 a	 nearly	 linear	 relationship	with	 change	 in	 the	 refractive	

index	of	media.	As	a	result,	the	refractive	index	sensitivity	S	is	usually	expressed	in	

terms	of	peak	shift	per	refractive	index	unit	(nm/RIU).		

𝑆 =
𝑑𝜆&
𝑑𝑛 	

Equation	2.4	|	Refractice	index	sensitivity	

To	 compare	 the	 sensing	 capabilities	 of	 systems	 with	 different	 linewidth,	

people	also	report	figure	of	merit	(FOM)	which	is	obtained	by	dividing	sensitivity	over	

the	peak	linewidth.		
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𝐹𝑂𝑀 =
𝑆
Δ𝜆	

Equation	2.5	|	Figure	of	merit	

One	 drawback	 in	 LSP	 sensing	 is	 the	 losses	 due	 to	 dephasing	 and	 Ohmic	

damping.	Plasmonic	SLRs,	on	the	other	hand,	can	be	designed	to	mitigate	the	loss	via	

far-field	 coupling	 of	 LSPs.	 To	 support	 the	 standing	 wave	 at	 optical	 frequency	

plasmonic	nanoantennas	are	periodically	arranged	 in	such	a	way	 that	satisfies	 the	

Bragg	 scattering	 conditions.11	 The	 scattered	 radiation	 fields	 from	 each	 plasmonic	

nanoantenna	are	in	phase	with	that	induced	in	its	neighbor	by	the	incident	light.	One	

can	 achieve	 it	 by	 control	 of	materials	 composition,	 shape,	 global	 symmetry	 of	 the	

lattice	and	most	importantly	the	periodicity.	The	overall	result	is	to	produce	Bragg	

modes	that	reinforce	the	resonance	among	the	array	of	nanoantennas	and	therefore	

trap	 incoming	 light	 into	 the	 plane	 of	 the	 lattice.	 Such	 a	 lattice	 plasmon	 enables	

mitigation	of	losses	and	narrowing	of	linewidths	while	maintaining	the	electric	field	

enhancement	 near	 the	 nanoantenna	 surface.	 All	 these	 effects	 are	 essential	 in	 the	

development	of	sensing	applications.	

2.2.2. Charge	Transfer	Plasmon	

When	two	metallic	nanostructures	are	in	close	space	their	capacitive	coupling	

results	 in	 a	 hybridized	 response	 that	 localizes	 intense	 field	 in	 the	 gap	 region.	

Depending	 on	 the	 conductivity	 of	 the	 junction,	 the	 capacitive	 coupling	 can	 be	

transformed	 into	 conductive	 one	 where	 electric	 current	 oscillates	 between	 the	
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nanostructures	at	optical	frequency.	The	conductive	coupling	leads	to	a	new	plasmon	

resonance	at	lower	energy	called	the	charge	transfer	plasmon	(CTP).	The	control	of	

CTP	resonance	can	be	achieved	by	manipulating	 the	 junction	conductance	and	the	

nanostructure	parameters.	The	frequency-dependent	junction	conductance	(𝐺(𝜔))	is	

related	to	the	conductivity	of	the	junction	material	(𝜎(𝜔))	as	follows:12	

𝐺(𝜔) = 𝜎(𝜔)
𝐴
𝑙 	

Equation	2.6	|	Junction	conductance	

where	𝐴	is	 the	cross-section	area	of	 the	contact	 interface	and	𝑙	is	 the	 length	of	 the	

bridging	 junction.	 The	 high	 tunability	 of	 CTP	 resonance	 mode	 has	 turned	 linked	

metallic	nanostructures	into	suitable	substrates	for	practical	applications,	including	

molecular	sensing	and	active	optical	devices.	

2.3. Third	Harmonic	Generation		

2.3.1. Basic	Principles	

For	 linear	 optics*	 the	 induced	 polarization	 depends	 linearly	 on	 the	 electric	

field	strength	as	follows:13	

	
	

*	Section	2.3.1	is	largely	inspired	by	ref	13.	
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𝑃>(𝑡) = 𝜖!𝜒(()𝐸>(𝑡)	

Equation	2.7	|	Polarization	in	linear	optics	

where	𝜖!	and	𝜒(()are	known	as	the	permittivity	of	free	space	and	linear	susceptibility,	

respectively.	 In	 nonlinear	 optics,	 on	 the	 other	 hand,	 the	 polarization	 term	𝑃>(𝑡) 	is	

expressed	as	a	power	series	in	terms	of	the	field	strength	𝐸>(𝑡)	and	is	given	by13	

𝑃>(𝑡) = 𝜖!C𝜒(()𝐸>(𝑡) + 𝜒(")𝐸>"(𝑡) + 𝜒(*)𝐸>*(𝑡) + ⋯ E ≡ 𝑃>(()(𝑡) + 𝑃>(")(𝑡) + 𝑃>(*)(𝑡) + ⋯	

Equation	2.8	|	Polarization	in	nonlinear	optics	

where	 𝜒(") and	 𝜒(*) 	are	 the	 second-	 and	 third-order	 nonlinear	 susceptibility,	

respectively.	The	second-order	nonlinear	polarization,	𝑃>(")(𝑡)	equals	to	𝜖!𝜒(")𝐸>"(𝑡)	

and	the	third-order	nonlinear	polarization,	𝑃>(*)(𝑡)	refers	to	𝜖!𝜒(*)𝐸>*(𝑡).	The	former	

tends	 to	 be	 distinct	 from	 the	 latter	 in	 terms	 of	 physical	 processes:	 only	 in	

noncentrosymmetric	crystals	the	𝜒(")	does	not	vanish,	while	both	centrosymmetric	

and	noncentrosymmetric	materials	can	generate	 light	 that	 triples	 the	 fundamental	

frequency.	

	 In	the	simplest	case,	as	we	shall	discuss	later	in	chapter	5,	the	incident	field	is	

monochromatic	 and	 is	 defined	 as	 𝐸>(𝑡) = 𝐸𝑐𝑜𝑠(𝜔𝑡) .	 With	 the	 identity	

conversion	cos*(𝜔𝑡) = 	 (
+
cos	(3𝜔𝑡) + *

+
cos	(𝜔𝑡),	𝑃>(*)(𝑡)	can	be	represented	as13		

𝑃>(*)(𝑡) =
1
4 𝜖!𝜒

(*)𝐸*cos	(3𝜔𝑡) +
3
4 𝜖!𝜒

(*)𝐸*cos	(𝜔𝑡)	
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Equation	2.9	|	Third-order	polarization	with	monochromatic	incidence	

	 The	first	term	describes	the	generation	of	light	with	one	third	of	the	original	

wavelength.	Three	photons	of	fundamental	frequency	𝜔	are	converted	to	one	photon	

of	 frequency	3𝜔 	with	 the	 help	 of	𝜒(*) 	active	 media.	 The	 second	 term	 refers	 to	 a	

nonlinear	contribution	to	the	refractive	index	at	the	frequency	of	the	incident	field.	In	

such	a	case,	the	refractive	index	can	be	expressed	as13	

𝑛 = 𝑛! + 𝑛"𝐼	

Equation	2.10	|	Refractive	index	in	nonlinearity	

where	𝑛!	is	the	general	form	of	refractive	index	and	𝐼	is	the	intensity	of	incident	field	

(𝐼 = (
"
𝑐𝜖!𝑛!𝐸").	The	parameter	𝑛"	is	a	constant	that	characterizes	the	dependency	of	

optical	intensity	with	the	form	of	𝑛" =
*

",-!.!	#
𝜒(*).	

2.3.2. Toroidal	Resonance	

Electric	dipole	refers	to	the	separation	of	positive	and	negative	charges	with	

equal	magnitude	𝑞	by	a	distance	𝑑.	Magnetic	dipole	results	from	a	flow	of	current	𝐼	

around	a	loop.	Toroidal	dipole,	on	the	other	hand,	is	a	distinct	phenomenon	that	is	

associated	with	 current	 flowing	on	 the	 surface	of	 a	 torus	 along	 its	meridians.14	 In	

general,	 toroidal	dipole	and	higher	 toroidal	multiples	are	related	 to	 the	oscillating	

radical	component	of	current	density	r̂·𝐽	≠	0,	whereas	electric	multiple	is	defined	by	
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the	 oscillating	 charge	 density	 and	 magnetic	 multipole	 is	 originated	 from	 the	

oscillating	transverse	contribution	of	current	density	r̂	×	𝐽	≠	0.	
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Chapter 3 

Nanogapped Au Antennas for 
Ultrasensitive Surface-Enhanced 

Infrared Absorption Spectroscopy 

3.1. Introduction	

Vibrational	spectroscopies*	are	powerful	and	universal	techniques	for	probing	

the	 molecular	 structure	 and	 dynamics	 of	 molecules.	 Infrared	 and	 Raman	

spectroscopies	have	complementary	selection	rules,	a	property	that	makes	them,	in	

combination,	 highly	 valuable	 spectroscopies	 for	 the	 identification	 of	 chemical	

unknowns.	 The	 discovery	 of	 surface-enhanced	 Raman	 spectroscopy,	 where	 the	

Raman	cross	section	of	molecules	is	greatly	enhanced	in	the	direct	vicinity	of	metallic	

structures,	 resulted	 in	 a	 tremendous	 surge	 in	 scientific	 effort	 to	 understand	 the	

properties	 of	 the	 metal	 structures	 that	 provide	 large	 SERS	 enhancements.	 The	

	
	

*	Chapter	3	is	reprinted	(adapted)	with	permission	from	Dong,	L.	et	al.	Nanogapped	Au	
Antennas	for	Ultrasensitive	Surface-Enhanced	Infrared	Absorption	Spectroscopy.	Nano	Lett.	2017,	
17,	9,	5768-5774.	Copyright	(2017)	American	Chemical	Society.	
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observation	 that	 aggregates	 of	 noble/coinage	 metal	 nanoparticles	 could	 enhance	

Raman	signal	detection	down	to	the	single	molecule	level15	resulted	in	the	discovery	

that	 closely	 coupled	 pairs	 of	 metallic	 nanoparticles,	 when	 excited	 along	 their	

interparticle	 axis,	 could	 provide	 extremely	 large	 enhancements	 of	 the	 incident	

electromagnetic	field.16	These	enhancements,	known	as	“hot	spots”,	with	nanoscale	

optical	 mode	 volumes	 far	 smaller	 than	 what	 can	 be	 achieved	 using	 conventional	

diffraction-limited	optical	focusing,	are	one	of	the	most	important	discoveries	in	the	

field	of	nanoscience,	fueling	the	field	of	plasmonics	and	nanoscale	chemical	sensing.	

In	contrast,	SEIRA	has	not	advanced	as	rapidly	as	SERS	for	several	reasons.	

SEIRA	 is	 a	 linear	 spectroscopy,	 where	 electromagnetic	 enhancement	 provided	 by	

plasmonic	 focusing	 scales	 as	 |E(ω)|2	 of	 the	 incident	 field,	 as	 compared	 to	

|E(ωpump)|2|E(ωStokes)|2	for	the	nonlinear	Raman	process.	As	a	result,	the	theoretical	

maximum	field	enhancement	for	SEIRA	is	far	smaller	than	for	SERS.	However,	as	a	

linear	 spectroscopy,	 the	 cross	 sections	 of	 dipole-allowed,	 IR-active	 molecular	

vibrational	modes	 (e.g.,	∼10–19	 cm2	molecule–1	 for	 a	 C-H	 stretching	mode)17,18	 are	

already	 orders	 of	magnitude	 larger	 than	 the	 cross	 sections	 of	 Raman	modes	 (e.g.,	

∼10–28	cm2	molecule–1	for	the	symmetric	stretch	modes	of	benzene).19,20	Pioneering	

work	 in	 the	development	of	SEIRA	was	 focused	on	 the	design	of	mid-IR	antennas,	

which	 were	 typically	 excited	 by	 synchrotron	 IR	 sources.	 Incorporation	 of	

electromagnetic	 focusing	 of	 mid-IR	 wavelengths	 using	 IR-resonant	 nanoparticle	

aggregates21,	arrays22,23,	and	resonant	antennas24,25		designed	for	this	spectral	range	

have	 shown	 increasing	 SEIRA	 enhancements.	 While	 these	 developments	 have	

accelerated	the	development	of	SEIRA,	the	goal	of	bringing	this	spectroscopy	into	the	
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regime	of	 few-	 or	 single-molecule	 sensitivity,	 analogous	 to	 SERS,	 is	 still	 an	 unmet	

challenge.	In	the	area	of	IR	antenna	development,	one	current	limitation	is	dictated	

by	 e-beam	 lithography,	which	 under	 optimal	 conditions	 limits	 the	 size	 of	 the	 gap	

between	 patterned	 metallic	 nanostructures	 to	 ∼5	 nm.	 The	 substantially	 longer	

wavelengths	 required	 for	 SEIRA	 (3–8	 μm)	 relative	 to	 SERS	 (0.5–0.8	 μm)	 also	

constitute	 a	design	 challenge	 in	 achieving	a	 goal	of	 enhanced	detection	 sensitivity	

through	 strong	 electromagnetic	 enhancements.	 Efficient	 antenna	 designs	with	 the	

largest	possible	cross	sections26	are	likely	to	be	most	beneficial.	

Many	SEIRA	substrate	structures	investigated	thus	far	focused	on	rod	or	rod	

dimer-based	antennas,25,27–34	whose	aspect	ratio	is	tailored	so	that	their	resonance	

matches	the	specific	vibrational	frequency	of	interest	of	the	analyte	molecules.	Other	

designs	 include	 split	 rings,24,35	 Fan	 structures,36	 asymmetric	metamaterials,37	 and	

log–periodic	 antennas38.	 In	 general,	 these	 examples	 exploit	 capacitive	 coupling	

between	adjacent	structures	to	maximize	field	confinement	and	enhancement	at	the	

hot	spot.	The	hot	spot	can	exhibit	even	higher	near-field	enhancement	by	coupling	

plasmonic	structures	in	narrower	gaps.30,39,40	Nanosized	gaps	have	been	fabricated	

using	 electron-beam	 lithography	 (EBL),41	 focused	 ion-beam	 (FIB),42	

electromigration,43	nanosphere	lithography,44	photochemical	metal	deposition,30	and	

template	 stripping.39	 Nevertheless,	 reproducible	 fabrication	 of	 an	 arbitrary	

plasmonic	structure	with	nanoscale	gaps	remains	a	substantial	challenge	at	present.	

In	this	work,	we	investigate	the	SEIRA	responsivity	of	a	bowtie45	plasmonic	

antenna	design	incorporating	a	sub-3	nm	gap	that	is	positioned	above	a	Au	film	with	
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a	SiO2	spacer	layer.	We	adapted	a	self-aligned	technique46	to	reproducibly	fabricate	

antennas	 with	 ultrasmall	 nanometer-sized	 gaps	 not	 typically	 achievable	 using	

standard	 e-beam	 lithographic	 approaches.	 The	 extremely	 large	 field-enhancement	

achievable	with	this	antenna	design	allows	us	to	detect	very	small	numbers	(∼500)	

of	aromatic-derivatized	thiol	molecules	on	the	antenna	using	a	standard	commercial	

FTIR	 spectrometer.	 Compared	 to	 previous	 structures,36,39	 our	 optimized	 antenna	

exhibits	2	orders	of	magnitude	higher	spectroscopic	sensitivity.	We	also	demonstrate	

controllable	tunability	to	vibrational	frequencies	of	several	 important	molecules	of	

relevance	in	infrared	spectroscopy.	

3.2. Methods	

3.2.1. 	Antenna	Fabrication	

All	 solvents	 and	 reagents	 were	 purchased	 from	 Sigma-Aldrich	 and	 used	

without	 further	 purification.	 Silicon	wafers	 (SVM,	 Silicon	 Valley	microelectronics)	

were	rinsed	with	acetone,	ethanol,	and	deionized	(DI)	water	while	sonicating	for	5	

min	 each.	 Then,	 they	were	 immersed	 in	 freshly	prepared	Piranha	 solution	 (1:3	 in	

volume	of	hydrogen	peroxide	and	sulfuric	acid)	for	20	min	and	rinsed	with	DI	water	

before	use.		

The	reflective	gold	mirror	substrate	was	prepared	by	depositing	2	nm	of	Ti,	

200	nm	of	Au,	2	nm	of	Ti,	and	325	nm	of	SiO2	onto	a	silicon	wafer	using	electron-beam	

evaporation.	 The	 Au	 antennas	 were	 fabricated	 by	 a	 self-aligned46,	 two-step	

lithographic	 process.	 The	 substrates	 were	 spin-coated	 with	 poly(methyl	
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methacrylate)	(950	PMMA	A4,	MircroChem),	baked	on	a	hot	plate	at	180	℃	for	5	min,	

and	then	spin-coated	with	a	 layer	of	Espacer	(Showa	Denko).	The	first	 lithography	

step	patterned	the	left	side	of	the	antenna	using	an	FEI	Quanta	650	scanning	electron	

microscope	(SEM)	with	a	Nanometer	Pattern	Generation	System	(NPGS)	software.	A	

beam	voltage	of	30	kV,	a	beam	current	of	40	pA,	and	a	working	distance	of	7	mm	were	

used.	 Then,	 the	 substrates	 were	 immersed	 in	 water	 to	 remove	 the	 Espacer	 and	

developed	in	1:3	methyl	isobutyl	ketone	(MIBK)/isopropanol	alcohol	(IPA)	for	50	s.	

Following	development,	four	layers	were	deposited:	2	nm	of	Ti,	18	nm	of	Au,	1	nm	of	

SiO2	and	12	nm	of	Cr.	The	SiO2	acts	as	a	barrier	to	prevent	Cr	atoms	from	diffusing	

into	 the	 Au	 layer,	 which	 otherwise	 damp	 the	 nanoantenna	 resonances.47	 The	

sacrificial	Cr	layer	oxidizes	in	air	and	swells	a	few	nanometers	beyond	the	metal	layer	

beneath.	The	overhanging	edges	of	the	native	chromium	oxide	act	as	a	shadow	mask	

for	 the	 subsequent	 steps.	After	 liftoff	 in	n-methyl	pyrrolidone	 (NMP)	at	65	℃,	 the	

second	 lithography	 step	 patterned	 the	 right	 side	 of	 the	 nanoantenna,	 slightly	

overlapping	the	tip	of	 the	 left	one.	The	right	side	had	2	nm	of	Ti	and	18	nm	of	Au	

deposited	to	form	a	complete	antenna.	Finally,	after	a	second	liftoff	step,	the	Cr	layer	

was	etched	away	in	chromium	etchant,	removing	the	overlapping	material	along	with	

all	the	Cr	and	chromium	oxide.	

3.2.2. Functionalization	with	SAMs	

The	antenna	was	plasma	cleaned	for	4	min	(50	W,	36	mTorr,	25%	O2	balanced	

with	Ar)	before	functionalization	to	remove	any	remaining	organic	resist	and	to	make	

the	surface	hydrophilic.48	The	sample	was	then	incubated	in	an	ethanolic	solution	of	
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4-NTP	 or	 4-MTP	 for	 12	 h	 to	 form	 a	 self-assembled	 monolayer	 (SAM).	 The	

concentration	of	the	ethanolic	solution	was	kept	constant	at	2	mM	unless	otherwise	

specified.	The	functionalized	sample	was	then	rinsed	with	a	large	amount	of	ethanol	

to	remove	physically	adsorbed	molecules,	and	finally	dried	with	nitrogen.	

3.2.3. Fourier	Transform	Infrared	Spectroscopy	

A	 commercial	 FTIR	 spectrometer	 (Bruker	 Vetex	 80v	 /	 Hyperion	 3000	

microscope)	was	used	to	perform	all	reflectance	measurements.	The	instrument	was	

equipped	 with	 a	 silicon	 carbide	 (globar)	 light	 source,	 a	 KBr	 beam	 splitter,	 a	 36x	

Schwarzchild	 objective	 and	 a	 mercury-cadmium-telluride	 (MCT)	 detector.	 The	

microscope	 was	 purged	 with	 nitrogen	 gas	 for	 at	 least	 half	 an	 hour	 and	 the	 MCT	

detector	was	cooled	with	liquid	nitrogen	prior	to	analysis.	Reflectance	of	the	antenna	

was	defined	as	the	signal	intensity	reflected	from	the	antenna	divided	by	that	from	a	

background	taken	at	a	blank	area	on	the	substrate.	A	20	x	20	µm2	and	a	30	x	30	µm2	

square	collection	aperture	were	used	for	the	single	antenna	and	the	antenna	array	

measurements,	respectively.	Each	spectrum	was	acquired	with	a	scanner	velocity	of	

20	kHz	(0.64	cm/s)	and	a	resolution	of	4	cm-1.	Spectra	of	the	antenna	array	in	Figure	

2a	and	all	single	antennas	were	acquired	by	averaging	40	spectra	each	with	100	scans.	

Other	spectra	were	taken	by	averaging	10	spectra	each	with	100	scans.	

3.2.4. Finite	Difference	Time	Domain	Calculations	

Finite-difference	time-domain	(FDTD)	simulations	(Lumerical	Solutions,	Inc.)	

were	 used	 to	 calculate	 the	 electromagnetic	 properties	 of	 bowtie	 antennas	 on	 a	
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reflective	film.	The	substrate	was	sitting	in	an	x-y	plane,	and	a	total-field	scattered-

field	 (TFSF)	 incident	 plane	 wave	 was	 propagating	 in	 the	 z	 direction	 (at	 normal	

incidence).	The	polarization	of	the	incident	electric	field	was	either	longitudinal	or	

transverse	with	 respect	 to	 the	 antenna	 and	 the	 resulting	 scattering	 spectra	were	

averaged	to	approximate	the	unpolarized	light	used	in	the	experiment.	The	antenna	

geometry	in	simulation	was	the	same	as	the	one	described	in	fabrication.	All	near-

field	 enhancement	 results	were	normalized	 to	 the	 one	 reflected	back	 from	a	 bare	

substrate,	and	were	monitored	at	a	point	9	nm	(the	middle	of	the	antenna)	above	the	

substrate	and	1.5	nm	from	the	gap	surface,	a	sufficient	distance	 to	avoid	quantum	

tunneling	effects.29,49	The	mesh	size	at	the	gap	region	is	0.5	nm	while	a	nonuniform	

mesh	with	 a	 global	mesh	 accuracy	5	was	used	 to	 cover	 the	 remaining	part	 of	 the	

antenna.	

3.2.5. Asymmetric	Least-Squares	Smoothing	

Original	reflectance	data	were	smoothed	separately	in	three	different	spectral	

regions:	below	1413	cm-1,	from	1413	cm-1	to	1556	cm-1	and	above	1556	cm-1.	Then	

the	smoothed	curve	was	divided	by	the	antenna	spectrum	if	peaks	present	(vice	versa	

if	dips	present)	to	obtain	the	baseline-corrected	spectrum.30	
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3.3. Results	and	Discussion	

3.3.1. SEIRA	Antenna	on	a	Reflective	Substrate	

The	SEIRA	samples	were	fabricated	in	patterns	of	four	antennas	(Figure	3.1a),	

separated	 by	 16	 μm	 in	 the	 longitudinal	 direction	 and	 20	 μm	 in	 the	 transverse	

direction	to	avoid	coupling.	Each	individual	antenna	(Figure	3.1b)	consisted	of	two	

quarter	circles	with	a	radius	R	(2	μm)	and	a	trapezoidal	portion	with	a	shorter	base	i	

(45	nm),	a	 longer	base	 j	(145	nm),	and	a	height	h	(100	nm).	The	two	wings	of	the	

bowtie	were	separated	by	a	gap	g	(approximately	3	nm),	whose	size	chiefly	relies	on	

the	thickness	of	a	sacrificial	Cr	layer.	The	benefit	of	the	additional	trapezoidal	portion	

is	to	increase	corner	sharpness	while	maintaining	the	reduced	polarization	sensitivity	

of	the	bowtie	geometry	(Figure	A.1).	

																									

Figure	 3.1	 |	 SEIRA	 antenna	 on	 a	 reflective	 substrate.	 (a–d)	 SEM	 images	 of	 a	
bowtie	antenna	array	(a),	a	single	antenna	(b),	and	the	nanogap	at	the	center	
(c,	d).	The	geometrical	parameters	are	(R,	i,	j,	h,	g)	=	(2	μm,	45	nm,	145	nm,	100	
nm,	3	nm).	 (e)	 Illustration	of	 the	antenna-substrate	 geometry	 in	 (a–d).	 (f,	 g)	
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Top-view	diagram	showing	the	geometric	parameters	of	the	bowtie	antenna	(f)	
and	a	zoomed-in	diagram	for	the	gap	area	(g).	

The	geometric	parameters,	particularly	the	radius	of	the	antenna	(R),	can	be	

adjusted	to	optimize	the	SEIRA	field	enhancement	(|E/E0|2)	for	molecular	sensing	at	

different	frequencies.	For	example,	using	a	fixed	gap	size	g	=	3	nm,	we	adjusted	R	to	

achieve	a	maximum	SEIRA	enhancement	at	2920	cm–1	(R	=	650	nm),	2240	cm–1	(R	=	

1	 μm)	 and	 1354	 cm–1	 (R	 =	 3	 μm)	 (Figure	 A.2),	 which	 correspond	 to	 the	 strong	

vibrational	 modes	 of	 alkane	 chains,	 nitrile	 groups,	 and	 phosphonate	 compounds,	

respectively.	The	resonance	wavelength	is	not	sensitive	to	the	other	parameters,	i,	j,	

h	 (see	Figure	3.1g),	 and	 thus	 they	are	kept	 constant.	By	 combining	antennas	with	

different	radii,	we	could	build	up	a	broadband	plasmonic	sensor	that	covers	a	wide	

mid-IR	spectral	region.	To	overcome	issues	related	to	molecular	adsorption	on	gold	

many	techniques	have	been	previously	exploited	in	the	SERS	literature.	These	include	

thiol	or	amine	functionalization	of	target	molecules	and	surface	modification	of	the	

antenna	with	probe	molecules50	or	an	ultrathin	dielectric	coating.51	Such	techniques	

could	 be	 readily	 applied	 to	 this	 device	 to	 allow	 for	 detection	 of	 a	 wide	 range	 of	

molecular	species.	

3.3.2. Optical	Properties	of	SEIRA	Antennas	on	a	Reflective	Substrate	

Experimental	reflectance	spectra	and	theoretical	scattering	spectra	for	three	

radii	 are	 shown	 in	 Figure	 3.2(a,	 b),	 respectively.	 The	 reflectance	 dip	 results	 from	

increased	 scattering	 of	 the	 antenna	 at	 its	 plasmon	 resonance	 frequency.	 The	

additional	dip	on	the	blue	shoulder	of	the	dipole	resonance	appears	due	to	the	oblique	
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incidence	angle	used	in	the	experiment	(Figure	A.3).	As	R	is	increased,	the	plasmon	

resonance	 and	 the	 enhancement	 peak	 position	 redshift,	 and	 the	 peak	 field	

enhancement	 increases.	 The	 small	 discrepancy	 between	 the	 simulated	 and	

experimental	 antennas	 in	 the	 resonance	 frequency	 is	 likely	 due	 to	 the	 slight	

roughness	of	the	experimental	junction	surface.	In	fact,	the	field	enhancement	can	be	

improved	by	a	factor	of	2	if	a	surface	roughness	of	±1	nm	is	considered	in	the	FDTD	

simulation	(Figure	A.4).	
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Figure	3.2	|	Optical	properties	of	SEIRA	antennas	on	a	reflective	substrate.	(a)	
FTIR	 reflectance	 spectra	 of	 antenna	 arrays	 with	 different	 R	 under	 oblique	
unpolarized	 illumination.	 (b)	 FDTD	 scattering	 (solid	 line)	 and	 field	
enhancement	 spectra	 (dash	 dot	 line)	 for	 a	 single	 antenna	 calculated	 with	
different	 R	 under	 normal	 unpolarized	 illumination.	 (c,	 d)	 Two-dimensional	
map	of	peak	field	enhancement	(at	1536	cm–1)	for	a	single	antenna	with	R	=	2	
μm	(c)	and	in	the	junction	region	(d)	on	a	log	scale.	(e)	Illustration	of	antenna	
surface	area	in	region	1	(blue),	2	(green),	3	(yellow),	and	4	(red),	corresponding	
to	calculated	SEIRA	enhancements	provided	in	Table	1.	

Spatial	maps	of	the	near-field	enhancement	for	the	longitudinal	dipole	mode	

of	the	full	structure	and	the	junction	area	are	shown	in	Figure	3.2(c,	d),	respectively.	

These	maps	clearly	show	that	the	strongest	enhancement	is	in	the	gap	region	and	is	

most	intense	near	the	metal	surface.	To	quantitatively	investigate	the	spatial	origin	of	

the	vibrational	signals,	we	compared	the	integration	of	field	enhancement	over	the	

surface	area	for	four	different	regions	(Figure	3.2e).	The	integration	term	considers	

the	 contribution	 from	 both	 the	 number	 of	 molecules	 attached	 to	 the	 surface	

(proportional	 to	 the	surface	area)	and	 the	 field	enhancement	experienced	by	each	

molecule.	The	FDTD	calculation	results	of	this	integration	are	tabulated	in	Table	1.	

The	contribution	from	the	junction	strongly	dominates;	it	is	responsible	for	93%	of	

the	total	signal.	

	 	 	 	 	

Region	 1	(blue)	 2	(green)	 3	(yellow)	 4	(red)	

Averaged	|E/E0|2	 7.41	×	102	 1.29	×	103	 2.15	×	105	 1.75	×	107	

Surface	Area	(nm2)	 1.1	×	105	 1.4	×	105	 8.0	×	103	 1.6	×	103	
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∫|E/E0|2	dS	(nm2)	 8.2	×	107	 1.8	×	108	 1.7	×	109	 2.8	×	1010	

%	of	Total	Signal	 2.7	×	10–3	 6.0	×	10–3	 6.0	×	10–2	 0.93	

Table	3.1	|	Average	Field	Enhancement	(|E/E0|2	at	1540	cm–1),	Surface	Area	(S),	
Integration	 of	 Field	 Enhancement	 over	 the	 Corresponding	 Surface	 Area	 and	
Percentage	of	Total	Signal	from	Regions	1,	2,	3,	and	4	shown	in	Figure	3.2e	

The	benefit	of	using	a	reflective	substrate	 is	clearly	demonstrated	 in	Figure	

A.5,	 where	 SEIRA	 enhancement	 spectra	 are	 compared	 for	 an	 antenna	 with	 and	

without	 a	 reflective	 gold	 mirror.	 By	 introducing	 a	 reflective	 mirror,	 the	 field	

enhancement	is	increased	by	a	factor	of	12.	The	additional	enhancement	is	due	to	the	

constructive	interference	between	the	incident	and	reflected	light.52,53	Additionally,	

the	gold	mirror	 supports	 image	dipoles	 that	 couple	with	 the	LSPR	of	 the	antenna,	

which	reduce	the	radiative	losses	and	narrow	the	dipolar	resonance	linewidth.54	The	

thickness	 of	 the	 spacer	 layer	 needs	 to	 be	 appropriately	 adjusted	 to	 prevent	

destructive	interference	at	the	resonance	frequency	(Figure	A.6).	

3.3.3. Enhanced	Detection	of	4-NTP	and	4-MTP	

The	 nanogapped	 antenna	 was	 then	 tested	 for	 SEIRA	 enhancement	 by	

obtaining	spectral	features	of	4-NTP	and	44-MTP	molecules.	Molecular	signals	were	

extracted	 from	 the	 reflectance	 spectra	 by	 applying	 a	 baseline-corrected	 method	

adapted	from	asymmetric	least-squares	smoothing	(AsLSS),55	to	subtract	the	antenna	

spectrum	 as	 a	 baseline	 from	 the	 original	 data.	 The	 resulting	 baseline-corrected	

spectrum	for	a	single	antenna	functionalized	with	a	4-NTP	SAM	is	shown	in	Figure	
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3.3a.	 The	 reference	 spectrum	 was	 acquired	 from	 a	 condensed	 slurry	 of	 4-NTP	

dispersed	onto	a	KBr	disk.	The	blue	dashed	lines	indicate	positions	of	the	three	most	

prominent	molecular	vibrations:	the	aromatic	ring	(in-the-plane)	stretch	(1576	cm–

1),	the	asymmetric	NO2	stretch	(1515	cm–1),	and	the	symmetric	NO2	stretch	(1335	cm–

1),	similar	to	those	observed	in	a	previous	study.56	Another	single	antenna	with	the	

same	dimensions	was	used	to	analyze	the	vibrations	of	a	4-MTP	SAM	(Figure	3.3b).	

The	 red	 dashed	 lines	 indicate	 the	 spectral	 positions	 of	 the	 two	 most	 prominent	

vibrations:	 the	aromatic	ring	(in	the	plane)	stretches	(1594	and	1485	cm–1).57	The	

other	 two	 vibrational	 signals	 in	 the	 low-frequency	 region	 (i.e.,	 C–O–C	 stretches	 at	

1287	and	1244	cm–1)57	are	not	observed	in	the	antenna	spectrum	because	of	the	very	

low	SEIRA	enhancement	provided	by	the	antenna	at	those	off-resonant	wavelengths.	
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Figure	3.3	|	Enhanced	detection	of	4-NTP	and	4-MTP.	(a,	b)	Baseline-corrected	
reflectance	spectra	of	4-NTP	SAM	(a)	and	4-MTP	SAM	(b)	on	a	single	antenna	(R	
=	2	μm).	Reference	spectra	of	solid	state	4-NTP	and	4-MTP	are	shown	in	black	
with	 prominent	 vibrations	 indicated	 by	 dashed	 lines.	 (c)	 Comparison	 of	
reflectance	 spectra	 from	 a	 single	 antenna	 after	 functionalization	 in	 mixed	
solutions	 (2	 mM)	 of	 4-NTP	 and	 4-MTP	 with	 varied	 molar	 percentages.	
Prominent	 vibrations	 indicated	 in	 blue	 and	 red	 dashed	 lines	 are	 associated	
with	4-NTP	and	4-MTP	molecules,	respectively.	

The	signal-to-noise	ratio	(SNR)	of	each	vibrational	spectral	feature	was	then	

calculated	for	quantitative	assessment	of	the	signal	strength.	The	signal	intensity	was	

found	 as	 the	 averaged	 dip	 depth	 from	 five	 individual	 samples	 in	 the	 vibrational	

resonance	 range;	 the	noise	 level	was	 found	as	 the	 standard	deviation	 in	 the	 same	
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range	measured	on	a	single	bare	antenna	(Figure	A.7).	The	SNR	calculated	for	a	4-

NTP	SAM	and	for	a	4-MTP	SAM	is	tabulated	in	Table	3.2.	All	analyses	were	performed	

under	identical	conditions.	

	 	 	 	 	

Analytes	 4-NTP	SAM	 4-MTP	SAM	

Molecular	
Vibrations	(cm–1)	 1515	 1335	 1594	 1485	

Assignment	 NO2	asym	str.	 NO2	sym	str.	 ring	str.	ip	 ring	str.	ip	

SNR	(std*)	 16.3	(±1.6)	 16.8	(±2.4)	 13.3	(±2.3)	 34.2	(±6.1)	

Table	3.2	|	SNR	Calculated	for	a	Single	Antenna	Functionalized	with	4-NTP	SAM	
or	4-MTP	SAM	(std*:	standard	deviation	from	five	individual	antennas	on	the	
same	substrate)	

To	confirm	that	the	dominant	signal	contribution	is	from	the	gap	region,	we	

compared	 the	 baseline-corrected	 spectra	 of	 gapped	 and	 connected	 antennas	

functionalized	with	a	4-MTP	SAM	(Figure	A.8).	The	connected	antenna	consists	of	the	

same	 two	quarter	 circles	 that	 are	 connected	 at	 the	 tip	 and	 therefore	 the	plasmon	

resonance	 under	 longitudinal	 polarization	 dramatically	 changes	 due	 to	 the	 bridge	

between	two	conductive	regions.	Nevertheless,	the	overall	plasmon	spectrum	under	

unpolarized	 illumination	 looks	 very	 similar	 to	 that	 of	 a	 gapped	 antenna.	 More	

importantly,	the	near-field	enhancement	is	negligible	at	the	primary	absorption	peak	
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of	4-MTP	at	1490	cm–1.	As	a	result,	no	molecular	signal	was	observed	in	the	spectrum	

of	the	connected	antenna	array	after	functionalization	with	the	4-MTP	SAM.	

The	FTIR	reflectance	spectra	of	individual	antennas	with	varying	radii	(R	=	2.0,	

2.1,	2.2	and	2.4	μm),	functionalized	with	both	4-NTP	and	4-MTP	molecules,	are	shown	

in	Figure	A.9.	Two	prominent	vibrations	were	observed	near	1334	cm–1	(4-NTP)	and	

1491	cm–1	(4-MTP).	The	vibration	features	appear	as	Fano	resonances	caused	by	the	

interference	 between	 the	 broad	 plasmon	 mode	 of	 the	 antenna	 and	 the	 discrete	

absorption	peak	of	the	molecule.58	The	asymmetric	line	shape	is	due	to	a	phase	shift	

in	the	decay	of	the	dipole	response59	and	is	associated	with	the	relative	peak	positions	

of	the	interfering	modes.9	

The	sensitivity	of	a	single	antenna	for	infrared	detection	was	evaluated	using	

a	mixed	SAM	of	4-NTP	and	4-MTP.	The	mixed	SAM	was	prepared	using	an	ethanolic	

solution	 of	 4-NTP	 and	 4-MTP	with	 four	 different	 ratios	 by	molarity	 (with	 a	 total	

concentration	of	2	mM).	Four	modes	were	observed	(Figure	3.3c):	 the	asymmetric	

and	 symmetric	 NO2	 stretch	 (at	 1513	 and	 1332	 cm–1,	 respectively)	 from	 4-NTP	

molecules	and	 the	 ring	 stretch	 (at	1599	and	1490	cm–1,	 respectively)	 from	4-MTP	

molecules.	As	the	portion	of	4-NTP	in	the	solution	was	decreased,	its	signal	intensity	

became	 weaker,	 accompanied	 by	 a	 stronger	 signal	 intensity	 from	 the	 4-MTP	

resonances.	 A	 closer	 look	 at	 Figure	 3.3c	 shows	 random	 variations	 in	 the	 relative	

intensities	of	the	asymmetric	and	symmetric	NO2	stretching	modes	from	the	4-NTP	

molecules.	Such	variations	could	be	caused	by	differences	in	the	specific	orientations	

of	4-NTP	molecules	with	respect	 to	 the	enhanced	near	 field.	The	vibrational	mode	
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that	has	its	dipole	moment	parallel	to	the	electric	field	is	expected	to	have	stronger	

Fano	coupling.	Similar	effects	of	orientation	dependence	have	been	investigated	 in	

previous	studies.60–62	

3.3.4. Quantitative	Analysis	of	SEIRA	Signals	

The	number	of	analyte	molecules	 in	the	nanogap	was	determined	using	the	

integrated	area	under	the	absorption	band	and	the	surface	packing	density	of	pure	

SAMs.	We	 first	 extrapolated	 the	 integrated	 area	 according	 to	 Gaussian	 fits	 as	 the	

signal	intensity.	The	signal	intensities	of	the	strongest	two	vibrations	for	each	analyte	

(see	Figure	3.3c)	were	combined	because	of	the	random	variations	in	their	relative	

intensities.	The	combined	signal	 intensity	for	4-NTP	(blue)	and	4-MTP	(red)	in	the	

mixed	and	their	individual	SAMs	is	shown	in	Figure	A.10.	Assuming	the	absorption	

coefficients	of	each	type	of	molecule	in	the	mixed	SAM	are	the	same	as	their	individual	

SAMs,63	the	signal	intensity	is	expected	to	be	directly	proportional	to	the	number	of	

molecules.	We	calculated	the	number	of	4-NTP	and	4-MTP	molecules	in	the	gap	for	

each	mixed	SAM	based	on	their	signal	intensities	and	the	respective	packing	densities	

on	an	Au	surface	(4-NTP	2.07	nm–2	64	and	4-MTP	3.07	nm–2	65).	Five	different	antennas	

with	the	same	SAM	were	compared	showing	good	reproducibility	(Figure	A.11	and	

Figure	A.12).	Based	on	this	analysis,	our	nanogapped	antenna	can	detect	∼500	4-NTP	

molecules	or	∼600	4-MTP	molecules	using	a	conventional	FTIR	spectrometer	with	a	

standard	broadband	light	source.	

A	 comparison	 of	 the	 surface	 fraction	 of	 4-NTP	 versus	 its	molar	 fraction	 in	

solution	(Figure	3.4b)	revealed	that	4-NTP	was	slightly	preferentially	adsorbed	onto	
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the	nanogapped	antenna.	This	behavior	could	be	explained	by	the	stronger	attraction	

between	the	permanent	dipole	moment	of	4-NTP	and	its	image	charge	distribution	at	

the	substrate	surface.	Because	of	the	electron	acceptor	properties	of	the	nitro	group	

and	 the	 electron	 donor	 properties	 of	 the	 methoxy	 group,	 4-NTP	 has	 a	 larger	

permanent	dipole	moment	than	4-MTP.	A	larger	permanent	dipole	moment	induces	

more	 image	 charges	 on	 the	 metal	 surface,	 thus	 forming	 a	 more	 stable	 electronic	

structure	in	the	resulting	SAM.66	As	the	concentration	of	4-NTP	in	ethanol	increases,	

its	preferential	adsorption	decreases.	This	observation	could	be	caused	by	 the	net	

intermolecular	 repulsion	 of	 the	 parallel	 dipoles.66	 Further	 investigation	would	 be	

necessary	 to	 definitively	 resolve	 the	 cause	 of	 this	 behavior.	 Nevertheless,	 this	

observation	of	preferential	absorption	 is	direct	evidence	that	the	single	antenna	 is	

probing	only	a	relatively	small	quantity	of	molecules	in	the	junction.	

	

Figure	3.4	|	Quantitative	analysis	of	SEIRA	signals.	(a)	Number	of	4-NTP	(blue)	
and	4-MTP	(red)	molecules	on	Au	surface	in	the	gap	after	functionalization	in	
mixed	 solutions	of	 varied	molar	percentages.	 Error	bars	 represent	 standard	
deviations	of	the	number	of	molecules	obtained	from	five	individual	antennas	
on	 the	 same	substrate.	 (b)	 Surface	 composition	of	4-NTP	 in	mixed	SAM	on	a	
single	 antenna	 after	 functionalization	 in	 mixed	 solutions	 of	 varied	 molar	
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percentages.	 Error	 bars	 represent	 standard	 deviations	 of	 surface	 coverage	
ratio	obtained	from	five	individual	antennas	on	the	same	substrate.	The	dashed	
line	is	a	guide	to	the	eye	for	indicating	nonpreferential	adsorption.	

3.4. Conclusions	

In	conclusion,	we	have	demonstrated	a	nanogapped	antenna	on	a	reflective	

substrate	with	a	field	enhancement	up	to	107,	which	is	2	orders	of	magnitude	higher	

than	previous	SEIRA	designs.36,39	This	extremely	high	field-enhancement	enables	us	

to	detect	as	 few	as	500	molecules	of	4-NTP	(and	600	molecules	of	4-MTP)	using	a	

conventional	FTIR	spectrometer	with	a	standard	broadband	light	source.	The	device	

is	primarily	 limited	by	photon	 flux;	 to	 improve	SEIRA	sensitivity	a	more	powerful	

light	 source	 is	 the	 next	 step	 toward	 single-molecule	 measurements.	 Our	

investigations	 also	 showed	 that	 the	 antenna	 can	 be	 easily	 tuned	 to	 different	

wavelengths,	 allowing	 for	 broadband	 sensing	 throughout	 the	 mid-infrared	 range.	

These	 results	 represent	 an	 important	 step	 for	optimizing	 antennas	 toward	 single-

molecule	mid-infrared	detection.	
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Chapter 4 

Monolithic Metal Dimer-on-film 
Structure: New Plasmonic Properties 

Introduced by the Underlying Metal 

4.1. Introduction	

In	 the	 past	 decade*,	 plasmonic	 structures	 have	 been	 studied	 extensively,	

revealing	 a	 wide	 range	 of	 unique	 properties	 and	 effects	 such	 as	 superlensing,	

asymmetric	 transmission,	 optical-frequency	 magnetism,	 and	 negative	 indices	 of	

refraction.67–77	 Resonant	 excitation	 of	 the	 LSPRs	 of	 metallic	 nanoparticles	 and	

nanostructures	can	induce	subwavelength	localization	and	enhancements	of	electric	

fields,	 known	 as	 “hot	 spots”,	 which	 can	 be	 exploited	 in	 applications	 such	 as	

sensing2,78–81,	 optical	 switching82,83,	 imaging84,	 nonlinear	 optics85–87	 and	

photodetection88–90.	 Significant	 efforts	 have	 also	 been	 directed	 towards	 designing	

	
	

*	Chapter	4	is	reprinted	(adapted)	with	permission	from	Dong,	L.*	and	Gerislioglu,	B.*	et	al.	
Monolithic	Metal	Dimer-on-Film	Structure:	New	Plasmonic	Properties	Introduced	by	the	Underlying	
Metal.	Nano	Lett.	2020,	20,	3,	2087-2093.	Copyright	(2020)	American	Chemical	Society.	(*equal	
contribution)	
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nanostructures	 capable	 of	 providing	 localized	 magnetic	 hotspots	 with	 large	 field	

enhancements.91–99	Multiresonant	plasmonic	metal-insulator-metal	(MIM)	structures	

with	 strong	 magnetic	 field	 confinement	 capabilities	 have	 been	 developed	 for	 the	

purpose	 of	 refractive	 index	 sensing.95–98	 It	 has	 been	 shown	 that	 removing	 the	

insulator	layer	from	the	MIM	structures	and	developing	all-metal	designs	allows	for	

the	 strong	 absorption	 of	 incident	 light	 through	 the	 excitation	 of	 magnetic	 hot	

spots.54,99	 Much	 of	 this	 research	 have	 focused	 on	 the	 development	 of	 perfect	

absorbers,	although	it	has	been	noted	that	the	properties	of	such	structures	may	also	

be	 attractive	 for	 additional	 potential	 applications,	 such	 as	 refractive	 index	

sensing.100,101		

In	 this	work,	we	examine	 the	properties	of	a	plasmonic	metal	dimer	atop	a	

substrate	of	the	same	metal.	The	monolithic	Au-dimer-on-Au-film	structure	exhibits	

modal	properties	distinct	from	isolated	dimers	or	dimers	on	insulating	substrates	and	

can	 sustain	 pronounced	 magnetic	 charge	 transfer	 plasmon	 modes	 in	 the	 visible	

regime	of	the	spectrum.	The	modes	are	excited	through	their	electric	dipole	moments,	

which	couple	efficiently	to	incident	light.	We	studied	and	analyzed	the	sensitivity	of	

this	structure	to	the	refractive	index	of	the	medium	surrounding	the	half-space	above	

the	structure	for	two	different	regimes:	(1)	an	individual	unit	cell	dimer-on-substrate	

and	(2)	dimers-on-substrate	nanostructures	in	periodic	arrays.	What	is	observed	is	a	

plasmonic	response	that	is	highly	sensitive	to	the	refractive	index	of	the	surrounding	

medium,	demonstrating	that	magnetic	plasmon	modes	can	be	usefully	employed	for	

efficient	refractive	index	sensing.	
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4.2. Methods	

4.2.1. Simulations	

Full-wave	 electromagnetic	 simulations	 were	 performed	 using	 FDTD	

(Lumerical	 2019)	 and	 finite	 element	 method	 (FEM,	 COMSOL	 Multiphysics	 5.4)	

software.	In	all	simulations,	the	size	of	the	spatial	grids	in	all	axes	was	set	to	1.25	nm	

and	 perfectly	 matched	 layers	 were	 used	 along	 the	 propagation	 directions.	 In	 the	

proposed	design	(Figure	4.1a),	the	complex	refractive	indices	for	Au	and	SiO2	were	

taken	from	Johnson	and	Christy102	and	Palik103,	respectively.	The	dark-field	scattering	

spectra	of	the	standalone	structure	were	simulated	in	FDTD	analysis	using	the	total-

field	scattered-field	approach	over	the	wavelength	range	of	interest	with	15°	incident	

angle	 longitudinal	 polarized	 light	 from	 the	 air	 side	 by	 considering	 experimentally	

studied	 analytes.	 The	 Courant	 stability	 factor	 (~0.99)	 for	 the	 utilized	 model	 was	

realized	by	determining	the	simulation	time	steps	to	dt	=	0.02	 fs.104	The	reflection	

spectra	 of	 both	 unit-cell	 and	 metasurface	 configurations	 were	 conducted	 using	 a	

regular	plane-wave	with	a	pulse	length	of	75	fs.	Apart	from	the	unit-cell	simulation	

setup,	 periodic	 boundary	 conditions	 were	 employed	 along	 the	 x	 and	 y	 axes	 to	

constitute	the	plasmonic	metasurface.	Both	electric-	and	magnetic-field	enhancement	

maps	are	calculated	in	FDTD	using	frequency-domain	field	and	power	monitor	in	a	

plane	20	nm	away	from	the	metal	film.	The	charge	distribution	and	current	density	

profiles	were	extracted	using	electromagnetic	waves,	frequency	domain	module	and	

implementing	Gauss’s	theorem	in	FEM	analysis.	It	is	important	to	note	that	the	upper	
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edges	of	the	nanodisks	have	been	slightly	smoothened	to	elude	unphysical	structural	

discontinuities.	

4.2.2. Fabrication	

All	 solvents	were	 purchased	 from	 Sigma	 Aldrich	 and	 used	without	 further	

purification.	Silica	substrates	(SVM,	Silicon	Valley	Microelectronics)	were	rinsed	with	

acetone	while	sonicating	for	5	min	and	then	rinsed	with	IPA	before	use.	The	substrate	

was	deposited	with	2	nm	of	titanium	and	100	nm	of	Au	using	e-beam	evaporation.	

The	substrate	was	 then	spin-coated	with	PMMA	(950	PMMA	A4,	MicroChem),	and	

baked	 on	 a	 hot	 plate	 at	 180	 °C	 for	 3	min.	 Subsequently,	 the	 nanostructures	were	

patterned	using	a	FEI	Quanta	650	SEM	with	NPGS	software.	A	beam	voltage	of	30	kV,	

a	 beam	 current	 of	 40	 pA,	 and	 a	 working	 distance	 of	 7	 mm	were	 used.	 Then	 the	

substrate	was	developed	in	1:3	MIBK	/	IPA	for	50	s.	Following	development,	50	nm	

of	Au	was	deposited	using	e-beam	evaporation.	Liftoff	was	performed	in	acetone	for	

2	hrs	and	the	sample	was	finally	dried	with	nitrogen.	

4.2.3. Measurements	

The	dark-field	 scattering	measurements	were	performed	using	 an	 inverted	

Zeiss	microscope	(Axiovert	200	MAT)	coupled	with	a	spectrometer	consisting	of	a	

monochromator	(Princeton	Instruments,	Acton	SP2150)	and	a	charge-coupled	device	

(CCD,	 Princeton	 Instruments,	 Pixi	 400).	 A	microscope	 illuminator	 (HAL	 100)	was	

used	as	an	excitation	source.	The	incident	beam	was	focused	on	the	sample	and	the	

scattered	light	was	collected	with	a	Zeiss	EC	Epiplan-Neofluar	10x	objective.	To	carry	
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out	the	measurement	in	different	dielectric	media,	the	sample	was	positioned	inside	

a	 quartz	 cuvette	 (Starna	 Cells)	 which	 is	 filled	 with	 the	 associated	 solvent.	 The	

polarization	was	selected	using	a	broad	band	wire	grid	polarizer	(Thorlabs	WP25M-

UB).	The	scattering	spectrum	was	retrieved	by	subtracting	 the	adjacent	unpattern	

area	from	the	antenna	followed	by	normalization	for	the	instrument	response	using	

a	white	calibration	standard	(Labsphere’s	Spectralon).	The	reflection	measurements	

in	supporting	information	(Figure	B.7)	were	conducted	with	the	same	inverted	Zeiss	

microscope	 except	 that	 the	 dark-field	 stop	was	 removed.	 The	 incident	 beam	was	

mainly	at	 the	surface	normal	direction	with	an	angular	range	of	+14	degree	(NA	=	

0.25).	Besides,	a	long	pass	filter	with	a	cutoff	wavelength	of	400	nm	was	added	in	the	

beam	path	to	eliminate	the	second	order	diffraction	from	short	wavelength.	

4.3. Results	and	Discussion	

4.3.1. Design	of	the	All-Metal	Plasmonic	LSPR	Sensor	

Periodic	 arrays	 of	 Au	 nanodimers	 on	 an	 Au	 film,	 deposited	 on	 a	 SiO2	

underlying	support	were	fabricated	using	electron-beam	lithography	(Figure	4.1).	A	

schematic	for	the	all-metal	structure	is	conceptually	illustrated	in	Figure	4.1a	(not	to	

scale),	 and	 the	 corresponding	 geometric	 parameters	 are	 superimposed	 on	 Figure	

4.1b.	A	cross-sectional	diagram	of	the	unit	cell	shows	that	the	100	nm	Au	film	can	act	

as	a	conductive	path	for	charge	transfer	between	the	two	disks,	while	the	50	nm	thick	

Au	dimer	enables	field	localization	through	its	capacitive	junction	(Figure	4.1c).	SEM	

images	of	the	fabricated	nanodimer	array	with	a	period	of	2300	nm	and	1350	nm	in	
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the	x-	and	y-directions,	respectively,	specifically	chosen	to	prevent	near-	and	far-field	

coupling	(Figure	4.1d	and	Figure	B.1).	

	

Figure	4.1	|	Design	of	the	all-metal	plasmonic	LSPR	sensor.	(a)	Schematic	of	the	
LSPR	sensor	consisting	of	Au	dimer,	Au	thin	film,	and	glass	substrate.	(b)	Top-
view	 schematic	 of	 the	 standalone	 structure	 with	 geometric	 parameters.	 (c)	
Cross-sectional	 view	 of	 the	 device.	 (d)	 Scanning	 electron	 microscope	 (SEM)	
images	of	the	Au	dimer	on	Au	film	in	an	array	geometry.	Scale	bar,	2300	nm.	
The	inset	shows	a	zoom-in	SEM	image	of	the	Au	disk	dimer.	Scale	bar,	450	nm.	

4.3.2. Sample	Characterization	and	Numerical	Simulations	

Full-wave	electromagnetic	simulations	enable	us	to	investigate	the	plasmonic	

response	of	this	structure	in	detail.	A	plane	wave	at	normal	incidence,	polarized	along	

the	 interparticle	axis,	 induces	a	strong	coupling	between	the	two	nanodisks	giving	

rise	to	a	higher	energy,	screened	bonding	dimer	(SBD)	plasmon	resonance	at	600	nm	
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(Figure	 4.2a(i)),	 and	 a	 lower	 energy,	 CTP	 resonance	 at	 900	 nm	 (Figure	 4.2a(ii)),	

facilitated	by	conduction	through	the	substrate.105–107	The	experimentally	obtained	

spectrum	 shows	 good	 agreement	 with	 the	 simulated	 scattering	 spectrum	 (FDTD	

method,	Lumerical),	with	any	discrepancies	most	 likely	originating	 from	the	slight	

differences	 between	 the	 sizes	 and	 shapes	 of	 the	 fabricated	 versus	 the	 simulated	

nanostructures.	A	simulation	of	 the	surface	charge	distribution	allows	us	 to	better	

understand	the	physical	nature	of	 these	modes	(FEM,	COMSOL)	(Figure	4.2b).	The	

charge	distribution	on	the	exposed	surfaces	for	the	SBD	plasmon	resonance	at	600	

nm	shows	a	strong	electric	dipolar	character,	with	a	nonuniform	charge	distribution	

along	 the	 interparticle	axis	 (Figure	4.2b(i)).	This	mode	clearly	originates	 from	 the	

dipolar	 bonding	 dimer	 resonance	 observed	 on	 a	 nonconductive	 surface.108	 The	

presence	of	the	conductive	surface	has	two	effects.	It	induces	a	net	charge	transfer	

between	the	disks,	which	reduces	the	coupling	(simulations	for	a	 fictitious	Au	film	

with	zero	conductance	puts	the	mode	~at	580	nm,	a	20	nm	blue	shift,		showing	only	

minor	charge	transfer,	see	Figure	B.2),	and	substrate-induced	image	screening	of	the	

charge	distribution	in	the	disks.	The	latter	effect	reduces	the	electric	dipole	moment	

but	introduces	a	current	loop	with	a	magnetic	dipole	moment.	Charge	transfer	clearly	

dominates	 the	 mode	 at	 900	 nm,	 which	 can	 be	 classified	 as	 a	 CTP.	 The	 charge	

distribution	images	in	Figure	4.2b(ii)	clearly	show	the	relative	charge	addition	and	

depletion	on	the	respective	neighboring	disks.	This	mode	would	be	entirely	absent	on	

a	nonconductive	substrate.	At	this	longer	wavelength,	the	substrate	screening	is	more	

efficient,	 almost	 perfectly	 screening	 the	 electric	 dipole	moment	 of	 the	 CTP	mode,	

making	it	subradiant.	A	magnetic	dipole	moment	also	exists	for	this	mode,	owing	to	
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the	conductive	substrate	image	screening	of	the	charge	distribution	of	the	disks.	The	

electric-	and	magnetic-field	enhancement	profiles	for	the	SBD	and	the	CTP	modes	are	

plotted	in	Figure	4.2c	and	4.2d,	respectively.	For	both	modes,	the	induced	electric	and	

magnetic	 fields	 are	 confined	 to	 the	 vicinity	 of	 the	 gap	 region.	 The	 electric	 field	

intensity	of	the	CTP	mode	is	weaker	than	for	the	SBD	mode,	because	of	the	reduced	

capacitive	coupling	across	the	junction	due	to	charge	transfer	between	the	disks.54	To	

further	 illustrate	 the	 character	 of	 the	 modes,	 the	 cross-sectional	 magnetic	 field	

enhancement	 and	 vectorial	 current	 density	 maps	 are	 shown	 in	 Figure	 4.2e.	 The	

rotational	 current	 density	 that	 can	 be	 observed	 gives	 rise	 to	 the	magnetic	 dipole	

moments	 of	 both	 the	 SBD	 and	 CTP	modes	 in	 the	 y-direction	 (in	 the	 plane	 of	 but	

perpendicular	to	the	interparticle	axis).	

	

Figure	 4.2	 |	 Sample	 characterization	 and	 numerical	 simulations.	 (a)	
Experimental	 (blue)	 and	 simulated	 (red)	 scattering	 spectrum	 of	 the	 LSPR	
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sensor.	Here,	‘i’	and	‘ii’	represent	the	SBD	mode	at	600	nm	and	the	CTP	mode	at	
900	nm,	respectively.	(b)	3D	charge	distribution,	top-view	(c)	electric	and	(d)	
magnetic	field	enhancements	for	the	SBD	mode	and	the	CTP	mode,	respectively.	
(e)	 Distributions	 of	 the	 magnetic	 field	 enhancement	 (color	 contour)	 and	
vectorial	surface	current	density	(arrows)	for	the	SBD	and	CTP	modes	(in	plane	
through	the	center	of	the	junction	along	the	dimer	axis).	

4.3.3. Scattering	Evolutions	and	Mode	Analysis	

Both	the	electric-	and	magnetic-field	enhancements	are	large	in	the	junctions	

on	each	resonance	(Figure	4.2).	While	the	magnetic	field	enhancement	in	principle	

could	be	used	to	induce	magnetic	transitions	in	an	analyte,109	we	instead	investigate	

the	 sensitivity	 of	 the	 structure	 to	 the	 refractive	 index	 of	 a	 surrounding	 dielectric	

medium,	caused	by	 the	electronic	 screening	of	 the	surface	charges	 induced	by	 the	

medium	 (Figure	 4.3).	 To	 investigate	 the	 influence	 of	 the	 surrounding	 medium	

refractive	index	on	the	LSPR	spectrum,	we	measured	the	dark-field	scattering	spectra	

of	 the	 structure	 in	 several	 different	 dielectric	 environments.	 The	 measured	 and	

calculated	wavelengths	of	the	scattering	peak	for	different	dielectrics	are	shown	in	

Figure	 4.3a	 and	 4.3b,	 respectively.	 The	 results	 show	 that	 the	 SBD	mode	 redshifts	

strongly	with	 increasing	 refractive	 index.	Both	experiment	and	 theory	 follow	very	

similar	trends,	with	minor	disagreements	most	likely	due	to	fabrication	limitations	

and	non-ideal	characterization	conditions.	In	addition,	for	butanol	(C4H9OH,	n~1.4;	

Figure	4.3(a,	b);	blue	curve),	a	higher-order	peak	starts	to	appear	around	530	nm,	

which	redshifts	and	becomes	more	distinct	with	further	increasing	of	the	refractive	

index.	
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Figure	4.3	|	Scattering	evolutions	in	the	presence	of	different	dielectric	media	
and	mode	analysis.	(a)	Experimental	and	(b)	simulated	scattering	spectra	of	the	
LSPR	device,	in	which	spectral	tuning	occurs	based	on	the	refractive	index	of	
the	medium.	 (c)	3D	charge	distribution	maps	of	 the	sensor	surrounded	with	
C7H8	at	particularly	selected	wavelengths,	including	the	highlighted	region	and	
the	shoulder	peak	in	(b).	

To	understand	the	physical	origin	of	the	large	LSPR	shifts,	we	performed	FDTD	

and	FEM	simulations	for	the	case	of	toluene	(C7H8,	n~1.5)	to	determine	whether	the	

broad	spectral	feature	in	Figure	4.3(a,	b)	(highlighted	in	Figure	4.3b	between	630	and	

840	 nm)	 constitutes	 a	 single	 resonance	 or	 a	 combination	 of	 several	 plasmonic	

multipoles.	 The	 associated	 charge	 distribution	 profiles	 for	 several	 selected	

wavelengths	 throughout	 this	 spectral	 region	 are	 shown	 in	 Figure	 4.3c	 (the	

corresponding	local	field	and	vectorial	current	density	maps	are	indicated	in	Figures	

B.3	and	B4,	respectively).	The	specific	wavelengths	shown	in	Figure	4.3	are	selected	

from	 when	 a	 change	 in	 the	 charge	 distribution	 is	 observed	 during	 wavelength	

sweeping.	As	 verified	 by	 the	 charge	 and	 current	 density	maps	 (Figure	 4.3c(i)	 and	
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Figure	B.3c(i),	respectively),	the	long-wavelength	side	of	the	SBD	mode	redshifts	from	

600	nm	in	vacuum	to	nominally	840	nm	in	toluene.	To	examine	the	modal	properties	

in	 this	 spectral	 region,	 we	 observe	 the	mode	 progression	 from	 longer	 to	 shorter	

wavelengths	(800	to	530	nm).	As	the	wavelength	is	decreased	from	800	to	740	nm,	

the	magnetic	dipole	characteristic	of	the	SBD	remains	but	with	a	slight	decrease	in	

overall	dipole	moment.	When	the	wavelength	is	further	decreased	from	700	to	630	

nm,	both	the	electric-	and	magnetic-fields	begin	to	increasingly	leak	out	of	the	gap	

region	 (Figure	 B.3c(v-vii))	 and	 the	 charge	 distribution	 develops	 into	 a	 bonding	

electric	 quadrupole	 (Figure	 4.3c(v-vii)).	 At	 these	 higher	 energies,	 the	 substrate	

screening	 is	 reduced	and	 the	magnetic	dipolar	character	of	 the	mode	decreases.	A	

distinct	new	mode	appears	at	530	nm,	with	a	charge	distribution	that	can	be	classified	

as	a	bonding	electric	octupolar	mode,	observable	due	 to	phase	retardation	effects.	

The	associated	current	density	plots,	shown	in	Figure	B.3(viii),	that	give	rise	to	the	

magnetic	 hotspot	 in	 the	 junction	 are	 no	 longer	 apparent	 at	 this	 wavelength.	

Interestingly,	rather	than	having	a	localized	electric	field	within	the	gap	area,	here,	

the	 structure	 exhibits	 hot	 spots	 surrounding	 the	 disk	 dimers,	 which	may	 also	 be	

exploited	in	sensing	applications.	

4.3.4. Reflection	Spectra	from	a	Standalone	Dimer		

To	create	a	more	practical	sensing	platform	than	the	individual	dimer-on-film	

nanostructures	necessary	for	mode	analysis,	we	fabricated	arrays	of	Au	dimers	on	an	

Au	film,	which	then	can	be	probed	by	simply	measuring	the	reflection	spectra	before	

and	 after	 analyte	 exposure.	 Two	 array	 structures	were	 fabricated,	 one	with	 array	
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periodicities	detuned	from	SLRs	(Figure	4.1d)	and	one	that	supported	SLRs	(Figure	

B.5).	The	basis	of	SLRs	is	originated	from	the	diffractively	coupled	localized	surface	

plasmon	 resonances	 that	 can	 lead	 to	 an	 incredible	 narrowing	 of	 the	 resonance	

linewidth.99,110	As	indicated	in	Figure	B.5,	diffractive	far-field	coupling	results	in	very	

narrow	 spectral	 features	 that	 dominate	 the	 overall	 response	 of	 the	 dimer-on-film	

array	with	SLRs,	formed	from	the	LSPRs	of	the	standalone	dimers.	Figure	4.4a	shows	

the	 calculated	 reflection	 spectrum	 from	 the	dimer-on-film	array	without	 SLRs,	 for	

various	 refractive	 indices	 (from	 n	 =	 1	 to	 n	 =	 1.5).	 As	 in	 Figure	 4.3b,	 a	 significant	

redshift	 of	 the	 SBD	 is	 observable	 (~250	 nm)	 when	 the	 array	 is	 immersed	 in	 an	

environment	with	a	refractive	index	of	1.5	(vs.	1).	(The	refractive	index	sensitivity	of	

the	dimer-on-film	array	with	SLR	is	shown	in	Figure	B.5.)		

	Figure	4.4b	summarizes	the	experimental	and	simulated	LSPR	and	SLR	shifts	

as	 a	 function	 of	 surrounding	 refractive	 index	 obtained	 from	 dark-field	 scattering	

measurements	 and	 reflectance	 spectroscopy.	 In	 all	 cases,	 the	 energies	 of	 the	

resonances	in	the	spectral	responses	(reflection	and	scattering)	for	the	dimer-on-film	

array	are	redshifted	with	increasing	the	refractive	index	of	the	surrounding	dielectric	

medium.	 Similar	 shifts	 are	 observed	 in	 the	 spectral	 response	 of	 the	 ordered	

metasurface	for	the	same	environmental	perturbations.	
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Figure	4.4	|	Reflection	spectra	from	a	standalone	dimer	for	different	refractive	
indices	 and	 performance	 characteristics.	 (a)	 Numerical	 reflection	 spectra	 in	
various	environments.	(b)	Simulated	and	experimental	LSPR	and	SLR	relative	
energy	shifts	as	a	function	of	refractive	index.	The	inset	provides	the	associated	
FoMs	of	the	simulated	LSPR	and	SLR	reflection	spectra.	

To	 quantify	 the	 refractive	 index	 sensitivities	 of	 LSPR	 and	 SLR	 reflection	

spectra,	we	calculate	their	figure	of	merit	(FOM),	defined	as:111	

FOM	=	[m	(eV	RIU-1)]/[FWHM	(eV)]	

Equation	4.1		|	Definition	of	figure	of	merit	

where	m	is	the	slope	of	the	plot	of	the	resonance	shift	vs.	refractive	index	n	and	FWHM	

stands	 for	 the	 full	width	 at	 the	half	maximum	of	 the	 resonance.	 Since	 the	 relative	

energy	shift	of	the	SBD	is	larger	(0.55	eV	for	n	=	1.5	and	0.14	eV	for	n	=	1.1)	than	that	
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for	conventional	dipolar	disk	resonance	on	a	nonconductive	substrate	(Figure	B.6),	

the	FOM	will	be	significantly	larger,	ranging	from	5.8	to	6.3.	Despite	that	the	relative	

energy	shift	of	SLR	is	similar	to	SBD,	the	resonance	widths	are	narrower,	with	FWHM	

nominally	0.05	eV	for	n	=	1.5	and	0.06	eV	for	n	=	1.1,	resulting	in	FOM	values	in	the	

range	of	21.6-22.2.	Relatively,	Cheng	et	al.100	and	Yong	et	al.101	have	also	shown	that	

the	refractive	index	sensing	characteristics	of	their	all-metal	structures	in	the	range	

of	 16.17-28.94	 and	 110,	 respectively.	 However,	 it	 is	 important	 to	 note	 that	 the	

experimental	verification	of	these	values	has	not	been	conducted	in	the	mentioned	

works.	

	The	spectral	response	of	the	dimer	structure	can	straightforwardly	be	tuned	

(Figure	B.7)	by	changing	the	diameter	D	of	the	disks.	Although	larger	diameter	disks	

with	relatively	long	wavelength	resonances	provide	larger	refractive	index	induced	

shifts,	 in	 certain	 applications	 it	 may	 be	 advantageous	 to	 have	 the	 resonances	

occurring	 in	 the	 visible.	 For	 such	 structures,	 the	 refractive	 index	 change	 could	 in	

principle	 be	 detected	 as	 a	 visible	 color	 change	 of	 the	 substrate.	 Such	 colorimetric	

refractive	index	sensing	would	not	require	a	spectrometer.80,81	

4.4. Conclusions	

In	conclusion,	we	have	investigated	the	properties	of	a	plasmonic	dimer	on	a	

substrate	of	the	same	metal,	identifying	the	two	dominant	modes	resulting	from	the	

coupling	 of	 this	 system	 to	 the	 underlying	 conductive	 substrate.	 By	 immersing	 the	

dimer-on-film	system	into	dielectric	embedding	media	of	a	range	of	refractive	indices,	
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we	observe	 the	presence	of	a	 range	of	additional	modes	 in	 this	 system,	as	well	 as	

enhanced	 spectral	 sensitivity,	 which	 may	 be	 useful	 for	 sensing	 applications.	 This	

relatively	simple	plasmonic	substrate	may	offer	new	options	for	the	development	of	

easily	manufacturable	plasmonic	sensors	with	high-performance	sensitivities.	

4.5. Author	Contributions	

B.G.	and	L.D.	contributed	equally	to	this	work.	N.J.H.	conceived	the	project.	B.G.	

and	 L.D.	 designed	 the	 samples.	 B.G.	 performed	 the	 theoretical	 simulations.	 L.D.	

fabricated	the	samples	and	performed	the	measurements.	A.A.	and	H.H.	assisted	in	

the	theoretical	simulations.	B.G.,	L.D.,	and	A.A.	analyzed	the	results	and	contributed	to	

the	preparation	of	 the	manuscript	 and	discussions.	P.J.N	and	N.J.H.	 supervised	 the	

research.	



	
67	

Chapter 5 

Toroidal Dipole-Enhanced Third 
Harmonic Generation of Deep 

Ultraviolet Light Using Plasmonic 
Meta-atoms 

5.1. Introduction	

The	 conversion*	 of	 multiple	 low-energy	 photons	 into	 a	 single	 high-energy	

photon,	known	as	harmonic	generation,	has	been	employed	extensively	for	decades	

both	 for	 fundamental	 optics	 and	 for	 its	 numerous	 applications.	 These	 include	

nonlinear	 sensors,112	 nanorulers,113	 bioimaging	 enhancement,114	 lasers,115–117	 and	

light	 harvesters.118	 The	 generation	 of	 optical	 harmonics	 also	 finds	 frequent	

application	in	the	development	of	commercial	 laser	tools.119	 In	particular,	THG	has	

been	 demonstrated	 successfully	 in	 dielectric	 metasurfaces,120–122	 plasmonic	

	
	

*	Chapter	5	is	reprinted	(adapted)	with	permission	from	Dong,	L.*,	Ahmadivand,	A.*,	
Semmlinger,	M.*	et	al.	Toroidal	Dipole-Enhanced	Third	Harmonic	Generation	of	Deep	Ultraviolet	
Light	Using	Plasmonic	Meta-atoms.	Nano	Lett.	2019,	19,	1,	605-611.	Copyright	(2019)	American	
Chemical	Society.	(*equal	contribution)	
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subwavelength	 platforms,123–125	 metallodielectric	 Fano	 clusters,126	 and	 atomically	

thin	 monolayers.119,127	 One	 advantage	 of	 THG,	 compared	 to	 second	 harmonic	

generation	 is	 that	 it	 does	 not	 require	 a	 nonlinear	 medium	 that	 lacks	 inversion	

symmetry.128	Since	the	nonlinear	signal	generated	increases	with	the	third	power	of	

the	incident	electromagnetic	field	intensity,	the	corresponding	conversion	efficiency	

can	be	increased	substantially	by	maximizing	the	excitation	density.129–131	Plasmonic	

nanostructures	 have	 become	 increasingly	 popular	 nanophotonic	 systems	 for	

nonlinear	optics	due	to	their	ability	to	strongly	localize	an	incident	electromagnetic	

field	at	metallodielectric	interfaces.85	Strongly	coupled	nanoparticle	clusters126,132,133	

and	well-engineered	 artificial	 planar	 and	 three-dimensional	 3D	meta-atoms118	 are	

examples	of	typical	subwavelength	platforms	for	the	excitation	of	nonlinear	features	

in,	and	by,	plasmonic	structures.	 In	particular,	 ITO-plasmonic	hybrid	systems	have	

shown	to	enhance	THG	compared	to	bare	plasmonic	structures.134–136	

Structures	known	as	nonradiating	anapoles	have	recently	been	introduced	for	

producing	ultrastrong	nonlinear	features	in	both	metallodielectric	and	all-dielectric	

systems;	they	have	been	used	to	demonstrate	the	generation	of	visible	signals	from	

near-infrared	fundamental	beams.128,137,138	Anapoles	originate	from	the	destructive	

interference	 of	 toroidal	 and	 electric	 dipoles	 and	 have	 head-to-tail	 charge-current	

configuration	 signatures.	While	 anapoles	 provide	 strong	 nonlinear	 enhancements,	

exciting	 these	 modes	 at	 short	 wavelengths	 has	 been	 challenging,	 limiting	 their	

application	for	harmonic	generation	at	short	wavelengths.	However,	toroidal	dipoles	

with	charge-current	configurations	analogous	to	anapoles	can	be	excited	at	shorter	

wavelengths	 (i.e.,	visible)	and	show	strong	electromagnetic	 field	 localization.	They	
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represent	volumetric	oscillations	of	radial	current	𝐽	(that	is	r̂·𝐽	≠	0)	and	therefore	are	

fundamentally	 distinct	 from	 electric	 multipoles	 (oscillating	 charge	 density)	 or	

magnetic	multipoles	(oscillating	transverse	current	𝐽,	that	is	r̂	×	𝐽	≠	0).139	Generally,	

the	projected	far-field	radiation	pattern	from	a	toroidal	scatterer	is	largely	concealed	

by	 classical	 electromagnetic	 multipoles.128,137–140	 Hence,	 the	 detection	 of	 such	 an	

inherently	weak	multipole	requires	well-engineered	metamolecules	or	meta-atoms.	

Here	we	report	the	generation	of	deep	ultraviolet	(DUV)	light	based	on	THG	

using	a	toroidal-resonant	plasmonic	metasurface.	(The	DUV	is	typically	defined	as	the	

UV	wavelength	range	shorter	than	350	nm.)	The	metasurface	was	fabricated	on	top	

of	a	substrate	consisting	of	a	thin	ITO	layer	on	glass.	An	alumina	layer	was	deposited	

on	top	of	the	metasurface	to	prevent	it	from	being	easily	damaged	by	the	pump	laser	

beam.	 Taking	 advantage	 of	 the	 strong	 third-order	 susceptibility	 (χ(3))	 of	 the	 ITO	

sublayer,141	the	toroidal	metasurface	was	specifically	designed	to	boost	its	THG	signal	

from	a	fundamental	beam	at	a	wavelength	of	785	nm,	generating	262	nm	UV	light.	To	

evaluate	the	benefits	of	this	unique	plasmonic	metasurface	for	THG,	we	performed	

both	numerical	and	experimental	studies	to	compare	the	THG	strength	to	that	of	a	

resonant	 dimer	 array.	 This	 comparison	 provides	 a	 valuable	 understanding	 of	 the	

superior	nonlinear	optical	response	of	toroidal	metasurfaces	for	UV	light	generation.	
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5.2. Methods	

5.2.1. Simulations	

We	performed	a	set	of	simulations	based	on	both	FDTD	(Lumerical	2018b)	and	

FEM	 (COMSOL	Multiphysics	 5.3a)	 to	 precisely	 define	 the	 spectral	 response	 of	 the	

proposed	meta-atom	as	well	as	the	plasmonic	dimer.	The	size	of	the	spatial	grids	in	

all	 axes	was	 set	 to	1.5	nm	and	periodic	boundaries	were	 employed	 to	 resemble	 a	

plasmonic	metasurface.	The	Courant	stability	 factor	(∼0.99)	 for	 the	utilized	model	

was	achieved	by	setting	the	simulation	time	steps	to	dt	=	0.0199	fs.104	The	incident	

beam	was	a	regular	plane-wave	with	a	pulse	 length	of	100	 fs.	The	current	density	

profile	was	computed	by	applying	a	Divergence	Current	analysis	module	based	on	

implementing	 the	effective	permittivity	of	 the	system	(𝐷TT⃗ =	εeff𝐸T⃗ ).	Thus,	 the	current	

density	was	solved	in	FDTD	simulations	via	the	following	equation:	𝚥	=	−iω(εeff	–	ε0)𝐸T⃗ .	

More	precisely,	in	our	numerical	analysis,	the	relationship	between	the	electric	and	

displacement	fields	is	introduced	by	𝐷TT⃗ (ω)	=	ε0εr(ω,	dt)𝐸T⃗ (ω).	When	dt	tends	to	zero:	

lim
/0→!

ε2(ω, dt) = 𝑛"(ω) ,	 where	 n(ω)	 is	 the	 frequency-dependent	 refractive	 index	

obtained	by	our	written	code	in	the	program.	The	E-field	map	(in	Figure	5.2c)	for	the	

charge	 plot	was	 generated	 by	 implementing	 Gauss’s	 theorem	 in	 FEM	 analysis.	 To	

model	the	structures,	we	used	Au	dielectric	permittivity	values	obtained	empirically	

by	Johnson	and	Christy.102	The	refractive	index	data	for	the	ITO	layer	was	adopted	

from	ref142.	The	nonlinear	response	of	the	studied	structures	was	modeled	using	an	

FDTD	approach	by	solving	the	corresponding	Maxwell’s	equations	and	introducing	

ITO	 as	 a	material	 with	 an	 exotic	 nonlinear	 susceptibility	 (χ(3))	 value.141	 Then,	 we	
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excited	the	structure	with	a	beam	centered	on	the	fundamental	wavelength	with	±5	

nm	 span.	 The	 obtained	 resonance	 wavelength	 in	 the	 linear	 electromagnetic	

simulations	 was	 used	 as	 a	 source	 wavelength	 to	 obtain	 the	 THG	 (fundamental	

wavelength).	 Simplifying	 the	 induced	 nonlinear	 polarization	 components	 at	 the	

generated	DUV	signal,	the	following	relationship	was	used:	P(3)=	ε0χ(3)Ej(𝐸T⃗ ·𝐸T⃗ ),	where	

ε0	is	the	permittivity	of	vacuum,	Ei	is	a	component	of	the	electric	field	𝐸T⃗ ,	and	Ej	is	the	

component	 in	 three	axis	directions.	 In	 the	equation	above,	 the	E-field	value	as	 the	

near-field	intensity	was	obtained	by	integration	over	the	toroidal	unit	cell	and	the	ITO	

sublayer.	In	the	simulations,	the	metasurface	consists	of	an	infinite	number	of	planar	

artificial	 scatterers	 in	 both	 the	 x	 and	 y	 directions.	 Correspondingly,	 the	 projected	

toroidal	momentum	normal	to	the	incidence	axis	(z-axis)	was	defined	using	𝑇T⃗ –(𝑇T⃗ ·r̂)r̂	

=	Txx̂	+	Tyŷ.143	

5.2.2. Fabrication	

All	 solvents	 were	 purchased	 from	 Sigma-Aldrich	 and	 used	without	 further	

purification.	 ITO/glass	 substrates	 (obtained	 from	 a	 commercial	 supplier	 called	

Ossila)	were	rinsed	with	acetone	while	sonicating	for	5	min	and	then	rinsed	with	IPA	

before	 use.	 The	 substrate	 was	 then	 spin-coated	 with	 PMMA	 (950	 PMMA	 A2,	

MicroChem),	 and	 baked	 on	 a	 hot	 plate	 at	 180	 °C	 for	 3	 min.	 Subsequently,	 the	

nanostructures	were	patterned	using	a	FEI	Quanta	650	SEM	with	NPGS	software.	A	

beam	voltage	of	30	kV,	a	beam	current	of	40	pA,	and	a	working	distance	of	7	mm	were	

used.	 Then	 the	 substrate	 was	 developed	 in	 1:3	 MIBK/IPA	 for	 50	 s.	 Following	

development,	 2	 nm	 of	 titanium	 and	 50	 nm	 gold	 were	 deposited	 using	 e-beam	
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evaporation.	 Liftoff	was	 performed	 in	 acetone	 for	 1	 h.	 Finally,	 the	 nanostructures	

were	 coated	 with	 a	 layer	 of	 50	 nm	 alumina	 using	 atomic	 layer	 deposition	 (ALD)	

followed	by	a	second	layer	of	alumina	(250	nm)	using	e-beam	evaporation.	

5.2.3. Linear	Measurements	

The	 linear	 transmission	 measurements	 were	 performed	 using	 an	 inverted	

Zeiss	microscope	(Axiovert	200	MAT)	coupled	with	a	spectrometer	consisting	of	a	

monochromator	 (Princeton	 Instruments,	 Acton	 SP2150)	 and	 a	 CCD	 (Princeton	

Instruments,	 Pixis	 400).	 A	 microscope	 illuminator	 (HAL	 100)	 was	 used	 as	 an	

excitation	source.	The	sample	was	illuminated	glass-side	first.	The	polarization	was	

selected	 using	 a	 broad	 band	 wire	 gird	 polarizer	 (Thorlabs	 WP25M-UB).	 The	

transmission	spectrum	of	the	metasurface	was	retrieved	by	dividing	the	signal	from	

the	metasurface	by	the	adjacent	unpatterned	area,	consisting	of	the	glass	substrate,	

and	the	ITO	and	alumina	layers.	

5.2.4. Nonlinear	Optical	Measurements	

The	nonlinear	optical	measurements	were	performed	using	an	ultrafast	laser	

system	(Coherent	Mira	900,	see	the	schematic	in	Figure	C.3).	The	center	wavelength	

position	was	785	nm,	and	the	pulse	repetition	rate	was	76	MHz.	The	ultrafast	pulses	

have	a	temporal	width	of	about	100.6	fs.	The	laser	was	focused	onto	the	sample	via	a	

CaF2	lens	(75	mm	focal	length).	Similar	to	the	linear	measurements,	the	light	passed	

through	the	substrate	first.	The	incident	peak	power	density	on	the	sample	ranged	

between	 0.4	 and	 3.5	 GW/cm2	 with	 a	 spot	 size	 of	 ∼177	 μm2	 (7.5	 μm	 beam	waist	
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radius).	 The	 peak	 power	 density	was	 estimated	 based	 on	 the	 spot	 size,	 the	 pulse	

width,	and	the	repetition	rate	of	the	laser.	The	transmitted	light	was	then	collected	

with	two	CaF2	lenses	(40	mm	focal	length	each).	For	the	power	measurements,	the	

output	beam	was	directly	passed	through	several	UV	bandpass	filters	to	eliminate	the	

pump	 signal	 and	 detected	 with	 a	 PMT	 (Thorlabs	 PMTSS).	 For	 the	 spectral	

measurements,	the	output	beam	was	routed	through	a	UV	bandpass	filter	as	well	as	a	

UV	monochromator	 (Thermo	 Jarrel	 Ash,	 2400	 grooves/mm	grating)	 and	 detected	

with	a	PMT	(ADIT	Electron	Tubes,	9781B6019).104,130,131	

5.3. Results	and	Discussion	

5.3.1. Design	of	the	Nonlinear	Plasmonic	Toroidal	Metasurface	Device	

The	metasurface	was	fabricated	as	a	two-dimensional	periodic	array	of	gold	

nanostructures	 on	 an	 ITO/glass	 substrate	 using	 electron-beam	 lithography.	 A	

schematic	 of	 the	 metasurface	 design	 shows	 the	 formation	 of	 closed-loop	 charge-

current	 configurations	 between	 the	 proximal	 resonators	 within	 a	 unit	 cell,	

corresponding	 to	 the	 toroidal	 dipolar	 mode	 ( 𝑇T⃗ )	 (Figure	 5.1a).	 The	 geometric	

parameters	 of	 the	 toroidal	 meta-atom	 are	 shown	 in	 Figure	 5.1b.	 The	 period	 was	

selected	to	be	395	and	310	nm	in	the	x	and	y	directions,	respectively,	to	maximize	

field	 enhancement	 (see	 Figure	 C.1).	 A	 cross-sectional	 schematic	 of	 the	 unit	 cell	 is	

demonstrated	 in	 Figure	 5.1c.	 The	 underlying	 100	 nm	 ITO	 layer	 serves	 as	 the	

nonlinear	material,	while	the	nanoresonators	provide	field	enhancement	to	boost	the	

THG.	The	plasmonic	nanostructures	are	50	nm	thick	and	are	covered	with	a	300	nm	
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thick	alumina	capping	 layer	 to	prevent	deformation	under	 intense	 laser	exposure.	

Finally,	 Figure	 5.1d	 shows	 a	 representative	 scanning	 electron	 microscopy	 (SEM)	

image	of	the	fabricated	nanoarray	with	good	uniformity	prior	to	alumina	deposition.	

	

Figure	5.1	|	Design	of	the	nonlinear	plasmonic	toroidal	metasurface	device.	(a)	
General	 schematic	 of	 the	 metasurface	 design,	 showing	 the	 direction	 of	 the	
induced	 toroidal	 dipole	 moment	 and	 the	 formation	 of	 charge-current	
configurations	 between	 proximal	 resonators.	 (b)	 Top-view	 schematic	 of	 a	
single	 unit	 cell	with	 geometric	 parameters.	 (c)	 Cross-sectional	 profile	 of	 the	
device.	(d)	SEM	image	of	the	toroidal	metasurface	prior	to	alumina	deposition.	
Scale	bar:	400	nm.	

5.3.2. Sample	Characterization	and	Numerical	Simulations	

Excitation	with	polarized	light	along	the	y-axis	of	the	unit	cells	generates	an	

optical	 resonance	close	 to	 the	excitation	wavelength	of	785	nm	(Figure	5.2a).	The	
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simulated	 transmission	 spectrum	 shows	 good	 consistency	 with	 the	 experimental	

profile,	while	the	discrepancy	most	likely	originates	from	slight	geometric	differences	

between	the	fabricated	and	designed	structures.	To	better	understand	the	resonance	

properties,	 a	 detailed	 multipolar	 decomposition	 was	 performed	 using	 FDTD	 (see	

Methods).	 The	 total	 scattering	 cross-section	 of	 the	 toroidal	 metasurface	 can	 be	

decomposed	into	contributions	from	a	toroidal	dipole	(TD),	an	electric	dipole	(ED),	a	

magnetic	 dipole	 (MD),	 and	 an	 electric	 quadrupole	 (EQ)	 (higher	 orders	 of	 the	

multipolar	expansion	were	neglected	in	the	computations).	The	dominant	mode	near	

the	 fundamental	 frequency	 can	 be	 attributed	 to	 the	 TD	 mode	 (Figure	 5.2b).	 The	

charge	distribution	for	the	formation	of	the	toroidal	dipole,	obtained	using	the	finite-

element	method,	 is	 shown	 in	 Figure	 5.2c	 (FEM,	 see	Methods).	 The	 corresponding	

electric	 field	 enhancement	 is	 provided	 in	 Figure	 C.2.	 The	 electric	 field	 is	 highly	

confined	 in	 the	 two	 capacitive	 openings	 on	 both	 sides,	 producing	 antiparallel	

magnetic	fields	in	neighboring	resonators.	This	mismatch	between	induced	magnetic	

moments	is	essential	for	the	formation	of	the	desired	charge-current	configuration	

across	 the	 unit	 cell.	 The	 mismatch	 in	 the	 numerically	 calculated	 induced	 surface	

current	density	vectorial	profile	is	explicitly	illustrated	in	Figure	5.2d	(for	details,	see	

Methods).	This	loop	current	generates	a	significantly	localized	rotating	magnetic	field	

that	penetrates	deep	into	the	ITO	layer,	shown	as	cross-sectional	profiles	at	both	the	

fundamental	(top)	and	the	third	harmonic	(bottom)	wavelengths	(Figure	5.2e).	
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Figure	 5.2	 |	 Sample	 characterization	 and	 numerical	 simulations.	 (a)	
Experimental	 (solid)	 and	 simulated	 (dotted)	 transmission	 spectrum	 of	 the	
toroidal	 metasurface.	 (b)	 Theoretical	 calculations	 of	 the	 scattering	 cross	
sections	of	several	multipoles	present	under	illumination:	TD,	toroidal	dipole;	
ED,	 electric	dipole;	MD,	magnetic	dipole;	 EQ,	 electric	quadrupole.	 (c)	 Charge	
distribution	on	the	top	surface	at	the	resonance	frequency.	(d)	Vectorial	surface	
current	 density	map	 for	 the	 toroidal	mode	 at	 the	 resonance	 frequency	 (top	
view).	 (e)	 Normalized	 magnetic	 field	 distribution	 at	 the	 fundamental	
(|Hpump(λ)|)	and	THG	(|HTHG(λ)|)	wavelengths	(cross-sectional	view).	

5.3.3. Nonlinear	Characterization	

To	probe	the	THG	of	the	toroidal	metasurface,	we	built	a	custom	optical	setup	

(Figure	C.3)	using	a	CaF2	lens	to	focus	femtosecond	laser	pulses	(∼100	fs)	onto	the	

sample,	with	the	light	passing	through	the	substrate	first	to	avoid	absorption	of	the	

generated	UV	signal	in	the	glass	substrate	(see	Figure	C.4	for	a	spectral	measurement	

of	the	pump	beam).	The	pump	signal	in	the	transmitted	beam	was	routed	through	a	

deep	UV	filter,	as	well	as	a	deep	UV	monochromator,	and	the	THG	was	detected	using	
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a	 photomultiplier	 tube	 (PMT)	 (see	 Methods	 for	 details).	 The	 pump	 beam	 was	

polarized	along	the	y	axis.	The	generated	third	harmonic	spectrum	had	a	sharp	peak	

centered	 around	 262	 nm	 (Figure	 5.3a).	 In	 comparison,	 a	 disk-dimer	 array	with	 a	

similar	resonance	position	showed	a	much	weaker	THG	response	(about	five	times),	

given	the	same	amount	of	Au	per	unit	area	(i.e.,	13.5%	surface	coverage,	characterized	

by	scanning	electron	microscopy	and	image	processing).	The	average	pump	powers	

used	 were	 27	 mW	 for	 the	 toroid	 sample	 and	 48	 mW	 for	 the	 dimer	 sample.	 For	

comparison,	 the	 intensities	 in	 Figure	5.3a	were	 scaled	 according	 to	 the	 calculated	

effective	third	order	susceptibility	values	(see	below).	An	experimental	and	simulated	

transmission	spectrum	of	the	dimer	metasurface	can	be	found	in	Figures	C.4	and	C.5,	

respectively.	
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Figure	 5.3	 |	 Nonlinear	 characterization.	 (a)	 Experimental	 and	 (b)	 simulated	
third	harmonic	 spectrum	of	 the	 toroidal	metasurface	 (red)	 and	dimer	 array	
(green).	(c)	Power	dependence	of	the	THG	of	the	toroidal	metasurface	(red)	and	
dimer	array	(green)	with	respect	to	the	pump	power	in	a	log–log	plot.	The	lines	
indicate	 a	 third	 order	 power	 dependence.	 (d)	 Comparison	 of	 the	measured	
effective	third	order	susceptibilities.	

The	 origin	 of	 the	 observed	 THG	 signal	 can	 indeed	 be	 attributed	 to	 THG	

generated	 in	 the	 metasurfaces,	 both	 by	 FDTD	 simulations	 (Figure	 5.3b)	 and	

measurements	 of	 the	 power	 dependence	 (Figure	 5.3c).	 The	 power	measurements	

were	 conducted	 using	 the	 same	 optical	 setup	 as	 was	 used	 for	 the	 spectral	



	
79	

measurements,	except	that	the	monochromator	was	replaced	by	additional	UV	filters	

to	 eliminate	 the	pump	signal.	A	 log–log	plot	of	 the	THG	signal	with	 respect	 to	 the	

excitation	 power	 of	 both	 structures	 follows	 the	 expected	 third	 order	 dependence.	

Notably,	 the	 signal	 intensity	 from	 the	 toroidal	metasurface	 is	nominally	 five	 times	

larger	 than	 the	 signal	 intensity	 due	 to	 the	 disk-dimer	 array.	 To	 further	 study	 the	

nonlinear	 efficiency,	 we	 calculated	 the	 effective	 third	 order	 susceptibility	 (χeff(3))	

directly	from	the	experimental	data	as13,129	

𝜒344
(*) =

𝜀!𝑐𝜆𝑛5𝑤!"

6𝑙𝑃5
b
𝑛5𝑛*5𝑃*5

𝑃5
	

Equation	5.1	|	Definition	of	effective	third	order	susceptibility	

where	ε0	is	the	vacuum	permittivity,	c	is	the	speed	of	light,	λ	is	the	wavelength	of	the	

fundamental	harmonic,	nω	and	n3ω	are	the	refractive	indices	at	the	fundamental	(785	

nm)	and	 third	(262	nm)	harmonic	 frequency,	w0	 is	 the	beam	waist	 radius,	 l	 is	 the	

interaction	length,	and	Pω	and	P3ω	are	the	peak	powers	at	the	fundamental	and	third	

harmonic,	 respectively	 (see	 Appendix	 C	 for	 details).	 Figure	 5.3d	 summarizes	 the	

effective	nonlinear	coefficient	for	the	toroidal	metasurface,	the	disk-dimer	array,	and	

an	unpatterned	thick	ITO	film,	for	reference.	An	interaction	length	of	100	nm,	i.e.,	the	

ITO	layer	thickness,	was	chosen	in	each	case.	The	χeff(3)	(toroid)	was	found	to	be	1.2	×	

10–21	m2/V2,	2.2-	and	3.1-times	greater	 than	that	of	 the	disk-dimer	array	and	the	

unpatterned	substrate,	respectively.	This	is	consistent	with	previous	works	on	ITO-

plasmonic	hybrid	structures	that	have	reported	a	higher	THG	of	the	hybrid	structure	
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compared	 to	 bare	 ITO	 crystals135	 or	 bare	 plasmonic	 structures.134–136	 However,	 a	

direct	quantitative	comparison	between	 the	THG	enhancement	 in	 refs134–136	 is	not	

applicable	because	of	the	different	device	geometry	and	excitation	wavelength	used	

in	our	work.	

5.3.4. ITO	Thickness	Dependence	

We	also	studied	the	influence	of	the	ITO	layer	thickness	on	the	intensity	of	the	

THG	 using	 FDTD	 simulations	 by	 integrating	 over	 the	 entire	 sublayer	 ITO	 channel	

(Figure	5.4a).	The	thickness	of	the	ITO	layer	determines	the	effective	refractive	index	

in	 the	 structure,	where	most	 of	 the	 incident	 photonic	 power	 on	 the	meta-atom	 is	

coupled	 into	 the	 channel	 underneath.	 In	 the	 proposed	 plasmonic	 meta-atom,	 the	

arisen	 magnetic	 hotspots	 strongly	 intensify	 the	 excitation	 of	 the	 toroidal	 dipolar	

moment	 by	 enhancing	 the	 spinning	 charge-current	 components.	 Therefore,	 we	

expect	 strong	 confinement	 of	 electromagnetic	 fields	 mostly	 inside	 the	 ITO	 layer,	

leading	to	boosting	the	generated	harmonic	signal.	As	shown	explicitly	in	Figure	4b,	

increasing	 the	 thickness	of	 the	 ITO	 layer	 from	25	to	100	nm	gives	rise	 to	a	strong	

increase	in	the	intensity	of	the	THG	UV	light.	However,	further	increasing	in	the	ITO	

thickness	(>100	nm)	sharply	reduce	the	intensity.	This	trend	can	be	explained	by	the	

confinement	of	 the	electric	 field	at	 the	excitation	wavelength.	This	 is	 in	agreement	

with	 the	 standard	 description	 of	 THG	 in	 which	 the	 nonlinear	 polarization	 is	

proportional	 to	 the	 cube	 of	 the	 electric	 field	 at	 the	 excitation	wavelength.129	 The	

underlying	reason	for	reaching	a	maximum	intensity	at	an	ITO	layer	thickness	of	100	

nm	can	be	understood	by	taking	a	closer	look	at	how	the	toroidal	mode	changes	with	
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varying	sublayer	thickness.	Figure	5.4c	illustrates	the	cross-sectional	magnetic	field	

vectorial	map	of	the	toroidal	mode	for	different	ITO	thicknesses.	The	rotating	charge-

current	feature	is	significantly	enhanced	with	increasing	thickness	of	the	ITO	layer	up	

to	100	nm	and	then	weakens	substantially	with	further	increased	thickness,	due	to	

lower	electromagnetic	field	confinement	(also	see	Figure	C.6).	As	it	can	be	observed	

from	the	linear	process,	the	recorded	intense	THG	emission	from	the	toroidal	unit	cell	

majorly	 comes	 from	 the	 significant	 near-field	 enhancement	 and	 confinement	 of	

electromagnetic	 fields	 in	 the	 ITO	 channel.	 The	 enhanced	 toroidal	 dipole	 at	 the	

fundamental	 wavelength	 combined	 with	 the	 confined	 fields	 in	 the	 ITO	 sublayer	

produce	the	total	nonlinear	harmonic	emission.	However,	 the	THG	signal	 from	the	

disk-dimer	array	shows	a	much	weaker	dependence	on	the	ITO	thickness	due	to	the	

confinement	of	electromagnetic	fields	in	the	capacitive	opening	between	nanodisks	

but	also	reaches	a	maximum	around	100	nm	due	to	constructive	interference	of	the	

scattered	waves.52,53	However,	 even	 for	 thicknesses	outside	 the	optimal	 value,	 the	

toroidal	metasurface	clearly	outperforms	the	dimer	array.	
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Figure	5.4	|	ITO	thickness	dependence.	(a)	Intensity	of	the	THG	signal	and	(b)	
the	 E-field	 enhancement	 calculated	by	 integration	 across	 the	whole	metallic	
unit	 cell	 and	 ITO	 substrate	 at	 the	 pump	 frequency	 (785	 nm)	 plotted	 as	 a	
function	of	ITO	thickness	for	toroidal	meta-atoms	(in	red)	and	disk-dimers	(in	
green).	(c)	Cross-sectional	(xz-plane)	magnetic-field	(H-field)	vectorial	map	of	
the	toroidal	moment	for	a	range	of	ITO	sublayer	thicknesses,	from	25	to	200	
nm.	

5.4. Conclusions	

We	have	demonstrated	that	a	toroidal	plasmonic	metasurface	on	top	of	an	ITO	

layer	dramatically	boosts	THG	within	that	layer.	The	unique	field	enhancements	of	

the	 toroidal	 structure,	 when	 combined	 with	 a	 sublayer	 with	 a	 strong	 nonlinear	

susceptibility,	are	responsible	for	the	large	increases	in	THG	we	have	observed.	The	

THG	produced	by	the	toroidal	metasurface	is	about	five	times	greater	than	that	of	a	

conventional	disk-dimer	array	and	ten	times	greater	than	the	unpatterned	substrate.	

The	strength	of	the	THG	signal	depends	strongly	on	the	ITO	layer	thickness,	indicating	
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the	importance	of	matching	the	spatial	extent	of	the	toroidal	mode	with	the	thickness	

of	 the	 ITO	 layer	 to	 achieve	 maximum	 THG	 enhancement.	 This	 work	 clearly	

demonstrates	 how	 carefully	 designed	 plasmonic	 structures,	 when	 matched	 to	 a	

nonlinear	 material	 of	 the	 appropriate	 dimension,	 can	 give	 rise	 to	 new	 hybrid	

metallodielectric	 media	 for	 frequency	 generation	 in	 neglected	 regions	 of	 the	

electromagnetic	spectrum.	
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Appendix A: Supplementary Information 
for Nanogapped Au Antennas1 

	

Figure	A.1|	Simulated	scattering	 intensity	 (a)	and	electric	 field	enhancement	
(b)	 for	 a	 single	 antenna	 under	 polarized	 incidence	 of	 different	 angle	 with	
respect	to	the	longitudinal	axis.	

	
	

1	Appendix	A	is	reprinted	(adapted)	with	permission	from	Dong,	L.	et	al.	Nanogapped	Au	
Antennas	for	Ultrasensitive	Surface-Enhanced	Infrared	Absorption	Spectroscopy.	Nano	Lett.	2017,	
17,	9,	5768-5774.	Copyright	(2017)	American	Chemical	Society.	
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Figure	A.2	|	(a)	Theoretical	peak	SEIRA	enhancement	for	a	single	antenna	with	
radius	R	=	0.65,	1,	2,	3	and	4	μm.	(b,	c)	Theoretical	field	enhancement	(top)	and	
measured	FTIR	 reflectance	 (bottom)	of	bare	antenna	arrays	with	 radius	R	=	
0.55,	0.60	and	0.65	μm	(b)	and	R	=	2.6,	2.8	and	3.0	μm	(c).	All	antennas	were	
sitting	on	a	reflective	cavity	with	SiO2	thickness	of	325	nm.	

	



	
103	

	

Figure	A.3	|	Simulated	scattering	intensity	(a)	and	field	enhancement	(b)	for	a	
single	antenna	(R	=	2	μm)	on	a	reflective	substrate	with	normal	(black	curve)	
or	oblique	incidence	of	θ	=	22.5°	(red	curve).	

	

Figure	 A.4	 |	 (a,	 b)	 Comparison	 of	 FDTD	 scattering	 spectra	 and	 field	
enhancement	for	the	smooth	gap	and	the	rough	gap	of	a	single	antenna	(R	=	2	
μm)	calculated	under	longitudinal	polarization.	A	surface	roughness	of	±1	nm	
was	included	in	simulation.	
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Figure	A.5	|	SEIRA	enhancement	calculated	for	a	single	bowtie	antenna	with	R	=	
2	μm	on	a	reflective	gold	mirror	(red)	compared	to	a	single	bowtie	antenna	with	
R	=	1.65	μm	on	a	SiO2	substrate	(black).	The	radius	of	the	latter	was	tailored	to	
match	the	plasmon	resonance	frequency	of	the	former	design.	

	

Figure	A.6	|	SEIRA	enhancement	factor	calculated	with	varied	thickness	of	SiO2	
spacer	 at	 the	 plamon	 resonance	 frequency	 (1540	 cm-1).	 The	 geometrical	
parameters	are	(R,	i,	j,	h,	g)	=	(2	μm,	45	nm,	145	nm,	100	nm,	3	nm),	the	same	as	
Figure	3.1(a-d).	
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Figure	A.7	 |	Comparison	of	spectra	 from	a	bare	single	antenna	(black)	and	a	
single	 antenna	 functionalized	with	 4-NTP	 SAM	 (blue)	 and	4-MTP	 SAM	 (red).	
Radius	=	2	μm.	



	
106	

	

	

Figure	A.8	|	(a)	SEM	image	of	a	single	connected	antenna	with	R	=	2	μm	on	a	
reflective	substrate.	(b)	Comparison	of	FTIR	reflectance	spectra	of	a	connected	
antenna	array	(red)	and	a	gapped	single	antenna	(black).	(c,	d)	Comparison	of	
FDTD	scattering	spectra	 for	a	connected	(c)	and	a	gapped	single	antenna	(d)	
calculated	under	longitudinal	and	transverse	polarization.	(e)	Twodimensional	
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map	of	the	field	enhancement	(at	1490	cm-1)	for	a	connected	antenna	on	a	log	
scale.	 (f)	 Comparison	 of	 the	 baseline-corrected	 reflectance	 spectra	 of	 a	
connected	antenna	array	and	a	gapped	single	antenna	after	functionalization	
with	4-MTP	SAM.	

	

Figure	A.9	 |	 Reflectance	 spectra	 of	 single	 antennas	with	 different	 radii	 after	
functionalization	 in	 mixed	 solutions	 of	 4-NTP	 (1	mM)	 and	 4-MTP	 (10	mM).	
Prominent	 vibrations	 indicated	 in	 blue	 and	 red	 dashed	 lines	 are	 associated	
with	4-NTP	and	4-MTP	molecules,	respectively.	
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Figure	A.10	|	Signal	intensity	of	4-NTP	(blue)	and	4-MTP	(red)	in	mixed	SAMs	
and	their	individual	SAMs.	Error	bars	represent	standard	deviations	of	signal	
intensity	obtained	from	five	individual	antennas	on	the	same	substrate.	

	

Figure	A.11	|	(a,	b)	Baseline-corrected	reflectance	spectra	of	4-NTP	SAM	(a)	and	
4-MTP	SAM	(b)	on	five	single	antennas	(R	=	2	μm)	with	prominent	vibrations	
indicated	by	dashed	lines.	
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Figure	 A.12	 |	 (a-d)	 Baseline-corrected	 reflectance	 spectra	 from	 five	 single	
antennas	after	functionalization	in	mixed	solutions	(2	mM)	of	4-NTP	and	4-MTP	
with	varied	molar	percentages:	(a)	75%	NTP,	(b)	50%	NTP,	(c)	10%	NTP	and	
(d)	5%	NTP.	Prominent	vibrations	indicated	in	blue	and	red	dashed	lines	are	
associated	with	4-NTP	and	4-MTP	molecules,	respectively.	
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Appendix B: Supplementary Information 
for Metal Dimer-on-film Structure2 

	

Figure	B.1	|	Tilted	SEM	image	of	the	Au	dimers	on	Au	film.	Scale	bar:	400	nm.	

	
	

2	Appendix	B	is	reprinted	(adapted)	with	permission	from	Dong,	L.*	and	Gerislioglu,	B.*	et	al.	
Monolithic	Metal	Dimer-on-Film	Structure:	New	Plasmonic	Properties	Introduced	by	the	Underlying	
Metal.	Nano	Lett.	2020,	20,	3,	2087-2093.	Copyright	(2020)	American	Chemical	Society.	(*equal	
contribution)	
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Figure	B.2	 |	 (a)	 Simulated	 scattering	 spectrum	of	 the	 LSPR	 sensor	 geometry	
with	 a	 fictitious	 Au	 film	 (k=0).	 3D	 charge	 distribution	 for	 the	 electric	
quadrupolar	 mode	 (580	 nm)	 and	 electric	 dipolar	 mode	 (~1000	 nm),	
respectively.	

	

Figure	B.3	|	Top-view	(a)	electric	and	(b)	magnetic	field	snapshots	for	the	field	
confinement,	 and	 (c)	 cross-sectional	 current	 density	 distribution	 across	 the	
structure	at	the	resonance	wavelengths	(i	(840	nm),	ii	(800	nm),	iii	(770	nm),	
and	iv	(740	nm))	in	Figure	4.3b	in	the	presence	of	C7H8.	The	background	of	(c)	
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shows	 the	 cross-sectional	magnetic	 field	 enhancement	profile.	The	diameter	
and	thickness	of	the	nanodisks	were	set	to	450	and	50	nm,	respectively,	with	a	
25	nm	gap	in	between.	The	thickness	of	the	conductive	path	remains	the	same,	
as	 100	 nm.	 The	 periods	 were	 2300	 and	 1350	 nm	 in	 the	 x-	 and	 y-direction,	
respectively.	

	

Figure	B.4	|	Top-view	(a)	electric	and	(b)	magnetic	field	snapshots	for	the	field	
confinement,	 and	 (c)	 cross-sectional	 current	 density	 distribution	 across	 the	
structure	at	the	resonance	wavelengths	(v	(700	nm),	vi	(670	nm),	vii	(630	nm),	
and	viii	(530	nm))	in	Figure	4.3b	in	the	presence	of	C7H8.	The	background	of	(c)	
shows	 the	 cross-sectional	magnetic	 field	 enhancement	profile.	The	diameter	
and	thickness	of	the	nanodisks	were	set	to	450	and	50	nm,	respectively,	with	a	
25	nm	gap	in	between.	The	thickness	of	the	conductive	path	remains	the	same,	
as	 100	 nm.	 The	 periods	 were	 2300	 and	 1350	 nm	 in	 the	 x-	 and	 y-direction,	
respectively.	
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Figure	B.5	|	(a)	Simulated	reflection	spectra	of	the	all-metal	dimer-on-film	array	
for	 different	 refractive	 indices.	 SEM	 images	 of	 (b)	 dimer-on-film	 array	 with	
surface	lattice	resonances	(scale	bar	=	1150	nm),	with	periodicities	1150	nm	in	
the	x-direction	and	675	nm	 in	 the	y-direction,	and	 (c)	a	dimer-on-film	array	
with	 surface	 lattice	 resonances	detuned	 from	 the	 spectral	 region	of	 interest	
(scale	bar	=	2300	nm),	with	periodicities	of	2300	and	1350	nm	in	the	x-	and	y-
directions,	respectively.	
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Figure	B.6	|	(a)	Numerical	transmission	spectra	of	a	standalone	Au	dimer	on	a	
nonconductive	substrate.	The	diameter	and	thickness	of	the	nanodisks	were	set	
to	80	and	30	nm,	respectively,	with	a	20	nm	gap	in	between.	(b)	Simulated	LSPR	
relative	energy	shifts	as	a	function	of	refractive	index.	
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Figure	B.7	|	(a)	Experimental	and	(b)	simulated	reflection	spectra	of	the	dimer-
on-film	array	for	nine	different	disk	diameter	sizes	from	100	(D100)	to	450	nm	
(D450).	For	each	spectrum,	the	solid	and	dotted	lines	are	representing	air	(n	=	
1)	and	PMMA	(n	=	1.5)	conditions.	The	periodicity	of	the	array	is	1150	nm	in	the	
x-direction	and	675	nm	in	the	y-direction.	
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Appendix C: Supplementary Information 
for Toroidal Dipole-Enhanced Third 

Harmonic Generation3 

To	 show	 the	 optimization	 of	 the	 excited	 toroidal	 dipole,	 we	 carried	 out	 a	

numerical	analysis	to	compute	the	normalized	E-field	enhancement	as	a	function	of	

the	 unit	 cells’	 period	 in	 both	 the	 x	 and	 y-axes	 directions,	 as	 plotted	 in	 Figure	 C.1.	

Clearly,	by	increasing	or	decreasing	the	distance	between	the	unit	cells,	we	encounter	

with	a	dramatic	decay	in	the	intensity	of	the	E-field	due	to	a	reduction	in	the	strength	

of	the	effective	dipolar	coupling	effect	in	the	metasurface.144	

	

	
	

3	Appendix	C	is	reprinted	(adapted)	with	permission	from	Dong,	L.*,	Ahmadivand,	A.*,	
Semmlinger,	M.*	et	al.	Toroidal	Dipole-Enhanced	Third	Harmonic	Generation	of	Deep	Ultraviolet	
Light	Using	Plasmonic	Meta-atoms.	Nano	Lett.	2019,	19,	1,	605-611.	Copyright	(2019)	American	
Chemical	Society.	(*equal	contribution)	
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Figure	C.1	|	Simulated	electric	field	enhancements	for	the	toroidal	metasurface	
with	 respect	 to	 changes	 in	 the	 lattice	 period	 in	 the	 (a)	 x-axis	 or	 (b)	 y-axis	
direction,	respectively.	

In	 Figure	 C.2	 we	 compare	 the	 E-field	 intensity	 maps	 for	 both	 dimer	 and	

toroidal	structures	at	the	excitation	wavelength	of	785	nm	as	top-view	(C.2a	and	C.2b)	

and	 cross-sectional	 snapshots	 (C.1c	 and	 C.1d).	 These	 profiles	 validate	 how	 the	

plasmons	intensely	confine	the	electric	field	at	the	gaps	in	the	toroidal	unit	cell,	while	

the	plasmonic	dimer	shows	weaker	field	confinement	at	the	resonance	wavelength.	

	

Figure	C.2	|	The	E-field	maps	for	the	field	confinement	at	the	capacitive	gaps	for	
both	 dimer	 and	 toroidal	 nanostructures	 in	 (a,	 b)	 top-view	 and	 (c,	 d)	 cross-
sectional	planes.	The	difference	in	the	scale	bars	originates	from	the	different	
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area	size	encompassed	by	the	density	functional	monitors	in	the	two	different	
simulations.	

For	 the	nonlinear	 spectral	measurements	 an	ultrafast	 laser	 setup	 shown	 in	

Figure	C.3	was	used.	An	ultrafast	Ti:Sapphire	laser	(Coherent	Mira	900)	served	as	an	

excitation	source.	The	pump	laser	was	a	Coherent	Verdi	5W	(for	more	details	on	the	

excitation	conditions	see	the	Method	section	in	the	main	text).	

	

Figure	C.3	|	Experimental	setup	for	nonlinear	spectral	measurements.	

For	 the	nonlinear	 spectral	measurements	 an	ultrafast	 laser	 setup	 shown	 in	

Figure	S3	was	used.	An	ultrafast	Ti:Sapphire	laser	(Coherent	Mira	900)	served	as	an	
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excitation	source.	The	pump	laser	was	a	Coherent	Verdi	5W	(for	more	details	on	the	

excitation	conditions	see	the	Method	second	in	the	main	text).	

For	the	power	measurements,	a	simplified	setup	without	the	monochromator	

and	instead	with	two	additional	UV	bandpass	filters	to	eliminate	the	pump	signal	was	

used.	The	power	was	controlled	with	a	varying	neutral	density	(ND)	filter.	In	addition,	

to	 further	 remove	 any	 residual	 pump	 signal	 in	 post	 processing,	 for	 each	 power	

measurement	 a	 corresponding	 measurement	 with	 a	 glass	 slide	 (which	 acts	 as	 a	

longpass	filter)	in	the	detection	path	was	taken.	The	glass	side	absorbs	the	majority	

of	 the	 UV	 signal,	 so	 the	 residual	 pump	 signal	 can	 be	 removed	 from	 the	 original	

measurement	by	dividing	the	measurement	with	the	glass	slide	by	the	transmission	

at	the	pump	wavelength,	and	then	subtracting	it	from	the	original	measurement.	This	

process	is	in	analogous	to	the	one	used	in	our	previous	work.145	For	each	point	in	the	

power	 dependence	 plots,	 the	 effective	 nonlinear	 coefficients	 were	 calculated	

according	to	the	formula	provided	in	the	main	text.	The	refractive	index	data	for	ITO	

was	adopted	from	Ref142.	For	the	interaction	length,	the	𝑙	ITO	layer	thickness	of	100	

nm	was	 chosen,	 since	 it	 is	 the	 dominant	 nonlinear	material.	 For	 each	 device,	 the	

values	provided	 in	 the	main	 text	 are	 an	 average	of	 these	ones	 calculated	 for	 each	

point.	Finally,	the	intensities	of	the	third	harmonic	spectra	in	Figure	3a	in	the	main	

text	were	scaled	according	to	the	measured	effective	third	order	coefficients.	

Figure	C.4	shows	the	transmission	spectra	of	both	the	toroidal	(dark	red)	and	

the	dimer	(green)	metasurface.	It	can	be	observed	that	two	arrays	with	a	very	similar	
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resonance	position	were	chosen,	to	ensure	best	comparability.	In	addition,	the	pump	

spectrum	(blue)	is	very	close	to	the	center	resonance	position.	

	

Figure	 C.4	 |	 Transmission	 spectrum	 for	 the	 toroidal	 (dark	 red)	 and	 dimer	
(green)	metasurface	 (left	 y-axis).	The	excitation	 laser	 spectrum	 is	plotted	 in	
blue	(right	y-axis).	

In	Figure	C.5,	we	provide	an	artistic	rendering	of	the	employed	plasmonic	two-

member	dimer	(Figure	C.5a)	and	an	SEM	image	of	fabricated	samples	(Figure	C.5b).	

The	transmission	spectra	for	both	simulation	and	experimental	studies	are	plotted	in	

Figure	 C.5c.	 By	 adjusting	 the	 dimer’s	 geometric	 parameters	 an	 electric	 dipole	

resonance	 cab	 be	 excited	 at	 the	 pump	wavelength	 (785	 nm),	 corresponding	 to	 a	

distinct	 dip	 in	 the	 transmission	 spectrum.	 The	 diameter	 and	 thickness	 of	 the	

nanodisks	were	set	to	130	nm	and	50	nm,	respectively,	with	a	capacitive	gap	of	20	nm	
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between	the	two	disks	in	a	unit	cell.	The	periods	were	520	and	360	nm	in	the	x	and	y	

direction,	respectively.	

	

Figure	C.5	 |	 Spectral	 response	of	plasmonic	dimer	array.	a)	Schematic	of	 the	
dimer	deposited	on	a	multilayer	substrate	consisting	of	an	ITO	and	glass	layer.	
b)	SEM	image	of	a	section	of	the	fabricated	plasmonic	nanodimer	array	prior	to	
alumina	deposition.	c)	Simulated	transmission	spectrum.	

In	 addition,	 being	 a	 critical	 parameter	 in	 the	 toroidal	 structure,	 we	 also	

compared	 the	strength	of	 the	magnetic-field	 (H-field)	as	a	 function	of	 ITO	channel	

thickness,	 as	 shown	 Figure	 C.6a.	 Following	 the	 same	 trend	 as	 the	 E-field	

enhancement,	the	maximum	H-field	enhancement	at	both	the	fundamental	and	the	

third	harmonic	excitation	wavelength	is	achieved	at	an	ITO	thickness	of	100nm	These	

results	are	in	complete	agreement	with	Figure	5.4c	in	the	main	text	which	shows	the	

charge-current	 configuration	 quality	 for	 different	 ITO	 thicknesses.	 Figure	 C.6b	

demonstrates	 the	 penetration	 of	 charge-current	 arrangement	 in	 the	 ITO	 sublayer	

with	 the	 thickness	 of	 100	 nm	 in	 a	 cross-sectional	 xz-plane.	 This	 vectorial	 profile	

confirms	the	spinning	of	toroidal	dipole	across	the	proximal	resonators	while	keeping	

the	highest	possible	H-field	enhancement	for	the	reported	ITO	thickness.	
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Figure	C.6	|	Calculated	magnetic-fields	at	the	metal-ITO	sublayer	interface.	a)	
H-field	enhancement	confined	in	the	ITO	channel	due	to	the	excitation	of	the	
charge-current	 spectral	 feature	 as	 a	 function	 of	 ITO	 thickness	 at	 both	 the	
fundamental	(green)	and	the	third	harmonic	(red)	wavelength.	b)	Vectorial	H-
field	 plot	 demonstrating	 the	 penetration	 of	 the	 spinning	 charge-current	
configuration	 into	 the	 ITO	 channel	with	 a	 thickness	 of	 100	 nm,	 plotted	 in	 a	
cross-sectional	view	along	the	xz-plane.	

	

	

	

	


