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Introduction	
	

First	notable	developments	of	optics	were	done	in	antiquity.	Greek	philosophers	
speculated	about	the	nature	of	light	and	did	first	systematic	studies	on	optics.	Humanity	
discovered	burning	glasses	and	knew	about	reflection	law.	Legend	says	that	Archimedes	
used	his	knowledge	of	light	to	create	a	reflective	mirror	weapon	to	destroy	Roman	ships	
during	the	siege	of	his	hometown.	Creation	of	 lens	(burning	glass	or	magnifying	glass)	
made	a	tremendous	impact	on	optics,	allowing	one	to	enlarge	optical	image	to	dimensions	
which	could	be	further	detected	and	studied.	This	tool	has	been	improved	and	advanced	
with	 time	and	 technological	progress.	Even	now	modern	optical	microscopes	zooming	
power	 is	based	on	objectives	–	 sets	of	 lenses,	designed	and	constructed	specifically	 to	
enhance	multiplication	and	avoid	parasite	effects	such	as	aberrations,	astigmatism	etc.	
Microscopy	is	a	very	useful	set	of	tools	invented	to	study	the	world	at	scales	which	are	too	
small	to	be	examined	by	an	unarmed	eye.	Antony	van	Leeuwenhoek1	is	one	of	the	pioneers	
in	microscopy,	who	was	the	first	to	observe	red	blood	cells	and	bacteria.	Microscopy	deals	
with	 the	 light-matter	 interactions.	To	study	 the	properties	of	any	material,	one	should	
probe	it	by	some	other	known	substance.	The	smaller	the	size	of	used	probe	is,	the	better	
and	more	accurately	one	can	measure	properties	of	the	material.	The	power	of	optics	is	
based	on	several	important	advantages.	The	size	of	a	light	quanta,	photon,	is	one	of	the	
smallest	known	objects.	More	importantly,	energy	of	photon	concludes	the	energy	range	
of	electronic	and	vibrational	transitions	in	matter.	These	phenomena	lie	at	the	core	of	our	
abilities	for	visual	perception	and	is	the	reason	why	experiments	with	light	are	very	close	
to	our	intuition.	Light	is	also	fascinating	because	it	manifests	itself	in	the	forms	of	waves	
and	 particles,	 especially	 in	 the	 optical	 scale.	 While	 long	 wavelength	 radiation	
(radiofrequencies,	 microwaves)	 is	 well	 described	 by	 wave	 theory,	 short	 wavelength	
radiation	(X-rays)	demonstrates	mostly	particle	properties.	These	two	worlds	meet	in	the	
optical	range.	Classic	light	theory	was	mostly	developed	in	the	XVIII	and	XIX	centuries,	
when	 concepts	 of	 polarization,	 diffraction	 and	 dispersion	 were	 introduced.	 Later,	
researchers	 understood	 that	 optical	 resolution	 cannot	 be	 improved	 infinitely.	 The	
resolution	limitation	arises	when	the	probe	size	becomes	comparable	with	the	studied	
objects.	The	lower	edge	is	set	by	the	diffraction	limit	and	it	does	not	allow	to	focus	light	to	
dimensions	 smaller	 than	 roughly	 one	 half	 of	 the	 wavelength	 (~250	 nm).	 This	 classic	
theory	of	 resolution	was	 formulated	by	Abbe	and	Rayleigh.	However,	new	approaches	
have	been	developed	to	push	further	the	diffraction	limit	(UV	optics,	confocal	microscopy,	
light	sheet	microscopy)	or	to	even	break	it	(near-field	microscopy).		

Today	we	live	in	the	Era	of	the	nanoworld.	During	the	last	decade	nanoscience	and	
nanotechnology	 developed	 vastly,	 finding	 applications	 in	 many	 completely	 different	
fields.	Originally	driven	by	advantages	of	miniaturization	and	 integration	of	 electronic	
circuits	 for	 the	computer	 industry,	 this	approach	 is	utilized	everywhere	now.	Confocal	
fluorescence	 microscopy	 has	 become	 a	 key	 technology	 in	 biomedical	 research,	 while	
optical	spectroscopy	advanced	to	the	levels	that	it	become	a	powerful	tool	for	different	
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material	 atomic	 and	 chemical	 structure	 identification.	 Nano-optics	 emerged	 as	 a	 new	
field,	aimed	to	explain	optical	processes	at	nano-level.	The	field	developed	rapidly	due	to	
spectacular	 improvements	 in	 nanotechnology,	 helping	 to	 solve	 tasks	 for	 fabrication,	
manipulations	and	characterization	at	nanometer	scales.	The	main	aim	of	nano-optics	is	
to	extend	optical	techniques	to	length	scales	beyond	the	diffraction	limit.	Many	techniques	
were	 developed	 for	 this	 purpose,	 including	 multiphoton	 microscopy,	 higher	 order	
harmonics	 generation,	 coherent	 anti-Stokes	 Raman	 spectroscopy	 (CARS).	 Another	
promising	approach	is	based	on	near-field	interactions.	Near-field	optical	microscopy	was	
originally	introduced	in	1928	by	Synge1,	who	proposed	a	device,	in	which	a	small	aperture	
in	an	opaque	plate	is	illuminated	from	one	side	and	placed	close	to	a	sample	surface.	In	
this	 case,	 the	 illumination	 spot	 is	 limited	 by	 the	 size	 of	 the	 aperture	 rather	 than	 by	
diffraction.	The	transmitted	 light	 is	 then	collected	by	a	microscope	and	measured	by	a	
photoelectric	cell.	Moving	the	aperture	over	the	surface	one	can	create	a	sub-diffraction	
image	of	the	sample.	Synge’s	ideas	did	not	attract	attention	during	his	life,	but	later	they	
were	reinvented	and	became	a	key	point	of	near-field	optical	microscopy.	Modern	trend	
for	near-field	optics	 started	 in	 early	90s	 and	was	boosted	by	 the	 introduction	of	 such	
convenient	experimental	tools	as	STMs	and	AFMs,	which	enabled	a	high	precision	control	
of	distance	between	a	 scattering	probe	and	a	 sample.	Applications	of	near-field	optics	
soon	 covered	 a	 variety	 of	 areas,	 from	 fundamental	 physics	 and	 materials	 science	 to	
biology	 and	medicine.	 Increased	 interest	 to	 near-field	 optics	 resulted	 in	 a	 creation	 of	
several	independent	research	fields	such	as	single-molecule	spectroscopy	or	plasmonics.		

The	term	plasmonics	refers	to	the	science	and	technology	dealing	with	collective	
free	 electron	 oscillations	 in	 metals.	 The	 excitation	 of	 plasmons	 is	 accompanied	 by	 a	
dramatic	 localization	 and	 enhancement	 of	 the	 electromagnetic	 field,	 leading	 to	 a	
generation	of	a	variety	of	new	optical	effects	at	the	nanoscale	with	novel	applications	in	
nanoelectronics,	 optical	 imaging,	 biomedicine,	 telecommunications,	 photovoltaics,	
photocalalysis	 etc.	 As	 an	 example,	 one	 can	 excite	 surface	 plasmonic	 modes	 over	 a	
continuous	metal/dielectric	interface	and	the	related	free	electron	density	charge	waves	
are	called	surface	plasmon	polaritons	(SPPs).	 In	addition	to	surface	plasmons,	 in	other	
geometries	such	as	metallic	particles	or	voids	of	different	topologies	a	different	forms	of	
electron	plasma	excitations	are	possible.	These	modes	are	called	localized	plasmons	(LPs)	
and	are	characterized	by	resonance	frequencies	that	depend	on	the	size	and	shape	of	the	
object	to	which	the	plasmon	is	confined	and	its	complex	dielectric	constant.		

This	 thesis	 is	 related	 to	 the	 employment	 of	 plasmonics	 and	 plasmonic	
metamaterials	for	sensing	applications.	One	of	the	approaches,	developed	for	this	aim	is	
called	optical	transduction	sensing,	based	on	an	idea	that	plasmonic	effects	are	sensitive	
to	 the	 change	 of	 dielectric	 constant	 of	 adjacent	 media.	 By	 controlling	 the	 value	 of	
refractive	index	of	the	media	near	metal	surface	and	studying	the	optical	response	of	that	
system,	 one	 can	 quantify	 the	 amount	 of	 material	 on	 the	 metal	 surface.	 Particularly,	
implementation	 of	 such	 sensor	 in	 biosensing	 may	 be	 designed	 to	 track	 specific	
biomaterial	by	monitoring	biological	binding	events	between	a	target	analyte	(antigen,	
DNA)	in	analyzed	volume	and	its	selective	receptor	(antibody,	DNA	capture),	fixed	on	the	
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sensor	 surface.	 Depending	 on	 an	 exact	 configuration	 of	 plasmonic	 structure,	 sensing	
capabilities	may	be	enhanced	to	the	levels	there	this	approach	becomes	very	competitive	
in	a	modern	field	of	biosensing	applications.		

The	 thesis	 manuscript	 consists	 of	 5	 Chapters.	 Detailed	 description	 of	 involved	
phenomena	 and	 theoretical	 overview	 can	 be	 found	 in	 Chapter	 1.	 Chapter	 2	 describes	
scientific	equipment	and	instruments,	which	were	used	in	this	thesis.	Chapter	3	represent	
the	first	part	of	my	research	devoted	to	the	explanation	and	analysis	of	novel	Plasmon	
Surface	Lattice	Resonances	(PSLRs)	over	a	nanoperiodic	metamaterials	based	on	arrays	
of	Au	nanoparticles.	Conditions	of	excitation	and	properties	of	PSLR	in	direct	and	ATR	
geometries	 are	 studied	 in	 detail.	 It	 was	 also	 shown	 that	 the	 employment	 of	 these	
resonances	 in	 biosensing	 application	 dramatically	 improves	 the	 level	 of	 sensitivity	
profiting	from	phase	properties	of	light	and	novel	functionalities.	A	difference	between	
classic	 SPR-based	 approach	 and	 a	 PSLR-based	 system	 is	 demonstrated	 by	 a	 detailed	
comparison	 of	 their	 sensitivity	 capabilities.	 Chapter	 4	 introduces	 a	 concept	 of	 3D	
plasmonic	 metamaterial,	 based	 on	 a	 Ag	 covered	 woodpile-assembly-based	 photonic	
crystal.	The	results	show	a	presence	of	new	delocalized	plasmonic	mode,	which	enhances	
sensitivity	 capabilities.	 In	 contrast	 to	 2D	 arrays,	 the	 spectral	 sensitivity	 in	 3D	 arrays	
becomes	 independent	 on	 the	 period	 of	 the	 structure	 and	 is	 comparable	 with	 the	
sensitivity	 of	 the	 best	 plasmon	 transducers.	 Finally,	 Chapter	 5	 is	 devoted	 to	 the	
development	of	a	tool,	based	on	an	apertureless	Scanning	Near-Field	Optical	Microscopy	
(aSNOM)	 for	 direct	 visualization	 of	 near-field	 propagation	 from	 plasmonic	
nanostructures.	 This	 information	 can	 be	 used	 to	 enable	 Surface	 Enhanced	 Raman	
Spectroscopy	(SERS)	as	a	parallel	channel,	in	addition	to	the	optical	transduction	sensing	
platform.	
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1.1	Electromagnetism	
	

Despite	dual	wave-particle	nature	of	the	light,	optical	properties	at	nano-level	can	
be	 described	 mostly	 via	 wave	 theory	 based	 on	 Maxwell’s	 equations.	 Each	 of	 these	
equations	follows	from	a	direct	experimental	observation	of	some	physical	phenomena.	
Discovered	by	a	group	of	independent	researchers	and	then	assembled	by	Maxwell	into	a	
single	set,	these	equations	present	a	solid	description	of	electromagnetism:	
	

∇ · 𝐃	 = ρ		 	 	 	 	 (1.1a)	
∇ · 𝐁	 = 	0	 	 	 	 													(1.1b)	
∇×𝐄	 = − ,𝐁

,-
										 							 																											(1.1c)	

∇×𝐇 = 	𝐣 + ,𝐃
,-
						 	 								 													(1.1d)	

	
where	E	stands	for	the	electric	field,	D	the	electric	displacement,	H	the	magnetic	field,	B	
the	magnetic	 induction,	 j	 the	 current	 density,	 and	ρ	 the	 charge	density.	 ε2	 and	µ2	 are	
permittivity	 and	 permeability	 of	 vacuum,	 respectively.	 The	 concept	 of	 fields	 was	
introduced	to	explain	the	transmission	of	forces	from	a	source	to	a	receiver.	Fields	cannot	
be	 measured	 directly,	 but	 they	 can	 be	 detected	 by	 effects	 they	 produce.	 Forces	 are	
physical	observables,	while	the	fields	are	definitions	introduced	to	explain	the	problem	of	
the	“action	at	a	distance”.	Since	light	demonstrates	both	particle	and	wave	properties,	it	
is	logical	to	search	for	a	suitable	solution	based	on	a	form	of	known	wave	equation.	Classic	
one-dimensional	wave	equation	has	a	view	of:	
	

,4

,54
= 6

74
,4

,84
																							 	 																	(1.2)	

	
where	a	is	some	constant,	related	to	speed	of	propagation.	By	introducing	Δ = ∇ · ∇= ∇:=
,4

,54
+ ,4

,;4
+ ,4

,<4
,	 the	 required	 equation	 for	 electric	 field	 in	 three-dimensional	 space	 is	

transformed	into:	

	∇:= 	 6
74

,4

,84
																						 	 																	(1.3)	

	
Taking	 into	 account	 that	∇×∇×𝐄	 = ∇(∇ ⋅ 𝐄) 	−	∇:𝐄,	 calculating	∇×∇×𝐄	and	combining	
with	other	Maxwell’s	equations,	one	can	derive	the	light	wave	equation:	

	∇:𝑬 = 	 6
D4

,4𝐄
,84
	 	 				 													 	 					(1.4)	
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where	𝑐 = 6

FGHG
	is	a	speed	of	light	in	free	space.	The	solution	of	this	differential	equation	

linking	space	and	time	appears	to	be	a	monochromatic	wave:	
	

𝑬(𝒓, 𝑡) = 	𝑬(𝒌,w)𝑒N(𝒌𝒓Ow8)	 	 	 	 (1.5)	
	

where	k	 –	wave	 vector	 and	w	 -	 an	 angular	 frequency.	 By	 using	 this	 solution	 in	wave	
equation,	one	can	obtain	an	intrinsic	relation	of	these	two	parameters	in	form	of	𝒌 = w

D
		for	

a	 free	vacuum	wave	propagation.	Substituting	 the	expression	(1.5)	 for	monochromatic	
wave	into	the	wave	equation	(1.4),	one	can	obtain	Helmholtz	equation:	
	

	∇:𝑬 + 	𝒌:ε𝑬 = 0	 	 	 	 	 (1.6)	
	

Maxwell’s	equations	deal	with	the	fields	generated	by	currents	and	charges	in	matter,	but	
the	origin	of	these	charges	and	currents	is	not	described.	In	order	to	have	a	self-consistent	
solution	for	the	electromagnetic	field	theory,	Maxwell’s	equations	must	be	completed	by	
relations	that	describe	the	behaviour	of	matter	under	the	influence	of	these	fields.	These	
material-related	 equations	 are	 known	 as	 constitutive	 relations.	 For	 a	 non-dispersive	
linear	and	isotropic	medium	they	are:	
	

𝐃 = 𝜀	𝜀2𝐄	 	 	 	 	 (1.7a)	
𝐁 =	µ	µ2𝐇	 	 	 	 	 (1.7b)	

	
where	 ε	 and	 µ	 are	 electric	 permittivity	 and	 magnetic	 permeability	 of	 the	 medium,	
respectively.	 In	 addition,	 it	 is	 important	 to	 describe	 the	 property	 of	 materials	 to	
compensate	for	external	electromagnetic	perturbations	with	P	–	polarizability	and	M	–	
magnetization	in	a	form	of:	
	

	𝐃 = 	 𝜀2𝐄 + 𝐏		 	 	 	 (1.8a)	
	𝐇 =	 6

HG
− 𝐌	 	 	 	 	 (1.8b)	

	
In	optical	regime,	µ = 𝟏	for	all	known	natural	materials2,	which	enables	one	to	simplify	
related	 equations	 correspondingly.	 Macroscopic	 optical	 properties	 of	 any	 material	 in	
general	and	metals	in	particular	could	be	therefore	described	by	a	complex	ε(𝒌,w).	
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1.2	Optics	of	Metals	
	

The	 interactions	 of	 metals	 with	 electromagnetic	 fields	 are	 well	 described	 by	 a	
classic	approach	based	on	Maxwell’s	equations.	This	description	can	be	applied	even	for	
a	 few	 nanometer	 sized	 metallic	 nanostructures	 without	 addressing	 to	 quantum	
mechanics.	For	a wide	range	of	frequencies	metal	optical	responses	are	well	explained	by	
a	model	of	free	electron	plasma	(also	known	as	Drude	model)	due	to	a	high	number	of	
unbound	 electrons3. This	 approach	 ignores	 properties	 of	 material	 inner	 structure	 by	
substituting	the real	electron	mass	for	an	effective	me.	When	a	harmonic	electromagnetic	
wave	is	applied,	those	electrons	start	to	oscillate	in	response. Electron	motion	is	damped4	
due	 to	 mutual	 electron	 collisions,	 electron-phonon	 interactions	 and	 scattering	 from	
structural	lattice	defects	or	grain	boundaries	and	can	be	expressed	as:	

	

−e𝐄 = mV
,4𝐫
,84

+ mVg
,𝐫
,-
	 	 	 	 	 (1.9)	

	
where	g		is	a	characteristic	collision	frequency,	which	is	inversely	proportional	to	time	of	
free	electron	gas	relaxation	g = 6

X
.	The	solution	for	this	equation	will	be:	

	
𝒓 = Y𝐄

Z[(w4\Nwg)
		 	 	 	 	 (1.10)	

	
By	inserting	macroscopic	polarization	P=-neer	into	the	equation	for	dielectric	
displacement	(1.7a),	one	can	obtain	following	result:	
	

𝑫 = ε2(1 −
w_4

w4\Nwg
)𝐄	 	 	 	 	 (1.11)	

	
with	the	corresponding	permittivity	of	ideal	Drude	metal:	
	

ε`ab w = 1 − w_4

w4\Nwg
= 1 − w_4c4

c4w4\6
+ 𝑖 w_4c

w(c4w4\6)
	 	 (1.12)	

	

where we: =
f[V4

gGZ[
	 is	 a	 free	 electron	 gas	 plasma	 frequency.	 For	 real	metals	 Drude	 free	

electron	gas	description	is	quite	accurate	for	w ≪ we	and	w ≪ g.	For	larger	frequencies	
w	 ≤ we,	𝜀 w 	becomes	mostly	real	and	no	damping	occurs.	For	most	metals	the	density	
of	free	charge	carriers	nV 	and	their	effective	mass	mV 	differ	insignificantly	and	the	spectral	
position	of	we	lies	in	ultraviolet	region.	Alkali	metals	demonstrate	good	correlation	with	
Drude	theory,	however	for	noble	metals	it	fails	already	at	visible	frequencies	due	to	the	
presence	of	 interband	transitions.	As	a	result,	gold	possesses	such	a	 fascinating	yellow	
colour,	perceptible	to	human	eye.	Such	a	colour	contrasts	with	spectrally	uniform	grey	
shades	 of	 silver,	which	 looks	more	 suitable	 for	 plasmonic	 effects	 in	 the	 visible	 range,	
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showing	no	losses.	However,	applications	of	silver	are	limited	due	to	its	strong	oxidation	
and	relatively	high	reactivity.  

In	order	to	consider	interband	electron	transition,	Drude	theory	was	modified	by	
Lorentz,	who	introduced	a	concept	of	harmonic	oscillator	into	the	motion	equation:	
	

−e𝐄 = 𝑚V
∗ ,

4𝐫
,84

+ 𝑚V
∗g∗ ,𝐫

,-
+ a𝐫	 	 	 	 (1.13)	

	
where	a	is	a	spring	or	“restoring	force	constant”	of	the	potential	that	holds	bound	electron.	
𝑚V
∗ 	 and	 g∗	 are	 bound	 electron	 effective	mass	 and	 damping	 constant,	 respectively.	 The	

resulting	contribution	of	bound	electrons	can	be	expressed	similarly	to	(1.12):	
	

εla w = 1 + w_∗4

(wG
4Ow4)ONwg∗

= 1 + w_∗4(wG
4Ow4)

(wG
4Ow4)4\g∗4w4

+ 𝑖 g∗ww_∗4

(wG
4Ow4)4\g∗4w4

	 	 (1.14)	

	

where we∗: =
m[∗V4

gGn[
∗ , 𝑛V∗  is a density of the bound electrons and w2 =

a
n[
∗ .	

Clear	resonance	behaviour	is	shown	for	imaginary	part	curve	on	Fig.	1.1,	corresponding	
to	 the	 impact	 of	 interband	 transition.	 This	 theory	 modification	 is	 indeed	 in	 a	 good	
accordance	with	experimental	data.	However,	it	still	fails	to	reproduce	dielectric	function	
adequately	 for	 the	 region	 of	 higher-energy	 interband	 transitions	 as	 only	 a	 single	
transition	is	taken	into	account.	

Fig.	1.1	Contribution	of	the	interband	transition	to	the	dielectric	function	of	Au.	The	solid	
and	dashed	lines	correspond	to	real	and	imaginary	parts,	respectively.		
Adopted	from	ref.	[1]	
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1.3	Plasmons:	bulk	plasmons,	SPP,	LSPR	
	

As	was	mentioned	before,	plasmon	is	a	quantum	of	charge	oscillations.	Normally,	
plasmons	are	somehow	excited	by	some	coupling	mechanism	with	an	electromagnetic	
wave	or	by	other	plasmonic	mode	interplay.	The	majority	of	the	plasmons	can	be	divided	
into	three	main	groups.	First,	the	bulk	plasmon	corresponds	to	a	cooperative	longitudinal	
in-phase	electron	oscillation	at	plasma	frequency	–	a	direct	analogue	of	ideal	gas	plasma	
from	thermodynamics.	Second,	the	surface	plasmon-polariton,	which	manifests	itself	as	a	
fading	(evanescent)	wave,	propagating	along	a	flat	metal-dielectric	interface.	And	finally,	
the	localized	surface	plasmon,	resulting	from	an	electron	cloud	oscillation	of	size-confined	
metallic	object.	

1.3.1	Surface	plasmon	resonance	
	

Surface	 plasmon	 polaritons	 are	 electromagnetic	 excitations	 propagating	 at	 the	
interface	 between	 a	 dielectric	 and	 a	 conductor,	 evanescently	 confined	 in	 the	
perpendicular	 direction.	 These	 electromagnetic	 surface	 waves	 arise	 via	 coupling	 of	
electromagnetic	field	to	oscillations	of	the	conductor’s	electron	plasma3.	Surface	plasmon	
polaritons	can	only	exist	at	the	interface	between	a	positive-permittivity	medium	and	a	
negative-permittivity	 medium.	 The	 positive-permittivity	 medium,	 often	 called	
the	dielectric	material,	can	be	any	transparent	material	such	as	air	or	(for	visible	light)	
glass.	The	negative-permittivity	medium,	often	called	the	plasmonic	medium,	may	be	a	

Fig.	1.2	Schematic	representation	of	metal/dielectric	interface	and	refracted	wave	on	
it.	The	interface	is	defined	by	Z=0.	
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metal	 or	 other	 material4.	 Among	 natural	 materials	 only	 metals	 and	 some	 doped	
semiconductors2	possess	plasmonic	properties	 in	 the	visible	 and	near-infrared	 region,		
due	to	the	abundance	of	free	electrons	which	leads	to	a	high	plasma	frequency.		

Assume	 the	 conditions	 (Fig.	 1.2)	when	 a	monochromatic	 electromagnetic	wave	
propagating	in	XZ-plane	falls	on	aligned	to	XY-plane	interface	of	metal/dielectric	at	Z	=	0.	
Each	 half-space	 has	 uniform	 ε distribution, thus ε 𝒓 = 𝜀(𝑧).	 SPP	 propagating	 wave	
therefore	can	be	described	as	𝐄(𝑥, 𝑦, 𝑧, 𝑡) = 	𝐄(𝑧)𝑒Ns5	,	where	𝛽 = 𝑘2 	 is	 its	propagation.	
Substituting	this	expression	into	Helmholtz	equation	(1.6),	one	can	get	a	simplified	base	
equation	for	SPP:	
	

,4𝐄(v)
,<4

+ 𝑘2: − 𝛽: 𝑬 = 0	 	 	 	 (1.15)	

	

	

Resolving	 differential	 part	 directly	 through	 Maxwell	 equations	 (1.1c	 and	 1.1d)	 and	
substituting	 ,

,8
→ 	−𝑖w	due	to	harmonic	time	dependence,	following	set	of	equations	can	

be	obtained:	
	

,ax
,;
− ,ay

,<
= 𝑖wµ2𝐻5	 	 	 	 	 (1.16a)	

,a{
,<
− ,ax

,5
= 𝑖wµ2𝐻;	 	 	 	 	 (1.16b)	

,ay
,5
− ,a{

,;
= −𝑖wµ2𝐻<	 	 	 	 (1.16c)	

,|x
,;
− ,|y

,<
= −𝑖wε	ε2𝐸5	 	 	 	 (1.16d)	

,|{
,<
− ,|x

,5
= −𝑖wε	ε2𝐸;	 	 	 	 (1.16e)	

,|y
,5

− ,|{
,;

= −𝑖wε	ε2𝐸<	 	 	 	 	(1.16f)	

	

Taking	into	account	that	the	axes	are	chosen	in	a	way	that	the	wave	propagates	only	in	x-
direction,	one	can	simplify	the	set	of	the	equation	using		 ,

,5
→ 	𝑖𝛽	and	 ,

,;
→ 	0:	

	
,ay
,<

= −𝑖wµ2𝐻5	 	 	 	 (1.17a)	
,a{
,<
− 𝑖𝛽𝐸< = 𝑖wµ2𝐻;	 	 	 	 (1.17b)	
𝑖𝛽𝐸; = 𝑖wµ2𝐻<	 	 	 			 			(1.17c)	
,|y
,<

= 𝑖wε	ε2𝐸5	 	 	 	 (1.17d)	
,|{
,<
− 𝑖𝛽𝐻< = −𝑖wε	ε2𝐸;	 	 	 	 	(1.17e)	
𝑖𝛽𝐻; = −𝑖wε	ε2𝐸<	 	 	 	 				(1.17f)	
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Two	 possible	 self-consistent	 solutions	 of	 the	 system	 correspond	 to	 TE	 (for	 non-
zero	𝐻5, 𝐻<	𝑎𝑛𝑑	𝐸;)	 and	TM	 (for	 non-zero	𝐸5, 𝐸<	and	𝐻;)	 	modes,	with	wave	 equations	
respectively:	
	

,4ay
,<4

+ 𝑘2:ε − 𝛽: 𝐸; = 0	 		 	 	 				(1.18a)	
,4|y
,<4

+ 𝑘2:ε − 𝛽: 𝐻; = 0		 	 	 	 				(1.18b)	

	

Now	one	can	separate	TM	solution	equations	for	dielectric	half-space	(Z	>	0):	
	

𝐻; 𝑧 = 𝐴Å𝑒Ns5𝑒OÇÉ<	 	 	 	 				(1.19a)	
𝐸5 𝑧 = 𝑖𝐴Å

6
w	gGgÉ

𝑘Å𝑒Ns5𝑒OÇÉ<	 	 	 				(1.19b)	

𝐸< 𝑧 = −𝐴n
s

w	gGgÉ
𝑒Ns5𝑒OÇÉ<	 	 	 				(1.19c)	

	

	

from	metallic	half-space	(Z	<	0):	
	

𝐻; 𝑧 = 𝐴n𝑒Ns5𝑒ÇÑ<	 	 	 	 				(1.20a)	

𝐸5 𝑧 = −𝑖𝐴n
6

w	gGgÑ
𝑘n𝑒Ns5𝑒OÇÑ<	 	 	 				(1.20b)	

𝐸< 𝑧 = −𝐴n
s

w	gGgÑ
𝑒Ns5𝑒OÇÑ<	 	 	 				(1.20c)	

	
	

Continuity	of	𝐻;	and	𝐻5	for	z	=	0	means	𝐴Å = 𝐴n 	and	𝑘nεÅ = −𝑘Åεn.	Inserting	𝐻; 𝑧 	into	
the	wave	equation	(1.18b),	following	relations	can	be	obtained:		
	

𝑘Å: = 𝛽: − 𝑘2:εÅ 				 	 	 	 	(1.21a)	
𝑘n: = 𝛽: − 𝑘2:εn				 	 	 	 	(1.21b)	

	

which	leads	us	to	the	main	result	of	calculations	–	SPP	dispersion	relation:	
	

𝛽 = 𝑘2
gÑgÉ
gÑ\gÉ

				 	 	 	 	(1.22)	

	

Performing	the	same	manipulations	for	TE	mode,	it	is	easy	to	find	that	continuity	of	𝐸;	
and	𝐻5 	leads	to	𝐴Å = 𝐴n 	and	𝐴Å(𝑘n + 𝑘Å) = 0,	which	is	possible	only	for	𝐴Å = 𝐴n = 0.	
This	means	that	SPP	mode	exist	uniquely	for	TM	polarization.	
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1.3.2	SPP	excitation	
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Fig.	 1.3	 (A)	 Dispersion	matching	 for	 SPP	 coupling	 approaches.	 Black	 line	 represents	
propagating	 free	space	photon.	Red	 line	corresponds	to	photon,	propagating	 in	prism	
with	eÅ 	.	Blue	line	describes	diffractively	shifted	photon	dispersion	after	interaction	with	
periodic	grating.	Purple	line	illustrates	surface	plasmon;	Excitation	of	surface	plasmon	
polariton.	Schematic	representation	of	Otto	(B)	and	Kretschmann	(C)	configuration.	L:	
laser,	D:	detector,	M:	metal	layer.	Adopted	from	ref.	[1];	(D)	Grating	coupling.	Here,	the	
missing	wave-vector	for	SPP	initiation	is	acquired	from	periodic	lattice.	

(A)	

(B)	 (C)	 (D)	
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SPP	 on	 a	 metal-dielectric	 interface	 cannot	 be	 excited	 directly	 from	 the	 same	
dielectric	half-space	due	to	the	lack	of	necessary	𝑘5 = 𝑘 𝜀	𝑠𝑖𝑛q	<	𝛽,	ranging	from	0	to	full	
k,	depending	of	angle	of	incidence.	In	addition,	SPP	cannot	be	excited	from	bulk	metal	part	
due	to	a	limited	propagation	depth	and	reflectivity.	There	is	a	straightforward	way	to	do	
it	by	electron	bombarding.	However,	optical	excitation	offers	better	capabilities	and	 is	
more	 suitable	 for	 majority	 of	 applications.	 Several	 geometries	 can	 be	 used	 for	 that	
purpose,	including	the	employment	prism	coupling	and	3-layer	systems.	In	the	latter	case,	
one	creates	an	additional	wave-vector	by	involving	a	medium	with	a	higher	permittivity.	
In	such	medium,	photon	can	propagate	with	a	larger	wave-vector	at	the	same	frequency.	
Normally,	 at	 the	 interface	 between	 these	 two	 dielectrics	 that	 would	 result	 in	 a	 beam	
refraction,	until	the	propagation	in	a	lower	permittivity	region	will	not	be	restricted	by	
absence	 of	 a	 valid	 far-field	 medium	 propagating	 𝒌 = w

D
	 ,	 resulting	 in	 a	 Total	 Internal	

Reflection	(TIR)	effect.	However,	one	can	still	use	that	light	for	SPP	initiation	between	the	
metal	and	the	lower	permittivity	medium	by	arranging	its	interface	in	a	close	proximity	
to	 the	higher	permittivity	medium	and	considering	near-field	propagation.	 In	practice,	
this	 approach	 is	 realized	 in	 Otto	 (Fig.	 1.3b)	 and	 Kretschmann-Raether	 (Fig.	 1.3c)	
geometries.	Kretschmann-Raether	configuration	implies	a	direct	contact	between	prism	
and	thin	 layer	of	metal,	where	exponentially	decaying	electric	 field	passes	through	the	
metallic	layer.	On	the	other	hand,	the	Otto’s	configuration	offers	near-field	transmission	
through	the	small	dielectric	gap	between	the	prism	and	the	metal.	As	a	result	of	successful	
coupling,	one	can	observe	a	minimum	in	reflected	light	intensity	for	a	given	wavelength.	
Ideally,	 material	 of	 the	 prism	 should	 provide	 low	 absorption	 and	minimal	 dispersion	
variation	at	optical	scales,	while	a	symmetrical	glass	prism	geometry	is	better	suited	for	
SPP	 excitation,	 keeping	 source	 and	 detector	 at	 the	 same	 angles	 with	 respect	 to	 the	
interface	and	satisfying	required	condition	for	TIR.	The	Kretschmann-Raether	version	has	
become	a	standard	tool	for	SPP	excitation	due	to	simplicity	of	its	experimental	realization.	

Another	popular	approach	for	SPP	formation	related	to	employment	of	periodic	
diffraction	 lattices5.	This	approach	allows	a	direct	 coupling	between	 the	dielectric	and	
metal	 half-spaces.	 The	 arrangement	 should	 be	 done	 in	 such	 a	 way	 that	 a	 non-zero	
diffraction	order	propagates	along	the	interface	and	thus	may	obtain	or	loose	additional	
momentum	of	the	grating	ká =

𝟐â
ä
	,	there	a	–	grating	period:	

	
kãee = k5 ± ká	 	 	 	 	 	(1.23)	
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1.3.3	Localized	surface	plasmon	

In	 contrast	 to	 propagating	 and	 dispersive	 SPP,	 localized	 plasmon	 is	 a	 non-
propagating	 excitation	 of	 free	 electron	 cloud	 in	 metallic	 nanostructures.	 The	 effect	
appears	 due	 to	 nontrivial	 scattering	 properties	 of	 sub-wavelength	 sized	 conductive	
objects	 in	 oscillating	 electromagnetic	 field.	 According	 to	 Maxwell’s	 equations,	
electromagnetic	field	inside	metal	should	be	equal	to	zero.	Curved	nanoscale	surface	of	
the	nanostructure	creates	an	effective	restoring	force	on	electrons.	This	oscillation	system	
can	provide	 a	 resonance,	which	 is	 accompanied	by	near-field	 amplification	 inside	 and	
outside	 the	 nanoobject3	 .	 The	 resonance	 frequency	 depends	 on	 the	 size,	 shape,	
composition	and	 local	optical	environment	of	 the	nanostructure6,7.	Consider	a	metallic	
nanoparticle	with	𝑎	being	its	diameter	and	εn 	-	complex	dielectric	permittivity	(Fig.	1.4).	
The	particle	is	located	in	uniform	non-absorbing	dielectric	media	with	εÅ 	and	is	exposed	
to	harmonic	electromagnetic	field.	Depending	on	λ/a	ratio	with	λ	–	excitation	wavelength,	
analytical	description	might	be	presented	by	several	approaches.	 In	 the	case	of	𝑎 ≪ 𝜆,	
interaction	 is	 well	 described	 by	 a	 quasi-static	 approximation,	 assuming	 that	
electromagnetic	field	distribution	is	identical	over	the	particle.	

Skipping	formula	derivation	which	could	be	found	elsewhere1,3,	the	central	result	
of	 this	 approximation	 can	 be	 defined	 as	 a	 dipole	 moment	 𝑝	 = 	 ε2εÅ𝛼𝐸2 	 with	 the		
polarizability	of:	

 
𝛼 = 4𝜋𝑎í 	 gÑ	OgÉ

gÑ	\:gÉ
.				 	 	 	 	(1.24)	

	
	

Fig.	 1.4	 Schematic	 illustration	 of	 localized	 surface	 plasmon	 excitation.	 Conductivity	
electron	cloud	(blue)	oscillates	over	an	assemble	of	positive	ion	cores	(red)	of	a	metallic	
particle	with	radius	a	under	the	applied	field	E.	
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The	resonant	condition	is	satisfied	by	nullifying	the	denominator:	

	
Re[εn] = 	−2εÅ .		 	 	 	 	(1.25)	

	

This	relationship	is	called	Fröhlich	criterion	associated	with	dipole	surface	plasmon.	It	is	
easy	to	find	that	for	a	Drude	metal	in	air	environment	the	Fröhlich	criterion	is	satisfied	at	
w2 = wó/ 3.	 Here,	 the	 resonance	 spectral	 location	 red-shifts	 with	 an	 increase	 of	 a	
permittivity	εÅ 	of	surrounding	medium,	suggesting	nanoparticle	employment	for	sensing	
applications.	 In	 practice,	 the	 quasi-static	 approximation	 provides	 reasonably	 good	
correlation	 with	 experimental	 results	 for	 spherical	 and	 ellipsoidal	 particles	 having	
dimensions	below	100	nm.	It	is	interesting,	that	the	absorption	and	scattering	efficiencies	
for	 such	particles	are	proportional	 to	𝑎í	 and	𝑎ö,	 respectively.	Consequently,	 for	 larger	
particles	extinction	is	dominated	by	scattering	whereas	for	small	particles	it	is	associated	
with	absorption.	In	the	case	of	essentially	large	particle	sizes,	scattering	is	described	by	
Mie	theory.	
	 Localized	 surface	 plasmon	 provided	 by	 electron	 cloud	 oscillations	 can	 interact	
with	other	plasmonic	structures.	Suppose	a	pair	of	two	identical	nanoparticles	located	in	
a	close	proximity	one	to	each	other.	Depending	on	particle	separation	distance	𝑑,	several	
different	 types	 of	 interactions	 can	 occur.	 For	𝑑 < 𝑎 ≪ 𝜆,	 near-field	 coupling	with	𝑑Oí	
distance	dependence	dominates.	Scattering	is	suppressed,	while	extreme	enhancement	of	
electric	field	for	small	inter-particle	distances	can	be	used	in	sensing	application	such	as	
Surface	Enhanced	Raman	Scattering	(SERS)3.	For	larger	gaps,	far-field	dipolar	coupling,	
proportional	to	𝑑O6	plays	a	key	role.	Diffractively-coupled	localized	plasmon	resonances	
present	a	prominent	example	of	far-field	coupled	arrays8,9.	Providing	extreme	narrowing	
of	resonance	feature,	these	phenomena	is	now	actively	used	in	biosensing.		
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1.4	Metamaterials	
	

Metamaterials	have	recently	formed	a	novel	hot	research	topic	with	thousands	of	
publications	 annually.	 Properties	 of	 bulk	 material	 are	 essentially	 determined	 by	 its	
chemical	 composition	 and	 bonds2.	Metamaterial	 is	 defined	 as	 a	material	 composed	 of	
nanoscale	scattering	elements	(metaatoms),	whose	size	is	typically	smaller	than	applied	
wavelength3.	 When	 combined	 and	 arranged	 properly	 (shape,	 size,	 geometry	 and	
orientation),	 these	 united	 blocks	 create	 an	 artificial	 material	 having	 new	 properties,	
which	cannot	be	found	in	natural	materials	or	chemically	synthesized	substances.	Unique	
metamaterial	 properties	 appear	 essentially	 due	 to	 the	 formation	 of	 the	 metaatom	
ensemble	and	cannot	be	obtained	from	separate	metaatom	components.	The	extension	of	
natural	properties	to	new	limits	lies	in	term	of	metamaterial,	which	comes	from	Greek	
“μετά”-	beyond.	A	rapid	development	of	metamaterial	field	during	last	decade	is	largely	
due	 to	 recent	 improvements	 of	 nanotechnology	 and	 opportunities	 for	 creation	 nano-
constructions	and	nano-composites	at	ranges,	significantly	smaller	than	light	wavelength,	

Fig.	 1.5	 (A)	 Parameter	 space	 of	 material	 characterized	 by	 optical	 constants;	 (B)	
Artificial	negative	index	material	for	microwave	range.	Both	adopted	from	ref.	[2];	(C)	
Woodpile	nanoscale	metamaterial.	Adopted	 from	ref.	 [10];	 (D)	Chiral	metamaterial	
nanoarray	of	spirals,	produced	by	2PP	method.	Adopted	from	ref.	[11]	
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which	 is	 a	 core	 idea	 of	 optical	 metamaterials	 operation.	 Light	 does	 not	 distinguish	
independent	atoms	or	molecules	in	the	material.	Optical	response	is	somehow	averaged	
and	material	is	described	by	macroscopic	parameters,	such	as	permittivity.	Essentially,	
same	approach	can	be	applied	for	metamaterials	description	via	effective	permittivity	and	
permeability.	 The	 new	 research	 area	 opened	 up	 by	 Pendry	 et	 al	 with	 the	 creation	 of	
negative	 index	 metamaterials10.	 Further	 applications	 include	 superlensing,	 cloaking	
devices,	 sensors	 and	 a	 whole	 bunch	 of	 novel	 functionalities,	 introduced	 by	
implementation	of	3D	metamaterials2,11,12.	

1.5	Plasmonics	in	biosensing	applications	

1.5.1	Biosensing	
	

Biosensing	deals	with	binding	events,	involving	the	interaction	between	selective	
counterparts	such	as	e.g.,	antigen	–	antibody,	complementary	DNA	strands,	protein	-	DNA	
and	other.13	In	general,	one	biomolecule	(the	capturing	agent)	is	immobilized	on	a	surface	
of	 sensor,	 allowing	 to	 detect	 its	 complementary	 analyte,	 presented	 in	 an	 analyzed	
solution.	Various	labels	are	normally	used	to	mark	the	target	analyte.	The	attachment	of	
the	 label	 to	 the	 sensor	 surface	 serves	 as	 an	 indicator	 of	 a	 successful	 binding	 event,	
detected	by	 optical	 or	 other	 techniques.	One	 of	 the	most	 common	modern	biosensing	
techniques	 is	 a	 fluorescence,	 which	 employs	 fluorophores	 for	 biomolecules	 labeling.	
Although	 these	 conventionally	 established	 techniques	 represent	 valuable	 and	 reliable	
tools,	 their	 limitations	 cannot	 address	 new	 challenges	 of	 biological	 research	 at	
submolecular	level.	It	is	important	to	mention,	that	fluorescence	based	approaches	suffer	
from	 photobleaching	 and	 are	 not	 strictly	 quantitative13.	 Also,	 these	 methods	 require	
several	 time-consuming	 preparation	 procedures,	which	 can	 last	 hours	 and	 even	 days,	
while	 the	 resulting	 signal	 can	 normally	 evidence	 the	 fact	 of	 reaction	 itself,	 but	 not	 its	
course,	 thus	 complicating	 the	 determination	 of	 reaction	 kinetics	 constants.	 Finally,	 by	
linking	to	labels,	analyte	biomolecules	are	modified	from	their	native	state,	thus	obscuring	
their	natural	activity	and	making	high	throughput	analysis	hard	to	achieve.		

1.5.2	Historical	survey	
	

The	first	report	of	optical	transduction	effect	was	protocoled	in	the	very	beginning	
of	the	XIX	century.	R.	W.	Wood	studied	optical	properties	of	diffraction	gratings	in	1902	
and	reported	the	observation	of	unknown	effect,	consisted	in	the	disappearance	of	some	
spectral	 lines	 in	reflection14.	Placing	a	grating	 in	a	glycerol	solution,	Wood	was	able	 to	
detect	a	shift	of	spectral	minimum	position.	This	anomaly	was	theoretically	explained	by	
J.	 Zenneck	 a	 few	 years	 later	 by	 the	 introduction	 of	 a	 concept	 of	 surface	 plasmon	
polaritons15.	In	1968	A.	Otto	proposed	the	utilization	of	attenuated	total	reflection	effect	
in	 glass	 prism	 for	 SPP	 excitation	 along	 the	 metal	 surface	 through	 the	 thin	 layer	 of	
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dielectric16.	Later	Kretschmann	and	Raether	proposed	a	modification	of	Otto’s	approach	
using	the	excitation	of	SPP	through	a	thin	metallic	layer	placed	over	a	quartz	substrate17.	
A	 successful	 SPP	 excitation	 should	 satisfy	 the	 dispersion	 relation	 for	 SPP	propagation	
along	 the	 metal/dielectric	 interface	 and	 is	 characterized	 by	 a	 combination	 of	 two	
interrelated	 parameters:	 the	 spectral	 position	 of	 an	 extinction	 minimum	 peak	 and	 a	
proper	angle	of	illumination.	In	late	1970s,	surface	plasmons	were	employed	for	thin	film	
characterization	and	studies	of	boundary	processes18.		

First	implementations	of	plasmonic	effects	for	sensing	applications	started	in	early	
1980s18–21	 with	 the	 first	 pioneering	 work20	 of	 Liedberg	 et	 al,	who	 proposed	 to	 track	
recognition/binding	 events	 on	 plane	 Au	 surface	 using	 Kretschmann-Raether	 prism	
geometry.	The	device	benefited	from	the	dependence	of	SPP	environmental	conditions	
and	the	fact	that	RI	of	saline	solution	is	different	from	that	of	most	biological	species.	The	
proposed	sensor	was	 then	 transformed	 to	a	commercially	available	unit	BIACORE21.	A	
strong	demand	from	biological	research	and	industries	to	such	technology	has	then	led	to	
other	 successful	 commercial	 realizations	 of	 SPR	 based	 sensors,	 including	 AutoLab,	
Biosensing	Instrument,	ICx	Nomadics22	and	Hofmann	Sensor	system	etc23.	By	now	SPR	
has	become	a	leading	technology	for	label-free	studies	of	biomolecular	interactions,	which	
proved	its	efficiency	for	studies	of	numerous	interactions.	

1.5.2	SPR	biosensing	
	

Having	 a	 significantly	 easier	 experimental	 realization	with	 no	 need	 for	 precise	
layer	 positioning,	 Kretschmann-Raether	 geometry	 became	 a	 standard	 for	 SPR-based	
sensing	 applications	 for	 a	 long	 time.	 Conventional	 plasmonic	 biosensors	 employ	 this	
geometry	to	excite	surface	plasmon	polaritons	over	a	thin	50-nm	gold	film	in	conditions	
of	SPR3,24–26.	Here,	P-polarized	light	is	directed	through	a	glass	prism	and	reflected	from	a	
gold	film,	deposited	on	its	surface.	SPR	effect	leads	to	a	dip	in	the	reflected	intensity	at	a	
defined	angle,	whose	value	is	resonantly	dependent	on	RI	of	a	thin	200-300	nm	dielectric	
layer	near	gold.	Biomaterial	 is	 immobilized	at	 the	 surface	of	a	biocompatible	 thin	 film	
coupled	 to	 the	 gold	 surface.	 Biomolecular	 binding	 events	 lead	 to	 an	 increase	 of	 the	
thickness	of	a	biomaterial	layer,	which	is	accompanied	by	a	change	of	RI	of	the	medium,	
contacting	 the	 sensor	 surface.	 A	 change	 of	 SPP	 environment	 due	 to	 biomaterial	
accumulation	will	 result	 in	 change	of	 coupling	conditions	which	may	be	monitored	by	
angular	 or	 spectral	 shift19,29.	 Thus,	 by	 monitoring	 resonance	 conditions	 of	 plasmon	
excitation	over	a	 thin	gold	 film,	one	can	 follow	 individual	biological	binding	events	on	
gold20,21,	which	is	normally	not	possible	with	conventional	fluorescence	based	methods13.	
A	great	advantage	of	SPR	sensing	consists	in	the	absence	of	a	time-consuming	labelling	
step	and	a	simple	quantitative	assessment	of	the	absolute	amount	of	bound	biomaterial,	
allowing	for	a	real-time	detection	of	binding	events	and	a	fast	determination	of	kinetics	
constants.		
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1.5.3	LSPR	biosensing	
	
Localized	 surface	plasmon	 resonance	 is	 considered	as	an	extension	of	 SPR	and	 is	

realized	by	using	metallic	nanostructures24,25.	The	mirror-like	quality	of	smooth	noble-
metal	 films	 changes	 dramatically	 when	 the	 metal	 is	 separated	 into	 sub-wavelength	
nanoparticles25,	resulting	in	increased	absorbance	and	scattering	properties.	Moreover,	
plasmonic	 nanoparticles	 can	 serve	 as	 transducers	 that	 convert	 small	 changes	 of	 local	
refractive	 index	 into	spectral	shifts	of	extinction	and	absorbance	spectra.	Compared	to	
SPR,	LSPR	possesses	better	both	lateral	and	normal	spatial	resolutions.	LSPR	shifts	can	be	
tuned	by	optimizing	nanostructures	characteristics,	such	as	size,	shape	and	composition.	
The	 accuracy	 of	 the	measurements	 is	 determined	by	 the	 quality	 of	 the	peak,	which	 is	
characterized	by	spectral	linewidth	Full-Width	at	Half-Maximum	(FWHM).	Typical	FWHM	
for	LSPR	over	silver	nanoprisms,	nanodiscs	and	nanoparticles	are	around	100-150	nm.	
Single-nanoparticle	 sensor	 offers	 improved	 absolute	 detection	 limit	 (total	 number	 of	
detected	molecules).	Also,	they	have	promising	applications	for	measurements	in	solution	
or	even	inside	the	cell	and	tissues.	Alternative	sensing	modalities	include	nanohole	arrays	
(NHA)	29–34,	which	showed	greater	sensitivity	in	response	to	refractive	index	changes.	

1.5.4	Sensitivity	of	SPR	and	LSPR	biosensors	
	

Most	of	current	commercially	available	SPR	devices	are	based	either	on	tracking	of	
the	reflection	intensity	value	for	predefined	wavelength	and	at	various	angles	of	incidence	
(angular	interrogation),	or	the	spectral	position	of	intensity	minimum	under	a	fixed	angle	
of	 incidence	 (spectral	 interrogation).	 Such	 SPR	 biosensors	 can	 provide	 relatively	 high	
sensitivity	of	the	order	of	2000–4000	nm	of	spectral	resonance	shift	per	refractive	index	
unit	 change25.	 These	 amplitude-sensitive	 interrogations	 are	 capable	 of	 detecting	 1	
pg/mm2	 of	 biomaterial	 accumulated	 on	 the	 sensor	 surface23,28.	 Such	 sensitivity	 is	
sufficient	for	studies	of	many	interactions	involving	relatively	large	molecules	(antibody-
antigen,	 protein-DNA,	 DNA-DNA	 etc27,28,35).	 However,	 the	 sensitivity	 still	 needs	 to	 be	
greatly	improved	for	the	detection	of	low	molecular	weight	analytes	(drugs,	vitamins	etc.),	
as	well	as	a	larger	low	copy	number	analytes	(antigens,	viruses	etc.),	which	are	deadly	or	
pathogenic	even	in	ultra-low	quantities36,37.		

Despite	a	number	of	undisputable	advantages,	nanoparticle	or	nanoarray-based	
schemes	are	not	able	to	solve	the	sensitivity	problem.	Sensitivity	of	2D	LSPR	nanoscale	
geometries	to	refractive	index	variations	is	much	lower:	200–500	nm/RIU	for	LSPR	and	
nanoparticle	arrays24,25,	300–400	nm/RIU	for	nanohole	arrays31,32.	Although	the	existing	
LPR	methods	can	detect	100-1000	molecules	of	relatively	large	analytes24,25,	the	detection	
limit	in	terms	of	the	amount	of	biomaterial	accumulated	on	the	surface	is,	typically,	~1000	
pg/mm2,	which	is	much	larger	than	in	the	case	of	SPR21,28	and	in	turn	is	inferior	by	3-4	
orders	 of	 magnitude	 compared	 to	 labelling	 methods.	 Limited	 sensitivity	 level	 of	 2D	
periodic	plasmonic	arrays	is	related	to	diffractive	nature	of	coupling	light	to	plasmons,	
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which	links	the	sensitivity	to	structure	periodicity	∆	λ/∆	n	~	d38,	which	is	typically	of	the	
order	of	hundreds	of	nm.	

Total	sensitivity	of	a	SPR	biosensor	depends	on	plasmonic	transduction	modality	
(SPR,	 LSPR),	 experimental	 setup	 optical	 geometry	 (single-	 or	 multi-pass	 excitations),	
choice	 of	 the	 detected	 parameter	 (intensity,	 phase)	 and	 the	 level	 of	 noises	
(environmental,	 instrumental).	 Generally,	 the	 term	 “sensitivity”	 in	 SPR	 terminology	 is	
related	to	the	response	of	the	detected	parameter	(intensity,	angular	of	spectral	position	
of	 SPR	dip,	 phase)	 to	 a	 unit	 change	 of	RI.	 In	 addition,	 it	 is	 also	 critically	 important	 to	
resolve	small	variation	of	RI.	The	resolution	of	measuring	system	has	a	Limit	Of	Detection	
(LOD),	which	critically	depends	on	the	level	of	instrumental	(electronic	and	optical	noises	
of	 the	 source,	detector)	 and	environmental	noises	 (inertial	drifts,	 temperature	drift	 of	
refractive	 index)	 in	 an	 individual	 measurement	 setup27.	 Current	 amplitude-sensitive	
based	SPR	devices	LOD	normally	is	estimated	as	10−6	-	10−5	RIU27,28.		

1.5.5	Phase-sensitive	plasmonic	biosensors	
	

It	 was	 found	 that	 the	 employment	 of	 phase	 properties	 of	 reflected	 light	 can	
improve	 the	 level	 of	 sensitivity	 under	 SPR9,27,39–43.	 Having	 optimal	 thickness	 of	 SPR-
supporting	 film,	phase	of	 light	can	provide	orders	of	magnitude	better	sensitivity	 than	
amplitude	 characteristics43,45,48,	 although	 such	 result	 can	 be	 achieved	 for	 a	 relatively	
narrow	dynamic	range	of	measurements27.	This	expectation	was	based	on	the	existence	
of	a	sharp	jump	in	angular	or	spectral	dependence	of	p-polarized	light	phase	component	
under	SPR	in	conditions	of	zero	reflection	(light	darkness)	corresponding	to	the	minimum	
of	SPR	curve9,41.	The	lower	is	the	intensity	within	this	minimum	–	the	sharper	will	be	a	
phase	jump	under	SPR.	The	sharpness	of	this	jump	and	corresponding	phase	sensitivity	
do	not	follow	the	periodicity-related	limitation	rule,	but	are	determined	by	the	quality	of	
resonances	and	first	of	all	their	depth	(light	darkness	in	the	resonance)9,45.		

Three	main	reasons	of	higher	sensitivity	and,	consequently,	lower	detection	limit	
of	 phase-sensitive	 schemes	 compared	 to	 amplitude-sensitive	 ones	 were	
distinguished42,43.	The	main	reason	is	related	to	a	much	stronger	probing	electric	field	at	
the	point	of	maximal	phase	variation	compared	to	the	amplitude-based	one.	Under	SPR	
there	is	a	resonant	transfer	of	energy	from	a	pumping	photon	to	a	plasmon	at	the	resonant	
angle	of	light	incidence	(or	resonant	wavelength).	This	phenomenon	is	accompanied	by	
simultaneous	amplitude	and	phase	changes	for	reflected	light:	a	drastic	drop	of	amplitude	
and	a	sharp	phase	 jump.	The	phase	 jump	takes	place	 in	 the	very	dip	of	 the	SPR	curve,	
whereas	maximal	amplitude	variation	is	observed	on	the	resonance	slopes.	Electric	field	
of	 the	 plasmon	wave	 finds	 itself	 in	 the	 adjacent	 dielectric	medium	 and	 therefore	 the	
plasmon	becomes	sensitive	 to	 its	 refractive	 index	 (or	dielectric	 constant).	Thus,	a	unit	
change	of	the	dielectric	layer	thickness	on	gold	(or	a	change	of	RI	of	the	medium)	causes	
a	change	of	conditions	of	plasmon	excitation	and	the	response	of	the	plasmon	is	maximal	
when	the	vector	of	probing	electric	field	is	maximal.	It	is	clear	that	such	vector	is	maximal	
in	the	very	dip	of	the	SPR	curve	where	maximal	change	of	phase	and	not	amplitude	take	
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places,	yielding	to	much	stronger	phase	response	to	a	unit	change	of	RI.	Such	electric	field	
enhancement	 factor	 results	 in	 one	 order	 of	 magnitude	 larger	 sensitivity	 of	 phase	 to	
refractive	index	variations42.	The	second	reason	of	much	lower	detection	limit	is	due	to	a	
much	lower	level	of	phase	noises	compared	to	amplitude	ones.	Indeed,	if	the	detector	is	
adjusted	at	the	maximum	of	its	sensitivity,	drifts	related	to	laser	source	normally	present	
main	 instrumental	 noise	 limiting	 the	 LOD	 of	 measurements.	 Lasers	 usually	 provide	
radiation	with	a	very	 low	 level	of	phase	noises	Δφ/φ	~	10-6,	while	 intensity	noises	of	
common	lasers	are	significantly	higher	(usually	at	the	level	of	≈10-2)42.	Since	amplitude	
noises	of	laser	sources	are	orders	of	magnitude	higher	compared	to	the	phase	ones,	phase	
characteristics	can	potentially	provide	much	lower	detection	limit.	Finally,	phase	offers	
much	better	possibilities	for	signal	averaging	and	filtering,	as	well	as	for	image	treatment.	
Phase	control	implies	inherent	relative	measurement	with	respect	to	a	reference	beam	or	
an	 unaffected	 component	 of	 the	 same	 beam.	 This	makes	 possible	 spatial	 or	 temporal	
mapping,	 depending	 of	 geometry	 of	 phase-sensitive	 setup,	 and	 a	 subsequent	
filtering/averaging	using	 the	 chosen	map.	Due	 to	 all	 these	 reasons,	 the	LOD	 for	phase	
interrogation	methods	achieves	significant	values	of	10−9	-10−8	RIU27.	

1.5.6	Plasmonic	metamaterials	for	biosensing	
 
The	concept	of	plasmonic	metamaterials	for	biosensing46	was	introduced	as	a	way	

to	improve	sensitivity	of	currently	available	natural	materials	(Au,	Ag)	and	enable	new	
functionalities,	 including	 size-based	 selectivity,	 spectral	 tuneability,	 extremely	 strong	
electric	 field	 enhancement	 and	 localization	 near	 nanoparticles	 and	 nanoarrays25,47	
resolution	beyond	 the	diffraction	 limit48–52;	 nano-tweezing53.	The	 first	 sensor-oriented	
plasmonic	metamaterial	was	based	on	an	array	of	Au	nanorods	positioned	normally	to	a	
supporting	glass	slide46.	Such	metamaterial	made	possible	the	excitation	of	a	new	guided	
mode	 G	 over	 the	 nanorod	matrix	 in	 addition	 to	 classical	 transversal	 and	 longitudinal	
plasmonic	 modes	 over	 nanorods.	 Benefiting	 from	 a	 substantial	 overlap	 between	 the	
probing	field	and	active	biological	substance	incorporated	between	the	nanorods	and	a	
strong	 plasmon-mediated	 energy	 confinement	 inside	 the	 layer,	 this	 metamaterial	
provided	an	enhanced	sensitivity	to	refractive	index	variations	of	the	medium	between	
the	rods	(more	than	30,000	nm	per	RIU	change)	and	could	be	employed	for	ultra-sensitive	
detection	of	biological	binding	events	in	the	nanorod	matrix.	Similar	level	of	sensitivity	
was	later	observed	on	hyperbolic	metamaterials54.	

One	 of	 the	most	 promising	modern	 sensor-oriented	metamaterials	 is	 based	 on	
arrays	of	Au	nanoparticles	capable	of	supporting	ultra-narrow	(down	to	2-3nm	FWHM)	
diffractively-coupled	 localized	 plasmon	 resonances. 	 The	 existence	 of	 ultra-narrow	
resonances	was	first	predicted	in		theoretical	works55–62,	then	observed	in	experiment	8,	
followed	 by	 other	 independent	 experimental	 confirmations63,64.	 PSLR	 produced	 in	
conditions	 of	 diffraction	 coupling	 of	 LPR	 are	 of	 particular	 interest	 for	 biosensing	
applications	 due	 to	 their	 exceptional	 resonance	 quality8,63,64.	 To	 excite	 PSLR,	 gold	
nanoparticles	(nanodiscs,	nanopillars	etc.)	having	the	size	of	about	100	nm	are	arranged	
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in	a	2D	lattice	in	such	a	way	that	one	of	diffracted	beams,	appearing	due	to	the	periodicity	
of	this	structure,	propagates	over	the	array	plane	and	can	couple	with	localized	plasmons	
over	individual	nanoparticles	in	far	field.	Such	a	coupling	leads	to	a	drastic	narrowing	of	
resonances	in	reflected	and	transmitted	light	down	to	several	nanometers,	comparing	to	
~	50	nm	for	Au	thin	film	SPP-based	sensors26.	In	addition,	the	diffraction	coupling	gives	
rise	to	vanishing	of	light	intensity	in	resonances,	leading	to	the	generation	of	singularities	
of	light	phase9,45.	When	used	as	a	signal	parameter	to	monitor	refractive	index	variations,	
such	phase	singularities	can	be	used	to	lower	the	detection	limit	of	label-free	plasmonic	
biosensing	schemes	down	to	single	molecule	level27,39,42.	
	

1.5.7	Plasmonics	for	SERS	
	

During	last	decades,	optical	spectroscopy	became	extremely	popular	technique	for	
biochemical	 analysis.	 Being	 a	 very	 straight-forward	 approach	 for	 material	
characterization,	 this	 technique	 does	 not	 require	 expensive	 equipment	 or	 profound	
expertise	 from	researcher. Raman scattering provides a rich variety of information on the 
structure and chemical composition of the matter, based on its vibrational fingerprints65	 In	
essence,	Raman	scattering	is	similar	in	some	sense	to	the	amplitude	modulation	used	in	
broadcasting.	Carrier	frequency	of	monochromatic	light	is	modified	by	inelastic	photon	
scattering,	 corresponding	 to	molecular	 bond	 resonant	 oscillations.	 As	 a	 result,	 Raman	
scattered	light	will	consist	of	sums	and	differences	of	the	base	light	and	vibration	energy	
frequencies.	However,	probability	of	that	interaction	is	extremely	small.	For	instance,	a	
typical	 cross	 section	of	 fluorescence	 is	 around	10-18	 cm²	which	 is	 sufficient	 to	 resolve	
single	 molecule	 detection66,	 while	 Raman	 scattering	 cross	 section	 is	 estimated	 much	
lower,	typically	10-30	cm²66.	As	a	result,	long	exposition	times	and	high	spatial	stability	of	
samples	are	required	for	reasonably	adequate	measurements.	As	a	vibrational	technique,	
Raman	spectroscopy	can	bring	much	more	information	than	fluorescence.	In	particular,	it	
can	give	quantitative	details	 about	 the	 chemical	 structure	and	 interaction	of	 a	 specific	
molecule,	mechanical	stress,	electronic	properties.	In	addition,	Raman	does	not	require	
employment	of	fluorophore	markers	and	is	considered	to	be	a	label	free	technique.		

To	surpass	small	Raman	scattering	cross-section	issues,	Surface	Enhanced	Raman	
Scattering	(SERS)67	technique	was	developed.	Strong	field	localization	at	the	edges	and	
along	 the	surfaces	of	metallic	nano-objects	may	be	used	 to	 increase	amount	of	Raman	
scattered	 and	 detected	 light,	 potentially	 down	 to	 single	 molecule	 level.	 Typical	
enhancement	 factors1	 for	 the	 Raman	 signal	 observed	 from	 rough	metal	 substrates	 as	
compared	to	bare	glass	substrates	may	vary	from	106	to	107.	If	the	excitation	wavelength	
satisfies	localized	plasmon	resonance	conditions	for	nanostructure,	enhancement	factor	
is	dramatically	 increased68,69	and	may	be	as	high	as	1012.	 In	particular,	Nie	and	Emory	
observed	maximal	enhancement	of	Raman	scattering	by	1014	on	randomly	agglomerated	
nanoparticles	 assembles	 for	 single	 molecule	 detection68.	 Current tasks include more 
complicated geometries with the use of not only metal nanostructures on the surface70, but also 
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mobile probes for in vitro and in vivo applications. In particular, SERS probes have already 
been used for the detection of pH concentration inside various regions of a living cell71 and 
even for the detection of glucose in vivo72. It	is	worth	mentioning,	that	plasmonic	effects	for	
fluorescence	 spectroscopy	 enhancement	 have	 some	 limitations.	 For	 close	 distances,	
excited	 fluorophore	 electrons	 simply	 transfer	 it	 energy	 to	metal	 via	 tunneling	 and	 no	
radiation	 occurs.	 For	 a	 reasonable	 illumination	 power,	 Raman	 is	 not	 a	 subject	 for	
photobleaching.	 In	 general,	 it	 is	more	 robust,	 compared	 to	 fluorescence	 and	 does	 not	
suffer	from	degradation	of	emitters.	

	
	
	

	

	
	

	
	



	
	
	

31	

Chapter 2  

	
	
	
	
	
	
	
	
	
	

Experimental	techniques	and	methods	
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2.1	Ellipsometry	

Ellipsometry	 is	 an	 optical	 technique,	 initially	 developed	 for	 thin	 film	 depth	
identification.	It	is	based	on	an	idea	that	differently	polarized	light	interacts	differently	
with	the	material	surface.	By	monitoring	phase-polarization	properties	of	light	reflected	
from	 a	 sample,	 one	 can	 determine	 its	 optical	 parameters.	 Those	 parameters	 can	 be	
derived	 through	 normalized	 electric	 field	 components	 rp	 and	 rs	 (complex	 quantities),	
which	correspond	to	the	Fresnel	reflection	field	components	parallel	and	perpendicular	
to	 the	plane	of	 light	 incidence.	Ellipsometry	measures	 the	complex	reflectance	ratio	ρ,	
which	 is	 the	 ratio	 of	 rp	 over	 rs,	 and	 can	 be	 decomposed	 into	 amplitude	 and	 phase	
components:	
	

𝜌 = ù_
ùû
= 𝑡𝑎𝑛𝛹𝑒N∆	 	 	 	 	 	(2.1)	

Fig.	2.1	Overview	of	Woollam	M-2000	ellipsometery	system,	used	in	this	research.	Wide-
spectra	detector	and	source	arms	may	be	adjusted	independently	from	sample	position	
and	orientation.	
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where	the	real	part	tan(Ψ)	is	the	amplitude	ratio	upon	reflection,	and	the	imaginary	part	
∆	is	the	phase	shift	(difference	between	the	phase	of	the	rp	and	rs	components).	Measured	
parameters	 can	 then	 be	 routinely	 converted	 to	more	 the	 conventional	 rp	 and	 rs.	 This	
approach	 is	very	 sensitive,	 since	ellipsometry	measures	 the	 ratio	of	 the	 two	reflection	
coefficients	and	thus	insensitive	to	random	noise	sources.	

Most	 of	 experimental	 data	 in	 this	 thesis	 was	 obtained	 with	 Woollam	 M-2000	
ellipsometer	 (Fig.	 2.1),	 which	 makes	 possible	 independent	 relative	 displacement	 of	
sample	and	both	source	and	detector	arms.	Available	optical	spectra	range	lies	between	
270	nm	and	1700	nm,	using	Xenon	lamp	as	an	illumination	source.	Parallel	light	beam	is	
slightly	focused	through	low-NA	objective	into	a	small	spot	around	50	um	and	afterwards	
collected	by	a	detector	via	similar	low-NA	objective.	The	flexibility	of	experimental	setup	
enables	 to	 arrange	 not	 only	 a	 direct	 sample	 illumination	 geometry,	 but	 also	 prism	
coupling	 techniques	 geometries	 including	 Kretschmann-Raether	 type.	 Sensitivity	
measurements	performed	with	home-made	liquid	cell	in	both	configurations,	which	made	
possible	precise	control	of	sample	environment	with	liquid	input	and	outlet	ports.	
	

2.2	Scanning	Probe	Microscopy	

2.2.1	Brief	overview	
	

Scanning	Probe	Microscopy	(SPM)	is	a	modern	research	technique	used	for	surface	
analysis.	Invented	in	1981	by	G.	Binnig	and	H.	Rohrer	as	Scanning	Tunnelling	Microscopy	
(STM),	 SPM	evolved	 to	 a	 powerful	 tool	 for	 topography	 imaging,	magnetic	 and	 electric	
material	 property	 characterization.	 Core	 of	 the	 technology	 lies	 in	 ability	 for	 nano-
manipulations	 with	 precision	 down	 to	 angstroms	 due	 to	 utilization	 of	 piezoelectric	
positioners.	 The	 probe	may	 be	manufactured	 from	 different	 materials	 and	 formed	 in	
various	shapes,	depending	on	research	requirements.	However,	one	of	the	main	benefits	
of	SPM	design	is	a	possibility	to	surpass	optical	resolution,	so	the	probe	size	normally	is	
below	50-100	nm	and	can	achieve	extreme	values	as	low	as	several	nm	for	whisker	types.	
Probe	 positioning	 is	 controlled	 through	 closed	 feed-back	 loop.	 Depending	 on	 utilized	
feed-back	mechanisms,	most	 SPM	devices	may	be	divided	 into	 STM	and	Atomic	Force	
Microscopy	 (AFM).	 STM	 feed-back	 is	based	on	 tunnel	 current	between	 the	 conducting	
sample	and	conducting	probe.	AFM	is	not	restricted	by	conductivity	issues	as	it	is	based	
on	mechanical	interaction	sensing	of	Van	der	Waal	forces,	represented	by	Lennard-Jones	
potential.	 In	AFM	tip	is	attached	to	a	small	 lever	and	is	 illuminated	by	a	tracking	laser.	
Lever	 surface	 reflects	 the	 laser	 beam	 to	 the	 quadrupole	 photodiode	 detector	 which	
converts	displacement	of	probe-lever	(cantilever)	system	into	currents	and	thereby	may	
be	processed	by	electronics.	Probe	collects	surface	information	by	raster	point-by-point	
scanning.	
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2.2.2	Optical	resolution	limit	
	

Photon	is	a	convenient	tool	for	research,	as	it	is	fast,	easy	to	manipulate	and	detect.	
Photon	 is	also	very	small	and	can	carry	more	structural	 information	about	researched	
objects,	 than	 unarmed	 eye	 can	 perceive.	 However,	 Heisenberg	 uncertainty	 principle	
defines	 finite	 dimensions	 for	 the	 light.	 This	 restriction	 becomes	 significant	 for	 highly	
focused	light	beam	at	~𝜆/2,	there	confocal	microscopy	fails	to	improve	resolution	beyond	
the	 diffraction	 limit.	 A	 photon	 cannot	 resolve	 objects,	 smaller	 than	 its	 own	 size.	 In	
reciprocal	space	notation,	light	dispersion	does	not	allow	to	transmit	waves	in	free	space	
with	 spatial	 frequencies	 𝑘 > w/𝑐.	 Structural	 information	 for	 objects	 whose	 size	 is	
comparable	with	𝑘 < w/𝑐	can	be	carried	in	far-field	by	homogeneous	propagating	modes.	
The	 rest	 exponentially	 decays	 in	 space	 and	 are	 called	 evanescent	waves	 or	 near-field.	
Near-field	is	confined	to	matter	borders,	which	are	defined	by	optical	constants.	However,	
subwavelength	structural	information	it	holds	does	not	necessarily	lost.	By	some	means	

Fig.	 2.2	NT-MDT	 SPECTRA.	Atomic	 force	microscope	 combined	with	 optical	 confocal	
spectrometer	
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near-field	 can	 be	 captured	 and	 transported	 to	 detector.	 The	 central	 idea	 of	 near-field	
optical	 microscopy	 is	 to	 retain	 spatial	 frequencies	 associated	 with	 evanescent	 waves	
thereby	increasing	the	bandwidth	of	spatial	frequencies.	

	

2.2.3	Scanning	Near-field	Optical	Microscopy	
	

A	 concept	 of	 near-field	 microscopy	 was	 introduced	 by	 O’Keefe	 in	 195673	 and	
experimentally	confirmed	in	microwave	regime	by	Ash	&	Nicholls	in	197274.	Invention	of	
SPM	in	80s	proposed	researchers	an	affordable	tool	for	evanescent	waves	investigation.	
Combination	of	optical	techniques	with	SPM	opens	up	a	wide	range	of	new	opportunities.	
SPM	precision	in	nano-positioning	allows	to	arrange	focal	spot	composition	with	nano-
objects	and	perform	nano-manipulations.	Variety	of	SPM-based	SNOM	techniques	can	be	
divided	 into	 two	parts75:	aperture	SNOM	and	apertureless	or	scattering	SNOM.	Optical	
design	of	aperture-type	SNOM	differs	from	a	confocal	set-up	by	implementation	of	sub-
diffraction	 sized	 aperture	 located	 in	 close	 a	 proximity	 to	 analyzed	 sample,	 which	
separates	source	and	detector	optical	parts.	Commonly,	the	aperture	is	formed	by	metallic	
coating	on	the	sides	of	sharply	pointed	optical	fiber	or	cantilever	tip	with	etched	hole.	The	
resolution	of	that	configuration	is	limited	because	the	effective	diameter	of	an	aperture	
cannot	be	smaller	than	twice	the	skin	depth	of	the	involved	in	coating	metal.	Which	is	6-
10	nm	for	good	metals	at	optical	frequencies,	resulting	in	20	nm	of	aperture	size.	This	is	a	
principal	 restriction,	 however	 for	 routine	measurements	 aperture	 diameter	 is	 usually	
kept	between	50-100	nm	for	reasonable	signal-to-noise	ratio	(SNR).	On	the	other	hand,	
apertureless	SNOM	offers	an	alternative	solution.	Near-field	does	not	freely	propagate	in	
space,	 but	 it	 can	 still	 interact	with	 other	matter.	 AFM	 tip	 apex	may	be	 simplified	 to	 a	
particle,	which	can	play	role	of	near-field	retransmitter,	conveying	information	from	near-
field	to	the	far-field.	Under	appropriate	illumination,	a	particle	is	surrounded	by	a	strongly	
enhanced	 field	 over	 a	 distance	 of	 roughly	 the	 size	 of	 the	 particle,	 which	 basically	
represents	an	electric	dipole.	Scattering	SNOM	offers	better	near-field	detection	efficiency	
and,	at	least	in	principle,	is	not	limited	in	resolution1,76,77.	The	down-side	of	this	approach	
is	a	presence	of	background	scattering	from	the	tip	and	sample	in	diffraction	limited	focal	
spot	region.	

Schematic	illustration	is	presented	on	Fig.	2.3.	The	cantilever	tip	is	illuminated	by	
a	focused	laser	beam	so	that	scattered	light	is	recorded	by	a	detector.	Tip	apex	radius	of	
curvature	𝑎 ≪ l	determines	mechanical	and	optical	lateral	resolution	which	is		
typically,	20	nm.	Having	tip	permittivity	e8 ,	tip	apex	polarizability	may	be	described	as:	
	

a = 4p𝑎í (e£O6)
(e£\:)

	 	 	 	 	(2.2)	

	
AFM	tip	 is	constantly	oscillating	so	the	gap	𝑧 ≪ l	between	the	tip	and	probing	sample	
with	permittivity	eã	is	sinusoidally	varied,	resulting	in	a	strong	modulation	of	the	near-
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field	scattering.	 In	quasi-static	approximation,	near-field	 interaction	may	be	calculated	
considering	point	mirror	dipole	model	with	polarizability	ab	,	where:	
	

b = (eûO6)
(eû\6)

	 	 	 	 	 	(2.3)	

	
is	 the	 dielectric	 surface	 response	 function	 of	 the	 sample.	 The	 mirror’s	 dipole	 field	 is	
inversely	proportional	to	the	3rd	power	of	distance	𝑧.	Effective	polarizability	of	tip-sample	
system	includes	both	dipoles	polarizabilities:	
	

aV§§ =
a(6\b)

6O ab
•¶p(ß®x)©

	 	 	 	 	 	(2.4)	

	
Scattered	from	the	coupled	dipole	system	field	𝐸ã	may	be	obtained	from	incident	near-
field	𝐸N ,	as	they	are	connected	by	effective	polarizability:	
	

𝐸ãµ	aV§§(1/𝑧í)𝐸N 	 	 	 	 	(2.5)	
	

However,	as	was	pointed	out	earlier	detected	light	consist	not	only	of	scattered	near-field,	
but	also	from	a	massive	amount	of	background	scattering	from	the	tip	and	sample	inside	

Fig.	2.3	Schematic	illustration	of	SNOM	principles.	A	tip	with	permittivity	e8 	with	apex	of	
curvature	a	is	placed	over	s	sample	with	permittivity	eã	with	a	gap	z	between	them.	Tip	
apex	initiate	a	mirror	dipole	in	sample,	which	takes	significant	effect	on	overall	system	
polarizability.	
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the	focal	cone.	One	of	the	approaches	to	separate	sub-diffraction	consistent	from	normal	
is	to	demodulate	the	detector	signal	at	higher	harmonic	of	tip	oscillation.	In	general,	the	
signal	may	be	decomposed	 into	Fourier	 series.	 In	 case	 of	 small	modulation	 amplitude	
D𝑧 ≪ 𝑎,	the	Fourier	coefficients	are	proportional	to	the	n-th	z-derivative	of	aV§§ .77,78.		

Clearly,	 sample	 image	contrast	will	depend	on	eã	 and	e8 .	Highly	 conductive	 tips	
greatly	 increase	 scattered	 fracture	 of	 near-field,	 compared	 to	 dielectric	 ones.77	 Beside	
sub-diffraction	optical	characterization	and	chemical	recognition,	SNOM	may	be	used	for	
direct	near-field	imaging	of	plasmons.	
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lattice	resonances	of	2D	nanoparticle	
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3.1	Introduction	
	

The	 employment	 of	 diffractively	 coupled	 LPR	 looks	 very	 promising	 for	 the	
improvement	of	performance	of	plasmonic	biosensors	as	such	resonances	can	be	very	
narrow.	 However,	 conditions	 of	 implementation	 of	 these	 resonances,	 also	 referred	 as	
Plasmonic	Surface	Lattice	Resonances	(PSLR)	in	general	are	not	always	compatible	with	
biosensing	 arrangement	 implying	 the	 placement	 of	 the	 nanoparticles	 between	 a	 glass	
substrate	and	a	sample	medium	(air,	water).	In	particular,	the	excitation	of	diffractively	
coupled	 PSLR	 is	 critically	 dependent	 on	 refractive	 index	 of	 the	 media	 surrounding	 a	
nanoparticle	array.	When	 the	array	 is	 illuminated	under	normal	 incidence	of	 light,	 the	
excitation	 of	 PSLR	 typically	 requires	 uniform	 surrounding,	 i.e.	 the	match	 of	 refractive	
index	of	the	substrate	and	that	of	the	medium	contacting	the	particles64,	although	certain	
narrowing	 of	 resonances	 is	 possible	 via	 a	 proper	 choice	 of	 size	 and	 geometry	 of	
nanoparticles63,79.	 On	 the	 other	 hand,	 the	 excitation	 of	 PSLR	 becomes	 possible	 under	
oblique	incidence	of	light	on	the	array	structure	and	the	monitoring	of	optical	parameters	
in	reflected	light8,45.	In	all	cases,	direct	geometry	of	PSLR	excitation	is	not	fully	compatible	
with	biosensing	experimental	arrangement,	as	it	implies	light	direction	through	a	sample	
liquid	leading	to	a	dependence	of	PSLR	parameters	on	bulk	RI	fluctuations	inside	the	flow	
cell.		

In	this	chapter,	 I	present	a	 first	systematic	study	of	conditions	of	excitation	and	
properties	 of	 PSLR	 over	 arrays	 of	 glass	 substrate-supported	 single	 and	 double	 Au	
nanoparticles	(~100-200	nm)	in	direct	and	Attenuated	Total	Reflection	geometries43,80.	
Assessment	 of	 their	 sensitivity	 capabilities	 in	 spectral	 and	 phase	 interrogations	 with	
respect	 to	variations	of	 the	adjacent	 sample	dielectric	medium	refractive	 index	 (RI)	 is	
performed.	Obtained	data	unambiguously	show	that	spectral	 sensitivity	correlate	with	
the	periodicity	of	 the	structures	and	exceptionally	high	phase	sensitivity,	which	makes	
them	very	promising	candidates	for	biosensing	applications.	Results	of	these	work	were	
published	in	[Th-1],	[Th-3]	and	[Th-6].	
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3.2	Materials	and	methods	

3.2.1	Sample	preparation	
	

High-quality	regular	and	homogenous	square	arrays	of	gold	nanoparticles	were	
produced	 by	 e-beam	 lithography	 (LEO-RAITH	 and	 PIONEER-RAITH)	 on	 a	 clean	
microscopic	glass	substrate	covered	by	a	thin	Cr	sublayer.	A	double	 layered	resist	was	
used	to	improve	lift-off	(80	nm	of	495	kD	PMMA	cast	from	a	3	wt%	solution	in	anisole	for	
the	bottom	resist	layer	and	50	nm	of	95	kD	PMMA	cast	from	a	2	wt%	solution	in	anisole	
for	the	top	layer).	Bare	(without	Cr	seed	layer)	borosilicate	glass	substrates	(WBO-251	
from	UQG	Optics)	successively	coated	by	a	single	layer	of	PMMA	(from	Allresist,	Germany)	
diluted	in	ethyl-lactate	at	2%)	is	used	for	nanofabrication.	Second	layer	of	a	conductive	
polymer	(SX	AR	PC	5000/90.2	from	Allresist)	is	applied	in	order	to	prevent	the	charging	
of	 the	 dielectric	 substrates	 during	 e-beam	 exposure.	 After	 developing	 in	 1:3	
MIBK:isopropanol	 solution,	 rinsing	 the	 samples	 in	 deionized	 water	 and	 drying	 under	
clean	nitrogen	flow,	3-5	nm	of	Cr	(to	improve	adhesion)	was	deposited	and	80-90	nm	of	
Au	by	evaporation	using	electron	beam	or	Joule	effect	(Auto	306	tool	from	Edwards).	Then	
the	excessive	metal	deposited	onto	the	areas	protected	by	the	resist	was	removed	from	
samples	by	the	lift-off	procedure	in	ultrasonic	bath	of	pure	ethyl-lactate.	The	typical	array	
size	was	0.2	´	0.2	mm2.	The	samples	on	a	clean	glass	substrate	were	obtained	from	the	
samples	fabricated	on	a	5	nm	Cr	sublayer	in	which	the	Cr	sublayer	has	been	wet-etched	
after	the	fabrication	procedure.	Typical	Scanning	Electron	Microscopy	images	of	single	
and	double	nanodot	arrays	are	shown	in	Fig.	3.2.		

3.2.2	Methodology	of	measurements	
	

Measurements	were	performed	using	Woollam	M-2000on	ellipsometer	(Fig.	3.1,	
details	 in	 Chapter	 2.1).	 In	 direct	 configuration,	 weakly	 focused	 beam	 of	 ellipsometer	
illuminated	sample	through	the	cover	glass,	which	restricted	the	solution	inside	the	flow	
cell	 and	 prevented	 system	 from	 leaking.	 Then,	 the	 beam	passed	 through	 the	 solution,	
reflected	 from	 the	 sample	 and	 reached	 the	 detector	 via	 similar	 optical	 path.	 For	 ATR	
configuration,	the	bottom	side	of	the	sample	was	mounted	to	the	ground	slope	of	a	glass	
regular	prism	via	optical	immersion	oil,	this	matched	RI	of	glass.	A	gap	for	liquid	flow	was	
provided	with	rubber	O-ring,	fixed	between	the	sample	from	one	side	and	a	fixed	cover	
glass	from	the	other.	Weakly	focused	light	beam	of	the	source	refracted	on	one	slope	of	
the	prism,	crossed	prism	insides,	passed	through	the	tiny	layer	of	immersion	oil	and	the	
sample	substrate	cover	slip	and	then	finally,	reflected	from	the	nanoarray.	Incident	and	
reflection	 beam	 paths	 were	 adjusted	 to	 be	 symmetrical	 with	 respect	 to	 the	 prism	
orientation.	 Device	 analyzed	 intensities	 of	 differently	 polarized	 light	 and	 phase	 shift	
between	them.	Reflection	spectra	dependency	from	angle	of	illumination	were	recorded.	
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Data	repeatability	showed	negligible	variation	of	peak	spectral	position	for	each	analyzed	
mixture,	compared	to	system	spectral	resolution.		

3.2.3	Sensitivity	assessment	
	

In	these	experiments,	the	sensitivity	of	plasmonic	metamaterial	transducers	was	
evaluated	 by	 using	 a	 model,	 which	 simulated	 changes	 of	 bulk	 refractive	 index	 of	 the	
aqueous	medium	contacting	nanoparticle	arrays,	similarly	to	how	it	was	done	in	previous	
studies9,46,81.	A	set	of	ethanol-water	mixtures	of	different	concentrations	were	prepared	
for	evaluation	of	sample	sensing	capabilities.	Ethanol	has	excellent	solubility	in	water	and	
does	 not	 affect	 the	 quality	 of	 glass-supported	 nanoparticle	 arrays.	 Since	 ethanol	 has	
slightly	higher	refractive	index	compared	to	water	(1.3614	compared	to	1.333	for	589	nm	
wavelength	at	room	temperature),	its	progressive	addition	to	aqueous	solutions	provides	
nearly	linear	increase	of	refractive	index	of	the	liquid.	The	mixtures	were	pumped	though	
the	liquid	flow	cell,	as	shown	in	Fig.	3.1.		

3.2.4	Applicability	for	biosensing	
	

To	 assess	 the	 applicability	 of	 plasmonic	metamaterial	 structures	 to	 biosensing,	
another	well-calibrated	protocol	based	on	 the	Streptavidin-Biotin	affinity	model24	was	
used.	Glass	slides	with	gold	nanoparticle	arrays	were	incubated	for	24	hours	in	1	mM	of	

Fig.	3.1	Schematic	representation	of	 ellipsometer-based	experimental	 setup	 for	optical	
transduction	sensing.	
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3:1	 ethanolic	 solution	of	1-octanethiol	 (1-OT)	 and	11	–	Mercaptoundecanoic	 acid	 (11-
MUA)	 purchased	 from	 Sigma-Aldrich	 leading	 to	 the	 formation	 of	 a	 self-assembling	
monolayer	with	 10%	 surface	 coverage	 of	 carboxylate	 binding	 sites24.	 Since	 the	 active	
surface	of	each	nanodot	was	equal	to	~104	nm2	such	a	procedure	led	to	2,000	active	sites	
per	nanodot.	After	incubation,	the	nanodots	were	rinsed	with	ethanol	and	dried	in	flowing	
nitrogen.	Then,	1	mM	biotin	(Sigma-Aldrich)	in	10	mM	Phosphate-Buffered	Saline	(PBS)	
solution	was	linked	to	surface	carboxyl	groups	using	1-ethyl-3-[3-dimethylaminopropyl]	
carbodiimide	hydrochloride	 (EDC)	 coupling	over	a	3-hour	period.	Taking	 into	account	
~1-5%	efficiency	of	EDC	coupling24,	up	to	20-100	biotin	molecules	attach	to	each	nanodot.	
Finally,	 the	 biotin-covered	 nanodots	 were	 exposed	 to	 10pM	 Streptavidin	 (SA,	 Sigma-
Aldrich)	solutions	in	10mM	PBS	for	3	hours.	Samples	were	finally	rinsed	with	10	mM	PBS	
and	water	to	remove	all	unspecifically	bound	molecules.		

	

3.3	Conditions	of	excitation	and	properties	of	
PSLR	in	direct	and	ATR	geometries	
	

Under	 normal	 light	 illumination	 PSLR	 can	 be	 normally	 excited	 only	 under	
symmetric	 environment	 surrounding	 nanoparticle	 metamaterial	 arrays64,	 which	
prevents	 the	 implementation	of	biosensing	schemes	as	 the	substrate	and	tested	media	
typically	have	essentially	different	RI	(nsub	~	1.5	compared	to	nwat	=	1.33	and	nair	=	1).		

However,	this	problem	can	be	solved,	e.g.,	by	employing	oblique	light	incidence8,45.	
In	this	case,	PSLR	can	be	efficiently	excited	even	under	asymmetry	of	optical	environment,	
but	 they	split	 into	 two	modes	corresponding	 to	 the	coupling	of	 localized	plasmons	via	
diffracted	waves	propagating	in	the	tested	medium	or	the	substrate	(Fig.	3.2a).	The	reason	
of	 this	 splitting	 is	 the	 following:	 for	 any	 regular	 nanoparticle	 array,	 diffracted	 beam	
disappears	when	it	crosses	the	boundary	between	ambient	medium	(air	or	water)	and	the	
substrate	due	to	the	impossibility	of	transition	between	media	having	essentially	different	
light	dispersion.	As	a	result,	the	diffracted	beam	is	cut-off	at	Rayleigh	cut-off	wavelength	
(diffraction	edge).	In	the	case	when	a	medium/substrate	interface	is	present,	there	should	
be	two	cut-off	wavelengths.	One	of	them	corresponds	to	the	disappearance	of	the	medium	
diffraction	 modes	 (when	 the	 diffraction	 wave	 crosses	 the	 sample	 boundary	 from	
air/water	 to	 the	 substrate)	 and	 other	 one	 is	 related	 to	 crossing	 the	 boundary	 in	 the	
opposite	direction.	Such	two	Rayleigh	cut-off	wavelengths	for	air/substrate	interface	can	
be	presented	as	follows8:		

	
																																							𝜆™7N´ = 𝑎/𝑚 𝑛7N´ ± 𝑠𝑖𝑛𝜃 ,		𝜆™ã≠Æ = 𝑎/𝑚 𝑛ã≠Æ ± 𝑠𝑖𝑛𝜃 																				(3.1)	
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Fig.	3.2	(a)	Schematics	of	excitation	of	diffractively	coupled	plasmonic	surface	lattice	resonances	
over	a	metal	nanoparticle	array.	When	metal	nanoparticles	are	arranged	in	a	periodic	 lattice,	
they	 may	 scatter	 light	 to	 produce	 diffracted	 waves.	 If	 one	 of	 the	 diffracted	 waves	 then	
propagates	in	the	plane	of	the	array,	it	may	couple	localized	plasmon	resonances	associated	with	
individual	nanoparticles	leading	to	the	generation	of	PSLR	with	a	very	narrow	lineshape.	In	the	
presence	of	a	 substrate,	 this	phenomenon	 takes	place	 at	Rayleigh	cut-off	 frequencies	 for	 the	
medium	 (𝜆™7N´or	𝜆™Ø78)	 and	 substrate	 (𝜆™ã≠Æ);	Typical	 Scanning	Electron	Microscopy	 images	of	
single	(b)	and	double	(c)	nanoparticle	arrays	used	for	the	excitation	of	PSLRs.	
	
	



	
	
	

45	

where	 a	 is	 a	 period	 of	 the	 structure,	m	 is	 integer,	 θ	 is	 the	 angle	 of	 incidence,	 nsub	 is	
substrate	RI.	Similarly,	for	water/substrate	interface	Rayleigh	cut-off	wavelengths	will	be:	

																																					
			𝜆™Ø78 = 𝑎/𝑚 𝑛Ø78 ± 𝑠𝑖𝑛𝜃 ,		𝜆™ã≠Æ = 𝑎/𝑚 𝑛ã≠Æ ± 𝑠𝑖𝑛𝜃 																		(3.2)	

	
The	effect	of	splitting	of	resonances	can	be	easily	seen	in	experiments.	Fig.	3.3	presents	
spectral	dependencies	of	ellipsometric	parameters	Ψ	and	Δ	for	light	reflected	from	a	320-
nm	period	metamaterial	arrays:	an	array	of	single	163	nm	(Fig.	3.3	a,	d)	and	an	array	of	
double	134-nm	(Fig.	3.3	b,	e)	gold	particles	having	~50	nm	separation,	contacting	with	air	
and	water	media,	respectively.	As	shown	in	the	Fig.	3.3,	the	resonances	are	indeed	split	
into	 distinct	 medium-	 and	 substrate-related	 modes	 indicated	 as	 PSLRair/PSLRwat	 and	
PSLRsub,	respectively,	and	they	correlate	with	Rayleigh	cut-off	wavelengths	𝜆™7N´/	𝜆™Ø78	and	
𝜆™ã≠Æ ,	which	are	indicated	as	vertical	yellow	lines	on	the	spectra.	It	should	be	noted	that	
for	 single	 nanoparticle	 arrays	 diffractively	 coupled	 PSLRs	 match	 Rayleigh	 cut-off	
wavelengths	(Fig.	3.3	a,	d),	while	for	double	nanoparticle	arrays	the	position	of	PSLRs	can	
remarkably	shift	from	these	wavelengths	(Fig.	3.3	b,	e)	due	to	near-field	coupling	in	the	
nanoparticle	dimer	structure.	PSLR	typically	appear	in	reflection	as	narrow	Fano-shape	
dips	over	a	positive	background	spectrum8,45,82,	presenting	the	combination	of	reflected	
and	 scattered	 light	 from	 glass-supported	 nanoparticle	 array	 system.	 However,	 when	
measured	by	ellipsometry	and	presented	as	a	function	of	ellipsometric	reflection	Ψ,	which	

describes	a	ratio	of	amplitudes	of	p-	and	s-	components	upon	reflection	tan𝛹 = 	 ™_
™û
,	the	

resonances	can	appear	as	both	minima	(PSLRair	for	single	and	double	nanoparticle	arrays,	
(Fig.	3.3	a,	b)	and	maxima	(PSLRwat	for	double	nanoparticle	arrays,	Fig.	3.3e;	PSLRsub	for	
single	and	double	nanoparticle	arrays,	Fig.	3.3	a,	e).	It	is	obvious	that	negative	or	positive	
polarity	of	PSLRs	in	Ψ(λ)	spectrum	is	determined	whether	resonant	dips	take	place	for	p-	
or	 s-polarized	 component	 of	 light,	 respectively,	 or	whether	 the	 substrate	 reflection	 is	
added	to	or	subtracted	from	the	reflection	produced	by	the	array.		In	general,	the	width	
and	shape	of	PSLR	critically	depend	on	a	variety	of	factors,	including	nanoparticle	size,	
geometry	 of	 the	 unit	 cell	 (single	 or	 double	 particles),	 and	 refractive	 index	 of	 the	
environment.	In	addition,	the	emergence	of	different	modes	and	their	intensity	strongly	
depend	 on	 the	 angle	 of	 light	 incidence.	 Here,	 different	 structures	 appear	 to	 provide	
optimal	resonance	characteristics	under	different	conditions.	As	an	example,	the	single	
163-nm	particle	array	provides	a	very	distinct	medium-related	mode	under	its	contact	
with	air	medium	(Fig.	3.3a),	while	the	same	mode	is	almost	absent	in	the	case	of	its	contact	
with	 water	 ambience	 (Fig.	 3.3d).	 The	 substrate-related	 mode	 for	 this	 sample	
demonstrates	the	opposite	tendency,	as	it	appears	to	be	much	more	pronounced	in	the	
case	of	water	medium.	As	another	example,	the	double	134-nm	particle	array	provides	
much	more	pronounced	medium-related	mode	under	its	contact	with	water	medium	(Fig.	
3.3	b,	 e),	while	 the	 substrate-related	mode	 shows	 the	opposite	 tendency.	As	 shown	 in	
figure	insets	presenting	some	resonances	at	a	magnified	scale,	the	width	of	PSLR	is	also	
strongly	dependent	on	array	parameters	and	range	from	a	few	nm	FWHM	to	20-25	nm	
FWHM.	In	all	cases,	the	implementation	of	ultra-narrow	and	high	quality	resonances		
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Fig.	3.3	Spectral	dependencies	of	ellipsometric	reflectivity	Ψ	(solid)	and	phase	Δ	(dashed)	for	a	
320-nm	period	arrays	of	glass-supported	gold	nanoparticles	contacting	with	air	((a)	and	(b))	and	
water	((d)	and	(e))	media	under	different	angles	of	their	illumination	in	direct	geometry:	(a)	and	
(d)	for	single	163-nm	particle	array;	(b)	and	(e)	for	double	134	nm	particle	array	with	the	distance	
between	 the	 nanoparticles	 50	 nm.	 Vertical	 yellow	 lines	 show	 positions	 of	 Rayleigh	 cut-off	
wavelengths	associated	with	diffraction	edges	for	air,	water	and	substrate	media	(𝜆™7N´, 𝜆™Ø78V´	and	
𝜆™ã≠Æ ,	 respectively).	 The	 insets	 show	 some	 resonances	 at	 magnified	 scale.	 Dispersion	 curves	
describing	conditions	for	the	generation	of	resonances	(combinations	of	the	resonance	angle	of	
incidence	 and	wavelength)	 constructed	 on	 the	 basis	 of	 experimental	 data	 for	 air-,	 water-	 and	
substrate-related	modes	PSLRair	((c),	solid),	PSLRwat	((f),	solid)	and	PSLRsub	((a)	and	(f),	dashed).		
	

(d) 

(e) 

(f) 
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requires	the	optimization	of	array	structures	and	their	adaptation	for	concrete	biosensing	
architectures	and	environments	(air,	water).	Fig.	3.3	(c,	f)	show	optical	energy	dispersion	
E(kx),	 which	 is	 constructed	 on	 the	 basis	 of	 experimental	 data	 (combinations	 of	 the	
resonance	 angle	 of	 incidence	 and	 wavelength).	 In	 fact,	 such	 dispersion	 summarizes	
conditions	of	excitation	of	medium	and	substrate	modes	in	direct	geometry	for	air	and	
water	environments,	respectively.	One	can	find	that	the	dispersion	curves	E(kx)	for	both	
medium	 (PSLRair,	 PSLRwat)	 and	 substrate	 (PSLRsub)	 modes	 have	 a	 characteristic	
descending	 course,	 which	 is	 related	 to	 a	 delocalized	 nature	 of	 diffractively	 coupled	
plasmon	surface	lattice	resonances83–86.		

One	 of	 critically	 important	 characteristics	 of	 resonant	 phenomena	 is	 related	 to	
light	 intensity	 in	 the	 very	minimum	of	 the	 resonance	 (light	 darkness).	 If	 the	 intensity	
approaches	to	zero,	it	can	lead	to	singularities	of	phase	of	reflected	light41,	which	can	be	
used	to	strongly	improve	the	sensitivity	of	plasmonic	biosensing39,40,46.	As	follows	from	
Fig.	3.3,	all	PSLRs	are	accompanied	by	phase	jumps,	shown	by	dashed	curves,	in	the	very	
minima/maxima	of	 the	resonance.	For	example,	 the	generation	of	air	mode	PSLRair	 for	
single	163	nm	particle	array	(Fig.	3.3a)	and	water	mode	PSLRwat	for	double	134	nm		
particle	array	(Fig.	3.3b),	manifested	as	a	dip	and	peak	in	Ψ(λ)	dependence,	respectively,	
is	 accompanied	 by	 extremely	 sharp	 phase	 jumps	 at	 the	 resonance	 points	with	 a	 total	
phase	variation	around	180	degrees.	One	 can	note	 that	 the	generation	of	 sharp	phase	
jumps	at	resonant	peaks	and	not	dips	does	not	contradict	to	the	previous	explanations	of	
phase	 topological	 properties9,41.	 Indeed,	 the	 appearance	 of	 PSLR	 as	 peaks	 in	 spectral	
dependence	for	Ψ(λ)	is	explained	by	a	particular	way	of	presentation	of	ellipsometric	data,	
as	 reflectivity	 of	 s-polarized	 component	 finds	 itself	 in	 the	 equation	 denominator.	 In	
normal	reflection,	this	resonance	should	obviously	appear	as	a	minimum	for	s-polarized	
component.		

The	experiments	showed	that	all	phenomena	related	to	the	excitation	of	PSLR	over	
essentially	asymmetric	substrate	medium	interface	can	be	efficiently	reproduced	in	ATR	
geometry	implying	the	illumination	of	the	nanoparticle	arrays	from	the	glass	substrate	
side.	 Furthermore,	 characteristics	of	 such	PSLR	 can	be	 advantageous	 compared	 to	 the	
direct	geometry.	Fig.	3.4	show	the	excitation	of	PSLR	 in	ATR	geometry	using	 the	same	
arrays:	single	163	nm	particle	array	(Fig.	3.4	a,	d)	and	double	134	nm	particle	array	(Fig.	
3.4	b,	e)	under	their	contact	with	air	and	water	environments,	respectively.	Here,	similarly	
to	 direct	 geometry,	 one	 can	 observe	 ultra-narrow	 PSLR	 modes	 near	 Rayleigh	 cut-off	
wavelengths,	while	the	resonances	equally	appear	as	minima	(e.g.,	PSLRair	and	PSLRwat	for	
single	163	nm	particle	and	double	134	nm	particle	arrays)	or	maxima	(PSLRsub	for	the	163	
nm	 particle	 array	 contacting	 air,	 and	 PSLRsub	 for	 the	 double	 134	 nm	 particle	 array	
contacting	 water).	 As	 in	 the	 case	 of	 direct	 geometry,	 PSLRs	 are	 generated	 exactly	 at	
Rayleigh	cut-off	wavelengths	for	single	nanoparticle	arrays	(Fig.	3.4	a,	d),	while	for	double	
nanoparticle	arrays	the	position	of	PSLR	can	be	much	shifted	(Fig.	3.4e).	The	width	and	
quality	of	resonances	also	critically	depends	on	nanoparticle	size,	geometry	of	unit	cell	
(single	or	double	particles),	refractive	index	of	the	environment.	As	an	example,	the	array		
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Fig.	3.4	Spectral	dependencies	of	ellipsometric	reflectivity	Ψ	(solid)	and	phase	Δ	(dashed)	for	a	320-nm	
period	arrays	of	glass-supported	gold	nanoparticles	contacting	with	air	((a)	and	(b))	and	water	((d)	and	
(e))	media	 under	 different	 angles	 of	 their	 illumination	 in	 ATR	 geometry:	 (a)	 and	 (d)	 for	 single	 163-nm	
particle	array;	(b)	and	(e)	for	double	134	nm	particle	array.	Vertical	yellow	lines	show	positions	of	Rayleigh	
cut-off	wavelengths	associated	with	diffraction	edges	for	air,	water	and	substrate	media	(𝜆™7N´, 𝜆™Ø78V´ 	and	
𝜆™ã≠Æ ,	 respectively).	 The	 insets	 show	 some	 resonances	 at	 magnified	 scale.	 Dispersion	 curves	 describing	
conditions	for	the	generation	of	constructed	on	the	basis	of	experimental	data	for	air-,	water-	and	substrate-
related	modes	PSLRair	((c),	solid),	PSLRwat	((f),	solid)	and	PSLRsub	((a)	and	(f),	dashed).	
	

(d) 

(e) 

(f) 
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of	 single	163-nm	particles	demonstrates	 a	prominent	medium	related	mode	under	 its	
contact	with	air	(Fig.	3.4a),	while	this	resonance	is	very	weak	under	the	contact	of	this	
structure	with	water	ambience	(Fig.	3.4d).	Based	on	statistics	of	PSLR	excitation	in	ATR	
geometry	 using	 various	 samples,	 one	 can	 conclude	 that	 single	 nanoparticle	 arrays	
demonstrate	much	 better	medium	 resonances	 under	 their	 contact	with	 air	 ambience,	
while	double	nanoparticle	arrays	can	provide	high	quality	medium-related	resonances	for	
both	air	and	water	ambiences.	As	shown	in	insets	to	Fig.	3.4,	the	widths	of	PSLR	in	the	
ATR	geometry	are	in	average	smaller	compared	with	this	parameter	in	direct	geometry	
and	can	range	from	a	few	nm	to	15-20	nm	FWHM.	Similarly,	to	the	case	of	direct	geometry,	
the	generation	of	PSLRs	 is	accompanied	by	sharp	phase	 features	and	 the	sharpness	of	
phase	jump	is	determined	by	the	depth	of	resonances.	As	an	example,	very	sharp	phase	
features	with	 total	phase	variation	close	 to	180	Deg.	are	observed	 for	medium	related	
mode	PSLRair	using	single	163	nm	particle	array	(inset	of	Fig.	3.4a)	and	for	PSLRair,	PSLRwat	
using	double	134	nm	particle	arrays	(insets	of	Fig.	2.5b,	Fig.	2.5e).	As	shown	in	Fig.	2.5	(c,	
f)	 optical	 dispersion	 E(kx)	 curves	 for	 medium	 (PSLRair	 and	 PSLRwat)	 and	 substrate	
(PSLRsub)	modes	demonstrate	 the	 same	descending	 trend	as	 it	was	observed	 in	direct	
geometry.	 It	 should	 be	 noted	 that	 arrays	 of	 single	 190-nm	particles	 reveal	 a	 negative	
dispersion	for	PSLRair	mode,	which	could	be	related	to	too	large	size	of	gold	nanoparticles	
and	possible	involvement	of	complex	plasmon	modes	(e.g.,	quadrupole	ones).		

Thus,	ATR	geometry	makes	possible	 the	 excitation	of	ultra-narrow	diffractively	
coupled	 plasmonic	 surface	 lattice	 resonances	 over	 arrays	 of	 gold	 nanodots	 contacting	
both	air	and	water	ambiences,	while	characteristics	of	these	resonances	can	be	optimized	
by	a	proper	selection	of	array	parameters.	The	analysis	shows	that	PSLR	excited	under	
ATR	can	be	even	narrower	than	relevant	resonances	under	direct	geometry.		

3.4	Sensitivity	of	PSLRs	to	local	environment	
	

Ultimate	 biosensing	 experiment	 implies	 the	 functionalization	 of	 the	 plasmonic	
nanoparticles	and	immobilization	of	a	sensor	recognition	element	on	them24,25,87.	A	target	
analyte	(affinity	partner)	comes	from	aqueous	ambience	and	is	supposed	to	bind	to	the	
recognition	element	leading	to	an	increase	of	refractive	index	of	a	thin	layer	around	the	
nanoparticles,	while	a	relevant	change	of	conditions	of	PSLR	excitation	(spectral,	phase)	
enables	one	to	monitor	the	RI	increase	caused	by	the	biological	interaction.	In	this	case,	
the	resulting	response	of	biosensor	system	is	determined	by	both	optical	sensitivity	of	the	
plasmonic	transducer	to	RI	variations	and	the	efficiency	of	the	recognition	element.	Since	
the	main	objective	of	this	work	is	related	to	the	development	of	optical	transducer	based	
on	PSLR,	a	physical	model	is	used	to	simulate	RI	changes	in	order	to	simplify	the	analysis	
and	 avoid	 artificial	 facts	 related	 to	 the	 performance	 of	 the	 recognition	 element.	 To	
simulate	the	increase	of	RI	of	water	ambience,	aqueous	solutions	of	ethanol	of	different	
concentrations	were	pumped	through	a	flow	cell	by	a	peristaltic	pump	and	brought	into	
contact	with	 the	nanoparticle	arrays,	while	PSLR	were	excited	 in	both	direct	 and	ATR	
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geometries.	A	block	containing	the	metamaterial	slide	with	nanoparticle	arrays	and	the	
flow	cell	was	put	onto	the	ellipsometer	platform	and	examined.		

Figure	3.5a	shows	spectral	shifts	of	resonances	due	to	changes	of	refractive	index	
of	the	aqueous	medium	caused	by	the	addition	of	different	concentration	of	ethanol	to	
water	 for	 an	 array	 of	 single	 190-nm	 nanoparticles.	 The	 refractive	 index	 (RI)	 of	 the	
medium	increases	with	the	ethanol	addition	leading	to	a	nearly	linear	red	shift	of	PSLR.		
However,	 sensitivities	 of	 medium	 and	 substrate-related	 modes	 appear	 to	 be	 quite	
different.	Here,	the	slope	of	the	linear	dependence	for	the	medium	mode	PSLRwat	shows	
the	sensitivity	of	357	nm/RIU,	while	the	sensitivity	of	substrate	mode	is	much	lower	(206	
nm/RIU).		Statistical	analysis	of	sensitivities	of	medium	and	substrate	modes	for	various	
samples	 shows	 that	 this	 parameter	 does	 not	 depend	 whether	 single	 or	 double	
nanoparticle	arrays	are	used	and	is	in	the	range	of	310-360	nm/RIU	and	190-200	nm/RIU	
for	PSLRwat	and	PSLRsub,	respectively.	In	general,	sensitivity	of	medium	modes	PSLRwat	for	
different	samples	strongly	correlates	with	the	period	of	structures	(320	nm),	similarly	to	
other	transducers	based	on	diffraction	phenomena	such	as	it	was	observed	for	surface	
plasmon	polaritons	over	nanohole	 thin	 film	arrays31,	while	 sensitivity	of	 the	 substrate	
mode	PSLRwat	does	not	show	any	correlation	with	the	array	period	and	is	much	lower.			

A	 more	 complicated	 situation	 takes	 place	 for	 sensitivities	 of	 medium	 and	
substrates	modes	 in	ATR	geometry.	Here,	 the	value	of	sensitivity	of	 the	medium	mode	
starts	 to	 depend	whether	 its	 excitation	 takes	 place	 below	 or	 above	 the	 angle	 of	 total	
internal	reflection	(TIR)	for	glass/water	 interface	(~	63°	Deg.)	Indeed,	as	follows	from	
Fig.	3.5b,	sensitivity	of	PSLRwat	below	the	TIR	angle	(~46°	Deg.)	is	also	of	the	order	of	the	
period	of	the	structure	(305	nm/RIU	for	double	134	nm	particle	arrays),	while	for	angles	
of	incidence	above	TIR	(73°	Deg.)	this	parameter	can	exceed	400	nm/RIU.	Note	that	such	
a	difference	of	sensitivities	was	recorded	for	a	largely	dominating	majority	of	samples	of	
single	and	double	nanodot	arrays,	independently	of	the	geometry	of	the	unit	cell.	Here,	
the	samples	typically	demonstrate	sensitivity	in	the	range	of	300-340	nm/RIU	below	the	
TIR	angle	and	improved	sensitivity	of	400-420	nm/RIU	above	the	TIR	angle.	On	the	other	
hand,	as	follows	from	Fig.	3.5b,	substrate-related	mode	appears	to	be	weakly	sensitive	to	
variations	of	RI	 (50-55	nm/RIU)	 independently	 of	 angle	of	 incidence	 (below	or	 above	
TIR).					

Even	when	sensitivities	of	PSLR	modes	can	be	obtained	within	diffraction	theory38,	
a	 detailed	 consideration	 of	 the	 phenomenon	 should	 take	 into	 account	 not	 only	 the	
dependence	of	diffraction	edge	position	on	RI	of	the	environment,	but	also	accompanying	
effects	such	as	a	certain	mismatch	of	actual	PSLR	positions	with	that	of	the	Rayleigh	cut-
off	wavelengths	and	evanescent	near-fields	in	the	case	of	ATR	geometry.	However,	in	the	
first	approximation,	this	sensitivity	should	correlate	with	the	sensitivity	of	the	diffraction	
edge.	The	position	of	this	Rayleigh	cut-off	wavelength	for	water	and	substrate	modes	in	
direct	geometry	can	be	derived	as	follows:	
	

±𝜆™_≤N´≥78 = 𝑎𝑛≥78 𝑠𝑖𝑛𝜃 ± 1 		 	 	 	(3.3a)	
±𝜆™_≤N´¥≠Æ = 𝑎 𝑛Ø78𝑠𝑖𝑛𝜃 ± 𝑛ã≠Æ 	 	 	 	(3.3b)	
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In	 direct	 geometry,	 sensitivities	 of	 medium	 PSLRwat	 and	 substrate	 PSLRsub	 modes	 to	
variations	of	refractive	index	of	the	aqueous	medium	can	be	expressed	as	follows:		
	

𝑆ÅN´(𝑃𝑆𝐿𝑅Ø78) =
¶π∫_ªºΩ
æß£

¶m
=		 ¶

¶m
[𝑎𝑛 𝑠𝑖𝑛𝜃 ± 1 ]=	𝑎 𝑠𝑖𝑛𝜃 ± 1 + øãNmq

øm
	 (3.4a)	

𝑆ÅN´(𝑃𝑆𝐿𝑅ã≠Æ) =
¶π∫_ªºΩ
¿¡¬

¶m
=		 ¶

¶m
[𝑎(𝑛𝑠𝑖𝑛𝜃 ± 𝑛ã≠Æ)]=	𝑎 𝑠𝑖𝑛𝜃 + 𝑛 øãNmq

øm
	 (3.4b)	

	
where	n	is	refractive	index	of	ethanol/water	mixture.	Since	the	angle	of	light	incidence	at	
water/substrate	interface	θ	can	be	derived	through	the	angle	of	light	incidence	a	at	the	
air/water	 interface	 (this	 interface	 is	 located	 at	 the	 flow	 cell	 entrance	window)	by	 the	
Snell’s	law	nair×sina=	n×sinq,	two	latter	equations	can	be	rewritten	as:	

	
𝑆ÅN´(𝑃𝑆𝐿𝑅Ø78) = 𝑎 𝑠𝑖𝑛𝜃 ± 1 − m	mßºΩãNma

m4
= 𝑎 𝑠𝑖𝑛𝜃 ± 1 − 𝑠𝑖𝑛𝜃 = ±𝑎	 (3.5a)	

𝑆ÅN´(𝑃𝑆𝐿𝑅ã≠Æ) = 𝑎 𝑠𝑖𝑛𝜃 − m	mßºΩãNma
m4

= 𝑎 𝑠𝑖𝑛𝜃 − 𝑠𝑖𝑛𝜃 = 0	 	 (3.5b)	
	
Thus,	according	to	simplified	diffraction	theory,	sensitivity	of	the	medium	mode	(PSLRwat)	
to	RI	in	direct	geometry	is	supposed	to	be	of	the	order	of	the	period	of	the	structure	(a	
nm/RIU),	while	the	substrate	mode	should	be	insensitive	to	RI	variations.		
Similarly,	sensitivities	of	medium	PSLRwat	and	substrate	PSLRsub	modes	in	ATR	geometry	
are	mainly	determined	by	positions	of	corresponding	Rayleigh	cut-off	wavelength:	
	

±𝜆™_√ƒ™≥78 = 𝑎(𝑛ã≠Æ𝑠𝑖𝑛𝜃 ± 𝑛≥78)		 	 	 (3.6a)	
	

±𝜆™_√ƒ™¥≠Æ = 𝑎𝑛ã≠Æ(𝑠𝑖𝑛𝜃 ± 1)		 	 	 (3.6b)	
	

Therefore,	these	sensitivities	can	be	expressed	as	follows:		
	

𝑆√ƒ™(𝑃𝑆𝐿𝑅Ø78) =
¶π∫_≈∆∫
æß£

¶m
=		 ¶

¶m
𝑎 𝑛ã≠Æ𝑠𝑖𝑛𝜃 ± 𝑛 = ±𝑎	 	 (3.7a)	

𝑆√ƒ™(𝑃𝑆𝐿𝑅ã≠Æ) =
¶π∫_≈∆∫
¿¡¬

¶m
=		 ¶

¶m
[𝑎𝑛ã≠Æ(𝑠𝑖𝑛𝜃 ± 1)]	=	0	 	 (3.7b)	

	
Here,	again,	the	sensitivity	of	the	medium	mode	(PSLRwat)	in	ATR	appears	to	be	linked	to	
the	period	of	the	structure	(a	nm/RIU),	while	the	substrate	mode	should	be	insensitive	to	
these	variations.		

Experimental	assessment	of	sensitivity	of	PSLRwat	mode	in	direct	geometry	(Fig.	
3.5a)	 and	 ATR	 geometry	 with	 incidence	 below	 TIR	 angle	 (Fig.	 3.5b)	 confirm	 these	
theoretical	predictions,	as	these	sensitivities	are	in	the	range	of	310-360	nm/RIU	and	340-
340	nm/RIU,	respectively.	However,	a	higher	sensitivity	of	this	mode	in	ATR	geometry	
(400-420	nm/RIU)	under	angles	exceeding	the	TIR	angle	is	a	pleasant	surprise	taking	into	
account	 the	 fact	 that	 this	 sensitivity	 does	 not	 originate	 from	 diffraction	 theory	



	
	
	

52	

considerations.	Results	 show	 that	 this	 effect	 is	probably	 related	 to	 the	 involvement	of	
evanescent	 wave	 under	 TIR,	 which	 can	 additionally	 react	 on	 RI	 variations.	 Another	
interesting	 issue	 is	 related	 to	 the	 observation	 of	 the	 dependence	 of	 substrate	 related	
modes	PSLRsub	on	RIU	variations	for	direct	and	ATR	geometries	(190-200	nm/RIU	and	
50-55	 nm/RIU,	 respectively)	 as	 shown	 in	 the	 Fig.	 3.5,	 although	 the	 diffraction	 theory	
cannot	predict	these	dependencies.		It	is	believed	that	such	a	discrepancy	of	experiment	
and	 theory	 is	 related	 to	 too	 simplified	model	 used	 in	 calculations.	 In	 this	 model,	 the	
sensitivity	of	the	diffraction	edge	is	considered,	which	is	not	far	from	actual	resonances	
for	oblique	angles,	but	still	does	not	match	them.	Nevertheless,	even	if	the	deviation	from	
Rayleigh	wavelength	is	small,	it	changes	fast	with	n,	angle,	etc,	as	the	observed	PSLR	are	
very	dispersive	(Fig.	3.3	c,	 f;	Fig.	3.4	c,	 f),	providing	non-zero	sensitivities	for	substrate	
modes.	 In	 addition,	 the	 proposed	 theory	 does	 not	 take	 into	 account	 the	 excitation	 of	
evanescent	wave	under	illumination	of	arrays	at	angles	larger	than	63°	Deg.	using	ATR	
geometry,	which	can	explain	unexpectedly	high	sensitivity	of	medium	mode	under	these	
conditions	(Fig.	3.5b).		

Let	us	now	consider	phase	sensitivity	of	plasmonic	surface	lattice	resonances.	It	
should	 be	 noted	 that	 this	 parameter	 does	 not	 directly	 correlate	 with	 the	 spectral	
sensitivity.	Indeed,	as	showed	above,	spectral	sensitivity	of	PSLRwat	is	directly	linked	to	
the	 period	 of	 used	 metamaterial	 arrays	 and	 does	 not	 depend	 on	 width	 of	 depth	 of	
generated	resonances.	On	the	other	hand,	phase	sensitivity	is	independent	of	the	period	
of	the	arrays,	but	is	determined	by	the	sharpness	of	phase	jump,	which	in	turn	is	critically	
dependent	on	the	depth	of	resonances	(“light	darkness”	in	the	resonant	minimum)41.	As	
an	 example,	 one	 can	 expect	 high	 phase	 sensitivity	 for	 double	 134-nm	 particle	 arrays,	
which	 provide	 very	 deep	 resonances	 under	 ATR	 geometry	 leading	 to	 extreme	 phase	
features	(Fig.	3.4	b	and	e,	respectively).		

As	shown	in	Figure	3.5c,	the	replacement	of	80%	solution	of	ethanol	(80%	ethanol	
/	20%	water)	by	pure	ethanol,	corresponding	to	a	change	of	RI	by	4.4	´	10-3	RIU,	leads	to	
a	dramatic	shift	of	phase	curve	(Fig.	3.5c)	and	a	huge	(~205°	Deg.)	change	of	phase	at	the	
optimal	wavelength	of	about	899	nm	(inset	 to	Fig.	3.5c).	Based	on	this	data,	 the	phase	
sensitivity	can	be	now	estimated,	which	appears	to	be	equal	to	5.7	´	104	Deg.	of	phase	per	
RIU.		Taking	into	account	the	level	of	noises	of	phase-sensitive	detection	schemes,	one	can	
then	estimate	the	low	detection	limit	(LOD),	which	characterizes	minimal	variation	of	RI	
detectable	 by	 an	 optical	 transducer.	 It	 is	 clear	 that	 LOD	 should	 be	 very	 high	 for	
ellipsometry,	 as	 commercial	 ellipsometers	 are	 typically	 designed	 for	 optical	
characterization	of	films	and	not	for	sensing	tests,	and	thus	have	a	high	level	of	noises.	
However,	 as	 shown	 in	 a	 recent	 study46,	 resolution	 of	 phase	 measurements	 using	 an	
advanced	 photoacoustic	 modulator-based	 scheme	 of	 phase	 detection	 and	 a	 thermally	
stabilized	flow	cell	system	can	be	better	than	5	´	10-3	Deg.	Under	this	phase	resolution,	
projected	 LOD	 is	 estimated	 to	 be	 lower	 than	 8	 ´	 10-8	 RIU,	 which	 is	 better	 than	 in	
commercial	amplitude-sensitive	SPR	units	by	almost	2	orders	of	power	magnitude20,21.	
Notice	 that	 the	minimal	variation	of	RI	 that	could	be	 introduced	 into	 the	system	using	
calibrated	ethanol-water	mixtures	was	of	the	order	of	4	´	10-3	RIU.		Smaller	variations	of		
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Fig.	3.5	Sensitivity	measurements.	(a)	Direct	geometry:	Spectral	response	of	medium	PSLRwat	(red)	
and	PSLRsub	(blue)	modes	excited	over	single	190	nm	particle	array	(period	320	nm)	to	RI	changes	
conditioned	by	pumping	of	different	ethanol/water	mixtures	through	the	flow	cell;	(b)	ATR	geometry:	
spectral	response	of	medium	PSLRwat	(red)	and	PSLRsub	(blue)	modes	excited	over	double	134	nm	
particle	array	(period	320	nm)	before	 (dashed)	 and	 after	 (solid)	TIR	 to	changes	of	RI.	 (c)	Typical	
spectral	dependences	for	Δ	under	the	change	of	RI	by	4.4	´	10-3	RIU.	The	inset	shows	the	difference	
phase	signal	δΔ	for	phase	curves	indicated	in	the	figure.		
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RI	could	not	be	resolved	due	to	too	high	level	of	noises,	conditioned	by	liquid	pumping	
system	and	flow	cell.	As	shown	in	Fig.	3.5c,	such	a	variation	of	RI	already	exceeded	the	
dynamic	range	of	phase	measurements,	which	inevitably	lowered	the	estimation	of	phase	
sensitivity.	In	a	previous	study45,	phase	sensitivity	of	similar	metamaterial	nanoparticle	
array	was	 assessed	using	 a	 gas	model,	which	made	possible	 the	 introduction	of	much	
smaller	variations	of	RI	of	the	medium	by	employing	a	calibrated	mixture	of	gases	with	
known	difference	of	RI	(Ar	and	N2).	In	this	case,	the	system	was	in	the	optimal	dynamic	
range	for	the	whole	set	of	phase	measurements,	while	the	recorded	sensitivity	exceeded	
106	Deg.	of	phase	shift	per	RIU,	giving	access	to	ultrasensitive	measurements	of	RI	with	
the	detection	limit	lower	than	10-9	RIU.					

Thus,	ultra-narrow	PSLRs	over	ordered	nanodot	array	metamaterials	can	exhibit	
fairly	 good	 sensitivity	 (300-400	 nm/RIU),	 conditioned	 by	 the	 periodicity	 of	 used	
structures	and	extremely	high	phase	sensitivity,	conditioned	by	a	very	low	light	intensity	
in	 the	 resonance	minimum	 (nearly	 complete	 light	 darkness).	 It	 is	 clear	 that	 narrower	
PSLRs	(2-20	nm	FWHM)	compared	to	LSPR	(80-100	nm	FWHM)	and	SPR	(50	nm	FWHM)	
can	be	used	to	improve	the	precision	of	biosensing	tests	using	plasmonic	biosensors.	To	
take	into	account	the	sharpness	of	the	resonance	and	thus	examine	system	efficiency	to	
sensitively	measure	small	wavelength	changes,	one	normally	uses	a	characteristic	“Figure	
of	Merit”	(FOM)	parameter88:	FOM=(Dl/Dn)(1/Dw),	where	Dw	is	the	width	of	resonance	
at	FWHM	and	Dl	is	the	resonance	shift	for	a	Dn	refractive-index	change.	The	essence	of	
FOM	is	straightforward:	it	adequately	quantifies	the	sensing	potential	of	plasmonic	modes	
in	configurations	similar	to	those	used	in	commercial	instruments.	Typical	FOMs	do	not	
exceed	 8	 and	 23	 for	 the	 sensors	 based	 on	 LSPR24,25	 and	 SPR89,	 respectively.	 The	
employment	of	PSLRs	enables	one	to	increase	these	parameters	up	to	10,	100	and	more.	
In	particular,	in	these	experiments	FOM	reached	183.8,	which	is	in	a	good	agreement	with	
the	earlier	works	there	 it	reached	~	200-25045.	As	another	 illustration,	 it	was	recently	
shown90	 that	 PSLRs	 in	 ordered	metamaterial	 arrays	 of	 gold	 nanoparticles	 can	 offer	 a	
sensing	performance	that	is	at	least	an	order	of	magnitude	higher	than	uncoupled	LSPRs	
associated	with	disordered	particle	arrays.	Other	studies	experimentally	demonstrated	a	
high-performance	RI-sensitive	sensor	based	on	PSLR,	while	its	FOM	reached	38	normal	
incidence91.	 However,	 the	 main	 advantage	 offered	 by	 PSLR	 is	 related	 to	 their	 phase	
sensitivity,	which	can	be	extremely	high	(over	106	Deg.	of	phase	shift	per	RIU	change).	In	
general,	the	combination	of	ultrahigh	point	sensitivity	(provided	by	phase	interrogation)	
and	 fairly	 high	 sensitivity	 for	 a	 wider	 dynamic	 range	 of	 measurements	 (provided	 by	
spectral	interrogation)	looks	like	a	very	attractive	basis	for	the	development	of	versatile	
biosensing	platform	based	on	PSLR	for	characterization	of	biomolecular	interactions.		
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3.5	Feasibility	in	biosensing	
	

In	 order	 to	 assess	 the	 applicability	 of	 plasmonic	 metamaterial	 structures	 to	
biosensing,	a	set	of	measurements	was	performed	using	a	well-calibrated	protocol	based	
on	the	Streptavidin-Biotin	affinity	model24.	In	the	experiment,	variations	of	ellipsometric	
parameters	 Ψ	 and	 Δ	 at	 the	 resonant	 minimum	 were	 recorded,	 corresponding	 to	 the	
excitation	 of	 a	 medium-related	 mode	 PSLRwat	 for	 a	 sample	 of	 double	 130-nm	
nanoparticles	(these	conditions	were	achieved	for	the	 light	wavelength	of	710	nm	and	
angle	of	incidence	of	53°).	As	demonstrated	in	Fig.	3.6,	the	attachment	of	SA	led	to	changes	
in	both	reflectivity	Ψ	and	phase	Δ,	which	is	consistent	with	the	reaction	of	metamaterial	
system	to	 the	change	of	RI	of	 the	biological	 layer	contacting	plasmon-supporting	gold.	
Here,	the	signal	came	to	its	saturation	3	minutes	after	the	beginning	of	experiment,	which	
corresponded	to	binding	to	all	the	biotin	sites	by	SA	molecules	(as	shown	in	Methodology	
section,	this	case	corresponds	to	the	attachment	of	20-100	SA	molecules	per	nanodot).	It	
is	important	that	this	process	was	accompanied	by	~25°	change	of	phase	Δ.	Taking	into	
account	 that	 the	 phase	 resolution	 of	 used	 ellipsometer	 was	 about	 0.5	 Deg.,	 we	 can	

(a)	

(b)	 (c)	

Fig.	 3.6	 Assessment	 of	 plasmonic	 metamaterials	 for	 biosensing	 using	 Streptavidin-
Biotin	affinity	model.	(a)	Typical	schematics	of	streptavidin-biotin	binding;	Evolution	of	
Ψ	(b)	and	Δ	(c)	for	medium-related	mode	PSLRwat	excited	over	double	134	nm	particle	
array	with	time	as	SA	molecules	bind	to	functionalized	Au	dots	measured	at	λ	=710	nm	
and	θ=53°.	Inset:	Ψ(λ)	for	the	incidence	angle	of	53°.	
	



	
	
	

56	

estimate	experimental	sensitivity	of	about	1-4	molecules	per	nanodot	or	100	fg/mm2.	As	
was	shown	previously46,	measurements	for	a	thermally	stabilized	system	with	advanced	
phase	detection	can	be	better	than	5	´	10-3	deg.,	which	means	that	in	principle	one	could	
resolve	the	attachment	of	0.004-0.02	SA	molecules	per	nanodot	or	<1	molecule	attached	
per	square	micron	area	of	the	nanostructured	devices	or	1	fg/mm2.	This	detection	limit	is	
2-3	 orders	 of	 power	magnitude	 better	 than	 previously	 achieved	 for	 the	 conventional	
plasmonic	nanosensors	based	on	light	intensity	rather	than	phase	changes24,25.	

	

3.6	Comparison	of	PSLR-based	and	a	conventional	
SPR-based	biosensors	
	

In	 this	 part	 properties	 and	 sensitivities	 of	 two	 different	 plasmonic	 sensing	
configurations	 based	 on	 PSLR	 and	 SPR	 are	 compared43.	 Fig.	 3.7a	 shows	 spectral	
dependences	 for	 Ψ	 and	 Δ	 when	 classical	 Kretschmann-Raether	 prism	 geometry	 of	
plasmon	excitation	over	a	thin	Au	film	is	employed.	Here,	a	high-quality	Au	film	with	the	
thickness	of	50	nm	is	used,	which	is	nearly	optimal	for	the	excitation	of	SPR.	One	can	see	
that	the	SPR	effect	is	efficiently	produced	and	the	width	of	the	resonance	is	about	30	nm	
FWHM.	The	generation	of	 the	resonance	 is	accompanied	by	a	 jump	of	 light	phase	Δ	of	
about	100	Deg.	near	the	very	minimum	of	the	resonant	curve.	In	this	case,	light	intensity	
in	the	minimum	exceeds	8	Deg.	corresponding	to	15%	light	intensity	compared	to	out-of-
resonance	conditions.	Such	a	high	light	intensity	in	the	SPR	minimum	can	be	explained	by	
a	 relatively	 rough	gold	 film	 surface,	 leading	 to	 efficient	 conditions	of	 photon/plasmon	
coupling	for	a	variety	of	wave	numbers	k	of	incident	photons.	The	roughness	of	Au	sensor	
can	 be	 decreased	 by	 the	 employment	 of	 alternative	 graphene-copper86	 or	 graphene-
gold92	architectures	for	plasmon	excitation,	but	these	novel	geometries	require	a	separate	
development	of	sensing	protocols	 for	graphene	surface.	 It	should	be	noted	that	even	a	
rigorous	optimization	of	conditions	of	gold	film	deposition	cannot	dramatically	improve	
the	depth	of	the	resonance	SPR	feature	and	the	reported	values	of	minimal	intensity	in	
the	SPR	minimum	always	exceed	9-10%27.	It	is	obvious	that	relatively	high	intensities	in	
the	 SPR	minimum	 should	 limit	 the	 sharpness	 of	 the	 phase	 jumps	 and	 its	 response	 to	
refractive	index	variations.	The	best	reported	phase	sensitivities	for	SPR	are	of	the	order	
of	(1-9)	´	104	Deg.	of	phase	per	RIU	change27,41.		

Thus,	 Au	 films	 deposited	 on	 a	 substrate	 always	 have	 some	 surface	 roughness,	
which	conditions	a	non-zero	intensity	of	light	in	the	resonance	and	a	related	smoothened	
jump	of	light	phase.	As	was	shown	in	Section	3.3,	this	limitation	on	the	light	darkness	of	
plasmonic	 resonances	 can	be	overcome	by	 the	 employment	of	2D	nanoparticle	 arrays	
enabling	diffractive	coupling	of	LPR.	Fig.	3.7b	shows	an	example	of	PSLR	having	extremely	
narrow	width	and	nearly	zero	intensity	of	reflected	light	in	resonance.	It	 is	also	visible	
that	phase	experiences	Heaviside-like	jump	under	such	a	deep	resonance.	
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Let	 us	 now	 compare	 sensitivities	 of	 SPR	 and	 PSLR.	 Fig.	 3.8a	 shows	 a	 shift	 of	
position	of	SPR	(black)	and	PSLR	(red)	dips	as	a	function	of	the	refractive	index	of	the	
medium,	 as	 conditioned	 by	 different	 concentrations	 of	 glycerin.	 It	 is	 visible	 that	 an	
increase	of	RI	due	to	the	glycerin	addition	leads	to	a	red	shift	of	the	resonance	for	both	
configurations,	while	the	resonant	position	linearly	shifts	under	a	relatively	wide	range	of	
refractive	index	variations	(~0.03	RIU).	The	slope	of	the	linear	dependence	evidences	the	
sensitivity	of	400	nm/RIU	for	PSLR,	which	is	consistent	with	the	results	of	measurements	
described	 in	 Section	 3.4	 and	 sensitivity	 assessments	 using	 nanoperiodic	 plasmonic	

Fig.	 3.7	 Experimentally	 obtained	 spectral	 dependencies	 for	 amplitude	 intensity	 and	
phase	 characteristics	 of	 light	 in	 plasmonic	 resonance	 conditions.	 (a)	 Excitation	 of	
surface	plasmon	polaritons	over	a	50	nm	Au	thin	film	in	Kretschmann-Raether	prism	
geometry	(classic	SPR	configuration).	Finite	film	roughness	limits	minimal	possible	y	
value,	leading	to	a	smoothened	phase	jump	in	extremum	point;	(b)	Diffractively	coupled	
array	of	Au	nanodots	in	direct	illumination	configuration.	Clearly,	PSLR	peak	is	more	
pronounced,	much	narrower	and	minima	 is	close	to	zero,	resulting	 in	a	sharp	phase	
jump	in	resonance	conditions.	

(b) 
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transducers,	including	uncoupled	plasmonic	arrays24,25	(200-300	nm/RIU)	and	nanohole	
arrays31,32	 (300-400	 nm/RIU).	 As	 shown	 in	 Fig.	 3.8a	 thin	 film-based	 SPR	 using	 the	
Kretschmann-Raether	prism	arrangement	provides	almost	an	order	of	magnitude	higher	
spectral	sensitivity	(3600	nm/RIU),	compared	to	PSLR.	This	result	confirms	previously	
discussed	limitation	of	LSPR	related	to	diffractive	coupling	nature	of	localized	plasmons	
as	the	spectral	sensitivity	in	diffractive	phenomena	is	typically	of	the	order	of	structure	
periodicity	Δλ/Δn	~	d38.		

								However,	this	diffraction-related	limitation	is	not	valid	for	phase	sensitivities.	
Indeed,	as	shown	in	Fig.	3.7b,	phase	sensitivity	in	the	case	of	SPR	is	rather	moderate	(2.3	
´	104	Deg.	of	phase	per	RIU),	which	is	explained	by	a	relatively	smoothened	phase	feature	
under	thin	film-based	SPR	(Fig.	3.7a).	On	the	other	hand,	phase	sensitivity	in	the	case	of	
PSLR	can	easily	exceed	105	Deg.	of	phase	per	RIU	(Fig.	3.8b),	which	is	explained	by	a	much	
lower	light	intensity	in	the	minima	of	diffractively	coupled	resonances	(Fig.	3.7b).		

	

3.7	Summary		
	
In	 this	 chapter,	 for	 the	 first	 time	 conditions	 of	 excitation	 and	 properties	 of	

diffractively	coupled	plasmonic	surface	lattice	resonances	over	2D	metamaterial	array	of	
single	and	double	nanoparticles	in	direct	and	ATR	geometries	were	established.	Medium-
related	PSLRair/PSLRwat	and	substrate-related	PSLRsub	plasmonic	modes,	corresponding	
to	 the	 coupling	 of	 individual	 plasmon	 oscillations	 at	 medium-	 and	 substrate-related	
diffraction	cut-off	edges	were	identified.		

It	 was	 shown	 that	 PSLR	 excited	 both	 in	 direct	 and	 ATR	 geometries	 can	 have	
extremely	 small	 width	 (down	 to	 a	 few	 nm	 FWHM).	 Sensitivities	 of	 these	 modes	 to	
variations	of	refractive	index	of	adjacent	sample	dielectric	medium	were	assessed.	The	
determined	 spectral	 sensitivity	 of	 medium-related	 PSLRs	 (300-400	 nm/RIU)	 is	

Fig.	3.8	Experimentally	measured	optical	responses	of	the	(a)	spectral	resonance	peak	
position	and	(b)	phase	shift	to	a	refractive	index	variation	for	conventional	SPR	device	
with	5	nm	Au	thin	film	(black)	and	diffractively	coupled	LSPR	nanodot	array	(red).	
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conditioned	by	nanostructure	periodicity,	while	substrate-related	modes	showed	much	
lower	 sensitivity.	 It	 was	 also	 shown	 that	 PSLRs	 can	 provide	 extremely	 low	 intensity	
(down	to	10-6	Deg.)	in	the	resonance	conditions	(light	darkness),	leading	to	the	generation	
of	 extremely	 sharp	 jump	of	phase	of	 light	 in	 the	very	minimum	of	 the	 resonance.	The	
employment	of	this	jump	can	give	rise	to	very	high	phase	sensitivity.	

Sensitivities	of	PSLR	and	SPR	in	the	Kretschmann-Raether	geometry	were	directly	
compared.	 It	 was	 shown	 that	 despite	 much	 lower	 spectral	 sensitivity	 (400	 nm/RIU	
compared	 to	 3600	 nm/RIU)	 PSLR	 can	 exhibit	 much	 higher	 phase	 sensitivity	 (>105	
Deg./RIU	compared	to	~104	Deg./RIU).	Thus,	despite	a	considerable	handicap	of	PSLR	in	
terms	of	amplitude	sensitivity	compared	to	conventional	SPR,	the	employment	of	phase	
sensitivity	 completely	 compensates	 this	 gap:	phase	 sensitivity	 in	 the	 case	of	PSLR	can	
drastically	 outperform	 the	 relevant	 parameter	 for	 SPR.	 To	 the	 best	 of	my	 knowledge,	
PSLRs	outperform	all	plasmonic	counterparts	in	terms	of	phase	sensitivity.	

Finally,	 the	 feasibility	of	PSLR	 for	biosensing	was	demonstrated	using	 standard	
streptavidin-biotin	 affinity	 model.	 Combining	 advantages	 of	 nanoscale	 architectures,	
including	 drastic	 concentration	 of	 electric	 field,	 possibility	 for	 manipulations	 at	 the	
nanoscale	and	high	phase	and	spectral	sensitivities,	PSLRs	promise	the	advancement	of	
current	state-of-the-art	plasmonic	biosensing	technology	toward	single	molecule	 label-
free	 detection.	 It	 is	 also	 important	 that	 PSLR	 nanosensor	 configurations	 are	 still	
compatible	with	miniaturized,	cost-efficient	plasmonic	biosensing	architectures	such	as	
ones	 based	 on	 integrated	waveguides93,	 Si-based94	 or	 Bragg	 reflector	 coupler-based95	
micro-platforms.		
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Chapter 4  

	
	
	
	
	
	
	
	
	
	

3D	plasmonic	metamaterial	sensor	
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4.1	Introduction	
	

As	it	was	explained	in	Chapter	3,	the	spectral	sensitivity	of	2D	plasmonic	arrays	is	
an	 order	 of	 magnitude	 lower	 compared	 to	 SPR.	 Indeed,	 the	 sensitivity	 of	 uncoupled	
nanoparticle	 array	 is	 typically	 200-500	 nm/RIU25,47,	 while	 the	 sensitivity	 of	 nanohole	
array	is	300-400	nm/RIU31–34.	As	shown	in	Chapter	3,	despite	extremely	high	quality	of	
PSLR	resonances	and	their	high	phase	sensitivity,	spectral	sensitivity	of	PSLR	is	also	of	
the	same	order	300-400	nm/RIU.	The	sensitivity	problem	of	2D	periodic	plasmonic	arrays	
is	related	to	diffractive	nature	of	coupling	light	to	plasmons	and	links	the	sensitivity	to	
structure	periodicity	∆	λ/∆	n	~	d38,	which	is	typically	of	the	order	of	hundreds	of	nm.	

In	 this	 Chapter,	 for	 the	 first	 time	 conditions	 of	 excitation	 of	 plasmons	 in	 3D	
geometry	of	plasmonic	woodpile-based	crystals	are	considered96–98.	It	is	shown	that	such	
a	transition	from	2D	to	3D	nanoarchitectures	can	break	the	diffraction-related	sensitivity	
limitation	of	2D	nanoperiodic	arrays.	Under	these	conditions,	a	novel	plasmon	mode	can	
be	excited,	providing	very	high	sensitivities	in	both	spectral	(>2600	nm/RIU)	and	phase	
(>3	´	104	deg.	of	phase	per	RIU)	interrogations.		

This	work	was	done	in	a	framework	of	MINOS	project	in	a	collaboration	with	group	
of	 Prof.	 M.	 Farsari	 from	 IESL-FORTH,	 Crete.	 FORTH	 was	 responsible	 for	 structure	
fabrication,	 while	 LP3	 provided	 design	 of	 structures	 and	 carried	 out	 optical	
characterisation	 and	 sensitivity	 tests.	 The	 results	 of	 these	 research	were	 published	 in	
papers	[Th-2],	[Th-4]	and	[Th-5].		

4.2	Materials	and	methods	

4.2.1	Materials	
	

	The	 materials	 used	 here	 are	 a	 zirconium-silicon	 organic-inorganic	 hybrid	
materials	 doped	 with	 tertiary	 amine	 moieties.	 Their	 synthesis	 has	 been	 described	
elsewhere99.	 The	main	material	 components	 are	methacryloxypropyl	 trimethoxysilane	
(MAPTMS),	zirconium	propoxide	(ZPO,	70%	in	propanol)	and	2-(dimethylamino)	ethyl	
methacrylate.	(DMAEMA)	is	added	to	act	as	a	quencher,	and	to	provide	the	metal-binding	
moieties.	 Michler’s	 ketone,	 4,4-bis(diethylamino)	 benzophenone	 (BIS)	 is	 used	 as	 a	
photoinitiator.	MAPTMS	is	first	hydrolysed	using	HCl	solution	(0.1	M)	at	a	1:0.1	ratio.	Aſter	
5	minutes,	the	hydrolyzed	MAPTMS	is	slowly	added	to	the	ZPO	at	8:2	molar	ratio.	Aſter	
stirring	 for	15	minutes,	DMAEMA	 is	 added.	The	MAPTMS:DMAEMA	molar	 ratio	 is	7:3.	
Finally,	 the	 photoinitiator,	 at	 a	 1%	w/w	 concentration	 is	 added	 to	 the	mixture.	 After	
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stirring	for	a	further	20	minutes,	the	composite	is	filtered	using	a	0.22	µ	m	syringe	filter.	
The	 samples	 are	 prepared	 by	 drop-casting	 onto	 100	 micron-thick	 silanized	 glass	
substrates,	and	the	resultant	 films	are	dried	 in	an	oven	at	50	°C	for	10	minutes	before	
photopolymerization	by	DLW.	After	the	completion	of	the	component	build	process,	the	
samples	are	developed	for	20	minutes	in	a	30:70	solution	of	1-	propanol:isopropanol,	and	
further	rinsed	with	isopropanol.	All	chemicals	are	obtained	from	Sigma-Aldrich	and	used	
without	further	purification.	

4.2.2	Fabrication	of	woodpile	metamaterial	structures	
	

The	 structures	 fabricated	 are	 PhCs	 using	 the	 FCC	 woodpile	 geometry,	 with	
interlayer	 periodicity	 of	 700	 nm.	 General	 process	 is	 illustrated	 on	 Fig.	 4.1a.	 The	
experimental	setup	employed	for	their	fabrication	has	been	described	elsewhere99,100.	A	
Ti:	Sapphire	femtosecond	laser	(Femtolasers	Fusion,	800	nm,	75MHz,	<20	fs)	is	focused	
into	 the	 photopolymerisable	 composite	 using	 a	 high	 numerical	 aperture	 focusing	
microscope	objective	lens	(100×,	N.A.	=	1.4,	Zeiss,	Plan	Apochromat).	Sample	movement	
is	achieved	using	piezoelectric	and	linear	stages,	for	fine	and	step	movement,	respectively	
(Physik	Instrumente).	The	average	power	used	for	the	fabrication	of	the	high-resolution	
structures	is	4.0	mW,	measured	before	the	objective,	while	the	average	transmission	is	
20%.	The	scanning	speed	is	always	set	to	20	µ/s.	The	PhCs	used	for	these	experiments	
consisted	of	7	unit	cells,	and	average	rod	thickness	(including	the	silver	layer)	was	about	
280	nm.	
	
Metallization	of	woodpile	metamaterial	 arrays.	 The	metallization	process	 followed	
here	is	a	modification	of	the	one	described	in	ref.	[100].	It	consists	of	three	steps:	seeding,	
reduction	and	silver	plating.	
	

1) Seeding.	The	samples	were	immersed	in	a	0.05	mol/L	AgNO3	aqueous	solution	at	
room	temperature	for	38	hours	minimum.	This	was	followed	by	thorough	rinsing	
with	 double	 distilled	 (d.d.)	 water,	 by	 immersing	 the	 sample	 twice	 in	 a	 water	
container,	with	 fresh	water	 for	 each	 immersion.	 They	were	 left	 to	 dry	 at	 room	
temperature.	

	
2) Reduction.	An	aqueous	sodium	borohydride	(NaBH4)	solution	6.6	M	was	prepared	

some	hours	(>4	h)	before	the	immersion	of	the	samples.	The	solution	was	very	well	
mixed	and	kept	uncovered	for	a	couple	of	hours	to	get	rid	of	trapped	air	bubbles.	
The	samples	were	subsequently	dipped	in	the	solution	for	22	hours	to	reduce	the	
silver	ions	and	form	silver	nanoparticles.	The	samples	were	subsequently	washed	
thoroughly	in	fresh	d.d.	water	and	left	to	dry.	
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3) Silver	plating.	A	0.2	M	AgNO3	aqueous	solution	was	mixed	with	5.6%	NH3	(28%	
in	water)	and	1.9	M	glucose	(C6H12O6	>	98%)	as	a	reducing	agent,	at	volumetric	
ratio	5:3:8.	The	 samples	were	 immersed	 in	 the	 solution	 for	 a	 few	minutes,	 and	
were	 removed	 before	 it	 became	 dark.	 In	 the	 meanwhile,	 a	 fresh	 solution	 was	
prepared	to	replace	the	old	one.	This	process	was	repeated	two	times.	The	samples	
were	 subsequently	 washed	 twice	 by	 immersion	 in	 fresh	 d.d.	 water	 for	 a	 few	
minutes.	

	

Fig.	4.1	(a)	Woodpile	structure	manufacturing	process.	Photopolymerisable	monomer	
composite	is	polymerized	in	focal	spot	under	exposition	of	laser	illumination;	
(b)	Several	TEM	images	of	final	nanostructure.	
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4.3	Conditions	of	excitation	and	properties	of	
plasmons	in	3D	woodpile	metamaterial	

The	design	of	proposed	3D	plasmonic	metamaterial	is	based	on	a	classic	woodpile	
photonic	crystal	geometry101,	consisting	of	layers	of	one-dimensional	rods	with	a	stacking	
sequence	 that	 repeats	 itself	 every	 four	 layers,	 as	 shown	 in	 Fig.	 4.2(a,	 b).	 The	distance	
between	four	adjacent	layers	is	c	and,	within	each	layer,	the	axes	of	the	rods	are	parallel	
to	each	other	with	a	distance	d	between	them	(Fig.	4.2b).	The	adjacent	layers	are	rotated	
by	90°.	Between	every	other	layer,	the	rods	are	shifted	relative	to	each	other	by	𝑑/2.	For	
the	case	of		D

Å
= 2,	the	lattice	can	be	derived	from	a	face-centered-cubic	(FCC)	unit	cell	

with	 a	 basis	 of	 two	 rods.	 Typical	 scanning	 electron	 microscopy	 (SEM)	 images	 of	 3D	
woodpile	structures	are	shown	in	Fig.	4.2c.	The	period	of	the	structures	and	the	diameter	
of	metalized	nanorods	were	700	nm	and	350	nm,	respectively.		

The	experiments	showed	 that	woodpile-based	structure	does	not	 transmit	 light	
evidencing	a	complete	domination	of	plasmonic	phenomena	over	interference	effects	in	
photon	 crystals102.	 The	 structure	 still	 can	 demonstrate	 diffraction	 effects,	 but	 all	
diffraction	beams	are	of	very	small	 intensity,	several	orders	of	magnitude	smaller	than	
the	intensity	of	reflected	light.	In	tests,	properties	of	light	reflected	from	the	structured	in	
zero	diffraction	order	are	examined	by	using	ellipsometry	(Woollam	M-2000	system).	As	
shown	in	Fig.	4.3(a,	b),	the	light	reflected	from	the	woodpile	metamaterial	 leads	to	the	
generation	of	deep	resonances,	obviously	related	to	the	excitation	of	plasmon	modes	over	
the	metamaterial	matrix.	The	resonances	are	observed	at	700	nm	and	625	nm	when	the	
structure	 is	 in	 contact	with	 air	 or	water	 environments,	 respectively,	 and	 the	 relevant	
angles	of	light	incidence	are	60	deg.	and	56	deg.	Fig.	4.3(c,	d)	demonstrate	the	dependence		
for	the	reflectivity	of	p-polarized	(rp)	and	s-polarized	(rs)	components	of	the	light	reflected	
from	 the	metamaterial.	One	 can	 see	 that	 the	main	 resonant	 feature	 is	 generated	 in	p-
polarized	light.	Here,	the	resonances	are	characterized	by	a	substantial	absorption	of	light	
in	the	near-infrared	region.	It	is	important	that	for	both	air	and	water	environments	the	
light	intensity	in	the	resonances	is	very	low.	Indeed,	the	intensity	within	the	rp	minimum	
does	not	exceed	10−6	%	and	10−4	%	for	air	and	aqueous	environments,	respectively.	As	
follows	 from	 the	 topological	 properties	 of	 phase9,41,	 such	 “light	 darkness”	 at	 the	
resonances	 should	 lead	 to	 singularities	 of	 phase	 of	 reflected	 light.	 Indeed,	 one	 could	
observe	very	sharp	phase	jumps	when	the	metamaterial	was	in	contact	with	air	(Fig.	4.3a).	
Although	for	the	aqueous	environment	the	phase	jump	is	slightly	smoothened,	it	is	still	
prominent	(Fig.	4.3b).	The	total	phase	variation	∆	is	about	240	deg.	and	270	deg.	in	the	
case	of	air	and	water	environments,	respectively.	For	used	parameters	of	the	system	the	
phase	jump	was	much	sharper	for	air	ambience	compared	to	the	aqueous	one.	To	confirm	
the	observed	effect,	a	different	sample	with	the	period	of	750	nm	was	analysed	(Fig.	4.4a)	
with	 the	 resonance	 found	 around	460	nm	when	 the	 structure	was	 in	 contact	with	 air	
environment.	In	this	case,	the	resonances	were	excited	around	67	Deg.	and	peak	shape	
and	its	behaviour	appeared	to	be	similar	to	the	previous	case.	
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Fig.	4.2	3D	plasmonic	metamaterial	based	on	Ag-coated	woodpile	crystal.	(a)	Schematic	
illustration	of	biosensing,	using	metamaterial.	A	receptor	(green)	is	immobilized	inside	
the	 metalized	 woodpile	 structure,	 while	 a	 selective	 donor-partner	 (red)	 binds	 into	
receptor	sites,	leading	to	a	change	of	parameters	for	the	reflected	light;	(b)	Schematic	
representation	of	a	woodpile	crystal.	Structure	unit	cell	is	highlighted	in	orange;	(c)	SEM	
image	 of	 woodpile	 metamaterial	 structure	 produced	 by	 a	 multiphoton	 laser	
polymerization,	followed	by	Ag-based	metallization	process.	
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	 In	order	 to	assess	 the	potential	of	 the	3D	woodpile-based	plasmonic	crystals	 in	
biosensing,	it	is	important	to	clarify	the	nature	of	the	plasmon	modes	responsible	for	the	
observed	 resonances.	 First	 of	 all,	 elongated	 metal-coated	 woodpiles	 are	 expected	 to	
support	 delocalized	 (propagating)	 plasmons,	 which	 can	 be	 excited	 e.g.,	 due	 to	 the	
presence	of	periodic	modulations,	 similar	 to	 the	case	of	nanohole	arrays	 in	 thin	metal	
films31,32.	The	excitation	of	 such	delocalized	plasmonic	mode	 is	 indeed	confirmed	by	a	
characteristic	 ascending	 course	 for	 optical	 dispersion,	 shown	 in	 Fig.	 4.4b,	 which	 is	
obtained	on	the	basis	of	experimentally	determined	conditions	of	resonance	generation	
(combinations	of	the	resonance	angle	of	incidence	and	wavelength).	It	is	interesting	that	
the	whole	 range	 of	 optical	 energy	 variations	 appears	 to	 happen	 under	 a	 very	 narrow	
range	of	angles	of	incidence	(∆θ	<3°	deg.),	corresponding	to	a	very	narrow	range	of	wave	
numbers	∆k	~	0.1	µ−1.	Out	of	this	narrow	range	of	angles,	the	plasmons	are	not	excited	
and	 the	 resonances	 disappear,	 which	 contrasts	 to	 similar	 data	 for	 the	 generation	 of	
diffractively	 coupled	 PSLR	 (Chapter	 3).	 On	 the	 other	 hand,	 the	 presence	 of	 nodes	 in	
woodpile	contacts	can	favour	the	excitation	of	localized	plasmons.	In	this	case,	the	Finite-
Difference	Time-Domain	(FDTD)	approach	can	be	used	to	determine	the	localization	of	
the	electric	field	caused	by	the	LSPR	excitation.	Here,	for	relatively	thin	Ag	coatings	(<20	
nm),	metal-covered	woodpile	photonic	crystals	can	be	modelled	as	core-shells103,	but	due	
to	the	excessive	number	of	interfaces	involved,	the	FDTD	consideration	is	typically	limited	
to	2D	structures.	In	this	case,	the	thickness	of	the	metal	coating	(30–40	nm)	is	larger	than	
the	 skin	 depth	 for	 the	 electromagnetic	 field	 (~20	 nm	 for	 Ag	 in	 the	 visible	 range).	
Therefore,	 to	a	 first	approximation	woodpiles	may	be	treated	as	solid	metal	nanorods.	
Such	an	approach	drastically	simplifies	FDTD	simulations	and	makes	possible	the	analysis	
of	 the	 electric	 distribution	 inside	 the	 3D	 plasmon	 crystal	matrix.	 FDTD	 package	 from	
Lumerical	Solutions	 Inc.	was	employed,	 assuming	 that	 the	angle	of	 incidence	of	 the	p-
polarized	beam	on	the	structure	is	60°.	The	result	of	such	a	numerical	description	is	given	
in	Fig.	4.5c.	One	can	see	that	the	electric	field	is	indeed	concentrated	at	the	lattice	nodes,	

Fig.	4.4	(a)	Experimental	spectral	dependencies	of	ellipsometric	reflection	Ψ	and	phase	Δ	
for	different	angles	of	light	incidence	onto	the	metamaterial	structure	(metamaterial	is	in	
contact	 with	 air).	 (b)	 Dispersion	 curve	 describing	 conditions	 for	 the	 generation	 of	
resonances	 (combinations	 of	 the	 resonance	 angle	 of	 incidence	 and	 wavelength)	
constructed	on	the	basis	of	experimental	data.	
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corresponding	to	the	positions	of	the	transverse	bars	with	respect	to	the	light	incidence	
plane.	Such	a	concentration	of	the	electric	field	can	only	be	explained	by	the	generation	of	
localized	plasmon	resonances.	For	the	first	layer,	the	electric	field	is	concentrated	at	the	
peaks	of	the	nodes,	while	for	the	inner	layers,	the	main	point	of	field	concentration	shifts	
from	the	top	of	the	nodes,	which	is	probably	explained	by	the	inclined	geometry	of	the	
illumination	 of	 the	 woodpiles	 by	 external	 light.	 As	 it	 follows	 from	 the	 analysis,	 a	
remarkable	 concentration	 of	 electric	 field	 takes	 place	 only	 for	 the	 top	 8–10	woodpile	
layers.	However,	one	has	to	notice	that	the	approximation	of	Ag-coated	woodpiles	as	solid	
metal	 nanorods	 presents	 an	 extreme	 case,	 which	 is	 characterized	 by	 maximum	 light	
absorption.	 The	 extrapolation	 of	 the	 FDTD	 approach	 to	 real	 structures	 having	 a	 finite	
thickness	 of	 metal	 coating	 is	 supposed	 to	 increase	 the	 penetration	 depth	 of	 the	 light	
electric	field	towards	much	deeper	layers.	A	rigorous	consideration	of	structures	having	
precise	experimental	parameters	is	now	in	progress	and	will	be	published	elsewhere.	The	
general	idea	here	is,	that	any	structure	may	be	macroscopically	described	by	its	complex	
optical	constants.	Moreover,	optical	response	of	these	structures	may	be	expressed	using	
Fresnel	complex	coefficients.	Employment	of	metamaterials	allows	one	to	engineer	and	
program	whose	optical	constants	by	will.	An	important	consequence	here,	is	that	a	well-
established	restriction	for	period-limited	amplitude	sensitivity	may	be	surpassed.		

It	 is	known	that	hybrid	metal/dielectric	systems	can	be	fairly	well	described	by	
employing	 the	 effective	 medium	 approximation33,104,105	 (EMA).	 In	 fact,	 by	 using	 this	
approach	 one	 designs	 an	 effective	medium	with	 a	 complex	 index	 of	 refraction,	which	
could	provide	a	similar	optical	response	to	what	is	observed	in	the	experiments104.	In	this	
case,	 the	Maxwell-Garnett	EMA	approximation	 is	 typically	applied	 to	 simulate	 isolated	
conductive	 elements33,104,105,	 while	 the	 Bruggeman	 EMA	 approximation	 appears	 to	 be	
more	efficient	when	metal	elements	are	electrically	connected106.	EMA	is	typically	applied	
to	structures	with	the	size	of	features	a	≪	λ	,	but	surprisingly	it	is	still	valid	for	plasmonic	
systems	with	a	~	λ104.	Since	the	3D	woodpile	photonic	crystal	structure	used	in	this	study	
presents	 a	 combination	 of	 electrically	 connected	 metal-covered	 nanopile	 (nanorod)	
elements,	the	application	of	the	Bruggeman	approximation	looks	more	adequate.	Indeed,	
the	tests	showed	that	this	approximation	could	provide	a	fairly	precise	description	of	the	
optical	 properties	 of	 silver-coated	woodpile	metamaterial	 structures.	 In	 this	 case,	 the	
effective	dielectric	constant	of	the	hybrid	medium	(silver-coated	piles	with	air	filled	gaps)	
is	approximated	by	the	following	Bruggeman	equation:	

	

𝑓 e≈» w Oe[……(w)
e≈» w \:e[……(w)

+ 1 − 𝑓 e≈ºΩ w Oe[…… w

e≈ºΩ w \:e[…… w
= 0	 	 	 (4.1)	

	
where	εAg,	εAir,	εeff	are	the	dielectric	constants	of	Ag,	air,	and	the	hybrid	effective	medium,	
respectively;	f	is	the	fraction	of	silver	in	the	net	volume	of	the	structure.	Using	the	General	
Oscillator	model	fit	for	Ag	optical	constants	from	experimentally	obtained	data	(a	part	of		
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Fig.	 4.5	 Properties	 of	 resonances	 in	 3D	 woodpile	 plasmonic	 crystal	 and	 the	 assessment	 of	
sensitivity	in	biosensing;	Calibration	curves	for	spectral	(a)	and	phase	(b)	responses	as	a	function	
of	 refractive	 index	 change	 caused	 by	 variation	 of	 glycerol	 concentration.	 Experimental	 and	
theoretical	data	are	represented	by	black	and	red	lines,	respectively.	The	inset	shows	a	typical	
shift	 of	 phase	 when	 0.5%	 of	 glycerol	 is	 added	 to	 buffer	 water	 solution	 pumped	 through	 the	
metamaterial	structure;	(c)	Electric	field	distribution	inside	the	metamaterial	structure	obtained	
by	FDTD	simulation.		
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Woollam	CompleteEase	software),	one	could	select	parameters	of	the	effective	medium	
matching	the	experimental	optical	response,	in	terms	of	ellipsometric	parameters	Ψ	and	
∆.	In	the	tests,	this	result	was	achieved	by	designing	a	hybrid	Ag	–	dielectric	medium	with	
f	=	0.1	(10%	of	Ag	in	air	or	water	ambience;	optical	parameters	were	taken	from	Palik’s	
book107).	 As	 shown	 in	 Fig.	 4.3(a,	 b),	 despite	 some	minor	 deviations	 of	 the	 theoretical	
curves	 from	 the	 experimental	 ones	 out	 of	 resonance	 (especially	 for	 water),	 the	
Bruggeman	 EMA	 approximation	 demonstrates	 a	 very	 good	 accuracy	 in	 characterizing	
both	the	position	and	the	 line	shape	of	 the	resonances,	as	well	as	 in	the	description	of	
related	phase	jumps.		

4.4	Sensitivity	assessment	
	

In	order	 to	estimate	 the	 sensitivity	of	plasmonic	modes	excited	 in	3D	woodpile	
structures,	a	series	of	model	sensing	tests	were	carried	out.	A	well-established	glycerine	
model	was	 used,	 in	which	 different	 concentrations	 of	 glycerine	 are	 added	 to	water	 in	
order	 to	 provide	 controllable	 changes	 of	 RI9,45.	 Aqueous	 solutions	 of	 glycerine	 were	
pumped	 through	 a	 flow	 cell	 by	 a	 peristaltic	 pump	 and	 brought	 into	 contact	 with	 the	
metamaterial	structure.	The	block	containing	the	metamaterial	slide	and	the	flow	cell	was	
placed	onto	the	ellipsometer	platform	and	examined.	Figure	4.5a	shows	the	response	of	
spectral	position	of	the	resonance	to	variations	of	RI,	obtained	from	the	experiment	and	
theoretical	modelling	using	the	Bruggeman	EMA	model.	It	can	be	seen	that	an	increase	of	
refractive	index	(RI)	due	to	the	glycerine	addition	leads	to	a	shift	of	the	resonance.	Here,	
under	a	relatively	large	range	of	RI	variations,	the	structure	demonstrated	almost	linear	
dependence	of	the	resonant	minimum	position	on	RI	change.	The	spectral	sensitivity	is	
estimated	to	reach	2600	nm/RIU,	which	is	almost	one	order	of	magnitude	higher	than	in	
cases	of	NHA	and	LSPR	counterparts.	It	is	important	that	theoretical	estimations	by	EMA	
model	predict	the	same	spectral	sensitivity	to	RI	variations,	suggesting	that	the	metallized	
woodpile	arrays	operate	as	an	effective	medium	with	an	appropriate	composition	of	metal	
(Ag	 woodpiles)	 and	 dielectric	 (water-filled	 gaps	 between	 woodpiles)	 constituents.	 As	
follows	from	Fig.	4.5b,	 the	phase	also	demonstrates	a	 linear	dependence	to	RI	changes	
within	 this	 range.	 In	 particular,	 the	 injection	 of	 a	 very	 small	 concentration	of	 glycerol	
(0.5%)	corresponding	to	a	change	of	RI	by	10−3	RIU	caused	a	shift	of	phase	by	more	than	
30°,	which	was	far	beyond	the	noise	level	in	the	system.	Thus,	the	phase	sensitivity	was	
higher	in	this	case	than	3	´	104	deg.	of	phase	shift	per	RIU	change,	which	is	slightly	lower	
that	values	obtained	with	DCLPR	in	2D	plasmonic	nanodot	arrays	(>2	´	105	deg.	of	phase	
per	RIU)9,45,	 but	 comparable	or	better	 than	 relevant	values	 for	 SPR	 for	 gold	 films27	or	
hybrid	metal	 film/graphene	 architectures86,92.	 Interestingly,	 modelling	 using	 the	 EMA	
approximation	predicted	a	3-fold	lower	sensitivity	compared	to	the	experiment.	One	may	
believe	that	such	a	discrepancy	is	explained	by	imperfections	in	the	EMA	approach,	as	it	
does	not	take	into	account	topological	phase	properties.		
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Thus,	plasmon	modes	excited	over	3D	plasmon	crystal	metamaterials	can	break	
the	 diffraction-related	 limitation	 of	 2D	 periodic	 structures	 and	 provide	 spectral	
sensitivity	of	2	600	nm/RIU,	which	is	comparable	with	best	values	for	thin	film-based	SPR	
in	 the	Kretschmann-Raether	prism	geometry	and	outperforms	relevant	 sensitivities	of	
LSPRs	 and	 SPPs	 in	 alternative	 nanoscale	 architectures	 of	 nanoparticle	 (250–500	
nm/RIU)8,47,45,108	 and	 nanohole	 (300–400	 nm/RIU)31,32	 arrays,	 respectively.	 It	 is	
interesting	 that	 a	 certain	 increase	 of	 spectral	 sensitivity	 enhancement	 was	 earlier	
reported	 for	NHA	arrays	under	 conditioning	of	 their	 quasi-3D	dimensionality109,110.	 In	
particular,	the	sensitivity	could	be	increased	up	to	700–800	nm/RIU	and	1100	nm/RIU	
under	 the	 addition	 of	 a	 second,	 physically	 separate	 level	 of	 isolated	 gold	 disks	 at	 the	
bottoms	 of	 the	 nanoholes109,	 or	 by	 using	metal-coated	 substrate-supported	 quasi-3D-
dimentional	 half-sphere	 arrays110,	 respectively.	 It	 is	 supposed	 that	 the	 photon	 crystal	
metamaterial	 structures,	 described	 in	 this	work,	 present	 the	 next	 step	 of	 dimensional	
scaling	toward	true	3D	nanoarchitectures,	enabling	the	excitation	of	plasmon	modes	over	
the	 volume	 of	 the	metamaterial	matrix.	 It	 is	 believed	 that	with	 the	 help	 of	 artificially	
created	 metallized	 woodpiles,	 an	 effective	 medium	 composed	 of	 metal	 (Ag-coated	
woodpiles)	and	dielectric	(gaps	between	the	woodpiles)	sub-media.	The	illumination	of	
such	structures	by	light	causes	the	excitation	of	delocalized	plasmon	oscillations	(electric	
currents)	 over	 electrically	 connected	 elements	 of	 the	 medium	 (metallized	 woodpile	
structures),	 which	 leads	 to	 a	 drastic	 loss	 of	 effective	 reflectivity	 at	 an	 appropriate	
combination	of	angle	of	light	incidence	and	the	pumping	wavelength.	Such	plasmon	mode	
provides	 a	 much-improved	 response	 to	 refractive	 index	 variations,	 as	 the	 sensed	
dielectric	environment	becomes	a	part	of	the	artificially	formed	effective	metal-dielectric	
medium.	 The	 situation	 is	 in	many	 respects	 similar	 to	 the	 previous	 article	 on	 plasmon	
nanorod	metamaterials46.	Here,	by	using	a	 “forest”	of	densely	packed	 long	 (~350–450	
nm)	gold	nanorods,	oriented	perpendicularly	 to	a	 glass	 substrate,	 a	quasi-3D	effective	
medium	with	metal	and	dielectric	constituents	was	also	created,	although	the	thickness	
of	this	layer	was	much	smaller	(<450	nm).	Plasmonic	modes	excited	over	such	a	“forest”	
also	provided	unexpectedly	high	response	to	RI	variations	(up	to	30000	nm/RIU),	which	
was	in	accordance	with	EMA-based	estimations.	In	the	plasmon	crystal	metamaterial	case,	
it	is	expected	a	further	enhancement	of	sensitivity	above	10	000	nm/RIU	with	a	proper	
optimization	 of	 the	 3D	 plasmonic	 crystal	 geometry.	 In	 particular,	 the	 estimations	 and	
preliminary	 tests	 show	 that	 such	 a	 gain	 of	 sensitivity	 can	 be	 achieved	 through	 the	
decrease	 of	 plasmon	 crystal	 unit	 cell	 and	 slight	modifications	 of	 its	 architecture.	 It	 is	
important	 that	 in	 contrast	 to	 plasmonic	 nanorod	 arrays46	 and	 other	 nanohole31,32	 or	
nanoparticle8,47,45,108	structures	plasmon	modes	excited	in	3D	photonic	crystal	structures	
can	 combine	 high	 spectral	 sensitivity	 and	 extremely	 promising	 characteristics	 of	 light	
phase	 conditioned	 by	 extreme	 darkness	 of	 the	 observed	 resonances.	 Indeed,	 the	 light	
darkness	in	resonances	provided	prominent	phase	singularities,	yielding	the	sensitivity	
of	more	than	3	´	104	Deg.	of	phase	per	RIU	which	is	enough	to	enable	label-free	single	
molecule	detection9.		
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One	 of	 the	 key	 advantages	 of	 the	 proposed	 metamaterial-based	 transducer	
geometry	 consists	 in	 the	 large	 area	 for	 biomolecule	 immobilization	 offered	 by	 the	 3D	
matrix.	This	enables	the	implementation	of	new	sensing	geometries	and	strategies,	not	
feasible	with	film-based	SPR	or	2D	LSPR.	Indeed,	by	functionalizing	the	woodpile	blocks	
and	immobilizing	a	receptor	on	their	surfaces,	one	can	follow	the	binding	of	a	selective	
analyte	with	the	receptor	inside	the	woodpile	matrix.	The	considerably	increased	surface	
area	 given	 by	 the	 metamaterial	 topography	 significantly	 increases	 the	 amount	 of	
biomaterial	 that	can	be	 incorporated	 into	 the	matrix	within	 the	available	probe	depth,	
maximizing	the	“biological”	sensitivity	of	the	system.	Furthermore,	the	distance	between	
the	woodpile	blocks	can	be	selected	 to	match	 the	size	of	biological	 species	of	 interest,	
giving	 access	 to	 a	 further	 size	 selectivity	 option	 that	 is	 important	 for	 many	 tasks	 in	
immunoassays	and	virus	and	protein	detection.	In	general,	relatively	large	openings	in	the	
woodpile	array	could	contribute	to	a	good	transport	of	biological	species,	which	 is	not	
always	the	case	when	porous	nanomaterials	are	used	as	bioimmobilization	templates.	In	
addition,	a	strong	field	enhancement	at	some	points	of	the	metamaterial	matrix	makes	
possible	the	involvement	of	a	Surface	Enhanced	Raman	Scattering	channel,	which	can	be	
used	in	parallel	with	the	main	optical	transduction	channel.	

	

4.5	Summary	
	

For	the	first	time	excitation	of	plasmons	in	3D	plasmonic	crystal	was	studied.	It	is	
shown	 that	 employment	 of	 3D	nanoarchitectures	 of	 plasmon	 excitation	 can	 break	 the	
diffraction-related	limitation	of	2D	periodic	structures	and	thus	obtain	a	much-improved	
spectral	sensitivity	(2600	nm/RIU),	as	well	as	a	prominent	phase	response	(3	´	104	Deg.	
of	phase	per	RIU).	The	sensitivity	enhancement	was	demonstrated	using	Woodpile-based	
photonic	crystal	metamaterials,	but	 it	 is	 likely	 that	 similar	effect	 can	be	obtained	with	
alternative	 3D	 architectures	 (nanorod	 etc)	 constituting	 effective	 metal/dielectric	
medium.		

Thus,	 the	 proposed	 sensor	 nanoarchitecture	matches	 earlier	 stated	 criteria	 for	
desired	 parameters	 of	 future	 sensor	 prototypes,	 namely	 the	 combination	 of	 ultrahigh	
point	sensitivity	(provided	by	the	phase	interrogation)	and	fairly	high	spectral	sensitivity	
for	a	wider	dynamic	range	of	measurements	(provided	by	the	spectral	interrogation).		
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Chapter	5		

	
	
	
	
	
	
	
	
	
	

Nearfield	plasmonic	enhancement	for	
sensing	
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5.1	Introduction	
	

Excitation	 of	 diffractively	 coupled	 localized	 surface	 plasmon	 resonances	 over	 a	
nanoparticle	or	nanodot	array	leads	to	a	drastic	localization	and	concentration	of	electric	
field	on	the	nanoparticles,	especially	in	the	region	between	them	(hot	spot).	Furthermore,	
by	changing	the	distance	between	the	nanoparticles	and	their	profile,	one	can	control	the	
“efficiency”	 of	 such	 artificially	 created	 hot	 spots.	 This	 phenomenon	 may	 be	 used	 for	
enabling	SERS	channel.	The	knowledge	of	electric	field	distribution	induced	by	plasmonic	
nanoarchitectures	appears	to	be	one	of	key	factors	to	verify	conditions	of	plasmonic	inter-
coupling	 and	 check	 the	 functionality	 of	 plasmonic	 nanodevices.	 However,	 despite	
relatively	easy	numerical	modelling	of	electric	field	patterns,	experimental	measurements	
and	 mapping	 of	 plasmonic	 fields	 presents	 a	 real	 challenge.	 As	 the	 diffraction-limited	
resolution	of	 far	 field	optical	methods	 is	not	 sufficient	 to	 resolve	nanoscale	plasmonic	
geometries,	one	has	to	employ	near-field	or	“indirect”	techniques	to	accomplish	the	task.	
Indirect	methods	typically	use	field-affected	additional	parameter	to	resolve	the	pattern,	
including	 two-photon	 excitation	 of	 gold	 photoluminescence111,	 breakdown	melting	 of	
nanostructures112,	 the	 use	 of	 photosensitive	 molecules113,	 electron	 energy	 loss	
Transmission	Electron	Microscopy114,115	etc.	Each	of	these	techniques	has	its	advantages	
but	 none	 of	 them	 offer	 a	 proper	 combination	 of	 efficiency,	 control	 of	 incoming	 light,	
rapidity,	commodity	and	high	resolution.				
		 As	 an	 alternative,	 Scanning	 Near-field	 Optical	 Microscopy	 techniques	 are	
promising	for	studies	of	optical	near	field	properties	of	metallic	nanostructures.	Aperture	
SNOM	has	its	resolution	limited	by	the	size	of	the	optical	aperture.	The	aperture	size	also	
limits	the	optical	signal	detection	value,	which	can	be	a	real	problem	for	mapping	with	a	
reasonable	acquisition	time.	Apertureless	SNOM	looks	to	be	a	more	preferable	option116.	
The	idea	to	improve	optical	resolution	by	means	of	synchronous	detection	of	scattering	
from	the	tip	was	first	mentioned	in	1994.	Here,	resolutions	of	about	0.5	um	on	the	surface	
of	compact	disk	using	3	nm	metallic117	and	Si	tips116	were	demonstrated.	The	latter	result	
was	 later	 improved	down	to	10	angstrom	resolution	of	mica	slices	using	5-nm	tip	and	
interferometric	detection76.	Surface-plasmon	dephasing	times	extracted	from	the	near-
field	 spectra	 of	 the	 individual	 particles	 in	 uniform	 TiO2	 environment	 were	 also	
estimated118.	

Apertureless	 SNOM	 can	 also	 be	 used	 to	 map	 near-field	 properties	 of	 metallic	
nanostructures119,120.	 Some	 previous	 experimental	 studies	 suggested	 the	 use	 of	
interferometric	background	suppression	provided	by	heterodyne	or	homodyne	detection	
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to	improve	the	signal/noise	ratio.	Such	devices	can	be	extremely	sophisticated,	while	the	
evaluation	of	obtained	optical	near-field	imaging	results	could	be	rather	complicated121	
and	provoke	wrong	interpretation122.	

In	 this	 Chapter,	 an	 alternative	 approach	 for	 near-field	 distribution	 mapping	 is	
considered,	which	does	not	use	of	any	interferometric	system.	Here,	plasmonic	samples	
are	illuminated	in	inverted	configuration,	implying	the	illumination	of	the	sample	through	
a	glass	and	the	collection	of	the	signal	using	the	same	optical	path.	The	measured	optical	
signal	is	demodulated	at	harmonics	of	the	fundamental	tip	oscillation	frequency121,123.	We	
show	that	 such	configuration	enables	 to	extract	more	precisely	 information	of	electric	
field	distribution	and	 intensity,	 arising	 from	plasmonic	nanostructures.	 It	 is	 important	
that	the	proposed	configuration	uses	normal	light	incidence,	which	enables	one	to	benefit	
from	 in-plane	 polarization	 control,	 separating	 measured	 signals	 from	 mechanical	
artefacts124.	 It	 should	be	noted	 that	a	manuscript	describing	results	of	 this	 research	 is	
currently	under	preparation.	

	

5.2	Materials	and	methods		

5.2.1	AFM-Raman	setup	
	

SNOM	device	scheme	is	described	in	Figure	5.1.	We	have	used	an	integrated	atomic	
force	 microscope	 (NT-MDT)	 optically	 coupled	 to	 an	 inverted	 optical	 microscope	
(Olympus	 IX-71)	 and	 Cherny-Turner	 configuration	 optical	 spectrometer	 (SOL	
instruments).	 We	 used	 commercial	 platinum	 coated	 AFM	 tip	 (NT-MDT	 HA_NC/Pt)	 as	
nanoscale	transducer.	The	He-Ne	laser	(632.8	nm)	beam,	passed	through	a	half-lambda	
plate	(thus	allowing	changing	excitation	polarization)	and	was	focused	on	the	sample	with	
the	 tip	 in	 intermittent-contact	 mode	 via	 an	 oil-immersion	 objective	 (Olympus,	 100x,	
1.3NA).	Backscattered	 light	was	 collected	by	 the	 same	objective	 and	detected	by	PMT	
(Hamamatsu)	for	SNOM	measurements	via	fourth-harmonic	Lock-in	demodulation	of	tip	
oscillation.	This	method	represents	reasonable	signal-to-noise	ratio	and	almost	complete	
background	signal	damping.	For	SERS	measurements,	the	AFM	tip	was	retracted	from	the	
laser	 spot	 (attenuated	 down	 to	 0.01	 mW	 to	 avoid	 fluorophore	 photobleaching)	 and	
backscattered	 light	 spectrum	was	 analysed	 by	 the	 confocal	 Raman	 spectrometer	 (NT-
MDT	SPECTRA	OMU52,	cooled	low	noise	CCD	Andor	detector).	
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5.2.2	Optical	path	adjustment	

In	order	to	perform	measurements,	a	precise	system	calibration	is	required.	First,	
a	90%	mirror	is	applied	to	reflect	10%	of	the	beam	collected	from	the	sample	and	direct	
it	to	the	PMT.	Then,	tip	is	scanned	over	a	plane	sample	area	and	a	fixed	optical	path.	The	
resulted	image	will	have	a	contrast,	corresponding	to	the	location	of	the	tip	apex.	Having	
combined	 the	 objective	 focal	 spot	 with	 tip	 apex,	 one	 can	 independently	 change	 the	
position	 of	 the	 sample,	 using	 raster	 scanning	 in	 order	 to	 perform	 near-field	 aSNOM	
imaging.	PMT	amplification	should	be	adjusted	so	that	an	empty	sample	area	would	have	
a	 zero	 signal	 value.	 For	Raman	measurement,	 a	 100%	mirror	 is	 applied,	 reflecting	 all	
coming	light	from	the	sample	into	the	spectrometer.	In	this	case,	the	tip	is	eliminated	from	
the	focal	spot	to	avoid	parasitic	effects.	

Fig.	5.1	aSNOM	experimental	setup.	Sample	is	installed	in	the	AFM	and	may	be	localized	
independently	from	incident	light	optical	path	and	AFM	tip	position.	Laser	beam	reflects	
from	 a	 mirror	 under	 the	 sample	 and	 is	 focus	 with	 high	 NA	 objective	 into	 a	 half-
wavelength	focal	spot.	On	one	part,	scattered	Raman	light	is	collected	through	the	same	
optical	system	and	is	driven	to	monochromator	of	the	spectrometer.	Dispersed	beam	is	
analysed	by	CCD	cooled	sensor.	On	the	other	part,	same	 light	 is	collected	by	PMT	for	
aSNOM	purposes.	
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5.2.3	Sample	fabrication	
	

Au	colloid	films	on	glass	slides	were	prepared	by	modification	of	the	glass	surface	
with	a	(3-aminopropyl)triethoxysilane	(APTES).	Cover	glass	20	´	20	mm	and	0.13-0.17	
mm	thick	were	rinsed	with	acetone,	dried	in	nitrogen	and	treated	with	Piranha	solution	
for	40	min	at	60°C.	The	slides	were	then	rinsed	by	water,	dried	and	placed	in	20%	APTES	
(Sigma-Aldrich)	solution	in	ethanol	for	20	min.	The	modified	glass	slides	were	thoroughly	
rinsed	with	ethanol	 to	remove	non-reacted	APTES,	dried	and	 incubated	 in	60-nm	gold	
nanoparticles	 colloidal	 solution	 (Sigma-Aldrich)	 overnight.	 Gold-covered	 glass	 slides	
were	rinsed	with	water	and	dried	at	60°C	for	1	hour.	Rinsing	with	water	and	ethanol	did	
not	affect	the	gold	film.	
	

5.3	Near-field	detection	of	nanoparticle	
assembles	LSPR	
	

aSNOM	signal	 critically	 depends	on	 scatterer	parameters.	 Certain	 requirements	
are	applied	to	the	shape	and	material	of	the	tip.	As	an	example,	Pt-covered	tip	was	used	
in	many	experiments.	Standard	Si	tip	may	have	a	smaller	apex	diameter	and	potentially	
better	resolution,	but	light	reflection	from	metals	is	significantly	larger1,	which	is	a	crucial	
factor	 for	 low	 intensity	 near-field	 scattering.	 Gold	 could	 be	 an	 obvious	 choice,	 as	 Au-
coated	tips	are	mass-produced	and	easily	available	on	the	market.	However,	tip-particle	
plasmonic	interaction	should	be	avoided	in	our	experiment,	as	it	can	affect	the	final	result.		
Ideally,	the	AFM	tip	should	only	scatter	near-field	and	not	modify	it.	Another	important	
factor	is	a	shape	of	apex.	Traditional	commercially	available	probes	are	made	of	crystal	Si	
and	tip	apex	shape	represents	a	4-slope	pyramid	(Fig.	5.2a).	Moreover,	AFM	operation	
implies	an	additional	tip	 inclination	of	about	20-30°.	As	a	result,	data	obtained	using	a	
classic	tip	are	typically	highly	inhomogeneous.	For	topography	measurements,	simple	tip	
deconvolution	may	improve	the	quality	of	obtained	data.	However,	in	case	of	near-field	
imaging,	 intensity-distance	 dependence	 is	 non-linear	 and	 a	 correct	 interpretation	 of	
results	 becomes	 an	 extremely	 complicated	 task.	 Nevertheless,	 the	 employment	 of	
amorphous	Si	tip	formed	by	e-beam	sharpening	(Fig.	5.2b)	can	solve	the	problem	of	tip	
symmetry	and	thus	guarantee	negligible	tip	parameters	variation.		

Detected	 aSNOM	 signal	 represents	 a	mixture	 of	 background	 illumination	 and	 a	
scattered	near-field	part.	Light	intensity,	enhanced	by	localized	plasmon	resonance	and	
scattered	from	the	tip	varies	while	increasing	the	distance	between	the	near-field	source	
and	the	scatterer.	Near-field	component	may	be	extracted	by	high	order	demodulation	of	
detected	 optical	 signal.	 	 Determination	 of	 utilized	 harmonic	 is	 a	 trade-off	 between	
background	 suppression	 and	 reasonable	 signal-to-noise	 ratio	 for	 extracted	 near-field	
information1,125.	Figure	5.2	represents	experimentally	measured	near-field	distributions		
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Fig.	5.2	(a)	SEM	image	of	classic	well-established	Si	cantilever.	Tip	apex	represents	4-
slope	 pyramid;	 (b)	 Symmetrical	 e-beam	 shaped	 tip	 provides	 a	 uniform	 aSNOM	
measurements;	 (c)	 Example	 of	 aSNOM	 homogenous	 near-field	 distribution	 imaging,	
related	only	to	the	polarization	of	incident	light	and	not	affected	by	the	tip	apex	irregular	
shape.	Blue	arrow	corresponds	to	incident	light	polarization	direction.	
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on	the	same	sample	area.	Here,	one	can	see	a	very	bright	and	low-noise	evanescent	field	
patterns	arising	around	 spherical	 golden	nanoparticles	 along	 the	 incident	polarization	
directions.	Since	nearfield	distribution	uniformly	changes	with	the	90-deg.	polarization	
switch,	it	cannot	be	due	to	any	artifact	such	as	tip	apex-related	features.	We	believe	that	
such	 in-plane	 polarization-sensitive	 configuration	 is	 a	 great	 advantage	 of	 inverted	
experimental	 setup,	 compared	 to	 alternative126	 side	 illumination	 geometries,	 where	
sample	is	illuminated	from	the	side	and	the	latter	case	does	not	have	system	versatility	
and	lacks	precise	control	of	incoming	polarization.	632.8	nm	HeNe	gas	laser	was	used	in	
order	to	excite	plasmon	resonance	in	gold	nanoparticles.	Knowing,	that	obtained	data	is	
mainly	due	to	plasmonic	resonance	properties	of	Au	nanoparticles,	near-field	imaging	of	
any	arbitrary	nanoparticle	orientation	may	now	be	measured.	

5.4	Correlation	between	near-field	imaging	and	
Raman	
	

Classic	SERS	substrate	relies	on	electric	field	amplification	power	of	single	nano-
sized	 plasmonic	 structures.	 	 The	 use	 of	 coupled	 nanoparticle	 system	 increases	
amplification	 possibilities	 of	 SERS.	 When	 a	 coherent	 monochromatic	 laser	
electromagnetic	wave	meets	a	pair	of	two	closely	located	metallic	nanoparticles	(duplet	
or	dimer),	free	electron	cloud	of	the	particle	start	to	react	and	oscillate	in	a	direction	of	
wave	 polarization.	 Depending	 on	 dimer	 spatial	 orientation	 and	 polarization	 of	 the	
incident	 wave,	 the	 induced	 dipoles	 can	 start	 to	 interact.	 Numerical	 simulations	 have	
clearly	evidenced	that	if	the	polarization	of	the	incoming	electromagnetic	field	is	along	the	
dimer	axis	the	field	in	the	gap	can	be	enhanced	by	several	orders	of	magnitude127.	Such	
configuration	 is	called	“hot	spot”.	 It	 is	widely	accepted	that	Raman	scattering	 intensity	
scales	roughly	with	forth	power	of	electric	field128:		

	
𝐼¥a™¥ ∝ 𝐸Ã	 	 	 	 	 	(5.1)	

	
A	 rigorous	 self-consistent	 formulation	 is	 required	 to	describe	origins	 of	Raman	

scattering	 enhancement.	 SERS	 signal	 strongly	 depends	 on	 several	 parameters:	 the	
electromagnetic	enhancement	of	plasmonic	nanoobject	and	the	number,	distribution	and	
orientation	of	probed	molecules.	The	 latter	 factor	 is	known	as	 chemical	 enhancement,	
which	 results	 from	 direct	 contact	 of	 the	 molecule	 with	 the	 metal	 surface,	 modifying	
effective	polarizability	of	 the	 system129,130.	Relative	contribution	of	SERS	enhancement	
factors	provoked	many	debates	in	the	SERS	community.	There	were	some	attempts	for	
mass	quantification	of	Raman	signal68,131,132,	but	these	results	are	disputable.	In	cases	of	
single-molecular	 approach68,133	 and	 high-concentrations	 studies134	 it	 was	 statistically	
demonstrated	that	only	a	small	number	of	hot	spots	efficiently	contribute	to	the	overall	
SERS	signal.	For	both	these	cases,	calculations	relied	on	numerical	estimations	of	near-
field	intensities	in	hot	spots	were	applied.	To	the	best	of	my	knowledge,	these	statistical	
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studies	we	never	compared	with	experimental	near-field	measurements	in	individual	hot	
spots.	 We	 believe	 that	 such	 lack	 of	 the	 comparative	 analysis	 can	 lead	 to	 strong	
misinterpretation	of	 real	 SERS	 efficiency.	 	As	 an	 example,	 enhanced	Raman	 signal	 can	
come	from	dimmed	‘cold’	spots	with	extensive	number	of	molecules	and	not	from	high-
efficient	hotspots	with	small	amount	of	molecules134.	To	have	a	more	quantitative	idea	
about	the	contribution	of	each	hot	spot	to	the	SERS	signal,	a	sub-diffraction	analytical	tool	
is	required.			

Figure	5.3	shows	a	combined	AFM+SNOM+SERS	mapping	of	randomly	distributed	
Au	 nanoparticles.	 Here,	 one	 can	 see	 several	 hotspots,	 based	 on	 a	 combination	 of	 two	
closely	 located	 nanoparticles.	 A	 cross-section	 (Fig.	 5.3d)	 of	 nanoparticle	 dimer	
demonstrates	enhancement	of	both	Raman	and	near-field	signals	in	case	of	the	excitation	
light	 polarization	 oriented	 along	 the	 dimer.	 By	 AFM	 we	 determine	 the	 precise	
configuration	 (size	of	 the	nanoparticles,	distance	between	 them)	of	 each	hotspot.	This	

Fig.	5.3	(a)	Combined	AFM	(in	black),	SERS	intensity	(in	green)	and	SNOM	intensity	(in	
red)	 images	 for	a	vertical	excitation	polarization;	(b)	Combined	AFM	(in	black),	SERS	
intensity	 (in	 green)	 and	 SNOM	 intensity	 (in	 red)	 images	 for	 a	 horizontal	 excitation	
polarization;	(c)	FDTD	calculation	of	the	distribution	of	the	electric	field	for	two	optically	
coupled	gold	nanoparticles	(excitation:	632.8	nm,	polarization	along	the	dimer	axis)	(d)	
Different	 profiles	 of	 two	 dimers:	 topography	 (in	 purple),	 SERS	 intensity	 (in	 green),	
SNOM	intensity	(in	orange)	and	calculated	electric	field	intensity	(in	blue).				
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information	is	used	in	FDTD	modelling.	The	SNOM	image	clearly	demonstrates	a	strongly	
enhanced	 electromagnetic	 field	 between	 the	 nanoparticles	 in	 accordance	 with	 the	
polarization	of	the	incoming	light.	Raman	signal	intensity	is	represented	in	Figure	5.3	by	
green	colour.	It	is	visible	that	areas	of	Raman	signal	generation	are	localized	closely	to	the	
nanoparticle	 positions.	 However,	 the	 level	 of	 Raman	 scattering	 is	 different,	 which	 is	
probably	related	to	non-uninform	dye	distribution	among	the	nanoparticles.	It	should	be	
noted	that	a	larger	area	of	Raman	mapping,	compared	to	corresponding	aSNOM	and	AFM	
data	 is	 caused	 by	 diffraction-limited	 resolution	 of	 optical	 spectrometer	 and	 thus,	 a	
relatively	large	Raman	signal	areas	around	the	nanoparticle	assemblies	related	entirely	
to	the	SERS	signal	from	the	molecules,	which	absorbed	on	the	surface	of	nanoparticles.		

Let	us	 identify	 “hot	 spot	off”	 as	 an	 arrangement	of	dimer	with	 sample	material	
when	polarization	of	applied	light	is	oriented	perpendicularly	to	the	dimer	axis	and	a	“hot	
spot	on”	when	both	have	the	same	direction.	FDTD	calculations	clearly	demonstrate	that	
the	electromagnetic	enhancement	is	much	higher	for	a	hot-spot	on.	This	is	exactly	what	
we	experimentally	observed:	both	SERS	and	SNOM	signals	are	much	higher	for	a	“hot	spot	

Fig.	 5.4	 Hot-spot	 Raman	 intensity	 enhancement.	 A	 red	 curve	 demonstrates	 enhanced	
Raman	scattering	from	incident	light	oriented	along	the	dimer	orientation.	A	black	curve	
illustrates	 perpendicular	 light	 polarization	 with	 respect	 to	 the	 dimer	 (hot-spot	 off).	
Measurements	 performed	 in	 R6G	 solution	 in	 order	 to	 integrate	 all	 biomolecular	
orientations	and	their	spatial	distributions.	Exposition	time	30s.	632.8nm	HeNe	gas	laser	
with	intensity	1mV,	measured	on	the	sample	was	used	to	excite	Raman	scattering.	
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on”	compared	to	the	same	“off”	state.	The	accordance	between	FDTD	simulations,	SNOM	
measurements	and	SERS	intensity	is	very	good	as	can	be	seen	in	the	profile	of	a	hotspot	
on	visualized	in	Figure	5.3.														

It	should	be	noted	that	the	final	SERS	intensity	strongly	depends	on	the	hot	spot	
parameters.	 Indeed,	 two	 almost	 identical	 dimers	 (same	 distance	 between	 the	
nanoparticles	and	their	profiles)	can	provide	quite	a	different	SERS	intensity.	This	feature	
is	related	to	the	number	of	R6G	molecules	giving	rise	to	the	SERS	signal	and	biomolecules	
distribution	 over	 a	 dimer.	 In	 order	 to	 get	 rid	 of	 this	 unknown	 distribution,	 one	 can	
simplify	the	task	by	putting	sensor	into	solution	with	biomaterial	–	which	is	a	standard	
approach	for	plasmonic	biosensors.	Thus,	all	molecular	orientations	and	spatial	position	
will	 be	 averaged	 in	 time	 and	 resulted	 data	may	 be	 presented	 by	 histogram	of	 Raman	
intensities	versus	number	of	detected	single	events	of	Raman	enhancement.	The	largest	
detected	 Raman	 value	 would	 most	 probably	 correspond	 to	 the	 “hottest”	 near-field	
enhancement	inside	the	hot-spot.	

Fig.	5.4	shows	averaged	Raman	data	from	a	hot	spot,	placed	in	R6G-water	solution.	
Despite	the	fact,	that	presence	of	uncoupled	golden	nanoparticles	itself	typically1,130,132,135	
amplifies	detected	Raman	scattering	by	106	(comparing	to	pure	Raman	with	no	presence	
of	 any	 enhancing	 structures),	 a	 “hot	 spot	 on”	 arrangement	 additionally	 amplifies	 R6G	
peaks	for	1-2	orders	of	magnitude	(peak	over	background	value).		
	

5.5	Summary	
	

We	 developed	 an	 apertureless	 SNOM	 methodology	 for	 polarization-sensitive	
imaging	 of	 electric	 near-fields,	 induced	 by	 plasmonic	 nanoantennas.	 This	 result	 was	
achieved	by	a	modification	of	aSNOM	setup,	which	consisted	in	the	application	of	inverted	
geometry	of	sample	 illumination	and	collection	beams	combined	with	a	technique	of	a	
signal	demodulation	at	high	harmonic	of	tip	modulation	frequency	(system	is	based	on	
commercial	NT-MDT	system).	By	using	newly	developed	aSNOM	methodology	together	
with	 Raman	 spectroscopy	 and	 AFM	 topography	 mapping,	 we	 demonstrated	 the	
visualisation	of	randomly	distributed	hot-spots,	formed	by	Au	NP	dimers	as	well	as	the	
distribution	of	electric	near-field	and	SERS	signal	from	R6G	dye.	Our	data	illustrate	a	good	
correlation	between	Raman	signal	intensity	and	the	near-field	intensity	of	the	hot	spot.	
Based	on	this	idea	a	direct	pure	experimental	method	is	proposed	to	localize	position	and	
estimated	 “efficiency”	 of	 SERS	 hot	 spot.	 Raman	 scattering	 improvement	 is	 especially	
important	in	combination	with	PSLR	sensors,	as	double-dot	configurations	has	benefits	of	
plasmon	resonance	spectral	position	tuning	along	with	size-based	biomaterial	selectivity.	
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Conclusion	
	

Recent	 developments	 in	 nanotechnology	 and	metamaterial	 engineering	 opened	
access	 to	 a	 dramatic	 improvement	 of	 sensitivity	 of	 optical	 biosensors	 and	 their	 novel	
functionalities.	 Conventional	 plasmon	 biosensor,	 also	 referred	 to	 as	 Surface	 Plasmon	
Resonance	 biosensor,	 employs	 the	 excitation	 of	 surface	 plasmon	 polaritons	 in	
Kretschmann-Raether	geometry.	This	approach	provides	very	good	sensitivity,	but	it	does	
not	match	to	many	of	modern	trends	in	biosensing,	including	compatibility	with	hybrid	
bio-nanoarchitectures,	 size-based	 selectivity,	 spectral	 tunability,	 extremely	 strong	
localization	of	electric	field	beyond	the	diffraction	limit,	nanotweezing	etc.	In	was	recently	
shown	that	the	employment	of	plasmonic	metamaterials	for	biosensing	can	to	drastically	
advance	current	state-of-the-art	plasmonic	biosensors.	

This	 thesis	 considers	 novel	 promising	 metamaterials	 for	 biosensing	 and	 their	
assessment	 in	 sensing	 tasks.	 First	 metamaterial	 presents	 a	 periodic	 array	 of	 glass	
supported	 Au	 nanoparticles,	 which	 can	 provide	 diffractively	 coupled	 surface	 lattice	
resonances.	 For	 the	 first	 time	 conditions	 of	 excitation	 and	 properties	 of	 diffractively	
coupled	plasmonic	surface	lattice	resonances	over	2D	metamaterial	array	of	single	and	
double	nanoparticles	in	direct	and	ATR	geometries	were	studied	in	detail.	Here,	medium-
related	PSLRair/PSLRwat	and	substrate-related	PSLRsub	plasmonic	modes,	corresponding	
to	 the	 coupling	 of	 individual	 plasmon	 oscillations	 at	 medium-	 and	 substrate-related	
diffraction	cut-off	edges,	were	identified.	It	was	shown	that	PSLR	excited	both	in	direct	
and	 ATR	 geometries	 can	 have	 extremely	 small	 width	 (down	 to	 a	 few	 nm	 FWHM).	
Sensitivities	of	these	modes	to	variations	of	refractive	index	of	adjacent	sample	dielectric	
medium	 were	 assessed.	 It	 was	 found	 that	 the	 spectral	 sensitivity	 of	 medium-related	
PSLRs	 (300-400	 nm/RIU)	 is	 conditioned	 by	 nanostructure	 periodicity,	 while	 the	
substrate-related	modes	showed	much	lower	sensitivity.	 It	was	also	shown	that	PSLRs	
can	provide	a	very	low	intensity	(down	to	10-6	Deg.)	in	the	resonance	conditions	(light	
darkness),	leading	to	the	generation	of	extremely	sharp	jump	of	phase	of	light	in	the	very	
minimum	of	the	resonance.	The	employment	of	this	jump	can	give	rise	to	very	high	phase	
sensitivity.	 Sensitivities	 of	 PSLR	 and	 SPR	 in	 the	 Kretschmann-Raether	 geometry	were	
directly	 compared.	 It	 was	 shown	 that	 despite	 much	 lower	 spectral	 sensitivity	 (400	
nm/RIU	 compared	 to	 3600	 nm/RIU),	 PSLR	 can	 exhibit	much	 higher	 phase	 sensitivity	
(>105	 Deg./RIU	 compared	 to	 ~104	 Deg./RIU).	 To	 the	 best	 of	 my	 knowledge,	 PSLRs	
outperform	all	 plasmonic	 counterparts	 in	 terms	of	 phase	 sensitivity.	 The	 feasibility	 of	
PSLR	for	biosensing	was	demonstrated	using	standard	streptavidin-biotin	affinity	model.	
Combining	 advantages	 of	 nanoscale	 architectures,	 including	 drastic	 concentration	 of	
electric	field,	possibility	for	manipulations	at	the	nanoscale	and	high	phase	and	spectral	
sensitivities,	 PSLR	 promise	 the	 advancement	 of	 current	 state-of-the-art	 plasmonic	
biosensing	technology	toward	single	molecule	label-free	detection.		

Second,	 for	 the	 first	 time	 excitation	 of	 plasmons	 in	 3D	 plasmonic	 crystal	 was	
studied.	It	is	shown	that	employment	of	3D	nanoarchitectures	of	plasmon	excitation	can	



	
	
	

84	

break	the	diffraction-related	limitation	of	2D	periodic	structures	and	thus	obtain	a	much-
improved	spectral	sensitivity	(2600	nm/RIU),	as	well	as	a	prominent	phase	response	(3	
´	 104	 Deg.	 of	 phase	 per	 RIU).	 The	 sensitivity	 enhancement	 was	 demonstrated	 using	
Woodpile-based	photonic	crystal	metamaterials,	but	it	is	likely	that	similar	effect	can	be	
obtained	 with	 alternative	 3D	 architectures	 constituting	 effective	 metal/dielectric	
medium.	The	proposed	3D	 sensor	nanoarchitecture	matches	 earlier	 stated	 criteria	 for	
desired	 parameters	 of	 future	 sensor	 prototypes	 and	 offers	 unique	 combination	 of	
ultrahigh	point	sensitivity	(provided	by	the	phase	interrogation)	and	fairly	high	spectral	
sensitivity	 for	 a	 wider	 dynamic	 range	 of	 measurements	 (provided	 by	 the	 spectral	
interrogation).	It	is	also	important	that	the	porous	matrix	of	the	woodpile	structure	can	
be	used	to	match	the	size	of	biological	species	of	interest,	giving	access	to	a	further	size-
selectivity	 option,	 which	 is	 important	 for	 many	 tasks	 of	 immunoassays	 and	 protein	
detection.	

Finally,	an	apertureless	SNOM	methodology	for	polarization-sensitive	imaging	of	
electric	near-field,	induced	by	plasmonic	nanoantennas	has	been	developed.	This	result	
was	achieved	by	a	modification	of	aSNOM	setup,	which	consisted	 in	 the	application	of	
inverted	 geometry	 of	 sample	 illumination	 and	 collection	 beams	 combined	 with	 a	
technique	of	a	signal	demodulation	at	high	harmonic	of	tip	modulation	frequency	(system	
is	based	on	commercial	NT-MDT	system).	By	using	newly	developed	aSNOM	methodology	
together	with	Raman	spectroscopy	and	AFM	topography	mapping,	we	demonstrated	the	
visualisation	of	randomly	distributed	hot-spots,	formed	by	Au	NP	dimers	as	well	as	the	
distribution	of	electric	near-field	and	SERS	signal	from	R6G	dye.	Our	data	illustrate	a	good	
correlation	between	Raman	signal	intensity	and	the	near-field	intensity	of	the	hot	spot.	
Based	on	this	idea	a	direct	pure	experimental	method	is	proposed	to	localize	position	and	
estimated	 “efficiency”	 of	 SERS	 hot	 spot.	 Raman	 scattering	 improvement	 is	 especially	
important	in	combination	with	PSLR	sensors,	as	double-dot	configurations	has	benefits	of	
plasmon	resonance	spectral	position	tuning	along	with	size-based	biomaterial	selectivity.	

An	 important	 consequence	 of	 this	 research,	 one	 can	 see	 in	 generalization	 of	
plasmonic	 phenomena	 for	 different	 geometries	 and	 conditions.	 Employment	 of	
metamaterials	allows	one	to	engineer	programmable	optical	constants	of	matter	and	a	
controlled	macroscopic	optical	response,	provided	by	complex	Fresnel	coefficients.	Next	
steps	will	 be	 conducted	 to	 investigate	new	plasmonic	metamaterials,	which	possesses	
unique	 optical	 properties,	 enabling	 to	 create	 diffraction-related	 complete	 optical	
darkness.	Preliminary	results	showed	abnormally	high	spectral	sensitivities	along	with	
state-of-the-art	phase	sensitivity	values,	which	outperform	most	known	examples	of	well-
established	plasmonic	sensors.	
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Résumé	
Cette	thèse	considère	de	nouvelles	architectures	prometteuses	des	métamatériaux	

plasmoniques	 pour	 biosensing,	 comprenant:	 (I)	 des	 réseaux	 périodiques	 2D	 de	
nanoparticules	 d'Au,	 qui	 peuvent	 supporter	 des	 résonances	 des	 réseaux	 de	 surface	
couplées	de	manière	diffractive;	(II)	Reseaux	3D	à	base	de	cristaux	plasmoniques	du	type	
d'assemblage	de	bois.	Une	étude	systématique	des	conditions	d'excitation	plasmonique,	
des	 propriétés	 et	 de	 la	 sensibilité	 à	 l'environnement	 local	 dans	 ces	 géométries	
métamatérielles	est	présentée.	On	montre	que	de	tels	réseaux	peuvent	combiner	une	très	
haute	sensibilité	spectrale	(400	nm	/	RIU	et	2600	nm	/	RIU,	ensemble	respectivement)	et	
une	 sensibilité	 de	 phase	 exceptionnellement	 élevée	 (>	 105	 deg./RIU)	 et	 peuvent	 être	
utilisés	 pour	 améliorer	 l'état	 actuel	 de	 la	 technologie	 de	 biosensing	 the-art.	 Enfin,	 on	
propose	 une	méthode	 de	 sondage	 du	 champ	 électrique	 excité	 par	 des	 nanostructures	
plasmoniques	(nanoparticules	uniques,	dimères).	On	suppose	que	cette	méthode	aidera	à	
concevoir	 des	 structures	 pour	 SERS	 (La	 spectroscopie	 du	 type	 Raman	 à	 surface	
renforcée),	qui	peut	être	utilisée	comme	une	chaîne	d'information	supplémentaire	à	un	
biocapteur	de	transduction	optique.	
	
Mots-clés:	biocapteurs	plasmoniques,	métamatériaux	plasmoniques,	PSLR,	SPP,	LSPR,	
SERS,	aSNOM	
	

Abstract	
This	thesis	consideres	novel	promissing	architechtures	of	plasmonic	metamaterial	

for	biosensing,	including:	(I)	2D	periodic	arrays	of	Au	nanoparticles,	which	can	support	
diffractively	 coupled	 surface	 lattice	 resonances;	 (II)	 3D	 periodic	 arrays	 based	 on	
woodpile-assembly	plasmonic	crystals,	which	can	support	novel	delocalized	plasmonic	
modes	 over	 3D	 structure.	 A	 systematic	 study	 of	 conditions	 of	 plasmon	 excitation,	
properties	and	sensitivity	to	local	environment	is	presented.	It	is	shown	that	such	arrays	
can	combine	very	high	spectral	sensitivity	(400nm/RIU	and	2600	nm/RIU,	respectively)	
and	 exceptionally	 high	 phase	 sensitivity	 (>	 105	 deg./RIU)	 and	 can	 be	 used	 for	 the	
improvement	 of	 current	 state-of-the-art	 biosensing	 technology.	 Finally,	 a	 method	 for	
probing	electric	field	excited	by	plasmonic	nanostructures	(single	nanoparticles,	dimers)	
is	proposed.	It	is	implied	that	this	method	will	help	to	design	structures	for	SERS,	which	
will	later	be	used	as	an	additional	informational	channel	for	biosensing.	
	
Keywords:	 plasmonic	 biosensors,	 plasmonic	metamaterials,	 Plasmonic	 Surface	 Lattice	
Resonances,	Surface	Plasmon	Resonance,	Localized	Surface	Plasmon	Resonance,	Surface	
Enhanced	Raman	Spectroscopy,	apertureless	Scanning	Near-filed	Optical	Microscopy	


