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Abstract

�emost commonmethod for optical sensing of chemical or biological samples involve the need

for labels that recognize unknown molecular events due to changes in their intrinsic optical

properties. Since the introduction of these labels creates such complications, as the signal

interference between a label and an analyte, sensitivity reduction, and additional chemistry

treatment to bond the labels to sensing element, hence the label-free sensors are required. �ese

sensors allow for real-time, highly sensitive detection of chemical or biological interaction

without the need for labels.

Among the methods of label-free sensing our approach is based on a well-established

phenomenon of collective oscillations of free electrons, known as plasmons. Plasmons can

be excited in conductive nanoscale objects composed of noble metals, such as Au, Ag, Pt, Cu,

provided that the objects’ size is much smaller than the wavelength of the incident light [1].

A highly concentrated localized electromagnetic �eld near the nanoparticles, along with the

sensitivity of plasmonic nanoparticles to their surrounding environment, forms the basis for

many sensor systems known as localized surface plasmon resonance (LSPR) sensors. Moreover,

the optical properties of metal nanoparticles strongly depend on their shape this allows to

tune the frequencies of their localized plasmon resonances for more e�cient interaction of

nanoparticles with chemical or biological entities [2]. �e enhancement of local electric �elds

makes plasmonic nanoparticles useful in a wide variety of �elds, such as nonlinear optics,

Raman spectroscopy, and vibrational and luminescent spectroscopy.

�e purpose of the Ph.D. thesis is the theoretical and experimental study of the interaction

of plasmonic nanoparticles with a quantum emi�er, quantum absorber, and biological entity.

Keywords: Plasmonic nanoparticles, localized surface plasmon resonance, label-free

sensor, chemiluminescence, metal-enhanced chemiluminescence, metasurface, surface-

enhanced near-infrared absorption, overtone spectroscopy, endocytosis, nanoparticle

uptake
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Scope of the�esis

Chapter 1 provides the scienti�c background of the study, while Chapter 2 describes materials

and methods used in the thesis. �e original results are discussed in Chapters 3 to 5.

Chapter 3 is devoted to the study of the metal-enhanced chemiluminescence e�ect.

Chemiluminescence, which is an emission resulting from the radiative decay of chemically

excited species, also has practical applications, especially in sensing technologies. Unlike

devices based on photo- and electroluminescence, chemiluminescence-based devices function

without external energy sources. Moreover, chemiluminescence lasts for relatively long

periods of time, namely from few seconds to several hours, depending on the concentration

of oxidizing species, compared to photo/electroluminescence (about 10�8 s). A downside of

chemiluminescence is its low intensity. In this chapter, I have addressed this limiting factor

and explored the possibility to enhance the chemiluminescent intensity by the introduction of

metal nanoparticles that support localized surface plasmon oscillations.

�e optimization of the metal nanostructure was performed through the numerical

modeling of the optical properties of metal nanoparticles arrays, supported by transparent

substrates. Additionally, several systems for widely-used chemiluminescence species were

foundwith an excellent overlap between the chemiluminophore emission band and the localized

surface plasmon band of metal nanoparticles. Next, silver nanoparticles arrays with suitable

properties have been fabricated via physical vapor deposition. A 1.6-fold enhancement of

chemiluminescence intensity upon direct contact of the reagents with a granular silver �lm

was demonstrated experimentally. Special experiments have been conducted to prove that the

catalytic action of themetal surface is ofminor importance and the chemiluminophore–plasmon

coupling is the main cause of the enhancement observed. Corresponding results were submi�ed

to Sensor and Actuator B: Chemical journal. �e paper is currently under review. �e submi�ed

version of the paper can be found in appendix A.

�e results obtained in Chapter 4 demonstrate the in�uence of a highly localized

11



LIST OF TABLES 12

electromagnetic �eld in gold nanoparticles on the weak overtone absorption bands in the

near-infrared range. �e near-infrared spectral range encloses overtones of vibrational

modes belonging to main functional groups of organic molecules. Considering the current

development of near-infrared spectroscopic instrumentation, it would be a�ractive to use

overtone transitions in sensor applications, if the probability of transitions could be enhanced

to the level comparable with that of the fundamental vibrations. In this work, I have explored

the possibility to enhance the overtone transition probability by placing the molecules in the

near-�eld of metal nanoparticles that possess the localized surface plasmon resonances in the

actual spectral range

Resonant coupling between plasmonic nanoantennas and molecular vibrational excitations

is employed to amplify the weak overtone transitions that reside in the near-infrared spectral

range. �e di�erential extinction of molecular overtone transitions coupled to the localized

surface plasmons has been explored for the �rst time. A nontrivial interplay between the

molecular absorption enhancement and suppression of plasmonic absorption in a coupled

system in di�erential extinction spectra were shown. �e capabilities of surface-enhanced

near-infrared absorption for molecular overtones sensing were then investigated using a

gold metasurface. �e combination of the localized surface plasmon resonance in prolonged

nanoparticles and the Rayleigh anomaly of the periodic la�ice of nanoparticles results in

the enhancement of the N-H overtone transition by 22.5 times. Corresponding results are

summarized in two journal publications. �e papers [Dadadzhanov D.R. et al, ”Di�erential

extinction of vibrational molecular overtone transitions with gold nanorods and its role in

surface enhanced near-IR absorption (SENIRA).” Optics express 27.21 (2019): 29471-29478.] and

[Dadadzhanov D.R. et al, ”La�ice Rayleigh Anomaly Associated Enhancement of NH and CH

Stretching Modes on Gold Metasurfaces for Overtone Detection.” Nanomaterials 10.7 (2020):

1265.] can be found in appendix B and C, respectively.

Chapter 5 is devoted to the experimental and theoretical results of the study of the silver

nanoparticles for biomedical application. It is well-known that the dipole plasmon band of

a sphere corresponds to three degenerate eigenmodes that represent plasmon oscillations in

three independent dimensions. When the sphere approaches a plane boundary between two

media with di�erent refractive indices, two eigenmodes that correspond to the oscillations

parallel to the boundary remain degenerate while the third one corresponding to the dipole

oscillation normal to the boundary shi�s faster than two others. �is phenomenon has been
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proposed to monitor endocytosis – the process in which a cell captures solid particles – in

far-�eld spectroscopy. Endocytosis was modeled as a process of single nanoparticle penetration

through a thin cell membrane. Numerical studies of this model have shown that when the silver

nanoparticle approaches the boundary of the cell membrane, plasmon degeneracy is partially

li�ed and it can be seen in the far-�eld spectroscopic measurements. Silver nanoparticles

without the stabilizing ligands, needed for the realization of their high sensitivity to the

refractive index of the surrounding medium, were fabricated by laser ablation of a silver target

in water. �e narrow size and shape distribution of the obtained nanoparticle suspension

enables to con�dently observe the red-shi� of the plasmon absorption band due to the in�uence

of a protein shell (bovine serum albumin) formed around the nanoparticles.



1 Scienti�c background

1.1 Localized surface plasmon resonance (LSPR) in metal

nanoparticles

Investigations related to the interaction of light with objects, whose dimensions are much

smaller than the wavelength of the incident radiation, are still the subject of great interest.

Particularly, nanoplasmonics is a fast-growing �eld of science that actively studies metal

nanoparticles experiencing the plasmonic resonance [8]. �is phenomenon occurs due to

the oscillations of free conduction electrons in small metal nanoparticles under incident

electromagnetic radiation. Such oscillations correspond to localized surface plasmons that

form the background for sensing applications of nanoplasmonics [8, 9]. �e large electric �eld

enhancement provides a more intense light-ma�er interaction, which can be useful in various

applications, such as surface-enhanced �uorescence (SEF) [10], surface-enhanced Raman

sca�ering (SERS) [11], or metal-enhanced-chemiluminescence (MEC)[12]. �e properties of

nanoparticles largely depend on the material and the synthesis method. Among widespread

methods, two types can be distinguished: top-down and bo�om-up, a detailed description of

each will be given below.

Optical properties of metal nanoparticles can be understood using a theoretical model: a

gas of free electrons with a certain material-dependent density N moves relative to rigidly

�xed ion core. In general, the equation of motion of a single electron from a plasmon layer

induced by the external electric �eld E is de�ned as:

mẍ+m�ẋ = �eE (1.1)

where m is the e�ective electron mass; e is the electron charge; � is the frequency of electron

collisions. If the time dependence of the electric �eld is assumed E(t) = E0e�i!t, then the

solution for the equation of motion of an electron is of the form x(t) = x0e�i!t. �e complex
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amplitude x0 of the electron oscillations also accounts for the phase shi� relative to electric

�eld oscillations. �e amplitude is expressed in the following form:

x0(t) =
e

m (!2 + i�!)
E0(t) (1.2)

Hence, the electron shi� causes the polarization P = �Nex with the complex amplitude:

P0 = � Ne
2

m(!2 + i�!)
E0, (1.3)

Given that the linear susceptibility � of the metal is related to the equation P0 = �E0, then

from 1.3 one can deduce

� = � Ne
2

m (!2 + i�!)
. (1.4)

�e optical properties of metals are primarily determined by the behavior of free carriers

(electrons) in the metal. �e dielectric permi�ivity can be obtained from the electron response

on the incident electromagnetic �eld. �us, the model of the free carriers is derived from the

equation of motion of an electron, taking into account the collisions with motionless ions as

damping.

In this model, commonly known as the Drude model [1], the expression for the dielectric

permi�ivity of metal reads as:

"(!) = 1�
!
2
p

!2 + i�!
, (1.5)

where !2
p = 4⇡Ne2

m is the plasma frequency of free electron oscillation. �e complex dielectric

permi�ivity can be wri�en as the sum its real and imaginary parts, "(!) = "
0(!) + i"

00(!).

Using this and Eq. (1.5), one can obtain

"
0(!) = 1�

!
2
p⌧

2

1 + !2⌧ 2

"
00(!) =

!
2
p⌧

! (1 + !2⌧ 2)

(1.6)

Under the conditions � << ! < !p (⌧ >> 1/!), the dielectric permi�ivity is mainly real (in

this case, the absorption is insigni�cant) and Equation 1.6 reduces to

"
0(!) = 1�

!
2
p

!2
. (1.7)

When ! < !p, the real part of the dielectric permi�ivity is negative, and metal becomes

highly re�ective. In the high-frequency range, ! > !p, the free electrons in the metal

nanoparticles have no time to follow the fast oscillations of the external �eld, and the dielectric
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permi�ivity becomes positive. �e Drude model accurately describes many optical properties

of simple metal nanoparticles. However, it is also necessary to take into account the interband

transitions that occur in the optical range resulting in additional losses in the response of the

material. �erefore, the introduction of an additional term "1 is required

"(!) = "1 �
!
2
p

!2 + i�!
(1.8)

�e free electron model is applicable only for the low-frequency region, which is clearly seen

when comparing with the experimental data (shown for gold in Figure 1.1) obtained by Johnson

and Christy [3]. As can be seen from Figure 1.1, in the high-frequency region, the free-electron

model does not consider the region corresponding to interband transitions in metal.

Figure 1.1: (a) �e real and (b) imaginary parts of dielectric permi�ivity of gold are in the Vis-NIR

range. �e solid curve corresponds to the free electron approximation and the dashed curve to the

experimental values obtained in Ref. [3]

.

1.2 Methods for calculating the absorption and scattering

spectra of light by small particles of arbitrary shape

1.2.1 Analytical method

A special case in plasmonics is the study of the excitation process of plasmons in metal

nanoparticles whose diameter is less than the wavelength of the incident light. Plasmons

can be represented as quanta of collective oscillation of electrons, similar to oscillations of a

harmonic oscillator, with respect to positively charged cores, as shown in Figure 1.2.
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Figure 1.2: Schematic illustration of a localized surface plasmon resonance [4]

First, consider the case of the quasistatic approximation. It can be applied if the nanoparticle

size is much smaller than the wavelength of incident radiation. Under this approximation, free

electrons are not connected with the ionic core of the crystal la�ice and can coherently move

under the in�uence of the applied electromagnetic �eld. �is leads to the fact that polarization

charges appear on the surface of the metal nanoparticle, which acts only as a restoring force

(Figure 1.2, resulting in the appearance of localized plasmon resonance with a certain frequency.

In contrast to plasmons in extended structures (e.g. thin metal �lm), such oscillations do not

propagate, therefore their resonant excitation is called localized surface plasmon resonance

(LSPR).�e spectral position of the localized plasmon resonance depends on several aspects

which will be described below. �e most common materials used in plasmonics are gold, silver,

copper, and aluminum[2].

�e optical properties such as the absorption and sca�ering of light by small spherical

metal particles were theoretically described in the works of Maxwell-Garne� in 1906 [13] and

Gustav Mie in 1908 [14]. Solving Maxwell’s equations for electromagnetic radiation interacting

with a spherical metal particle of arbitrary size gives a series of multipole oscillations (dipole,

quadrupole, etc) in the absorption and sca�ering cross-sections of particles depending on the

particle size. In the case when the particle is much smaller than the wavelength, its sca�ering

cross-section reduces to the Rayleigh approximation [15]. If an external electromagnetic wave

polarizes a particle, then the variable dipole of plasmon oscillations may be expressed through

the polarizability:

↵ = 4⇡a3
"� "b

"+ 2"b
, (1.9)

where " and "b are the dielectric permi�ivity of the nanoparticles and the medium, respectively,

a is the radius of the nanoparticle. As follows from Equation 1.9 for polarizability of a spherical

nanoparticle, the condition for plasmon resonance is Re ["(!)] ⇡ �2"b. In turn, the sca�ering

and extinction cross-sections of a nanoparticle in the dipole quasistatic approximation are
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related to its polarizability ↵ by the following expressions [2]:

�scat =
k
4

6⇡
|↵|2 = 8⇡

3
k
4
a
6


"(!)� "d

"(!) + 2"b

�2

�ext = k Im[↵] = 4⇡ka3 Im


"(!)� "b

"(!) + 2"b

� (1.10)

where k = 2⇡/�. Consequently, the absorption cross-section of nanoparticle can be evaluated

as:

�abs = �ext � �sc (1.11)

�asistatic approximation provides a convenient description of LSPR in nanoparticles of

di�erent shape and constitution. In particular, the concise formula may be obtained for prolate

and oblate spheroids and for nanoparticles of a general ellipsoidal shape. �e polarizability of

a confocal ellipsoidal core-shell nanoparticle in a �eld parallel to one of its main axes can be

calculated through the particle polarizability [2, 15]:

↵ =
v (("2 � "b)

⇥
"2 + ("1 � "2)

�
L
(1) � fL

(2)
�⇤

+ f"2 ("1 � "2))

(["2 + ("1 � "2) (L(1) � fL(2))] ["b + ("2 � "b)L(2)] + fL(2)"2 ("1 � "2))
, (1.12)

where L(i) (i=1,2) are the geometric factors of the core and the shell in the direction of the

polarization; "1, "2 ,"b are the frequency-dependent dielectric permi�ivity function of the

nanoparticle core, the shell and background media, correspondingly; v is the full volume of

the nanoparticle with the shell and f is the ratio of the inner core volume to v.

In the following works [2, 16, 17], the authors calculated plasmon resonances for arbitrary-

shaped nanoparticles. In particular, an ellipsoidal nanoparticle was considered. Plasmon

resonance dipole vibrations oriented along the long axis has a red-shi� in the resonance

wavelength, and along the short axis is a blue-shi�. It was established that the contribution of

changes in the intensity and position of the plasmon resonance of an ellipsoidal shape depends

on the orientation of the polarization of the incident light wave relative to the axes of the

ellipsoid. Table 1.1 summarizes the conditions of plasmon resonance for particles of various

shapes with a depolarization factor L in a medium with a dielectric permi�ivity "b [15].
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Table 1.1: Plasmon resonance conditions for particles with arbitrary shapes.

Shape

Bulk material Cylinder Sphere Ellipsoid

Resonance

condition
"m = 0

(k) ! "m = 0

(?) ! "m = �"b

"m = �2"b "m = �"b
1�L
L

Resonance

frequency
! = !p

! = !p

! =
!pp
1 + "b

! = !pp
1+2"b

! = !pp
1�(1�1/L)"b

1.2.2 Numerical methods

�e optical properties of metallic nanoparticles can be modeled with high accuracy using

various rigorous numerical calculation methods, such as �nite-di�erence time-domain method

(FDTD), discrete dipole approximation (DDA), and �nite element method (FEM) (comparative

characteristics in Table 1.2). Furthermore, the use of the numerical methods makes it possible to

solve the Maxwell equations for the complex structures (hybrid, multilayer, arbitrary shapes),

where the quasi-static approximation or even the Mie theory cannot be applied. Special

a�ention in the following chapters is given to the investigation of the in�uence of the shape,

size, dielectric surrounding, and spatial arrangement on the metal nanoparticles properties

using numerical calculation methods.

One of the most common methods for solving the electrodynamic problem is the DDA

method. Purcell and Pennypacker initiated this method to explain light sca�ering by interstellar

dust grains, which was then and ultimately improved by Draine et al. [18]. By taking

the advantage of this method, optical sca�ering and light absorption for arbitrary shapes,

representing an interacting array of dipoles with a certain polarizability tensor referred to

individual nanoparticles, [19] can be calculated. �e advantage of the DDA method is the

ability to consider not only nanoparticles of arbitrary shape, but pairs of particles since there

are no restrictions on the nodes of the cubic la�ice.

FEM is an alternative state-of-the-art numerical method for solving a system of di�erential

equations for boundary value problems. �e main algorithm of FEM is that any continuous
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value in a certain region can be approximated by a discrete model, which is created from a set of

piecewise continuous functions de�ned in a �nite number of subdomains (elements) presented

in the form of tetrahedral or triangular prisms. Usually, such functions are polynomials - linear,

quadratic, cubic, etc. �e �nal result of each subdomain is then combined again to solve the

problem.

�e FDTD method is formulated based on the discretization of Maxwell’s equations wri�en

in a di�erential space-time formulation, dividing the region into a grid of small cells called

’Yee’ cells. �e grids for the electric and magnetic �elds are o�set in relation to each other

in time and space by half of the sampling step for each of the variables. Finite-di�erence

equations make it possible to determine the electric and magnetic �elds at a given moment of

time based on the known values of the �elds at a previous moment in time, and under given

initial conditions; the computational procedure deploys the solution in time from the reference

point with a given step. In addition to the simplicity of the formulation, the FDTD method,

like FEM, has undoubted advantages in terms of modeling electrodynamic nanoscale objects

with inhomogeneous, anisotropic, and nonlinear media with arbitrary boundary shapes [20].

A minor drawback of the FDTD method may be related to the accuracy and e�ciency of the

calculation with a large distance between the mesh cells. However, an increase in the density

mesh avoids computational errors, despite the increase in the calculation time.

Table 1.2: Characteristics of various computational method for nanoscale objects.

Method Type Possible structure Mesh type

Mie theory Analytical Spheres (core/shells) Not used

DDA Numerical (frequency domain) Arbitary Cubic

FEM Numerical (frequency domain) Arbitary Triangular or tetrahedral

FDTD Numerical (time domain) Arbitary Rectangular

1.3 Size, substrate, lighting-rod, and lattice e�ects

�e localized plasmon resonance of metal nanoparticles is highly dependent on the size, shape,

arrangement, environment of the nanoparticles, and also the material which the nanoparticle

is made of [2]. Using nanoparticles with a speci�c LSPR position is an important condition for

e�ective energy transfer between an organic molecule and plasmonic nanoparticle.
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Due to the fact that many applications require the use of metal nanoparticles on a

substrate, this inevitably leads to a violation of the symmetry of the dielectric environment,

thereby changing the metallic properties. When collective vibrations are excited in a plasmon

nanoparticle, image charges in the dielectric substrate can be induced. As a result, one can

observe a strong interaction of plasmon oscillations with charge images. LSPR band of metal

can be adjusted by changing the dielectric permi�ivity of the utilized substrate leading to

blue-shi� for small values and red-shi� for large ones [21].

Another optical e�ect in nanoscale metal particles is a lightning rod e�ect. Under the shape

modi�cation of nanoparticles other than spherical, the external �eld changes its shape, and

the lines of force are concentrated on the tip of the nanoparticle, leading to an increase in the

electric �eld strength. �is e�ect is practically independent on the frequency of the external

�eld and is o�en used in hybrid nanoparticle/dye structures. �e luminescent intensity of dye

molecules located near the nanoparticles in the enhanced local �eld can be enhanced as well.

Within the framework of the quasistatic approximation, the local �eld enhancement for a

spherical nanoparticle can be described by Equation 1.13, while for the ellipsoidal particle by

Equation 1.14. ����
E

E0

����
2

=

����
3"b

" + 2"b

����
2

(1.13)

����
E

E0

����
2

=

����
1

1 + ("/"b � 1)L

����
2

(1.14)

�e e�ect of la�ice plasmon coupling between nanoparticles in arrays plays a prominent

role. �e interaction of metal nanoparticles in an array leads to collective plasmon resonance

by means of multiple sca�ering of radiation, which is not possible for an isolated nanoparticle.

To calculate the optical properties of periodically arranged nanoparticles on a substrate, one

needs take into account the factor S, which is responsible for the contribution of the sum of

the sca�ered �elds created by other particles in the array:

S =
1

4⇡"0

X

j

exp (ikrj)


(1� ikrj) (3 cos2 ✓j � 1)

r3j

+
k
2 sin2

✓j

rj

�
, (1.15)

where "0 ⇡ 8.854 ⇥ 10�12F/m, rj determines the distance between nanoparticles, ✓j is the

angle between the x-axis and the radius-vector of the nanoparticle with the number j.

Hence, the e�ective polarizability should be rewri�en taking into account the polarizability

for the isolated nanoparticle from Equation 1.9:

↵
⇤ =

1

1/↵� "0S
(1.16)
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�e nature of the appearance of la�ice plasmon resonance is due to the fact that the

polarization in the array becomes large, in particular when the real parts of 1
↵ and S are equal.

�e study of a periodic array of metal nanoparticles, experiencing collective la�ice plasmon

resonances, was done in the following work [22], where Humphrey et al. discussed the la�ice

plasmon resonances near the di�raction edge of the array. If the real part of the denominator

in Equation 1.16 goes to zero, then it results in a strong peak (blue curve) in Figure 1.3a.

УAловите свое

(a) Calculated extinction cross-section per particle

(b) 1/_ and S 

Figure 1.3: Appearance of la�ice plasmon resonance. (a)�e computed extinction cross-section for

the isolated silver nanodisk and silver nanodisk in array, (b) appropriate computed array S factor (real

and imaginary part) [5].

If the real part of the denominator in Equation 1.16 goes to zero, a strong peak (blue curve)

appears in the spectrum, as shown in Figure 1.3a. A more visual manifestation of the la�ice

plasmon resonance due to di�raction is seen in Figure 1.3b where the intersection occurs

between Re[S] and Re[ 1↵] at 727 nm.
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1.4 Fabrication methods of plasmonic nanoparticles

�e synthesis of nanoparticles and nanostructures is divided into two types: 1) top-down,

realized on the basis of the lithographic methods or pulsed laser ablation (PLA) [23], and 2)

bo�om-up, where the synthesis method can be represented by chemical growth of nuclei,

subsequently stabilized by a ligand layer or by the method of self-organizing nanoparticles on

a substrate, for example, physical vapor deposition (PVD).

As mentioned above, lithography refers to the top-down method. Among the relatively

practical methods, electron beam lithography (EBL) should be considered. �e technological

process is almost similar to photolithography but there is no photomask. EBL technique

involves electron beam exposure for the treatment of the photoresist layer, which changes

its properties under the in�uence of accelerated charged particles. An electron microscope is

used to pa�ern the necessary nanostructures at a speci�c dose of energy. Once the metal layer

is sprayed over the photoresist, a�er subsequent li�-o� of the photoresist, only ensembles of

nanoparticles retain on the surface.

One of the simplest methods is PLA [24]. �e principle of the method is to remove the

ma�er from the surface using a laser pulse. Pulse laser ablation was developed in the 1960s,

shortly a�er the advent of the ruby laser pulse principle. Since then, in many numerical

experiments, laser ablation has been performed in gas, liquid media, a rare�ed medium, and in

a vacuum. Among the a�ractive features there is a relatively simple experimental technique,

absence of mechanical contact during the synthesis, ability to obtain stable nanoparticles free

from the stabilizer for a long time, and use of various solvents. Such bene�ts are useful for

very promising practical applications as catalysis research [25], electronics [26, 27], nonlinear

optics [28], biomedicine [29], SERS [11, 30], and SEF [10, 31] application.

�e main features of laser ablation are as follows:

1. Laser ablation is associated with direct absorption of laser pulse energy in a substance

2. �e result of laser ablation is the formation of a plasma cloud

3. Laser ablation occurs at the interface between the condensed and gas (or vacuum) or

liquid phases

4. Laser ablation is of a threshold nature
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5. When there are liquids, it is likely the synthesized particles participate in the secondary

interaction with the laser beam. In this case, the nanoparticles are heated and coagulate

with each other under prolonged exposure to a pulsed laser.

�e experimental work in [32] describes the possibility to obtain small silver nanoparticles

with sizes ranging from 4.34 to 4.9 nm using the PLA method. �ey utilized polymer coating

polyvinylpyrrolidone (PVP), poly(vinyl-alcohol) (PVA), which provides good control over

particle size distribution. Another interesting work [33] is devoted to tuning plasmon properties

of chemicals-free silver nanoparticles by PLA in various organic liquids. Besides, the silver

nanoparticles were functionalized in the same solvent as the original liquid. �e procedure

is simple and involves the adding stabilizer molecules to the colloidal solution. As a result,

this led to a red-shi� of the absorption band of silver nanoparticles due to changes in the

surrounding dielectric permi�ivity. �e next work proposed a reliable and well-controlled

method for gold and silver nanoparticles fabrication realized by the use of a continuous wave

laser [34]. �e variation of laser intensity and e�ective irradiation time strongly in�uences

on the average diameter of synthesized nanoparticles according to the transmission electron

microscope images.

Chemical synthesis based on the surfactants and stabilizing ligands allows to obtain

nanoparticles of various shapes and sizes (nanospheres, nanorods, nanotriangles, nanocubes,

etc.) with the advantage of controlling the size, adjusting plasmon resonance bands and a

favorable shape with enhanced near-�eld. �e formation of nanoparticles by the chemical

method involves adding a precursor such as chloroauric acid HAuCl4 for gold nanoparticles or

metal precursor AgNO3 for silver nanoparticles with a reducing agent. It is worth noting, the

growth rate plays a crucial role and determines the size of the nanoparticles as shown in [35].

Another way among the most promising and fairly common methods for creating

nanoparticles is their thermal deposition in speci�c high-vacuum equipment, also called

PVD (physical vapor deposition) technique. PVD provides increased purity, a high degree of

adhesion to the substrate, and structural uniformity.

1.5 Principles of chemiluminescence spectroscopy

Chemiluminescence, or ”liquid light” e�ect, is an emission of photons resulting from an

exothermic reaction [36]. �is fascinating optical e�ect �nds its use in various applications
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from forensic science targeted to detection the blood traces at crime scene [37], to industrial

bio-chemistry [38, 39]. One of the vivid examples of a chemiluminophore is luminol, which

generates blue light under certain conditions [40]. Forensic investigators use luminol to detect

trace amounts of blood at crime scenes since it reacts with the iron in hemoglobin; biologists

use it in cellular assays to detect copper, iron, and speci�c proteins [41]. However, the intensity

of chemiluminescence of many chemiluminophore molecules is very low, which signi�cantly

limits its potential applications. One of the e�cient experimental tools for observing the

chemiluminescence e�ect is a micro�uidic chip. Such chips are employed to study low volume

samples by isolating key phenomena from the in�uential surrounding environment [42]. �e

�ow-injection in micro�uidic chips helps in obtaining the e�cient chemical reaction when

the chemiluminophores and their oxidants are mixed to emit light. Crucial developments

for the fabrication approaches in the �eld of micro�uidic technology platforms have already

created high-demanded applications such as the lung-on-a-chip platform [43–45], single-cell

functional proteomics [46, 47]. Moreover, these developments allow measuring the dynamics

of green �uorescence protein [48, 49]. However, the e�cient enhancement of poor quantum

emi�ers, such as the chemiluminophore luminol, has never been proposed. �is e�cient

emission of luminol is expected to �nd applications in forensic science-on-a-chip, and accurate

DNA pro�ling.

1.5.1 Mechanism of metal-enhanced chemiluminescence

As it was previously reported [50, 51], in contrast to the metal-enhanced �uorescence (MEF)[52,

53], where the molecule must be initially pumped by external light, metal-enhancement

chemiluminescence (MEC) origins stems from a chemical oxidation process, as shown in the

Jablonski diagram in Figure 1.4(c). It is important to note that the quantum e�ciency of

the chemiluminescence process is quite low due to the competition with a multitude of non-

radiative decay processes [54]. Hence, radiative decay acceleration of the chemiluminophore

excited state is a reliable way to enhance the chemiluminescence yield, and this is a possibility

that a�racts the a�ention of many scientists [36, 55, 56]. �e surface plasmon resonance

in metallic nanoparticles [57, 58] can be employed for the acceleration of these radiative

transitions. Figure 1.4 summarizes the schematics of the chemiluminescence enhancement

mechanism.
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Figure 1.4: Schematics of the enhancement mechanism of the chemiluminescence e�ect. (a) �e

luminol oxidation leads to competitive processes of radiative decay (emission of a photon) and non-

radiative decay (production of heat). �e blue color emission is a�ributed to the emission of luminol.

(b) �e mechanism of the metal-enhanced chemiluminescence in the presence of SNP. (c) �e general

Jablonski energy level diagram modi�ed for the chemiluminescence emission in the presence of SNP [6].

�e chemiluminescence emission origin as a result of the chemical oxidation process. �e molecular

transition from the excited (S1) to the electron ground state (S0) leads to the photon emission and

production of heat. �R and �NR are the radiative and non-radiative decay rates of the luminol molecules.

�0R is the radiative decay rate of luminol molecules in the vicinity of SNP.

Figure 1.4a represents the luminol excitation in the course of a chemical reaction with an

oxidizer followed by two competitive decay routes: radiative and non-radiative. �e e�ect of

silver nanoparticles (SNP) on the luminol emission is depicted in Figure 1.4b. �e expected

chemiluminescence enhancement is due to the Purcell e�ect that couples the luminol emission

with the enhanced local �elds in the vicinity of SNP [51]. As a result, the density of photon
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states increases, and the process of chemiluminescence is boosted. �is e�ect reaches its

maximum in close proximity of the nanoparticles and vanishes at larger distances. At the same

time, direct contact with the metal surface is known to lead to the luminescence quenching.

Since the luminescence quantum yield (⌘) is determined by the competition of radiative (�R)

and non-radiative (�NR) decay processes, then for the case when �NR is larger or the same

order of magnitude as �R growth of �R, it leads to the substantial growth of the luminescence

quantum yield provided the growth of �NR is smaller than the growth of �R. �erefore, the

chemiluminescence quantum yield in the presence of metal nanoparticles grows according

to the formula ⌘ / �0
R

�0
R+�0

NR
, where �0

R and �
0
NR are the modi�ed radiative and non-radiative

decays with the presence of metal nanoparticles. �us, the chemiluminescence intensity can

be increased by plasmon nanoparticles provided the condition of the increased radiative decay

rate (�0
R > �R) is ful�lled while �NR does not substantially grow.

To maximize the chemiluminophores-nanoparticles pair interaction, metal nanoparticles

have to be placed at an optimum distance from the chemiluminophores [59]. �e shape

and material of the particles have to be accurately chosen to ensure the overlapping of their

absorption plasmonic band with the emission band of the chemiluminophores[60]. Several

studies were performed to investigate the use of plasmons for enhancing the radiative decay in

a micro�uidic chip [36]. However, those researchers did not use the non-resonant nanoparticles.

�ere was a new proof-of-concept experiment conducted with a micro�uidic chip [36], wherein

the commercially available nanoparticles with the non-optimized spectral location of the

plasmon absorption band were utilized. �erefore, chemiluminescence yield can be further

improved with specially designed surfaces. As a result, two conditions are to be satis�ed for

the e�ective interaction between the plasmonic nanoparticle and the chemiluminophore: 1) the

plasmon band has to overlap with the chemiluminescence emission band [36, 60, 61] and 2) the

chemiluminophore molecules need to be in the close proximity with metal nanoparticles (not

larger than the decay length of plasmon near-�eld) [36, 62]. According to [39], both the purely

chemical catalytic e�ect of the contact with the metal surface and the Purcell electromagnetic

e�ect contribute to the MEC activity. Nevertheless, the relative role the two e�ects play in the

observed enhancement is not clearly determined.
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1.6 Principles of overtone stretching modes for near-

infrared spectroscopy

Near-infrared (NIR) spectroscopy is one of the spectroscopy �elds that studies the absorption,

re�ection, and transmission spectra of molecules whose vibrational transitions have higher

energy than their fundamental vibrations in the middle region of the infrared spectrum.

�e NIR region includes the wavelength range from 750 nm to 2500 nm, or in other words,

wavenumbers 4000 - 13333 cm�1. �e �rst mention of infrared radiation referred to the

experiments of William Herschel in the 1800 year. �e most prominent signatures in this area

are related to C-H stretching vibrations of methyl, methylene, aromatic functional groups,

and OH-stretching vibrations. Molecular signatures of the following groups are less common:

methoxy-C-H stretching, carbonyl-associated C-H stretching; N-H from primary amides,

secondary amides (both alkyl and aryl groups), N-H from primary, secondary and tertiary

amines and N-H from amine salts. �is list also includes combination modes, which are

also located in the NIR range, provided that two or more fundamental vibrations are excited

simultaneously. �e main drawback of such overtone vibrations is their relatively weak

absorption intensity, usually approximately 10-100 times weaker than fundamental vibrational

modes. To explain the principles, let us consider the vibrations of a diatomic molecule so that

the atoms oscillate in a simple harmonic potential. �e vibrational movement of molecules

consists of a periodic change in the relative arrangement of nuclei. In this case, one can assume

that the vibration frequency of a diatomic molecule is expressed as follows:

⌫ =
1

2⇡

s
k

µ
, (1.17)

where µ, k are the e�ective mass and the force constant. According to quantum mechanics,

the absorption of electromagnetic radiation in NIR by a molecule is explained as a vibration

transition between di�erent energy states of a molecule due to the interaction with an external

electromagnetic �eld. �e vibrational energies of molecules can take only discrete values as

can be seen from equation:

E(n) =

✓
n+

1

2

◆
h⌫, (1.18)

where n is a quantum number that takes only integer values.
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In Figure 1.5, the harmonic oscillator is determined by the parabolic potential curve. �is

means that the elastic force and potential energy increase with increasing distance from the

equilibrium position xE .

xE

U

x

NIR radiation

+� +�

+�+�

k

k

3
2

1
0

4
5

Figure 1.5: Potential energy, energy levels and allowed transitions in the the harmonic oscillator.

On the one hand, within the dipole approximation the vibrational transitions cannot occur

between any two levels. According to the selection rules, the vibrational transitions are

possible when the condition of �n = ±1 is satis�ed (the variation in the vibrational quantum

number is equal to one) [63]. Particularly, the selection that governs the cases when a given

matrix element is not equal to zero (the dipole transition is not forbidden, or allowed). �e

derivation of the selection rules for transitions of various types is reduced to the calculation

(or evaluation based on symmetry) of the corresponding matrix elements. In this respect, the

vibrational levels are distributed equidistantly (see Figure 1.5, that is, the transition energy

between neighboring levels is the same. For example, the spectrum of a diatomic molecule has

a single absorption line.

On the other hand, the shape of the potential curve of a molecule with increasing the

distance between the centers of atoms deviates from a parabola. Figure 1.6 demonstrates the

behavior of the potential energy curve of a diatomic molecule. In this case, the potential energy

can be represented through the analytical equation of the Morse potential

V (Q) = De

⇥
1� e

�↵(Q�Qe)
⇤2
, (1.19)

where ↵ =
p

k/ (2De)
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Figure 1.6: Potential energy, energy levels and allowed transitions from the ground state to high-

order states in the anharmonic oscillator. De and D0 are the well depth of potential energy curve and

dissociation energy, respectively.

As a result, the oscillation frequency, bandwidth, and intensity can be more accurately

described within the framework of the anharmonic oscillator approximation. Consequently,

the vibrational transitions, for instance, 0!2 and 0!3 are allowed. One can note, that the

intensity of absorption band depends on the probability of transition from the initial state

to a higher energy state and the molecular dipole moment. �e absorption intensity of 0!2

vibrational transition is weaker than 0!1 transition transition.

A much more accurate expression for the vibrational energy of the anharmonic oscillator

is now given as follows:

E(n) =

✓
n+

1

2

◆
h⌫ � (h⌫)2

4De

✓
n+

1

2

◆2

(1.20)

In this regard, the vibrational spectrum of the anharmonic oscillator, in contrast to the

harmonic spectrum, contains a number of bands with frequencies ⌫1, ⌫2, ⌫3 , etc. �e absorption

band with the frequency ⌫1 = ⌫0 (1 - 2X) is called fundamental (transition between vibrational

levels with n = 0 and n = 1), a band with a frequency ⌫2 = 2⌫0 (1 - 3X) is called the �rst overtone

(transition between levels with n = 0 and n = 2); then the second overtone ⌫3 = 3⌫0 (1 - 4X)

comes, whereas X = h⌫0
4D0

.
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1.6.1 Surface Near-Infrared Absorption Spectroscopy

Surface Near-Infrared Absorption Spectroscopy (SENIRA) is a fast-growing practical analytical

technique that allows to detect a weak molecular overtone vibration in the NIR region due to

the ampli�ed electromagnetic �eld in plasmon nanoparticles (nanoantennas). In particular,

in order to achieve e�ective ampli�cation, the molecular sample should be placed in close

proximity where the �eld of the plasmon nanoparticle is much stronger than the incident �eld.

Among the possible ways to facilitate a be�er SENIRA signal are:

• use of plasmon nanoparticles with a certain aspect ratio (or size), so that the plasmon

resonance band is in the NIR region

• the plasmon band and overtone is overlapped (spectrally tuned to the molecular

vibrations)

• use of elongated nanoparticles which provide a lightning-rod e�ect with electric �eld

enhancement at sharp ends

• placing analyte within an intense electromagnetic �eld in ”hot spots” between a pair of

nanoparticles or an ensemble

|Einc|
|Eloc|

|ENP+Molecule|

NIR radiation

a

b

Substrate
NP

Molecule

Figure 1.7: Schematics of the mechanisms of SENIRA activity.

Consider a simple model of an elongated ellipsoid surrounded by a thin layer of analyte

(Figure 1.7), where the aspect ratio is de�ned as AR = a/b (a is the half-axis along the length

of the axis, b is the half-axis along only a short axis). Assume that a layer of a molecule with a

dielectric permi�ivity "mol covers the metal nanoparticle uniformly. Under normal incidence
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of light with polarization along the axis of the nanoparticle, a dipole plasmon resonance is

excited, accompanied by an ampli�ed electric near-�eld. It is worth noting,the ampli�ed

electric near-�eld around the nanoparticles is much larger and inhomogeneous compared with

the incident one. If one can consider elongated nanoparticles, then the greatest enhancement

takes place with a small radius of curvature, for example, in rod-like nanoparticles. �e

overtone ampli�cation mechanism can be described as follows. External electromagnetic

radiation induces a dipole moment in the nanoparticle, then multiple sca�ering processes

occur between the nanoparticles and analyte molecules, and the signal can subsequently be

detected in a far-�eld. As a result, the absorption intensity is proportional to the contributions

of the sca�ered radiation from the antenna itself and the re-emi�ed signal from the analyte

molecule.

�us, the interaction of molecular overtones and metal nanoparticles, supporting plasmon

vibrations in the NIR region, allows to demonstrate a signi�cant increase in the intensity of

the vibration signal.

1.7 Cellular uptake of nanoparticle in course of

endocytosis

Due to the unique optical properties, nanoparticles have found applications in various

therapeutic and diagnostic techniques, in biomedicine, namely, contrast-enhanced medical

imaging, photothermal cancer therapy using metal nanoparticles, and targeted delivery of

biomolecules and their release by heating. However, the lack of a clear understanding of

the uptake mechanisms of nanoparticles into cell media and their interaction with biological

media still requires more detailed studies. As the nanoparticle approaches the cell membrane,

it interacts with a plasma membrane consisting of a double lipid layer. Further in the

process of endocytosis, membrane enveloping occurs leading to the appearance of individual

vesicles with nanoparticles. �ere are �ve di�erent mechanisms of endocytosis, which depend

on the type of cell (proteins, lipids, and other molecules): phagocytosis clathrin-mediated

endocytosis, caveolin-mediated endocytosis, clathrin / caveolae-independent endocytosis, and

macropinocytosis [7].

No less important challenge in this direction is to learn how the interaction of the biological

medium and plasmon nanoparticles reveals in the optical response. It was previouslymentioned
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Figure 1.8: Schematic demonstration of the internalization of NP into the liposome as a results of

endocytosis [7].

that the metal nanoparticles can be identi�ed based on the optical response — absorption or

sca�ering. A change in the dielectric permi�ivity of a medium can greatly alter the position

of the LSPR band. In these articles [64, 65] it was shown that nanoparticles are absorbed

during receptor-mediated endocytosis, and then a lipid bilayer surrounds the nanoparticles (as

depicted in Figure 1.8, which subsequently tend to undergo agglomeration. A thorough study of

the optical properties of metallic nanoparticles introduced into human breast adenocarcinoma

Sk-Br-3 cells using hyperspectral visualization of a dark �eld has recently been conducted. It

was noted that the spectrum of spherical nanoparticles with a length of 100 nm is signi�cantly

broadened and shi�ed to the red side by 78.6± 23.5 nm a�er 24 hours. To avoid agglomeration

of nanoparticles, the thickness of the ligand layer can be increased, however, this will lead to a

loss of sensitivity of plasmon resonance.

An analytical analysis and detailed numerical simulation of the transition of a silver

nanosphere through a plane interface between two media showed [66, 67] that a plasmon

resonance which is triple degenerate in a homogeneous medium, splits into two components

with di�erent frequencies when a spherical nanoparticle approaches the interface. As it

approaches the dielectric interface, the spli�ing initially increases, then decreases, changes

the sign, grows again, and �nally disappears when the particle completely transfers to the

second medium and moves away from the interface. It splits into a doubly degenerate mode

of electron density oscillations along the interface and a non-degenerate mode of vibrations

perpendicular to the boundary. More complex processes accompanying endocytosis, such

as enveloping a particle with a cell membrane, also lead to noticeable changes in plasmon

resonance; they have not been investigated yet and can be detected experimentally.
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2 Materials and methods

2.1 Fabrication techniques for plasmonic nanoparticles

maybe some intro on typical fabrication techniques? or �nd one in your ch1 and

move it here

2.1.1 Synthesis of colloidal silver nanoparticles (SNPs) in liquid using

laser ablation technique

In this work, the silver nanoparticles (SNPs) using the laser ablation technique were synthesized.

�e experimental setup that was built is shown in Figure 2.1. A silver target with 99.99% purity

to synthesize the nanoparticles was used. As a source for the laser ablation technique, was

used a pulsed Nd: YAG solid-state laser (SOLAR Laser Systems), with pulse energy set to 100

mJ, and the pulse duration and repetition rate were set to 10 ns and 5 Hz respectively. �e laser

source enables the second harmonic generation with 532 nm and turned in the Q-switching

regime during the ablation process.

Ablation was performed in cylindrical glass containers �lled with distilled water with a

volume of 3 ml. �e laser beam with a diameter of 5 mm, using a spherical lens with a focal

distance of F=60 mm, through transparent deionized water was focused on the surface of the

silver target. �e surface of the liquid remained free, and the layer above the surface of the

target was several centimeters thick. To get SNPs with a broad size distribution the target for

a certain time (see Section 5) were irradiated.
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Figure 2.1: Illustration of the experimental set up of pulsed laser ablation of silver target in water. �e

dimensions are not to scale.

2.1.2 Synthesis of silver nanoparticles metasurface on dielectric

substrate using physical vapor deposition

SNPs on the glass microscope slide were fabricated using physical vapor deposition (PVD)

in a vacuum chamber PVD-75 (Kurt J. Lesker). SNPs ensemble were grown according to the

Volmer-Weber mechanism [68]. �e equivalent thickness of the SNP ensemble was 5 nm

and controlled by a quartz crystal microbalance during the growth. �e silver plate (99.99%

purity) was evaporated in a high vacuum, then, the obtained silver �lm was annealed at 200
�C. �e spectral position of the plasmon absorption band was controlled by the amount of the

evaporated metal and the evaporation rate as well as by the temperature and the duration of

the subsequent annealing according to the procedure in Ref. [69].

To provide a be�er adhesion of SNPs to the substrate and ensure their stability in the

oxidizing environment in the course of the chemiluminescence studies, the laser-assisted

approach was conducted. �e laser exposure was realized by the third harmonic (355 nm) of a

Q-switched Nd:YAG laser (SOLAR Laser Systems). �e pulse duration and the repetition rate

were 10 ns and 10 Hz, respectively. �e laser beam, with a diameter of 8 mm, was focused on
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the SNP ensemble supported on a glass substrate and scanned over the entire �lm. �e pulse

energy was controlled by �lters and set to 20 mJ. Increase the adhesion of the SNPs to the

substrate, the samples were irradiated with 100 laser pulses. �e SNPs substrate covered with

2 nm SiO2 layer was prepared to estimate the role of the catalysis e�ect from silver.

2.2 Samples characterization

2.2.1 Far-�eld measurement

Extinction spectra of the colloidal solution in a cuve�e with a path length of 1 cm were

collected using an SF-56 spectrophotometer (LOMO) with 1 nm resolution in the range of

250-800 nm at room temperature. �e chemiluminescent spectra of Luminol were recorded

with a charge-coupled device (CCD), Lumenera In�nity 2-3C (Lumenera Corporation, 7 Capella

Crt. O�awa, Ontario, Canada).

2.2.2 Microscope methods

�e morphology studies of the sample with SNPs synthesized using pulsed laser ablation were

performed using an atomic force scanning microscope (AFM) on Solver PRO-M (NT-MDT)

system using silicon probes NSG01. Microscopic examination was performed in the tapping

(semi-contact) mode. �e resonance frequency and curvature radius of the probe in the tapping

mode was 283 kHz and 10 nm, respectively. Scanning electron microscopy images of inspected

SNP were obtained by MERLIN Carl Zeiss microscope at 15 kV.

2.3 Formation of silver nanoparticles/chemiluminophores

complexes

A stock solution (denoted as “solution 1” ) of 3-aminophthalhydrazide (luminol, Figure 2.2)

with a concentration of 2.8·10�5 M in deionized water, purchased from Sigma Aldrich,

was mixed with sodium hydroxide (NaOH), which has the concentration of 1 mM. A 5%

solution of sodium hypochlorite (NaOCl) was used as an oxidizing agent (next denoted as

“solution 2” ). Chemiluminescent radiation occurs as a result of a chemical reaction between

organic chemiluminophore molecules and an oxidizing agent. In addition, an experiment with
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Figure 2.2: �e chemical structure of 3-aminophthalhydrazide (luminol).

9,10-diphenylanthracene (DPA) was conducted. All chemiluminophore species were placed

between two microscope glass slides, one of which is partially covered with SNPs embedded

in advance.

2.4 Numerical modeling

pictures of your numerical models might be useful here

To calculate the absorption (ACS), sca�ering (SCS), and extinction (ECS) cross-section

spectra of complex systems comprising gold nanoparticles and molecular shells in the

framework of Chapter 4 (Section 4.2), 3D full-wave computational models implemented in the

commercial so�ware COMSOL Multiphysics 5.4 in the sca�ered �eld formulation was used. In

particular, the wave optics module for electromagnetic waves in the frequency domain was

utilized. �e perfectly matched layer (PML) in the form of a physical domain was included to

absorb all sca�ered light. �e ACS (�abs) was calculated by integrating the power loss density

over the particle volume, while the SCS (�sc) was derived by integrating the Poynting vector

over an imaginary sphere around the particle, and the ECS is the sum of the ACS and SCS.

For Chapter 3, the total �eld formulation using a port con�guration was used. �e ACS,

SCS, and ECS spectra of hemisphere SNPs varying its shapes and substrates to predict their

behavior in combination with chemiluminophores have been calculated. A 3D box that contains

two domains, with a width of 200 nm, was built for the dielectric substrate and surrounding

media. �e thickness of the perfectly matched layer (PML) is de�ned as half of the incident

wavelength. �e PML layer was divided by 8 equidistant layers. �e silver hemisphere was

placed in the center domain with subsequent meshing in the form of tetrahedral elements. �e

maximum elements size of the surrounding medium, dielectric substrate, and nanoparticle
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were chosen as �/6. �e electromagnetic incident �eld oscillated parallel to the substrate with

a k-vector perpendicular to the substrate.

�e complex refractive index of the SNPs was obtained from the experimental work of

Johnson and Christy[3]. �e amendments to the optical constants of material associated with

small particle sizes were not taken into account. Since the dephasing time of plasmon SNPs

(for r > 10 nm) deposited on a dielectric substrate remained practically unchanged as shown

in [70], the correction for intrinsic quantum size e�ect was neglected. �e dispersion of BK7

used as a substrate was taken from Ref. [71].

1000 1200 1400 1600 1800 2000
1.57105

1.57110

1.57115

1.57120

1.57125

1.57130

1.57135

Wavelength [nm]

R
ef
ra
ct
iv
e
in
de
x,
n

0.00000

0.00002

0.00004

0.00006

0.00008

0.00010

0.00012

0.00014

E
xt
in
ct
io
n
co
ef
fic
ie
nt
,

a

b

Figure 2.3: (a) �e chemical structure of N-Methylaniline organic molecule and (b) dispersion

characteristic of NMA molecules as a function of the wavelength in near-infrared region.

�e N-Methylaniline (NMA) species (Figure 2.3) was chosen as a representative probe

molecule example of an organic molecule that possesses overtone bands in the NIR spectral

range [12, 72, 73]. �e absorption bands at wavelengths of 1494 nm and 1676 nm are associated

with the �rst overtones of N-H and C-H stretching modes. �ese bands are accompanied by

the anomalous dispersion regions calculated based on a measured absorption spectrum as it

follows from the Kramers-Kronig relations [72] as depicted in Figure 2.3.
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To facilitate the comparison of the obtained theoretical results with the future experimental

data, the notion of di�erential transmission (DT) was introduced which helps to single out the

e�ect of the gold metasurface on the overtone absorption intensity. A transparent dielectric

�lm characterized by a dispersionless purely real refractive index was employed as a reference

for DT calculations. DT is computed as a di�erence between transmissions of analyte and

immersion oil �lms of the same thickness. Transmission spectra of plane parallel �lms without

gold nanoparticles were calculated analytically [74]. �e refractive index of this �lm was

chosen to be equal to the mean value of the NMA refractive index in the actual spectral range

(nav = 1.5712). Experimentally, such a �lm may be readily realized utilizing an appropriate

immersion oil.
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3 Metal-EnhancedChemiluminescence

e�ect

As was mentioned above in Chapter 1, it is important to note that the quantum e�ciency

of the chemiluminescence process is quite low due to the competition with a multitude

of non-radiative decay processes [54]. Hence, the radiative decay acceleration of the

chemiluminophore excited state is the reliable way to enhance the chemiluminescence yield and

a�racts the a�ention of many scientists [36, 55, 56]. �e metal-enhanced chemiluminescence

(MEC) phenomenon was �rstly introduced in the experimental work [75, 76], where the

authors used a silver island �lm to enhance the luminescence of chemiluminophore molecules.

In this case, the transition to the excited state was conducted by the interaction of several

standard chemiluminescence kits mixed with a hydrogen peroxide solution. In order to couple

the chemiluminescent species with surface plasmons, molecules were deposited on the silver

island �lm and then covered by two glasses on both sides in a sandwich-like form. �us, the

chemiluminescence intensity of luminophore placed in close proximity of the silver island �lm

is signi�cantly enhanced. �e surface plasmon resonance in metallic nanoparticles [57, 58]

also can be employed for the acceleration of these radiative transitions. In turn, the shape

and material of the particles have to be accurately chosen to ensure the overlapping of their

plasmonic bands with the emission bands of the chemiluminophores [60]. Several studies have

been performed to investigate the use of surface plasmons for enhancing the radiative decay in

micro�uidic chips [51]; however, in those research works the non-resonant nanoparticles were

used. For example, in proof-of-concept experiment [36] with a micro�uidic chip the authors

utilized the commercially available nanoparticles with the non-optimized spectral location of

the plasmon absorption band. �erefore, chemiluminescence yield can be further improved

with specially designed surfaces. Consequently, it seems feasible to ful�ll the requirements

for the e�ective acceleration of radiative transitions in luminol and other chemiluminescence
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substances.

As regarding the synthesis of metallic nanoparticles, the most e�ective methods are

thermal deposition of metal vapors on dielectric substrates in a vacuum and laser ablation of a

metal target in liquids. However, a large variation in the shapes and sizes of nanoparticles

obtained by self-organization leads to the inhomogeneous broadening of the extinction

spectra. To modify the extinction spectra of metallic nanoparticles and reduce the width

of their distribution in shapes and sizes, island metallic �lms can be thermally annealed.

During this process, an increase in self-di�usion of metal atoms along the surface of the

nanoparticles leads to the formation of more round particles with narrower distribution of

plasmon resonance frequencies [69, 77].

In this chapter, the novel metal-enhanced chemiluminescence (MEC) sensor, which has

signi�cantly improved resistance to organic solvents and mechanical damage, is proposed.

So far, in all a�empts to enhance the weak chemiluminescence of luminol by plasmonic

nanoparticles the enhancement mechanism was not clearly stated. According to [39], both

the purely chemical catalytic e�ect of the contact with the metal surface and the Purcell

electromagnetic e�ect contribute to the MEC activity. However, that relative role, which the

two e�ects play in the enhancement observed, is not clearly determined. Table 3.1 represents

a brief overview of the latest results related to the chemiluminescent enhancements of luminol

as well as chemiluminescent species used in glow sticks [76, 78, 79]. �e main peculiarity

of luminol is bio-compatibility, which in turn allows its application for pharmaceuticals and

biological sciences. Based on the recent work [36] using the colloidal solution of metal

nanospheres with luminol �owing in a micro�uidic chip, the switching from large consumable

volumes of nanoparticles to small ones by using a planar metasurface of silver nanoparticles

was realized. To the best of our knowledge, this is the �rst application of the plasmon

metasurfaces fabricated on a dielectric substrate for luminol chemiluminescence enhancement.

Our experimental results provide clear evidence that the catalytic action of silver is of minor

importance compared to the Purcell e�ect. In this regard, the metal metasurface optimization,

which allows for chemiluminescence intensity enhancement by means of the electromagnetic

e�ects, is particularly important. Numerical modeling allows us to choose the experimentally

realizable shape of metal nanoparticles that ensures perfect overlap between the plasmon

bands of metal metasurface and chemiluminescent bands of chemiluminophores.
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Table 3.1: An overview of Chemiluminescence sensors using di�erent enhancement strategies.

Chemiluminescent system Comments Reference

Ag and Au with

luminol-NaOH

�e CL enhancement in micro�uidic chip initiated

by small sphere nanoparticles. �e enhancement

factor is up to 4-fold.
[36]

Ag-luminol-H2O2-

HRP

A silver modi�ed immunoassay for determination

mycotoxins using luminol with ampli�ed

chemiluminescence on the chip through the

surface plasmon resonance phenomenon. �e

enhancement factor is ⇠ 2-fold.

[80]

Cr, Cu, Ni, and

Zn metal �lms with

green dye

�e chemiluminescence intensity from

chemiluminophore (commercially available

kits, Omnioglow company - acridan oxalate system)

was enhanced by metal �lms. �e enhancement

factor is up to 3-fold.

[78]

Al, Au, Ag metal

�lms with red,

green and blue

dyes

�e luminophores dyes excited the surface plasmons

on thin continuous metal �lms without incident

excitation light. �e CL species/SPR coupling

demonstrates a highly polarized and directional

emission. �e enhancement factor was not

estimated.

[79]

Ag SIF with green

dye-H2O2

�e commercially available chemiluminophores

from glowstick (commercially available kits,

Omnioglow company) was enhanced by metal

�lms. �e enhanced chemiluminescence intensity is

around 20-fold.

[76]
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3.1 Numerical studies for SNP/luminol con�guration

�e Figure 3.1 shows the spectral overlap of the plasmon resonance bands of the truncated

SNPs and the normalized emission spectrum of luminol. Firstly, let us consider (Figure 3.1,

green curve) the main luminol chemiluminescence emission bands that appear at 452 nm and

489 nm, respectively. From the literature it is well-known, that the plasmon resonances of small

silver and gold nanospheres in the aqueous environment have their maxima at the wavelengths

of 415 nm and 528 nm respectively [36]. Hence, the most promising way to establish the

desired resonance interaction is to choose silver as the material of the nanoparticles and

change its 1) size, 2) shape, and 3) surrounding. �ese three ways may be employed to shi�

the localized surface plasmons in SNPs to longer wavelengths. �us, the dedicated plasmonic-

chemiluminophore system design that takes advantage of plasmonic nanoparticles tuning

can lead to e�cient enhancement of the chemiluminescence e�ect. By taking advantage of

the fabrication of SNPs on dielectric substrates using PVD in ultrahigh vacuum, the long-

wavelength shi� of the plasmon bands of SNPs can be achieved either by direct contact of

the metal nanoparticles with a substrate having a higher dielectric permi�ivity than water or

the oblate shape of the nanoparticles obtained on the substrate surface during the deposition

process. To explore if these two mechanisms may be well-balanced to provide the desired

conditions for the plasmon band, the common transparent dielectric substrates were considered:

glass, quartz (SiO2), sapphire (Al2O3), magnesium �uoride (MgF2), and titanium dioxide (TiO2).

Figure 3.1 shows extinction, absorption, and sca�ering cross-sections spectra computed

for nanoparticles supported on the glass substrate. �e supported SNPs were assumed to be

submerged in a luminol solution. Since luminol is expected to be diluted with a high ratio in

water, the refractive index of the surrounded media was set to that of water, 1.33.
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Figure 3.1: �e overlap between the normalized chemiluminescence intensity spectra of the luminol

solution (green line) and the calculated extinction spectra of SNPs supported on di�erent substrates

and submerged into the luminol solution. Extinction cross-section spectra of SNPs with h = 13 nm

for the enhancement of luminol chemiluminescence emission band at 452 nm and with h = 10 nm

for the luminol band at 489 nm. �e diameters of SNPs in both cases are 20 nm. �e 3D models of

silver nanoparticles placed on the respective substrates and submerged into the luminol solution are

illustrated in the inserts.

�e shape of nanoparticles obtained by PVD was assumed to be a hemisphere while

their diameter was continuously changed to match the absorption plasmon band to the

chemiluminescent emission spectra of luminol. It was revealed (Figure 3.1) that the absorption

cross-section of the optimally tuned SNPs is 12 times larger than the geometrical cross-section

of SNPs. According to numerical results presented in Figure 3.1, an ideal matching with the

�rst luminol emission peak at 489 nm is achieved for silver hemispheres with 20 nm diameter

deposited on the glass substrate (refractive index n = 1.51).

However, the calculations show that the absorption plasmon band of SNPs on the glass

substrate provides no spectral overlap with the second luminol chemiluminescence emission

peak located at 452 nm even using the smallest hemispheres nanoparticles. Yet the resonance

condition between the absorption plasmon band and the luminol emission peak at 452 nm may
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be restored for the truncated sphere of 20 nm in diameter and the height of h = 13 nm. It should

be noted that the possibility for resonance plasmon band tuning of gold nanoparticles toward

long-wavelength range was numerically demonstrated by means of the truncating the spherical

nanoparticles[81]. It also should be noticed that the high refractive index substrates (e.g.

sapphire having the refractive index as high as 1.77 [82, 83] and titanium dioxide substrate) lead

to ine�cient overlapping of the silver nanoparticle plasmon band with the luminol emission

since the long-wavelength shi� is too large even for the very small silver hemispheres. On the

contrary, the high refractive index substrates can be considered for those chemiluminophore

molecules that have emission bands in the long-wavelength part of the spectrum. �erefore,

the glass substrate is a more reasonable choice to enhance the chemiluminescence of luminol

using the SNPs array.

3.2 Numerical calculation for alternative metal-

enhanced chemiluminescence con�guration on

dielectric substrate

As luminol is not the sole substance to be widely applied as chemiluminophore, here a manifold

of substrate-nanoparticle pairs optimized for the metal-enhanced chemiluminescence are

presented. �e following well-known chemiluminophores: KMnO4 in Figure 3.2, Lucigenin

in Figure 3.3a, b, Ce (IV) in Figure 3.3c,d, and bis-(2,4,6-tricholorophenyl) oxalate (TCPO) in

Figure 3.3e,f have been considered.

Figure 3.2: Calculated absorption, sca�ering and extinction cross-section spectra of the silver

nanoparticles deposited on the TiO2 substrate. �e diameter of the hemisphere is d = 17.5 nm.
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�e diameters of silver hemispheres were optimized for KMnO4 chemiluminescent emission

spectra (Figure 3.3) with the emission band maximum at 700 nm [84]. As an alternative example

of a chemiluminescent agent, Lucigenin is considered. �is substance is widely used in

analytical science whereas its emission band maximum is located at 480 nm [85–88] (see Figure

3.3a,b). �e sca�ering, absorption, and extinction cross-section spectra of silver hemisphere

optimized for Cerium (IV) chemiluminescent emission spectra are presented in Figure 3.3c,d.

�e emission band maximum lies at ⇠ 550 nm [89, 90]. �en, the suitable parameters for the

plasmon nanoparticle on top of the dielectric substrate for TCPO chemiluminescence emission

spectra were computed. �e emission band maximum is at 485 nm (Figure 3.3e,f) [91].
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Figure 3.3: Calculated absorption, sca�ering and extinction cross-section spectra of the silver

nanoparticle: (a) deposited on the SiO2 substrate for Lucigenin. �e diameter of the hemisphere

is d = 28 nm. (b) the silver nanoparticle on the MgF2 substrate with diameter of 49 nm for Lucigenin

system. (c) deposited on the SiO2 substrate for Ce (IV).�e diameter of the hemisphere is d = 90 nm.

(d) the silver nanoparticle on the Al2O3 substrate (d = 53.5 nm). (e) deposited on the SiO2 substrate

for TCPO system. �e diameter of the hemisphere is 32 nm. (f) the silver nanoparticle on the MgF2

substrate with the diameter of 47 nm for overlapping with TCPO chemiluminophore.
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3.3 Experimental results

In this section the relative contributions of plasmonic and catalytic mechanisms in the

chemiluminescence intensity enhancement due to the silver metasurface was experimentally

investigated. Firstly, let us consider the process scheme of step-by-step morphology

modi�cation starting from a deposited thin �lm to the inhomogeneous ensemble of

silver nanoparticles, as shown in Figure 3.4. �is technique was used to obtain plasmonic

nanoparticles optimized for the luminol chemiluminescence enhancement. Chemiluminescence

of di�erent chemiluminophores may be enhanced via the suggested technique, the dedicated

choices of substrates, and annealing procedures [69].
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Figure 3.4: �e proposed process scheme of silver nanoparticles ensemble preparation and the

extinction spectra evolution: (a) a continuous �lm, (b) a�er annealing treatment, and (c) a�er laser

exposure.

Using the time/temperature dependence of the annealing process, the desired SNPs shape and

size distributions that lead to the plasmonic band in the needed spectral range were achieved.

However, the fabricated self-organized metasurfaces of SNPs were mechanically unstable and

may be damaged by organic/non-organic solvents, i.e. water, ethanol, hexane, and others.

To overcome this limitation, a novel approach for strong adhesion of SNPs to the dielectric

substrates was developed. In particular, a�er the annealing process, the thin silver �lm was
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exposed to the pulsed laser irradiation at the wavelength of 355 nm.

Figure 3.4a shows the extinction spectrum of the continuous silver �lm, whose plasmon

absorption band is out of the spectral region necessary to overlap with the luminol emission

band. As it is seen in Figure 3.4b, the extinction spectrum a�er the subsequent annealing process

is characterized by the sharp absorption plasmon resonance band in the visible range. Under

the laser irradiation, the plasmon band broadens whereas its overlap with chemiluminescence

emission spectra becomes greater (Figure 3.4c). From the experimental point of view, it is

essential to improve the chemical and mechanical stability of the metal �lms because the

chemical reagents used in the chemiluminophore solution are very aggressive. It was found

that dripping the mix of “solution 1” and “solution 2” (for more details, see Section 2.3) does not

degrade the substrate with the SNP metasurface. It is worth noting, the adhesion of SNPs to the

substrate also improved (Figure 3.4c). �is property was con�rmed by scratching the �lm with a

sharp object. �us, the laser irradiation leads to the formation of stable in organic solvents and

resistant to mechanical damages samples. �ese samples are suitable for chemiluminescence

experiments, unlike the untreated samples.

To clarify the morphology of the prepared SNP metasurface, the SEM images before and

a�er the annealing process were analyzed, as depicted in Figure 3.5.

1

2
3

4

a b

200 nm 200 nm

Figure 3.5: Scanning electron microscope images of SNPs on the glass substrate. �e scale bar is 200

nm. �e size distribution of SNPs before (a) and a�er laser exposure (b). SNPs in (b) varing from 10 to

200 nm (1 - 155 nm, 2 - 105 nm, 3 - 20 nm, 4 - 200 nm).

Two distinct ensembles of larger and smaller nanoparticles in both images are observed. �e

image of SNPs obtained a�er the annealing procedure shows the presence of rather similar
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larger nanoparticles with diameters not exceeding 160 nm. A�er the laser irradiation, all SNPs

become larger and more rounded. At the same time, the size distribution becomes broader and

the distinction between ensembles of larger and smaller particles becomes more pronounced.

(Figure 3.5). As a result, the extinction spectrum shi�s and broadens as can be seen in Figure 3.4.

�e measured extinction spectra of the SNP metasurface a�er the laser irradiation exhibit

the pronounced plasmon bands in the range of 350 to 650 nm with a maximum at 482 nm

(Figure 3.6).
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Figure 3.6: �e extinction spectra overlap of SNPs obtained via PVD with subsequent thermal

annealing/laser exposure (red curve) with the chemiluminescence (CL) emission spectra of: luminol

(green curve) and DPA (blue curve). �e inset shows an image of the cover-glass (1) partially covered

with SNPs (2). All spectra are normalized.

�e inset of Figure 3.6 shows the image of the substrate (1) with the SNPs (2) fabricated via

PVD and subjected to both the subsequent annealing and laser irradiation. It was noticed that

the �lm has a de�nite brown color that corresponds to the spectral position of the absorption

band of the fabricated SNPs, as shown in Figure 3.6. As it was mentioned above, boosting

the chemiluminescent emission requires the spectral overlap between the chemiluminophore

(donor) luminescent band and SNPs (acceptor) absorption band. To show this overlap, the

normalized chemiluminescent spectrum (CL) of luminol is plo�ed in the same graph. �e
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chemiluminescent spectra of luminol consist of two overlapping emission bands with maxima

at the wavelengths of 452 nm and the wavelengths of 489 nm, respectively. �e plasmon band

of the prepared SNP samples is overlapped with both luminol chemiluminescence emission

bands. In addition, it was observed that the DPA chemiluminescent emission band (Figure 3.6)

spectrally overlaps with the plasmon band.

Finally, the in�uence of the synthesized SNPs on chemiluminophore molecules has been

investigated. A straightforward experimental procedure in order to show the MEC e�ect was

employed. 30 µl of ”solution 1” was dripped onto the bare glass substrate just at the edge

of SNPs, as shown in the inset of Figure 3.6. �en, 30 µl of ”solution 2” was dripped onto

another glass slide and both slides are pressed to each other in such a way to mix the both

solutions. �e thickness of the gap between two substrates was estimated to be about 10 µm

based on the simulation of the oscillations in the transmission spectrum [92]. �e sharp jump

in the chemiluminescence intensity of both luminol and DPA is clearly seen at the edges of

SNP covered regions (Figure 3.7). In this respect, it was shown that the chemiluminescence

intensity of luminol in the presence of SNPs is enhanced 1.6 times, while in the case of DPA

the enhancement factor reaches 1.5.
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Figure 3.7: Distribution of chemiluminescence intensities over the indicated regions of interest (ROI)

for Luminol (a) and DPA (b). Red curves represent the chemiluminescence intensity integrated over

the vertical axes and plo�ed against the horizontal axes of the corresponding chemiluminescent images.

�e jumps at the borders of the dedicated silver metasurfaces are clearly seen both in the pictures and

in the plots. �e plots background colors are used to guide the eyes.
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3.4 In�uence of the Purcell e�ect on the MEC

When reagents are contacted directly to the silver metasurface with the plasmon resonances

absorption band within the chemiluminescence bands of luminol, the chemiluminescence

intensity is increased 1.6 times. To clarify the relative role of the Purcell e�ect and the catalytic

e�ect of silver in this enhancement, additional experiments were performed. An identical SNPs

substrate was covered with 2 nm SiO2 spacer layer (the inset of Figure 3.8a). It was expected

that the catalytic e�ect of SNPs completely disappears since it requires direct contact between

the reactants and nanoparticles. Nevertheless, in spite of the increased distance between the

reactants and SNPs, the Purcell e�ect remains. Indeed, in the presence of the spacer, the

enhancement factor drops to 1.3 factor (Figure 3.8a).
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Figure 3.8: Distribution of chemiluminescence intensities over the indicated ROI for luminol on the

dedicated silver metasurface covered by a 2 nm thick SiO2 spacer (a) and on the silver �lm that have

plasmon resonances detuned from the chemiluminescence bands of luminol (b). �e insets also show

the images of the substrates before the luminol addition.

�us, the decisive role of the Purcell e�ect was con�rmed. In this case, an increase in

chemiluminescence enhancement with a decrease in the distance between reagents and SNPs

was naturally explained. In order to estimate the role of catalysis in chemiluminescence

enhancement in the absence of the spacer, the experiment with a silver �lm that has no

plasmon resonances in the chemiluminescence bands of luminol was also conducted. If

chemiluminescence is also enhanced in this case, this enhancement should be a�ributed to

the catalytic e�ect of silver. However, in Figure 3.8b one can observe no di�erence in the
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chemiluminescence intensities from the regions of the plain dielectric substrate and silver �lm

without plasmon resonances. Consequently, the 1.6-fold enhancement of chemiluminescence,

which is observed upon direct contact of the reagents with a silver �lmwith plasmon resonances

in the spectral range of chemiluminescence bands of luminol, can be completely a�ributed to

the Purcell electrodynamic e�ect.
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3.5 Summary

In summary, a novel approach has been proposed in designing new materials assembled

from nanoparticles for enhancing chemiluminescence. All of them are promising in terms

of delivering substantial enhancement in speci�c and accurate detection of analytes, which

are impossible via traditional approaches. �e proposed technique was used to fabricate

the supported silver nanoparticles ensemble with the plasmon band that peaks at 482 nm

and overlaps well with the luminol emission bands. Laser treatment is shown to provide the

enhanced chemical andmechanical stability of the obtained thin �lms. �e combination of these

materials with recent advances in the chemiluminescence enhancement e�ect for applying in

�ow-injection systems opens the door for new chemiluminophores-based light sources. �ese

light sources, where a poor quantum emi�er (chemiluminophore) is coupled with an e�cient

plasmonic nanoantenna, failed to be achieved by conventional manufacturing processes with

the particle size and shape �xed. It was revealed that the particle arrangement on the surface

of the transparent dielectrics enables to control the distance between the light-emi�ing species

and nanoantennas to elucidate the role of the Purcell e�ect in the observed chemiluminescent

enhancement. �e inert layer, placed on top of the self-organized metasurface of SNPs, allows

to eliminate the catalytic e�ect contribution to the MEC activity and shows a gain in the

luminescence intensity of chemiluminophore molecules due to the retained Purcell e�ect. I

have concluded that the fabrication of SNPs using the physical vapor deposition technique in

a vacuum, followed by the self-organization of nanoparticles, is an a�ordable and convenient

method leading to the plasmonic enhancement for the luminol and 9,10-diphenylanthracene

chemiluminescence.
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4 Surface-enhanced near-infrared

absorption (SENIRA) spectroscopy

In this chapter, the mechanism of local �eld enhancement in molecular overtones was explored

for the �rst time. �e local �eld enhancement can be realized with plasmonic materials

by means of collective oscillations of free electrons in form of extended surface plasmon-

polariton (SPP) in thin metal �lms [1, 8, 93–96] or localized surface plasmon resonance

(LSPR) in plasmonic nanoantennas [36, 97–99]. Meanwhile, the in�uence of extended surface

plasmon on absorption by molecular overtones was explored. It was shown that 100 times

enhancement can be achieved [100]. �is enhancement was observed when the absorption

band of the molecular vibration N-H was detuned from the plasmonic resonance. Previously

it was found that the electronegative gold nanospheres are readily adsorbed on the tapered

micro�ber and electrostatically bonded to amine-based molecules. Despite the non-resonant

condition between the gold nanospheres and the amine-based molecules, it was shown that the

enhancement of the integrated overtone absorption in di�use light propagation depends on

the concentration of nanospheres [101]. Very interesting experimental results were reported

in [102]. �e authors prepared porous gold nanodiscs that possess a broad plasmon resonance

in the near-infrared range. When a random array of such nanodiscs is covered by a thin �lm

of a material possessing absorption bands in the same spectral region, enhanced absorption

of the composite material may be observed. Very large, up to four orders of magnitude,

enhancement claimed in [102] is due to the use of analyte in the form of a self-assembled

monolayer. In this case, an analyte presents exclusively in hot-spot regions. In the general

case, the analyte occupies much larger volumes where the �eld enhancement is lower. Hence,

the overall enhancement becomes lower as well. Despite this experimental observation of

surface-enhanced near-infrared absorption (SENIRA) of molecular overtones with plasmonic

nanoantennas, this e�ect was not explored theoretically. �e �rst work is related to the coupling
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of vibrational mode and plasmonic dipole oscillation of gold nanorods was theoretically

implemented using a homogeneous weakly absorbing medium [103].

4.1 �e isolated gold nanoparticles with prolonged shape

coupled with stretching overtone modes

In this section, the possibility to enhance absorption by molecular overtone transitions in the

near-�eld of plasmonic nanoantennas such as gold nanorods (GNRs) due to the combination

of localized plasmon resonance and lightning rod e�ect [104] has been theoretically explored.

Below it was shown that when the resonance conditions are met at 1.5 µm the di�erential

extinction due to the excitation of overtones of N-H and C-H stretching modes can be enhanced

by two orders of magnitude as compared to the ordinary extinction of the same amount of

molecules.

Figure 4.1 shows the system was studied. Gold nanorods were modeled as cylinders capped

by hemispheres on both sides. Dimensions of all elements are given in the text and �gure

captions. Weakly absorbing medium, described by the complex permi�ivity of N-Methylaniline

molecule, encapsulates a gold nanorod and nanoellipsoid in a homogeneous shell-like manner.

�e incident beam is directed perpendicular to the gold nanoparticles as indicated by vector k

and polarized along the gold nanoparticles.
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Figure 4.1: Schematics of systems with gold nanorods (le�) studied in numerical simulations and

nanoellipsoids (right) used in the analytical model. �e shells are made of N-Methylaniline (NMA). L

and R are semi-major and semi-minor axises of gold nanoparticles respectively, while t is the thickness

of molecular shells. �e incident wave is polarized along the rod.
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�e contribution of GNR parameters in the e�ect of SENIRA by molecular overtones was

studied . For this, an analytical model of a confocal ellipsoidal core-shell nanoparticle was built.

In the framework of quasi-static approximation, the absorption, sca�ering, and extinction

cross-sections were expressed through the particle polarizability [2, 15]

First, it was analyzed how the LSPR position depends on the analyte shell thickness, t.

Since the enhanced near-�eld rapidly decays with the distance from the surface, e�ective

interaction is possible here only at distances comparable to the nanoantenna dimensions.

In addition, the aspect ratio of the nanoantenna should provide the resonant interaction

between the longitudinal plasmon and an overtone excitation. �erefore, the semi-minor axis

of the gold nanoellipsoid was chosen as 5 nm, while varying the semi-major axis until the

LSPR band overlaps with an overtone mode. For this, the extinction cross-sections of gold

nanoellipsoids covered by thin shells of NMA were calculated in the form of confocal ellipsoids

as demonstrated in 4.2.

Figure 4.2: Extinction cross-sections of gold nanoellipsoids with NMA shells of di�erent thicknesses.

(a) the semi-major axis of the gold core is L = 55.9 nm (b) the semi-major axis of the gold core is L =

68.1 nm. �e semi-minor axis is R = 5 nm in both cases.
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Figure 4.2a shows the extinction cross-section of GNR as a function of the NMA shell thickness.

�e semi-major axis of the gold core is L = 55.9 nm that leads to the exact resonance with the

�rst overtone of N-H mode when the shell thickness is t = 20 nm. Figure 4.2b shows the same

dependence when the semi-major axis of the gold core is L = 68.1 nm that leads to the exact

resonance with the �rst overtone of C-H mode when the shell thickness is t = 20 nm. �e

long-wavelength shi� of plasmon bands as a function of the shell thickness t is rather strong at

small shell thicknesses for t < 40 nm but saturates at shell thicknesses larger than t > 40 nm.

As a proof-of-concept, a numerical model using COMSOL was built, where the tuning of

the plasmon bands of GNR with the NMA overtone bands was shown based on the numerical

calculation. Figure 4.3 shows calculated extinction (ECS), absorption (ACS) and sca�ering

(SCS) cross-section of gold nanorods with NMA shell for L = 49.9 nm (Figure 4.3(a)) and for

L = 60.6 nm (Figure 4.3(b)). �e nanorod diameter is 10 nm. �e length of GNR was chosen

such that it overlaps with the overtone bands of N-H located at 1494 nm and C-H located

at 1676 nm. Considering the results presented in Figure 4.3 it was found that extinction is

governed by absorption, while the sca�ering contribution is negligible.

Figure 4.3: Extinction (brown), absorption (red) and sca�ering (pink) cross-sections of gold nanorods

with NMA shell. �e nanorod diameter is set to 10 nm for (a) L = 49.9 nm, (b) L = 60.6 nm. �e

thickness of the NMA molecular shell is homogeneous and equals to t = 20 nm. Extinction coe�cient

of NMA (blue) is also shown for comparison.

�e advantage of using GNR becomes evident when the concept of di�erential extinction is

employed [100]. Experimentally, the di�erential absorption can be realized by comparing

the extinction cross-section of a GNR surrounded by the analyte shell with that of a GNR

surrounded by a shell of non-absorbing material that mimics only the mean value of the

analyte’s refractive index. �us, the di�erence between cross-sections of absorbing and
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non-absorbing materials represents the in�uence of the analyte absorption and anomalous

dispersion on the LSPR intensity and spectral position. On the other hand, it includes also the

in�uence of the LSPR on the analyte absorption.

�antitatively, di�erential extinction, DE, as [100, 103]:

DE = �
NR/NMA
ext � �

NR/NMA⇤

ext (4.1)

where the �rst term �
NR/NMA
ext represents the extinction cross-section of GNR with NMA shell,

while the second term �
NR/NMA⇤

ext represents the same value with NMA replaced by a dummy

medium of constant dielectric permi�ivity. Figure 4.4 shows the calculated DE in spectral

ranges of the �rst overtones of the N-H and C-H stretching modes. Interestingly, the sign of

wavelength dependent DE alternates in both cases.

Figure 4.4: Comparative analysis of di�erential extinction (DE) spectra of gold nanorod and

nanoellipsoid with NMA shells: (a) with semi-major axises L = 49.9 (nanorod) and L = 55.9 nm

(nanoellipsoid). (b) L = 60.6 (nanorod) and L = 68.1 nm (nanoellipsoid). Blue curves correspond to

numerically calculated results (nanorod) while the red curves correspond to results obtained in the

quasi-static approximation (nanoellipsoid)

�e aspect ratio of nanorods was chosen in Figure 4.4a as L/R = 9.98 and the aspect ratio

of nanorods for the Figure 4.4b as L/R = 12.12. Numerically calculated DEs (blue) are very

well reproduced by the DEs obtained in the quasi-static approximation (red) provided the

aspect ratios of the GNRs are adjusted to match the plasmon resonance with the corresponding
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overtone (L/R = 11.18 Figure 4.4a and L/R = 13.62 in Figure 4.4b). It is important to note

that in the case exact resonance between the plasmon in the GNR and the molecular overtone

transition the sign of DE alternates. Contrary to that in the non-resonant case DE is strictly

positive. It may be clearly seen in Figure 4.4 for C-H overtone transition at 1676 nm when the

plasmon in the nanorod is tuned on 1494 nm (Figure 4.4a) and for N-H overtone transition at

1494 nm when the plasmon in the nanorod is tuned on 1676 nm.

To explore the role of GNRs in the detectivity enhancement of small amounts of NMA,

extinction cross-sections of pure NMA shells (without GNR) were compared with the DE.

Figure 4.5 shows the dependence of both values on the NMA shell thickness.

Figure 4.5: (a) Optical cross-section as function of shell thickness of NMA: (1) di�erential extinction, (2)

absorption cross-section of NMA shell encapsulating GNR, (3) extinction cross-section of the NMA shell

without the GNR, and (4) the di�erence between ACSs of the GNR -with and -without the NMA shell

GNR semi-major axis (a) L is 49.9 nm and the wavelength is set to 1494 nm. Absorption cross-section

of the NMA shell when the GNR is absent is multiplied by 20. (b) same graphs as in subplot (a) for the

case when the wavelength is set to 1676 nm, while L is 60.6 nm.

When the resonance conditions are met, the DE values exceed the extinction cross-sections

of the pure NMA shells by two orders of magnitude. In particular, the �rst overtone of N-H

stretching mode located at 1494 nm is enhanced 114 times, while the �rst overtone of C-H

stretching mode located at 1676 nm is enhanced 135 times. Figure 4.5a shows variations in

cross-sections versus shell thickness for � = 1494 nm and the GNR semi-major axis is equal

49.9 nm. �e resonance conditions for the plasmon excitation are met when the shell thickness

is equal to 20 nm. Similarly, the optical properties in the form of ECS and ACS as a function of
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the shell thickness are presented in Figure 4.5(b) whereby � = 1676 nm with GNR semi-major

axis L = 60.6 nm. Enhanced absorption in the NMA shell due to the plasmon near-�eld is

accompanied by reduced absorption in the GNR due to the screening e�ect [105]. As a ma�er

of fact, neither enhanced absorption in the shell nor the reduced absorption in the core can be

observed in the far-�eld separately. However, they combine favorably leading to very large

DE values.

DE dependence on both: the NMA thickness and the incident radiation wavelength based

on the analytical model is presented in Figure 4.6.

Figure 4.6: Di�erential extinction (DE) values are given as the functions of the NMA shell thickness

and the incident radiation wavelength for GNR with semi-major axis of: L = 55.9 nm (a) and L = 68.1

nm (b), respectively. �e vertical dashed lines show the position of two overtone bands, while the

horizontal dashed lines mark the shell thickness (t = 20 nm) that leads to tuned plasmon resonance

with the corresponding overtone band. �e dark curve is drawn through the maxima of the plasmon

resonances.

In both plots, the dark curve corresponds to the maxima of the LSPR. �e vertical dashed

lines mark the location of overtone bands, while the horizontal dashed lines correspond to

NMA thickness of 20 nm that leads to a coincidence of the LSPR in the chosen nanorod with
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the corresponding overtone band. Inspection of Figure 4.6 leads to the conclusion that the

largest absolute value of DE is obtained at the resonance and the sign of this largest DE value

is negative. �e main features of DE already noted in particular cases presented in Figure 4.4

and Figure 4.5.

4.2 �e metasurface of gold nanoparticles coupled with

stretching overtone modes

Earlier, it have been shown that the size and the aspect ratio of prolate gold nanospheroids may

be chosen in such a way that their LSPR bands overlap with �rst-order overtones of C-H and N-

H stretching modes of organic substances [106]. In the previous section, the size and the shape

of a rod-like gold nanoparticle were optimized to lead for the maximum overtone absorption

enhancement [107]. However, using the isolated gold nanoparticles implies that only a very

small fraction of the analyte is placed in the ampli�ed near �eld. �is circumstance limits the

overall enhancement provided by LSPR. To get the most of the plasmon �eld ampli�cation,

metal nanoparticles are to be arranged in a dense array forming a metasurface. �is way, a

larger portion of analyte molecules may be placed in the regions of enhanced electromagnetic

near-�eld of nanoparticle [108]. Moreover, electromagnetic interaction between neighbor

nanoparticles leads to an additional mechanism of local �eld enhancement when the conditions

for Rayleigh anomaly are ful�lled [5, 109–117]. Fabrication of nanoparticle arrays of required

density is feasible via electron beam lithography (EBL) [118, 119] although the shapes of the

nanoparticles de�ned by EBL on a substrate are closer to nanoscale parallelepipeds (NPs)

rather than nanorods or nanospheroids.

Because of that, this section is devoted to the investigation of planar metasurfaces consisting

of nanoparallelepipeds (NPs) that can be fabricated easily and prepared speci�cally for overtone

detection in the range of wavelengths around 1.5 µm and around 1.67 µm. �e proposed

structure utilizes a combination of localized plasmon resonance in isolated gold NP with

Rayleigh anomalies of their periodic array. By incorporating the plasmonic metasurface into

a weakly absorbing organic medium a 22.5-fold enhancement of the �rst overtone of N-H

stretching mode in the NIR spectral range has been demonstrated for the �rst time. Application

of the designed gold metasurface may be bene�cial in biomedicine [120], non-destructive

testing [121], food quality analysis [122–124] and etc.
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4.3 Numerical model

To obtain a realistic model an in�nite array of gold nanoantennas was considered in the form of

parallelepipeds arranged in a square la�ice on a dielectric substrate and covered by a thin layer

of analyte molecules. Periodic boundary conditions were used to study the in�uence of la�ice

periodicity on the enhancement of overtone absorption bands. �us, the gold metasurface is

modeled as a square la�ice of prolonged NPs with variable length L, while width w and height

h were �xed and equal to 20 nm (depicted in Figure 4.7a, b).

Since the periodic boundary conditions were used, the results are strictly valid for the

in�nite structures, while all real structures are �nite. �ere are several studies devoted

to the relation between the optical properties of �nite structures of di�erent sizes and the

corresponding in�nite structure [125–127]. Although there is no general solution, in most

cases several hundreds of periods are enough for the convergence.
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Figure 4.7: (a) 3D schematics of the gold metasurface modeled in COMSOL Multiphysics so�ware.

�e width and height of gold nanoparallelepipeds (NPs) in the array are of w = h = 20 nm,

while the length is varied. �e longitudinal and transverse la�ice constants are de�ned as ⇤1 and ⇤2.

t designates the analyte �lm thickness. �e incident light propagation direction k and polarization E

are also shown. (b) Schematics of 2D cross-section of the model. Furthermore, the gold metasurface

submerged into the analyte layer, the structure involves a BK7 glass substrate and an air layer with

refractive index n = 1. �e sample is placed between perfectly matched layers (PML).
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4.4 Optimization of the metasurface

When the la�ice periods become comparable to the sizes of the individual nanoantennas,

plasmon resonances start to interact with the la�ice resonances. Hence, the optimization

procedure becomes very complex. To facilitate the optimization, the Rayleigh anomaly was

studied that corresponds to the �rst di�raction orderwhich starts to propagate into the substrate

with the refractive index n = 1.5 at the wavelength of N-H overtone � = 1494 nm (in a

vacuum). �e rough approximation of the la�ice constant is ⇤1 = �/n, as shown in Figure

4.7a, gives a value of 1 µm. Next, the length of the nanoantenna is to be chosen in such a way

that the e�ective polarizability of the nanoantennas comprising the metasurface ↵⇤ reaches its

maximum value. According to the well-developed theory of di�ractively coupled localized

plasmon resonances in the framework of the coupled dipole approximation (CDA) [5], ↵⇤ may

be calculated as follows:

↵
⇤ =

1
1
↵ � S

, (4.2)

where ↵ denotes the polarizability of an isolated nanoantenna that depends solely on its

size and shape (at the �xed wavelength). �e dipole sum S accounts for the dipole-dipole

interaction between nanoantennas and only depends on the la�ice periods ⇤1, ⇤2 (see Figure

4.7a). According to Equation (4.2) ↵⇤ reaches its maximum when the real parts of S and ↵
�1

are equal. From the calculated results presented in [5], it was learned that S is very small

anywhere but at the narrow window around ⇤2
� ⇡ 1 it has a maximum. On the other hand,

the LSPR wavelength of NP of a �xed cross-section is a monotonic function of its length as it

may be seen below in Figures 4.8 and 4.9. Hence, to maximize the e�ective polarizability at

the wavelength of the molecular overtone transition, the length of the nanoantenna should

vary together with the la�ice periods. �e length of the resonance antenna is expected to

have a minimum as a function of the la�ice period. Considering this, the numerical simulation

was performed and the structures of gold metasurfaces with certain LSPR bands were found,

optimized for sensing of functional groups overtone transitions at � = 1494 nm and � = 1676

nm.
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4.5 Dependence of the collective LSPR spectral position

on the gold metasurface parameters

�e dependence of the transmission dip location on the nanoparticle length has been

investigated. �e simulations for the light polarized along the length of gold NPs (x-axis)

at normal incidence were performed. Figure 4.8 shows the transmission spectra of gold

metasurfaces with �xed la�ice periods and varying lengths of nanoantennas. In close analogy
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Figure 4.8: Calculated transmission spectra of gold metasurfaces with NPs of lengths L varied from

100 nm (crimson curve) to 220 nm (purple curve) in 10 nm steps, whereas la�ice periods were �xed

at ⇤1 = 400 nm and ⇤2 = 200 nm. �e extinction coe�cient of NMA is shown below the transmission

curves. �e gold metasurface was embedded in NMA with a thickness of 100 nm.

to the well-known dependence of the LSPR spectral position on the aspect ratio of an isolated

prolate spheroid, the dip in transmission shi�s toward the long-wavelength range when the

NPs length L grows. At particular values of length L the transmission dip is de�ned by

collective LSPR overlaps with and couples to the N-H and C-H overtone absorption bands in

near-infrared. �e transmission dip location depends linearly on the NP’s length L as can

be seen in Figure 4.9. Figure 4.9 shows the dependence of the LSPR spectral position as a

function of NP’s length. �e gold metasurface was covered by a 100 nm – thick NMA �lm.

�e long-wavelength shi� of LSPR in longer nanoparticles corresponds to the known from the

quasistatic theory behavior of LSPR in prolate particles.
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Figure 4.9: �e LSPR spectral position as a function of NPs length L. �e metasurface parameters were

set to the following values: w = h = 20 nm, t = 100 nm, ⇤1 = 400 nm, and ⇤2 = 200 nm.

4.5.1 Near-�eld enhancement

In this section, the distribution of the enhanced near-�eld around the gold NP covered by NMA

was analyzed. �e incident �eld is polarized along the x-axis while the la�ice constants are

�xed at⇤1 = 400 nm and⇤2 = 200 nm, respectively. Figure 4.10 shows the near-�eld distribution

around one of the gold nanoantennas in the array when the collective LSPR of the metasurface

is tuned to coincide with one of the analyte overtones at 1494 nm. �e top (a) and side (b)

views are both shown in Figure 4.10. Electric near-�eld polarized along the long axis of the NP

exhibits strong enhancement and localization around the antenna tips. Figures 4.10c,d show

the corresponding �eld distributions along the x and z axes. We note that the calculated

results shown in Figure 4.10 demonstrate the lightning-rod e�ect (subplots a, b) as well as

the rapid near-�eld decay (subplots c, d) inside the homogeneous layer of organic molecules

and the dielectric substrate. Indeed, the length of NP is more than eight times larger than its

width and height. Hence, the main prerequisite for the �eld concentration at the sharp edges

of the nanoparticle and the lightning-rod e�ect observation is ful�lled. Large jumps of the

electric �eld at the metal surfaces seen in Figure 4.10 is due to the large value of the real part

of gold permi�ivity at � = 1494 nm (about minus one hundred).
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Figure 4.10: �e electric �eld enhancement |Ex/Ex0|2 distribution around the gold NP in an array

(⇤1 = 400 nm and ⇤2 = 200 nm) surrounded by NMA layer: top view (a) and side view (b). Normalized

electric �eld distribution along the x-axis goes through the NP center (c), the same for the z-axis (d) at

x = 87.5 nm. Color encoding in (c) and (d): blue—the BK-7 glass substrate, yellow—gold nanoparticle,

red—thin layer of NMA layer, white—air. �e excitation wavelength is � = 1494 nm. �e colorbar

corresponds for colormaps in (a) and (b) subplots.

4.5.2 Di�erential transmission computations

Computation of the di�erential transmission (DT) spectra is an important step in metasurface

design for sensing purposes where the crucial feature is the detection of a small amount of

analyte. In particular, the enhanced absorption of the analyte molecules in the near-�eld

of the metasurface is still much smaller than the own absorption of the metasurface in

the absence of molecules. In this regard, to reveal the contribution of the gold metasurface,

the NPs absorption excluding the presence of molecules must be subtracted from the measured

absorption with molecules. Furthermore, it is important to take into account that

the metasurface absorption spectra shi�s when the permi�ivity of surrounding changes.

�erefore, measurement of the metasurface transmission in air seems infeasible. Instead,

the metasurface transmission in contact with a thin �lm of a transparent material should be

considered. �e refractive index (RI) of this material should be chosen close to the RI mean

value of analyte in the actual spectral range and the �lm thickness should be the same as that

67



of an analyte. Based on that, calculation of DT becomes a reliable way to reveal the presence

of the analyte and the spectral position of its absorption bands [108]. Figure 4.11 displays an

example of the DT spectrum.
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Figure 4.11: Di�erential transmission (DT) of metasurfaces with 100 nm thick analyte overlayers.

�e length of NPs varies from 100 (crimson curve) to 220 (purple curve) nm with steps of 10 nm while

the la�ice periods are of ⇤1 = 400 nm and ⇤2 = 200 nm. �e DT contrast is de�ned as the di�erence

between the maximum and minimum values of DT in the spectral range of the N-H overtone transition

and is shown by an arrow for one of the metasurfaces.

Compared to what is shown in the literature [128, 129], the plasmon enhanced absorption DT

spectrum demonstrates complex behavior (see Figure 4.11). DT changes its sign as a result

of combined action of absorption and anomalous dispersion (Figure 2.3) of the analyte in

the spectral ranges of overtone transitions. �e regions of enhanced and reduced transmission

alternate. Figure 4.12a,b demonstrate the spectral regions where the counterintuitive relation

between transmission of the metasurface embedded in NMA and transmission of the same

metasurface embedded in immersion oil takes place. �e structure covered by a dispersive and

absorptive NMA �lm transmits more light than the same structure embedded in the transparent

and dispersionless immersion oil �lm.
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Figure 4.12: A closer look at the transmission spectra of metasurfaces covered by the NMA layer (black

curves) and immersion oil with nav = 1.5712 (red curves) of the same thickness t = 35 nm. �e NPs

lengths L were chosen to provide for the coincidence of the collective LSPRs of the metasurfaces with

the NMA overtone transitions: L = 196 nm for N-H band (a), and L = 234 nm for C-H band (b).

For the sensing purposes, the di�erence between the DT maximum and minimum

(hereina�er referred to as ’DT contrast’) is of paramount importance, since it is the variation

magnitude that determines the metasurface sensitivity. �en, the enhancement factor (EF)

can be expressed as EF = DT
DT0

, where DT0 is the DT value of the same analyte �lm placed

on a bare substrate without gold metasurface. DT0 values were obtained via elementary

calculations (described in Section 2.4) and presented in Figure 4.13a for a range of analyte

�lm thicknesses up to t = 100 nm. Figure 4.13b shows the DT contrasts for the arrays of

nanoantennas of di�erent lengths presented in Figure 4.11. It was noticed that the EF provided

by metasurface utilization depends on the nanoantennas lengths. Hence, the optimization

procedure is essential to maximize the EF for the particular overtone transition.
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Figure 4.13: (a) DT of NMA films on a bare substrate as function of the film thickness. �e insert

shows the structure of the parallel films used for the calculation under the normal incidence

illumination. (b) �e DT contrast estimated from the data presented in Figure 4.11 as a function of

the nanoantenna length.

4.5.3 Enhancement factors of the optimized metasurfaces

In this section, the dependence of the DT enhancement factor with varied the la�ice periods was

discussed. While exploring the metasurface con�guration optimized for the enhancement of

the particular overtone transition, the nanoantenna lengths as well as both periods of the square

la�ice were varied. To reach the maximum �eld enhancement, the nanoantenna length that

maximizes the collective polarizability at the desired wavelength was found for a number of

la�ice periods combinations. At the �nal step, the enhancement factors were calculated as

presented in Figures 4.14 and 4.16. �e analyte �lm thickness was set to 35 nm. �is choice

provides reasonable utilization of the near-�eld enhancement region. Indeed, according to

Figure 4.10d, the maximum �eld enhancement is achieved at the surface of the nanoparticle and

rapidly drops with the distance. Hence, from the perspective of the sensitivity enhancement,

the analyte layers should not be thicker than 35 nm.
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Figure 4.14: Variation of the local �eld enhancement (blue curve) and the resonant nanoantenna length

L (red curve) with the la�ice period ⇤2 when the other la�ice period is �xed at ⇤1 = 200 and ensuring

constant collective LSPR band at � = 1494 nm. �e analyte �lm thickness t = 35 nm.

�e red curve in Figure 4.14 shows the variation of the resonant nanoantenna length L with

the la�ice period⇤2 when the other la�ice period is �xed at⇤1 = 200 nm and ensuring constant

collective LSPR band at � = 1494 nm. In agreement with the numerical results presented in

Figure 4.14, L reaches a minimum near the wavelength corresponding to the Rayleigh anomaly

at about 1000 nm. Almost simultaneously, at ⇤2 = 970 nm the near-�eld enhancement reaches

its maximum (blue curve in Figure 4.14). �alitatively, this behavior may be understood as

follows: if one can assume that ⇤2 > 996 nm, then the �rst di�raction order of the radiation

with the wavelength � of 1494 nm (in vacuum) can propagate in the substrate with refractive

index nsub = 1.5. However, when ⇤2 < 996 nm, all di�raction orders becomes evanescent since

⇤2¡ �nsub. �e evanescent wave decays fast from the boundary. In addition, it carries no energy.

�erefore, its amplitude may exceed the incident wave amplitude without violation of energy

conservation law. �is is the origin of the la�ice contribution to the local �eld enhancement.

Subsequently, ⇤2 at 970 nm was �xed and adjusted the second la�ice period ⇤1 varying

it from 50 to 220 nm, as it is illustrated in Figure 4.16 (blue curve). Simultaneously with

⇤1 variation, the NPs length L was adjusted to keep the collective LSPR of the metasurface

at the resonance with the overtone transition in NMA, as it is illustrated in Figure 4.15.

�e absolute maximum was found at ⇤1 = 75 nm that corresponds to the �eld enhancement

of 2 ⇥ 108.
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Figure 4.15: Dependence of the resonance antenna length L on the longitudinal la�ice period ⇤1 at

the �xed ⇤2 = 970 nm.

Finally, it was checked that this metasurface design also provides the largest enhancement

factor for sensing application which reaches an unprecedented value of 22.5 (red curve, Figure

4.16). To double-check that the absolute maximum of the DT enhancement factor is evaluated,

the ⇤2 was varied again around the value of 970 nm. �e inset of Figure 4.16 supports

the conclusion that the absolute maximum is found.
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Figure 4.16: Variation of the local �eld enhancement (blue curve) and the DT enhancement factor

(EF) with the la�ice period ⇤1 when the other la�ice period is �xed at ⇤2 = 970 nm. �e inset shows

EF against the la�ice constant ⇤2 at �xed ⇤1 = 75 nm. Additionally, the direction and color of the

horizontal arrow indicate the corresponding axis for the red and blue curves.
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4.6 Summary

In the �rst part, the di�erential extinction of forbiddenmolecular overtone transitions coupled to

the localized surface plasmons was explored for the �rst time. It was shown that the di�erential

extinction provides the SENIRA with two orders of magnitude enhancement. �e nontrivial

consequence of the simulations is that the enhanced absorption in the analyte is accompanied

by the reduced absorption in the gold nanorods that overruns the absorption enhancement

of the analyte. In the second part, I numerically demonstrated the sensing capabilities of the

rectangular la�ice of gold nanoparallelepipeds on a transparent substrate while tuned on the

speci�c transitions in the near-infrared. �e shape of the metasurface unit-cells was adjusted

to be readily manufacturable by electron beam lithography or focused ion beam milling. To

optimize the metasurface for a particular overtone transition registration, I varied the periods

of the la�ice and the elements lengths simultaneously.

I found that one of the optimized la�ice periods is very close to that corresponding to the

Rayleigh anomaly. As I am trying to anticipate the response of the actual applications, I do

not place the analyte within the near-�eld enhancement factor maxima, but rather, as a 35

nm thick homogeneous �lm covering the whole metasurface. Because of that, a relatively

small proportion of the analyte experiences the largest �eld enhancement. Consequently, the

structure optimized for the sensing of N-H overtone transition at 1494 nm has shown the

di�erential transmission enhancement factor of 22.5. �is rather large enhancement may be

explained by the concerted action of the LSPR, the la�ice resonance and the high surface

density of gold nanoparticles on the substrate. �us, the way to optimize the gold metasurface

for sensing the weak overtone transitions in the near-infrared have been demonstrated. �is

approach may be extended for sensitive registration of other functional group overtones in the

near-infrared by tailoring the la�ice periods and the aspect ratios of a metasurface unit-cells.

�us, the gold metasurface may be employed to identify the spectral position of the analyte

absorption bands even when the available amount of analyte is very small. �e reported results

allow bringing new insight to enhanced light-ma�er interaction �eld with overtone transition

as well as improve the limit of detection of conventional label-free sensors operating in the

near-infrared range.

To conclude, the rapid spectral variation of the refractive index in the spectral range of

the analyte anomalous dispersion was leveraged. As the anomalous dispersion is associated
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with its overtone absorption band, by measuring the di�erential transmission of a metasurface

tuned to the speci�ed spectral range the tiny amount of an analyte may be detected. In practice,

several arrays of nanoparallelepipeds tuned to di�erent spectral ranges may be fabricated on a

single chip. In this case, the combination of the responses of all arrays in the chip will lead to

the recognition and characterization of the analyte.
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5 Metal nanoparticles for intracellular

uptake monitoring

As mentioned in Chapter 1, nanoparticles have a number of unique optical, electrical, and

magnetic properties that have been actively used in various applications in recent decades

[130]. �e use of metallic nanoparticles allows for new possibilities in the study of intracellular

processes. Nanoparticles fabricated by laser ablation in a liquid have a higher sensitivity

compared to nanoparticles chemically prepared with stabilizers due to the absence of stabilizer

molecules. Eliminating stabilizer molecules makes it possible to obtain information near the

environment of a nanoparticle in the process of cellular uptake. To realize these opportunities,

the fabrication of stable aqueous solutions of metal nanoparticles with extremely narrow

plasmon absorption bands plays a fundamental role.

5.1 Experimental results

Based on the constructed experimental setup shown in Figure 2.1, SNPs in distilled water

were synthesized. �e silver target was ablated by a pulsed laser with di�erent exposure

times. Our goal was to �nd the optimum exposure time leading to the formation of a colloidal

particle solution with a large extinction and narrow plasmonic absorption band. �e measured

extinction spectra of colloidal SNPs possess pronounced plasmon bands in the spectral range

from 300 to 600 nm as shown in Figure 5.1a. �e exposure time was converted to the number

of pulses (N ) at a known repetition rate. In Figure 5.1b, the dependence of the maximum

optical density (OD) and full width at half maximum (FWHM) against N was plo�ed. It was

found that when OD has a maximum when N reaches 6000 pulses, with a sharp drop in the

OD for N > 6000. At N = 10800 pulses, the OD is halved. Since SNPs are formed only in

a certain volume, the liquid can repeatedly be subjected to laser radiation due to convective
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motion. �is causes weakening of the laser radiation power in the target region, decreasing

the e�ciency, and changing the particle size distribution during laser irradiation.
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Figure 5.1: (a) Extinction spectra of the colloidal SNPs prepared during the exposure time and (b) the

in�uence of the number of pulses on the plasmon properties of SNPs.

�e plasmon resonance in the optical density spectrum of SNPs corresponds to the wavelength

of 397 nm. �e laser radiation from the second harmonic at wavelength of 532 nm is absorbed

by SNPs, which then leads to the appearance of a pronounced additional peak around 530

nm as exhibited in Figure 5.1a. One of the most important requirements for sensors that

measure �ne changes in the analyte’s refractive index is the width of the NP plasmon band.

�e narrower the plasmon band the higher sensor sensitivity is. Laser ablation of a silver

target for 35 minutes leads to the formation of SNPs with the narrow plasmon band centered

at 397 nm, which is favorable for endocytosis.

A�er fabrication, the nanoparticles with SEM and AFM techniques were characterized.

Based on the SEM (Figure 5.2a) micrographs, the size distribution of nanoparticles were

estimated. �e histogram in Figure 5.2b shows that the colloidal solution contains fabricated

nanoparticles with a broad size distribution. �e fabricated ensembles of SNPs were

characterized by uniformity of shape being close to spherical. �e average diameter of SNPs is

24.6 nm.
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Figure 5.2: (a) Scanning electron microscope image of silver nanoparticles on the carbon grid. �e

scale bar is 200 nm. (b)�e size distribution of silver nanoparticles dav = 24.6 nm.

�e dried SNPs on a quartz substrate were imaged using AFM, as shown in Figure 5.3 a, b.

According to AFM data (Figure 5.3c), the particle height for a speci�c region in AFM image

varies from h=10 to h=60 nm, taking into account the shape of the AFM probe, while their

dimensions in the direction parallel to the substrate plane are from 10 to 50 nm.

b c

a

Figure 5.3: (a) 3D atomic force microscopy image of silver nanoparticles dried on the quartz substrate

obtained in the tapping mode regime; (b) atomic force microscopy image (the top view) with size

scale bar from 15 to 65 nm; (c) the cross-section pro�le of fabricated silver nanoparticles; the height of

nanoparticles varied from 10 to 60 nm.

Particular a�ention was paid to the refractive index of the bovine serum albumin (BSA)
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molecules, which mainly depends on the concentration of BSA molecules in solution. Based

on the method described in Ref. [131], a stock solution was prepared with the concentration of

0.3 mg/ml , resulting in a refractive index close to 1.4 [132]. Figure 5.4 shows the extinction

spectra of colloidal SNPs in water with and without BSA molecules. A comparative analysis of

the data showed that the absorption bands of colloidal solutions of SNPs with BSA are shi�ed

with the respect to the absorption bands of bare SNPs in water. �e SNPs extinction spectra

maximum shi�ed by 13 nm a�er the SNPs were introduced into the BSA environment.
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Figure 5.4: Extinction spectra of a colloidal solution of SNPs in water and BSA.

5.2 Numerical calculation of silver nanoparticle tra�c

�e experimental results obtained in the previous section demonstrate the optical response

(red-shi�) of SNPs to the presence of a biological object, but they exclude intermediate states

when the nanoparticles are embedded into the biological interface. It is well-known [130, 133]

that the dipole plasmon band of a sphere corresponds to three degenerate eigenmodes that

represent plasmon oscillations in three independent dimensions. When the sphere approaches

a plane boundary between two media with di�erent refractive indices, two eigenmodes that

correspond to the oscillations parallel to the boundary remain degenerate, while the third

relates to the dipole oscillation normal to the boundary shi�s faster than two others. �us,

the three-fold degeneracy of the plasmon band of a sphere is partially li�ed when the sphere
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approaches the boundary. �is conclusion holds for the spheres approaching the boundary

from both sides. �e dependence of eigenfrequencies on the distance to the boundary means

that they have to coincide at a point where the three-fold degeneracy revived.

From this qualitative reasoning, it can be seen that in the course of nanoparticle penetration

through the cell membrane, the plasmon degeneracy is li�ed twice and revives once in the

process of movement. To obtain the dependence of plasmon resonance spli�ing contrast on the

particle position for various optical properties of the adjacent media, the plasmon resonance

excitation in a spherical nanoparticle with polarization in the �x (top excitation) and the �z

(side excitation) direction was examined.

As shown in Figure 5.5a a scheme of the numerical model in which both plasmon modes in

the sphere (along x and z) can be excited by a plane-polarized wave. �e wavevector direction

is speci�ed by kx and kz . It was assumed that the biological medium has the refractive index

1.4, according to Ref.[134, 135], and the biological medium (BM) as a sphere with the diameter

of 200 nm was modeled numerically.
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Figure 5.5: (a) �e scheme of the numerical model, (b) the calculated absorption cross-section spectra

of SNP for various values of z.

�e cross-section spectra for a SNP with the diameter of 40 nm in a culture medium with

refractive index nculture medium = 1.33 placed inside the biological medium (Figure 5.5 (b)) were

calculated in the range of 350 - 450 nm. A culture medium is a medium for the cultivation of

microorganisms such as macrophages. In Figure 5.5b, z = -100 nm corresponds to the case

when the nanoparticle is far from the biological medium with n = 1.4, and for the opposite

case z = 100 nm, the SNP is inside the sphere. It can be seen from the absorption cross-section
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spectra that the embedding of SNP into homogeneous biological medium leads to the 9 nm

red-shi�.

�e numerical results that demonstrate the plasmon band spli�ing are shown in Figure 5.6.

�is shows the nature of the resonant shi� and spli�ing of the resonant wavelengths.
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Figure 5.6: Spli�ing of resonance wavelengths of localized surface plasmons of SNP with the diameter

of 40 nm in the process of their approaching and crossing the interface with two media with di�erent

refractive indices.

Additionally, there is a point corresponding to the degeneracy of the three modes, which

manifests itself in the intersection of the curves in the graphs. �e spli�ing starts when SNP

approaches the boundary and reaches a maximum when a small part of the sphere is in the

medium at z = -15 nm. At z > 0 nm, the spli�ing occurs again until it is in the center of the

biological medium.

Despite the signi�cant shi� of LSPR achieved by penetration from a lower refractive index

medium to a higher one, the real scenario is more complicated. It is well-known that cells

contain the intercellular liquid, which in turn has an average refractive index around 1.37

[136]. Figure 5.7 shows the plasmon bands spli�ing of the nanoparticle approaching the

cell, consisting of the membrane (thickness t= 5 nm and nmembrane = 1.4) and cellular liquid

(ncellular liquid = 1.37). In fact, the behavior in Figure 5.7 is very similar to that in Figure 5.6,

but the shi� of the plasmon resonance band is slightly less. Nevertheless, considering the
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membrane and intercellular liquid in the numerical calculation brings the results closer to a

more realistic case of the NPs uptake process as a result of the endocytosis.

-100 -80 -60 -40 -20 0 20 40 60 80 100

398

399

400

401

402

403

404

405

406
LS
P
R
m
ax
[n
m
]

Position along z [nm]

Top excitation
Side excitation

NP
Cell

Figure 5.7: �e plasmon resonance band spli�ing of SNP with the diameter of 40 nm during their

approaching and crossing the interface with three media (nculture medium = 1.33, nmembrane = 1.4, and

ncellular liquid = 1.37)

In order to evaluate the relative position of SNP with the highest spli�ing magnitude of

plasmon resonance, the dependence of the spli�ing contrast on the z coordinate was plo�ed

in Figure 5.8.

Even with a slight di�erence in the refractive indices of the culture medium, membrane,

and intercellular liquid, the evidence of the plasmon resonance band spli�ing can be observed.

In the experiments with cellular lines (e.g., macrophages), one can expect excitation of both

eigenmodes. �us, degeneracy li�ing will manifest itself as an additional broadening of the

plasmon band. �e degeneracy revival leads to the non-monotonous behavior of the plasmon

bandwidth: broadening is followed by narrowing, then broadening again, and �nal narrowing.

Taking into account that the shi�s themselves are at the limit of detection the awareness of the

expected behavior of this additional parameter may be of crucial value for the interpretation

of experimental results.
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Figure 5.8: �e plasmon resonance spli�ing contrast with 5 nm membrane (red curve) and without

membrane (blue curve).

5.3 Summary

�e possibility of using silver nanoparticles obtained in the form of the colloidal solution in

distilled water by laser ablation of a metallic target have been explored. �e silver nanoparticles

with the dimensions of 20 to 50 nm without stabilizing agents, and stable for at least a month

were fabricated. Due to the broad shape and size distributions of the obtained nanoparticles,

the width of the plasmon band is larger than expected from the calculation pertinent to the

monodisperse solutions. Despite that, the shi� of the plasmon band maximum is measurable

due to the refractive index change. To simulate the nanoparticle transition from subcutaneous

water to the cellular membrane, the shi� of the plasmon band maximum was measured when

the nanoparticles were transferred from water with a refractive index of 1.33 to a bovine serum

albumin solution with a refractive index of 1.4. In this case, the shi� as large as 13 nm was

observed. It was reasonable to proceed with numerical simulations of the plasmon position

shi�s in di�erent situations relevant to endocytosis. �e process involves a transition through

the curved boundary between two media with di�erent refractive indices: 1)transition through

the thin �lm of a higher refractive index material representing the cell membrane, 2) transition

of vesicle, which involves the nanoparticles surrounded by the membrane, is represented in
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the numerical model by the core-shell structure. �e results of simulations substantiate the

feasibility of the proposed approach for endocytosis diagnostics by means of the far-�eld

spectroscopy with noble metal nanoparticles.
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6 Conclusion

�is thesis investigates the application of plasmonic nanoparticles and their potential

application towards label-free sensing.

In order to create an accessible method for producing nanoparticle ensembles with a

speci�c plasmon resonance, I �rst performed theoretical optimization of the silver nanoparticle

shape and size, such that their localized surface plasmon band are turned for the best overlap

with the wide-band emission of chemiluminophores. �ese nanoparticles were fabricated

using physical vapor deposition. In addition, experiments using an inert spacer layer and a

silver �lm have shown that the catalytic action of the metal surface is of minor importance. I

have designed plasmonic nanoparticles with a dielectric material substrate, which makes it

possible to create a new generation of chemiluminescence-based devices. I showed 1.6-fold

enhancement of chemiluminescence intensity upon direct contact of the reagents with a silver

�lm with plasmon resonances in the chemiluminescence bands.

�e next step would be to amplify the weak overtone transitions that reside in the near-

infrared, for which I employed the resonant coupling between plasmonic nanoantennas

and molecular vibrational excitations. By selecting of the suitable aspect ratio of the gold

nanoantenna, their plasmon band may be brought in line with the expected position of the

sought molecular vibration. I explored the di�erential extinction of forbidden molecular

overtone transitions coupled to the localized surface plasmons. I showed a non-trivial interplay

between the molecular absorption enhancement and suppression of plasmonic absorption in a

coupled system in di�erential extinction spectra. �en I studied SENIRA in the framework of

molecular overtones sensing using the gold metasurface. As a result of the combination of

localized surface plasmon resonance in prolonged nanoparticles and Rayleigh anomaly of the

la�ice, the N-H overtone transition has been enhanced 22.5 times.

In order to use these plasmonic nanoparticles in biological sensing applications, I studied

the in�uence of the surrounding media on the optical response of the silver nanoparticles. I
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used a endocytosis model to study numerically the penetration of a nanoparticle through a thin

cell membrane. It was shown that when the silver nanoparticle approaches the boundary of the

cell membrane, plasmon degeneracy is partially li�ed as can be seen in course of the plasmon

band spli�ing. For the experimental veri�cation, I fabricated silver nanoparticles without a

stabilizing ligand through laser ablation. �e fabricated nanoparticles were surrounded by a

thin shell in order to demonstrate a shi� in the LSPR.�is thin shell is analogous to the thin

shell membrane produced by endocytosis in the simulations, hence I conclude that endocytosis

also produces a shi� in the LSPR.
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A B S T R A C T

Chemiluminophores are entities, which exhibit wide-band light emission without any external
light source, due to the chemical reaction that results. Since the chemiluminophores usually
have low e�ciency due to unfavorable competition of chemiluminescence with other channels
of chemical energy, plasmonic nanoparticles can be employed to enhance the chemilumines-
cence quantum yield via acceleration of the radiative decay rate due to the Purcell e�ect. On the
other hand, the catalytic action of metallic surface can contribute to chemical reaction rate. Both
channels can lead to substantial chemiluminescence intensity enhancement of luminophores in
contact with metal nanoparticles. Despite the numerous investigations devoted to MEC, the rel-
ative roles of the Purcell e�ect and catalysis in the chemiluminescence enhancement was not
cleared up. In this paper, we use a thin inert spacer layer deposited on top of a silver metasurface
to reveal the main contribution to chemiluminescence enhancement. We found that the mecha-
nism of the chemiluminescence enhancement is a combined e�ect of electrodynamic mechanism
connected to the localized surface plasmon excitation together with catalytic e�ect of metals. As
the results were in favor of electrodynamic mechanism of MEC, silver nanoparticles with suit-
able properties have been fabricated via physical vapor deposition on substrate. We performed
theoretical optimization of the silver nanoparticles shape and size distributions to tune their lo-
calized surface plasmon bands for the best overlap with emission of other chemiluminophores.
Our design for plasmonic nanoparticles placed on the dielectric material may make it possible
to create a new generation of chemiluminescence-based devices for sensing application.

1. Introduction
Chemiluminescence, or "liquid light" e�ect, is an emission of photons resulting in an exothermic reaction [1].

This fascinating optical e�ect finds its use in various applications from forensic science (e.g. for detection the blood
traces at crime scene [2]) to industrial bio-chemistry [3, 4]. Luminol is the chemiluminophore (a chemical that ex-
hibits chemiluminescence) which generates blue light under the certain conditions [5]. It is well known that forensic
investigators use luminol to detect trace amounts of blood at crime scenes since it reacts with the iron in hemoglobin,
while biologists use it in cellular assays to detect copper, iron, and specific proteins [6]. However, the intensity of the
luminol chemiluminescence is very low, which significantly limits its potential applications.

One of the e�cient experimental tools for observing the chemiluminescence e�ect is a microfluidic chip. Such
chips are employed to study low volume samples by isolating key phenomena from the influential surrounding en-
vironment [7]. The flow-injection in microfluidic chips helps in obtaining the e�cient chemical reaction when the
chemiluminophores and their oxidants are mixed to emit light. Crucial developments for the fabrication approaches in
the field of microfluidic technology platform have already created high-demanded applications such as the lung-on-a-
chip platform [8–10], single-cell functional proteomics [11, 12]. Moreover, these developments allow measuring the
dynamics of green fluorescence protein [13, 14]. The e�cient emission of luminol is expected to find applications in
forensic science-on-a-chip, accurate DNA profiling with active lasing dust.

In this paper, we report on the novel metal-enhanced chemiluminescence (MEC) sensor which has significantly
improved resistance to organic solvents and mechanical damage. So far, all attempts to enhance the weak chemilumi-
nescence of luminol by plasmonic nanoparticles have insu�cient information on the enhancement mechanisms either
catalysis or the e�ect of an enhanced near-field of nanoparticles. According to [4], both the purely chemical catalytic
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e�ect of the contact with the metal surface and the Purcell electromagnetic e�ect contribute to the MEC activity, but
the relative role played by the two in the observed enhancement is not clearly determined. Table 1 represents a brief
overview of the latest results related to the chemiluminescent enhancements of luminol as well as chemiluminescent
species used in glow sticks [15–17]. The main peculiarity of luminol is biocompatibility which in turn allows its
use for pharmaceuticals and biological sciences. Based on our recent work [1] using the colloidal solution of metal
nanospheres with luminol flowing in a microfluidic chip, we have switched from large consumable volumes of nanopar-
ticles to small ones by using a planar metasurface of silver nanoparticles. To the best of our knowledge, this is the
first application of the plasmon metasurfaces fabricated on a dielectric substrate for luminol chemiluminescence en-
hancement. Our experimental results provide clear evidence that the catalytic action of silver is of minor importance
as compared to the Purcell e�ect. In this regard, the metal metasurface optimization, which allows for chemilumines-
cence intensity enhancement by means of the electromagnetic e�ects is of particular importance. Numerical modelling
let us to choose the experimentally realizable shape of metal nanoparticles that ensures perfect overlap between the
plasmon bands of metal metasurface and chemiluminescent bands of chemiluminophores.

Table 1
An overview of Chemiluminiscence sensors using different enhancement strategies.

Chemiluminescent system Comments Reference

Ag and Au with
luminol-NaOH

The CL enhancement in microfluidic chip initiated by small
sphere nanoparticles. The enhancement factor is up to
4-fold.

[1]

Ag-luminol-H2O2-
HRP

A silver modified immunoassay for determination mycotox-
ins using luminol with amplified chemiluminescence on the
chip through the surface plasmon resonance phenomenon.
The enhancement factor is Ì 2-fold.

[18]

Cr, Cu, Ni, and Zn
metal films with green
dye

The chemiluminescence intensity from chemiluminophore
(commercially available kits, Omnioglow company - acridan
oxalate system) was enhanced by metal films. The en-
hancement factor is up to 3-fold.

[15]

Al, Au, Ag metal films
with red, green and
blue dyes

The luminophores dyes excited the surface plasmons on
thin continuous metal films without incident excitation
light. The CL species/SPR coupling demonstrates a highly
polarized and directional emission. The enhancement
factor was not estimated.

[17]

Ag SIF with green
dye-H2O2

The commercially available chemiluminophores from glow-
stick (commercially available kits, Omnioglow company)
was enhanced by metal films. The enhanced chemilumi-
nescence intensity is around 20-fold.

[16]

It is important to note that the quantum e�ciency of the chemiluminescence process is quite low due to the com-
petition with a multitude of non-radiative decay processes [19]. Hence, radiative decay acceleration of the chemilu-
minophore excited state is a reliable way to enhance the chemiluminescence yield that attracts the attention of many
scientists [1, 20, 21]. In turn, the surface plasmon resonance in metallic nanoparticles [22, 23] can be employed for the
acceleration of these radiative transitions. Figure 1 summarizes the schematics of the chemiluminescence enhancement
mechanism.

Figure 1a represents the luminol excitation in the course of a chemical reaction with oxidizer followed by two
competitive decay routes: radiative and non-radiative. The e�ect of silver nanoparticles (AgNP) on the luminol emis-
sion is depicted in Figure 1c. The expected chemiluminescence enhancement originates due to the Purcell e�ect that
couples the luminol emission with the enhanced local fields in the vicinity of AgNP [24]. As a result, the density of
photon states increases and the process of chemiluminescence is boosted. This e�ect reaches its maximum in the close
proximity of the nanoparticles and vanishes at larger distances. At the same time, a direct contact with the metal sur-
face is known to lead to the luminescence quenching. Since the luminescence quantum yield (⌘) is determined by the
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competition of radiative (�R) and non-radiative (�NR) decay processes then in case of �NR is larger or the same order
of magnitude as �R growth of �R it leads to the substantial growth of the luminescence quantum yield provided the
growth of �NR is smaller than the growth of �R. Therefore, the chemiluminescence quantum yield in the presence of
metal nanoparticles grows according to the formula ⌘ ◊ �®R

�®R+�
®
NR

. Indeed, this phenomenon known as metal-enhanced
fluorescence (MEF) was reported in previous research [25, 26]. As compared to MEF where the molecule initially has
to be pumped by an external light, metal-enhanced chemiluminescence (MEC) stems from the chemical oxidation pro-
cess [27, 28], as shown in the Jablonski diagram (Figure 1c). Thus, the chemiluminescence intensity can be increased
by plasmon nanoparticles provided the condition of the increased radiative decay rate (� ®R > �R) is fulfilled while �NR
does not substantially grow.

To maximize the chemiluminophores-nanoparticles pair interaction, metal nanoparticles have to be placed at an op-
timum distance from the chemiluminophores [29]. The shape and material of the particles have to be accurately chosen
to ensure the overlapping of their absorption plasmonic band with the emission band of the chemiluminophores[30].
In our previous work, the new proof-of-concept experiment was perfomed with the microfluidic chip [1], wherein
we utilized the commercially available nanoparticles with non-optimized spectral location of the absorption plasmon
absorption band. Therefore, the chemiluminescence quantum yield can be further improved with specially designed
surfaces. In this article, we show that the self-organized metasurfaces with broadband and tunable plasmon resonances,
which are necessary for e�ective interaction between nanoparticle acceptors and chemiluminophore donors, may be
obtained by via previously developed manufacturing technology [31–33]. Moreover, we demonstrate the benefits of
fabricating AgNPs on a quartz substrate using physical vapor deposition (PVD). We found that the width and the po-
sition of nanoparticles’ plasmon bands are tuned via PVD process and subsequent annealing. The spectral position
of the plasmon absorption band may be controlled by the amount of the sputtered metal in order to provide a spectral
overlap with the emission bands of chemiluminescent species. Consequently, the fulfilment of the requirements for
e�ective acceleration of radiative transitions in luminol seems feasible.

As a result, two conditions ought to be satisfied for the e�ective interaction between the plasmonic nanoparticle
and the chemiluminophore: 1) the plasmon band has to overlap with the chemiluminescence emission band [1, 30, 34]
and 2) the chemiluminophore molecules need to be in the close proximity with metal nanoparticles [1, 35]. In this
work, we explore the possibility of fulfilling both conditions with AgNPs as acceptors and the chemiluminophore
molecules as donors of energy quanta. As the plasmon band of small spherical AgNPs lies on the far blue wing of the
luminol chemiluminescence band, we utilize two fabrication approaches to shift the plasmon band in the desired red
direction: enlarging the nanosphere radius and changing the nanoparticle shape. To keep the transfer of the technology
feasible, we rely on the well-established and rather a�ordable techniques of AgNPs production, namely, PVD on the
dielectric substrate. According to our numerical predictions, plasmon resonances in truncated AgNPs are red-shifted
and resonantly coupled with the luminol molecules.

2. Materials and methods
2.1. Synthesis of supported silver nanoparticles via physical vapor deposition

We fabricated AgNPs on the microscope glass slide using the physical vapor deposition in a vacuum chamber
PVD-75 (Kurt J. Lesker). All microscope slides were preliminarily washed in ethanol and then washed with distilled
water. AgNP ensemble was grown according to the Volmer-Weber mechanism. The equivalent thickness of AgNP
ensemble was 5 nm and controlled by a quartz crystal microbalance during the growth. The silver plate (99,99% purity)
was evaporated in high vacuum (1 � 10*6 Torr). Then, the obtained silver film was annealed at 200 ˝C. The spectral
position of the plasmon absorption band was controlled by the amount of the evaporated metal and the evaporation rate
as well as by the temperature and the duration of the subsequent annealing [31]. To obtain the ensemble of AgNPs, the
silver deposition was used at a rate 0.1Å per second. The red-shift of the plasmon resonance band with a maximum
around 482 nm was achieved by thermal annealing of the silver film for 30 minutes. To provide better adhesion of
AgNPs to the substrate and ensure their stability in the oxidizing environment in the course of the chemiluminescence
studies, the laser-assisted approach was conducted. The laser exposure was realized by the third harmonic (355 nm)
of a Q-switched Nd:YAG laser (SOLAR Laser Systems). The pulse duration and the repetition rate were 10 ns and 10
Hz, respectively. The laser beam, with the diameter of 8 mm, was focused on the AgNP ensemble supported on the
glass substrate and scanned over the entire film. The pulse energy was controlled by filters and set to 20 mJ. To reach
stronger adhesion of silver nanoparticles to the substrate the samples were irradiated with 100 laser pulses. The AgNP
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substrate covered with 2 nm SiO2 layer was prepared to estimate the role of the catalysis e�ect from silver according
to the procedure in ref. [36].

2.2. Characterization studies
Scanning electron microscope images of supported silver nanoparticles were obtained with MERLIN (Carl Zeiss)

microscope at 15 kV. Optical extinction spectra of silver nanoparticles on the substrate were collected using an SF-56
spectrophotometer (LOMO) with 1 nm resolution in the range of 250 - 1100 nm at room temperature. The chemilu-
minescent spectra of luminol were recorded by a charge-coupled device (CCD), Lumenera Infinity 2-3C (Lumenera
Corporation, 7 Capella Crt. Ottawa, Ontario, Canada). A digital photographic camera (Canon) with a high integration
time was used to capture chemiluminescence light and record the images of glowing samples. In addition to the exper-
iments with luminol, the chemiluminescent spectra of 9,10-diphenylanthracene (DPA) molecules were also obtained
by a spectrofluorometer (Cary Eclipse) while the excitation source of the spectrofluorometer was o�.

2.3. Complexes of AgNP@Chemiluminophore
A stock solution (next denoted as “solution 1”) of 3-aminophthalhydrazide (luminol) with the concentration of

2.8�10*5 M in deionized water, purchased from Sigma Aldrich, was mixed with sodium hydroxide (NaOH), with
the concentration of 1 mM. A 5% solution of sodium hypochlorite (NaOCl), was used as an oxidizing agent (next

denoted as “solution 2”). Chemiluminescent radiation occurs as a result of a chemical reaction between organic
chemiluminophore molecules and an oxidizing agent. In addition, we conducted an experiment with DPA. All chemi-
luminophore species were placed between two microscope glass slides, one of which was partially covered with silver
nanoparticles embedded in advance.

2.4. Numerical simulation
The Finite-Element-Method (FEM) implemented in COMSOL Multiphysics 5.4 software (Wave Optics Module)

was used to solve Maxwell’s equations for stationary problems. We calculated absorption, scattering and extinction
cross-section spectra of AgNPs varying their shapes and substrates to predict the behavior in combination with chemi-
luminophores. We have built a 3D box that contains two domains, with a width of 200 nm, intended for the dielectric
substrate and surrounding media. A perfectly matched layer (PML) was included as a physical domain with the thick-
ness of 150 nm to absorb scattered light. We define the thickness of PML as a half of the incident wavelength. The PML
layer was divided by 8 equidistant layers. The silver nanoparticle was placed in the center domain with subsequent
meshing in the form of tetrahedral elements. Maximum element size of the surrounding medium, dielectric substrate
and nanoparticle were chosen as �_6 when the electromagnetic incident field oscillated parallel to the substrate with
a k-vector perpendicular to the substrate. The parametric sweep was used to calculate the absorption, scattering and
extinction cross-sections of plasmonic nanoparticles as described in ref.[37], in the range of 350-750 nm. Since the
dephasing time of plasmon silver nanoparticles (for r > 10 nm) deposited on a dielectric substrate remained practically
unchanged as shown in [38], the correction for a quantum-confinement size e�ect was neglected. Thus, the complex
refractive index of the AgNP from the experimental work of Johnson and Christy for bulk silver [39] was implemented
for the modeling.

3. Results and Discussion
3.1. Experimental results

In this section we experimentally investigate the relative contributions of plasmonic and catalytic mechanisms in
the chemiluminescence intensity enhancement due to the silver metasurface. Firstly let us consider the process scheme
of step-by-step morphology modification starting from a deposited thin film to the inhomogeneous ensemble of silver
nanoparticles as shown in Figure 2. This technique was used to obtain plasmonic nanoparticles optimized for the
luminol chemiluminescence enhancement. Chemiluminescence of di�erent chemiluminophores may be enhanced via
the suggested technique, the dedicated choices of substrates, and annealing procedures [31].

Using the time/temperature dependence of the annealing process, we achieve the desired AgNPs shape and size
distributions that lead to plasmonic band in the aimed spectral range. However, the fabricated self-organized metasur-
faces of AgNPs were mechanically unstable and may be damaged by organic/non-organic solvents, i.e. water, ethanol,
hexane and others. To overcome this limitation, we developed a novel approach for strong adhesion of AgNPs to the
dielectric substrates. In particular, after annealing process, the thin silver film was exposed to the pulsed laser irra-
diation at the wavelength of 355 nm. Figure 2a shows the extinction spectrum of the continuous silver film, whose
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plasmon absorption band is out of the spectral region necessary to overlap with the luminol emission band. As it is
seen in Figure 2b, the extinction spectrum after the subsequent annealing process is characterized by the sharp absorp-
tion plasmon resonance band in the visible range. Under the laser irradiation, the plasmon band broadens whereas its
overlap with chemiluminescence emission spectra becomes greater (Figure 2c). From the experimental point of view,
it is essential to improve the chemical and mechanical stability of the metal films because the chemical reagents used in
the chemiluminophore solution are very aggressive. We found that dripping of a mixer of “solution 1” and “solution

2” does not degrade the substrate with the AgNP metasurface. It is worth noting that the adhesion of AgNPs to the
substrate was also improved (Figure 2c). This property was confirmed by scratching the film with a sharp object. Thus,
the laser irradiation leads formation to stable in organic solvents and resistant to mechanical damages samples. These
samples are suitable for chemiluminescence experiments, unlike the untreated samples.

To clarify the morphology of the prepared AgNP metasurface, we analyzed the SEM images before and after the
annealing process as depicted in Figure 3. We observe two distinct ensembles of larger and smaller nanoparticles in
both images. The image of AgNPs obtained after annealing procedure shows the presence of rather similar larger
nanoparticles with diameters not exceeding 160 nm. After the laser irradiation, all AgNPs becomes larger and more
rounded. At the same time, the size distribution becomes broader and the distinction between ensembles of larger
and smaller particles becomes more pronounced (see Figure 3). Consequently, the extinction spectrum of the silver
nanoparticles in Figure 2c shifts and broadens.

The measured extinction spectra of the AgNP metasurface after the laser irradiation exhibit the pronounced plasmon
bands in range of 350 to 650 nm with a maximum at 482 nm (Figure 4). The inset of Figure 4 shows a photograph
of the substrate (1) and the substrate with the AgNPs (2) fabricated via PVD and subjected to both the subsequent
annealing and laser irradiation. We noticed that the film has a definite brown color that corresponds to the spectral
position of the absorption band of the fabricated AgNPs, as shown in Figure 4. As it was mentioned above, to boost
the chemiluminescent emission, the overlap between the chemiluminophore (donor) luminescent band and AgNPs
(acceptor) absorption band is required. To show this overlap, the normalized chemiluminescent spectrum (CL) of
luminol is plotted in the same graph. The chemiluminescent spectra of luminol consists of two overlapping emission
bands with maxima at the wavelengths of 452 nm and at the wavelengths of 489 nm, respectively. The plasmon band
of the prepared AgNP samples is overlapped with both luminol chemiluminescence emission bands. In addition, we
observed that the DPA chemiluminescent emission band (Figure 4) spectrally is also overlapped with the absorption
peak of plasmon band.

Finally, the enhanced near-field e�ect of synthesized AgNPs on chemiluminophore molecules has been investi-
gated. We employed a straightforward, experimental procedure in order to show the MEC e�ect presence. We dripped
30 �l of “solution 1” onto the bare glass substrate just at the edge of AgNPs (as shown in the inset of Figure 4). Then,
30 �l of “solution 2” was dripped onto another glass slide and both slides are pressed to each other in such a way
that both solutions are mixed. The thickness of the gap between two substrates was estimated as about 10 �m based
on the simulation of the oscillations in the transmission spectrum [40]. Then we took photographs of the substrates
with nanoparticles at the moment of luminol and DPA glowing. The normalized distribution of the CL intensities are
demonstrated in Figure 5a for luminol and Figure 5b for DPA. The sharp jump in the chemiluminescence intensity of
both luminol and DPA is clearly seen at the edges of AgNPs covered regions (Figure 5). In this respect, we observed
that the chemiluminescence intensity of luminol with the presence of AgNPs is enhanced by 1.6 times, while in case
of DPA the enhancement factor reaches 1.5.

3.2. Influence of the Purcell e�ect on the MEC
When reagents are contacted directly to the silver metasurface with plasmon resonances absorption band within

the chemiluminescence bands of luminol, the chemiluminescence intensity is increased by 1.6 times. To clarify the
relative role of the Purcell e�ect and the catalytic e�ect of silver in this enhancement, additional experiments were
performed. First, an identical AgNPs substrate was covered with 2 nm SiO2 spacer layer (the inset of Figure 6a). It
was expected that the catalytic e�ect of AgNPs completely disappears, since it requires direct contact between the
reactants and nanoparticles. Nevertheless, in spite of the increased distance between the reactants and AgNPs, the
Purcell e�ect remains. Indeed, in the presence of the spacer, the enhancement factor drops to 1.3 factor (Figure 6a).
It should also be noted that inhomogeneous distribution of the chemiluminescent intensity in the SiO2 area that can
be seen in Figure 6a is due to the tolerances of the applied pressure on microscope cover slip that leads to the slightly
uneven distribution of the mixture. Yet, the jump of chemiluminescence intensity at the boundary of the metasurface
is clearly visible.
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Thus, the decisive role of the Purcell e�ect was confirmed. In this case, an increase in chemiluminescence enhance-
ment with a decrease in the distance between reagents and AgNPs was naturally explained. In order to estimate the
role of catalysis in chemiluminescence enhancement in the absence of the spacer, we also conducted the experiment
with a silver film that has no plasmon resonances in the chemiluminescence bands of luminol. If chemiluminescence
is also enhanced in this case, this enhancement should be attributed to the catalytic e�ect of silver. However, in Figure
6b one can observe no di�erence in the chemiluminescence intensities from the regions of the plain dielectric substrate
and silver film without plasmon resonances. Consequently, the 1.6-fold enhancement of chemiluminescence observed
upon direct contact of the reagents with the silver film with plasmon resonances in the chemiluminescence bands can
be completely attributed to the Purcell electrodynamic e�ect.

3.3. Numerical studies for AgNP@luminol configuration
As shown in Figure 7, the main luminol chemiluminescence emission bands appear at 452 nm and 489 nm, re-

spectively, while the plasmon resonances of small silver and gold nanospheres in aqueous environment have their
maxima at the wavelengths of 415 nm and 528 nm respectively [1]. Hence, the most promising way to establish the
desired resonance interaction is to choose the silver as the nanoparticles material, and change its 1) size, 2) shape
and 3) surrounding. These three approaches may be employed to shift the localized surface plasmons in AgNPs to
longer wavelengths. Thus, the dedicated plasmonic-chemiluminophore system design that takes advantage of plas-
monic nanoparticles tuning can lead to e�cient enhancement of the chemiluminescence e�ect. By taking advantage
of the fabrication of AgNPs on dielectric substrates using PVD in ultrahigh vacuum, the long-wavelength shift of the
plasmon bands of AgNPs can be achieved by: direct contact of the metal nanoparticles with a substrate having a higher
dielectric permittivity than water, as well as the oblated shape of the nanoparticles obtained on surface of the substrate
during the deposition process. To explore if these two mechanisms may be well-balanced to provide the desired con-
ditions for the plasmon band, we considered common transparent dielectric substrates: glass, quartz (SiO2), sapphire
(Al2O3), magnesium fluoride (MgF2), and titanium dioxide (TiO2).

Figure 7 shows extinction, absorption and scattering cross-sections spectra computed for nanoparticles supported
on the glass substrate. The supported AgNPs were assumed to be submerged in a luminol solution. Since luminol
expected to be diluted with a high ratio in water, the refractive index of the surrounded media was set to that of
water, 1.33. The shape of nanoparticles obtained by PVD was assumed to be a hemisphere while their diameter was
continuously changed to match the absorption plasmon band to the chemiluminescent emission spectra of luminol.
We found out that the absorption cross-section of the optimally-tuned AgNPs is 12 times larger than the geometrical
cross-section of AgNPs. According to our calculations presented in Figure 7, an ideal matching with the first luminol
emission peak at 489 nm is achieved for silver hemispheres with 20 nm diameter deposited on the glass substrate
(refractive index n = 1.51).

However, the calculations show that the absorption plasmon band of AgNPs on the glass substrate provides no
spectral overlap with the second luminol chemiluminescence emission peak located at 452 nm even using the smallest
hemispheres nanoparticles. Yet the resonance condition between the absorption plasmon band and the luminol emis-
sion peak at 452 nm may be restored for the truncated sphere of 20 nm in diameter and the height of h = 13 nm.
The possibility for resonance plasmon band tuning of gold nanoparticles toward long-wavelength range has been nu-
merically demonstrated by means of the truncating the spherical nanoparticles [41]. We notice that the high refractive
index substrates (e.g. sapphire having the refractive index as high as 1.77 [42, 43] and titanium dioxide substrate) lead
to ine�cient overlapping of silver absorption plasmon band with the luminol emission since the long-wavelength shift
is too large even for the very small silver hemispheres. On the contrary, the high refractive index substrates can be
considered for those chemiluminophore molecules that have emission band in long-wavelength side. Therefore, we
assume that to enhance the chemiluminescence e�ect of luminol using the AgNPs array, the glass substrate is a more
reasonable choice.

3.4. Numerical calculation for alternative metal-enhanced chemiluminescence configuration on
dielectric substrate

As luminol is not the sole substance that is widely used in various applications as chemiluminophore, here we
present a manifold of substrate-nanoparticle pairs optimized for surface-enhanced chemiluminescence. Following
the well-known chemiluminophores: KMnO4 in Figure 8, Lucigenin in Figure 9a, b, Ce (IV) in Figure 9c,d, and
bis-(2,4,6-tricholorophenyl) oxalate (TCPO) in Figure 9e,f have been considered. We optimized the diameters of
silver hemispheres for KMnO4 chemiluminescent emission spectra (Figure 8) with the emission band maximum at
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700 nm [44]. As an alternative example of a chemiluminescent agent, we considered Lucigenin. This substance is
widely used in analytical science whereas its the emission band maximum is located at 480 nm. [45–48] (Figure 9a,
b). The absorption, scattering and extinction cross-section spectra of silver hemisphere optimized for Cerium (IV)
chemiluminescent emission spectra are presented in Figure 9c, d. The emission band maximum peak lies at Ì 550 nm
[49, 50]. Then, we calculated the suitable parameters for the plasmon nanoparticle on the top of dielectric substrate
for TCPO chemiluminescence emission spectra. The emission band maximum is at 485 nm (Figure 9e,f) [51].

4. Conclusions
In summary, we proposed a novel approach in designing new materials assembled from nanoparticles for enhancing

chemiluminescence and a number of other e�ects such as spasing, DNA profiling and others. All of them are promising
in terms of delivering substantial enhancement in specific and accurate detection of analytes, which is not possible via
traditional approaches. We used the proposed technique for fabrication of supported silver nanoparticles ensemble
with the plasmon band that peaks at 482 nm and overlaps well with the luminol emission bands. Laser treatment is
shown to provide the enhanced chemical and mechanical stability of the obtained thin films materials. Combining these
materials with recent advances in chemiluminescence enhancement e�ect demonstrated using flow-injection systems
opens the door for new chemiluminophores-based light sources. These light sources, where the poor quantum emitter
(chemiluminophore) is replaced by high quantum e�ciency of plasmonic nanoantenna, could not have been achieved
by conventional manufacturing processes in which particles size and shape are fixed. We found out that the particle
arrangement on the surface of the transparent dielectrics makes it possible to control the distance between the light-
emitting species and nanoantennas to elucidate the Purcell e�ect role in the observed chemiluminescent enhancement.
The inert layer, placed on the top of the self-organised metasurface of AgNPs, allows us to eliminate the contribution
of catalytic e�ect in the MEC activity and shows a gain in the luminescence intensity of chemiluminophore molecules
due to the retained Purcell e�ect. We conclude that the fabrication of AgNPs using the physical vapor deposition
technique in vacuum, followed by the self-organization of nanoparticles, is an a�ordable and convenient method leading
to plasmonic enhancement for the luminol and 9,10-diphenylanthracene chemiluminescence.
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Figure 1: Schematic enhancement mechanism of the chemiluminescence effect. (a) the luminol oxidation leads to com-
petitive processes of radiative decay (emission of a photon) and non-radiative decay (production of heat). The blue color
emission is attributed to the luminol emission. (b) The proposed mechanism of the metal-enhanced chemiluminescence in
the presence of AgNP. (c) The general Jablonski energy level diagram modified for the chemiluminescence emission in the
presence of AgNP[52]. The chemiluminescence emission origin as a result of chemical oxidation process. The molecular
transition from the excited (S1) to the electron ground state (S0) leads to the photon emission and heat production. �R
and �NR are the radiative and non-radiative decay rates of the luminol molecules. �R® is the radiative decay rate of luminol
molecules in the vicinity of AgNP.
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Figure 2: The proposed process scheme of silver nanoparticles ensemble preparation and the extinction spectra evolution:
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105 nm, 3 - 20 nm, 4 - 200 nm).
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shows a photograph of the cover-glass (1) partially covered with AgNPs (2). All spectra are normalized. The arrows on
the curves point towards of the corresponding axis.
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Figure 8: Calculated absorption, scattering and extinction cross-section spectra of the silver nanoparticles deposited on
the TiO2 substrate. The diameter of the hemisphere is d = 17.5 nm.
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Figure 9: Calculated absorption, scattering and extinction cross-section spectra of the silver nanoparticle: (a) deposited
on the SiO2 substrate for Lucigenin. The diameter of hemisphere is d = 28 nm. (b) the silver nanoparticle on the MgF2
substrate with diameter of 49 nm for Lucigenin system; (c) deposited on the SiO2 substrate for Ce (IV). The diameter of
hemisphere is d = 90 nm. (d) the silver nanoparticle on the Al2O3 substrate (d = 53.5 nm); (e) deposited on the SiO2
substrate for TCPO system. The diameter of hemisphere is 32 nm. (f) the silver nanoparticle on the MgF2 substrate with
diameter of 47 nm for overlapping with TCPO chemiluminophore.
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Abstract: Resonant coupling between plasmonic nanoantennas and molecular vibrational
excitations is employed to amplify the weak overtone transitions that reside in the near-infrared.
We explore for the first time the di�erential extinction of forbidden molecular overtone transitions
coupled to the localized surface plasmons. We show a non-trivial interplay between the molecular
absorption enhancement and suppression of plasmonic absorption in a coupled system. When
the resonance conditions are met at 1.5 µm, two orders of magnitude enhancement of di�erential
extinction as compared to the extinction of the same amount of free probe molecules is achieved.
Our results pave a road toward a new class of surface enhanced near-infrared absorption-based
sensors.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Near-infrared (NIR) spectroscopy focuses on interaction of near-infrared radiation with matter
and is an important analytical technique for detection and recognition of chemical substances
based on vibrational modes of their molecular constituents in pharmaceutical analysis, food
quality determination, non-destructive analysis of biological materials to name a few [1–3].
However, molecular overtone bands lying in the NIR spectral region are forbidden in harmonic
oscillator approximations. Such bands arise only from the anharmonicity of molecular vibrations
which is rather weak leading to the overtone bands with the absorption cross-section of an order of
magnitude smaller than the fundamental modes of the same degree of freedom [4]. Nevertheless,
recent numerical and experimental results demonstrated that the overtone molecular vibration of
aniline and N-methylaniline can be detected utilizing a silicon nanostrip rib waveguide [5].

Here we explore for the first time the mechanism of local field enhancement in molecular
overtones. The local field enhancement can be realized with plasmonic materials by means of
collective oscillations of free electrons in form of extended surface plasmon-polariton (SPP) in
thin metal films [6–11] or localized surface plasmon resonance (LSPR) in plasmonic nanoantennas
[12–15]. Meanwhile, we explored the influence of extended surface plasmon on absorption
by molecular overtones, and showed that 100 times enhancement can be achieved [16]. This
enhancement was observed when the absorption band of the molecular vibration N-H was detuned
from the plasmonic resonance. It should be mentioned that enhancement and localization of
electromagnetic fields in the close proximity of nanoantennas depend on their material, size,
shape and the surrounding media [12]. Previously we found that the electronegative gold
nanospheres are readily adsorbed on the tapered microfiber and electrostatically bonded to

#363606 https://doi.org/10.1364/OE.27.029471
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amine-based molecules. Despite the non-resonant condition between the gold nanospheres
and the amine-based molecules, we showed that the enhancement of the integrated overtone
absorption in di�use light propagation depends on the concentration of nanospheres [17]. Very
interesting results were reported in [18]. The authors prepared porous gold nanodiscs that
possess a broad plasmon resonance in the near-infrared range. When a random array of such
nanodiscs is covered by a thin film of a material possessing absorption bands in the same
spectral region, enhanced absorption of the composite material may be observed. Very large,
up to four orders of magnitude, enhancement claimed in [18] is due to the use of analyte in
the form of a self-assembled monolayer. In this case analyte presents exclusively in hot-spot
regions. In general case, analyte occupies much larger volumes where the field enhancement
is lower. Hence, the overall enhancement becomes lower as well. Despite this experimental
observation of surface enhanced near-infrared absorption (SENIRA) of molecular overtones with
plasmonic nanoantennas, this e�ect was not explored theoretically. The first work related to
coupling of vibrational mode and plasmonic dipole oscillation of gold nanorods was theoretically
implemented using a homogeneous weakly absorbing medium [19].

In this work we theoretically explore yet unclear possibility to enhance absorption by molecular
overtone transitions in the near-field of plasmonic nanoantennas such as gold nanorods (GNRs)
due to the combination of localized plasmon resonance and lightning rod e�ect [20]. Below we
show that when the resonance conditions are met at 1.5 µm the di�erential extinction due to
the excitation of overtones of N-H and C-H stretching modes can be enhanced by two orders of
magnitude as compared to the ordinary extinction of the same amount of molecules.

2. Theoretical model

Figure 1 shows the system we study. Weakly absorbing medium, described by the complex
permittivity of N-Methylaniline molecule, encapsulates a gold nanorod and nanoellipsoid in
a homogeneous shell-like manner. The incident beam is directed perpendicular to the gold
nanoparticles as indicated by vector k and polarized along the gold nanoparticles.

Fig. 1. Schematics of systems with gold nanorods (left) studied in numerical simulations and
nanoellipsoids (right) used in the analytical model. The shells are made of N-Methylaniline
(NMA). L and R are semi-major and semi-minor axises of gold nanoparticles respectively,
while t is the thickness of molecular shells. The incident wave is polarized along the rod.

We study the contribution of GNR parameters in e�ect of SENIRA by molecular overtones.
For this we built an analytical model of a confocal ellipsoidal core-shell nanoparticle. In the
framework of quasi-static approximation, we express the absorption, scattering, and extinction
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cross-sections through the particle polarizability [21,22]
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where S
i (i=1,2) are the geometrical factors of the core and the shell in the direction of the

polarization (Fig. 1); ✏1, ✏2 ,✏m are the frequency-dependent dielectric permittivity function of the
gold core, the molecular shell and surrounding media, correspondently; v is the full volume of the
nanoparticle with the shell and f is the ratio of the inner core volume to v; k is the wavenumber in
the medium defined as 2⇡/�.

As the input parameters we consider the core and shell semi-axises and the frequency-dependent
dielectric permittivities of the metal core, the shell and the surrounding medium, which was
considered to be air.

To calculate the absorption, scattering and extinction cross-section spectra of complex systems
comprising gold nanoparticles and molecular shells we used 3D full-wave computational models
implemented in the commercial software COMSOL Multiphysics 5.4. In particular, the wave
optics module for electromagnetic waves in the frequency domain was utilized. We included the
perfectly matched layer (PML) in the form of a physical domain to absorb all scattered light. Gold
nanorods were modeled as cylinders capped by hemispheres on both sides. Dimensions of all
elements are given in the text and figure captions. The incident field oscillates in the z-direction
with a k-vector pointing in the x- direction as shown in Fig. 1. The absorption cross-section (�abs)
was calculated by integrating the power loss density over the particle volume. The scattering
cross-section (�sc) was derived by integrating the Poynting vector over an imaginary sphere
around the particle. Extinction cross section is the sum of both. The complex refractive index of
the gold was obtained from the experimental work of Johnson and Christy [23].

The N-Methylaniline (NMA) was chosen as a representative probe-molecule example of an
organic molecule that possesses overtone bands in the NIR spectral range [24–26]. The absorption
bands at wavelengths of 1494 nm and 1676 nm are associated with the first overtones of N-H
and C-H stretching modes. These bands are accompanied by the anomalous dispersion regions
calculated based on a measured absorption spectra k as it follows from the Kramers-Kronig
relations (presented in Figure 7(d) in [24]).

3. Results and discussion

First, we analyzed how the LSPR position depends on the analyte shell thickness, t. Since the
enhanced near-field rapidly decays with the distance from the surface, e�ective interaction is
possible here only at distances comparable to the nanoantenna dimensions. In addition, the
aspect ratio of the nanoantenna should provide the resonant interaction between the longitudinal
plasmon and an overtone excitation. Therefore, we choose the semi-minor axis of the gold
nanoellipsoid as 5 nm, while varying the semi-major axis until the LSPR band overlaps with an
overtone mode.

For this, we calculated extinction cross-sections of gold nanoellipsoids covered by thin shells
of NMA in the form of confocal ellipsoids. Figure 2(a) shows the extinction cross-section of
GNR as a function of the NMA shell thickness. The semi-major axis of the gold core is L =
55.9 nm that leads to the exact resonance with the first overtone of N-H mode when the shell
thickness is t = 20 nm. Figure 2(b) shows the same dependence when the semi-major axis of the
gold core is L = 68.1 nm that leads to the exact resonance with the first overtone of C-H mode
when the shell thickness is t = 20 nm. The long wavelength shift of plasmon bands as a function
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Fig. 2. Extinction cross-sections of gold nanoellipsoids with NMA shells of di�erent
thicknesses. (a) the semi-major axis of the gold core is L = 55.9 nm (b) the semi-major axis
of the gold core is L = 68.1 nm. The semi-minor axis is R = 5 nm in both cases.

of the shell thickness t is rather strong at small shell thicknesses for t<40 nm but saturates at
shell thicknesses larger than t > 40 nm.

As proof-of-concept numerical simulations we built numerical model using COMSOL and
show the tuning of the plasmon bands of GNR with the NMA overtone bands. Figure 3
shows calculated extinction (ECS), absorption (ACS) and scattering (SCS) cross-section of
gold nanorods with NMA shell for L = 49.9 nm (Fig. 3(a)) and for L = 60.6 nm (Fig. 3(b)).
The nanorod diameter is 10 nm. We choose the length of GNR such that it overlaps with the
overtone bands of N-H located at 1494 nm and C-H located at 1676 nm. Considering the results
presented in Fig. 3 one concludes that extinction is governed by absorption, while the scattering
contribution is negligible.

Fig. 3. Extinction (brown), absorption (red) and scattering (pink) cross-sections of gold
nanorods with NMA shell. The nanorod diameter is set to 10 nm for (a) L = 49.9 nm, (b) L

= 60.6 nm. The thickness of the NMA molecular shell is homogeneous and equals to t = 20
nm. Extinction coe�cient of NMA (blue) is also shown for comparison.

The advantage of using GNR becomes evident when the concept of di�erential extinction is
employed [16]. Experimentally, the di�erential absorption can be realized by comparing the
extinction cross-section of a GNR surrounded by the analyte shell with that of a GNR surrounded
by a shell of non-absorbing material that mimic only the mean value of the analyte’s refractive
index. Thus, the di�erence between cross-sections of absorbing and non-absorbing materials
represents the influence of the analyte absorption and anomalous dispersion on the LSPR intensity
and spectral position. On the other hand, it includes also the influence of the LSPR on the analyte
absorption.
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Quantitatively, di�erential extinction, DE, as [16,19]:

DE = �NR/NMA

ext
� �NR/NMA

⇤

ext
, (3)

where the first term �NR/NMA

ext
represents the extinction cross-section of GNR with NMA shell,

while the second term �NR/NMA
⇤

ext
represents the same value with NMA replaced by a dummy

medium of constant dielectric permittivity. Figure 4 shows the calculated DE in spectral ranges of
the first overtones of the N-H and C-H stretching modes. Interestingly, the sign of the wavelength
dependent DE alternates in both cases.

Fig. 4. Comparative analysis of di�erential extinction (DE) spectra of gold nanorod and
nanoellipsoid with NMA shells: (a) with semi-major axises L = 49.9 (nanorod) and L = 55.9
nm (nanoellipsoid); (b) L = 60.6 (nanorod) and L = 68.1 nm (nanoellipsoid). Blue curves
correspond to numerically calculated results (nanorod) while the red curves correspond to
results obtained in the quasi-static approximation (nanoellipsoid)

Figure 4 shows the calculated DE in spectral ranges of the first overtones of the N-H and C-H
stretching modes. Interestingly, the sign of wavelength dependent DE alternates in both cases.

We choose the aspect ratio of nanorods for the Fig. 4 as L/R = 9.98 and the aspect ratio of
nanorods for the Fig. 4(b) as L/R = 12.12. Numerically calculated DEs (blue) are very well
reproduced by the DEs obtained in the quasi-static approximation (red) (Eq.1) provided the aspect
ratios of the GNRs are adjusted to match the plasmon resonance with the corresponding overtone
(L/R = 11.18 Fig. 4(a) and L/R = 13.62 in Fig. 4(b)). It is important to note that in the case exact
resonance between the plasmon in the GNR and the molecular overtone transition the sign of DE
alternates. Contrary to that in the non-resonant case DE is strictly positive. It may be clearly
seen in Fig. 4 for C-H overtone transition at 1676 nm when the plasmon in the nanorod is tuned
on 1494 nm (Fig. 4(a)) and for N-H overtone transition at 1494 nm when the plasmon in the
nanorod is tuned on 1676 nm.

To explore the role of GNRs in the detectivity enhancement of small amounts of NMA,
extinction cross-sections of pure NMA shells (without GNR) were compared with the DE.
Figure 5 shows the dependence of both values on the NMA shell thickness. When the resonance
conditions are met, the DE values exceed the extinction cross-sections of the pure NMA shells
by two orders of magnitude. In particular, the first overtone of N-H stretching mode located at
1494 nm is enhanced 114 times, while the first overtone of C-H stretching mode located at 1676
nm is enhanced 135 times. Figure 5(a) shows variations in cross-sections versus shell thickness
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for � = 1494 nm and the GNR semi-major axis is equal 49.9 nm. The resonance conditions
for the plasmon excitation are met when the shell thickness is equal to 20 nm. Similarly, the
optical properties in the form of ECS and ACS as function of the shell thickness are presented in
Fig. 5(b) whereby � = 1676 nm with GNR semi-major axis L = 60.6 nm.

Fig. 5. (a) Optical cross-section as function of shell thickness of NMA: (1) di�erential
extinction, (2) absorption cross-section of NMA shell encapsulating GNR, (3) extinction
cross-section of the NMA shell without the GNR, and (4) the di�erence between ACSs of
the GNR -with and -without the NMA shell GNR semi-major axis (a) L is 49.9 nm and
the wavelength is set to 1494 nm. Absorption cross-section of the NMA shell when the
GNR is absent is multiplied by 20. (b) same graphs as in subplot (a) for the case when the
wavelength is set to 1676 nm, while L is 60.6 nm.

Enhanced absorption in the NMA shell due to the plasmon near-field is accompanied by
reduced absorption in the GNR due to the screening e�ect [27]. As a matter of fact, neither
enhanced absorption in the shell nor the reduced absorption in the core can be observed in the
far-field separately. However, they combine favorably leading to very large DE values.

DE dependence on both: the NMA thickness and the incident radiation wavelength based on
analytical model is presented in Fig. 6. In both plots the dark curve corresponds to the maxima
of the LSPR. The vertical dashed lines mark the location of overtone bands, while the horizontal
dashed lines correspond to NMA thickness of 20 nm that leads to coincidence of the LSPR in the
chosen nanorod with the corresponding overtone band. Inspection of Fig. 6 to the conclusion that
the main features of DE already noted in particular cases presented in Fig. 4 and Fig. 5 namely,
that the largest absolute value of DE is obtained at the resonance and the sign of this largest DE
value is negative are confirmed.
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Fig. 6. (a) Di�erential extinction (DE) values are given as the functions of the NMA shell
thickness and the incident radiation wavelength for GNR with semi-major axis of: L = 55.9
nm (a) and L = 68.1 nm (b), respectively. The vertical dashed lines show the position of two
overtone bands, while the horizontal dashed lines mark the shell thickness (t = 20 nm) that
leads to tuned plasmon resonance with the corresponding overtone band. The dark curve is
drawn through the maxima of the plasmon resonances.

4. Conclusion

In conclusion, we explored for the first time the di�erential extinction of forbidden molecular
overtone transitions coupled to the localized surface plasmons. We showed that the di�erential
extinction provides the SENIRA with two orders of magnitude enhancement. The non-trivial
consequence of the simulations is that the enhanced absorption in the analyte is accompanied
by the reduced absorption in the gold nanorods that overruns the absorption enhancement of
the analyte and forms the signal that may be readily sensed in the far-field. Hence, local field
enhancement of nanoparticle can result in the considerable sensitivity improvements of overtone
spectroscopy in the NIR spectral range.
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Abstract: Molecular overtones stretching modes that occupy the near-infrared (NIR) are weak compared
to the fundamental vibrations. Here we report on the enhancement of absorption by molecular vibrations
overtones via electromagnetic field enhancement of plasmonic nanoparallelepipeds comprising a
square lattice. We explore numerically, using finite element method (FEM), gold metasurfaces
on a transparent dielectric substrate covered by weakly absorbing analyte supporting N-H and
C-H overtone absorption bands around 1.5 µm and around 1.67 µm, respectively. We found that
the absorption enhancement in N-H overtone transition can be increased up to the factor of 22.5 due
to the combination of localized surface plasmon resonance in prolonged nanoparticles and lattice
Rayleigh anomaly. Our approach may be extended for sensitive identification of other functional
group overtone transitions in the near-infrared spectral range.

Keywords: metasurface; localized surface plasmon resonance; surface-enhanced near-infrared
absorption; overtone spectroscopy

1. Introduction

Near-infrared (NIR) spectroscopy is a powerful method of non-destructive material analysis based
on the excitation of overtones and combination bands of molecular vibrations [1–4]. An important
advantage of NIR spectroscopy over the spectroscopes in the longer wavelengths is the availability
of effective radiation sources and sensitive detectors [5,6]. On the other hand, NIR transitions,
being forbidden in the harmonic approximation, are much weaker than the transitions corresponding
to the fundamental vibration modes [7,8]. Hence, to be applicable in small sample analysis,
NIR absorption should be substantially enhanced. Due to this fact, searching for the means of
NIR absorption amplification has recently become the focus of many studies [4,9–16].

Localized surface plasmon resonance (LSPR) excited in metal nanoparticles has been known
to provide substantial absorption enhancement by nearby molecules [17–19]. Previously, we have
shown that the size and the aspect ratio of prolate gold nanospheroids may be chosen in such a way
that their LSPR bands overlap with the first-order overtones of C-H and N-H stretching modes of
organic substances [20]. Next, the size and the shape of a rod-like gold nanoparticle was optimized
to achieve the maximum overtone absorption enhancement [21]. However, using the isolated gold
nanoparticles implies that only a very small fraction of the analyte is placed in the amplified near-field.
This circumstance limits the overall enhancement provided by LSPR. To get the most of the plasmon
field amplification, metal nanoparticles are to be arranged in a dense array forming a metasurface.
Consequently, the larger portion of the analyte molecules may be placed in the regions of enhanced
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near-field [22]. Moreover, an electromagnetic interaction between the adjacent nanoparticles leads to
an additional mechanism of local field enhancement when the conditions for the Rayleigh anomaly are
fulfilled [23–32]. Fabrication of nanoparticle arrays of required density is feasible via electron beam
lithography (EBL) [33,34], although the shapes of the nanoparticles defined by EBL on a substrate are
closer to the nanoscale parallelepipeds (NPs) rather than to the nanorods or nanospheroids.

Therefore, this study is devoted to planar metasurfaces consisting of nanoparallelepipeds
(NPs) that can be fabricated easily and prepared specifically for overtone detection in near-infrared.
The proposed structure utilizes a combination of localized plasmon resonance in isolated gold NP with
Rayleigh anomalies of their periodic array. By incorporating the plasmonic metasurface into a weakly
absorbing organic medium, a 22.5-fold enhancement of the first overtone of N-H stretching mode in
the NIR has been demonstrated for the first time. Application of the designed gold metasurface may
be beneficial in biomedicine [35], non-destructive testing [36], and food quality analysis [37–39].

2. Numerical Model

To obtain a realistic model we consider an infinite array of gold nanoantennas in the form
of parallelepipeds arranged in a square lattice on a dielectric substrate and covered by a thin
layer of analyte molecules. To be specific, as a probe molecule, we work with the well-known
organic compound and derivative of Ammonia, N-Methylaniline (C6H5NH(CH3)) [9,40]. Recently,
we have thoroughly studied the optical properties of N-Methylaniline in bulk samples and,
using Kramers–Kronig relations, obtained its complex dielectric permittivity in the NIR [4,9,10,41].
The absorption bands (Figure 1) at wavelengths of 1494 and 1676 nm are associated with the first
overtones of N-H and C-H stretching modes and accompanied by the anomalous dispersion.
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Figure 1. Dispersion characteristic of the N-Methylaniline (NMA) molecules as a function of
the wavelength in the near-infrared.

Numerical simulations via finite-element-method (FEM) were conducted in the COMSOL
Multiphysics environment. The capabilities of the software allow us to calculate plasmonic properties
of gold metasurface of studied geometry with high accuracy based on a straightforward solution of
Maxwell’s equations under certain boundary conditions. Here, perfectly matching layers are used
to absorb reflected and transmitted light from the sample when the linearly polarized wave (Ex) is
launched perpendicular to the x � y plane through the excitation port placed immediately under
the top of a perfectly matched layer. This model also comprises an air gap, as well as the analyte
layer and a transparent BK7 glass substrate (see Figure 2). A 2D periodic array of NPs illustrated in
Figure 2a was modeled using the Floquet type boundary conditions that were imposed on the side
walls of an elementary cell shown in Figure 2b. More details on the model description are given in [22].
Thus, the gold metasurface is modeled as a square lattice of prolonged NPs with variable length L,
while width w and height h were fixed and equal to 20 nm (depicted in Figure 2a,b). The dispersion
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of dielectric properties of gold was obtained from the experimental work of Johnson and Christy for
bulk material [42] without modification because the nanoparticles dimensions are large enough for
the possible changes to be insignificant in our case [43,44]. Dispersion of BK7 used as a substrate was
taken from [45].

Since we used the periodic boundary conditions, the results are strictly valid for the infinite
structures, while all the real structures are finite. There are several studies devoted to the relation
between the optical properties of finite structures of different sizes and the corresponding infinite
structure [46–48]. Although there is no general solution, in most cases several hundreds of periods are
enough for the convergence.

To facilitate the comparison of the obtained theoretical results with the future experimental
data, we introduce the notion of ’Differential transmission’, which helps to explore the effect of
the gold metasurface on the overtone absorption intensity. The differential transmission is computed
as a difference between transmissions of analyte and immersion oil films of the same thickness.
Related notions of differential extinction and differential absorption were previously introduced
in [21,41]. A transparent dielectric film characterized by a negligible dispersion was used as a reference
for the differential transmission calculations. The refractive index of this film was chosen to be
the same as the mean value of the N-Methylaniline (NMA) refractive index in the actual spectral
range (nav = 1.5712). Experimentally, such a film may be readily realized utilizing an appropriate
immersion oil. Transmission spectra of plane parallel films without gold nanoparticles were calculated
analytically [49].

PML
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a b

R2

R1

L
w

h
t

z
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Figure 2. (a) 3D schematics of the gold metasurface modeled in COMSOL Multiphysics software.
The width and height of gold nanoparallelepipeds (NPs) in the array are of w = h = 20 nm, while
the length is varied. The longitudinal and transverse lattice constants are defined as L1 and L2.
t designates the analyte film thickness. The incident light propagation direction k and polarization E

are also shown. (b) Schematics of 2D cross-section of the model. Furthermore, the gold metasurface
submerged into the analyte layer, the structure involves a BK7 glass substrate and an air layer with
refractive index n = 1. The sample is placed between perfectly matched layers (PML).

3. Optimization of the Metasurface

When the lattice periods become comparable to the sizes of the individual nanoantennas, plasmon
resonances start to interact with the lattice resonances. Hence, the optimization procedure becomes
very complex. To facilitate the optimization, we study the Rayleigh anomaly that corresponds
to the first diffraction order which starts to propagate into the substrate with the refractive index
n = 1.5 at the wavelength of N-H overtone l = 1494 nm (in vacuum). The rough approximation of
the lattice constant is L1 = l/n, as shown in Figure 2a, gives a value of 1 µm. Next, the length of
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the nanoantenna is to be chosen in such a way that the effective polarizability of the nanoantennas
comprising the metasurface a⇤ reaches its maximum value. According to the well-developed theory
of diffractively coupled localized plasmon resonances in the framework of the coupled dipole
approximation (CDA) [24], a⇤ may be calculated as follows:

a⇤ =
1

1
a � S

(1)

where a denotes the polarizability of an isolated nanoantenna that depends solely on its size and
shape (at the fixed wavelength). The dipole sum S accounts for the dipole-dipole interaction between
nanoantennas and only depends on the lattice periods L1, L2 (see Figure 2a). According to Equation (1)
a⇤ reaches its maximum when the real parts of S and a�1 are equal. From the calculated results
presented in [24], we learn that S is very small anywhere but at the narrow window around L2

l ⇡ 1 it
has a maximum. On the other hand, the LSPR wavelength of NP of a fixed cross-section is a monotonic
function of its length as it may be seen in Figures 3 and A1. Hence, to maximize the effective
polarizability at the wavelength of the molecular overtone transition, the length of the nanoantenna
should vary together with the lattice periods. The length of the resonance antenna is expected to
have a minimum as a function of the lattice period. Considering this, we performed the numerical
simulation and found the structures of gold metasurfaces with certain LSPR bands optimized for
sensing of functional groups overtone transitions at l = 1494 nm and l = 1676 nm.
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Figure 3. Calculated transmission spectra of gold metasurfaces with NPs of lengths L varied from
100 (crimson curve) to 220 (purple curve) nm in 10 nm steps, whereas lattice periods were fixed at
L1 = 400 nm and L2 = 200 nm. The extinction coefficient of NMA is shown below the transmission
curves. The gold metasurface was embedded in NMA with a thickness of 100 nm.

4. Dependence of the Collective LSPR Spectral Position on the Gold Metasurface Parameters

The dependence of the transmission dip location on the nanoparticle length has been investigated.
We performed the simulations for the light polarized along the length of gold NPs (x-axis) at normal
incidence. Figure 3 shows the transmission spectra of gold metasurfaces with fixed lattice periods
and varying lengths of nanoantennas. In close analogy to the well-known dependence of the LSPR
spectral position on the aspect ratio of an isolated prolate spheroid, the dip in transmission shifts
toward the long-wavelength range when the NPs length L grows. At particular values of length L

the transmission dip is defined by collective LSPR overlaps with and couples to the N-H and C-H
overtone absorption bands in near-infrared. The transmission dip location depends linearly on the NPs
length L, as can be seen in Figure A1.
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5. Near-Field Enhancement

In this section, we analyze the distribution of the enhanced near-field around the gold NP.
The incident field is polarized along the x-axis while the lattice constants are fixed at L1 = 400 nm
and L2 = 200 nm, respectively. Figure 4 shows the near-field distribution around one of the gold
nanoantennas in the array when the collective LSPR of the metasurface is tuned to coincide with
one of the analyte overtones at 1494 nm. The top (a) and side (b) views are both shown in Figure 4.
Electric near-field polarized along the long axis of the NP exhibits strong enhancement and localization
around the antenna tips. Figures 4c,d show the corresponding field distributions along the x and
z axes. We note that the calculated results shown in Figure 4 demonstrate the lightning-rod effect
(subplots a, b) as well as the rapid near-field decay (subplots c, d) inside the homogeneous layer of
organic molecules and the dielectric substrate. Indeed, the length of NP is more than eight times larger
than its width and height. Hence, the main prerequisite for the field concentration at the sharp edges
of the nanoparticle and the lightning-rod effect observation is fulfilled. Large jumps of the electric field
at the metal surfaces seen in Figure 4 is due to the large value of the real part of gold permittivity at
l = 1494 nm (about minus one hundred).
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Figure 4. The electric field enhancement |Ex/Ex0|2 distribution around the gold NP in an array
(L1 = 400 nm and L2 = 200 nm) surrounded by NMA layer: top view (a) and side view (b). Normalized
electric field distribution along the x-axis goes through the NP center (c); the same for the z-axis
(d) at x = 87.5 nm. Color encoding in (c,d): blue—the BK-7 glass substrate, yellow—gold nanoparticle,
red—thin layer of NMA layer, white—air. The excitation wavelength is l = 1494 nm. The colorbar
corresponds for colormaps in (a,b) subplots.

6. Differential Transmission Computations

Computation of the differential transmission (DT) spectra is an important step in metasurface
design for sensing purposes where the crucial feature is the detection of a small amount of analyte.
In particular, the enhanced absorption of the analyte molecules in the near-field of the metasurface
is still much smaller than the own absorption of the metasurface in the absence of molecules. In this
regard, to reveal the contribution of the gold metasurface, the NPs absorption excluding the presence
of molecules must be subtracted from the measured absorption with molecules. Furthermore, it is
important to take into account that the metasurface absorption spectra shift when the permittivity of
surrounding changes. Therefore, measurement of the metasurface transmission in air seems infeasible.
Instead, the metasurface transmission in contact with a thin film of a transparent material should
be considered. The refractive index (RI) of this material should be chosen close to the RI mean
value of analyte in the actual spectral range and the film thickness should be the same as that of
an analyte. Based on that, calculation of DT becomes a reliable way to reveal the presence of analyte
and the spectral position of its absorption bands [22]. Figure 5 displays an example of the DT spectrum.
Compared to what is shown in the literature [50,51], the plasmon enhanced absorption DT spectrum
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demonstrates complex behavior (see Figure 5). DT changes its sign as a result of combined action
of absorption and anomalous dispersion of the analyte in the spectral ranges of overtone transitions.
The regions of enhanced and reduced transmission alternate. Figure A2a,b demonstrate the spectral
regions where the counterintuitive relation between transmission of the metasurface embedded in
NMA and transmission of the same metasurface embedded in immersion oil takes place. The structure
covered by a dispersive and absorptive NMA film transmits more light than the same structure
embedded in the transparent and dispersionless immersion oil film.
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Figure 5. Differential transmission (DT) of metasurfaces with 100 nm thick analyte overlayers.
The length of NPs varies from 100 (crimson curve) to 220 (purple curve) nm with steps of 10 nm while
the lattice periods are of L1 = 400 nm and L2 = 200 nm. The DT contrast is defined as the difference
between the maximum and minimum values of DT in the spectral range of the N-H overtone transition
and is shown by an arrow for one of the metasurfaces.

For the sensing purposes, the difference between the DT maximum and minimum (hereinafter
referred to as ’DT contrast’) is of paramount importance, since it is the variation magnitude that
determines the metasurface sensitivity. Then, the enhancement factor (EF) can be expressed as
EF = DT

DT0
, where DT0 is the DT value of the same analyte film placed on a bare substrate without gold

metasurface. DT0 values were obtained via elementary calculations and presented in Figure 6a for
a range of analyte film thicknesses up to t = 100 nm. Figure 6b shows the DT contrasts for the arrays of
nanoantennas of different lengths presented in Figure 5. We note that the EF provided by metasurface
utilization depends on the nanoantennas lengths. Hence, the optimization procedure is essential to
maximize the EF for the particular overtone transition.
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Figure 6. (a) DT of NMA films on a bare substrate as function of the film thickness. The insert
shows the structure of the parallel films used for the calculation under the normal incidence illumination.
(b) The DT contrast estimated from the data presented in Figure 5 as a function of the nanoantenna length.
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7. Enhancement Factors of the Optimized Metasurfaces

In this section, we discuss how the DT enhancement factor depends on the lattice periods.
While exploring the metasurface configuration optimized for the enhancement of the particular
overtone transition, the nanoantenna lengths as well as both periods of the square lattice were varied.
To reach the maximum field enhancement, the nanoantenna length that maximizes the collective
polarizability at the desired wavelength was found for a number of lattice periods combinations.
At the final step, the enhancement factors were calculated as presented in Figures 7 and 8. The analyte
film thickness was set to 35 nm. This choice provides reasonable utilization of the near-field
enhancement region. Indeed, according to Figure 4d, the maximum field enhancement is achieved at
the surface of the nanoparticle and rapidly drops with the distance. Hence, from the perspective of
the sensitivity enhancement, the analyte layers should not be thicker than 35 nm.
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Figure 7. Variation of the local field enhancement (blue curve) and the resonant nanoantenna length L

(red curve) with the lattice period L2 when the other lattice period is fixed at L1 = 200 nm and ensuring
constant collective Localized surface plasmon resonance (LSPR) band at l = 1494 nm. The analyte film
thickness t = 35 nm.

The red curve in Figure 7 shows the variation of the resonant nanoantenna length L with
the lattice period L2 when the other lattice period is fixed at L1 = 200 nm and ensuring constant
collective LSPR band at l = 1494 nm. In agreement with the numerical results presented in Figure 7,
L reaches a minimum near the wavelength corresponding to the Rayleigh anomaly at about 1000 nm.
Almost simultaneously, at L2 = 970 nm the near-field enhancement reaches its maximum (blue curve
in Figure 7). Qualitatively, this behavior may be understood as follows: if we assume that L2 > 996 nm,
then the first diffraction order of the radiation with the wavelength l of 1494 nm (in vacuum) can
propagate in the substrate with refractive index nsub = 1.5. However, when L2 < 996 nm, all diffraction
orders becomes evanescent since L2 < lnsub. The evanescent wave decays fast from the boundary.
In addition, it carries no energy. Therefore, its amplitude may exceed the incident wave amplitude
without violation of energy conservation law. This is the origin of the lattice contribution to the local
field enhancement.

Subsequently, we fixed L2 at 970 nm and adjusted the second lattice period L1 varying it from 50
to 220 nm, as it is illustrated in Figure 8 (blue curve). Simultaneously with L1 variation, the NPs length
L was adjusted to keep the collective LSPR of the metasurface at the resonance with the overtone
transition in NMA, as it is illustrated in Figure A3. The absolute maximum was found at L1 = 75 nm that
corresponds to the field enhancement of 2 ⇥ 108. Finally, we checked that this metasurface design also
provides for the largest enhancement factor for sensing application which reaches an unprecedented
value of 22.5 (red curve, Figure 8). To double check that the absolute maximum of the DT enhancement
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factor is evaluated, we varied again the L2 around the value of 970 nm. The inset of Figure 8 supports
the conclusion that the absolute maximum is found.
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Figure 8. Variation of the local field enhancement (blue curve) and the DT enhancement factor (EF) with
the lattice period L1 when the other lattice period is fixed at L2 = 970 nm. The inset shows EF against
the lattice constant L2 at fixed L1 = 75 nm. Additionally, the direction and color of the horizontal arrow
indicate the corresponding axis for the red and blue curves.

8. Conclusions

In summary, we have numerically demonstrated the sensing capabilities of the rectangular lattice
of gold nanoparallelepipeds on a transparent substrate while tuned on the specific transitions in
the near-infrared. The shape of the metasurface unit-cells was adjusted to be readily manufacturable
by electron beam lithography or focused ion beam milling. To optimize the metasurface for a particular
overtone transition registration, we varied the periods of the lattice and the elements lengths
simultaneously. We found that one of the optimized lattice periods is very close to that corresponding
to the Rayleigh anomaly. As we are trying to anticipate the response of the actual applications, we do
not place the analyte within the near-field enhancement factor maxima, but rather, as a 35 nm thick
homogeneous film covering the whole metasurface. Because of that, relatively small proportion
of the analyte experiences the largest field enhancement. Consequently, the structure optimized for
the sensing of N-H overtone transition at 1494 nm has shown the differential transmission enhancement
factor of 22.5. This rather large enhancement may be explained by the concerted action of the LSPR,
the lattice resonance and the high surface density of gold nanoparticles on the substrate. Thus,
we have demonstrated the way to optimize the gold metasurface for sensing the weak overtone
transitions in the near-infrared. This approach may be extended for sensitive registration of other
functional group overtones in the near-infrared by tailoring the lattice periods and the aspect ratios of
a metasurface unit-cells.

To conclude, we leverage the rapid spectral variation of the refractive index in the spectral
range of the analyte anomalous dispersion. As the anomalous dispersion is associated with its
overtone absorption band, by measuring the differential transmission of a metasurface tuned to
the specified spectral range the tiny amount of an analyte may be detected. In practice, several
arrays of nanoparallelepipeds tuned to different spectral ranges may be fabricated on a single chip [1].
In this case, the combination of the responses of all arrays in the chip will lead to the recognition and
characterization of the analyte.
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NMA N-Methylaniline
DT Differential transmission
RI Refractive index

Appendix A

Figure A1 shows the dependence of LSPR spectral position as a function of NPs length. The gold
metasurface was covered by a 100 nm-thick NMA film. The long-wavelength shift of LSPR in
longer nanoparticles corresponds to the known from the quasistatics theory behavior of LSPR in
prolate particles.
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Figure A1. The LSPR spectral position as a function of NPs length L. The metasurface parameters were
set to the following values: w = h = 20 nm, t = 100 nm, L1 = 400 nm, and L2 = 200 nm.

Figure A2 clarifies the origin of the negative values obtained for the differential transmission.
Transmission of the NMA covered metasurface is larger than that of immersion oil covered metasurface.
Transmission spectra in (a) and (b) were computed for the NPs lengths optimized for sensing of
the corresponding overtone transitions.



Nanomaterials 2020, 10, 1265 10 of 13

1488 1492 1496

14.04

14.08

14.12

1672 1676 1680

10.80

10.82

10.84

Tr
an

sm
is

si
on

 [%
]

Wavelength [nm]

 NP@NMA
 NP@1.5712

a

Tr
an

sm
is

si
on

 [%
]

Wavelength [nm]

b

Figure A2. A closer look at the transmission spectra of metasurfaces covered by the NMA layer
(black curves) and immersion oil with nav = 1.5712 (red curves) of the same thickness t = 35 nm.
The NPs lengths L were chosen to provide for the coincidence of the collective LSPRs of the metasurfaces
with the NMA overtone transitions: (a) L = 196 nm for N-H band and (b) L = 234 nm for C-H band .

To keep the collective LSPR of a metasurface in resonance with the chosen overtone transition of
NMA, the length of the NPs L must be adjusted correspondently. Figure A3 illustrates how the length
of the resonant antenna L depends on the lattice period L1. As L1 ⌧ l, the Rayleigh anomaly is far
away. Because of that, the resonance L depends on the inter-particle distance in the predictable from
quasistatic arguments monotonic way.
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Figure A3. Dependence of the resonance antenna length L on the longitudinal lattice period L1 at
the fixed L2 = 970 nm.
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