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wavelengths. It was also found that spectral position and height of the LSPR band
can be controlled simultaneously using mixed gold/silver nanoislands. Detailed
investigation of polarization- and angular- dependences of anisotropic silver
nanorods was performed in the 90°-scattering geometry in which two out of three
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A theoretical model for elucidation of the anisotropic SERS properties based on
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Abstrakt: Adsorpce molekul na kovové plasmonické nanostruktury vede
k vyraznému zesileni fady optickych procest, jako je Ramaniv rozptyl (povrchem
zesileny Ramantv rozptyl — SERS) nebo fluorescence (povrchem zesilena
fluorescence — SEF). V ramci prace byly testovany dva druhy substrati: (i) Stiibrné
nanotycky pfipravované napraSovanim pod Sikmym uhlem, a (ii) stiibrné a zlaté
nanoostriivky rostouci na teflonovém filmu pfipravované magnetronovym
napraSovanim. Postupnou optimalizaci procesu piipravy byla ziskdna optimalni
SERS citlivost i reprodukovatelnost. Podrobné SERS-intenzitni profily byly ziskany
pti pouziti tfi excitacnich vlnovych délek a gradientnich struktur, kde se poloha
plazmonové rezonance (LSPR) méni spojité v ramci konkrétniho substratu. Bylo
zjisténo, Ze spektralni poloha a vyska LSPR pasu mohou byt nezavisle modifikovany
pii pouziti smiSenych zlato/sttibrnych ostrivka. Dale byla provedena detailni analyza
polarizaCnich a uhlovych zavislosti stfibrnych nanotycek v pravouhlé geometrii
rozptylu, ktera umoziuje nezavisle ménit dva ze tii thld, které uréuji prostorovou
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studiu povrchem zesilené fluorescence riboflavinu s pouzitim teflonového spaceru
ruznych tlousték. Byla ziskdna velice dobra shoda mezi SEF zesilenim

a zkracovanim dob zivota.
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Preface

Optical spectroscopy is represented by a widely used set of techniques for
investigation of various biological molecules and their interactions. Among its
biggest advantages, high specificity, ease of sample handling, reduced time
consumption and low cost stand out as the most prominent. For these reasons, optical
spectroscopy has proven useful in a wide range of biophysical, biochemical or
medical applications. However, the need for reduced detection limits is still opposed
by rather low cross section of the underlying physical processes and/or background
emission from the sample (such as in the case of Raman spectroscopy) or low
quantum vyields and photobleaching (such as in the case of fluorescence). These
limitations may be partly overcome by enhancing the optical signal from molecules
placed in the vicinity of roughened metal nanostructures. The most established is
Raman scattering (surface-enhanced Raman scattering — SERS), followed by
fluorescence (surface-enhanced fluorescence — SEF) and absorption (surface-
enhanced infrared absorption — SEIRA). High sensitivity of the surface-enhancing
spectroscopic techniques along with the molecular specificity makes these methods
extremely attractive for molecular detection in such fields like analytical chemistry,

food safety monitoring, security systems, medical diagnostics and many others.

This thesis is organized as follows: The first part is devoted to theoretical
introduction of the underlying physical processes, especially to basic description of
interaction of light with matter such as absorption, emission (fluorescence) and light
scattering. Particular focus is placed on modification of these processes in the
vicinity of plasmonic nanostructures, followed by a brief summary of the most
important plasmonic nanostructures commonly used, especially those studied within
this thesis. Second part of this thesis gives basic description of the experimental
methods used. Section 4 summarizes all main results which have been published in 5
peer-reviewed journals, 1 article is currently being considered for publication in
Vacuum and 1 article is under preparation (10" December, 2018). All the original

works mentioned above are attached at the end of this thesis.



1.  Theoretical part

1.1. Interaction of light with matter — classical description

Interaction of light with matter can take many distinct forms. When light is
incident upon a medium of different index of refraction, part of the energy of the
incident light is reflected, whereas the other component propagates through the
medium and deviates from a straight continuation of the incident light ray. Both the
reflected and the transmitted light can undergo a change in polarization as
determined by the Fresnel equations. All these macroscopic phenomena are derivable
from Maxwell’s equations and were known already in the 19™ century [1]. The ratio

of the speed of light in vacuum (c) to the speed of light in another medium (v)
defines the refractive index n of the medium: n = % As we will show, the refractive

index inherently depends on frequency (w = 2rtf) of light as it allows for different
responses of materials to different frequencies of the incoming radiation. This
dependence, causing different plane waves to travel at different speeds in a given
material, is termed dispersion. The refractive index is related to the relative
permittivity &, by a well-known formula n?(w) = (), which is valid for non-
magnetic materials (relative permeability u,- ~ 1). With no absorption involved, both
the relative permittivity and the refractive index are real numbers. In general,
however, both the refractive index and the relative permittivity become complex
within a certain range of frequencies, which is when absorption occurs. Indeed, by

inserting the equation of the plane wave propagating in the z-direction

E = E eitkz-w0) (1.1)
into the wave equation [1]

. 92%F oE

AE —ye——po—=20 1.2
HEo7 —HO = (1.2)
we obtain
—y o , 3 w? o
k* = (kg + ik;)* = pew* + ipow = C—Z(er + leo_a))' (1.3)

where k denotes the wavevector with the real part ki and the imaginary part k;,
€ = gy&, IS the permittivity of the given medium (g, being the permittivity of the
vacuum and &, the relative permittivity), u permeability of the medium, i =+v—-1
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and o the electric conductivity. Complex quantities are marked with a tilde. Then,
the plane wave takes the form

—

E = Eoei(kRZ_wt)e_k’Z, (1.4)

from which it is obvious that the non-zero imaginary part of the wavevector, arising
from non-zero conductivity, is responsible for exponential decay of a light wave
propagating in an absorptive medium. In terms of light intensity, we have

I = |E|* = |Eg|>e™ %1% = [je~ 27, (1.5)

which is known as the Lambert’s law [2, 3]. Clearly, absorption coefficient for
a given material is related to the imaginary part of the wavevector. Similarly, in an
absorptive medium, the refractive index and relative permittivity of the medium

become complex, obeying the relationships

2 2

c” - Cc
ﬁz = (TlR + inl)z = sz = F(kR + ik[)z, (16)

fi2 = &,. (1.7)
This relationship allows to compute the explicit formulae for i, k and &, (which are

linked by egs. 1.3, 1.6 and 1.7) as functions of ¢ and w.

Functional relationship between the frequency and the phase velocity
(dispersion) or light attenuation (absorption) is a result of specific molecular
constitution of matter which is phenomenologically manifested in eq. 1.3 by a non-
zero conductivity. Although interaction of light with atoms or molecules can not be
fully described unless quantum theory comes into play, even by using rather
simplified classical models one can obtain a basic insight into the interaction of light
with matter and help to explain a large number of optical phenomena. Since
correlation between macroscopic parameters and atomic or molecular structure is of
great importance to different spectroscopic techniques, in the following paragraphs,
we will investigate the microscopic nature of the index of refraction. In the next
section, particular focus will be placed on derivation of the dielectric function of
metals. This approach will turn out to be the key to understanding of the
electromagnetic mechanism of enhancement in various plasmonic methods, such as
SERS or SEF.



In general, molecules respond to an external time-dependent electromagnetic
field by producing an oscillating induced dipole (in addition to the one they may
already possess). Applying an electromagnetic field to a group of atoms or molecules
causes the electron distribution to be distorted, which in turn cause the
electromagnetic wave’s phase velocity to be slowed in the material. This approach
actually provides an insight into the refractive index of materials from a microscopic
standpoint [1]. In the approximation of a linear response, the induced dipole moment

is propotional to the external electric field

-

B = &E, (1.8)

where & denotes polarizability represented by a tenzor in a three-dimensional space
(the directions of # and E do not necessarily have to be parallel) with generally
complex frequency-dependent constituents (as there may be a particular phase shift
between the time-dependent electromagnetic field and the oscillating induced

dipole). Therefore, the polarizability tenzor is considered to represent the bridge

between the macroscopic Maxwell’s theory and the structure of the material.

According to a simplified Lorentz model, electrons in dielectrics can be
viewed as harmonic oscillators with the force binding the electron to the nearest
nucleus propotional to its displacement from equilibrium. Thus, the differential
equation for an electron bound to the nucleus with such an elastic force driven by an

external electric field takes the form
mX + myx + kx = —eE,, (1.9)

where m denotes the electron mass, e the electron charge, y the damping factor and
k is a positive constant. With no loss of generality, we suppose that the movement is
restricted to the x-direction. As the electron displacement x follows the oscillation of
the external electric field, assumed in the form E, = Ey,e~'“t, we find the particular

solution of the eg.1.9 in the form

X = Fge vt (1.10)
We again use a complex notation as there can exist a phase shift between the field E
and the displacement X. A double-deriving of eq. 1.10 and putting in eq. 1.9 yields

eEy, 1

m wi—w?-—iyo

(1.11)

20:_
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In eq. 1.11, the natural frequency of the electron: w, = \/% has been introduced.

Amplitudes of the electric dipole moment d and of the polarization of the material P

are equal to

d = —ex,, P =Nd = , (1.12)

where N denotes the total number of dipoles in a unit volume. Comparison to a well-
known relation between polarization and electric field amplitude suggests the
formula for the frequency-dependent relative permittivity (dielectric constant) of the
material e(w) in the form

Ne? 1

gomwé — w? — iyw’

ew)=& =1+ (1.13)

The above expression shows that the relative permittivity (dielectric function)
depends on frequency of the electromagnetic field. When w is sufficiently distant
from w,, the damping term in eq. 1.13 can usually be neglected. Thus, &(w)
becomes real and no absorption occurs. By contrast, if w approaches w,, the
damping term in eq. 1.13 becomes dominant and it is when absorption takes place.
For w = w,, the system is said to be in resonance as it experiences the maximum
energy transfer from the electromagnetic wave to the molecules [1, 2]*. In
spectroscopic experiments, a specific molecular signature consisting of a set of
spectral lines is usually observed, which can be interpreted as the fact that a molecule
possesses different natural frequencies wy; (i = 1,2,3,...) and absorption occurs
when frequency of the incident light matches any of these proper frequencies. Let us
notice that the corresponding expression in quantum mechanics, responsible for the
strength of coupling between the electromagnetic field and matter, is the square of

the transition matrix element, which will be briefly discussed later on.

! Under the previous approximation, the shape of the spectral line is dictated by the Lorentz curve
with the damping constant y being associated with the half-width of the resonance curve (the bigger
the damping constant the broader the resonance curve and vice versa).

11



1.2. Interaction of light with matter — quantum description

Although the classical Lorentz model is very illustrative, it can not describe
the interaction of light with matter in full scope. According to basic principles of
guantum mechanics, atoms and molecules can occupy only discrete energy levels,
given as solutions (eigenvectors) of the Schrodinger’s equation, and all we can
predict are transition probabilities between different quantum states, induced by
radiation of a particular frequency. In the case of molecules, an often used
approximation (Born-Oppenheimer) for solving the Schrodinger equation enables
separation of nuclear and electronic motions [4]. Therefore, each molecule possesses
a set of discrete electronic levels, each of which holds different vibrational levels.
Energy differences between electronic levels are roughly ~ 10x — 100x bigger than
energy differences between neighbouring vibrational levels, and thus correspond to
~ 10x — 100% energetically more demanding transitions. Generally, energy
differences between vibrational levels correspond to energies of infrared (IR)
photons, whereas energy differences between electronic levels mostly match energy
of UV/Vis photons. In the state of thermodynamic equilibrium, populations of
respective energy levels obey the Boltzmann distribution, which says

N . _Ei-Ej
oIt T (1.14)
Ni gj

where kg is the Boltzmann constant, T the thermodynamic temperature, N; and N;
respective populations with energies E; and E; and degeneracy factors g; and g;.
Therefore, at room temperatures, for most vibrational levels, there will be less than
~ 1/100 — 1/1000 molecules occupying higher energy states, and this ratio is yet

many orders of magnitude lower for the electronic states.

Among all possible interactions of light with molecules, transitions between
different quantum states become most probable when frequency of the incident light
(a photon) closely matches the energy differences between proper molecular levels.
Basically, when light of the frequency corresponding to energy difference between
different energy levels of the molecule is incident on a sample, absorption usually
occurs, during which the molecules gain energy needed for atransfer to a higher
energy state and the electromagnetic field loses the same portion of energy.
Absorption may taky place between different vibrational levels within a given

12



(usually ground) electronic state of the molecule (IR absorption) or between different
electronic states (UV/Vis absorption). Moreover, the electronic absorption is very

often accompanied by a change in the vibrational structure (vibronic transitions).

The probability of transition between two quantum states of an
atom/molecule is in a first approximation governed by the Fermi’s golden rule. This

rule says that in order for the transition to be allowed, the matrix element
(2|w]1) (1.15)

must be different from zero. In eq. 1.15, |1) represents the wavefunction of the initial
state, (2| the wavefunction of the final state and W is a perturbation operator, which
usually corresponds to the presence of the electromagnetic wave [5]. Thus, matching
the frequency of the incident radiation with the energy difference between
corresponding quantum levels is a necessary but not sufficient condition for energy
exchange between light and matter to take place. Closer analysis shows that further
conditions must be satisfied, known as the selection rules [2, 4, 6]. Symmetry of both
the final and the initial quantum states imposes some restrictions on quantum
numbers of the states between which the transition may take place, some of which

will be in brief discussed in the following lines.

A molecule comprised of N atoms possesses 3N degrees of freedom
altogether, i.e. 3 independent variables for each atom are needed for unambiguous
description of the molecule. However, 3 out of these 3N variables are associated
with translational motion of the molecule as a whole and further 3 variables with
rotational motion. In vibrational spectroscopy, we are mostly concerned about
internal movements of the molecule, and therefore 6 degrees of freedom are
abundant 2. The resting 3N — 6 (internal) degrees of freedom represent internal
deformations (vibrations) of the molecule. In the approximation of small oscillations
around equilibrium positions, one can consider molecular vibrations as a set of
3N — 6 independent linear harmonic oscillators (normal vibrational modes), each of
which is characterized by its reduced mass, force constant and frequency. Every

mode is represented by a periodically oscillating position of each atom of the

2 For a linear molecule, any rotation can be thought of as a superposition of two rotations along two
independent axes, considering that the rotation around the interparticle axis has no physical meaning.
That is why linear molecules do not have 3N — 6 internal degrees of freedom, but 3N — 5. We will
not distinguish between linear and nonlinear molecules within this thesis for simplicity.

13



molecule and can be ascribed a certain quantum number. Thus, vibrational state of
the molecule is determined by aset of 3N — 6 quantum numbers (representing
particular vibrational modes). As a consequence, the vibrational wavefunction may
be decoupled into a product of 3N — 6 wavefunctions of linear harmonic oscillators,

however, each of them in a different coordinate (so-called normal coordinate).

The general term 1.15 is further simplified using so-called long wave
approximation, which relies on the fact that molecules are usually much smaller than

the optical wavelength. This approximation allows to rewrite the perturbation

operator in the form of the electric dipole moment of the molecule (cf) and the
probability of the transition then derives from the transition dipole moment matrix

element
(2|d|1) (1.16)

(in quantum mechanics, the molecular dipole moment becomes an operator). The
electric dipole moment can be expanded in a Taylor series with respect to normal
vibrational coordinates (q;) with the first non-zero term determining the selection
rules:

3N—-6 _ -

d=dlgy+ ) 5 lae(@ = qio) + - (1.17)
= %4

Obviously, the lowest contributing term in the expansion 1.17 is directly proportional

to a linear function of normal coordinates. Since
(mln) ~ 6, (mlgqIn) ~ 61 (1.18)

for |m), |n) being the wavefunctions of a linear harmonic oscillator, one may deduce
that the only possible vibrational transitions (in the lowest degree of approximation)
take place between a given vibrational mode whose quantum number changes by
1 and the quantum numbers of the other modes remain unchanged (fundamental
transitions). Moreover, the intensity of a given vibrational line is proportional to the
change in the dipole moment during the given vibrational motion. Since the dipole
moment is a vector quantity, the transition probability is expected to scale with the
projection of light polarization in the direction of the transition dipole moment of the

molecule. In the case of randomly oriented molecules, this effect is averaged out

14



(a closer look on the polarization effects in spectroscopy is provided in our review
article [5], Attachment A5).

Apart from purely vibrational transitions within one electronic state of
a molecule, transitions between different electronic states may also be invoked. As
already mentioned, these transitions are very often accompanied by changes in
vibrational quantum numbers, giving rise to vibronic structure of the purely
electronic absorption/emission band. Due to the fact that the position of the
electronic energy minimum with respect to a given normal coordinate may change
upon excitation of the molecule to a higher electronic state, egs. 1.18 may no longer
have to be valid. Assuming that |m) and |n) are vibrational wavefunctions in
different electronic states, their overlap is no longer necessarily zero, which gives
rise to a wider variety of allowed transitions, such as combinations (2 or more
different vibrational modes change their quantum number) and overtones

(a vibrational mode changes its quantum number by > 1).

After absorption, the molecule is found in a temporal state of thermodynamic
disequilibrium, which is soon after followed by removal of the energy excess, which
restores the Boltzmann distribution. In principle, there are several ways how
a molecule in an excited state can lose its energy and return back to the ground state:
basically, radiative and non-radiative decay pathways can be distinguished. In the
case of absorption to a higher electronic state (and higher vibrational state at the
same time), molecules in condensed phases usually release a part of their excitation
energy in the form of heat and cross to a ground vibrational state (still being in an
elevated electronic state). This process is termed the internal conversion. The ensuing
relaxation process is a result of several competing processes: The energy excess may
again dissipate in the form of heat or in the form of radiation red-shifted with respect
to the excitation frequency. The latter process is called luminescence, which can be
defined as the spontaneous emission of radiation from an excited electronic state to
a ground state *. Luminescence can be further classified into fluorescence, where the
transition takes place between two electronic energy levels of the same spin

multiplicity (usually between two singlet states), and phosphorescence, where the

® Apart from absorption and emission of light, third process of interaction of light with matter can be
distinguished, which is termed stimulated emission. In the stimulated emission, light of resonance
frequency induces the transition from a higher excited state to a lower state. The process of stimulated
emission is important for the function of lasers.

15



spin multiplicity is changed during the crossing (the crossing usually takes place
between a singlet and a triplet state).

Typically, absorption occurs in about ~ 10" s, the internal conversion within
102 s or less and typical fluorescence lifetimes are near 10® s [7]. In the case of
phosphorescence, transition to the ground state of the opposite spin orientation is

forbidden and thus corresponding lifetimes are much longer (102 —10° s) [7].

Supposing that both radiative and non-radiative mechanisms contribute to the
fluorescence decay *, the total decay rate will be the sum of partial decay rates

attributable to respective mechanisms:

ktOt = knr + F, (119)
where k,,,- denotes the non-radiative decay rate, I" the radiative decay rate and k.
the total decay rate. The partial lifetimes are coupled to the corresponding decay
rates via the equations

1 1
— = Kot T =T, — = knr (1.20)

TF r Tnr
In eq. 1.20, 7, represents the radiative lifetime, 7,,,- the non-radiative lifetime and 75

the total lifetime (when both radiative and non-radiative decay pathways are present).

Combination of egs. 1.19 and 1.20 yields

1 1 1
—=—+—. (1.21)
Tp Tr Tnr

After exciting the sample with a laser pulse much shorter than the respective
lifetimes, the population of the elevated state would drop as
_t
N(t) = Nye ktott = Nye 7r, (1.22)
where N, corresponds to the number of molecules in the elevated electronic state at

the time ¢t = 0. Since

~ Jy tN(t)dt

0= JN(@®at N

Tr, (1.23)

Tr may also be interpreted as the average time the molecule stays in a higher excited

state. In a heterogeneous environment, fluorophores may be found to exhibit more

* Similar considerations also hold for the case of phosphorescence.
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complex intensity decay, exhibiting a distribution of lifetimes obeying
multiexponential behaviour [7].

The proportion of the radiative decay in the total fluorescence decay (or
equivalently the ratio of the number of photons emitted to the number of those
absorbed) defines the luminescence quantum yield:

T
T4k,

Qo (1.24)

which is always less than unity. Both the lifetime and quantum yield of a fluorophore
strongly depend on the surrounding environment, pH, temperature, solvent polarity,
presence of a specific ligand etc. [7]

The last types of interaction of light with matter that will be studied in this
section are light-scattering processes. As already mentioned, the most probable
optical transitions occur when the energy quanta match the energy differences
between two given energy levels of a molecule (resonance processes). Processes that
do not satisfy this requirement are forbidden in the first-order perturbation theory and
thus intrinsically very weak. Light scattering can be explained from a classical
standpoint by the fact that electromagnetic waves induce oscillating electric dipoles
in the molecules (generally electric and magnetic multipole moments among which
the electric dipole moment is usually by far the most significant one), which become
a source of secondary (scattered) radiation [6, 8, 9]. Generally, light scattering
processes can be classified as elastic (Rayleigh), which do not involve net exchange
of energy between the radiation and the molecule (i.e. the frequency of the scattered
radiation is the same as that of the incident radiation) and inelastic (Raman),
accompanied by a change in the internal energy of the sample. All the optical

processes described above are schematically depicted in Fig. 1.

A common insight into the existence of the light-scattering processes is
provided by eq. 1.8. After expanding molecular polarizability in the Taylor series

with respect to normal vibrational coordinates, we obtain

3N-6 a(_,

- D a =

p= (alqio + Z a_qlqio(qi — Qi) + )E (1.25)
i=1 L

Since the term q; — q;, oscillates at the frequency of molecular vibrations (w;), one

may expect that after illuminating the sample with monochromatic light (say of
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frequency w), in the spectrum of the scattered radiation will not only be present the

constituent with the frequency w,, but even frequencies
w=wytw;, i=12..3N—-6, (1.26)

i.e. frequencies that are shifted from the incident frequency by specific values.
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Figure 1. A simplified diagram of molecular energy levels. Purely electronic states are marked in bold,
corresponding vibrational levels are depicted as solid lines, virtual states are marked as dashed lines.
s, denotes the ground electronic state (assumed to be a singlet) and s; denotes the first excited
electronic singlet state. For simplicity, only 2 out of 3N — 6 sets of vibrational levels are shown in the
ground state and 1 is shown in the excited electronic state. Electronic (UV/Vis) absorption usually
takes place between the ground state and different vibrational levels of the excited singlet state.
Fluorescence usually takes place between the lowest vibrational level of the excited singlet state and
different vibrational levels of the ground state. IR absorption transitions occur between two vibrational
levels within the same vibrational mode with a change in the quantum number by 1. The scattering
processes are classified into elastic (with no net energy exchange between light and matter, such as the
Rayleigh scattering) and inelastic (Raman-Stokes, where photons lose energy after the interaction with

the molecule, and Raman anti-Stokes, where photons gain energy after the interaction).

According to Fig. 1, Raman scattering can be thought of as a process in which
the following sequence occurs: An annihilation of a photon of energy hf,, at the
same time creation of a new photon with slightly different energy hf;, and the
transition of the molecule from an initial quantum state |1) (possessing an energy E;)

to afinal quantum state |2) (possessing an energy E, = E; + hfy, — hf; ) [8].
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However, the energy hf, + E; does not have to correspond to any stationary state of
the molecule. That is why Raman scattering is sometimes interpreted in terms of so-
called virtual states as a transition from an initial stationary state |1) to a so-called
virtual state, which is immediately followed by an emission of a secondary photon,

which brings the molecule to a final quantum state |2).

If E, > E; (the final vibrational state is more energetic than the initial state),
the energy of the emitted (secondary) photon is decreased at the expense of the
increase in the internal energy of the molecule. This transition is called Stokes
scattering. By contrast, if the roles of the quantum states |1) and |2) are swapped, the
energy of the emitted photon is increased at the expense of the decrease in the
internal energy of the sample. This transition is called anti-Stokes scattering.

According to the law of conservation of energy, we have

hfy = hf; + E, — E; (1.27)
for Stokes scattering, and analogously

hfo = hfs — (E; — E1) (1.28)

for anti-Stokes scattering. In both cases, f, denotes the frequency of the incoming

radiation, f; the frequency of the scattered radiation and h the Planck’s constant.

In Raman spectroscopy, shifts of vibrational frequencies from the incident
beam frequency are measured (usually in the units of wavenumbers), that is why
Raman spectroscopy is considered a technique of vibrational spectroscopy
complementary to IR absorption spectroscopy. As follows from eq. 1.25, intensity of
a given Raman line is proportional to the derivative of the polarizability of the
molecule with respect to the corresponding normal coordination. Thus, in order for
agiven line to be observed in Raman spectrum of a particular molecule, the
polarizability of the molecule must necessarily change during the vibrational motion.
The most polarizable molecules are that with "ring-like" structures possessing a large
number of delocalized electrons in m orbitals, such as aromatic compounds and
fluorescence dyes. According to a well-established notion that light scattering
happens whenever an inhomogeneity (in the scale of A) occurs, molecular vibrations

may be viewed as the inhomogeneities giving rise to Raman scattering.

19



From the quantum-mechanical point of view, the probability of transition
between two quantum states by means of the Raman scattering is derived using
second-order time dependent perturbation theory. A molecular quantity describing
the disposition to |[1) — |2) transition by means of the Raman scattering is a second-

rank tensor [8]

(1.29)

(2ldp[s)(sdq[1) | (2]dq|s)s|dpl1)
=Y [ N ,

— Es +hfo E; — Es — hfo

s+1,2
where E; and E, denote the energies of the initial (|1)) and final (]2)) quantum states

of the molecule, d is the electric dipole moment operator and the s-indices refer to all
remaining quantum states of the molecule. The intensity of a given Raman spectral
line is

I~P-(esfapiel)? - 6(T) - fst, (1.30)

where P is the laser power, f;. frequency of the scattered radiation, €5¢ the unit
vector of the scattered field and &! the unit vector of the incident field °, and 6(T) is
a temperature-dependent factor, which can be in the state of thermodynamic
equilibrium worked out from the Boltzmann distribution (eq. 1.14). Thus, the
intensities of Stokes lines are usually much higher than the intensities of anti-Stokes
lines, because the probability of a molecule occupying the ground state is much
higher than the probability of occupying a higher excited state. Directions &‘ and ¢
are determined by the illumination-observation geometry, including the scattering
angle and polarization of the incident beam (and possibly also polarization of the
collected beam). This aspect is in more detail discussed in our review article [5]
(Attachment A5).

In normal Raman spectroscopy, the frequency of the excitation line is chosen
so that its energy is far below the first excited electronic state. This case is called
non-resonance Raman scattering. When frequency of the excitation radiation
approaches the electronic transition energy, the term resonance Raman scattering is
used. In this case, Raman scattering is enhanced ~ 10°x — 10°x [9]. Apart from the
enhancement effect, characteristic properties of resonance Raman scattering differ in

some important aspects from those of normal Raman scattering. For example, in the

> The same f*-dependence applies also in the case of elastic scattering, which can be explained in
terms of classical physics within the dipole radiation approximation.
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case of non-resonance Raman spectroscopy, the lowest contributing terms allow for
the existence of fundamental vibrations (as well as in the case of IR spectroscopy),
whereas in the case of resonance Raman scattering the situation is much more

complex [8].

When a molecule possesses some degree of symmetry, further restrictions for
observable vibrational transitions come into play. For each normal mode, only
certain dipole moment/polarizability components may change during the vibration
and it is convenient to make use of the group theory formalism to predict which
Raman/IR lines will be active in a given spectrum. According to the group theory,
classification of normal vibrations is performed on the basis of their symmetry
properties. In the following paragraph, some simple considerations pertaining to the

group formalism will be made.

According to the number of symmetry elements characterizing a given
isolated molecule, molecules can be classified into one out of 32 molecular point
groups [10]. Having assigned a molecule to a point group, the methods of group
theory allow one to decompose the vibrational signature of the molecule into so-
called irreducible representations. The number of normal modes belonging to each
irreducible representation (out of the 3N — 6 normal modes in total) is calculated
using a well-established algorithm, making use of character tables of molecular point
groups [6, 10]. For the purpose of spectroscopy, it is important to note that each
irreducible representation may transform as a particular linear or quadratic function
of coordinates. Since the constituents of the electric dipole moment have the same
transformation properties as x,y and z and elements of the Raman tensor as x?2, y?,
z2, xy, xz and yz, it is relatively easy to predict which vibrations will be active in
Raman/IR spectra: In order for agiven vibrational mode to be allowed in IR
absorption spectra, its irreducible representation must span at least one of x,y and z
species (in the case of randomly-oriented molecules). For the transition to be allowed
in Raman spectra, its irreducible representation must span at least one of x2, y?, z2,

xy, xz and yz species (again in the case of randomly-oriented molecules) [5].

Efficiencies of the principal optical processes briefly summarized above may
be very different. For example, while the quantum yield for some fluorescence dyes
may be more than 90% (more than 90% of the photons falling on the sample are

detected as fluorescence photons), only less than 1 out of 10° photons usually
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interacts with matter via the mechanism of Raman scattering. As will be shown in

section 1.3, this difference may be smashed by the presence of a metal nanostructure.

1.3.  Modification of optical processes in the vicinity of plasmonic
nanostructures

In the introduction of this section, we will give answer to the question what
makes the optical properties of metals so special that placing molecules in the
vicinity of nanometer-scale metal structures leads to significant increase in the cross
section of various optical processes, such as SERS or SEF. We will follow
considerations made in section 1.1 regarding the classical expression for the
refractive index of dielectrics and expand these considerations also for metals. We
will see that the interface between a metal nanostructure and a dielectric where the
real part of the relative permittivity changes sign across the interface enables
concentration of the electromagnetic field, giving rise to great amplification of the
local laser field. With the light of a suitable frequency, the cloud of free electrons in
the metal may be driven to perform collective oscillations called surface plasmons.
Coupling between the laser light and electron oscillations is accompanied by sharply
enhanced amplitude of the electromagnetic field in the closest proximity of the
roughened metal surface. This phenomenon, termed localized surface plasmon
resonance (LSPR), is of great experimental importance since it enables to
significantly improve the cross section of various optical processes, some of which

will be described further.

In the classical description of dielectrics, we assumed that electrons are bound
to the positive ion cores with an elastic force analogous to that of a harmonic
oscillator. Metals, however, can be in a first approximation viewed as materials
where the electrons are completely free ®. After putting w, = 0 in eq. 1.13, an
explicit expression for the dielectric function of metals as a function of w takes the

form

® This idea was first introduced by P. Drude in 1900 and the modification of the Lorentz model for
metals is therefore called the Drude model.
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As a further approximation, neglecting the imaginary part (w > y) yields the

simplified expression for the dielectric constant of metals in the form

@=1-NEL o 132
E\w - gomwz - ([)2’ ( " )
2
where w,, = gim denotes so-called plasma frequency of given metal. If w > w,, then
0

e(w) is between 0 and 1 and thus the refractive index of the metal is real. By
contrast, if w < w,, then e(w) is negative and the refractive index becomes purely
imaginary, which is responsible for strong reflectance of metals at sufficiently long
wavelengths. The latter case is important in the field of plasmonics as only materials
with the negative real part of the dielectric constant in a given spectral interval can

support plasmon resonances.

1.3.1. Surface-enhanced Raman scattering

From the historical point of view, SERS ' was the first surface-enhanced
spectroscopic technique, discovered already in 1974 [11]. Since the very early days
of SERS, it has been agreed that two different effects contribute to the observed
enhanced Raman signal [12, 13]. The simplest idea on the origins of both these
mechanisms involves the proportionality between the induced electric dipole moment

and the laser field E, given by eq. 1.8

B = QE. (1.8)
This equation supports the basic understanding of the SERS enhancing mechanism,
because in principle, both @ and E can be amplified when molecules are placed in the

vicinity of metal nanostructures.

By far the most dominant contribution to the total enhancement not only in
SERS, but in any surface-enhanced optical phenomenon, is attributable to the
electromagnetic effect. Basically, electromagnetic mechanism originates from the

interaction of light with free conduction electrons (electron gas) of metal, which

" Supposing the frequency of the excitation beam approaches the slope of the absorption band of the
studied analyte, the term surface-enhanced resonance Raman scattering is used (SERRS).
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results in significant increase in the electromagnetic field experienced by molecules
adsorbed in the vicinity of nanostructured metal surface. When a small metal
nanoparticle is irradiated by a plane monochromatic wave, the time-varying
electromagnetic field causes the conduction electrons to oscillate coherently, leading
to a charge separation. These collective excitations, representing a coupled state
between the electromagnetic field (a photon) and electron oscillations with respect to

positive ionic cores in the crystal lattice, are termed surface plasmons.

As already mentioned, the ability to support the surface plasmons at the
metal-dielectric interface is made possible due to different signs of real parts of the
relative permittivities of both the metal and the ambient dielectric (metals possessing
a negative real part and a small imaginary part of the relative permittivity). Under the
conditions of surface plasmon excitation, local electromagnetic field can be greatly
amplified and a molecule placed in the vicinity of the metal object may be subjected
to much stronger electromagnetic field relative to the field without the metal object
present. However, in order for the enhancement effect to occur, several other
conditions must be safisfied: (i) the metal surface must possess some form of
nanometer-scale roughness, and (ii) the excitation wavelength must be tuned to
match the resonance condition of the system. The location of the plasmonic
frequency in the electromagnetic spectrum is determined by the relative
permittivities of both the metal and the surrounding medium, shape and size of the
metal particle, interparticle interactions, and in the case of non-spherical particles
also on polarization of the incident light.

In the case of surface plasmons localized around sufficiently small
nanoparticles (in comparison to the excitation wavelength), the oscillating charge
density may be viewed as an oscillating electric dipole and the term dipolar plasmon
resonance is often used. However, when the dimensions of the particle become
comparable to the excitation wavelength, other terms of the multipole expansion
have to be taken into account. This gives rise to higher-order plasmon resonances

(usually quadrupolar) that do not couple to light very effectively [3, 13, 14].

In order to illustrate the enhancement effect provided by metal
nanostructures, let us consider a small metal object embedded in a non-absorbing
dielectric medium (with the relative permittivity of €, > 1) being illuminated by an

electromagnetic wave with the wavelength A (Fig. 2). If we want to know what
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happens to the electromagnetic field around the sphere, it is necessary to solve the
Maxwell’s equations with appropriate boundary conditions. In general, this may be
rather a lengthy and tedious procedure, most of which has to be carried out only by
resorting to numerical computations [3, 15, 16]. However, there exist some special
geometries in which the solution may be expressed explicitly under a certain
approximation. An often used approximation widely used in literature is so-called
electrostatic (Rayleigh) approximation, which requires the dimensions of the metal
object to be < ~ 20x lower than the wavelength (in most cases, this corresponds to
~ 20-30 nm sized structures). In this case, the field distribution can be computed
using the Poisson’s equation instead of solving the Maxwell’s equations. Further, we
will limit our attention (for the case of simplicity) on a sphere-shaped object of
aradius a «< A, which is a situation depicted in Fig. 2. Solution of the Poisson’s
equation outside the sphere can be (under the electrostatic approximation) thought of
as a superposition of the external (homogeneous) field and the field of an induced
dipole located at the centre of the sphere — that is why this approximation is also

referred to as the dipole approximation (dipolar plasmon resonance). The boundary
conditions (demanding that normal components of D and tangential components of E
be equal inside and outside the sphere) imply that the explicit solution outside the
sphere in standard spherical coordinates r, 9, ¢ is

a® s(w) — &,

¢0ut(r’ 19,g0) = —EOT cosdV + EO T—szOS 9, (133)

and the local field strength at the distance r from the centre of the sphere may be

e(w)—&p
e(w)+2¢&y

written as (denoting the factor as g(w) for simplicity)

o ad a®
E=-Vp=E, <1 + 2g(w) r_3> cos? é, — E, <1 - g(a))ﬁ> sind éy. (1.34)

From previous expression, one may readily understand the importance of the
dielectric constant‘s of the metal being negative: The enhancement is greatest when
the denominator of g(w) approaches zero. In that case, the enhancement factor
strongly depends on the imaginary part of the dielectric function e(w). Providing
that the excitation wavelength matches the resonance condition, the enhancement
factor falls off rapidly with the increasing imaginary part of the dielectric function.

Thus, molecules adsorbed in close vicinity of metal nanostructures experience
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significantly higher electromagnetic field and their signal may be amplified by many

orders of magnitude.

Figure 2. A molecule in presence of a spherical metal particle with a radius a.

When the dimensions of the metal structures rise, the previous formula may
no longer be sufficient for describing the field distribution and more complicated
analysis (relying mostly on numerical solution of the Maxwell’s equations) has to be
carried out. For nanoparticle sizes comparable to A, the electrostatic approximation
does not hold anymore and the coupling between the incident light and the oscillating
electron density gives rise to higher-order (multipolar) plasmon resonances which
appear at shorter wavelengths [3, 15]. In principle, the field outside the metal
nanoparticle can be expanded in an infinite series (with the first term being the

dipolar one), each of which can exhibit aresonance. For example, resonance

frequencies of a sphere may be obtained from the relation e(w) = —%er [3, 13,

17], where N is an integer (N = 1 corresponding to an oscillating dipole and higher
terms corresponding to higher-order multipolar resonances), which results in higher-
order multipolar resonances shifted to the blue [18]. By contrast, for larger &,, the
resonance wavelength is typically shifted to the red [3, 15]. Another consequence of
the size effects is that LSPR peak progressively broadens, accompanied by reduced
local field enhancements due to retardation effects [3, 15, 16, 19]. Therefore, there
exists a certain optimum size of the nanoparticles providing the highest
enhancement, usually in the range ~ 5 — 200 nm [14, 20-23]. However, it is still the
imaginary part of e(w) which is crucial for the enhancement provided since in

determines how damped the plasmon resonance is.

Taking into account that both the primary and the secondary radiation may be

enhanced (as the Raman shift between the frequencies of the primary and the
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secondary radiation, corresponding to energies of vibrational levels of a measured
molecule, is usually so small that the scattered radiation still lies within the region of
surface plasmon resonance), the total enhancement is a product of both
aforementioned contributions. Therefore, the enhancement effect is expected to scale
as g* ("E* approximation") and is expected to drop with the twelfth power of the
distance from the surface, although the molecule does not necessarily have to be in
direct contact with the metal surface. Under this approximation, we may define the

SERS enhancement factor as

alZ
EF = g(wp)?* - g(wsc)? vy (1.35)

where w, denotes frequency of the incident radiation, wg. frequency of the scattered

e(w)—&r

radiation and ‘g(w)zs(w)+2£ .

More generally, a SERS enhancement factor

expresses strength of the electromagnetic field relative to what it would be without
the presence of the metal nanostructure. However, precise experimental
determination of the SERS enhancement factor suffers from difficulties in estimating
the number of molecules that contribute to the SERS signal as well as discrepancies
resulting from a wide variability in the EF definition quoted in literature [24]. Some

of these aspects will be briefly discussed later on.

In SERS spectroscopy, silver and gold are the most widely employed metals
as the resonance condition is fulfilled in the visible spectral range. Silver is the best
enhancing metal due to its specific dielectric function, allowing the greatest
enhancements of all metals. On the other hand, gold may be sometimes preferred
thanks to its chemical stability, lower susceptibility to oxidation and
biocompatibility. We have to note that while the optical properties of silver follow
the Drude model well, gold possesses a greater imaginary part of the dielectric
function than it would possess taking only the Drude model into account. That is
because the Drude model neglects the contribution of bound electrons [25]. Interband
transitions must be taken into consideration in this case, which makes the total
enhancement of gold surfaces somewhat smaller in comparison to silver. Several
other metals, namely Cu, Al, Pd etc., are also applicable, although they are usually
several orders less enhancing than Ag and Au. Moreover, for most of these metals,

the resonance frequency is shifted towards ultraviolet region.
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Figure 3. Wavelength-dependent real and imaginary part of the relative permittivity of silver and gold

in the UV/Vis range [26]. Experimental values were adapted from [27].
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Figure 4. Wavelength-dependent g-factor for silver and gold [26]. Calculation was performed for
a metal sphere in the electrostatic approximation based on the values contained in Fig. 3. Resonance
condition is defined by the equation e(w) + 2, = 0. Due to the specific relative permittivities of
silver/gold, the enhancement for gold is shifted more to the red. Broadening of the resonance curve
and significantly lower g-factor for gold is caused by bigger value of the imaginary part of the relative
permittivity. Effect of the refractive index of the surrounding environment is also demonstrated. Size

effects are not captured in these calculations.

Both the experimental results as well as theoretical calculations show that the

electromagnetic field can be confined in nanometer-sized metal clefts. Analytical
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treatment of a two sphere system, performed already in the 1980s [28, 29], suggests
that molecules residing in a nanogap between the nanoparticles are subjected to ~
10°x stronger electromagnetic field in comparison to the field enhanced by one
single nanoparticle. Due to mutual interaction, electromagnetic field in such cavities
is much larger than the sum of the fields caused by two non-interacting spheres,
which has been explained by strong electromagnetic coupling between the
nanoparticles, giving rise to coupled plasmon resonances [3, 13, 30-32]. However,
this happens only if the incident polarization is along the interparticle axis. For light
polarized across the interparticle axis, the enhancement is almost negligibly different
from its value at a single, isolated particle [14]. Closer analysis shows that with
nanoparticle radii of 45 nm (average size of the silver nanoparticles used) and the
separation distance of d = 5.5 nm (diameter of a hemoglobin molecule, [30]), the
enhancement effect adds another ~ 2 — 3 orders of magnitude in comparison to
isolated nanoparticles and further ~ 2 — 3 orders of magnitude after decreasing the
nanoparticle gap down to ~ 1 nm, making the total enhancement factor of ~ 10*.
Although the first reports of single-molecular SERS in 1997 [33, 34] quoted
enhancement factors higher than ~ 10, this number has been critically revisited [24,
31, 35]. Nowadays, SERS enhancement factors of ~ 10 are considered to be
theoretical limits (for silver) on account of the electromagnetic contribution,

sufficient even for observation of single-molecular SERS [5].

The extremely spatially-localized sites providing extreme enhancement were
dubbed hot-spots in literature. However, geometry of hot-spots is not restricted only
to two mutually interacting spheres. Geneally, for systems of aggregated particles
with nanoscale crevices or junctions where interparticle separation can be made very
small, extremely localized regions of ultrahigh enhancement were predicted [31] as
well as experimentally demonstrated [36, 37]. It means that the enhancement in the
gap region where majority of the electromagnetic energy is packed completely
overwhelms the surface average and produces the dominant contribution to single-
molecular sensitivity in SERS. Besides, theory also predicts very strong
enhancement of the electromagnetic field at sharp metal tips and large curvature
regions due to so-called lightning-rod effect. On the other hand, the hot-spot
molecule coincidence is statistically a very rare event. It is expected than only a very

small fraction of molecules, difficult to estimate precisely, actually reside in the hot-
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spots and the rest of the molecules in other weakly enhancing sites [35], which
makes the typical enhancement factor averaged over a sufficiently large area/volume
in most cases around 10* — 10”. The occurrence of hot-spots often complies with the

Poisson distribution [38].

If the shape of the nanostructures is different, different boundary conditions
have to be taken into account in numerical analysis of the enhancement factor,
however, the importance of the dielectric constant’s of the metal being negative
holds true. Supposing a SERS-active substrate consisted of rather uniform, isolated
nanoparticles, the resonance curve is expected to reflect its size and shape. However,
most SERS-active substrates usually consist of assemblies of interacting particles,
i.e. collection of nanoparticles with different shapes, sizes and mutual spacings,
which cause the resonance curve to be inhomogeneously broadened and which also
modifies the condition for surface plasmon excitation. In the average SERS regime
where the role of hot-spots is rather negligible, the "near-field" (Raman-enhancing)
properties were found to correspond well with the "far-field" properties such as
extinction [39]. In other words, the wavelength corresponding to the maximum of the
extinction peak of the nanostructures is close to the wavelength providing maximum
SERS response [40]. For non-transparent structures, measurements of reflectivity
may supply the need for knowing extinction spectra to characterize the plasmonic
properties [20, 41]. However, for hot-spot dominated systems such as colloids, the
relationship is less straightforward with the maximum enhancement usually red-
shifted with respect to the LSPR maximum [42, 43]. In the case of more complicated
(typically anisotropic) SERS-active platforms, no correlation between these two

phenomena was found [44, 45].

In addition to the electromagnetic effect, for some analytes, there exists
a chemical (molecular) contribution to the total enhancement, which results from
absorption (chemisorption) of the molecule to the surface. The chemical mechanism
requires the molecule to be in direct contact with the metal (sometimes referred to as
the first-layer effect), although nanometer-scale roughness is not a precondition for
the chemically-induced enhancement. In this instance, polarizability tensor of the
molecule may be amplified as a result of the formation of a metal-ligand
coordination complex, which produces changes in intensities of particular vibrational

modes. Current understanding of the chemical mechanism posits that the act of
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forming a chemical bond between the metal and the analyte opens up new molecular
resonances, such as charge transfer transitions [19, 35, 46-48]. Upon excitation with
laser light of a suitable wavelength, charge transfer may occur between the highest
occupied molecular orbital (HOMO) and the Fermi level of the metal and/or between
the Fermi level and the lowest unoccupied molecular orbital (LUMO), accompanied
by increase in vibrational intensities of the analyte. Amplification of the Raman
scattering intensity is thus analogous to resonance Raman scattering. The provided
enhancement can be up to ~ 10° [49], although, according to some estimations, the
enhancement factor arising from the chemical contribution hardly ever exceeds
a factor of 10 [13, 35]. As a consequence of interaction of the molecule with the
metal surface, positions of some Raman bands of the molecule may be slightly
shifted in frequency and changed in line width compared with spectra obtained by
means of normal Raman scattering. This may therefore make the attempts to interpret
obtained data and to identify a specific molecular pattern more difficult and less
straightforward in comparison to classical Raman spectroscopy.

1.3.2. Surface-enhanced fluorescence

Similarly to the case of Raman scattering, two photons are involved in the
case of fluorescence: The excitation one and the fluorescence one. Thus, from
a naive point of view, the enhancement process should be very similar to that in
SERS. However, closer analysis shows that the situation is more complicated in this

case.

Indeed, vast survey of literature data reveals that the SEF enhancement factor
(defined in a manner analogous to the SERS enhancement factor, i.e. fluorescence
intensity in presence of a metal structure divided by fluorescence intensity of
a fluorophore in a "free" space) is "only" in the order of 10° — 10° and hardly ever
exceeds the factor of 50 [50-52]. The principal difference between SERS and SEF
lies in the fact that SERS is an instanteneous process, while fluorescence is a two-
step phenomenon consisting of two distinct processes: Absorption of an excitation
photon and consecutive emission of asecondary fluorescence photon. For this
reason, fluorescence enhancement is rather interpreted as a combination of the
following mechanisms: (i) enhancement of the local electromagnetic excitation field,

leading to an increased absorption of the fluorophore, and (ii) increase in the
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radiative decay rate [3, 50, 53, 54]. In other words, the latter mechanism increases
the quantum yield of the fluorophore, which can not be larger than 1. Moreover,
close contact of a fluorophore with a metal surface (iii) increases fluorescence
quenching by providing new decay channels between the excited fluorophore and the
metal. All these three processes depend, in anon-trivial way, on the fluorophore
distance from the metal surface, and affect both the fluorophore lifetime as well as
the quantum vyield. Since these phenomena have contradictory effects on the
fluorescence intensity, the total distance-dependent SEF intensity profile results from
competition between amplification of the local field, falling off rapidly with the
growing distance between the metal nanoparticle and the fluorophore, and enhanced
radiationless energy transfer at very short distances. It is the quenching effect at the
metal-dielectric interface that takes the leading role at very short distances (up to ~ 2
— 3 nm) [3, 50, 53, 55] and another reason which prevents the SEF enhancement
factor from matching those values attained in the case of SERS. The quenching
effect fades out with approximately ~ d3 dependence [56] and may be considered
negligible for distances > ~4 — 5 nm. As discussed in section 1.3.1, the distance
dependence for the electromagnetic effect of a fluorophore in the proximity of
asmall metal sphere is given by d'? (i.e. d® for enhancement of the primary
radiation). Thus, there exists an optimum distance between the fluorophore and the
metal surface for which the enhancement effect is most significant (usually in the
range between 3 nm and 20 nm) and a spacer must be used to keep the interspace
between the metal and the fluorophore. Different spacings were tested in literature to
keep this optimum distance, such as silicon oxides [21, 52, 57, 58], polymers [59,
60], proteins [61, 62] or DNA strands [63-65].

Let us discuss previous considerations more quantitatively. Assuming that the
presence of a nearby metal surface increases the radiative decay rate from I' to
I' + T, and the non-radiative decay rate from k., t0 k,,,- + ks, (T;n, ki > 0), the

fluorophore lifetime becomes

1

= , 1.36
T ke + Koy (1.36)
and the fluorophore quantum yield becomes
r+r
Q = (1.37)

=1“+1“m+knr+km'
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While I" and k,,,- are intrinsic fluorophore characteristics, the values of I',,, and k,,,
depend on the metal-fluorophore interactions. Comparison between eq. 1.20, 1.24,
1.36 and 1.37 yields

T I'+k
Fm _ nr <1, (1.38)
T '+, +ky + ki,

Q r+T,, T+ ky,
Q TI'+D,+ky+k, I °

(1.39)

Eqg. 1.38 says that presence of a metal nanostructure is accompanied by lifetime
shortening. In this instance, contrary to fluorescence intensity, the effect of both
radiative and non-radiative decay channels on the lifetime is mutually reinforcing.
Supposing that the two enhancing processes, i.e. amplification of the local
electromagnetic field and increase in the quantum vyield, can be decoupled, the total

fluorescence enhancement is [50]

Q r+r,, I+ kyy
EF = EF(d) - — = EF(d) - ,
(@ Qo (@) '+ +kpr+kyp T

(1.40)

where EF(d) denotes the distance-dependent local field enhancement factor,

responsible for the increase in absorption intensity.

The ratio Qg is usually bigger than 1, which means that fluorescence is
0

enhanced. However, because of the limited range of the electromagnetic effect, the
enhancement drops off rapidly when further increasing d. On the other hand, the rate
of nonradiative decay (k,,) is greatly enhanced when the fluorophore and the metal
surface are closely contacted, which results in fluorescence suppression. This is

considered to be one of major advantages of SERS over classical Raman scattering.

Finally, let us remark that in order to theoretically elucidate the difference in
enhancements provided by SERS/SEF, more elaborate analytical models were
published recently, pointing out the role of quenching [55, 66]. However, because
atypical fluorescence cross section is much bigger in comparison to Raman
scattering cross section, it makes sensitivities of the both surface-enhanced
techniques approximately equal. Another work, aiming to resolve certain discrepancy
between theoretically-predicted and experimentally-measured enhancement factors,
described the SERS amplification within higher-order perturbation theory [67]. In
this approach, fully quantum nature of the plasmonic excitation was taken into
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account, treating the surface plasmons as quasiparticles. It is important to note that
some aspects of this approach remain rather controversial and have not been yet
resolved. Therefore, fully quantum, unified approach to both SERS and SEF still

remains a challenge.

1.4. Plasmonic nanostructures for spectroscopic methods

Proper plasmonic substrate is a prerequisite for successful surface-enhanced
measurement and thus plays a key role in any of these applications. Most of the
following considerations pertain to SERS measurements, but are easily extendable to
the case of SEF as well. In the SERS community, there exists a general consensus on
the qualities that a proper plasmonic substrate should possess. This consensus was
first established by Natan in 2006, who suggested that the following criteria should
be fulfilled [68]:

The substrate should provide sufficient enhancement effect (sufficient
sensitivity). However, proper determination of the enhancement factor may be
difficult to achieve, either due to big variability of the EF definitions in literature
and/or the need to properly characterize the non-SERS properties of the analyte. An
often used method of calculation, referred to as the substrate enhancement factor,
requires knowing the amount of molecules contributing to the Raman/SERS signal
[24]. This, in turn, depends on the surface coverage and it is important to keep in
mind that not all molecules are at the same distance from the surface. Especially in
higher concentrations, molecules may exhibit a certain distance distribution with
a particular proportion in the first layer and the rest in the remaining layers, which
may underestimate the EF. On the other hand, so-called analytical enhancement
factor normalizes respective intensities to analytical concentrations without the aim
of determining the actual number of adsorbed molecules. This option is thus less
acurate. A well-established method of evaluating the enhancing capability of a given
substrate is determining the limit of detection, which usually requires a series of
concentration-dependent experiments and finding the concentration (possibly by
extrapolation) for which the intensity of the strongest peak drops below 3 standard

deviations of the blank sample [69]. In all cases, however, the obtained quantity

34



depends not only on the plasmonic substrate, but also on the mutual chemical affinity
between the analyte and the substrate, and may thus be very different when using

different analytes.

For measurements in the average SERS regime, the substrate should be
uniform enough. According to Natan, the maximum acceptable variation in the SERS
signal should be less than 20% over a 10 mm? area. However, the critical value of
20% should not only be exceeded when measuring on a given sample, but even
across different substrate batches, prepared by the same procedure. In the case of
solid substrates, reproducibility can be easily quantified by performing spectral
mapping and subsequent statistical evaluation. On the other hand, reproducibility can
be very poor in hot-spot dominated systems where achieving big sensitivity is of
paramount importance. Since the enhancement ability of the substrate is very often
inversely proportional to the reproducibility, this finding has been dubbed the SERS
uncertainty principle. It is worth noting that both the SERS sensitivity as well as
reproducibility depend, among other things, also on the experimental arrangement
and the way of adsorbate deposition [70]. In the case of solid substrates, deposition
of a droplet of the analyte and letting it dry often results in rather inhomogeneous
drying patterns with adsorbate molecules accumulated at the edges of the former
drop, similarly to the coffee ring effect [71], which may underestimate the
reproducibility, but may contribute to better sensitivity. Measurements using
objectives with a lower numerical aperture affect a larger scattering area/volume,
which causes the presence of occassional highly-/weakly-enhancing sites to average
out and contribute to better reproducibility. On the other hand, lower effectiveness of
collection of the scattered radiation in this case results in decrease in the SERS

sensitivity (another consequence of the uncertainty principle).

Another means of spectra retrival, which we applied in the case of SEF, is the
strategy of dripping a droplet of a stock solution on the plasmonic substrate and
focusing the laser spot on the interface between the droplet and the supporting layer.
In this case, signal accumulation is performed before the droplet is fully evaporated.
This approach works well because after evaporation, the SEF signal is extremely
irreproducible (and weak), while using the above mentioned strategy, reproducibility
iIs no worse than in the case of SERS. It also enables more direct comparison of

fluorescence lifetimes to that measured in a solution in the non-enhancing case.
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However, the main drawback is little information about the number of molecules
affected in this case as both the adsorbed molecules (contributing with the enhanced
signal) as well as the molecules in the bulk medium (contributing with the non-

enhanced signal) contribute to the total obtained SEF signal.

Plasmonic substrates should provide sufficient stability and survive free of
contaminants even after a long shelf life (~ months). This is mainly the problem with
silver which suffers from oxidation and for which the surface contamination
irrespective of the fabrication method is often observed. It comes either from the
preparation procedure or from the ambient atmosphere during storage and involves
organic (carbonaceous) species that are adsorbed on the surface. The contaminants
manifest themselves, even in very small concentrations, by their anomalous SERS
bands/fluorescence background and overlap the signal of the molecule to be studied
[38]. Such problems have been reported both in the case of colloids [26, 72, 73] as
well as solid substrates [74-77]. Thus, special care must be exercised when analysing
any spectral pattern in an effort to reliably distinguish the bands coming from the
studied analyte from those of the contaminants or, better still, to develop a method
for preventing the contamination. Methods aiming to overcome this problem
published in literature involves for example electrochemical [74] or ozone cleaning
[78], ion etching [75, 76] or keeping the substrates in a vacuum chamber overnight
immediately after the deposition [38].

Last but not least, it is necessary to maintain a compromise between the ease

of the fabrication procedure and low cost.

In the following sections we will take a closer look at some of the most

common SERS-active substrates.

1.4.1. Metal colloids

Metal colloid is a heterogenous system consisting of solid metal particles in
the 1 — 100 nm size range dispersed in a liquid medium. In literature, numerous ways
of colloid fabrication have been described, mostly making use of chemical reduction
of different chemical salts containing an atom of silver or gold (mostly AgNO; od
HAuUCI,;) by means of different reducing agents: sodium borohydride [79], sodium
citrate [80] or hydroxylamine hydrochloride [81]. The properties of colloid depend

36



mainly on the conditions of the fabrication process, including initial concentrations
of the reagents, temperature, pH and many others that are rather difficult to control.
A big advantage of colloids is their cheapness and simple preparation procedure,
capable of being carried out in a chemical laboratory in almost no time. Another
advantage is the easiness of characterization of the colloid plasmonic properties by
extinction measurements. However, the main disadvantage of colloids lies in the fact
that even asmall perturbation in the preparation protocol can imply drastical
differences in the final physical properties of the colloid and significantly different
ability to serve as a plasmon-enhancing substrate. That is why metal colloids are not
suitable for quantitative analysis, although the provided enhancement may be often

higher in comparison to most solid metal nanostructures.

1.4.2. Metal nanorod arrays

The nanofabrication technique based on oblique angle vapor deposition
(OAD) to produce regular nanorod arrays for SERS applications was first introduced
by Chaney and co-workers [82], although similar technology had been known
already in the 1990s [83, 84]. For preparation of the columnar structures, magnetron
sputtering of a silver target is usually used (although gold is also possible [85, 86]).
In the early stages of the deposition process, the deposited material usually forms
islands on the substrate. Under the conditions of limited surface diffusion, the
growing nuclei shadow the area opposite to the incoming flux, and therefore the film
grows through the formation of columnar structures separated from each other by
voids and inclined towards the source of the flux (Fig. 5) [38]. Supposing the
deposition is carried out at an angle a with respect to the substrate normal, the
preferable angle of the nanocolumns (with respect to the substrate normal) g will be
[87]

1—cosa
—) (1.41)

p=a-— arcsin( >
I.e. B < a. The substrate is usually a glass slide or a Si wafer. Morphology of the
nanostructured layer is sensitive to a wide range of experimental parameters such as
the deposition angle, temperature, pressure in the deposition chamber, deposition
time or spinning of the substrate around its normal during the deposition process [84,

88, 89]. This set of parameters defines the thickness, porosity (the bigger angle of
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incidence, the bigger is usually the nanocolumn separation) and typical dimensions
of the nanocolumns, ranging from several tens to several hundreds of nanometers.
These structures may be easily characterized by scanning electron microscopy

(SEM). Typical structure images are shown in Fig. 6
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Figure 5. Schematic illustration of the deposition procedure with a typical deposition angle (left),

schematic representation of the growing nanorods (right) [26].

Figure 6. SEM images of a typical nanorod array (top and side view). 15 kV accelerating voltage,

deposition angle was a = 85°.

The main advantage of the OAD is its simplicity. It is a one-step, vacuum-
based process and since no chemical substances are required, is also environmentally
friendly. It was proved that OAD offers uniform, reproducible, large area SERS-
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active substrates with high SERS enhancement [85, 90-92]. Due to their anisotropic
nature, Ag nanorod arrays have also been used to study polarization- and angular-
resolved SERS response [41, 44, 93] (Attachments A3, Ab).

1.4.3. Metal nanoislands

Metal nanoislands belong to one of the first substrates ever used in the field
of SERS spectroscopy [13, 94]. These structures are usually prepared by vapor
deposition of metal (usually Ag or Au) on supporting substrates. When rather short
deposition time is used, the individual metal nuclei are randomly distributed on the
substrate and start to merge into islands with typical dimensions ~ 50 — 200 nm after
longer deposition times [95]. Longer deposition times increase the probability of
nanoparticle condensation, reduce the interparticle spacings and finally result in
creation of an interconnected network (Fig. 7), accompanied by a gradual shift of the
LSPR peak to the red [39].

Figure 7. SEM image of typical silver nanoislands.

Details of the underlying physical processes such as surface diffusion,
adsorption or desorption strongly depend on the fabrication conditions such as
temperature, pressure or adhesive properties of the supporting material. The main
advantage of nanoislands is the simplicity of the fabrication process and the
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possibility of tuning the LSPR wavelength by varying the film’s thickness and
confluence. Although the SERS enhancement factor of metal nanoislands is
generally considered to be rather modest (10* — 10°), nanoislands still represent

a very good compromise between sensitivity and reproducibility [96].

1.4.4. Other regular SERS-active platforms

Since mid 1990s, significant effort has been devoted to more precise
nanostructure fabrication to keep the nanoparticle sizes, shapes and aggregation
process under more careful control. A detailed account of these methods can be
found in [97, 98]. In this paragraph, several other methods being used in our
department will be briefly described. A frequent example of some highly-ordered
metal nanostructures is provided by polystyrene nanoparticles serving as a mask for
subsequent metal deposition. This principle is used in a range of methods commonly
referred to as the nanosphere lithography (NSL) [99]. At first, polystyrene beads are
dispersed in a water-ethanol solution and then deposited onto Si wafer support. After
drying, these structures form hexagonal close-packed patterns. Metal films over
nanospheres (FONSs) can be created by subsequent vapor deposition of a nanometer
metal layer over the nanospheres [100]. In another variant of NSL, removing of
a polystyrene mask results in rather triangular arrays [101]. Even more elaborated
approach is used in the similar method, referred to as hole-mask colloidal lithography
(HCL) [102]. In HCL, a sacrificial layer of polymer is spin-coated onto a flat surface
prior to the deposition of polystyrene beads. After the process of metal evaporation,
the polystyrene beads are tape-stripped away, followed by reactive-ion etching
through the polymer to create small nanoholes upon which a new layer of metal is
evaporated. The process is terminated by a final disposal of the superfluous polymer
by lifting-off in acetone. By controlling the size/shape of the nanostructures or the
evaporation angle, one may achieve the desired resultant pattern and the distribution
of nanoparticles on the surface, thereby adjusting the plasmon resonance condition of
a given system. Most common are disc-, ring- or crescent-shaped structures with

overall sizes ranging between several tens and several hundreds of nanometers [70].
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2.  Aims of the thesis

As the title of this thesis suggests, the main aim of this work involves testing
of regular metal plasmonic nanostructures for the surface-enhanced optical processes
— primarily Raman scattering and fluorescence with the support of transmission
measurements and ellipsometry characteristics as well as time-resolved
measurements in the case of fluorescence. Principal tasks of this work involved
clarification of the dependence on a wide range of parameters, such as the substrate
deposition time, deposition rate, angle of deposition and other experimental details,
determining the spectral position of the localized surface plasmon resonance (LSPR)
maximum, analyte used and the excitation wavelength. These experimental details
were adapted for the study of particular analyte with the aim of extending the range
of possible molecules studied by the surface-enhanced optical techniques. Attention
has also been devoted to prevention of contamination of the substrates from ambient
environment and maintaining their time stability. Another goal of this thesis (in part
experimental and in part theoretical) includes elucidation of polarization and angular
optical characteristics of the morphologically-anisotropic plasmonic substrates. To
sum up, goals of this thesis should contribute to better theoretical understanding of
the plasmonic enhancement mechanism and provide a starting point for optimization

of plasmonic-based sensors for analytical applications.
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3. Experimental methods and chemicals

3.1. Raman measurements

Raman and SERS spectra were acquired using home-built Raman
spectroscopic system operating in the 90°-scattering geometry. This system is
primarily adapted for Raman measurements from cuvettes (liquid samples), but solid
substrates are also possible to measure. The excitation source was frequency-doubled
Nd:YVO, laser providing the excitation wavelength 532 nm. Spectra were collected
using an 1800 grooves/mm grating and a liquid-nitrogen-cooled CCD detector
(Princeton Instruments). A holographic notch-plus filter (Kaiser) was placed in front
of the 60-um entrance slit of the monochromator to remove the Rayleigh line from
the scattered light. For polarization-resolved measurements, light polarization falling
on the sample was altered by a half-wave plate (Thorlabs) and an analyser was
placed between the sample and the monochromator to allow only the light polarized
in one plane fall on the detector. To overcome different grating responses for
different light polarizations a scrambler was inserted between the analyser and the
monochromator. Correct function of the scrambler and other optical components
were checked using CCl; bands (measured in a cuvette) with well-known
polarization-dependent behaviour [8]. All spectra were recorded at room

temperature.

0 by N

Substrate

Scattered light Apiaiyser

Incident light

Half-wave plate

Figure 8. Scheme of the experimental geometry for Raman scattering measurements.
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In the case of angular-resolved experiments of solid substrates, a revolvable
substrate holder was used as sketched in Fig. 8. Spectra were retrieved with varying

tilting angle of the substrate 8 and the azimuthal angle ¢.

Another system used for Raman measurements (and preliminary fluorescence
measurements) was an integrated confocal Raman microscopic system LabRam
HR800 (Horiba JobinYvon), equipped with a diffraction grating with 600
grooves/mm and a nitrogen cooled CCD detector. Different laser wavelengths (488
nm, 515 nm, 633 nm and 785 nm), different objectives (mostly 10x, 50x and 100x)
and different laser powers (ranging from ~ 0.02 to 0.5 mW as adjusted using grey
filters) were tested within this thesis. Scattered radiation was collected in a back-
scattering geometry and filtered by an edge filter for Rayleigh rejection before
focusing it onto the 100 um entrance slit of the spectrometer. For the purpose of
reproducibility evaluation, spectral mapping was performed. Signal homogenity in
each of these maps was evaluated by means of factor analysis (FA) procedure using
a singular value decomposition (SVD) algorithm [103, 104]. Reproducibility of the
Raman signal was usually determined as the relative standard deviation (RSD) of the

V;; coefficients.

3.2. Fluorescence measurements

For fluorophore lifetime determination the frequency-domain method was
used. In this approach, the sample was excited with light with a harmonically-
modulated intensity at aset of frequencies close to the inverse of the expected
fluorophore lifetime. In this case, the fluorescence response follows the same
frequency, delayed by a particular phase shift (¢ ) and exhibiting intensity
demodulation [7]. Supposing that the intensity of the excitation source is modulated
as I = Iycoswt, the detected fluorescence intensity is expected to obey the
differential equation

di [

Fri —;+IO cos wt. (3.1

Inserting the expected behaviour of the fluorescence intensity i as i = i, cos(wt —
@) ineq. 3.1, it can be shown that the equation is fulfilled if and only if
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tan g = w T, (3.2)

S — (3.3)

lo J@ir)Z+1
Thus, using one single excitation frequency w, it is possible to experimentally
determine ¢ and i,, which provides information on the lifetime of the analyte.
However, it is convient to carry out the measurements at a set of different
frequencies. In this case, fluorescence lifetimes can be evaluated by fitting the
corresponding curves given by egs. 3.2 and 3.3 using either single exponential or

multiexponential model (Fig. 9).
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Figure 9. lllustration of the frequency-domain approach for the determination of riboflavin lifetime
(c = 1075 M). 9 frequencies were used. Fitting of the corresponding curves via egs. 3.2 and 3.3

revealed the riboflavin lifetime to be 7 = 5.0 ns.

Fluorescence lifetime measurements were carried out in cooperation with
Laboratoire Jean Perrin, Université Pierre et Marie Curie, Paris using confocal
microspectrofluorimeter with a phase-modulation principle. The fluorescence
lifetime was determined for all emission wavelengths by acquiring several evenly
phase shifted spectral images of the modulated excitation laser beam in relation to
fixed detector gain modulation phase shift. Fluorophore lifetimes were resolved by

spectra recording with setting of individual modulation frequencies covering evenly
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10 — 180 MHz interval and subsequent global fitting of the data. Laser diode module
(Omicron LDM 442.50.A350, Germany) with sinusoidal intensity modulation (50
mW peak output, attenuated to one to tens of uW at the sample level) was used for
the excitation at 445 nm wavelength. Confocal epifluorescence upright microscope
(Zeiss UMSP-80, Germany) was used with a 10x objective (NA = 0.1) to collect the
SEF signal which was focused on the entrance slit of the Jobin—Yvon HR640
spectrograph equipped with a 100 line/mm grating. The detection part consists of
again modulated image intensifier driven by amplified output of the slave
synthesizer (IFR Aeroflex 2025 signal generator, USA) working at precise
synchronism with the master one. The image intensifier is optically coupled with
a CCD detector. For data evaluation, software developed at the Institute of Physics
was used [105].

3.3. Ellipsometry measurements

Spectral ellipsometry measures changes in light polarization after reflecting
from a material structure. In order to describe reflection from the surface, it is
convenient to resolve the electric field into two orthogonal components: parallel (p)
and perpendicular (s) with respect to the plane of incidence. Both the amplitude and
the phase of both field components undergo a change upon reflection as determined

by the Fresnel reflection coefficients 7, 7,:

_ cosY —ViiZ —sin2 9 _ fi’cos9 — VA% —sin? 9
T'S - ) rp = )
cosV + Vii2 —sin2 9 fi2cos 9 + V2 — sin2 9

where 71 is the (complex) refractive index of the structure (for a given wavelength)

(3.4)

and 9 is the angle of incidence. A commonly measured ellipsometric quantity,
describing changes in polarization upon reflection, is the complex reflectance ratio,
defined as

Ll Petl

p= (3.5)

=3

which is a complex quantity since it is defined as the ratio of two complex numbers.

Eq. 3.5 allows computing g depending on the refractive index 7 and the angle of
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incidence ¥ of which Fresnel reflection coefficients are functions. The inverse

transformation is

. 1-p\*
fi2 = sin?9 [1 + tan?¥ <—~> , (3.6)
1+p

allowing to compute the pseudo-refractive index of the structure, knowing the

complex reflectance ratio p. Both g and 7i depend inherently on light frequency.
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Figure 10. Scheme of ellipsometry measurements. Arbitrarily polarized beam falls on the interface
and reflects off the sample. After reflection, both field components undergo a change in intensity and
phase, which results in a (generally) elliptical polarization. Ellipsometry measures the complex

reflectance ratio for given angles of incidence across a particular spectral range. Adapted from [106].

For smooth, homogeneous and isotropic samples, the pseudo-refractive index
is independent of the incident angle, which means it is sufficient to measure p only
for one angle 9 for unique description of the reflective properties of the material.
Then, the pseudo-refractive index becomes identical with the refractive index of the
material. However, the above mentioned criteria are hardly ever met, often due to
surface-roughness, native oxide layers (the case of a Si wafer) or presence of other
films and overlays. Therefore, the pseudo-refractive index of silicon may be different
from its refractive index. Moreover, in the case of nanostructured materials, the
assumption that the pseudo-refractive index is independent of the incident angle does

not hold anymore, which is due to the presence of subwavelength structures.
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In a more general case such as anisotropic, but still non-depolarizing
materials, it is convenient to make use of the Jones formalism and express the

components of the reflected light in the matrix form

(Ei’):(fp” rs”) B, 3.7)
E; Tps  Tss Ei
where the subscript i stands for the incident and r for the reflected radiation.

Generalized ellipsometry measures the ratios of the Jones matrix elements, i.e.

b e T 53

) ~ )

77'55 rpp f'ss '
the two latter of them being identically zero in the case of smooth, homogeneous and

isotropic samples.

Finally, samples which exhibit depolarization are not compatible with
standard or generalized ellipsometry measurements and thus should be treated by the
Mueller-matrix formalism. This formalism employs Stokes vectors and 4x4 matrices
to account for depolarization, i.e. loss of coherence of the phase and amplitude of the
electric field [107, 108]. The conversion of the polarized light into partially polarized
or unpolarized happens due to surface roughness, film thickness inhomogeneity or
presence of plasmonic resonances. Occuring depolarization may be surmised from
the comparison between Mueller-matrix and Jones-matrix elements or between
reflection intensities and corresponding intensities calculated using Jones-matrix

elements [41].

Anisotropic SERS structures were characterized using acommercially
available spectroscopic ellipsometer Woollam RC2. This ellipsometer employs dual
rotating compensator enabling standard ellipsometry, generalized ellipsometry,
Mueller-matrix ellipsometry and reflectivity measurements in the energy spectral
range from 0.7 to 6 eV. The reflectivity spectra were calibrated with respect to the
oxidized silicon wafer. Woollam ellipsometric software CompleteEase was used to

analyse the experimental data [106].
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3.4. Other experimental techniques used

Apart from the principal experimental techniques described i sections 3.1 —
3.3, some other complementary techniques were used: Absorption measurements of
biomolecules were measured in a 2 mm cuvette using the UV/VIS absorption
spectrometer Specord 250 (Analytik Jena) in the UV/Vis spectral range (190 — 900
nm) at the Division of Biomolecular Physics. Basic characterization of freshly
prepared samples was carried out by the colleagues at the Department of
Macromolecular Physics: The extinction spectra of the prepared plasmonic structures
were obtained using a UV-Vis spectrophotometer Hitachi U-3300. Their surface
morphology was investigated by scanning electron microscopy (SEM, TESCAN
Mira 3, 15 kV accelerating voltage) and topography of the samples was analysed by
AFM in a semicontact mode with standard silicon cantilevers (Multi75DLC, Budget
Sensors). Thicknesses of deposited layers were measured by spectroscopic
ellipsometry (Woollam M-2000DI). The elemental composition of the produced
nanostructures was determined from the survey X-ray photoelectron spectra (XPS)
acquired by an XPS spectrometer that consists of Al Ka X-ray source (Specs, XR-
50) and a hemispherical electron analyser (Specs, Phoibos 100). Wettability of
produced samples was evaluated by a goniometer of custom construction that
consisted of substrate holder, manually operated syringe and a camera connected to
a PC. Image analysis of deposited droplets was done to determine the contact angle

and contact radius.

3.5. Chemicals

All chemicals used within this thesis were purchased from Sigma-Aldrich:

Methylene blue (MB) is a well-established SERS probe molecule and a very
efficient Raman scatterer. This molecule was mostly used for preliminary SERS
testing of selected plasmonic nanostructures and also for the study of polarization

and angular characteristics of anisotropic SERS-active substrates.

Riboflavin (vitamin B2) serves as a cofactor of many key enzymes.

Riboflavin absorbs light in the region between ~ 400 — 500 nm and thus is suitable
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for the study of SERS, SERRS and SEF in the spectral region determined by the
LSPR of our structures.

Cysteine is an important structural and functional component of many
proteins and enzymes and one out of two amino acids containing an atom of sulphur,

which makes this molecule promising to attach to metal surfaces.

Dipicolinic acid (DPA) is a biomarker for bacterial spores such as Bacillus
anthracis [109].

Porphyrins are important biomolecules and their derivatives are applied in
photodynamic therapy of cancer, antiviral treatments, molecular biology, specific
sensing of DNA sequences, selective cleavage of nucleic acids, transport of
oligonucleotides into the cell etc [110]. 5,10,15,20-tetrakis(1-methyl-4-pyridyl)-
porphyrin (H,TMPyP) was used for the SERS testing.

Crr CH3 CHs3
Methylene blue

@) O 0]
HO N\ OH
| HS OH Riboflavin
/ NH,

Dipicolinic acid Cysteine

Figure 11. Chemical structure of several (bio)molecules used within this thesis.
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4. Results and discussion

This section summarizes the main scientific results, most of which has
already been published in peer-reviewed articles in international journals. All these
works are attached at the end of this thesis. Attachment A1, focused on testing of Ag
nanorod arrays for SERS, contains data obtained partly during the diploma thesis
[26]. Attachment A2 deals with Ag nanoislands stabilized by a magnetron-sputtered
PTFE, their preparation, characterization and SERS testing. Both the silver nanorods
as well as silver nanoisland, fabricated at the Department of Macromolecular
Physics, represent two principal substrates investigated during this thesis.
Anisotropic nature of the Ag nanorods was in detail investigated in our work using
polarization- and angular- resolved SERS spectroscopy and ellipsometry. These
experimental findings form the base of our article presented in Attachment A3. Later,
fabrication of silver nanoislands was upgraded, giving rise to gradient surfaces with
the optical properties varying across the sample length. Analysis of their SERS
performance is contained in an article presented in Attachment A4. Experience from
polarization- and angular- resolved measurements worked as an inspiration for us to
write a review article focusing on polarization- and angular- resolved optical
response of molecules on anisotropic plasmonic nanostructures (Attachment A5).
Attachment A6 focuses on fabrication of mixed gold/silver nanoislands in order to
further increase the SERS signal in comparison to single silver coatings. The article
on silver nanoislands for surface-enhanced fluorescence is currently (10" December,

2018) under preparation.

4.1. Measurements on silver nanorods

4.1.1. Optical characterization and SERS testing

Basic principles of nanorod fabrication were described already in section
1.4.2. Nanorods used within this thesis were fabricated by colleagues at the
Department of Macromolecular Physics, MFF UK. Depositions were performed in
acylindrical stainless steel vacuum chamber (40 1) pumped by scroll and
turbomolecular pumps to base pressure lower than 10 Pa. Films were deposited

onto Si wafer support introduced into the deposition chamber by a load-lock system.
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Ar (purity 99.99%) was used as a working gas. The pressure during deposition was
0.18 Pa, magnetron current was 300 mA and the distance between magnetron and the
substrate was 10 cm. The fabrication setup enables the choice of the deposition angle
a between ~ 70° and 85° (Fig. 5). For most SERS measurements, the deposition
angle was set to 85° and the deposition time to 15 minutes. Under these conditions
the mean diameter of individual Ag nanorods was 60 nm, the mean distance between
their centers was 150 nm and the height of the nanorod array was around 200 nm.
This situation is depicted in Fig. 6 where top and side views of the silver nanorods,

acquired by scanning electron microscopy, are presented.

For the sake of characterization of the surface plasmon properties of the silver
nanorods, silver deposition was performed on glass and extinction spectra of
structures fabricated in this way were obtained. Extinction spectra of the silver
nanorods are displayed in Fig. 12. From here it follows that the structures exhibit

plasmon resonance over a very broad range of wavelengths.
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Figure 12. Extinction spectra of Ag nanorod arrays with the main excitation wavelength used for

SERS testing.

Preliminary SERS testing of silver nanorods has already been carried out in

the diploma thesis [26] where spectra of methylene blue, certain amino acids,
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proteins and porphyrins were obtained. It was also found that keeping the substrates
in avacuum chamber immediately after the deposition significantly reduced the

occurence of spurious bands resulting from the preparation procedure.

Two strategies of substrate deposition were chosen for the SERS testing: (i)
a droplet of a stock solution of a particular analyte was deposited on the sample and
left to dry, and (ii) the nanorod substrates were cut into ~ 0.5 cm x 0.5 cm pieces and
immersed in the stock solution of a particular analyte for some time. The latter
approach was used for the testing of uniformity and spectral reproducibility of the
nanorod arrays (using MB as the model molecule) since it results in a more regular
distribution of molecules on the metal surface. Different batches of silver nanorod
arrays were tested by mapping random places at the samples covering 10 x 10
spectral points with an increment of 5 um. Different excitation wavelengths were
tested (515, 633 and 785 nm), but the biggest SERS signal was provided by the 633
nm wavelength. In the case of methylene blue, the best quality of the SERS signal at
633-nm wavelength may not only be due to the biggest scattering cross section of
silver nanorods around this wavelength, but also due to the fact that this excitation
wavelength closely matches the shoulder of the MB absorption band (resonance
effect, Fig. 13). Thus, the wavelength of 633 nm was used for most of other
remaining SERS experiments with silver nanorods. The substrates were found to

provide stable SERS enhancement even when stored for 1 year after the preparation.

664 nm

Absorbance

400 450 500 550 600 650 700 750 800
Wavelength/nm

Figure 13. Absorption spectrum of MB. All excitation wavelengths tested are marked in the picture.
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Figure 14. Reproducibility of MB spectral maps on two different batches of silver nanorod arrays (A
and B) determined using FA. Increments between neighbouring mapping points were 5 um. Spectral
maps on the batch A were taken two days after their fabrication (A1, A2) and after 1-year storage (A3,
A4). Examples of MB spectra with an average enhancement and spectra obtained from hot-spot sites

are depicted as insets of graphs Al, A3 and B1.

Fig. 14 reveals that both substrate batches as well as 2-day and 1-year aged
substrates provide reproducible SERS enhancement (signal variation up to 20%)
apart from occasional hot-spots where the intensity is higher. Higher SERS intensity
obviously comes from the excitation of hot-spots, which are sparsely distributed over
the surface and which negatively influence the SERS reproducibility. In order to

describe this effect more quantitatively, we determined the relative frequency of
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number of hot-spots in a given mapping area (10 x 10 spectral points) using 20
separate spectral maps of MB on a given substrate as well as across different
substrate batches. Assuming for simplicity that hot-spot is a point where the SERS
intensity was at least 3 times the average intensity of a given spectral map, the
relative frequency of hot-spot was found to exhibit the expected Poisson distribution.

The mean number of hot-spots was found to be ~ 4 with the mean deviation of

~ /4 = 2. Therefore, we conclude that the number of hot-spots represents ~ 2% —

6% of the SERS active sites of the mapping substrate area (Fig. 15).
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Figure 15. Comparison of the relative frequency of number of hot-spots in a given map of 10 x 10
spectral points (out of 20 maps in total) with the values predicted by the Poisson distribution with

a fixed mean value of 4.

4.1.2. Polarization and angular dependences of Ag nanorods

Due to the anisotropic nature of the nanorod arrays, this substrate was used
for the study of anisotropic optical response. For this purpose, silver nanorods
fabricated at the deposition angle o = 70° were used. That was because this
deposition angle was found to provide the best-reproducible results during
preliminary measurements. The polarization- and angular-resolved SERS
experiments were carried out in the 90°-scattering geometry in which two out of

three Euler angles determining the nanorod spatial orientation and four polarization
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combinations can be varied simultaneously. This experimental advantage enabled us
to carry out the most in-depth investigation of polarization- and angular-resolved
characteristics of the silver nanorods to date, as far as we know. The testing molecule
was methylene blue. Before SERS measurements, the substrates were cut into ~ 1
cm x 1 cm pieces, immersed in 1x10° M MB solution for 1 hour, then removed and
dried with an air stream. Since this excitation wavelength approaches the slope of the
electronic absorption band of MB, obtained SERS spectra should be considered as

pre-resonance ones (Fig. 13).

For better description of experiments in this section, let us adopt the
laboratory-fixed coordinate system with axes lined up as sketched in Fig. 16. Let us
label the direction along the wavevector of the incident beam ("vertical") the z
direction, analogously the y direction along the wavevector of the scattered beam
and the x direction perpendicular to y and z (perpendicular to the plane of sheet). In
this notation, yz determines the scattering plane. SERS spectra of methylene blue
were retrieved with varying tilting angle of the substrate 8 (corresponding to rotation
about the x axis) and the azimuthal angle ¢ (corresponding to rotation about the
z axis). Four angles ¢ were used in our measurements (0°, 90°, 180° and 270°) with
the angle 6 bound between 20° and 70° (increment 4°, with the exclusion of the
interval between ~ 40° — 50° in order to avoid direct reflection from the surface
falling on the detector). To better describe changes in SERS intensities with both
angles, we further introduce the primed (sample-fixed) Cartesian coordinate system
x‘,y‘, z' where x = x" and z‘ lies at any instant along the substrate normal. Since
there are two basic possibilities of setting the polarization of the incident beam as
well as the scattered beam, a total of 4 different polarization combinations arise,

which we will abbreviate as:
1(ef,edet) = I,  I(ef*, elet) = Iy, (4.1a)
I(ef,ed®) = Iy,  I(ef*,ed®) = Iy, (4.1b)

with the first subscript standing for the excitation light and the second subscript
standing for the scattered (detected) light; v stands for vertical (with respect to the
scattering plane) and h for horizontal polarization. One of the four above-mentioned
polarization arrangements together with angles 6 and ¢ unambiguously define the

experimental configuration for SERS response measurements.
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Figure 16. Scheme of the experimental geometry for polarization- and angular-resolved SERS

experiments.

The samples were glued to a supporting glass slide and fixed to a substrate
holder capable of rotation about the x axis (see Fig. 16). The exact y position of the

holder was set so that the incident beam would intersect the x axis to achieve optimal

focus. Moreover, its z position was slightly readjusted after each change in the angle
6 if needed to retain the laser spot at any instant exactly in the objective axis and to
obtain the highest SERS signal. To keep the sample heating and photodecomposition
at a bare minimum, the laser power was set to 100 mW (focused to a spot of ~ 10
mm? at an angle 8 = 45°). A very simple consideration may help to estimate the role
of hot-spots in the uncertainty of the SERS measurements in this case: Supposing,
for simplicity, 4 hot-spots over the area of 50 x 50 pm? it makes ~ 16000 hot-spot
sites over 10 mm? with the standard deviation of 160002 ~ 126 and the relative
standard deviation of the SERS intensity < 1%. In other words, the actual number of
hot-spots is expected to average out on the mm scale. Uncertainty in our
measurements was therefore caused mainly by slight sample photodecomposition in
the course of our measurements. In order to partly overcome this problem,
measurement in each of the 4 polarization arrangements was repeated twice (4
spectra I,,,, I, I,n, Iy, Were measured in a given order and immediately after in the
exactly opposite order) and the geometric mean of two corresponding spectra was
used for further analysis to account for slight signal diminishment with time. All

spectra were recorded using 30s acquisition time (1s exposition x 30 accumulations).
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Figure 17. Examples of MB SERS spectra obtained under different configurations. Spectra for

different angles 6 are offset for clarity.
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Figure 18. Variation in MB SERS intensities with angles 8, ¢ and polarization arrangement for the
1628-cm™ band.
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Examples of MB SERS spectra obtained under different configurations are
given in Fig. 17. A more detailed account of varying SERS intensities with varying
angles 6, ¢ and polarization arrangement is given in Fig. 18. These intensities,
assumed as height of the 1628-cm™ peak above spectral background, vary up to ~ 1

order of magnitude when measured under different configurations.
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Figure 19. FA results of baseline-corrected MB SERS spectra measured at an angle ¢ = 0°. The
subspectrum S; represents the basic spectral profile and the profile of the V;; coefficients very well fits
the intensity profile of the 1628-cm™ MB band given in Fig. 18. Different polarization arrangements
are distinguished by different colours. Shape of the subspectrum S, and profile of the V;, coefficients
were not reproducible in our measurements and were both extremely sensitive to slight changes in

background subtraction.
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In order to obtain even deeper understanding of varying SERS intensities
with different experimental configurations and to possibly identify subtle spectral
changes such as varying relative intensities across different bands, FA was employed
(Fig. 19). FA results suggest that only the first subspectrum is sufficient so that the
original spectral information is retained within the noise level. Therefore, all
observable MB bands in Fig. 19 exhibit the same polarization and angular-dependent
behaviour. This is in agreement with the fact that most observable bands in the

spectrum are of the same symmetry [111].

Obtained polarization and angular characteristics may be attributed to many
different factors, such as: (i) different surface plasmon coupling efficiency between
the incident/scattered laser field and silver nanorods with changing
polarization/wavevector direction ("plasmonic anisotropy"”), (ii) effectiveness of
collection of the scattered radiation and different laser spot size with a given angle 6
(scaling approximately as ~ cos 8) [112], and especially (iii) interference between
the incident/scattered and reflected radiation as dictated by the surface selection rules
[5, 13, 113]. Briefly, an adsorbed molecule may be thought to be illuminated by two
beams, a direct beam and the beam reflected from the surface, which superimpose
coherently. By analogy, the total scattered radiation results from interference
between a directly scattered beam and the one experiencing a reflection from the
surface. Having adopted the system of coordinates x*, y*, z* as shown in Fig. 16, the

surface selection rules for the 90°-scattering geometry read
Ly ~ lag (1 + 1) (1 +1)1%, (4.2a)
I ~ |y A+ 1) (1 = 1,) cos 0 + afy (1 + 1)1 +7,) sin 6", (4.2b)
In ~ |1+ 7)(ry — 1) cos 0’ + afpe(1 + 1) (A + 1) sin 0|, (4.20)
Inn ~ |y, (1 —1,)(1y — 1) cos @ cost’ + a},,(1 +1,) (15 — 1) sin @ cos 6’
+ag,(1-1,)(1+7))sin6’ cos 6 + al,(1+7,)(1+7)sin6sing’|", (4.2d)

where 6 is the incident angle, identical to the inclination angle sketched in Fig. 16,
6’ =90°— 0 in our geometry, r; and 7, are the Fresnel reflection coefficients 8

related to the frequency of the incident radiation, their primed counterparts refer to

® For the sake of better clarity, Fresnel reflection coefficients are not marked by a tilde (~) within
this section, although they are generally complex.
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the frequency of the scattered radiation and a;;

refers to orientation-averaged

components of the Raman tensor of the adsorbed molecule in the primed frame of

reference (for more details see [5]).

In order to better understand intensity changes with varying angle 8, Raman
spectrum of a Si wafer was measured as a reference (Fig. 20). Fig. 20 demonstrates
the difference between experimentally measured Raman intensities of a Si wafer and
corresponding theoretical values predicted by the surface selection rules, both with
the changing inclination angle & measured in the vv arrangement. For this purpose,
optical pseudo-refractive index of a Si wafer 7i = n + ik was obtained using spectral
ellipsometry as n = 4.11, k = 0.35 (for A = 532 nm) and n’ = 4.05, k' = 0.33 for
A" =547 nm (corresponding to the wavelength of the scattered radiation of the 520-
cm™? silicon mode). The vv arrangement was chosen due to the fact that

corresponding intensities depend only on one term of the Raman tensor [5].
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Figure 20. Left: Comparison between Raman intensities of a Si wafer (black points) and (normalized)
theoretical line predicted by the surface selection rules with the varying inclination angle 8 as
measured in the vv arrangement. Right: The ratios of theoretical/experimental values from the left

graph and their fit by a cos 6 function.

Comparison between experimental and theoretical values implies that their
ratio can be well fitted by an expected cos 6 function [112] and suggests that very
similar effect (variation in the laser spot size with the angle 8, point (iii)) will play
a dominant role also in the case of nanorod arrays. Therefore, in order to diminish the

effect of the geometrical layout, to highlight the difference between different angles
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@ and since we are interested rather in the relative ratios of MB Raman tensor
elements instead of their magnitudes, the depolarization ratios were further analysed
instead of intensities (Fig. 21). For the sake of this section, let us define the

depolarization ratios as

I Iyn Inp
p1= _17, P2 = L' pP3 =7, (4-3)

I‘U‘U I‘U‘U I‘U‘U

all of them normalized to I,, since this polarization arrangement provides

information only on one element of the Raman tensor of the analyte.

P1 = lhy/lyy . P2 = lyh/lwy P3 = lhn/lvy
3| —— 9=90° — 0=90° |7
— = 0° 3 — = 0° 6
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Figure 21. Depolarization ratios of the 1628-cm™ MB band for different angular arrangements (colour
points) and their fit by the surface selection rules with pseudo-refractive indices obtained from

ellipsometry measurements (lines; see further text).

From Fig. 21, it is obvious that the depolarization ratios exhibit strong
dependence on rotating the sample by 90°, although they are fairly insensitive to
flipping the sample by 180°. This was expected for ¢ = 90° and 270° since in both
cases the angle between the axes of the nanorods and incident/scattered wavevector
is the same. More surprisingly, even the ratios for ¢ = 0° and 180° are similar (but
still distinct from ¢ = 90° and 270°), indicating that different surface plasmon
coupling efficiency of light polarized rather parallel/rather perpendicular to the
nanorods has very little effect on the observable characteristics. In other words,
although our nanostructures are morphologically anisotropic, the plasmonic

properties around the wavelength used (532 nm) are rather isotropic and therefore it
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can not be the main reason for the anisotropic behaviour we observed in the SERS

experiments.

In order to theoretically describe the SERS response, ellipsometry
measurements were performed on the nanostructures with the aim of retrieving their
optical constants which enter the surface selection rules (eq. 4.2). Ellipsometry
measurements of the nanostructures were carried out after MB adsorption with
varying angles 6 and ¢ in the same range as in the case of SERS measurements
(Figs. 22 and 23).
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Figure 22. Wavelength dependence of the real and imaginary part of the pseudo-refractive index of
silver nanorod arrays for different angles of incidence 8. Left: ¢ = 90° (virtually identical to ¢ =
270°). Right: ¢ = 0° (virtually identical to ¢ = 180°). Variation with the angle of incidence 6 around

A =500 nm is indicated by arrows.
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Figure 23. Real and imaginary part of pseudo-refractive index 7i = n + ik of the nanostructures and
their variation with angles 6 and ¢ as measured by standard ellipsometry. The values pertain to

substrates after MB adsorption, A = 532 nm.

From ellipsometry measurements several basic conclusions were drawn: As
expected, the optical (pseudo)parameters of the nanostructured layers are strongly
different from the optical constants of the constituent materials. Unlike optical
constants of homogeneous materials, optical constants of silver nanorods depend
(due to the presence of subwavelength structures) on the incident angle 8 and are
strongly influenced by rotating the sample by 90° about the z’ axis (Figs. 22 and 23).
On the other hand, the optical constants are virtually insensitive to rotating the

sample by 180°, which is in full compliance with the SERS results.

Apart from standard ellipsometry measurements, more elaborate approaches
were performed on the nanostructures to take their anisotropic nature in account.

Generalized ellipsometry measurements of the silver nanorod arrays showed that the

ratios :ﬁ :S—”’are < 0.01 (not shown here) and thus the non-diagonal terms of the
pp Tss

Jones matrix were neglected in our calculations. We expect that this is due to rather
densely packed nanocolumns and low porosity of the structures. Measurements in the
reflection mode further revealed that our structures may be treated (around the
wavelength of 532 nm) as non-depolarizing and thus analysed by the standard Jones
formalism. To sum up, all these results justify using standard ellipsometry for

theoretical description of the optical properties of the nanostructured surfaces as well
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as application of the surface selection rules in the form given by egs. 4.2 for

theoretical analysis of the SERS response.

Another purpose of ellipsometry measurements was that it can reveal more
detailed information on the plasmonic properties of the nanorod arrays. Calculated
extinction spectra of our structures for given angles ¢ are depicted in Fig. 24. The
extinctance presented there (E) was computed as E =1—R, where the
reflectivity R was obtained based on the values contained in Fig. 22. Extinctance
features a sharp transverse plasmon peak around 357 nm and a broad band above ~
400 nm, attributed to the longitudinal plasmon mode [44, 114]. The latter is less
intense than expected, probably due to very high reflectivity of the sample above ~

400 nm, which may be partly attributed to the supporting Si wafer.
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Figure 24. Extinctance of the silver nanorod arrays for angles ¢ = 90° (virtually identical to ¢ =
270°) and ¢ = 0° (virtually identical to ¢ = 180°). Extinctance (E) was calculated as E =1 — R,
where the reflectivity R was obtained based on the values @ = n + ik from Fig. 22. The excitation

wavelength is marked with a green arrow, the angle 6 was 45°.

We suppose that the distinction between these two profiles may be attributed
to different periodicity of our structures in the x'/y’ direction. The prepared nanorods

are almost perfectly aligned in the direction perpendicular to the nanorod axes (the
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deviation of the nanorod axes from the x’ axis is negligible from 90°) while the
tilting angle of the nanorods S exhibits a certain distribution around the value of
~ 50°. Since the ¢ = 90°/270° configuration is sensitive predominantly to the former
case, the corresponding plasmonic resonance is expected to be rather sharp. On the
other hand, in the ¢ = 0°/180° arrangement, the angle made between the polarization
vector and axes of respective nanorods exhibits a certain distribution which is
reflected in the inhomogeneously broadened longitudinal plasmon peak above ~ 400
nm. Fig. 24 indeed suggests that the coupling efficiency for A = 532 nm is almost
identical for all four angles ¢ and therefore the difference in the SERS responses
when rotating the sample about the z’ axis is mostly dictated by interference between
the incident/scattered and reflected radiation. "Higher plasmonic anisotropy" is more
likely to arise at shorter wavelengths as can be seen in Fig. 24 where the two curves

differ more obviously, although more extensive research is required to confirm this.

To again summarize the basic idea of our approach, the experimentally-
measured SERS intensities were used to calculate the depolarization ratios. These
depolarization ratios are related to specific values of the Raman tensor element of the
analyte via optical (pseudo)parameters of the sample. Thus, knowing the optical
(pseudo)parameters of the sample, it is possible to use the surface selection rules 4.2
to fit the measured SERS depolarization ratios (colour points in Fig. 21). These fits
provide information on the relative ratios of Raman tensor elements of the probe
molecule and are represented by solid lines in Fig. 21. The obtained results are

summarized in table 1.

Table 1 clearly demonstrates basically comparable values of ay,, ay,,, ay,
and ay, and considerably lower values of a;,, ay,, azy, a;, and az,. MB belongs to

the C2 point group symmetry with the vibrational representation I'3N=6 =54 A @
54 B [111]. The strongest MB band at 1628 cm™ belongs to the A species which

!

transform as x'*, y'?, z’> and x'y’ (2’ being the axis of symmetry of the molecule)
[111]. Moreover, almost all the other observable bands in the SERS spectrum exhibit
very similar intensity profile and thus very similar relative magnitudes of Raman
tensor elements as already discussed using FA. This conclusion is also justified by
the fact that the pseudo-refractive indices change very little within the Raman shift
wavelengths. Thus, for the MB orientation on the surface with the symmetry axis

along the z’ direction (the plane of the fused phenyl rings perpendicular to the
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substrate), the as,, ay,, @y, and a;, Raman tensor elements are expected to be
enhanced most while the as,, az,, ay, and ay, elements should tend to zero.
Therefore, we conclude that the orientation of the MB molecule on the surface is
predominantly edge-on. This is in aggreement with literature since at higher
concentrations the MB is supposed to take rather edge-on adsorptive stance on the
surface with the face-on orientation preferable at lower concentrations [5, 111, 115].
The concentration used in our experiments (10° M) is expected to be slightly above

the complete surface coverage [111, 116].

al, 0.18 0.12 0.17 0.12
ayz 0.01 0.09 0.01 0.01
Azy 0.24 0.16 0.23 0.16

Table 1. Relative magnitudes of Raman tensor elements (normalized to a.,) of the 1628-cm™ MB
band for different angles ¢. These fits were obtained by fitting the SERS depolarization ratios against
the surface selection rules. Values revealed by the fit of p, are highlighted in red, by p, highlighted in
yellow and by p5 highlighted in grey.

The similarity between the MB Raman tensor elements for four angles ¢ is
rather peculiar since it indicates that the molecules do not follow the curved
orientation of the nanostructured surface. It suggests that the molecules actually do
not cover the lateral surface of the nanowires and probably aggregate in the vicinity
of the nanorod tips. This may be caused by rather densely-packed nanocolumns, low
porosity of the nanostructures and surface tension of the solution [117], but
obviously more in-depth experiments are required to confirm this. We propose that
this could be further validated by testing different solvents, different analytes and
their concentration-dependence or by preparing different nanocolumn height,

porosity or constituent materials.
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4.2. Measurements on metal island films

4.2.1. Optimization of silver nanoislands for SERS

Another plasmonic substrate used within this thesis were silver nanoislands
growing on a magnetron-sputtered polytetrafluoroethylene (PTFE) film. Fig. 25
shows the scheme of the multilayered design of these SERS-active structures. Their
topmost layer is formed by silver nanoislands that are responsible for the SERS
effect. Silver nanoislands are supported by a dielectric film made of magnetron-
sputtered PTFE, which works as a dielectric separation layer and stabilizes the
nanoislands in aqueous environment. This film may be deposited directly on the
supporting glass slide, but often a smooth layer of metal was introduced between the
glass and the PTFE film. We showed that the presence of the base metal layer serves
as a mirror for the incident laser beam, reflecting part of the incoming radiation back
to the surface, which increases sensitivity of our measurements by another ~ 1 order

of magnitude [95].

Ag nanoislands

A A A\

magnetron sputtered PTFE I d=10-160 nm

base metal layer (optional)

Figure 25. Schematic representation of the prepared nanostructures.

Our optimization strategy of the fabrication procedure was carried out in the
following way: The first parameter varied was the deposition time of the silver
nanoislands, while the thickness of the PTFE film was kept constant (40 nm) and no
back-reflector layer was utilized. Then, a smooth layer of metal was introduced

between the supporting glass slide and the PTFE film, while the thickness of the
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PTFE film (40 nm) and the deposition time of the silver nanoislands (100 s) °
remained unchanged. The final step of the optimization process involved variation in
the thickness of the dielectric PTFE layer between 10 and 160 nm in efforts to further
maximize the SERS signal. In all stages of the optimization process, MB was used as
the SE(R)RS probe molecule.
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Figure 26. SEM images of sputtered Ag onto PTFE film. Deposition time was a) 20 s, b) 50 s, ¢) 100 s
and d) 200 s; e) 100 nm x 200 nm section of AFM image of Ag deposited onto PTFE film for 100 s,
f) corresponding height profile and g) height histogram.

Variation of the deposition time resulted in different morphologies of the
nanostructures ranging from small individual silver nanoparticles of dozens of nm at
short deposition times to an interconnected silver network observed at longer
deposition times (Fig. 26, a — d). Different morphologies of silver coatings
consequently resulted in different extinction spectra, and thus different LSPR

% The total amount of silver grown on the supporting PTFE layer depends not only on the deposition
time, but also on the deposition speed (lower deposition speed requires higher deposition time and
vice versa). As the deposition speed was not kept strictly constant for all measurements throughout all
experiments described in this thesis, corresponding optimum deposition times may differ from the
value of 100 s (see sections 4.2.2. — 4.2.4.).
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condition (Fig. 27). For further SERS testing, the deposition time was set to 100 s,
corresponding to the surface composed of individual silver nanoislands in close
proximity to each other. In this case, the average height of Ag nanoislands was ~ 6
nm, the root-mean-square roughness ~ 1.1 nm (Fig. 26, e — g) and the extinction
maximum wavelength (673 nm) slightly red-shifted with respect to the incident laser
wavelength (633 nm). The rightmost part of obtained SERS spectral region (~ 1700
cm™) corresponds to the wavelength of approximately 710 nm, which means that
both the incident and the scattered radiation may be optimally enhanced. The
position and the shape of the extinction band were found to be unchanged within 6
weeks storage after the deposition (Fig. 27 right).
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Figure 27. Left: Extinction spectra of Ag sputtered onto PTFE film under different deposition times.
Right: Extinction spectra evolution with storage time (100s deposition). The excitation wavelength
(633 nm) and the rightmost part of measured SERS spectral region (corresponding to 1700 cm™) are

marked by arrows.

In the second step of the optimization process, a smooth layer of metal back-
reflector was introduced in the structures as sketched in Fig. 25, expected to provide
stronger SERS signals on account of the optical interference effect [118]. Different
metal back-reflectors (Ag, Au, Al and Cu) were tested as can be seen in Fig. 28. Our
results clearly show the role of the bottom layer of metal, acting like a mirror for the
incident laser beam. The maximum signal increase was found for Ag, which is
consistent with the fact that Ag is the most reflective metal in the 600 — 700 nm

region [3].
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Finally, thickness of the dielectric PTFE layer was adjusted. Changes in the
thickness of the PTFE films were accompanied by changes in the SERS signal as can
be seen in Fig. 28. Fig. 28 demonstrates that the SERS signal rises very sharply as
the thickness d of the PTFE layer increases up to d ~ 80 nm and reaches a plateau
for d > 80 nm (corresponding MB intensities for d = 80 nm and d = 160 nm tend to

be the same within the experimental error).
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Figure 28. (A) Dependence of the SERS signal on the type of the underlying metal layer (including
glass), (B) dependence of MB SERS signal on the thickness of the PTFE film with the underlying Ag
layer, (C) concentration dependence of MB SERS spectra on different structures with the underlying
Ag layer (intensity determined as the height of the MB peak at 1624 cm™ above spectral background),
(D) MB spectra on the optimized structures — concentration dependence (80 nm PTFE, underlying Ag
layer). Note logarithmic axes in graphs (B) and (C). Spectra in graph (D) are offset for clarity.

Concentration dependence of MB SERS spectra on the optimized structures
(100s nanoisland deposition, underlying silver back-reflector) is displayed in Fig. 28.
In all cases, substrates were cut into x2 ~ 3 mm x 3 mm pieces, immersed in a MB
stock solution of a particular concentration for 30 minutes, then removed from the

solution and dried with an air stream. For MB concentrations lower than 1072° M the
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signal is overlapped by strong PTFE background and that is why we conclude that
the 10™° M concentration is the detection limit of MB. Indeed, spectral background
intensity for cgzrs = 10™° M is ~ 900, corresponding to the noise level of o~ 900"
= 30, whereas the MB intensity is ~ 100 above spectral background. This is in
agreement with the commonly established definition of the limit of detection (LOD),

according to which the condition for limit of detection is given by c;op = 3o [69].

Another quantity evaluating the SERS performance of our optimized
structures is the SERS enhancement factor. We determined the substrate
enhancement factor, which requires estimation of the number of molecules
contributing to the SERS signal. The exact number of MB molecules present in the
measured spot is difficult to determine precisely, however, we tried to estimate the
surface coverage of the silver substrate by estimating the drop in the initial stock
solution concentration (10”7 M) after soaking the silver substrate. After the 30 min
soaking, the final concentration of the stock solution is expected to be (1 — §)x10”’
M for acertain § € (0,1). Because this concentration range is too low for
absorption measurements, we let another substrate soaked in the stock solution and
investigated the drop in the SERS intensity with respect to the 107 M soaking
concentration intensity. This experiment was repeated twice and in both cases the
SERS intensity decreased to ~ 80% of the original value. Therefore, we estimate § to
be ~ 0.2 (assuming constant sensitivity at a certain small vicinity of the 107 M MB

concentration as the first approximation).

The substrate enhancement factor was calculated considering the intensity
ratio of the strongest MB band at SERS spectra (Iszrs) and at non-SERS (resonance
Raman) spectrum (Izzs) acquired from a 1.5x102 M MB solution dropped onto
aglass slide and left to dry, measured at the same experimental conditions and

normalized to number of respective molecular scatterers:

_ ISERS/NSERS

EF = , (4.4)
IRRS/NRRS

where Nggrs IS the number of molecules participating in SERS measurements and

Ngrs in the non-SERS case.

The MB drop on the glass surface had a diameter of a ~ 2.6 mm and the

pipetted volume was Vizgs = 2 ul, which implies that the surface coverage in the case

71



of non-SERS measurements was ~ 3x10*" molecules/cm?. Substituting these values

in eq. 4.4 yields

EF = Isgrs/Nsgrs 4 x® CcrrsVrrs Isers

= —— . (4.5)
Irrs/Nggs 78 a? csprsVsers Irrs

Since the MB molecules are evenly distributed on the Ag surface, the biggest
uncertainty of the previous formula lies in the determination of Iz and in the factor
6 representing the efficiency of binding the molecules in the solution to the silver
substrate. The distribution of MB molecules on glass is rather nonuniform due to
creation of molecular aggregates. That is why Iz Was determined on the basis of
averaging of ~ 1000 spectra (and verified by multiple separate calculations carried
out on different areas of the drop), producing the value of Izzs ~ 24 (as compared to
Isgrs ~ 90, Fig. 29). Even if the value of § were unknown, 1/§ must be > 1 with the
most likely value of ~ 5. Putting the numerical values in eq. 4.5 (taking the
aforementioned uncertainties into account) leads to the biggest EF (for 10™° M
concentration) between 2x10° and 10°. Thus, EF of our substrates is about 2 orders
of magnitude higher than EF commonly reported in literature for Ag nanoislands
growing directly on glass [96].

SERS, 107" M soaking concentration

Raman intensity

non-SERS, 1.5%x1072 M dripping concentration

#J\AM*_M_“__ﬁ__ﬁ___hk_M__~=—_ak—J\~*«__~Ag_

400 600 800 1000 1200 1400 1600
1

Wavenumber/cm™

Figure 29. Comparison of SERS and non-SERS MB spectra. Non-SERS spectrum is averaged from
1000 spectra taken across the drop. Spectra are offset for clarity, but the relative proportion between

corresponding band intensities (above spectral background) is maintained.
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Similarly to the case of silver nanorods, reproducibility of silver nanoislands
was evaluated on the basis of spectral mapping (several maps for each measured MB
concentration including maps obtained both across a single substrate as well as on
different substrate batches), usually comprising 10 x 10 spectral points with an
increment of 5 um. Freshly prepared substrates as well as samples ~ 5 months old
(being stored in normal laboratory condition) were included in the reproducibility
determination. Examples of spectral maps for various MB concentrations measured

under the same experimental conditions are given in Fig. 30.

014 160 nm PTFE, 107 M MB 160 nm PTFE, 10° M MB 160 nm PTFE, 10 M MB
RSD = 6.9 % RSD =10.7)% RSD=12.7 %

012

0.10

= 0.08

0.08

0.04

0.02

0.00
0 20 40 &0 80 100 0 20 40 &0 80 100 0 20 40 &0 80 100

0.14 80 nm PTFE, 107 M MB 80 nm PTFE. 10 M MB 80 nm PTFE, 107 M p1B

o1z RSD=72% RSD =108 % RSD=16.3%

0.10
= 0.08
0.08
0.04

0.02

0.00
0 20 40 &0 80 100 0 20 40 &0 80 100 0 20 40 &0 80 100

Figure 30. Reproducibility of six representative spectral maps for various MB concentrations

measured under the same experimental conditions in terms of coefficients V;, as evaluated using FA.

For all the measured maps on optimized structures down to 10° M MB
concentration, the RSD calculated over the whole spectral range did not consistently
exceed 20% (Fig. 30), which demonstrates excellent spectral reproducibility.
Spectral reproducibility of silver nanoislands is thus better than reproducibility of
silver nanorods with almost no presence of hot-spots, making silver nanoislands an

ideal candidate for biomolecular quantitative (sensing) applications.

Let us briefly turn back to the surface coverage, discussed previously.
Although the equilibrium constant between the number of adsorbed molecules and
the number of molecules in the solution may be slightly different for different

concentrations, our calculations suggest the surface coverage of ~ 10
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molecules/cm? for the lowest measured (10™° M) MB concentration and thus ~ 10°
MB molecules in selected measured spots that we are able to detect. On one hand,
our nanostructures do not provide the single-molecular sensitivity, which is in turn

overcome by very good reproducibility of our substrates.

The potential of our substrates for quantitative SERS analysis of
biomolecules was further tested using H,TMPyP, DPA and amino acid cysteine.

SERS spectra of these analytes are depicted in Figs. 31 — 33.
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Figure 31. SE(R)RS spectra of H,TMPyP on the SERS nanoislands and two representative spectral

maps for two different concentrations. Ag substrate was dipped in adsorbate aqueous solution for 30

min.
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Figure 32. SERS spectra of DPA on the silver nanoislands. Ag substrate was dipped in adsorbate
aqueous solution for 30 min, spectra are baseline-subtracted. Inset: Dependence of SERS intensity
(assumed as the height of the strongest peak in the DPA spectrum around 1009 cm™) on DPA
concentration. This dependence can be well fitted by a line (in a semi-logarithmic scale), which could

allow easy quantitative determination of DPA concentration in an unknown sample.
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Figure 33. SERS spectra of cysteine on the silver nanoislands. SERS signal was obtained by dropping
a 2 ul drop of a cysteine stock solution on the optimized nanostructures. Presented spectra are

averaged from 1000 spectra taken across a mapping array and offset for clarity.
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4.2.2. Gradient silver nanoislands

Later, gradient silver nanoislands, i.e. structures with the LSPR properties
changing continuously along the sample length, were fabricated at the Department of
Macromolecular Physics. In this case, a moveable mask was introduced in between
the substrate and the magnetron during the process of deposition of the nanoislands
in order to enable fabrication of surface gradients of the silver coatings. Since
different spots on the sample differ in the deposition time of the silver nanoislands,
different spots on the sample are expected to be characterized by different LSPR
condition and different morphology across the sample length, similar to that in Fig.
26. Moreover, by implementing different mask speeds, one can tailor the course of
the LSPR gradient and width of the resonance curves. Lower speed of the mask
caused bigger differences in the amount of incoming atoms and thus also bigger
differences in inter-particle distances on particular positions on the sample [119].
Therefore, LSPR curves corresponding to lower mask speed are much more
inhomogeneously broadened. Examples of extinction spectra of the prepared
structures (characterized by the same methods as in the case of "normal” (non-
gradient) silver nanoislands) and dependence of the spectral position of the LSPR
peak on exposure time and position on the sample, respectively, is shown in Figs. 34
and 35.

Speed of the mask 1 cm/15 s Speed of the mask 1 cm/30 s
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Figure 34. Extinction spectra of the prepared structures. Dependence on the speed of the mask and

position on the sample is shown.
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Figure 35. Dependence of spectral position of the LSPR maximum on a) exposure time, and b)

position on the sample for two different mask speeds.

Detailed SERS intensity profiles were measured using riboflavin (¢ = 3 %
107> M in water) as the model biomolecule. 3 — 4 drops (2 ul) of the riboflavin
solution were deposited evenly across the sample length (~ 3 cm), each of the
droplets possessing a different LSPR condition. The limited spatial resolution,
imposed by an uncertainty in the determination of the LSPR maximum in respective
positions on the sample, is comparable to the droplet diameter (~ 2 mm) in our case.
In order to enable rough intensity comparison across different wavelengths, Si wafer
was employed as an external intensity standard. This approach accounts for
fluctuating laser power as well as the f*-dependence imposed by using different
excitation wavelengths [3]. It is obvious that using the excitation wavelength 488
nm, the SERS may be considered as resonance (SE(R)RS), as pre-resonance in the
case of the excitation wavelength 515 nm and as out-of-resonance in the case of the

633-nm excitation wavelength (Fig. 36).

Spectral positions of respective riboflavin vibrational modes are virtually
identical for all three excitation wavelengths and correspond well with riboflavin
SERS spectra reported in literature [120, 121]. The SERS spectrum is dominated by
bands centered around 1342 and 1624 cm™, attributed to the vibrational motion of
the isoalloxazine ring, which interacts with the Ag surface. These two bands have
also obviously biggest contribution from the molecular resonance as their relative
proportion with respect to other observable bands is most significant in the case of
488-nm excitation wavelength (to a lesser extent, this effect may be attributable to

the f*-dependence of different vibrational modes).
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Figure 36. Left: Absorption spectrum (blue) and fluorescence spectrum (green) of riboflavin with the
excitation wavelengths marked. Right: Examples of riboflavin SERS spectra taken with different

excitation wavelengths normalized with respect to the most intense Raman band.

Most importantly, the effect of the wavelength used is expected to be
reflected in the SERS intensity profile when measured along the sample length (in
different positions possessing different LSPR conditions). This situation is depicted

in Fig. 37.
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Figure 37. SERS intensity profile with different wavelengths of LSPR maxima across the sample. 2
different mask speeds and 3 different excitation wavelengths were tested. SERS intensities were
normalized using a Si wafer as an external intensity standard. The horizontal error bars represent

uncertainty in determination of the LSPR maxima (drop size). The vertical error bars were determined

from spectral mapping.

The SERS intensity profile with respect to the LSPR maximum position in
Fig. 37 results from an interplay between two basic effects: (i) the electromagnetic

scattering cross section of the nanostructure (depending on the exposure time of
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a particular position on the sample to the Ag flux and consequently different
extinction profile and LSPR condition), and (ii) the spectral position of molecular
resonance with respect to the excitation wavelength. For the excitation wavelengths
515 nm and 633 nm, the electromagnetic enhancement mechanism is the most
dominant. In these instances, the SERS intensity is dictated mainly by (i) the degree
of spectral overlap between the LSPR band and the excitation wavelength, and (ii)
the scattering cross section on the nanostructures. The scattering cross section of the
nanostructures rises when the LSPR position shifts to the red and starts to decrease
when a certain size limit is reached [20, 22, 122, 123]. The maximum enhancement
in this case was found around the position of LSPR maximum of ~ 630 nm,
irrespective of the excitation wavelength used. This can be possibly explained by the
fact that using the mask speed 1 cm/30 s, extinction maxima are rather broad and all
wavelengths (partly including also the 488-nm wavelength) fall into the LSPR band.
It suggests that not only spectral position of LSPR maximum, but also the shape and
width of the LSPR peak is decisive for the optimum SERS enhancement. The shape
of the SERS intensity profile well correlates with the dependence of the extinction
maximum on the LSPR position except for a small shoulder around 500 nm in the
case of the 515-nm excitation wavelength, which is obviously due to the fact that this
excitation wavelength approaches the slope of the riboflavin absorption band (pre-
resonance SERS). Above ~ 650 nm, the SERS nanostructures turn into a smooth
film, which results in decrease in the SERS signal. In total, under the conditions of
optimum excitation (position of LSPR maximum around 630 nm), the SERS
intensity in the case of 633-nm excitation wavelength is about 4x higher in

comparison to the 515-nm and 488-nm wavelengths.

For the resonance SERS (excitation wavelength 488 nm), a sharp maximum
was found close to the excitation wavelength. This is most likely because of the
decisive role of the molecular resonance, which decays rapidly when shifting the

LSPR condition of a particular position on the sample off resonance [39].

An aspect, which has not been yet resolved by our measurements, is whether
or not the enhancement effect (intensity profile, Fig. 37) is different for different
riboflavin modes depending on the excitation wavelength. Our measurements
revealed that the trend followed by the graphs in Fig. 37 is (within the experimental
error) identical for all riboflavin modes and no significant difference was observed
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for larger or smaller Raman shifts (not shown here). However, since SERS benefits
from enhancement of both the incident as well as the scattered radiation, different
enhancement of different riboflavin modes is predicted, which has also been
experimentally demonstrated previously [40, 124]. However, in the case of the 633-
nm excitation, the Raman-shift for the 1624-cm™ mode is no bigger than ~ 72 nm,
which is obviously too little with respect to the width of the LSPR curves (FWHM ~
100 — 300 nm) and their shallow maxima to be observable. A strategy which could
more likely elucidate this effect would require dipping the gradient substrate in
a stock solution (instead of measuring from droplets) and taking large amount of
spectra continuously across the substrate (alternatively, this could be performed by
examining the ratio of Stokes to anti-Stokes modes [124, 125]). FA could reveal
small differences in the enhancement factors of different vibrantional bands.
Unfortunately, due to high required consumption of silver substrate in this case, this

type of experiment could not have been performed.

4.2.3. Gold nanoislands and mixed gold/silver nanoislands

As already mentioned, the theoretical enhancement provided by gold is
smaller in comparison to silver, mainly due to bigger imaginary part of the dielectric
function. Another consequence is that for the fixed deposition time, LSPR peak for
gold appears at higher wavelengths in comparison to silver. This is demonstrated in
Fig. 38 where the evolution of extinction spectra of silver and gold nanoislands

grown on magnetron-sputtered PTFE film is shown.
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Figure 38. Evolution of extinction spectra of Ag (left), Au (middle) and mixed Au + Ag (right)

nanostructures with deposition time.
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However, the main drawback of this approach is that the spectral position,
height and width of the LSPR band are coupled and can not be independently
controlled. This limitation may be overcome using bi-metallic coatings. In this
approach, the substrates are first seeded with gold nanostructures that are in the
second step overcoated with silver. Fig. 38 (right) shows extinction spectra of these
structures with 12 s pre-deposition time of gold and varying deposition time of silver
overcoat. As can be seen, spectral position of the LSPR peak does not virtually
change (except for the longest Ag deposition time) which enables to examine the
dependence of the SERS intensity on height of the LSPR peak. This dependence is
depicted in Fig. 39.
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Figure 39. Left: Comparison of MB SERS spectra for optimized Au, Ag and Au/Ag nanostructured
coatings. Right: Dependence of MB SERS intensity (peak around 1632 cm™) on the deposition time of

Ag for mixed Au/Ag nanostructured coatings with fixed pre-deposition time of Au (12 s).

It is obvious that optimization of single-metal (silver) nanostructured using
Au/Ag bi-metallic structures, it is possible to tune in a certain range both the position
and the height of the LSPR peak simultaneously, which is not attainable for single
metal Ag and Au coatings prepared by the same technique. This can be explained by
the assumption that the Ag nanostructures do not grow laterally, but mainly in the
direction perpendicular to the surface (silver preferentially grows on gold
nanoislands and does not fill the voids in between them). This finding was also
supported by very similar morphology for Ag and Au/Ag nanostructures (revealed by
SEM) and by the XPS data [126]. Using MB as the testing molecule, mixed Au/Ag
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nanostructures provide ~ 4x higher SERS signal in comparison to single Ag coatings

and ~ 20x higher SERS signal in comparison to single Au coatings.

Opposite strategy, i.e. seeding the substrates with silver nanostructures and
overcoating them with gold, did not in our experiments produce stronger SERS
signal in comparison to single Ag or mixed Au/Ag nanostructures (not shown here).
This can be explained by the fact that the layer predominantly responsible for the
enhancement effect is the upper layer (due to the distance effect) and the
enhancement provided by gold is generally weaker in comparison to the
enhancement provided by silver. We assume that this approach could be beneficial to
molecules which specifically bind to gold (and not to silver) as very small gold
overcoat over silver nanoislands could promote the surface adsorption while
retaining the enhancement capability of silver. However, the molecules used in our
case (MB, riboflavin, porphyrins) tend to bind strongly to both silver and gold,
therefore utilization of the gold overcoat resulted in total in decrease of the SERS

signal.

4.2.4. Silver nanoislands for surface-enhanced fluorescence

Silver nanoislands overcoated with magnetron-sputtered PTFE were used for
the study of surface-enhanced fluorescence of riboflavin in water and DMSO,
respectively. In this case, deposition time of Ag nanoislands was set at 22 s,
corresponding to a broad extinction peak centered around 500 nm, overlapping both
the absorption and the emission band of the fluorophore. After deposition of the
PTFE cover layer, spectral position of the plasmon resonance did not virtually move,
only the intensity of the peak slightly increased (Fig. 40). Different thicknesses of the
PTFE overlay were used, ranging between 5 nm and 25 nm as measured by
spectroscopic ellipsometry. We systematically monitored the SEF intensity and

lifetime dependence of riboflavin with respect to the thickness of the PTFE spacer.

82



— 0nm PTFE
0.25 - —— 5nm PTFE

15 nm PTFE
/ 25 nm PTFE

0.20 -

0.15 - /

Extinction

0.10 -

0.05 4 - 445 an TSSO nm
0 400 500 600 7

T

30

T T T

00 800 900
Wavelength/nm

Figure 40. Extinction spectra of silver nanoislands overcoated with PTFE layer of various thicknesses
used for the SEF of riboflavin Excitation wavelength (445 nm) is incidated by a blue arrow,
approximate position of emission maximum wavelength of riboflavin in a water solution is indicated

by a green arrow.

Different strategies were tested in order to optimize the conditions for
retrieving riboflavin fluorescence spectra. Deposition of a droplet of the riboflavin
stock solution on the sample and letting it dry produced inhomogeneous drying
patterns and extremely irreproducible SEF signal when scanning the area. Due to
hydrophobicity of the PTFE spacer, most of the molecules aggregated at the edges of
the former drop, similarly to the coffee ring effect [71, 127]. Since the target
molecules do not attach to the substrate simultaneously when incubating the sample
in the riboflavin stock solution, we tried depositing the droplet of the riboflavin stock
solution on the sample and collecting the SEF signal after focusing the laser beam on
the interface between the droplet and the topmost layer of the sample (Fig. 41).
A major advantage of this approach is also absorption of thermal energy of the laser
beam in the droplet reservoir, significantly reducing the photodegradation rate of the
analyte in comparison to measurements on the dried surface. It also enables direct
comparison between lifetimes measured in this way and riboflavin lifetime measured

in a solution. In this instance, reproducibility of the SEF spectra, determined by
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spectral mapping on 7x7 points over ~ 100x100 um droplet area, was around 11%

(Fig. 42).

Figure 41. Scheme of the SEF measurements. Profile of the field distribution when focus is placed

exactly on the interface is shown. Quantities determining geometry of the experiment are described in

the text.
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Figure 42. Typical reproducibility of SEF measurements, determined by spectral mapping of the

droplet on 7x7 points over ~ 100x100 pum surface area.

A simple geometry of the droplet (Fig. 41) reveals that
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_ mp*(1 = cos¥9)?(2 + cos V)

4,
3sin3v9 (4.6)

v
V= ?(SPZ + 172)

where V is the droplet volume, v the droplet height, p the contact base radius of the
droplet and 9 the contact angle. 5ul droplets were used in the case of DMSO and
10ul droplets in the case of water (bigger droplets were used in the case of water in
order to slow down the rate of droplet evaporation, which negatively influences
obtained data). Thus, dimensions of the droplet can be computed numerically

depending on the droplet volume V and the contact angle 9.

Intensity profile of SEF spectra of riboflavin and corresponding lifetimes
(averaged from 4 — 5 independent measurements) are depicted in Figs. 43 (DMSO)
and 44 (water). Intensities were assumed as height of the riboflavin emission band
centered between ~ 550 — 600 nm above spectral background. In both cases,
dependence of fluorescence intensity on the thickness of the PTFE overlay follows
the characteristic pattern and exhibits the maximum around the thickness of ~ 5 nm.
Fluorescence quenching is observed when no overlay is used, while for the thickness

of the spacer > 10 nm the distance effect caused the intensity to fall off rapidly.
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Figure 43. Emission intensity spectra of riboflavin in DMSO dropped on Ag nanoislands covered by
aPTFE spacer of various thicknesses (left). Right: Riboflavin lifetimes. Concentration of the
riboflavin stock solution was 10" M. Riboflavin lifetime in a 10°> M DMSO solution was measured as

TF,D = (2.9 i 0.1) ns.
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Figure 44. Emission intensity spectra of riboflavin in water dropped on Ag nanoislands covered by
a PTFE spacer of various thicknesses (left). Right: Riboflavin lifetimes. Concentration of the

riboflavin stock solution was 10° M. Riboflavin lifetime in a 10° M water solution was measured as

Tpy = (5.0 £ 0.1) ns.

The riboflavin lifetime in a 10° M water solution was measured as Tpyw =
(5.0 + 0.1) ns, which corresponds well with the values in literature [128, 129]. The
value of t, reported therein is 7,, = (18 = 1) ns, which produces the values
[y ~56:107s™1, kypy ~ 14107 s and Qg ~ 0.28 using egs. 1.19 — 1.24.
For 10° M DMSO solution, the corresponding values are Trp = (29 £ 0.1) ns,
Tpp =13.5ns,Tp ~7.4-107 57, kypp ~ 2.7 - 108 s™T and Qq p ~ 0.21.

Since the quenching effect fades out with approximately d3 dependence [56],
k,, may be considered negligible for distances > ~ 4 — 5 nm. Under this

approximation, all variables occurring in egs. 1.36 — 1.40 can be unambiguously

computed (table 2). In this instance, the ratio Q& is bigger than 1, which means that

0

fluorescence is enhanced. However, because of the limited range of the
electromagnetic effect, the enhancement drops off rapidly with further increasing d.
On the other hand, the rate of nonradiative decay is greatly enhanced when the
fluorophore and the metal surface are closely contacted, which results in

fluorescence suppression.
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Water

PTFE thickness/nm Tem /NS | Tpm/Tp | Ty [10757] Q/Qo
0 4.45 0.89 X X
5 4.35 0.87 2.99 1.34
10 4.44 0.89 2.51 1.29
15 4.53 0.91 2.08 1.24
20 4,57 0.91 1.91 1.23
25 4.82 0.96 0.74 1.09

DMSO

PTFE thickness/nm Tem /NS | Tpm/Tr | T [10757] Q/Qq
0 2.70 0.93 X x
5 1.87 0.64 18.99 2.30
10 2.40 0.83 4.17 1.39
15 2.51 0.87 3.11 1.30
22 2.70 0.93 1.48 1.15

Table 2. Lifetime characteristics of riboflavin in respective environments and their implication on

quantum yield enhancement (Q/Qy). Lifetimes were experimentally measured, all other characteristics

were computed using eqs. 1.36 — 1.40 under the approximation k,,, = 0.
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Figure 45. Fluorescence enhancement correlated with quantum yield enhancement as computed using

fluorophore lifetime characteristics for both water (left) and DMSO (right).

From Figs. 43 and 44, it is obvious that fluorescence enhancement

corresponds well with fluorophore lifetime shortening. Using eqgs. 1.36 — 1.40, it is

also obvious that in the case of DMSO, the quantum yield enhancement computed

using the information regarding lifetime shortening almost perfectly fits the

enhanced fluorescence intensity (Fig. 45 right). However, several important issues

must be yet addressed before more precise conclusions are made:
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It is clear that the enhanced fluorophore characteristics (lifetime and
intensity) are much more pronounced in the case of DMSO than in water, although
the riboflavin quantum vyields in water and DMSO, respectively, differ by less than
20%. We hypothesize that this difference is caused by different efficiency in binding
the riboflavin molecules from the "free" solution on the metal interface and also
different contact angles of DMSO/water droplet on the interface (9 ~ 71° for DMSO
and 9 ~ 105° for water, virtually irrespective of the spacer thickness). Even in the
case of DMSO, the enhancement is not very high, considering typical SEF
enhancement factor in literature up to ~ 10° [54] *°. This may be partly due to the
fact that total fluorescence intensity obtained during the experiment may be thought
of to be comprised of two main contributions: (i) a certain proportion of molecules
adsorbed on the interface (either enhanced or quenched), and (ii) molecules in the
bulk medium. Using our experimental setup, the theoretical diffraction-limited laser
spot size on the sample is

d~ W ~5.5 um, (4.7)

and the theoretical focal depth is [130, 131]

42
L~ ~180um, (4.8)

which implies that out-of-focus contributions to the total collected signal can not be
neglected. Following efforts have been made with the aim to identify the relative

proportion of the two contributions to the total signal:

In order to estimate the surface coverage, we performed a set of experiments
consisting of dripping a series of droplets on the substrates used for SEF
measurements, consequently removing the liquid phase (part of the molecules not
attached to the interface) with a pipette and determining the drop in absorbance with
respect to absorbance of the stock solution. In the case of DMSO, absorbance of the

free droplet was found to be ~ 50% of absorbance of the stock solution (after several

' The question how to actually define the SEF enhancement factor in our case is not trivial (see
further text). It is not very intuitive to use the definition as the ratio of the fluorescence signal as
measured from the drop on the enhancing substrate and from the drop on a Si wafer as the contact
angle measured on Si is completely different (31° for water and 19° for DMSO) from the values
obtained on the enhancing substrates. Therefore, the total number of molecules affected when
measuring on Si and the enhancing substrate is typically completely different.
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repetitive measurements), which suggests that roughly half of the molecules present
in the DMSO droplet attach to the surface and half of the molecules remain "free" in
the solution. Although this method is not very accurate considering the concentration
used (10 M) and the cuvettes used (optical path = 2 mm), it provides the first wild
guess of the number of adsorbed molecules. Using the experimental parameters
described above, eq. 4.6 suggests that the surface coverage is ¢ ~ 2 X 10'® m™2, the
inverse of which roughly corresponds to an area occupied by one riboflavin
molecule. In the case of water, the drop in absorbance was not measurable, which
suggests that the binding efficiency of riboflavin molecules to the surface in the case
of water is smaller than in the case of DMSO. This is in compliance with the SEF

results.

Figs. 46 and 47 show FA results of depth profile measurements, i.e. a series
of measurements when position of the laser focus is placed in different z positions
(Fig. 41) in DMSO and water, respectively, using substrates with 5 nm PTFE
overlay. In both cases, the first subspectrum S; represents the basic spectral profile
with the V;; coefficients representing its statistical weigth, i.e. the average spectral
intensity, as a function of z. As expected, in the case of DMSO, highest fluorescence
intensity is observed when focus is placed exactly on the interface, which clearly
corresponds with the enhancement effect. As the centre of the focal volume retracts
from the interface, the total fluorescence intensity is decreasing monotonously and
exhibits a red-shift, which is obvious from the second subspectrum. It suggests that
the spectral fluorescence profile of the molecules bound to the surface is different
(blue-shifted) from molecules in the bulk medium. Counterintuitively, in the case of
water, the intensity starts to increase when the centre of the focal volume retracts
from the interface, confirming that the enhancement effect of riboflavin in water is
actually rather small. Subspectra S;(4), j = 3 in the case of DMSO, and S;(4), j = 2

in the case of water, represent only pure noise.
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Figure 46. Factor analysis of the depth profile measurements for riboflavin in DMSO. As the centre of

the focal volume retracts from the interface, the total fluorescence intensity is decreasing and exhibits

a red-shift. Subspectra S;(4), j = 3 represent only pure noise. The ratio of singular values W, /W, is

18.
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To sum up, when retracting the centre of the focal volume from the interface,
the contribution of molecules attached to the interface to the total signal is
decreasing, while contribution of the "free” molecules can be increased due to bigger
overlap between the laser field distribution and the droplet. Contribution of the thin

layer (z = 0) is expected to scale as dictated by the Lorentz function [130, 131]

L(z) = (4.9)

1+ ()
while contribution of the molecules in the bulk medium is given by convolution of
eq. 4.9 with a function describing the molecular distribution in the droplet [130].
Assuming uniform distribution of molecules in the bulk medium, the formula for
contribution from the "free" molecules when focusing the laser spot at a certain

distance above the interface h can be approximated as

v

Iy (h) ~ j; m =1L [arctg (%) + arctg <UT>] (4.10)
L

dz

For evaluation of the contribution of the adsorbed molecules and molecules in
the bulk medium to the total fluorescence signal, fluorescence intensity profile in
DMSO (V;, coefficients, Fig. 46) was fitted by the sum of contributions 4.9 and 4.10.
Outputs of the fit were the relative weights of both contributions and the parameter L.
During the fitting procedure, L was found to be L ~ 352 pm, which is a worse value
in comparison to the theoretically predicted one (eq. 4.8), which can be possibly
explained by optical imperfections of the experimental system. More importantly,
results of the fit suggest that when the focus is placed exactly on the interface, the
contribution of the bulk medium is ~ 28% and contribution of the adsorbed
molecules is ~ 72% (Fig. 48).
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sum of contribution of the bulk medium (black line) and contribution from the adsorbed molecules

(red line). Ratio of both signals for z = 0 suggests that the contribution of the adsorbed molecules is

~ 72%.

Certain information regarding the number of adsorbed molecules could also
be aided by droplet-size-dependent measurements. Fig. 49 shows SEF intensity
profile with different droplet volumes as measured in DMSO (5 nm spacer
thickness). Considering the range of droplet volumes used, contact angles for all
droplets may be considered identical (in our experiments, contact angles started to
decrease with increasing droplet size due to gravity for volumes ~ 5 — 10 pl). The
intensity profile was found to be an increasing function of the droplet volume. Our
theoretical analysis suggest that this is due to the fact that with increasing droplet
volume, higher proportion of the signal comes from the bulk medium. Our model
suggests that for sufficiently small droplets, almost all molecules are adsorbed on the
interface as the total number of molecules in the droplet is not sufficient to create
a monomolecular layer, assuming the surface coverage o (the ratio N/S, where N is
the number of molecules in the droplet, and S is the droplet area, scales as ~ V1/3).
When a certain size of the droplet is reached, the number of molecules in the droplet

is bigger than required for creation of the monomolecular coverage and contribution
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from the molecules in the bulk medium starts to take the leading role. This model is
depicted in Fig. 49 ™.
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Figure 49. Intensity profile of SEF measurements as measured with different droplet volumes in
DMSO (5 nm spacer thickness, black points) and its fit (green line) by the sum of contribution of the

bulk medium (black line) and contribution from adsorbed molecules (red line). Ratio of both signals

for V =5 ul suggests that the contribution of the adsorbed molecules is ~ 54%.

Although the contribution of the adsorbed molecules deduced from the
droplet-size-dependent measurements (54%) does not perfectly correspond to the
value obtained from measurements of the depth profile (72%), both these results
suggest that due to the contribution from the molecules in the bulk medium, the
enhancement factor can be somewhat underestimated (but still probably being lower
than ~5 — 10 in the case of DMSOQO). For water, no model compatible with the data
contained in Fig. 47 was found so far. Also the volume-dependent intensity profile is
more difficult to obtain and correctly interpret in this case due to very quick droplet
evaporation in the case of very small droplets (< 1 ul). We expect that addressing
these issues will constitute a matter of further experiments as well as theoretical

calculations.

1 This model is actually an extreme case of the Langmuir adsorption model (Langmuir isotherm),
which predicts the surface coverage ¢ to depend on concentration ¢ as ~ %, where B is a constant.
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As already mentioned, quenching effect should be observed for substrates
without the PTFE overlay used. From this point of view, the distance-dependent SEF
intensity for both water and DMSO is rather unexpected. For DMSO, both
fluorescence characteristics (intensity and lifetime) for sufficiently thick PTFE
overlay (22 nm) are almost identical to that for 0 nm PTFE, which suggests that the
quenching effect is almost not observed. Vice versa, although the fluorescence
intensity of riboflavin in water has a decreasing trend for PTFE thicknesses > 5 nm,
the lowest intensity is still well above the intensity measured without the PTFE
overlay used where the quenching effect is clearly observed. In other words, the
enhancement effect of riboflavin in water is rather poor, but the quenching effect is
more dominant in comparison to DMSO. Whether or not this finding has a more

general application remains an issue for further research.

It may seem strange that although the total signal obtained with the focus
placed on the interface is likely to come from two contributions, all lifetime curves
obtained in our experiments were nicely fitted using a single exponential model,
whereas attempts to apply double exponential models resulted in degradation of the
final fit. We hypothesize that this could be caused by low sensitivity of the measured
technique to a possible presence of extremely low lifetime components (according to
literature, typical lifetimes of molecules attached on an interface can be as low as ~
0.2 ns [55]). Thus, also the shortened lifetimes presented in Figs. 43, 44 and Table 2
(and corresponding quantities calculated using the information on lifetime
shortening) should be interpreted as averaged quantities over an ensemble of both
bound and "free™ molecules within the focal volume. Since our frequency-domain
technique may not provide sufficient sensitivity in this case, we suggest that using
pulse methods of lifetime determination could enable gain better insight into the
possible existence of extremely small lifetime components and consequently on the

proportion of the two contributions [7].

Preliminary SEF measurements were also performed with the aim of
determining the dependence of SEF intensity on the deposition time of Ag
nanoislands (and consequently spectral position of the LSPR peak) using both
"normal™ nanoislands as well as gradient nanostructures, similarly to the case of
SERS (not shown here). These measurement could reveal whether the extinction

peak of the nanostructures favours being overlapped by the absorption or emission
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band of the fluorophore for maximum signal enhancement and to possibly identify
the contribution of absorption enhancement and quantum yield enhancement, which
is an issue not yet fully understood in literature. Unfortunately, due to bad batch-to-
batch reproducibility of obtained data (along with rather poor enhancement factor),
this effect could not have been systematically explored. Thus, more detailed
investigation of the SEF enhancement factor with respect to mutual position of the
absorption and emission band of the fluorophore and extinction peak of the

nanostructures remains a challenge for future research.
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Conclusions

In this thesis, main focus was placed on testing regular metal plasmonic
nanostructures for enhanced optical processes, mainly surface-enhanced Raman
scattering (SERS) and surface-enhanced fluorescence (SEF). Two main groups of
metal nanostructures, fabricated at the Department of Macromolecular Physics, were
used: Silver nanorods and metal nanoislands growing on magnetron-sputtered

polytetrafluoroethylene film.

Step-by-step optimization process was performed on the silver nanoislands,
resulting in the SERS enhancement factor about 2 orders of magnitude larger than
commonly reported in literature for comparable SERS-active system. Detailed SERS
intensity profiles were also measured using gradient silver nanoislands, i.e. structures
where the localized surface plasmon resonance (LSPR) varies across the sample
length. Two different mask speeds and three different excitation wavelengths were
tested using riboflavin as the model biomolecule. Results were interpreted in terms of
a superposition of the electromagnetic enhancement mechanism (i.e. the degree of
spectral overlap between the excitation wavelength and the LSPR band along with
the scattering cross section of the nanostructures) and position of molecular
resonance with respect to the excitation wavelength. We also developed an approach
consisting of fabrication of mixed gold/silver nanoislands, which enabled to vary
spectral position of the LSPR band and LSPR intensity simultaneously, which is not
attainable for single silver coatings. This method provided the enhancement ~ 4x

bigger in comparison to single silver coatings.

Silver nanorods prepared by means of oblique angle vapor deposition (OAD)
were used mainly for the study of polarization- and angular- dependences of the
SERS signal. SERS experiments were supported by ellipsometry measurements,
which showed very good correspondence with the SERS enhancement. Both the
SERS intensities as well as the ellipsometric parameters were found to exhibit strong
dependence on rotating the sample by 90°, although they were fairly insensitive to
flipping the sample by 180°. A theoretical model based on optical
(pseudo)parameters was applied on the data, enabling quantitative analysis of MB
Raman tensor elements. These results indicated that the MB molecules adsorb

predominantly with the symmetry axis perpendicular to the surface.
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Finally, silver nanoislands supported by magnetron-sputtered PTFE film,
were used for the study of surface-enhanced fluorescence. We systematically
measured riboflavin SEF intensity in dependence on the thickness of the PTFE
spacer using different solutions (water and DMSQO). Stationary fluorescence spectra
were supported by time-resolved measurements in frequency domain, which revealed

very good correlation between fluorescence enhancement and lifetime shortening.

To sum up, results of this dissertation thesis contribute to better theoretical
understanding of the enhancement mechanism, polarization characteristics of
anisotropic plasmonic nanostructures and point out the need for careful optimization
of plasmon-based sensors for maximum signal enhancement. It was shown that due
to sufficient sensitivity and excellent spectral reproducibility, the plasmonic
substrates used are very promising candidates for biomolecular quantitative (sensing)
applications. Last but not least, experience gathered during the experimental part
open the way for investigation of other plasmon-enhanced phenomena for future

research.
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Ag nanorod arrays prepared by oblique angle vapor deposition (OAD) represent regular, large area substrates for surface-enhanced
Raman scattering (SERS) spectroscopy. We studied uniformity and spectral reproducibility of silver OAD-fabricated substrates
(AgOAD:s) by spectral mapping of methylene blue. The results demonstrate good reproducibility apart from occasional “hot-spot”
sites where the intensity is higher. The number of “hot-spots” represents 2%-6% of SERS-active sites of mapping substrate area. We
were able to obtain good SERS spectra of testing amino acid tryptophan at 1 x 10~ M concentration and three different free-base
porphyrins down to ~1077 M concentration. We found out that keeping the AgOADs in a vacuum chamber overnight prevents the
surface from binding any contaminants from the ambient atmosphere, without significant reduction in the SERS enhancement.

Such substrates provide stable SERS enhancement even when stored for 1 year after preparation.

1. Introduction

Surface-enhanced Raman scattering (SERS) is a spectro-
scopic technique capable of detecting specific molecules at
low concentrations [1, 2]. It yields to enormous enhancement
(above 10°) of Raman scattering of molecules placed in the
vicinity of certain metal nanostructures. It is generally recog-
nized that the dominant contribution to the SERS enhance-
ment is due to the electromagnetic effect. This phenomenon
is based on the resonance excitation of localized conduction-
electron oscillations at the metal surface, which are termed
surface plasmons [3]. The conditions for localized surface
plasmon resonance (LSPR) are given by, namely, the size,
shape, and degree of the aggregation of metal nanostructures
(1, 3]. In bioanalytical, medical, and biosensing applications
of SERS (e.g., [2, 4-6]), the most commonly used metals are
silver and gold because of their highly effective LSPR in the
visible spectral region. The advantage of silver is the strongest

enhancement allowing very low concentrations of analytes
to be detected. Gold is due to its chemical inactivity more
suitable for incorporation inside biological systems and/or
designing of bioassay and biosensor platforms.

Roughened metal electrodes, metal island films, and
metal colloids have been used in SERS spectroscopy since
its discovery in the 70s. In attempts to fabricate more
uniform and spectrally reproducible substrates, close atten-
tion has been paid to more sophisticated control of sub-
strate morphology in the last 10-15 years. The wide vari-
ety of employed preparation methods, including nano-
particle immobilization, nanoimprinting, templating, and
nanosphere or nanocolloidal lithography, is reviewed, for
example, in [7-9]. Chaney and coworkers developed a
nanofabrication technique based on oblique angle vapor
deposition (OAD) to obtain a versatile, simple, and inexpen-
sive way of producing regular Ag nanorod arrays for SERS
applications [10]. OAD utilizes an effect of self-shadowing
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FIGURE I: (a) Scheme of the OAD procedure, (b) extinction spectrum of prepared structures with excitation wavelength used for SERS
measurements indicated by a dashed line, and (c) SEM images of a typical Ag nanorod array (top and side view).

which occurs when a collimated flux of vaporized atoms
arrives at a substrate at an oblique angle with respect to the
substrate normal. In this case, the growing nuclei shadow
the area opposite to the incoming flux, and therefore the
film grows through the formation of columnar structures
separated from each other by voids and inclined towards the
source of the flux (Figure 1(a)). The main advantage of OAD
preparation is its simplicity. It is a one-step, vacuum-based
process and, since no chemical substances are required, is
also environmentally friendly. It was proved that OAD offers
uniform, reproducible, large area SERS-active substrates with
high SERS enhancement [11]. Ag nanorod arrays fabricated
by OAD have been investigated as SERS-active substrates for
the detection of pathogens, including viruses and bacteria,
as well as assessing the potential of nucleotide-modified Ag
nanorod arrays in a variety of biorecognition and biosensing
applications [11].

In spite of recent advances in substrate fabrication suit-
able for SERS applications, employed metal nanostructures
still pose a serious drawback for routine SERS quantitative
analysis. In the case of Ag substrates, surface contamination

irrespective of the nature of the fabrication method is often
observed. It comes either from the preparation procedure or
from the ambient atmosphere during storage and involves
mainly organic (carbonaceous) species that are adsorbed on
Ag surface. In the case of studied molecules with weak affinity
to Ag surface, it can make their adsorption on the contam-
inated surface difficult or even impossible. Moreover, the
surface contaminants (or impurities) manifest themselves,
even in very small concentrations, by their anomalous SERS
bands that overlap the SERS signal of a studied molecule.
Such problems were previously reported in the case of both
colloidal NPs [12, 13] and solid substrates [9, 14, 15]. Thus,
special care must be exercised when analyzing any spectral
pattern in an effort to reliably distinguish the bands coming
from the analyte from those of the contaminants or, better
still, to develop a method for preventing the contamination.
There have been numerous ways to clean SERS-active sur-
faces from contaminants under ambient conditions, includ-
ing electrochemical [9], plasma [14, 15], or ozone cleaning
[16], but none have been uniformly successful [11]. Unfor-
tunately, a side result of some electrochemical desorption
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techniques can be the introduction of surface defects where
the carbon contamination was present or strong oxidation
due to the high chemical reactivity of Ag [16, 17]. In the case
of Ag nanorod arrays prepared by the OAD technique, it was
demonstrated that under controlled plasma conditions and
exposure times (<4 min.) the Ar plasma cleaning procedure
essentially eliminated any detectable background organic
and carbonaceous contamination from the surface without
substantially changing their morphology [14]. Moreover, it
was demonstrated that the process of ion etching was able
to recover SERS effectiveness of such substrates even after 1-
month storage [15].

In this paper, we focused on testing of silver OAD-
fabricated nanorod array substrates (AgOADs) for SERS
spectroscopy. We studied uniformity and spectral repro-
ducibility of AgOADs by spectral mapping of methylene
blue. We were able to obtain SERS spectra of biomolecules
tryptophan down to 1 x 10> M concentration and porphyrins
down to ~10~” M. We found out that keeping the substrates
in a vacuum chamber overnight prevents it from binding
any further contaminants from the ambient air, moreover,
without significant reduction in the SERS enhancement.

2. Materials and Methods

2.1. Materials. Methylene blue (MB), L-tryptophan, 5,
10,15,20-tetrakis(1-methyl-4-pyridyl)-21H,23H-porphine
(H,TMPyP), 5,10,15,20-tetrakis(4-trimethylammoniophe-
nyl)-21H,23H-porphine (H,TMAP), and 5,10,15,20-tet-
rakis(4-sulfonatophenyl)-21H,23H-porphine (H, TSPP) were
purchased from Sigma-Aldrich.

2.2. Preparation and Characterization of AGQOADs. For prepa-
ration of the AgOADs, a magnetron sputtering of silver target
was used (Figure 1(a)). Depositions were performed in a
cylindrical stainless steel vacuum chamber (401) pumped
by scroll and turbomolecular pumps to base pressure lower
than 107 Pa. Films were deposited onto Si wafer support
introduced into the deposition chamber by a load-lock
system. Ar (purity 99.99%) was used as a working gas. The
pressure during deposition was 0.18 Pa, magnetron current
was 300 mA, distance between magnetron and substrate was
10 cm, deposition angle was 85°, and deposition time was 15
minutes. Under these conditions the mean diameter of indi-
vidual Ag nanorods was 60 nm, the mean distance between
their centers was 150 nm, and the height of the nanorod
array was around 200 nm as can be seen in Figure 1(c) where
top and side views of Ag nanorods acquired by scanning
electron microscopy (SEM, TESCAN Mira 3, 15kV acceler-
ating voltage) are presented. For the sake of characterization
of the surface plasmon properties of the AgOADs, silver
deposition was performed on glass and extinction spectra
of structures fabricated in this way were obtained (UV-
Vis spectrophotometer Hitachi U-3300). From Figure 1(b) it
follows that the AgOADs exhibit plasmon resonance over a
very broad range of wavelengths.

2.3. SERS Measurements. For spectral reproducibility mea-
surements, the AgOADs (deposited on Si wafer) were cut

into ~0.5cm x 0.5cm pieces, immersed in 1 x 107° M stock
solution of MB for 1 hour, and then removed and dried
with an air stream. For SERS measurements of tryptophan
and porphyrins, a small drop of sample was deposited on
the Ag surface and left to dry. SERS spectra were collected
at room temperature using an integrated confocal Raman
microscopic system LabRam HR800 (Horiba Jobin-Yvon),
equipped with a diffraction grating with 300 grooves/mm
and a liquid nitrogen cooled CCD detector. We tried
514.5 nm, 632.8 nm, and 785 nm excitation wavelengths, but
the 632.8 nm one provided the best SERS signal. Thus, He-
Ne laser, operating at the wavelength 632.8 nm, was used as
an excitation source for all SERS measurements. Laser power
at the sample was 0.07 mW, 0.02 mW, and 0.002 mW for MB,
tryptophan, and porphyrins, respectively. The laser beam was
focused to a spot of about 1 ym diameter using 100x objective;
NA = 0.9. Scattered radiation was collected in a back-
scattering geometry and filtered by an edge filter for Rayleigh
rejection before focusing it onto the 100 ym entrance slit of
the spectrometer. Acquisition times were 1s, 10 s, and 60 s for
MB, tryptophan, and porphyrins, respectively.

3. Results and Discussion

3.1 Aspects of Spectral Reproducibility. Uniformity and spec-
tral reproducibility of the prepared AgOADs were evaluated
by spectral mapping of MB, which is a well-established SERS
probe molecule and a very efficient Raman scatterer (for its
chemical structure see Figure 2). We tested different batches
of AgOADs by mapping of random places at the samples
covering 10 x 10 spectral points. Spectral maps were processed
by in-house developed software based on factor analysis (FA),
using a singular value decomposition (SVD) algorithm [18].
This procedure provides a set of singular values W), orthonor-
mal subspectra §;(t), and a unitary matrix of corresponding
V., coeflicients. A particular experimental spectrum Y;(¢)

1
within the treated series (i = 1,..., N) can be expressed as

Y, (8) = Y WV, (). )
j=1

The factor dimension m can be determined as the number
of independent components (subspectra) resolvable in the
analyzed spectral set and its value can be derived from the
plot of the residual error values against the subspectra num-
bers. The W is a vector representing the relative statistical
weight of each subspectrum and the Vj; is a unitary matrix
representing relative contents of a subspectrum S;(f) in a
particular spectrum Y;(f). In our case, spectra obtained in
different mapping points may vary in intensities but not in the
shape of the basic spectral profile (in an ideal case, all spectra
in different mapping points are just multiples of one basic
spectral profile). That is why we may assume with sufficient
preciseness that m = 1 with only the first subspectrum S,
being relevant for our further calculations, whereas other
subspectra represent only noise or at most slight changes in
the background, traces of parasitic signal, and other artifacts.
Thus, we used the coefficients V;; to construct spectral maps
of MB.
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FIGURE 2: Reproducibility of spectral maps of MB on two different batches of AgOADs ((a) and (b)) in terms of coefficients V,. Steps between
mapping points were 5 ym. Spectral maps on the batch (a) were taken two days after their fabrication ((al), (a2)) and after 1-year storage ((a3),
(a4)). Examples of MB spectra with an average enhancement and spectra obtained from “hot-spot” sites are depicted as insets of graphs (al),

(a3), and (bl). Chemical structure of MB is depicted as inset of graph (a2).
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FIGURE 3: Comparison of the relative frequency of number of “hot-
spots” in a given map of 10 x 10 spectral points (out of 20 maps in
total) with the values predicted by the Poisson distribution with fixed
mean value of 4.

Comparison of spectral reproducibility and SERS effec-
tiveness of two different batches of AgOADs ((a), (b)) and
after different storage times (2 days and 1 year) on a given
batch are depicted in Figure 2. It is clear that both batches as
well as 2-day and 1-year aged substrates provide reproducible
SERS enhancement, signal variation up to 20% apart from
occasional points where the intensity is higher. Higher SERS
intensity obviously comes from excitation of “hot-spot”
sites, which are sparsely distributed over the surface. Thus,
reproducibility of a given spectral map is influenced mainly
by the presence of occasional “hot-spots”; however, the actual
number of “hot-spots” in a given set of 10 x 10 spectral points
fluctuates (see maps (a) and (b) in Figure 2). We determined
the relative frequency of number of “hot-spots” in a mapping
area (10 x 10 spectral points) using 20 spectral maps of MB,
exhibiting the expected Poisson distribution (Figure 3). We
assumed that “hot-spot” is a point where the intensity was at
least 3 times the average intensity of a given spectral map. The
mean number of “hot-spots” in a given set is ~4 and the mean
deviation is ~2. Thus, we conclude that the number of “hot-
spots” represents 2%—-6% of SERS-active sites of the mapping
substrate area.

3.2. Aspects of Surface Contamination and SERS Sensitivity.
In order to evaluate the SERS sensitivity of AgOADs, we
tested amino acid tryptophan and porphyrins. They represent
biomolecules widely studied by means of SERS. We measured
their SERS spectra by depositing a droplet of a stock solution
on the AgOADs and left it to dry. This process resulted
in rather irregular distribution of molecules on the metal
surface, leading to the loss of reproducibility of obtained
spectra across different mapping points (in comparison to
Figure 2). On the other hand, increased concentration of the
analyte in certain regions of the substrate can increase the
SERS sensitivity.
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FIGURE 4: SERS spectra of tryptophan on two different AgOADs and
demonstration of the effect of cleaning: (a) 1x 10~* M tryptophan on
contaminated substrate, (b) tryptophan on clean substrate kept in
vacuum overnight, 1 x 107" M (1) and 1 x 10™° M concentration (2),
and (c) 1 x10™* M tryptophan on contaminated substrate after 5 min.
ultrasonic cleaning. Positions of main anomalous bands are marked
with asterisks. Inset: chemical structure of tryptophan.

As already mentioned, one of the major limitations of
exploiting AgOADs for SERS applications is the contamina-
tion of their surface by organic contaminants. This problem
may be overcome by specific cleaning of the substrate, for
example, by Ar plasma [14, 15] or ozone [16] treatment.
However, the success of these methods strongly depends on
the time of the applied cleaning and may lead to a reduction
in SERS effectiveness due to suffered oxidation damage or
distortion of the surface nanostructures. In the case of MB
measurements no anomalous SERS bands of impurities were
observed probably because MB molecules have a high affinity
to silver and are able to replace the contaminants from the
surface. On the other hand, when tryptophan was measured,
we found a strong interference of surface contaminant bands
with the tryptophan spectrum. Thus, we tried to find a way
of cleaning the Ag surface before deposition of tryptophan.
Figure 4 demonstrates the SERS spectra of tryptophan on (a)
substrates exposed to the ambient atmosphere immediately
after their fabrication, exhibiting anomalous bands marked
with asterisks, (b) substrates kept in vacuum overnight, and
(c) substrates after a 5 min. ultrasonic treatment.

Although the ultrasonic treatment did in some cases lead
to the disappearance of anomalous bands from the spectra,
the SERS effectiveness was approximately 4x worse. Keeping
the substrates several hours in vacuum immediately after the
deposition managed to reduce the spectra of contaminants
significantly without a significant decrease in the SERS
enhancement. By extending the time for which the substrates
were kept in a vacuum after the deposition, SERS intensity
of anomalous bands was gradually decreasing with almost
complete suppression of a parasitic signal after overnight
storage in a vacuum. We suggest that keeping the substrates
in a vacuum chamber for at least 16 hours prevents it from
binding any further contaminants in the ambient air. Such
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FIGURE 5: SERS spectra of three free-base porphyrins on AgOADs:
(a) H,TSPP, 3 x 107" M, (b) H,TMAP, 3 x 10~ M, and (c) H, TMPyP,
5x 10”7 M concentrations. Spectra are baseline corrected and shifted
in vertical scale for the sake of clarity. Inset: chemical structure of
porphyrins.

substrates provide stable enhancement even 3 months after
their fabrication. We consider this method of keeping the
substrates in a vacuum immediately after the deposition
convenient due to the possibility of not using any other
chemicals or further cleaning procedures whose influence on
the surface morphology may be arguable.

The SERS spectra of tryptophan are dominated by two
intense bands around 760 and 1012 cm ™! (Figure 4), which are
assigned to the ring-breathing vibrations of the indole ring
[19]. These two bands remain obvious down to 1 x 107> M
concentration. Our tryptophan spectra are analogous to those
reported previously using Ag nanoparticles [19, 20].

The final step of this study was testing of capability
of fabricated clean AgOADs, that is, substrates that were
kept 16 hours in vacuum after their deposition, to detect
different porphyrins. The chemical structures of studied
free-base porphyrins are depicted as inset of Figure 5. Two
porphyrins (H, TMPyP and H,TMAP) are positively charged
and one is charged negatively (H,TSPP). SERS spectra of
these three porphyrins of the order of 10”7 M concentration
were obtained from clean AgOADs (Figure 5). Our SERS
spectra have a very good signal-to-noise ratio and positions
of bands correspond very well with the spectra obtained
previously using Ag nanoparticles [21, 22]. No anomalous
bands of surface contaminants were observed.

4. Conclusions

We studied uniformity and spectral reproducibility of Ag
nanorod arrays prepared by an oblique angle vapor deposi-
tion (OAD) technique. SERS spectra of methylene blue were
used for spectral mapping through the AgOADs. The results
demonstrated good reproducibility apart from occasional
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“hot-spot” sites where the intensity is higher. The number
of “hot-spots” represents 2%-6% of SERS-active sites of
mapping substrate area. Freshly prepared substrates exhib-
ited strong anomalous bands from surface contaminants,
often overlapping SERS spectra of the studied molecules.
We found out that keeping the substrates in a vacuum
chamber overnight after the preparation is a simple way to
avoid this effect without a significant reduction in the SERS
enhancement. Such substrates provide stable enhancement
even after l-year storage. We demonstrate that, by such
substrate treatment, appropriate choice of laser power with
respect to a given molecule, and reduced time of exposure
to the laser beam, we were able to obtain SERS spectra of
tryptophan at 1 x 10~ M concentration and as low as ~10~" M
for porphyrins.
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Large-scale Ag nanoislands stabilized by a
magnetron-sputtered polytetrafluoroethylene
film as substrates for highly sensitive and
reproducible surface-enhanced Raman scattering
(SERS)+

Martin Subr,*® Martin Petr,” Ondiej Kylian,® Jifi Kratochvil® and Marek Prochazka*?

Fabrication of surface-enhanced Raman scattering (SERS) nanostructures with both high sensitivity and
spectral reproducibility, which are key requirements for routine SERS quantitative (sensing) applications,
is a great challenge. Here we report on the multilayered design of SERS-active substrates formed by
uniform Ag nanoislands stabilized by a magnetron-sputtered polytetrafluoroethylene (msPTFE) film of
nanometre thickness. The preparation of large scale (~20 cm?) nanostructures with long (~months)
time stability was fast (~minutes), cheap and repeatable. SERS performance of our substrates was
subsequently improved by step-by-step optimisation of the fabrication procedure and introduction of
the additional silver layer, separating the supporting glass from the msPTFE film, which contributed to
the total enhancement factor by another order of magnitude. Such substrates provided high SERS
sensitivity with a SERS enhancement factor of about 2 orders of magnitude larger than commonly
reported in the literature for Ag nanoislands grown directly on glass. The limits of detection were
determined as ~1 x 107° M, 1 x 1077 M and 1 x 107® M for testing analytes methylene blue (MB),
5,10,15,20-tetrakis(1-methyl-4-pyridyl)porphyrin (H,TMPyP) and cysteine, respectively. SERS substrates
showed excellent spectral reproducibility both across a single substrate and different substrate batches.
The relative standard deviation (RSD) of the SERS signal did not exceed 20% for different concentrations
of MB and H,TMPyP, respectively. Therefore, Ag nanoislands stabilized by the msPTFE film are due
to high sensitivity, stability and excellent spectral reproducibility very promising substrates for SERS
biomolecular quantitative (sensing) applications.
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surfaces or nanoparticles of noble metals with suitable optical
properties. The conditions for localized surface plasmon reso-

1. Introduction

Surface-enhanced Raman scattering (SERS) is a spectroscopic
technique based on an enormous (above 10*) enhancement of
Raman scattering of molecules situated in close proximity to
nanostructured metallic substrates.”> The main enhancement
mechanism, so-called electromagnetic, is based on the resonance
excitation of surface plasmons, localized in the metallic nano-
structure, which enhances both the incident radiation and the
radiation scattered by the molecules.? In order to maximize the
Raman signal enhancement, it is necessary to use nanostructured

“ Charles University in Prague, Faculty of Mathematics and Physics,
Institute of Physics, Ke Karlovu 5, 121 16 Prague, Czech Republic.
E-mail: subr.Martin@seznam.cz, prochaz@karlov.mff.cuni.cz
b Charles University in Prague, Faculty of Mathematics and Physics, Department of
Macromolecular Physics, V HoleSovickdch 2, 180 00 Prague, Czech Republic
t Electronic supplementary information (ESI) available. See DOI: 10.1039/
¢5tc02919h

This journal is © The Royal Society of Chemistry 2015

nance (LSPR) are given by the size, shape and degree of aggrega-
tion of applied metallic nanostructures.”® In SERS applications,
the commonly used metals are Ag and Au because of their highly
effective LSPR in the visible spectral region.

Although recent advances have turned SERS to a wide variety
of bioanalytical, medical and biosensing applications,>*®
employed metallic nanostructures still pose a serious drawback
for routine quantitative analysis. That is because not only high
sensitivity, but also spatial and temporal uniformity and spectral
reproducibility of used metallic nanostructures are crucial. For
example, commonly used SERS substrates such as Ag and Au
hydrosols provide very poor reproducibility with fluctuant SERS
enhancement that may vary across several orders of magnitudes,
which hinders quantitative SERS measurements."°

Generally, metallic nanostructures for quantitative SERS appli-
cations (sensing) should: (i) possess high Raman enhancement,
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(ii) be uniform so that the SERS signal will not deviate remarkably
over the whole surface (generally signal variation not exceed 20%),
(iii) provide good spectral stability and reproducibility, and (iv) be
clean enough from stray SERS signals.” Moreover, simplicity, high
throughput and low cost are also essential requirements for the
development of methods for nanostructure fabrication, which can
subsequently be used on a large scale. A big effort has been made
to improve the uniformity and SERS reproducibility of metallic
substrates, most notably by rational design of highly ordered array
nanostructures that can fulfil the above mentioned criteria.® "
Unfortunately, the most widely used metallic array nanostructure
preparation techniques, such as nanoparticle immobilization,'"
electron and ion beam lithography,'”” nanoimprinting,"* and
nanosphere’**> or nanocolloidal®® lithography, are limited by
the high costs, the enormous difficulties to extend to large scales
or complicated preparation steps.®™°

Metal nanoislands have been used as SERS-active substrates
for a long time.'” The main advantage of nanoislands is the
simplicity of the fabrication process and the possibility of
tuning the LSPR wavelength by varying the film’s thickness
and confluence. Although the enhancement factor (EF) of Au
and Ag nanoislands is generally considered to be rather modest
(10*-10°),"* additional Raman intensity on SERS substrates can
arise as a result of optical interference effects on a given
structure by utilizing an underlying reflective layer.'® Polymers
were commonly used to improve the mechanical stability of
nanoparticles*® and better signal reproducibility via embossing
surfaces and lithographic techniques.*® Polytetrafluoroethylene
(PTFE) is a polymer with high thermal stability and low
degradation after exposure to a focused laser beam. PTFE foil
has great surface roughness with improved adhesive properties
of sputtering gold overlay and can be positive for the electro-
magnetic mechanism. Gold overlay can suppress the Raman
background signal of the PTFE substrate."® Previously, the
SERS-active surfaces were prepared by short (30 s) sputtering
deposition of the gold layer on the standard PTFE foil of 50 pm
thickness.?! With the use of Au/Ag sandwich nanostructures
the SERS spectra of testing adsorbate biphenyl-4,4’-dithiol at
10~® M concentration were obtained. The analytical EF between
10° and 10 was determined for such substrates. The standard
PTFE film was also used as a concentrator for both Ag nano-
particles and the analyte (rhodamine 6G) to achieve higher
SERS enhancement.”?

In this paper, we focused on the preparation of Ag nano-
structures stabilized by a magnetron-sputtered polytetrafluoro-
ethylene (msPTFE) film of nanometre thickness, which are
schematically depicted in Fig. 1. These layer structures are
supported on a standard microscopic glass slide. The topmost
layer of these structures is formed by Ag nanoislands (respon-
sible for the SERS effect) grown on an underlying dielectric film
made of msPTFE. The msPTFE film also works as a dielectric
separation layer (see layout in Fig. 1). To further improve the
SERS performance of our substrates, the supporting glass slide
was decorated by an additional reflective smooth metal layer
(prior to the deposition of the msPTFE film), serving as a mirror
for the incident laser beam. The fabrication procedure was
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Fig. 1 Schematic representation of the prepared nanostructures.

optimised with respect to the following parameters: (i) deposi-
tion time of the Ag nanoislands, (ii) utilization of the metal
back-reflector and its type, and (iii) variation in the thickness
of the msPTFE film. We demonstrate that careful control of
each of the aforementioned parameters enables an additional
5-10 times increase in Raman intensity (in comparison to the
parameters which were not optimised) and thus deserves
special attention at the stage of substrate fabrication in order
to achieve maximum SERS enhancement. The SERS activity and
stability of our substrates were tested by methylene blue (MB),
which is an often used SERS probe providing strong SERS
signals, and two biomolecules: 5,10,15,20-tetrakis(1-methyl-4-
pyridyl)porphyrin (H,TMPyP) and amino acid cysteine.

2. Experimental section
2.1 Chemicals

Methylene blue (MB), 5,10,15,20-tetrakis(1-methyl-4-pyridyl)-
porphyrin (H,TMPyP) and amino acid cysteine were purchased
from Sigma-Aldrich.

2.2 Preparation of SERS substrates

The SERS substrates were prepared on standard microscopic
glass slides (76 mm x 26 mm).

For deposition of Ag nanoislands a DC, planar, water-cooled
magnetron was used. This magnetron was equipped with the
silver target (81 mm diameter, 3 mm thickness, Safina a.s.,
declared purity 99.99%) and attached onto a vacuum deposi-
tion chamber pumped by scroll and turbomolecular pumps
(base pressure lower than 1 x 10~2 Pa). DC current was 0.04 A,
which corresponded to the magnetron voltage of 239 V, and the
deposition time was varied in the range of 20—200 s. After
nanoisland deposition, the substrates were kept in a vacuum
chamber overnight to prevent contamination from the ambient
atmosphere.”?

The msPTFE interlayer was deposited in another deposition
chamber equipped by a RF planar magnetron with the PTFE
target (81 mm diameter, 3 mm thickness, Goodfellow). The
magnetron operated at a frequency of 13.56 MHz and the
applied RF power was 40 W. Argon was used as a working gas
with the flow of 3 scem and the pressure of 3 Pa. Deposition
time was varied between 1.5 and 30 min, which led to the
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thicknesses between 10 and 160 nm as measured by spectral
ellipsometry (Woolam M-2000DI).

The base metal layers (Ag, Au, Al and Cu) were deposited
onto glass in an argon atmosphere (3 sccm, 3 Pa). In the case of
Ag and Al base layers 3” magnetron powered by DC power
supply was used, and magnetron current was 0.3 A. Au and Cu
base layers were deposited using 2” DC planar magnetron
(magnetron current 0.04 A). The thickness of these layers
was 120 nm as measured using an Atomic Force Microscope
(AFM, Ntegra Prima, NT-MDT).

2.3 Instrumentation and measurements

The extinction spectra of the prepared structures (without
additional metal layer) were obtained using a UV-Vis spectro-
photometer Hitachi U-3300. The surface morphology of the
prepared structures was investigated by scanning electron
microscopy (SEM, TESCAN Mira 3, 15 kV accelerating voltage).
Topography of the samples was analyzed by AFM in a semi-
contact mode with standard silicon cantilevers (Multi75DLC,
Budget Sensors).

All SERS spectra were recorded at room temperature using
an integrated confocal Raman microscopic system LabRam
HR800 (Horiba Jobin-Yvon), equipped with a diffraction grating
with 300 grooves per mm and a liquid nitrogen cooled CCD
detector. He-Ne laser, operating at the wavelength of 632.8 nm,
was used as an excitation source. The beam was focused onto
the sample to a spot of approximately a 1 um diameter using a
100X objective, NA = 0.9. Scattered radiation was collected in
a back-scattering geometry and filtered by an edge filter for
Rayleigh rejection before focusing it onto the 100 pm entrance
slit of the spectrometer.

SERS testing was carried out using MB in the concentration
range between 1 x 1077 M and 1 x 10 '° M, H,TMPyP in
concentrations 2 x 10°° M and 107 M and cysteine in the
concentration range between 1 x 10 *M and 1 x 10~ ° M. In the
case of MB and porphyrin SERS measurements, the Ag substrate
was dipped in adsorbate aqueous solution for 30 min, then
removed from the solution and dried in an air stream. Since the
632.8 nm excitation wavelength falls into the slope of the
electronic absorption bands of MB and H,TMPyP, SERS spectra
of both analytes should be considered as surface-enhanced
(resonance) Raman scattering spectra. SERS spectra of cysteine
were obtained by dropping 2 pl of a cysteine stock solution on
the Ag nanoislands structures and left to dry. SERS spectra of MB
were collected using 0.02 mW laser power at the sample and 5 s
acquisition time (5 averaged accumulations). The same laser
power and 3 s acquisition time were used for cysteine. Porphyrin
SERS spectra were obtained with a laser power of 0.07 mW and
60 s acquisition time (60 averaged accumulations).

3. Results and discussion
3.1 Optimisation of the fabrication process and SERS testing

Fig. 1 shows the scheme of the prepared SERS-active structures.
Their topmost layer is formed by Ag nanoislands that are
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responsible for the SERS effect, stabilized by a dielectric film
made of msPTFE. Our optimisation strategy of the fabrication
procedure was carried out in the following way: the first
parameter varied was the deposition time of the Ag nano-
islands, while the thickness of the msPTFE film was kept
constant (40 nm) and no back-reflector layer was utilized. Then,
a smooth layer of metal was introduced between the supporting
glass slide and the msPTFE film, while the thickness of the
msPTFE film (40 nm) and the deposition time of Ag nano-
islands (100 s) remained unchanged. The final step of the
optimisation process involved variation in the thickness of
the dielectric msPTFE film between 10 and 160 nm in an effort
to further maximize the SERS signal. The evaluation of the
SERS performance during this process was carried out on the
basis of averaged measured spectral maps (including maps
obtained both across a single substrate as well as on different
substrate batches) constructed from the height of the strongest
SERS peak at around 1624 cm ™" above the spectral background
for different MB concentrations.

In the first stage of the fabrication procedure deposition
time of the Ag nanoislands was optimised. By changing the
deposition time we were able to obtain different morphologies
ranging from small individual Ag nanoparticles of dozens of
nm at short deposition times to an interconnected Ag network
observed at longer deposition times (Fig. 2a-d). Different
morphologies of Ag coatings consequently resulted in different
extinction spectra, and thus different LSPR conditions (Fig. 3A).
For further SERS testing, the deposition time was set to 100 s,
corresponding to the surface composed of individual Ag
nanoislands in close proximity to each other. In this case, the
average height of Ag nanoislands was ~6 nm, the root-mean-
square roughness was ~1.1 nm (Fig. 2e-g) and the extinction
maximum wavelength (673 nm) slightly red-shifted with respect
to the incident laser wavelength (632.8 nm). The rightmost part
of the obtained SERS spectral region (~1700 cm™ ') corresponds
to the wavelength of approximately 710 nm, which means that
both the incident and the scattered radiation may be optimally
enhanced. The position and the shape of the extinction band
were found to be unchanged within 6 weeks storage after
deposition (Fig. 3B).

In the second step of the optimisation process, a smooth
layer of the metal back-reflector was introduced in the struc-
tures as sketched in Fig. 1, expected to provide stronger SERS
signals on account of the optical interference effect.® Different
metal back-reflectors (Ag, Au, Al and Cu) were tested as can be
seen in Fig. 4A. Our results clearly show the role of the bottom
layer of metal, suggesting that it acts like a mirror for the
incident laser beam, reflecting part of the incoming radiation
back to the surface. The maximum signal increase was found
for Ag, which is consistent with the fact that Ag is the most
reflective metal in the 600-700 nm region."

Finally, the thickness of the dielectric msPTFE film was
adjusted. Changes in the msPTFE thicknesses were accompanied
by changes in the SERS signal as can be seen in Fig. 4B. Fig. 4B
demonstrates that the SERS signal rises very sharply as the
thickness d of the msPTFE film increases up to d ~ 80 nm and
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reaches a plateau for d > 80 nm (corresponding MB intensities
for d = 80 nm and d = 160 nm tend to be the same within the
experimental error).

3.2 Determination of the limit of detection of MB

Concentration dependence of MB SERS spectra on optimised
structures (100 s nanoislands deposition, underlying Ag back-
reflector) is displayed in Fig. 4C and D. For MB concentrations
lower than 107 '° M the signal is overlapped by strong PTFE
background and that is why we conclude that the 107'° M
concentration is the detection limit of MB. Indeed, spectral
background intensity for csgrs = 107'° M is ~900, corresponding
to o ~ 900" = 30 noise level, whereas the MB intensity is ~100
above the spectral background. This is in agreement with the
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commonly established definition of the limit of detection (LOD),
according to which ¢ op = 306.%*

The exact number of MB molecules present in the measured
spot is difficult to determine precisely, however, we tried to
estimate the surface coverage of the Ag substrate in the follow-
ing way: after 30 min soaking in the 10~” M stock solution, the
number of molecules in the stock solution must be diminished
by the number of molecules that adsorbed on the substrate.
That is why the final concentration of the stock solution is
(1 — §) x 107 M after 30 min soaking for a certain § € (0, 1).
Therefore, we soaked another substrate in the (1 — §) x 107’ M
stock solution and investigated the drop in the SERS intensity
with respect to the intensity of the 10”7 M soaking concen-
tration. This experiment was repeated twice and in both cases
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(A) Dependence of the SERS signal on the type of the underlying metal layer, (B) dependence of the MB SERS signal on the msPTFE thickness with

the underlying Ag layer, (C) concentration dependence of MB SERS spectra on different structures with the underlying Ag layer (intensity determined as
the height of the peak at 1624 cm™! above spectral background), (D) MB spectra on the optimised structures — concentration dependence (80 nm PTFE,
underlying Ag layer). Note logarithmic axes in graphs (B) and (C), the spectra in graph (D) are offset for clarity.

the SERS intensity decreased to ~80% of the original value.
Therefore, we estimate § to be ~0.2 (assuming constant
sensitivity at a certain small vicinity of the 10”7 M MB concen-
tration as the first approximation). The volumes of respective
stock solutions were Vggrs = 1 ml and the dimensions of
immersed substrates x> ~ 3 mm x 3 mm, which means that
the 1 x 10~ M stock solution of MB contained 1 x 10~ *° moles
of MB, i.e. 6 x 10> MB molecules and thus the surface coverage
is ~10" molecules per cm” for the highest measured MB
concentration. Although the equilibrium constant between the
number of adsorbed molecules and the number of molecules in
the solution may be a bit different for different concentrations, it
makes the surface coverage of ~10"" molecules per cm” for the
lowest measured (10°'° M) MB concentration and ~10°> MB
molecules in selected measured spots that we are able to detect.

3.3 Evaluation of the spectral reproducibility

The evaluation of the spectral reproducibility of optimised
SERS substrates was performed on the basis of at least 4
measured spectral maps for each measured MB concentration
(including maps obtained both across a single substrate and on
different substrate batches). Signal homogeneity in each of
these maps, each of them covering 10 x 10 spectral points,
was evaluated using in-house developed software based on the
‘singular value decomposition’ algorithm of factor analysis.>
This approach allows a rapid and precise analysis of spectral
intensities of very large sets of spectra. This procedure provides
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a set of singular values W}, orthonormal subspectra S;(¢) and a
unitary matrix of the corresponding V;; coefficients. A particular
experimental spectrum Yj(t) within the treated series can be
expressed as

m

Yi(r) = WiVS(a).
=

The factor dimension m represents the number of indepen-
dent components (subspectra) resolvable in the analysed spec-
tral set, and its value can be derived from the plot of the residual
error values against the subspectra numbers. W; is a vector
representing the relative statistical weight of each subspectrum
and V;; is a unitary matrix representing the relative contents of
subspectrum S;(¢) in a particular spectrum Yjt). In our case,
spectra obtained in different mapping points may vary in
intensities, but not in the shape of the basic spectral profile
(in an ideal case, all spectra in different mapping points are just
multiples of one basic spectral profile). That is why we may
assume with sufficient preciseness that m = 1 with only the first
subspectrum S; being relevant for our further calculations. Other
subspectra represent only noise or, at most, slight changes in the
background, traces of parasitic signal or other artifacts. The
main reason for this approximation is that coefficients W;
decrease rapidly with the increasing ordering number j, which
justifies the negligence of subspectra S;(t), j > 2.

Uniformity and spectral reproducibility of employed substrates
was determined from the set of coefficients V; of each map.
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Fig. 5 RSD of six representative spectral maps for various MB concentrations measured under the same experimental conditions in terms of coefficients V.

The coefficients are calculated within the whole spectral range (i.e. ~400-1700 cm™

Representative examples of measured maps for 3 MB concentra-
tions, calculated in the spectral range ~400-1700 cm ™" where the
most prominent Raman bands of MB can be found, are shown
in Fig. 5. For all the measured maps on optimised structures
down to 10~° M MB concentration, the RSD calculated over the
whole spectral range did not consistently exceed 20% (Fig. 5),
which demonstrates excellent spectral reproducibility. It is
worth noting that even repetitive attempts of obtaining spectral
maps of MB in the concentration range between 10~ and
10~° M, carried out within 5 months after sample fabrication,
whether on the same batch or on different substrate batches,
did not lead to significant worsening of spectral reproducibility
nor to the diminishing of the limit of detection (for details see
ESL T Fig. S1 and S2). We suppose that the excellent temporal
stability of our structures is due to (i) keeping the substrates in
a vacuum chamber overnight immediately after the deposi-
tion,>* and (ii) stabilizing effect of the supporting msPTFE film
of nanometre thickness.>" It makes these types of SERS substrates
less susceptible to oxidation and the presence of contaminants in
an ambient environment.

3.4 Determination of the EF

To evaluate the SERS performance of our optimised structures,
the EF (referred to as substrate EF') was calculated for MB as the
probe molecule considering the intensity ratio of the strongest MB
band at SERS spectra (Isgrs) and at non-SERS (resonant Raman)
spectrum (Iggs) acquired from a 1.5 x 107> M MB solution
dropped onto a glass slide and left to dry, measured under the
same experimental conditions and normalized to number of
respective molecular scatterers:

Isers/Nsers

EF =
Irrs/NRrrs

J. Mater. Chem. C

% and normalized so that the sum of their squares for each map equals one.

where Ngggs is the number of molecules participating in SERS
measurements and Nggs in the non-SERS case. Obviously, the
quantities Nggrs and Nygs are proportional to the SERS soaking
concentration cggrs and the dropping concentration cggs, respec-
tively, however, the exact determination of the number of
participating molecules in both cases is a bit more challenging
task. The MB drop on the glass surface had a diameter of a ~
2.6 mm and the pipetted volume was Vggs = 2 pl, which implies
that the surface coverage in the case of non-SERS measurements
was ~3 x 10" molecules per cm?. Substituting these values in
the EF definition yields

Isgrs/Nsgrs 4 x* crrsVRrs Isers

EF =
Irrs/Nrrs

70 a® csers Vsers Trrs

The biggest uncertainty of the previous formula lies in the
determination of Izgs and in the factor J representing the
efficiency of binding the molecules in the solution to the Ag
substrate. Unlike the SERS case with molecules evenly distrib-
uted on the Ag surface (as can be inferred from Fig. 5), the
distribution of MB molecules on glass is rather nonuniform
due to creation of molecular aggregates. That is why Ixgs (~24)
was determined on the basis of averaging of ~1000 spectra
(and verified by multiple separate calculations carried out on
different areas of the drop) (see ESI,t Fig. S3). The exact value of
0 is unknown, but since § € (0, 1), 1/0 must be >1 with the
most likely value of ~5 as discussed in Section 3.2. Putting the
numerical values in the EF definition (taking the aforemen-
tioned uncertainties into account) leads to the biggest EF
(for 107'° M concentration) between 2 x 10° and 10’. Thus,
the EF of our substrates is about 2 orders of magnitude higher
than the EF commonly reported in the literature for Ag nano-
islands growing directly on glass.™
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3.5 SERS of testing biomolecules

The potential of our substrates for quantitative SERS analysis of
biomolecules was further tested using H,TMPyP and amino
acid cysteine.

Porphyrins are important biomolecules and their derivatives
are applied in the photodynamic therapy of cancer, antiviral
treatments, molecular biology, specific sensing of DNA sequences,
selective cleavage of nucleic acids, transport of oligonucleotides
into the cell etc. The SERS spectra of H,TMPyP were obtained
using the optimised structures (80 nm msPTFE) dipped in a
2 x 107°M and 1 x 1077 H,TMPyP stock solution for 30 min.
As well as in the case of MB, reproducibility of obtained data was
evaluated by means of factor analysis in the measured spectral
range ~400-1700 cm . Typical SERS spectra of H,TMPyP and
typical H,TMPyP spectral maps are shown in Fig. 6. The positions
of bands in the spectrum correspond well with those obtained
using standard Ag colloids®® although two broad peaks of
graphitic carbon can be seen in the 1200-1600 cm ™" region.>”
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Fig. 6 SERS spectra of H,TMPyP on optimised nanostructures (underlying
Ag layer, 80 nm msPTFE) and two representative spectral maps for two
different concentrations. The meaning of the Vj; coefficients is the same as
in Fig. 5.
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The RSD was <20% for all the measured maps, which demon-
strates excellent spectral reproducibility.

Cysteine is an important structural and functional component of
many proteins and enzymes and one out of two amino acids
containing a sulphur atom. The SERS spectra of cysteine were
obtained by dropping a 2 ul drop of a cysteine stock solution on
the optimised Ag nanoisland structures. A common problem when
analysing the SERS spectra of various biomolecules is analyte
heating and photodecomposition due to prolonged exposure to
laser illumination, resulting in a strong spectral background, tem-
poral spectral fluctuations, diminishing of the obtained signal with
time and the occurrence of broad amorphous carbon bands
between ~1350 and 1600 cm ™ * that often overlap with the spec-
trum of the molecule to be studied.”” All these reasons lead to the
loss of the enhancing capabilities of the adsorption site and hamper
efforts to fully exploit the potential of the SERS technique. That is
why a compromise between the laser power and the acquisition
time usually has to be settled to keep the spectral degradation at a
bare minimum. To partly make up for this problem, SERS spectra of
cysteine were collected from multiple nonoverlapping points at the
sample, each of which was irradiated only for 3 s. The final cysteine
spectrum was computed by averaging of 100 spectra of a given map
instead of increasing the accumulation time at a given spectral spot.
The 3 s acquisition time was chosen low enough to compensate for
the strong spectral degradation in longer exposition times but still
high enough with respect to the readout noise. Typical SERS spectra
of cysteine in the 107*~10"® M concentration range are shown in
Fig. 7. Our cysteine concentration range is comparable to that using
Ag colloids®®* and positions of Raman bands correspond well with
spectra reported previously, dominated by the band at 663 cm ™,
attributed to the C-S stretching vibrational mode.” It is apparent
from Fig. 7 that the limit of detection of cysteine is about 10°° M
dropping concentration.

4. Conclusions

In this study, we focused on the fabrication of Ag nano-
structures stabilized by magnetron-sputtered PTFE as highly
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uniform and sensitive SERS-active substrates. The fabrication
procedure was optimised with respect to the deposition time
of the Ag nanoislands and thickness of the supporting msPTFE
film. Moreover, introducing a smooth Ag layer between the
supporting glass slide and the msPTFE film increased the SERS
performance by another order of magnitude. The preparation
of large-scale (~20 cm?®) nanostructures is fast (~minutes),
simple and repeatable and they exhibit long (~months) time
stability.

The evaluation of spectral reproducibility was performed
on the basis of obtained spectral maps measured for the MB
testing analyte. Signal homogeneity in each of these maps, each
of them covering 10 x 10 spectral points, was evaluated using
in-house developed software based on factor analysis. The RSD
of the SERS signal was found to be <20% for different con-
centrations of MB and H,TMPyP without substantial deviation
both across a single substrate and different substrate batches.
The limits of detection were ~1 x 107'°M, 1 x 10’ M and
1 x 10°° M for testing analytes MB, H,TMPyP and cysteine,
respectively. The substrate EF was computed to be between
2 x 10° and 107, which is about 2 orders of magnitude higher
than the EF commonly reported in the literature for Ag nano-
islands grown directly on glass. In conclusion, the major
advantages of our substrates are fast and cheap large-scale
fabrication and excellent spectral reproducibility and therefore
these structures hold great promise for SERS quantitative
(sensing) applications.
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Fig. S1. RSD of spectral maps taken for different MB concentrations on different substrate batches (A, B and C) with all parameters optimised. The maps in
graphs A, B and C1 were measured 2 days after the substrate preparation and the maps in graph C2 were measured 5 months after the substrate preparation
(being stored in normal laboratory conditions). The meaning of the V;; coefficients is the same as in Fig. 5.
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Silver nanorod arrays prepared by oblique angle deposition (AgOADs) represent versatile, simple
and inexpensive substrates for high sensitivity surface enhanced Raman scattering (SERS)

. applications. Their anisotropic nature suggests that their optical responses such as the SERS signal,

. the depolarization ratio, reflectivity and ellipsometric parameters critically depend on the states of

. polarization, nanorod angular arrangement and specific illumination-observation geometry. SERS
polarization and angular dependences of AQOADs were measured using methylene blue (MB) molecule.
Our study constitutes, to our knowledge, the most detailed investigation of such characteristics of

. plasmonic nanostructures to date. This is due to the 90°-scattering geometry used in which two out

. ofthree Euler angles determining the nanorod spatial orientation and four polarization combinations
can be varied simultaneously. We attributed the anisotropic optical response to anisotropic (pseudo)
refractive index caused by different periodicity of our structures in different directions since the
plasmonic properties were found rather isotropic. For the first time we demonstrate very good
correspondence between SERS intensities and ellipsometric parameters for all measured configurations
as compared on the basis of the surface selection rules. Obtained results enable quantitative analysis of
MB Raman tensor elements, indicating that the molecules adsorb predominantly with the symmetry
axis perpendicular to the surface.

Plasmonic nanostructures possessing anisotropic morphology are expected to be anisotropic in terms of localized
surface plasmon resonances, which implies that their optical responses such as absorbance or the enhancement
factor should depend on the incident as well as the scattered polarization. In a typical Raman experiment, meas-
urements employing combinations of different polarizations (or possibly different scattering angles) allow to
: compute the Raman depolarization ratio'~* which gives information on the orientation-averaged components of
. the Raman tensor of the analyte and consequently on the symmetry of the vibration involved or on the preferen-
. tial molecular orientation on smooth surfaces (“surface selection rules”)*>. However, in SERS, the relationship
© between the symmetry of the Raman tensor of the analyte and the SERS depolarization ratio is often completely
overwhelmed by polarization-dependent coupling of the incident (or scattered) field to a given nanostructure>®7.
This effect is probably most pronounced for dimers®™!!, i.e. two closely spaced nanoparticles between which a
molecule is embedded. It was found that the field component parallel to the dimer axis exceeds the perpendicular
component by up to ~5 orders of magnitude® 12, which was explained by strong interparticle coupling between
adjacent nanoparticles (however, in practice, a factor around 5-20 is more likely)® *-°. Thus, denoting o as the
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angle between the dimer axis and the incident polarization wavevector, the local field should scale as ~cos o, the
local intensity as ~cos? o and the SERS enhancement factor as ~cos* o in the most common E* approximation,
which was verified experimentally many times. A more in-depth approach was derived in the literature?* where a
formula linking the Raman and SERS depolarization ratios beyond the E* approximation was derived. However,
the possibility of using SERS to probe the Raman tensor of molecules or their spatial arrangement still remains in
question since it is difficult to verify the formula experimentally* 17,

Polarization characteristics of SERS spectra have already been investigated for a wide range of plasmonic
platforms possessing anisotropic morphology, besides nanoparticle dimers Ag nanocubes'®, arrays of silver nan-
oparticle rows'?, gold nanoassemblies' etc. Frequently-studied are also arrays of elongated nanoparticles such as
nanorods®-?, nanowires'”2*-%, nanoantennas?’ and nanorattles?®. Experimental results published so far suggest
that the optical response for light polarized parallel/perpendicular to the long axis of the nanoobjects (related
to excitation of transverse plasmon modes (TM) or longitudinal plasmon modes (LM), respectively) is indeed
different. However, the SERS intensity profile with varying angle/polarization is a function of a wide range of
parameters, such as the dimensions of the metallic objects, their aspect ratios and spatial arrangement, material
(Ag or Au), the exciting wavelength or orientation of the probe molecules on the surface, which resulted in the
last years in some seemingly contradictory results. For example, according to Dluhy and co-workers?., the ratio
of SERS responses in the directions parallel/perpendicular to the nanorods was found to be around 0.8, which
was attributed to the lateral arrangement of the nanorod lattice and strong electromagnetic coupling between
adjacent metallic nanorods instead of preferential molecular orientation of the probe molecule on the surface.
Similar trends were observed for Ag and Au nanowires'” 2426 where the SERS intensity ratios for light polarized
perpendicular/parallel with respect to the nanorod axes was found around 5 and explained by excitation of a
new plasmon mode trapped in the interstices between adjacent, parallel wires, similarly to the case of a dimer.
However, this only happens if the interwire distance is sufficiently small (<10 nm)*. By contrast, the response of
nanorods or antenna-like structures®>2*%”28 were all found to be dominated by the longitudinal plasmon modes.
Such results were, on the other hand, usually rationalized by intense local electromagnetic fields emanating from
points of high curvature, such as nanorod tips (“lightning rod effect”).

Since the vast majority of experiments have been performed only in the backscattering geometry, a detailed
inspection on the angular dependence of the SERS signal is still missing. However, possible optimization of
plasmon-based sensors for maximum signal enhancement relies, among other things, on the right choice of the
exciting and/or the scattering angle*~*. A modified Greenler model based on classical electrodynamic dipole
radiation was used to explain the anisotropic nature of the Ag nanorods, producing maximum SERS intensities at
approximately 45° relative to the surface normal as measured in a backscattering geometry®®%. This model was
treating the surface of the nanorod (length ~868 nm) as planar, neglecting the diffraction effect and calculating
near-field intensities using the Fresnel equations. However, nanorods of subwavelength dimensions can be tricky
to treat as planar as demonstrated by Benson and co-workers* where a strong difference between the optical
constants of the nanorod films and those of the constituent materials was found using generalized ellipsometry.
Such nanorods exhibited biaxial properties with the complex refractive index different for different orientations
of the incident angle with respect to the nanorods. The anisotropy is most significant predominantly at plasmonic
resonances’’.

In spite of numerous studies and approaches aiming to elucidate the optimum conditions for SERS signal
enhancement and studies dealing with ellipsometry characteristics of plasmonic substrates, a detailed relation-
ship between SERS intensities and ellipsometry parameters is still missing in the literature. In this paper, polari-
zation and angular characteristics of methylene blue (MB) adsorbed on silver nanorod arrays prepared by oblique
angle deposition (AgOADs) are investigated. These nanostructures represent uniform, reproducible, large-area
SERS-active substrates with high SERS enhancement and exhibit plasmon resonance over a very broad range
of wavelengths®” *. We demonstrate very good correspondence between SERS intensities, interpreted in terms
of the surface selection rules, and ellipsometric parameters for all polarization states and angular arrangements
used. Information on the relative magnitudes of the Raman tensor elements is extracted and a possible adsorptive
stance of the MB molecules on the nanorod surface is inferred.

Methods

Preparation of AQOADs. Fabrication of AgOADs was performed by low-pressure magnetron sputtering
of a silver target onto Si wafer support using the procedure described in more detail in our previous work®. The
deposition angle was 70° with respect to the surface normal, corresponding to nanocolumns tilted at an angle 5
around 55° as predicted by the Tait’s rule*’. The deposition time was 15 minutes, which led to the mean diameter
of individual Ag nanorods of 60 nm, the mean distance between their centers 150 nm and the height of the nano-
rod array around 300 nm as can be seen in Fig. 1. There, a cross-sectional and top view of AgOADs acquired by
scanning electron microscopy (SEM, TESCAN Mira 3, 15kV accelerating voltage) are presented. All substrates
were kept in a vacuum chamber overnight to prevent their contamination from ambient environment.

SERS Measurements. SERS spectra were acquired using a custom-built Raman spectroscopic system
operating in the 90°-scattering geometry according to the scheme in Fig. 2. This system was equipped with a
frequency-doubled Nd:YVO, laser providing the excitation wavelength 532 nm, an 1800 grooves/mm grating
and a liquid-nitrogen-cooled CCD detector (Princeton Instruments). The laser beam was partly focused using an
anti-reflective coated lens (BK7 glass, focal length 400 mm) to a spot of ~10 mm? at an angle § =45°. The SERS
signal was collected using the Pentacon objective 1.8/50. Since the 532 nm excitation wavelength approaches the
slope of the electronic absorption band of MB, obtained SERS spectra should be considered as pre-resonance
ones. A holographic notch-plus filter (Kaiser) was placed in front of the entrance slit of the monochromator
to remove the Rayleigh line from the scattered light. Light polarization falling on the sample was altered by a

SCIENTIFICREPORTS|7:4293 | DOI:10.1038/541598-017-04565-0 2



www.nature.com/scientificreports/

Substrate
holder

Si wafer

wu 00s

Substrate

Low-pressure
magnetron

500 nm

Figure 1. Schematic illustration of the oblique angle deposition and SEM images of a Ag nanorod array (cross-
sectional and top view). In the cross-sectional view, direction of the nanorod growth is indicated by a dashed
line.
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Figure 2. Scheme of the experimental geometry.

half-wave plate (Thorlabs) and an analyser was placed between the sample and the monochromator to allow only
the light polarized in one plane fall on the detector. In order to overcome different grating responses for different
light polarizations, a scrambler was inserted between the analyser and the monochromator. Correct function
of the scrambler and other optical components was checked using CCl, bands (measured in a cuvette) with a
well-known polarization-dependent behaviour'.

For better description of the experiments, we adopted the laboratory-fixed coordinate system with axes lined
up as sketched in Fig. 2. We call the direction along the wavevector of the incident beam (“vertical”) the z direc-
tion, analogously the y direction along the wavevector of the scattered beam and the x direction perpendicular to
yand z (perpendicular to the plane of sheet). In this notation, yz determines the scattering plane. SERS spectra of
MB were retrieved with varying tilting angle of the substrate 6 (corresponding to rotation about the x axis) and
the azimuthal angle ¢ (corresponding to rotation about the z axis). Four angles ¢ were used in our measurements
(0°,90°, 180° and 270°) with the angle § bound between 20° and 70° (increment 4°; with exclusion of the interval

fliry
between ~40°-50° in order to avoid direct reflection from the surface falling on the detector). The unit vector [
lying in the direction of growing nanorods takes under 4 respective orientations of the angle ¢ in the
laboratory-fixed coordinate system the following form:

0 =0% 1, = (0, sin(0 — 3), —cos(0 — f3)), (1)
¢ =90% 1, = (sinf, sind cosf, —cosh cosf3), ©)
o= 180°: Iy = (0, sin(f + B), — cos(8 + B)), 3)

¢ = 270% I, = (—sinB, sinf cos3, —cosf cos 3). )

To better describe changes in SERS intensities with both angles, we further introduce the primed (sample-fixed)
Cartesian coordinate system x/, y/, z’ where x=x’ and 2’ specifies at any instant the substrate normal. Since there
are two basic possibilities of setting the polarization of the incident beam as well as the scattered beam, a total of
4 different polarization combinations arise, which we will abbreviate as:

SCIENTIFICREPORTS | 7:4293 | DOI:10.1038/541598-017-04565-0 3
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1(e, ey = 1,,, I(e), ety =1, I(e™, e™) =1, (e, ety = 1,
with the first subscript standing for the exciting light and the second subscript standing for the scattered
(detected) light; v stands for vertical (with respect to the scattering plane) and h for horizontal polarization. One
of the four above-mentioned polarization arrangements together with angles 6 and ¢ unambiguously define the
experimental configuration for SERS response measurements.

Before SERS measurements, the AgOADs were cut into ~1 cm X 1cm pieces, immersed in 1 x 107°M MB
solution (Sigma-Aldrich) for 1hour, then removed and dried with an air stream. The samples were glued to a
supporting glass slide and fixed to a substrate holder capable of rotation about the x axis (see Fig. 2). The exact
y position of the holder was set so that the incident beam would intersect the x axis to achieve optimal focus.
Moreover, its z position was slightly readjusted after each change in the angle 6 if needed to retain the laser spot
at any instant exactly in the objective axis and to obtain the highest SERS signal. To keep the sample heating
and photodecomposition at a bare minimum, the laser power was set to 100 mW, which resulted in the power
density around 1 W/cm?. To increase precision of our measurements, measurement in each of the 4 polarization
arrangements was repeated twice (4 spectra I, I, I,;,, I;, were measured in a given order and immediately after
in the exactly opposite order) and the geometric mean of two corresponding spectra was used for further analysis
to account for slight signal diminishment with time. All spectra were recorded using 30 s acquisition time (1
exposition x 30 accumulations) and calibrated against a neon lamp.

Spectral Ellipsometry Measurements. AgOADs were characterized using a commercially available spec-
troscopic ellipsometer Woollam RC2. This ellipsometer employs dual rotating compensator enabling standard
ellipsometry, generalized ellipsometry, Mueller-matrix ellipsometry and reflectivity measurements in the energy
spectral range from 0.7 to 6 eV. The reflectivity spectra were calibrated with respect to the oxidized silicon wafer.
Woollam ellipsometric software CompleteEase was used to analyse the experimental data.

Theoretical Description of the SERS Response. According to Moskovits’ surface selection rules, an
adsorbed molecule may be thought to be illuminated by two beams, a direct beam and the beam reflected from
the surface, which superimpose coherently* °. By analogy, the total scattered radiation results from interference
between a directly scattered beam and the one experiencing a reflection from the surface. Having adopted the
system of coordinates x/, ¥/, z’ as shown in Fig. 2, the surface selection rules for the 90°-scattering geometry read
(see Supplementary Information for more details):

2
L, |os 4 = r)cost + al(1+ r)(A + r,)sind|
p = ——— >
b, ol (1 + 1)1+ )f 6
2
I, ‘ay/x(l + 1‘5)(1‘1/, — Deos? + o) (1 + r)(1 + r;)sin0’|
p = — = 5
P, ol (1 + 1)1 + )] (©)
I, ‘a}fy(l - "p)("; — 1)cosf cosf + a}fz(l + rp)(r;, — 1)sin6 cos®’
p = —_— =
L, a1+ 1) + )
! A / ! A . /12
N azy(l — rp)(l + rp)sme cosf + a,(1 + rp)(l + rp)sm051n9 |
5 >
s + 1)1 + 1)) (7)

where 6 is the incident angle, identical to the inclination angle sketched in Fig. 2, ' =90°—6 in our geometry, r,
and r, are the Fresnel reflection coefficients related to the frequency of the incident radiation, their primed coun-
terparts refer to the frequency of the scattered radiation and o;; refers to orientation-averaged components of the
Raman tensor of the adsorbed molecule in the primed frame of reference. In Eqs 5-7, we introduced the depolar-
ization ratios p;, p, and ps, all of them normalised to I, since this polarization arrangement provides information
only on one term of the Raman tensor. This approach is more convenient because it enables to exclude the insig-
nificant multiplicative constant relating Raman intensities to specific combinations of squares of Raman tensor
elements'. The Fresnel coefficients were retrieved from optical (pseudo)parameters of the sample as measured by
spectral ellipsometry and used for fitting the experimentally measured depolarization ratios on the left side of
Eqs 5-7 via relative ratios of respective Raman tensor elements.

Results and Discussion

SERS Polarization and Angular Dependences. Examples of MB SERS spectra obtained under different
configurations are given in Fig. 3. A more detailed account of varying SERS intensities with varying angles 6,
 and polarization arrangement is given in Fig. 4. These intensities, assumed as height of the 1628-cm™! peak
above spectral background, vary up to ~1 order of magnitude when measured under different configurations.
Since the surface area is covered with occasional hot-spot sites, we tried to estimate the uncertainty in the SERS
intensities. Occurrence frequency of hot-spot sites complies well with the Poisson distribution’®, however, the
actual number of hot-spot sites affected by the laser spot is expected to average out on the mm-scale. Supposing
4 hot-spot sites over 2500 pm? as determined in our previous work, it makes ~16000 hot-spot sites across the
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Figure 4. Variation in MB SERS intensities with angles 6, ¢ and polarization arrangement for the 1628-cm ™!

band.

laser spot with the standard deviation of 16000"/>= 126 and the relative standard deviation of the SERS intensity
<1%. Uncertainty in our measurements was therefore caused mainly by slight sample photodecomposition in
the course of our measurements, estimated at ~5% (i.e. ~10% uncertainty in the depolarization ratios). In order
to obtain a deeper understanding of varying SERS intensities with different experimental configurations and to
possibly identify subtle spectral changes such as varying relative intensities across different bands, factor analysis
(FA) was employed (see Supplementary Information, Fig. S1). FA results suggest that only the first subspectrum is
sufficient so that the original spectral information is retained within the noise level. Therefore, all observable MB
bands in Fig. 3 exhibit the same polarization and angular-dependent behaviour. This is in agreement with the fact
that most observable bands in the spectrum are of the same symmetry*!. For the sake of comparison, absorption
spectra of MB, polarization-resolved Raman spectra measured in a water solution under non-SERS conditions
and corresponding depolarization ratios were also retrieved (see Supplementary Information, Fig. S2).

Obtained polarization and angular characteristics may be attributed to many different factors, such as: (i)
different surface plasmon coupling efficiency between the incident/scattered laser field and silver nanorods with
changing polarization/wavevector direction (“plasmonic anisotropy”), (ii) interference between the incident/
scattered and reflected radiation as dictated by the surface selection rules, (iii) effectiveness of collection of the
scattered radiation and different laser spot size with a given angle 6 (scaling approximately as ~cosf)*. In order
to better understand intensity changes with varying angle 6, Raman spectrum of a Si wafer was measured as a
reference (see Supplementary Information, Fig. S3). Comparison between Raman intensities as measured using a
Si wafer and corresponding theoretical values predicted by the surface selection rules revealed that the point (iii)
plays a crucial role in the observable characteristics. Therefore, in order to diminish the effect of the geometrical
layout, to highlight the difference between different angles ¢ and since we are interested rather in the relative
ratios of MB Raman tensor elements instead of their magnitudes, the depolarization ratios p,, p, and p; were
further analysed instead of intensities. Obtained results for these 3 depolarization ratios with varying angles 6 and
 are shown as colour points in Fig. 5.
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Figure 5. Depolarization ratios of the 1628-cm™~! MB band for different angular arrangements (colour
points) and their fit by the surface selection rules with pseudo-refractive indices obtained from ellipsometry
measurements (lines).

In order to determine the effect of the “plasmonic anisotropy”, a simple model based on “competition” between
the enhancement provided by longitudinal plasmon modes (excited by polarization parallel to the long axis of
the nanorods) and by transverse plasmon modes (excited by polarization perpendicular to the long axis of the
nanorods) was employed at the first stage. The primary reason for this competition (and consequently alteration
of the incident/scattered polarization caused by the nanostructures) is the presence of hot-spots, which may be
distributed both at the edges of nanowires and at the gaps among adjacent nanorods. Knowing the long axes ori-
entation under given angular arrangement in the laboratory-fixed coordinate system (determined by Eqs 1-4),
intensities obtained in respective configurations are expected to be® 10-11.17:21

L~ fager L+ a (= (e DAaf(es - 1Y+ al(l = (e - LY, ®

where ?{ is the unit incident field vector, 7{ is the unit scattered field vector, j € {1, 2, 3, 4} and a, and a) are
factors determining the plasmonic response to polarization parallel/perpendicular to the long axis of the nano-
rods for the exciting light (unprimed values) and the scattered light (primed values). The first bracket in Eq. 8
accounts for the enhancement of the incident radiation and the latter accounts for the enhancement of the scat-
tered radiation. Since we analyse the depolarization ratios instead of intensities, the final formulas will depend
only on the ratio r = aJ_/aH. We tried to fit the obtained depolarization ratios using the Eq. 8, but no value of r
consistent for all three depolarization ratios and any of the four angles ¢ and copying the shape of the experimen-
tally measured depolarization ratios (Fig. 5) was found (see section 4 in Supplementary Information for more
details). An insightful view on failure of such a fit is provided by the depolarization ratios in Fig. 5, which exhibit
marked distinction after rotating the sample by 90° about the z’ axis while upon rotating the sample by 180° the
depolarization ratios change very little. This was expected for ¢ =90° and 270° since in both cases the angle
between the axes of the nanorods and incident/scattered wavevector is the same. More surprisingly, even the
ratios for ¢ =0° and 180° are similar (but still distinct from ¢ =90° and 270°), truly indicating that different sur-
face plasmon coupling efficiency of light polarized rather parallel/rather perpendicular to the nanorods has very
little effect on the observable characteristics. In other words, although our nanostructures are morphologically
anisotropic, the plasmonic properties around the wavelength used (532 nm) are rather isotropic and therefore it
can not be the main reason for the anisotropic behaviour we observed in the SERS experiments. It suggests that
hot-spots, which are primarily responsible for altering the polarization of the SERS photons, are evenly distrib-
uted both at the edges of nanowires and at the gaps among adjacent nanorods. This result indicates that the major-
ity of the difference in the depolarization ratios after rotating the sample by 90° is attributable to different
refractive indices along different directions and may be explained within the framework of the surface selection
rules.

Ellipsometry Characteristics. In order to theoretically describe the SERS response, ellipsometry meas-
urements were performed on the nanostructures with the aim of retrieving their optical constants which enter
Eqs 5-7. Ellipsometry measurements of AgOADs were carried out after MB adsorption with varying angles 0
and ¢ in the same range as in the case of SERS measurements. From ellipsometry measurements several basic
conclusions were drawn: As expected, the optical (pseudo)parameters of the nanostructured layers are strongly
different from the optical constants of the constituent materials. Unlike optical constants of homogeneous materi-
als, optical constants of silver nanorods depend (due to the presence of subwavelength structures) on the incident
angle 6 and are strongly influenced by rotating the sample by 90° about the z’ axis (see Fig. 6 or the section 5 in
Supplementary Information for more details). On the other hand, the optical constants are virtually insensitive
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(virtually identical to o = 180°). Extinctance (E) was calculated as E = 1 — R, where the reflectivity R was
obtained based on the values 7 = n + ik from Fig. 6. The exciting wavelength is marked with a green arrow, the
angle 0 was 45°.

to rotating the sample by 180°, which is in full compliance with the SERS results. Comparison between optical
(pseudo)refractive indices, obtained in standard ellipsometry measurement mode, and total reflected intensity,
measured in the reflection mode (together with Mueller-matrix measurements) revealed that the structures may
be treated as non-depolarizing (with only ~5% of the reflected light exhibiting depolarization, see Supplementary
Information, Fig. $6) and thus analysed by the standard Jones formalism®> . Moreover, further analysis showed
that the off-diagonal elements of the Jones matrix are ~10% x smaller than the diagonal elements and thus may
also be dismissed. This justifies application of the surface selection rules in the form given by Eqs 5-7 for theoret-
ical analysis of the SERS response.

Another purpose of ellipsometry measurements was that it can reveal more detailed information on the plas-
monic properties of the AgOADs. Calculated extinction spectra of our structures for given angles ¢ are depicted
in Fig. 7. The extinctance presented there (E) was computed as E = 1 — R, where the reflectivity R was obtained
based on the values contained in Fig. 6. Extinctance features a sharp transverse plasmon peak around 357 nm and
a broad band above ~400 nm, attributed to the longitudinal plasmon mode?" %, The latter is less intense than
expected, probably due to very high reflectivity of the sample above ~400 nm, which may be partly attributed to
the supporting Si wafer. We suppose that the distinction between these two profiles may be attributed to different
periodicity of our structures in the x'/y’ direction. As can be seen in Fig. 1, the nanorods are almost perfectly
aligned in the direction perpendicular to the nanorod axes (the deviation of the nanorod axes from the x’ axis is
negligible from 90°) while the tilting angle of the nanorods /3 exhibits a certain distribution around the value of
~55°. Since the ¢ = 90°/270° configuration is sensitive predominantly to the former case, the corresponding
plasmonic resonance is expected to be rather sharp. On the other hand, in the ¢ = 0°/180° arrangement, the
angle made between the polarization vector and axes of respective nanorods exhibits a certain distribution which
is reflected in the inhomogeneously broadened longitudinal plasmon peak above ~400 nm. Figure 7 indeed con-
firms that the coupling efficiency for \ =532 nm is almost identical for all four angles  and therefore the differ-
ence in the SERS responses when rotating the sample about the z’ axis is mostly dictated by interference between
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Table 1. Relative magnitudes of Raman tensor elements (normalised to &/,,) of the 1628-cm ™! MB band for
different angles ¢. The values were obtained by fitting the SERS depolarization ratios using the surface selection
rules. Values revealed by the fit of p, are labelled as a, by p, as band by p; as c.

the incident/scattered and reflected radiation. “Higher plasmonic anisotropy” is more likely to arise at shorter
wavelengths as can be seen in Fig. 7 where the two curves differ more obviously, although more extensive research
is required to confirm this. We have to note, however, that the relationship between the near-field
(Raman-enhancing) properties and the far-field properties (such as extinctance of reflectance) is not straighfor-
ward in SERS and in the case of anisotropic SERS substrates no correlation between these two phenomena was
found?"*.

Determination of Molecular Orientation on the Surface. Knowing the optical (pseudo)parameters
of the sample, it is possible to use Eqs 5-7 to fit the measured SERS depolarization ratios (colour points in Fig. 5).
Unlike the former model based on different surface plasmon coupling efficiency for different light polarization,
the model using optical (pseudo)parameters fits the experimentally measured depolarization ratios very well.
Moreover, these fits provide information on the relative ratios of Raman tensor elements of the probe molecule
and are represented by solid lines in Fig. 5. The obtained results are summarized in Table 1.

Table 1 clearly demonstrates basically comparable values of a/,, oz}fy, o, anda and considerably lower values
of a), o), a)» ), and o). MB belongs to the C, point group symmetry with the vibrational representation
N=% — 54 A + 54 B, The strongest MB band at 1628 cm ™! belongs to the A species which transform as x’2, y'2,
z'? and x'y’ (2’ being the axis of symmetry of the molecule)*. Moreover, almost all the other observable bands in
the SERS spectrum exhibit very similar intensity profile and thus very similar relative magnitudes of Raman ten-
sor elements as already discussed using FA. This conclusion is also justified by the fact that the pseudo-refractive
indices change very little within the Raman shift wavelengths. Thus, for the MB orientation on the surface with
the symmetry axis along the z’ direction (the plane of the fused phenyl rings perpendicular to the substrate), the
g a,,a, and a;, Raman tensor elements are expected to be enhanced most while the o, o, o), and o
elements should tend to zero. Therefore, we conclude that the orientation of the MB molecule on the surface is
predominantly edge-on and possibly a small proportion of the molecules may take also different orientations
(since thear,, azlx a}fz and azl elements are not exactly zero but still much lower than o] and«/,). This is in agree-
ment with the literature since at higher concentrations the MB is supposed to take rather edge-on adsorptive
stance on the surface with the face-on orientation preferable at lower concentrations**®. The concentration used
in our experiments (10~° M) is expected to be slightly above the complete surface coverage’">*’. We have to note,
though, that the group theory (together with experimentally measured depolarization ratios) provides informa-
tion only on the orientation of the molecular symmetry axis with respect to the surface, but says nothing about
the distribution of the planes of the fused phenyl rings of the molecules with respect to x’ or y'. Thus, the
non-diagonal elements of the MB Raman tensor should be viewed as orientation-averaged for an ensemble of MB
molecules possessing predominantly edge-on adsorptive stance on the surface.

The similarity between the MB Raman tensor elements for four angles ¢ is rather peculiar since it indicates
that the molecules do not follow the curved orientation of the nanostructured surface. It suggests that the mole-
cules actually do not cover the lateral surface of the nanowires and probably aggregate in the vicinity of the nano-
rod tips. This may be caused by rather densely-packed nanocolumns, low porosity of the AgOADs and surface
tension of the solution?, but obviously more in-depth experiments are required to confirm this. We propose that
this could be further validated by testing different solvents, different analytes and their concentration-dependence
or by preparing different nanocolumn height, porosity or constituent materials. Some of these aspects will be
addressed in our further research.

Results of our fits also reveal thata), ~ aj, ), ~ a;, and the remaining components are very small for all
angles ¢. This follows directly from tensor rotational transformation formulas and confirms the success of our
fitting procedures since different tensor components were obtained from different fits. For example, when rotat-
ing the system by 90° about the z’ axis, the o/, component becomes o y’ , the o/ component becomes a}ﬁx, the
«,, component becomes o/, and the o/, component becomes o, and vice versa (for details see section 7 in
Supplementary Information). Table 1 demonstrates the agreement between MB Raman tensor elements even
across different angles ¢, although obviously not all elements are obtained with the same accuracy which causes

slight discrepancies. Unfortunately, that tensor components containing 2z’ in at least one of its indices suffer from
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higher uncertainty, especially those obtained from the fit of p,, which presents rather an ill-posed problem since
it aims to fit four values of the Raman tensor simultaneously. In order to obtain a better criterion for reliability of
our fits, we further computed the usual Raman tensor invariants (see the section 7 in Supplementary Information
for more details), the corresponding depolarization ratio of MB adsorbed on AgOADs and compared these values
with the values retrieved from MB Raman spectra measured in a solution. Raman tensor elements in Table 1 give
the usual Raman tensor invariants for each of the angles ¢ as follows: a* =0.43 +0.02,v* = 3.1 £ 0.1and
6% = 0.03 + 0.01. The corresponding depolarization ratio is p = 0.29 4 0.01. To compare, the depolarization
ratio of MB as measured in a water solution (see the section 2 in Supplementary Information for more details) is
p,, = 0.21 £ 0.01 for all symmetric vibrations involved. We suppose that the difference may be attributable
either to the presence of hot-spot sites or to formation of dimers/trimers at the surface which could feature a dif-
ferent depolarization ratio with respect to the monomers that are analysed in liquid (or possibly to a combination
of the two factors). Hot-spot sites are sparsely distributed over the surface as demonstrated by spectral mapping
of the surface in our previous work?. These sites may occur either at the edges of nanowires or at the gap among
nanoparticles (with completely different polarization characteristics), but since no significant difference between
efficiency of excitation of longitudinal/transverse plasmon modes was observed, we hypothesize that the hot-spot
occurrences in these two locations are approximately equal. On the other hand, for a collection of randomly ori-
ented hot-spots such as colloids, the measured depolarization ratio of all modes under SERS conditions will be
Pgzrs = 1/3, virtually independent of the symmetry of a given Raman mode” . When measuring in a
macro-mode (with the laser spot in the order of several mm?), a large number of hot-spots is affected, which may
still cover rather negligible proportion of the illuminated area but have a non-negligible share of the total inten-
sity, difficult to estimate precisely. Thus, for SERS-active systems where only a certain proportion of the signal (say
50%) comes from randomly-oriented hot-spots, one can expect that the depolarization ratio of the vibrations (for
which the depolarization ratio under non-SERS conditions is ~0.21) will be shifted towards 1/3. Supposedly the
depolarization ratio as computed using values in Table 1 is bound between these two extremes (p, < p < pg,o)-

In summary, a detailed analysis of the SERS polarization and angular dependences was performed on MB
adsorbed on silver nanorod arrays prepared by oblique angle deposition (AgOADs). The main advantage of our
approach is employment of the 90°-scattering geometry in which two out of three Euler angles determining the
nanorod spatial orientation and four polarization combinations can be varied simultaneously. This enabled us
to carry out the most in-depth investigation of polarization- and angular-resolved characteristics of AGOADs to
date, as far as we know. Ellipsometry measurements were carried out on the nanostructures to characterize their
plasmonic properties and to retrieve their optical constants which enter the surface selection rules. A detailed
relationship between the SERS intensities and corresponding ellipsometric parameters was elucidated, which
was still missing in the literature. Both the SERS intensities as well as ellipsometric parameters were found to
exhibit strong dependence on rotating the sample by 90°, although being fairly insensitive to flipping the sample
by 180°. We suppose that this distinction may be attributed to slightly different periodicity of our structures in
different directions instead of different surface plasmon coupling efficiency for light polarized parallel/perpen-
dicular to the nanorod arrays as reported in numerous studies where a comparable approach was employed for
other SERS-active systems. The theoretical description of the SERS response on the basis of the surface selection
rules was therefore well applicable. Fit of the obtained depolarization ratios against the optical (pseudo)parame-
ters of the sample obtained by means of spectral ellipsometry provided relative magnitudes of MB Raman tensor
elements. These results enable to gain insight into the adsorptive stance of the molecule on the surface, indicating
that the MB adsorbs predominantly with the symmetry axis perpendicular to the surface. Our experimental find-
ings contribute to better theoretical understanding of the SERS enhancement mechanism and may be useful for
optimization of plasmon-based sensors for maximum signal enhancement.
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1. Factor Analysis

In order to obtain a deeper understanding of varying SERS intensities with different
experimental configurations and to possibly identify subtle spectral changes such as varying
relative intensities across different bands, factor analysis (FA) was employed. In the singular
value decomposition (SVD) algorithm, a set or N background-corrected MB SERS spectra Y; (v)
(i = 1 corresponding to ¥ = 22°,... i = N corresponding to 9 = 70°; angle ¢ playing the role of
a parameter) are projected into orthonormal set of functions S;(v) (referred to as subspectra) as

Y,(v) =% W V5 (), (S1)

where W; (j = 1,2, ... N) is the jth singular value, representing relative statistical weight of the jth
subspectrum, and V;; is a unitary matrix determining relative spectral contribution of S;(v) in
Y;(v).} FA results for spectra measured for ¢ = 0° are given in Fig. S1 and suggest that only the
first subspectrum is sufficient so that the original spectral information is retained within the noise
level (factor dimension is 1). In other words, eq S1 simplifies to

Yi(v) = W1Vu 51 (w), (S2)

because higher V; coefficients (j = 2) exhibit rather random behaviour and were not
reproducible in our measurements. Corresponding subspectra S;(v), j =2, describe only
fluctuating spectral background, extremely sensitive to slight changes in baseline subtraction,
and even higher subspectra only the white noise. This is in agreement with the fact that all
observable bands in the spectrum are of the same symmetry.?
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Figure S1. FA results of baseline-corrected MB SERS spectra measured at an angle ¢ = 0°. The
subspectrum S; represents the basic spectral profile and the profile of the V;; coefficients very
well fits the intensity profile of the 1628-cm™ MB band given in Fig. 4. Different polarization
arrangements are distinguished by different colours. Shape of the subspectrum S, and profile of
the V,, coefficients were not reproducible in our measurements and were both extremely
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2. Raman Spectra of Methylene Blue

For the sake of comparison, polarization-resolved Raman spectra of MB measured in a water
solution under non-SERS conditions were retrieved. These spectra are depicted in Fig. S2. In the
case of randomly oriented molecules and the 90°-scattering geometry, the ratio of cross-
polarized (in principle, any of I, I, or I, polarization arrangements) to parallel-polarized (I,
arrangement) Raman intensities defines the molecular depolarization ratio py. The
depolarization ratios of the most intense A-type bands were computed to be py, = 0.21 + 0.01.

Absorption spectra of MB in the same concentration were also retrieved. MB absorption spectra
feature a maximum at 665 nm and a shoulder around 618 nm, both of them being characteristic
of a monomeric form®.
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Figure S2. Pre-resonance Raman spectra of MB measured under non-SERS conditions in the vv
(parallel-polarized) and wvh (cross-polarized) arrangement. Presented spectra are after
fluorescence background subtraction and offset for clarity. The MB concentration was 10 M,
Inset: Absorption spectra of MB with the exciting wavelength marked with a green arrow. The
depolarization ratios of the most intense A-type bands are presented below and take the value
py = 0.21 £+ 0.01 as indicated by the dashed line.

3. Details of Raman Experiments

Since the obtained polarization and angular characteristics depend on a wide range of factors, we
first investigated the effect of the geometrical layout, i.e. effectiveness of collection of the
scattered radiation and the effect of the laser spot size with a given angle 8. Fig. S3 demonstrates
the difference between experimentally measured Raman intensities of a Si wafer and
corresponding theoretical values predicted by the surface selection rules, both with the changing
inclination angle 8 measured in the vv arrangement. For this purpose, optical pseudo-refractive
index of a Si wafer 7 = n + ik was obtained using spectral ellipsometry as n = 4.11, k = 0.35
(for A =532 nm) and n' = 4.05, k' = 0.33 for ' = 547 nm (corresponding to the wavelength
of the scattered radiation of the 520-cm™ silicon mode). The vv arrangement was chosen due to
the fact that corresponding intensities depend only on one term of the Raman tensor. Comparison
between experimental and theoretical values implies that their ratio can be well fitted by an
expected cos @ function® and suggests that very similar effect (variation in the laser spot size
with the angle 8) will play a dominant role also in the case of AGOADs. To eliminate this effect,
SERS depolarization ratios were further analyzed instead of intensities (see the main text).

. * 5 °

2.5 e |, experiment ® . - 0.9
= —— 1, theory ®
2
9 2.0 - [ ] - 0.7
L
& 1.5
e - 0.5
©
X 10/ e |, (theory)/l, (experiment)

cos 0 | 03

20 30 40 50 60 70 20 30 40 50 60 70
Angle 6 (deg) Angle 6 (deg)



Figure S3. Left: Comparison between Raman intensities of a Si wafer (black points) and
(normalised) theoretical values predicted by the surface selection rules (line) with the varying
inclination angle 6 as measured in the wvv arrangement. Right: The ratios of
theoretical/experimental values from the left graph and their fit by a cos 8 function.

4. Modelling of the Plasmonic Anisotropy

At the first stage of the analysis of the optical response of the AGOADs, a simple model based on
“competition* between the enhancement provided by longitudinal plasmon modes and by
transverse plasmon modes was employed. This model makes use of the fact that the plasmonic
response of light polarized parallel/perpendicular to the nanorod axis should be different. Since
the projection of incident/scattered polarization to the direction of growing nanorods is given by
the scalar product between these two vectors, the intensities obtained in respective cases (varying
angles 6 and ) are expected to be proportional to the right side of eq 8 (for simplicity, we will
now suppose the factors a; and a, the same both for the exciting wavelength and the Raman-
shifted wavelength). Since we analyse the depolarization ratios instead of intensities, the final
formulas are expected to depend only on the ratio r = a, /a);. Fig. S4 clearly demonstrates that
no value of r consistent for all experimental configurations can be found. The reasons are as
follows: (i) any possible value of r (irrespective whether r < 1 or r > 1) is able to consistently
copy the shape of all 3 experimentally measured depolarization ratios, (ii) for r > 1, the
depolarization ratios for ¢ = 0° and ¢ = 180° lie below the depolarization ratios corresponding
to @ = 90° and ¢ = 270°, while from experiment the depolarization ratio curves for ¢ = 0° and
@ = 180° are above those for ¢ =90° and ¢ = 270° (iii) even for r <1, the two
depolarization ratio curves especially for ¢ = 0° and ¢ = 180° are (supposedly) distinct (the
distinction being the more pronounced the lower is r), although in experiment they are almost
identical, (iv) the increasing/decreasing trend in the depolarization ratio curves for p;/p, is not
compatible with the model supposing plasmonic anisotropy of our structures. Nor is the U-
shaped trend in the case of experimentally measured p; since the model supposing plasmonic
anisotropy predicts very little dependence on the angle 6 in this case. Most importantly, the
model based on plasmonic anisotropy predicts the existence of three different trends for the
experimentally measured depolarization ratio curves (since the angles ¢ = 90° and ¢ = 270°
provide the same response in the plasmonic anisotropy model) while in reality only two distinct
trends were measured (see Fig. 5). In conclusion, we suggest that although our nanostructures are
morphologically anisotropic, the plasmonic properties around the wavelength used (532 nm) are
rather isotropic and therefore they are not responsible for the anisotropic behaviour we observed
in the SERS experiments.
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Figure S4. Theoretical shapes of the depolarization ratio curves in the case of plasmonic
anisotropy described by the r value. Three values of r, three depolarization ratios and three
angles ¢ (since the angles ¢ = 90° and ¢ = 270° provide the same response in the plasmonic
anisotropy model) are presented. Since obviously no value of r is able to fit the experimentally
measured depolarization curves, the plasmonic anisotropy around the wavelength 532 nm is not
the main reason for anisotropic behaviour observed in the SERS experiments.

5. Spectral Ellipsometry Measurements

Spectral ellipsometry measures changes in light polarization after reflecting from a material
structure. To describe reflection from the surface, it is traditional to resolve the electric field into
two orthogonal components: parallel (p) and perpendicular (s) with respect to the plane of
incidence. Both the amplitude and the phase of both field components undergo a change upon
reflection as determined by the Fresnel reflection coefficients

~ _ cos —VA?—sin? @

T. =
S cos 6+VAZ—sin2 6’

(S3)



-~ 72 cos 06 —VAiZ—sin2 6

P 7 #2c0s 9 +ViAZ—sinZ8’

(S4)

where 6 denotes the angle of incidence. Complex quantities are marked with a tilde.
A commonly measured ellipsometric quantity describing changes in polarization upon reflection
is the complex reflectance ratio, defined as

5T
P=% (53)
The inverse transformation is
e ) 20 (172
1 = sin“@ [1 + tan“@ (_1+ﬁ) ], (S6)

which allows to compute the pseudo-refractive index of the structure, knowing the complex
reflectance ratio g. Both g and 7i depend inherently on light frequency.

For semi-infinite, homogeneous and isotropic samples, the pseudo-refractive index is
independent of the incident angle, which means it is sufficient to measure p only for one angle 6
for unique description of the reflective properties of the material. Then, the pseudo-refractive
index becomes identical with the refractive index of the material. However, the above-mentioned
criteria are hardly ever met, often due to surface roughness, native oxide layers (the case of a Si
wafer) or presence of other films and overlays. Therefore, the pseudo-refractive index of silicon
may be different from its refractive index. Moreover, in the case of nanostructured materials, the
assumption that the pseudo-refractive index is independent of the incident angle does not have to
hold anymore, which is due to the presence of subwavelength structures (see Figs. 6 and S5).

In a more general case such as anisotropic, but still non-depolarizing materials, it is convenient
to make use of the Jones formalism and express the components of the reflected light in the

matrix form
Ef) (T Tps Elp
(ETS - (7:9p Tss)(El.s ’ (57)

where the subscript i stands for the incident and r for the reflected radiation. Generalized
ellipsometry measures the ratios of the Jones matrix elements, i.e.

rLP’ rﬁ’ TS_P’ (S8)

the two latter of them being identically zero in the case of homogeneous and isotropic samples.

Finally, samples which exhibit depolarization are not compatible with standard or generalized
ellipsometry measurements and thus should be treated by the Mueller-matrix formalism. This
formalism employs Stokes vectors and 4x4 matrices to account for depolarization, i.e. loss of



coherence of the phase and amplitude of the electric field.> The conversion of the polarized light
into partially polarized or unpolarized happens due to surface roughness, film thickness
inhomogeneity or presence of plasmonic resonances. Occurring depolarization may be surmised
from the comparison between Mueller-matrix and Jones-matrix elements or between reflection
intensities and corresponding intensities calculated using Jones-matrix elements.

Generalized ellipsometry measurements of AgOADs showed that the ratios s I are < 0.01

rpp Tss

(not shown here) and thus the non-diagonal terms of the Jones matrix were neglected in our
calculations. We expect that this is due to rather densely packed nanocolumns and low porosity
of the AgOADs. Measurements in the reflection mode further revealed that our structures may be
treated (around the wavelength of 532 nm) as non-depolarizing and thus analyzed by the
standard Jones formalism. Fig. S6 demonstrates the difference between total reflectivity as
measured in the reflection mode and reflectivity computed via optical pseudo-parameters
retrieved from standard ellipsometry measurements using the Fresnel equations. As expected, the
values obtained by direct reflection measurements are for most angles slightly higher than that
computed, which do not take depolarization into account. The average difference between these
two methods is around 5%. The slight discrepancy at small angles 6 and ¢ = 90°/270° may be
caused by the low values of the imaginary part of the refractive index which implies high
penetration depth of the incident angle through the nanostructures, which means that the
effective reflection does not occur only at the interface Ag/air, but also at the interface Ag/Si.
Upon reflection, however, the part of the light reflected from the Si interface is absorbed in the
material structure and that is why the approach based on the effective medium approximation
somewhat overestimates the total reflectivity.
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Figure S6. Reflectivity of the AgOADs as measured using reflection mode (circles) and as
computed using pseudo-refractive indices measured in the standard ellipsometry mode
(triangles). The values R, are in the two graphs above, the values R, are below; 4 = 532 nm.

6. Surface Selection Rules

Let us consider the situation when a molecule adsorbed on a surface (determined by the x'y’
plane and z’ specifying the substrate normal) is irradiated by a light beam at an incident angle 6
with the wavevector perpendicular to the x" axis. Let the scattered radiation be collected at an
angle @', again with the wavevector perpendicular to x". The molecule may be thought of as
being irradiated by two beams: The direct (incident) and the reflected one, which superimpose
coherently, and a similar process applies in the case of the scattered radiation. In the following,
we will denote € the unit electric field vector, the subscripts i and r stand for the incident and
reflected radiation respectively, and primed quantities pertain to the scattered radiation. This
situation is depicted in Fig. S7.
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X

Figure S7. Scheme of the geometrical layout and definition of the coordinates. All symbols have
usual meanings as described in the text. The components of the scattered field experiencing

a reflection from the surface (&5 and éf') are not included in the scheme for simplicity.

First, we will address the description of the incident beam. In the case of s-polarization, we have
e’ =(1,0,0), &5 = (r,0,0), (S9)
and thus the total field felt by the molecule is
és =(1+1,0,0). (S10)
In the case of p-polarization, we have
é’ = (0,cos 6,sinh), & = (0,—r, cos B, 7,sinH), (S11)
and the total field felt by the molecule is
er = (O, (1 — rp) cos B, (1 + r,)sin 9). (S12)

Very similar principle applies in the case of the scattered radiation. Supposing an analyser allows
only the detection of the s-polarized light, we have

és =(1,0,0), &5 = (r;,0,0), (S13)
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and the total detected field is
s =1+r,0,0). (S14)
Finally, for the p-polarized light entering the detector, we have
éP" = (0, —cos @',sin8"), (?f’ = (0, rp' cosf’, rp'sin 6"), (S15)
and the total detected field is
ér = (0,(r, —1) cos®’, (1 +1,)sind"). (S16)
Raman scattering intensity is proportional to
(¢ aje e’ (817)

which means that, for example, the Raman scattering intensity of the p-polarized light excited by
the s-polarized light will be proportional to

! ! ! 2

Oxx Axy Ayz 1+
(0,(r, —1)cos®, (1 +1,)sin8) | & @, ay, |- ( 0 ) , (S18)
0

which produces the result given in eq 6. We abbreviate this intensity as I, with the first
subscript standing for the exciting light (i.e. “vertical“ with respect to the scattering plane) and
the second subscript standing for the scattered light (i.e. “horizontal® with respect to the
scattering plane). Intensity profiles for the three remaining polarization combinations may be
derived in a very similar fashion and are summarized in the main text.

7. Raman Tensor Invariants and the Depolarization Ratio

Tensor elements are transformed upon rotation of axes. Denoting alfj Raman tensor elements in
a certain (primed) system of Cartesian coordinates and a;- Raman tensor elements in another

(double primed) system of Cartesian coordinates, the 9 components of the 3x3 matrix will be
transformed according to the formula®

= RiiRy; a;j. (S19)

More explicitly, assuming that R is the rotational matrix about the z‘ axis by 90°, i.e. taking the
form

13



cosw Sinw 0 0 1 0
R = (—sinw cos w O> = (—1 0 0>, (S20)
0 0 1/ =90°

then, the transformation relation (S19) reads

Uxx Axy Oxz 0 1 0 Uxx Oxy Oz 0 -1 0
aglllx ayy ayz =(-1 0 0]- a}’/x ayy ayz 11 0 0=
Ozx  Azy  Qyy 0 0 1

a

a —a

o T
—yy O —Qyz | (821)
azy — gy Azz

Leaving aside the unimportant signs in the final matrix product in eq S21, we see that the Raman
tensor component a,, for ¢ = 90°/270° becomes identical to a'yy for ¢ = 0°/180° and vice

versa, the Raman tensor component a,., for ¢ = 90°/270° becomes a;,z for ¢ = 0°/180° (and
vice versa) etc.

In the case of resonance Raman scattering, a total of 3 independent combinations of Raman
tensor elements can be found that remain invariant after rotation of the system of coordinates.
These are usually referred to as:®

The square of the mean polarizability a:

aZ — (@xx +“};y +“zz)2’ (822)
the anisotropy y:

(axy +tayx )2 +(ayz tagzy )2 H(Azx s, )2
4

2 _ (axx —Qyy )2 +(ayy —Qzz )2 Hayy —azz )2

y _ +3 ., (S23)

and the antisymmetric anisotropy &:

— 2 _ 2 _ 2
62 =3 (axy ayx) +(ay; 4azy) +(zx —xz) . (524)

The relative proportion between these 3 invariants (especially between a? and y? since §2 tends
to zero in the case of non-resonance Raman scattering) helps to surmise the symmetry of the
vibration involved. In a typical experiment, this information is accessible with the use of
polarized light. For the sake of simplicity, we limit our attention here to the 90°-scattering
geometry, although some of the following results may be easily generalized to other geometries
too. As already mentioned in the section 2, in the case of randomly oriented molecules, the ratio
of cross-polarized (in principle, any of I, I,, or I, polarization arrangements) to parallel-
polarized (I,, arrangement) Raman intensities defines the Raman depolarization ratio p.
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Equivalently, it involves the ratio of the orientation-averaged non-diagonal Raman tensor
components to the diagonal ones, which may be expressed using the three above-mentioned
invariants as

_ {ah)  3y24552
- (a?) T 49244542

(S25)

We expect that the difference between the depolarization ratio of MB as measured in a water
solution (py; = 0.21 £+ 0.01) and that computed for MB adsorbed on AgOADs using eq S25 and
values from table 1 (p = 0.29 + 0.01) is attributable mainly to the presence of hot-spot sites.
Briefly, in the following, we will assume random orientation of dimers (which are generally
agreed to be the principal sources of hot-spot sites) between which amolecule may be
embedded. Then, the local field scales as ~ cosa where « is the angle between polarization
vector and the dimer axis. Introducing standard  spherical  coordinates
(x, v, z) = (sinucosv,sinusin v, cos u), we obtain

_ o _ 1(ef¥ef®) _ Jf (sin ucos u cos v)*dn
PSERs = Ly  I(ef%edet) ff(sin u cos v)*dn ’

(S26)

where d2 = sinududv, ue (0,7) and ve (0,2m). Simple integration yields the value of
psers = 1/3 as verified experimentally many times.”® As expected, the depolarization ratio as
computed using values in table 1 is bound between these two extremes (py < p < Psgrs)-
Another reason for the difference between p and p,, may be formation of dimers/trimers at the
surface, which could feature a different depolarization ratio with respect to the monomers that
are analyzed in liquid (or possibly a combination of the two factors mentioned above).
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Optimization of surface-enhanced Raman scattering (SERS)-based sensors for (bio)analytical applications has re-
ceived much attention in recent years. For optimum sensitivity, both the nanostructure fabrication process and
the choice of the excitation wavelength used with respect to the specific analyte studied are of crucial impor-
tance. In this contribution, detailed SERS intensity profiles were measured using gradient nanostructures with
the localized surface-plasmon resonance (LSPR) condition varying across the sample length and using riboflavin
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Excitation profile by the degree of spectral overlap between the LSPR band, the excitation wavelength along with the scattering
LSPR cross-section of the nanostructures, while the latter was influenced by the position of the molecular resonance
with respect to the excitation wavelength. Our experimental findings contribute to a better understanding of

Riboflavin

the SERS enhancement mechanism.

© 2018 Published by Elsevier B.V.

1. Introduction

Fabrication of plasmonic platforms for surface-enhanced spectro-
scopic methods, such as surface-enhanced Raman scattering (SERS),
surface-enhanced fluorescence (SEF) or surface-enhanced infrared ab-
sorption (SEIRA), has been under thorough investigation for the last
~20 years [1]. To date, close attention has been devoted to optimization
of the SERS efficiency by tuning the nanoparticle dimensions, geometry,
composition, degree of aggregation as well as their dielectric environ-
ment [2-5]. Correlation between the maximum SERS enhancement
and details of the nanoobject fabrication procedure mentioned above
was in place already in the 1990s [6]. Supposing the size of the metallic
nanoobjects is much smaller than the laser wavelength (electrostatic
approximation), the oscillating charge density at the metal-dielectric in-
terface may be viewed as an oscillating electric dipole and the term di-
polar plasmon resonance is often used. However, when the dimensions
of the nanoobjects become comparable to the excitation wavelength,
other terms of the multipole expansion have to be taken into account.
This gives rise to higher order plasmon resonances (usually

* Corresponding authors.
E-mail addresses: Martin.Subr@mff.cuni.cz (M. Subr), prochaz@karlov.mff.cuni.cz
(M. Prochdzka).
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quadrupolar) that do not couple to light very effectively [2]. For this rea-
son, it is generally recognized that there exist optimum dimensions of
the metallic objects that provide the biggest enhancement, usually in
the range ~5-200 nm. This is evidenced by a vast body of experimental
data using both metallic colloids [7,8] as well as regular SERS-active
platforms [9,10]. Generally, with the increasing size of the metallic
nanoobjects and/or reducing the mutual distance, the LSPR is shifted
to longer wavelengths and progressively broadens, accompanied by re-
duced local field enhancements due to retardation effects. Moreover,
special care should be devoted to the proper choice of the excitation
wavelength used. Information on the plasmonic properties of the sub-
strate is very often derived from extinction [6,11] or reflection [9,12]
spectra, although this approach has led to several misconceptions
found in literature [13,14]. This confusion stems from overseeing the
difference between the “near-field” (Raman-enhancing) and the “far-
field” properties of a given substrate. In the average SERS regime, spec-
tral position of the highest SERS enhancement was found near the spec-
tral position of the localized surface-plasmon resonance (LSPR)
maximum. In this case, the optimum excitation wavelength tends to
be slightly blue-shifted with respect to the LSPR with the LSPR peaking
approximately halfway between the incident and the Raman frequency
so that both fields can be optimally enhanced [15]. However, this rela-
tionship may no longer be true for hot-spot dominated SERS-active
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systems (such as colloids) where the maximum enhancement is often
red-shifted with respect to the LSPR maximum [2,13]. In the case of
more complicated SERS-active platforms, no correlation between
these two phenomena was found [ 16-18]. Moreover, the SERS enhance-
ment may be coupled with molecular resonance enhancement or
charge transfer effects, which in turn influences the SERS excitation pro-
file (dependence of the SERS intensity on the excitation wavelength)
[19-21].

In this contribution, we use gradient nanostructured silver surfaces,
i.e. surfaces with gradually changing optical properties in one direction,
to study the dependence of the SERS enhancement factor on the excita-
tion wavelength and the LSPR position in the range from 450 nm to 700
nm. We show that not only the scattering cross-section of the nano-
structures, but also the spectral position of the molecular resonance of
the analyte used (riboflavin in this study) and its relation to the excita-
tion wavelength used possess a key role in the observable characteris-
tics. Our approach facilitates the way for modern analytical
techniques, biosensing and medical applications [22,23].

2. Experimental Section
2.1. Fabrication of the SERS Nanostructures

The SERS nanostructures were prepared on polished Si wafers (~3
cm x 1 cm). The fabrication procedure was carried out based on a
step-by-step optimization process described in our previous work
[11]. The produced coatings had a three-layer structure schematically
depicted in Fig. 1a.

The topmost layer consisted of Ag nanoislands (responsible for the
SERS effect) deposited by means of DC magnetron sputtering of a silver
target in argon atmosphere (pressure 0.1 Pa, magnetron current 200
mA). The gradient character of properties of silver nanoislands was
achieved using a movable mask introduced in between the substrate
and the magnetron during the process of deposition of nanoislands
(Fig. 1b) [24]. The mask initially shielded the entire substrate area
from the flux of incoming silver atoms emitted from the magnetron tar-
get. The position of the edge of the mask in this situation is denoted as 0
mm. The mask was subsequently moved with the constant speed along
the sample length which in turn gradually diminished the shielded frac-
tion of the substrate. As a result of this, different locations on the sam-
ples experienced different fluence of silver atoms that led to Ag
structures with different morphologies at different spots on the
substrate.

The intermediate, 80 nm thick layer in the SERS active samples was
composed of magnetron-sputtered polytetrafluoroethylene (PTFE) film.
This film, that was produced using applied RF power of 40 W and argon
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as the working gas (pressure 1 Pa), served as a dielectric separation
layer between the Ag nanoislands and the continuous smooth silver
that represented the bottom layer of the produced structure. As we
demonstrated in our previous study, the introduction of such a base
layer, which acts as a mirror for the incoming laser beam during SERS
measurements, contributes to the total enhancement factor by approx-
imately an order of magnitude [11].

The morphology of prepared surfaces along the sample length was
investigated by scanning electron microscopy (SEM, TESCAN Mira 3,
15 kV accelerating voltage). Optical properties of silver nanoislands de-
posited onto glass slides were investigated by UV-Vis spectrophotome-
try (Hitachi U-2910). No metallic back-reflector was used in this case.

2.2. Raman Measurements

SERS spectra were recorded at room temperature using an inte-
grated confocal Raman microscopic system LabRam HR800 (Horiba
Jobin-Yvon), equipped with a diffraction grating with 300 grooves per
mm and a liquid nitrogen cooled CCD detector. Two excitation sources
were used: He-Ne laser, operating at the wavelength of 633 nm, and
Ar™ laser with the lines at 488 and 515 nm. The laser beam was focused
onto the sample at a spot of approximately a 1 um diameter using a
100x objective, NA = 0.9. Laser powers were adjusted using grey filters
to approximately the same laser power around 0.05 mW for all three
wavelengths used. Scattered radiation was collected in a back-scatter-
ing geometry and filtered by an edge filter for Rayleigh rejection before
focusing it onto the 100 um entrance slit of the spectrometer. SERS in-
tensities were determined as height of the Raman band centered
around 1077 cm™! above spectral background and normalized using a
Si wafer as an external intensity standard.

2.3. Studied Biomolecule

Riboflavin (vitamin B2) was used as the model biomolecule. Ribofla-
vin serves as a cofactor of many key enzymes and absorbs light in the
spectral region between ~400-500 nm. Thus, it is a suitable molecule
for the study of both SERS and resonance SERS in the spectral region de-
termined by the LSPR of our structures. Riboflavin powder was dis-
solved in deionized water. Final riboflavin concentration 3 x 107> M
was obtained by subsequent dilution of the stock solution and used
for SERS testing.

3. Results and Discussion

The first step of this study involved characterization of produced
SERS-active surfaces from the point of view of their morphology and
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Fig. 1. a) Schematic illustration of the substrate, b) schematic representation of the setup used for production of gradient nanoislands.
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optical properties. As can be seen in Fig. 2 where sections of SEM images
recorded at different positions on the sample prepared with the mask
speed 1 cm/30 s are presented, different morphologies along the sample
length arise. They range from small individual Ag nanoparticles of
dozens of nm at positions that correspond to short exposure times of
the substrate to the Ag flux to an interconnected Ag network observed
at the locations exposed to incoming Ag for longer time period.

The gradual changes in morphology of silver nanostructures (size
and separation of individual nanoparticles, see Fig. 2) naturally result
in significant appearance variation of the LSPR. For small and well-sep-
arated Ag nanoislands the LSPR band has maxima at shorter wave-
lengths (450-500 nm). An increase in nanoisland size and a decrease
in their mean distances causes red-shift of the wavelength of the LSPR
maximum (see Fig. 3). In addition, the course and the range in which
LSPR changes its position on a single sample may be varied by alterna-
tion of the mask speed. As expected, lower speed of the mask caused
bigger differences in the amount of incoming atoms. Thus, also bigger
differences in interparticle distances on particular positions on the sam-
ple and consequently bigger differences in LSPR were observed [24].
This made possible to cover the range of the LSPR band maxima from
approximately 450 nm up to 700 nm. However, it has to be emphasized
that the shape and the wavelength of the LSPR maximum is the same for
the spots on the samples with the same exposure time to Ag flux (Fig.
30).

SERS spectra were retrieved by dropping 2 pl of a riboflavin stock so-
lution on the Ag nanoisland structures and letting dry. 3-4 drops were
deposited evenly along the sample length, each of the droplets
possessing a different LSPR condition. Although this approach often re-
sults in rather inhomogeneous drying patterns, SERS reproducibility in
each of the droplets (diameter ~ 2 mm) was found to be better than
10% as determined by spectral mapping. For reproducibility determina-
tion, we used an approach based on singular value decomposition algo-
rithm, described in more detail in our previous work [11]. The spatial

resolution, determined by the diameter of the droplet, imposes an un-
certainty in the determination of the LSPR maximum in respective posi-
tions on the sample of up to ~20-30 nm in the leftmost part of the
sample (that experienced the highest fluence of Ag). This uncertainty
is comparable to the uncertainty in LSPR maxima determination on re-
spective positions on the sample and plays relatively a minor role in fur-
ther considerations. In order to enable intensity comparison across
different wavelengths used, Si wafer was employed as an external in-
tensity standard. This approach accounts for fluctuating laser power as
well as the f*-dependence imposed by using different excitation wave-
lengths [2,22].

Absorption spectrum of riboflavin solution and examples of ribofla-
vin SERS spectra taken with different laser wavelengths under the opti-
mized conditions are depicted in Fig. 4. It is obvious from Fig. 4a that
using the excitation wavelength 488 nm, the SERS may be considered
as resonance SERS (SE(R)RS), in the case of the excitation wavelength
515 nm as pre-resonance and as out-of-resonance in the case of the
633-nm excitation wavelength. Spectral positions of respective ribofla-
vin vibrational modes are virtually identical for all three excitation
wavelengths and correspond well with riboflavin SERS spectra reported
in literature [25,26]. The SERS spectrum is dominated by bands centered
around 1342 and 1624 cm ™!, attributed to the vibrational motion of the
isoalloxazine ring, which interacts with Ag surface [25,26]. These two
bands have also obviously biggest contribution from the molecular res-
onance as their relative proportion with respect to other observable
bands is most significant in the case of 488-nm excitation wavelength
(to a lesser extent, this effect can be attributable to the f*-dependence
of different vibrational modes). Most importantly, the effect of the
wavelength used is expected to be reflected in the SERS intensity profile
when measured along the sample length (in different positions
possessing different LSPR conditions). This situation is depicted in Fig. 5.

As already mentioned in Section 1, in the average SERS regime
(which is the case of Ag nanoislands), the spectral position of the LSPR

Decreasing exposure time of substrate to Ag flux

B

Position on the sample 2 mm
Surface coverage: 60%
Interconnected network

Position on the sample 15 mm
Surface coverage: 40%
Mean diameter of Ag

nanoparticles: 17.4 £3.5 nm

Position on the sample 25 mm
Surface coverage: 25%
Mean diameter of Ag
nanoparticles: 8.7 + 1.4 nm

200 nm

Fig. 2. SEM images of Ag nanoislands measured on different positions on the sample (mask speed 1 cm/30 s). Surface coverage and mean diameter of Ag nanoparticles were determined by

analysis of SEM images.
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band on particular position of the sample should possess maximum
overlap with the excitation wavelength used in order to achieve opti-
mum SERS enhancement. However, this matter is further complicated
by the fact that the studied molecule (riboflavin) exhibits a broad ab-
sorption band between ~400 and 500 nm and its molecular resonance
contributes to the total enhancement when the excitation wavelength
approaches the slope of this absorption band. This causes the SERS in-
tensity profile of riboflavin with different positions on the sample to de-
viate from the expected dependence under the conditions of non-
resonance excitation (with respect to the studied molecule) where the
electromagnetic contribution to the total enhancement is dominant.
To sum up, the resultant SERS intensity profile with respect to the
LSPR maximum position may be thought of as a superposition of two
contributions: the scattering cross-section of the nanostructures

(depending on the exposure time of a particular position on the sample
to the Ag flux and consequently different extinction profile and LSPR
condition) and intrinsic properties of the SERS probe molecule. The lat-
ter contribution is affected predominantly by the position of molecular
resonance with respect to the excitation wavelength.

From Fig. 5, several conclusions can be drawn: for the excitation
wavelengths 515 nm and 633 nm, the electromagnetic enhancement
mechanism is the most dominant. In these instances, the SERS intensity
is dictated mainly by (i) the degree of spectral overlap between the LSPR
band and the excitation wavelength, and (ii) the scattering cross-sec-
tion on the nanostructures. The scattering cross-section is (in a certain
range) an increasing function of the nanoparticle size and a decreasing
function of the inter-particle distance. In other words, the scattering
cross-section of the nanostructures rises when the LSPR position shifts
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Fig. 4. a) Absorption spectrum of riboflavin and the structure of riboflavin, b) examples of riboflavin SERS spectra taken with different excitation wavelengths. Riboflavin concentration was

3 % 10~° M, SERS spectra were normalized with respect to the most intense Raman band.
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to the red and starts to decrease when a certain size limit is reached. The
maximum enhancement in this case was found around the position of
LSPR maximum of ~630 nm, irrespective of the excitation wavelength
used. This can be possibly explained by the fact that using the mask
speed 1 cm/30 s, extinction maxima are rather broad and all wave-
lengths (partly including also the 488-nm wavelength) fall into the
LSPR band. It suggests that not only spectral position of LSPR maximum,
but also the shape and width of the LSPR band is decisive for the opti-
mum SERS enhancement. Under the conditions of optimum excitation
(position of LSPR maximum around 630 nm), the SERS intensity in the
case of 633-nm excitation wavelength is about 4x higher in comparison
to the 515-nm and 488-nm wavelengths. The shape of the SERS inten-
sity profile well copies the Lorentz curve with a small shoulder around
500 nm in the case of the 515-nm excitation wavelength, which is obvi-
ously due to the fact that this excitation wavelength approaches the
slope of the riboflavin absorption band (pre-resonance SERS). In Fig. 6,
this intensity profile is correlated with the dependence of the extinction
maximum on the LSPR position. It is obvious that both curves follow the
same trend except for the wavelengths above ~650 nm when the SERS
nanostructures turn into a smooth film, resulting in a decrease in the
SERS signal. A very similar trend is followed using the 515-nm excita-
tion wavelength.

For the resonance SERS (excitation wavelength 488 nm), however, a
sharp maximum was found close to the excitation wavelength. This
most likely is because of the decisive role of the molecular resonance,
which decays rapidly when shifting the LSPR condition of a particular
position on the sample off resonance. Local maximum around LSPR
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Extinction maximum
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Fig. 6. Dependence of the extinction maximum on the LSPR position (solid line) and its

correlation with the SERS intensity profile (non-resonance excitation 633 nm, dashed
line).

position around 630 nm may again be due to the biggest scattering
cross-section of the nanostructures around this wavelength and broad
and shallow maximum, partly overlapping with the excitation wave-
length 488 nm.

Completely different SERS intensity profiles for the excitation wave-
lengths 488 nm and 515 nm suggest that a possible effect of the silver
substrate on a red-shift in riboflavin absorption spectrum with respect
to the situation in an aqueous solution may be considered negligible.
This is in agreement with the literature [27] where no such shift was ob-
served. On the other hand, contradictory studies [28] reveal that after
formation of riboflavin-Ag complex, absorption spectrum can be red-
shifted as much as ~50 nm. The precise elucidation of the effect of silver
nanoislands on riboflavin absorption spectrum and a possible role of the
molecular enhancement mechanism is still unclear in our model and
will be addressed in our future research.

It is worth noting that although the enhancement effect is different
for different riboflavin modes depending on the excitation wavelength
(Fig. 4), the trend followed by the graphs in Fig. 5 is almost identical
for all riboflavin modes. No significant difference was observed for
larger or smaller Raman shifts (not shown here). For example, the dif-
ference between the excitation wavelength and the Raman-shifted
wavelength ranges from ~42 to 72 nm across the excitation wave-
lengths used in the case of the 1624-cm ™! mode. This effect is obviously
too little with respect to the width of the LSPR curves (FWHM ~ 100-
300 nm) and their shallow maxima to be observable.

4. Conclusions

In this contribution, detailed SERS intensity profiles were measured
using gradient nanostructures with the LSPR condition varying across
the sample length using 3 different excitation wavelengths (633 nm,
515 nm and 488 nm) corresponding to non-resonance, pre-resonance
and resonance excitation with respect to the studied molecule, respec-
tively. Results were interpreted in terms of a superposition of the en-
hancement provided by the electromagnetic mechanism and intrinsic
properties of the SERS probe molecule. The first effect was dictated
mainly by the degree of spectral overlap between the LSPR band and
the excitation wavelength along with the scattering cross-section on
the nanostructures, while the latter was influenced by the position of
the molecular resonance with respect to the excitation wavelength.
Highest SERS intensity was obtained either when the position of the
LSPR maximum of the nanostructures was around 630 nm, closely
matching the 633-nm excitation wavelength, or when the position of
the LSPR maximum matched both the riboflavin absorption band and
the 488-nm excitation wavelength. Our results point out the need for
careful optimization of the nanostructure fabrication process and exci-
tation wavelength used and may be useful for optimization of SERS-
based sensors for (bio)analytical applications.
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Abstract: A sometimes overlooked degree of freedom in the design of many spectroscopic (mainly
Raman) experiments involve the choice of experimental geometry and polarization arrangement
used. Although these aspects usually play a rather minor role, their neglect may result in
a misinterpretation of the experimental results. It is well known that polarization- and/or angular-
resolved spectroscopic experiments allow one to classify the symmetry of the vibrations involved
or the molecular orientation with respect to a smooth surface. However, very low detection limits
in surface-enhancing spectroscopic techniques are often accompanied by a complete or partial loss
of this detailed information. In this review, we will try to elucidate the extent to which this approach
can be generalized for molecules adsorbed on plasmonic nanostructures. We will provide a detailed
summary of the state-of-the-art experimental findings for a range of plasmonic platforms used in
the last ~ 15 years. Possible implications on the design of plasmon-based molecular sensors for
maximum signal enhancement will also be discussed.

Keywords: SERS; Raman; plasmonics; metallic nanostructures; polarization and angular
dependences; molecular orientation; ellipsometry

1. Introduction

Methods of optical spectroscopy, such as absorption spectroscopy, Raman scattering
spectroscopy or fluorescence spectroscopy, can be performed in a wide range of experimental setups
relying on a proper choice of instrumentation, light sources, waveguides, monochromators, detectors
etc. Interplay between all the factors mentioned above determines the final spectral pattern observed
in spectroscopic experiments. An obvious degree of freedom in the experimental design is the
polarization and (especially in the case of Raman experiments) angular arrangement used. Although
for many types of experiments this additional information is not required, variation in light
polarization and/or the scattering angle give rise to a family of phenomena that both theoreticians
and experimentalists should be aware of when interpreting their results. For example, confusion of
laser polarization may lead to very strong Raman bands to appear as rather weak in the Raman
spectra, and vice versa. Thus, understanding these effects helps to obtain deeper insight into the
properties of the system studied.

In this review, the main emphasis is placed on polarization and directional/angular
characteristics occurring in Raman spectroscopy and surface-enhanced Raman spectroscopy (SERS).
However, it briefly touches on the polarization and angular dependences of other optical phenomena
such as absorbance, reflectance or fluorescence. It is well known that polarization- and/or angular-
resolved Raman experiments allow one to classify the symmetry of the vibrations involved [1-3] or

Nanomaterials 2018, 8, 418; d0i:10.3390/nano8060418 www.mdpi.com/journal/nanomaterials



Nanomaterials 2018, 8, 418 2 of 37

molecular orientation with respect to a smooth surface [4-6]. We will try to extend some of these
results to molecules adsorbed on plasmonic nanostructures. Generalizing these results to the case of
SERS is not straightforward due to the existence of one more element—the nanostructure, which
imposes its own anisotropic pattern in the polarization and directional properties of the SERS signal.

Although some reviews focusing on anisotropic metallic nanostructures for SERS and their
fabrication already exist in literature [7-10], our review covers the topic from a rather untraditional
point of view, focusing primarily on their polarization and directional properties. The review is
organized as follows. Firstly, basic overview of polarization and angular dependences in classical
Raman spectroscopy will be introduced. Different experimental geometries for Raman scattering
measurements will be presented and consequences for the Raman signal coming from randomly
oriented molecules as well as crystals will be derived. We will summarize basic results of the group
theory, allowing classification of normal vibrational modes depending on the symmetry of the
vibration involved. Theoretical predictions will be briefly compared to the experimental results
measured in our laboratory. It is important to note that we will focus only on the phenomena within
the dipole approximation, leaving aside the vast body of experimental techniques such as dichroic
methods or Raman optical activity [11]. Secondly, we will concentrate on the polarization effects for
molecules adsorbed on smooth surfaces. We will show that interference between the incident and the
reflected radiation must be taken into account in order to correctly describe the observed spectral
pattern. The crucial part will involve the derivation of the surface-selection rules, allowing
determination of molecular orientation on smooth surfaces. Although this approach may seem to go
far beyond the original scope of this review, we will show that a very similar principle also applies
on roughened metallic surfaces and contributes to the SERS enhancement. Finally, we will try to
generalize previous considerations to the case of surface-enhanced Raman scattering. We will
summarize the up-to-date findings regarding polarization- and angular-resolved SERS experiments
and survey the contributions to this field from the last 15 years. The influence of both different
coupling efficiency of different laser polarizations to plasmons as well as symmetry of the Raman
tensor of the analyte on polarized SERS will be critically discussed. Described phenomena will be
supported by our own experimental results as well as by published ones.

2. The Origin of Polarization Characteristics in Spectroscopy

Before going deeply into the definitions of the depolarization ratios or formulations of the
selection rules, we devote a short paragraph to the theoretical description of the polarization of the
light waves. A monochromatic plane wave travelling along the z axis in a given Cartesian coordinate
system can be characterized by its electric field vector in any instant restricted to the xy plane. Thus,
the variables in an equation describing a plane wave can be decoupled in the form [12]:

E(x,y,2,t) = Eyy cos(wt — kz)8, + Eoy cos(wt — kz + 6)é,, (1)

where E,, and E,, denote amplitudes of the electric field intensities in the x and y direction,
respectively (traditionally, the polarization direction is assumed to be determined by the electric field
vector instead of the magnetic field vector), k denotes the wavevector and w the angular frequency.
The way that the electric field vector oscillates in space and time defines the light polarization. In the
simplest case, these oscillations are confined to a single spatial direction, which is termed linear
polarization. In this case, there does not exist any phase shift between the x and y constituents of the
electric field vector. If there does exist a phase shift § between these constituents (§ # km, k € Z), the
electric field vector experiences a more complex motion in the xy plane, which gives rise to circular
polarization (Egy, = Ey,, 8 = g +km, k € Z) or elliptical polarization (otherwise). Vice versa, any
polarization state can be built up from two mutually perpendicular linearly polarized components.
Further, it is instructive to delve somewhat into a brief theoretical description of the interaction
between (polarized) light and matter. Absorption is an optical process whereby energy of an
electromagnetic wave (a photon) is absorbed in a medium, accompanied by a transition of the
atom/molecule in a higher energetic state. Depending on the photon energy and quantum states
participating in the process, one can distinguish the infrared (IR) absorption, which is connected with
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a molecular transfer to a higher vibrational level within a given electronic state, and the UV/Vis
absorption, which involves an electron excitation to a higher electronic state. In the context of this
review, absorption will be mainly understood as the UV/Vis absorption. In order to restore the
thermodynamic equilibrium, a molecule in an elevated electronic state can lose its energy and return
to the ground state, which can be basically performed via one of the two processes: (i) The energy
excess may dissipate in the form of heat (non-radiative crossing); or (ii) by a spontaneous emission
of radiation, which is termed luminescence (fluorescence). Raman scattering belongs to the group of
light scattering processes including annihilation of a primary photon and creation of a secondary
photon with the frequency shifted from the primary photon by frequency of a molecular vibration.
Thus, Raman scattering is a two-photon, inelastic process, which does not require the participating
photons match the resonance frequency. For this reason, Raman scattering is a very weak process,
but can be greatly amplified for molecules adsorbed in the vicinity of nanostructured metallic
surfaces. This technique is called surface-enhanced Raman scattering (SERS) and it provides
enhancement of the Raman scattering by a factor of 10* or higher due to resonance excitation of
plasmons localized in the metallic nanostructures [13]. Due to its high sensitivity, SERS has found
use in numerous bio-related applications [14,15], e.g., for the detection of pharmaceuticals and drugs
[16-18], food additives [19,20], explosives [21,22], disease biomarkers [23-25] and many others.
Although “classical” models of the interaction between light and matter appeared already in the
1900s [12] (followed by a semi-classical theory of Raman scattering in 1930s by Placzek [26]),
interaction of light with atoms or molecules cannot be fully described unless quantum theory comes
into play. In the lowest degree of approximation, transition probability (to which intensity of a given
spectral line is proportional) between two quantum states of an atom/molecule is governed by the
Fermi’s golden rule. This rule says that in order for the transition to be allowed, the matrix element

(2|w]1) @)

must be different from zero. In Equation (2), |1) represents the wavefunction of the initial state, (2|
the wavefunction of the final state and W is a perturbation operator, which usually corresponds to
the presence of the electromagnetic wave.

In the case of absorption spectroscopy, the perturbation operator can be rewritten using the
electric dipole moment of the molecule (d) and the probability of the transition then derives from the
transition dipole moment matrix element:

(2d[1). 1)

In the case of Raman spectroscopy, the situation is more complex because in order to obtain the
non-zero contribution, second-order perturbation theory has to be employed. The transition
probability then derives from the second-rank tensor [27,28]:

o N [(21dpls)sldgl1) | (2]dgls)s]d, 1)
« z[ N

Pa = E,—E, + ho, | E,—E, —haw; | )

s#1,2

where E; and E, denote the energies of the initial (|1)) and final (|2)) quantum states of the molecule,

d is the electric dipole moment operator and the s-indices refer to all remaining quantum states of the
molecule. i denotes the reduced Planck’s constant and w; is the angular frequency of the incident
radiation.

Equations (3) and (4) demonstrate basic differences between absorption and Raman
measurements. While the molecular dipole moment is a vector quantity, the transition probability is
expected to scale with the projection of the light polarization in the direction of the transition dipole
moment of the molecule. However, Raman scattering is a two-photon process, which means that both
the polarization of the incident beam as well as that of the scattered beam dictate the total Raman
intensity.

In the case of absorption spectroscopy, polarization effects in an ensemble of many randomly
oriented molecules, such as liquid samples, are averaged out. That is because the total absorption
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intensity is given by spatial averaging over positions of all absorbing molecules. This can be
computed explicitly in azimuthal coordinates:

x =sindcosg, y =sinIdsing, z=cosd 3)
as:

[ cos? 9dQ

((E - d)?) = (Ed)*(cos?9) = (Ed)? Tan

4)
where dQ =sindddde , 9 € (0,7) and ¢ € (0,2n) are standard azimuthal coordinates. After
standard integration, we obtain:

{cos?¥I) = %, 5)

which implies that for many randomly oriented molecules, the absorbance does not depend on the
direction of polarization. Since any polarization state can be built up from two mutually
perpendicular linearly polarized components, absorbance of randomly oriented molecules never
depends on the state of polarization including unpolarized (natural) radiation. This is not the case for
molecules exhibiting some preferential orientation (linear dichroism) or phenomena beyond the
dipole approximation in the case of chiral molecules (circular dichroism). Both of these effects are,
however, beyond the scope of this paper.

In the case of the Raman scattering, intensity of a given spectral line is given by a combination
of the molecular Raman tensor and unit vectors of both the incident field ' and the scattered field

-

ese:
I~ (ey°apgeq)” (©)

Directions é' and é5¢ are determined by the illumination-observation geometry, including the
scattering angle and polarization of the incident beam (and possibly also polarization of the collected
beam). Unlike in absorption spectroscopy, Raman measurements allow much wider choice of the
experimental geometry including the polarization arrangement used as well as the scattering angle.
Equation (8) naturally explains why the molecular quantity describing the disposition to Raman
transition must intrinsically be of tensorial nature and also predicts that detected Raman intensities
depend on the polarization arrangement used even in the case of liquids, i.e., randomly oriented
molecules.

In both absorption and Raman measurements, molecular symmetry imposes certain restrictions
on the number of vibrational modes being active or non-active in respective spectroscopic techniques.
According to the number of symmetry elements characterizing a given isolated molecule, molecules
can be classified into one out of 32 molecular point groups [29]. Having assigned a molecule to a point
group, the methods of group theory allow one to decompose the vibrational signature of the molecule
into so-called irreducible representations. The number of normal modes belonging to each irreducible
representation (out of the 3N — 6 normal modes in total) is calculated using a well-established
algorithm, making use of character tables of molecular point groups [29,30]. For the purpose of
spectroscopy, it is important to note that each irreducible representation may transform as a
particular linear or quadratic function of coordinates. Since the constituents of the electric dipole
moment have the same transformation properties as x,y and z and elements of a Raman tensor as
x%, y?,z2,xy,xz and yz, it is relatively easy to predict which vibrations will be active in Raman/IR
absorption spectra: In order for a given vibrational mode to be allowed in IR absorption spectra, its
irreducible representation must span at least one of x, y and z species (in the case of randomly-
oriented molecules). For the transition to be allowed in Raman spectra, its irreducible representation
must span at least one of the quadratic (x?%, y? z2 xy,xz and yz) species (again in the case of
randomly-oriented molecules).
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3. Polarization and Angular Dependences in Raman Spectroscopy

3.1. Derivation of Raman Intensities as a Function of the Polarization and Angular Arrangement

Let us consider a general experimental geometry for Raman scattering measurements, depicted
in Figure 1. Let us suppose that a Cartesian coordinate system is chosen so that the sample is placed
in its origin, the excitation beam travels along the x direction with polarization along the z direction
and the detector is oriented to collect light scattered in the xy plane at an angle 9 with respect to the
x axis. The angle 9 is termed the scattering angle and it can take any value from 0° to 180°. The xy
plane is termed the scattering plane. In the following, we will refer to the z components of the electric
field as to the normal or vertical (with respect to the scattering plane, denoted as v or | ) and the
components lying in the scattering plane as to the horizontal (denoted as h or ||). In general, the
scattered light contains both vertical and horizontal components—that is why an analyser is often
inserted between the monochromator and the sample to distinguish these two polarizations. In order
to overcome different grating responses for different light polarizations, a scrambler must be inserted
between the analyser and the monochromator (not shown in Figure 1 for simplicity).

A

Z

Analyser

Scattered light

Monochromator
+ Detector

Incident light

Figure 1. Scheme of a general Raman scattering geometry. The excitation beam travels along the x
direction with polarization in the z direction and the detector collects light scattered in the xy plane
at an angle ¥ with respect to the x axis. An analyser may be inserted between the sample and the
monochromator to allow only one specific Raman polarization enter the detector.

With the fixed angle ¥, 4 different polarization combinations can be thought of to retrieve Raman
spectra: There are two basic possibilities of setting the polarization of the incident beam (either
perpendicular to the scattering plane as depicted in Figure 1, i.e., in the z direction, or lying in the
scattering plane, i.e., in the y direction) as well as two basic possibilities of rotating the analyser to
pick out either horizontal or vertical polarization. Thus, we adopt the symbols:

1(19! J-SClJ-i) = va 1(19! HSCJ J-i) = Iyp, 1(19! J_sc’ ”l) = Ihw 1(19! HSC' Hl) = Ihh (9)

to account for each of these polarization arrangements. The first symbol in each bracket denotes the
scattering angle, the second symbol refers to polarization of the scattered beam (with respect to the
scattering plane) and the third one refers to polarization of the incident beam. Sometimes the
scattering angle is unimportant and as a shorthand we introduce the notation 1,,,,, Iy, I, and I, with
the first subscript standing for polarization of the incident beam and the latter standing for
polarization of the scattered beam. Our task is to derive expressions for intensities of a given Raman
line, measured under respective arrangements. It is important to note that for ¥ = 0° or 9 = 180° the
scattering plane is not well-defined. Nevertheless, we will show that the general considerations above
will become trivial in these special cases.
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Equation (8) says that each of the 4 possible polarization arrangements mentioned above picks
out different elements of the Raman tensor of the molecules. In other words, specific illumination-
observation geometry determines which elements of the Raman tensor will appear in the final
expressions dictating the intensity of a given Raman line. The Cartesian components of the electric
field vector of the scattered beam are:

B = E(9,*)sing, B =E@,[*)cosd, = E(, 1), (10)

where E(9,]°°) and E (¥, L*°) denote components of the amplitude of the scattered beam lying in the
scattering plane and in the direction perpendicular to the scattering plane, respectively. By
combination of Equations (8), (9) and (10), the following explicit formulas can be obtained (for
simplicity, we further omit the upper indices 12 in denomination of the molecular Raman tensor «):

109,151 ~ a2, 1(9,°°, L") ~ (ax, sin9 + a,, cos 9)?, (11)

109,50 ~ a2, 1(9,1° ") ~ (axy sin 9 + ay, cos 9)2. (12)

In the case of an ensemble of randomly oriented molecules, respective squares or Raman tensor
elements in Equations (11) and (12) are to be replaced with their spatially-averaged values as
contributions from each individual molecule sum up incoherently. This can be performed in
a manner analogous to Equation (6), however, molecular polarizability responsible for the Raman
scattering is a tensor rather than a vector quantity, which makes the determination of spatially-
averaged tensor elements a more tedious procedure. Any spatial rotation of the molecule with respect
to a given reference frame can be expressed unambiguously by a rotational matrix associated with 3
Euler angles, whose elements must be averaged in a manner analogous to Equation (6) [31]. An
alternative and less time-consuming approach involves computation of isotropic averages of
respective products of direction cosines between two Cartesian axis systems (again only 3 out of 9
direction cosines are independent) [27,32]. For an ensemble of many randomly oriented molecules,
intensity of a given Raman line in a given experimental geometry may be expressed as a linear
combination of Raman tensor invariants. These are usually referred to as:

The square of the mean polarizability a:

_ (axx + Ayy + azz)z

2 13
a 5 , (13)
the anisotropy y:
)/2 — (axx - ayy)z + (ayy - azz)z + (azz - axx)z +3 (axy + ayx)z + (ayz + azy)z + (azx + axz)z (14)
2 4 ’
and the antisymmetric anisotropy 6:
2 2

52 =3 (axy — ayx)” + (@, ;azy) + (@ — axz)z_ (15)

For non-resonance Raman scattering only the isotropic invariant a and the anisotropic invariant
y are relevant since in this case the Raman tensor is symmetric and the antisymmetric invariant § is
identically zero. The result of the averaging procedure is [27,32]:

45a?% + 4y? 3y? + 562

T () =(ak) = (ak) =T (16)

<a;€x) = <a32/y) = (azzz> =

(axzayz> = <axyayy) =0. 17)

This result shows the intuitive notion that the average values of all diagonal elements of the
Raman tensor are equal and also all off-diagonal elements are equal, irrespective of a specific choice
of the system of coordinates. Also all Raman tensor products which involve one common subscript
are zero. Putting these values in Equations (11) and (12) yields:
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N 45a% + 4y? 3y%+5682
sc ) o sc iy o 18
1(9,1°¢,1%) = l@1FL) VT (18)
. 3y?+ 582 N 45a% + 4y? 3y% + 562 (19)
sc by o sc ), 2 2
1(9, L4119 — ®,1°511) ——Cos™ + ———sin’.

Equations (18) and (19) reveal that actually the only polarization arrangement in which the
intensity of a given line will depend on the scattering angle 9 is the arrangement in which both the
incident beam as well as the scattered beam are polarized in the scattering plane.

In order to avoid misunderstanding, it is important to realize that any combination of Raman
tensor invariants (13)—(15) is again an invariant. In literature, many alternative definitions of Raman
tensor invariants may be found [27]. For example, Raman tensor invariants used by Placzek [26] are:

2 2
G® = 3a?, G* =62, G =-y2 (20)
3 3
A quantity which can be very easily measured experimentally is the Raman depolarization ratio,
which is defined as the ratio of Raman intensities measured under two selected configurations. Most
commonly, the depolarization ratio p is assumed as the ratio between the intensity of the Raman field
polarized orthogonal to the incident field and the intensity of the Raman field polarized parallel to
the laser field [27,28]. The most common way of retrieving the depolarization ratio is fixing the
incident polarization and rotating the analyser. In our notation, this yields to:
N (CA N
p(9,11) = DI L) fan, (21)
1(9,15,1Y) Ly
Although many textbooks resort only to the definition of the depolarization ratio given by
Equation (21) [28,30], this formula can be easily generalized and many alternative definitions of the
depolarization ratio can be found in the literature [27], such as:
19, L°60")  Iny 109, °61)  Iny

19’1. _ ) 9,15) =2 1/ W 22
P( H) I(ﬁ'HSC’”l) Inn p( ) 1(19,J_SC,J_l) I, (22)

; N 109,151
ﬁ,LSC,J_l, sc’ i) — i el e el ﬂ’
o .11 O I

etc. The depolarization ratio provides unique information on the Raman polarizability tensor of
a given molecular vibration and is therefore a very useful tool. Indeed, in the case of randomly
oriented molecules, we have:

(23)

L, _ 3y*+56°

= 24
I, 45a%+4y? 24)

p(9,L) =

Similar formulas can be derived for the depolarization ratios given by Equations (22) and (23).

It is obvious that the introduction of the depolarization ratios is very convenient because it allows to
exclude the insignificant multiplicative constant relating Raman intensities to specific combinations
of squares of Raman tensor elements. The depolarization ratio defined by Equation (24) is usually
termed the molecular depolarization ratio since it is an intrinsic property of the Raman probe
(contrary to the depolarization ratio measured in presence of smooth/nanostructured metallic
surfaces where the mutual interaction between light/analyte/metal substantially affect the measured
depolarization ratio). From Equation (24) it immediately follows that for non-resonance Raman
scattering (§ = 0) the molecular depolarization ratio is always bound between 0 and 3/4. A specific
value of p will depend on the symmetry of the vibration involved. For totally symmetric vibrations
y? = 0 and the depolarization ratio tends to zero. Conventionally, such a Raman line is said to be
completely polarized. This aspect can be explained straightforwardly from a classical point of view:
For totally symmetric vibrations, the polarizability tensor will become a scalar and the direction of
the oscillating dipole will match the direction of the incident field polarization. Since total Raman
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intensity is proportional to the scalar product of the oscillating dipole moment and the detected field,
one would expect that when setting the analyser parallel to the direction of the oscillating dipole (the
incident polarization), the intensity will reach its maximum, while after rotating the analyser about
90° the intensity will drop to its minimum. On the other hand, for non-totally symmetric vibrations
a? = 0 and the depolarization ratio is 3/4 [27,28]. Conventionally, such a Raman line is said to be
depolarized. When 0 < p < 3/4, the Raman line is said to be (partially) polarized [27].

Previous considerations are valid for any angle ¥ apart from 9 = 0° (forward scattering) and 9 =
180° (backscattering). In this instance the scattering plane is not well-defined and the symbols
15,15 |I°¢ and Hi aswell as I, Iy, I, and I, lose their sense. Nevertheless, the situation is trivial in
this case. Let us resketch the experimental geometry in Figure 2, adopting the direction of the z axis
parallel to the wavevector of the incident (scattered) light. After illuminating the sample with light
with a given polarization, confined to the xy plane, the analyser may be set to collect Raman field
polarized parallel or orthogonal to the laser field. Alternatively, Raman measurements may be
performed with a fixed position of the analyser and varying polarization of the incident beam.
Respective arrangements lead to probing of the averages of the squares of the diagonal/off-diagonal
Raman tensor elements. In this case, the z components of the Raman tensor do not figure in the
equations. Formally, the 4 respective polarization combinations discussed above split into two
groups since I(O°, 1%, J_i) = I(0°, I1°¢, ||i) and I(O°, HSC,J_i) = I(O°, 1%, ||i) in this case, the same holding
also for ¥ = 180°. The depolarization ratio for ¥ = 0° or ¥ = 180° can be expressed simply as the ratio
of intensities obtained with crossed polarizations to intensities obtained with parallel polarizations.
Formally:

_1(0°0r 1807, %, 1Y)
p= 1(0° or 180°, [I*¢, |")’

(25)

which takes the form given by Equation (24) in the case of randomly oriented molecules.

A z
Incident light

y

/l’ Scattered Iigh/

X

Figure 2. Scheme of a forward-scattering geometry. Linearly polarized light is falling on the plane of
the sample (xy) from above. Analyser can be set to retrieve either a perpendicular component of the
laser field (I,) or a parallel one (I;). Analogous situation occurs in the case of a backscattering

geometry.

Further, let us inspect another widely-used geometry in which 9 = 90° (right-angle geometry).
After inserting ¥ = 90° in Equation (19), we obtain:

1(90°, 156, L5) = 1(90°, L5¢,|') = 1(90°,|1°¢, |I') # 1(90°, L5¢, 1Y), (26)
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Lp = Iny = Ipp # Ly (27)

It means that for retrieving information on the Raman depolarization ratio (and consequently
on the symmetry of the vibration involved), I,,, and any of 1,5, I, and I, are required.

3.2. Simple Illustration of the Depolarization Ratio Measurement

In this paragraph, we demonstrate previous considerations on a simple example of liquid CCls
measured in our laboratory in the right-angle geometry (excitation wavelength 532 nm). The default
polarization of the incident beam in this experimental setup is perpendicular to the scattering plane,
but may be rotated by 90° using a half-wave plate or a Fresnel rhomb retarder. The CCla is a highly
symmetric molecule belonging to the T, point group. Polarized Raman spectra obtained in all four
polarization arrangements are displayed in Figure 3.

_ IW
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14}
o
p~0.75 p<0.01
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Figure 3. Polarized Raman spectra of CCls. The excitation wavelength was 532 nm, laser power 100
mW and the accumulation time 1 min. No further corrections have been made.

Analysis of respective depolarization ratios suggests that the band centered around 465 cm™! can
be classified as totally symmetric (the “disrupted” structure of the 465-cm™ band is owed to different
Cl isotopes which lift the degeneracy of this peak) while the bands around 222 and 319 cm™ as non-
totally symmetric modes. Indeed, group theory predicts the [N~ representation of CCls to be A; @
E @ 2F, (E being doubly degenerate and F being triply degenerate, making 3 -5 — 6 = 9 vibrational
modes in total).

Basically, those values obtained from the experiment confirm that I, I, and I, configurations
are equivalent. However, closer analysis (inset of Figure 3) reveals slight differences in respective
polarization arrangements, which is obviously attributable to transfer optics imperfections. The
depolarization ratios obtained from measurements with varying incident polarization are larger than
from the measurements where the incident polarization was kept constant, which shows some subtle
imperfection of the half-wave plate, transmitting a small fraction of orthogonal polarization as well
(making the relative error particularly large for highly polarized lines where p = 0). Thus,
polarization-dependent Raman spectra of CCls serve well for checking the correct function of the
scrambler and other optical components used for more complex polarization-dependent
measurements.

Last but not least, the literature is not consistent about whether peak heights (above spectral
background) or rather integrated areas should actually enter Equations (21)-(23). In many instances
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(such as in the case of CCls) these two ways produce almost identical results as the line width is not
expected to change with polarization. On the other hand, in the case of several overlapping bands,
determination of the spectral background and delimiting the peak area may be difficult and the two
methods may give somewhat different results. In these cases, fitting the spectrum with the sum of
the Lorentz curves would be advisable.

3.3. Other Possible Polarization Arrangements Used

Previous survey of the most widely-used geometries for the depolarization ratio measurements
is still not exhaustive. All other possible geometries can be resolved exploiting the fact that any
polarization state can be decomposed into a superposition of two independent, linearly polarized
waves with their electric field vectors perpendicular to each other. Other possible experimental
geometries (maybe even the most frequent) involve the situations when no analyser is used, i.e., the
excitation field is either vertical or horizontal, but polarization of the detected field is not
characterized (or a far less common case when the excitation field is unpolarized and respective
scattered field components are detected). For the sake of completeness, we adopt the symbols:

1(9,n%¢, 1Y) = 1(9, L°¢, 1Y) + 1(9,]°, L), (28)
1(9,n°¢, ') = 1(9, L5, |') + 1(9,1I°,1I"), (29)
and the less commonly used symbols:
109, 156,08 = 1(9, L5, 1) + 1(9, 15, |"), (30)
109, 1°6,nY) = 109,55, L) + 1(9, IS, 1) (31)

Equations (28) and (29) show that investigating a total Raman intensity without an analyser is
equivalent to performing two experiments in a row: setting the analyser to collect the horizontal
polarization, then rotating the analyser by 90° to collect the vertical polarization and summing up
both results. An analogous situation is true for Equations (30) and (31). Moreover, respective left-
hand sides of Equations (28)-(31) can be combined and yield further alternative depolarization ratio
definitions. Surprisingly, information on the orientation-averaged squares of the Raman tensor
elements (and consequently information on the symmetry of molecular vibrations involved) can be
extracted even without an analyser—all that one needs to do is to record the Raman spectra with the
incident field polarization perpendicular to the scattering plane and parallel to the scattering plane,
respectively. Let us, for instance, determine the expected depolarization ratio in the right-angle
geometry with varying incident polarization and no analyser used. By combining Equations (18),
(19), (28) and (29), we obtain:

1(90°n%, ) 6y2 + 1042

900; s¢ = y - .
p( n*c) I(goo’nsg,ll) 45a2% + 7y? + 562

(32)

The depolarization ratio for non-resonance Raman scattering (62 = 0), defined in the manner of
Equation (32), is always bound between 0 and 6/7.

3.4. Directional Properties in Raman Spectroscopy

At the end of this section, implications of previous considerations on the angular dependences
in Raman spectroscopy will be discussed. We have already seen that out of the 4 basic polarization
arrangements, the only one where the Raman intensity actually depends on the angle ¢ is the
1(9, 5%, |I") arrangement (Equation (19)). Thus, let us resketch the Raman measurement scheme as in
Figure 4. Supposing the scattering process takes place in the plane of the sheet, different Raman
intensities are expected to arise when moving the detector about the axis perpendicular to the
scattering plane. This intensity modulation occurs only if both the excitation and the detected field
are polarized parallel to the scattering plane, or when the detected field is unpolarized (or a far less
common case when the excitation field is unpolarized and parallel field component is detected). If at
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least one of the excitation/detected field components is perpendicular to the scattering plane, Raman
intensity will no longer be the function of 9 as follows directly from Equation (18). By contrast, if both
the excitation and detected fields were perpendicular to the plane of the sheet, Raman intensity
would be modulated when moving the detector in the plane perpendicular to the sheet.

2
a <« —

1 7/3 ~
\ / X . <\Detector
N e

Incident IightT

Figure 4. Angular dependence of the Raman signal. When both the incident and scattered fields are

polarized parallel to the scattering plane or when one field is polarized parallel and the latter is
unpolarized, the detected Raman intensity will be angular-dependent. Angular dependences for
molecules with a dominant contribution of a?, y? and 62 respectively when moving the detector by
an angle ¥ from 0° to 360° and no analyser is used are indicated in the inset.

Let us explore in more detail the case when the excitation line is polarized parallel to the
scattering plane and polarization of the scattered beam is not characterized, i.e., the analyser is
missing. Again, we will suppose that the Raman scatterers are randomly oriented molecules. In our

notation:
, .  3y2+582 4542 + 4y2 3y* + 562
sc | — sc |t sc L ~ 2 s 2 . 33
1(9,n%¢, 1) = 1(9, L°, 1) + 1(9,11°%,11") a5t g cos’Y +——=——sin¥ (33)
Rearranging Equation (33), we obtain:
. y2 52
1(9,n%,||') ~ a®cos?9 + i (6 + cos?9) + 3 (1 + sin%9). (34)

Angular dependence of the three terms on the right-hand side of Equation (34) is displayed in
the inset of Figure 4. From here it follows that the angular dependence of a totally symmetric
vibration (a # 0,y = 0,6 = 0) is dictated by the cos?9 function, i.e., the same as encountered in
investigating the angular dependence of the dipole radiation in classical physics [12]. For a vibration
whose dominant invariant is y?, the detected intensity will only slightly depend on the angle 9 via
the term 6 + cos?d. Finally, in the case of resonance Raman scattering, the anisotropic contribution
will scale as 1 + sin?9. It is the only term which experiences its maximum for ¥ = 90° (anomalous
angular dependence).

4. Polarization Effects for Crystals and Molecules Adsorbed on Smooth Surfaces

We have demonstrated that Raman scattering measurements of systems consisting of freely
rotating molecules allow retrieving only spatially-averaged values of respective squares of Raman
tensor elements. However, more detailed information can be extracted from anisotropic systems such
as single crystals [33] or molecules adsorbed on planar surfaces possessing some sort of preferential
orientation. In single crystals, all molecular axes are lined up within the unit cell in the same direction
for each cell. Under these circumstances, polarization of the incident light set to €, and polarization
of the scattered light set to &, will pick out only the a,,; component of the Raman tensor (see Equation
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(8)). Thus, it is possible to analyse each of the Raman tensor elements separately by employing
different polarization arrangements. According to Porto’s notation, each configuration for Raman
scattering measurements of single crystals is unambiguously described by four symbols, such as
i(jk)! (where i,j,k,I = x,y,z). The symbols inside the parentheses are, left to right, the polarization
of the incident and the scattered light, the leftmost symbol denotes the wavevector of the incident
light and the rightmost symbol the wavevector of the scattered light [33]. However, in the case of
anisotropic systems such as single crystals, the selection rules are a bit stricter in some sense. In the
geometry determined by the Porto’s notation i(j, k)!, only those vibrations covering the same
irreducible representation as jk (j,k = x,y,z) will be allowed. As a consequence, symmetry species
of single crystals of known orientation may be distinguished with the use of polarized radiation. In
this paper, we will not deal further with crystal samples, but we will demonstrate how exploiting the
formalism of the group theory together with experimental observation can determine the orientation
of molecules on (whether planar or rough) surfaces.

In 1982, Moskovits coined the term “surface selection rules” to account for modification of the
absorption, emission and Raman scattering intensities of molecules in the vicinity of planar metallic
surfaces [34,35], although some considerations concerning variation in near-field intensities with the
angle of incidence/polarization had been made before [4,5]. A year later, Creighton derived
expressions enabling him to determine the orientation of molecules adsorbed at the surface of a small
metallic sphere [36]. Both results show that depending on the molecular orientation with respect to
the surface, differences in the relative enhancement of modes belonging to different irreducible
representations (symmetry classes) may be expected. Let us first consider the situation on a flat
surface and proceed further to molecules adsorbed on plasmonic nanostructures. The latter is a more
complicated case due to the fact that in this instance both the symmetry of the Raman tensor and
coupling efficiency of the laser light to nanostructures influence the final spectral pattern.

What lies behind the surface selection rules for molecules adsorbed on planar (metallic) surfaces
is the fact that the field felt by the analyte may be viewed as a superposition of the incident wave and
the reflected wave. In principle, this interference can be both constructive and destructive and the
total intensity of a given optical process will depend, among other things, on reflectivity of the
substrate (and thus wavelength, of which reflectivity is a function), angle of incidence and
polarization. For molecules adsorbed on planar surfaces, the surface selection rules may be
interpreted simply in the framework of the Fresnel coefficients. Briefly, when light in vacuum (air) is
incident on a planar interface between two different media, the latter possessing a (complex)
refraction index fi = n + ik, it is common procedure to resolve the electric field vectors of both the
incident and the reflected wave into two orthogonal components. Assuming that the interface lies in
the xy plane, the plane of incidence is yz and light of frequency w falls on the interface at an angle 9
with respect to the surface normal, the wavevectors of both the incident and the reflected light may
be expressed as:

N w - w
ki=—(0,sind,—cos?d),  k,=—(0,sind, cos?), (35)
and their electric field vectors as:
E; = (E}, EPcosd, Ef'sin), (36)
E, = (Ef, —EPcos9, EPsin®) = (1,Ef, —1,EPcos ¥, r,EFsin9), (37)

where the amplitude of the electric field vector of the incident beam projected on the plane of
incidence is denoted as E} and on the direction perpendicular to the plane of incidence as Ef,
similarly E¥ and E; are amplitudes of the electric field vector of the reflected beam projected on the
plane of incidence and on the direction perpendicular to the plane of incidence, respectively. 1y and
1, are the Fresnel reflection coefficients for s- and p- polarized light. By applying boundary conditions
to the solutions of Maxwell’s equations, it can be shown that [12,13]:
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cos?d —Vii2 —sin? 9 i cos 9 — Vii2 — sin? 9
= — - ! = ~ - :
cosd9 + V2 —sin? 9 fi2cos9 + Viz — sin? 9

In general, both Fresnel reflection coefficients become complex, thus 7, =7 and r, =7, .

(38)

Ts

Interference between the incident and the reflected beam at the interface suggests that the electric
field intensity felt by the adsorbed molecules has the components:

E,=E(1+7), E,=Elcosd(1-r1,), E,=Elsind(1+r,). (39)

Since the real part of 7; is negative and the real part of 7, is usually positive, it is clear that only
the z (normal) component of the electric field at the surface will benefit from constructive
interference, whereas the other two (tangential) components exhibit rather destructive interference.
For most metals, 7; approaches -1 and 7, approaches 1 in the IR and the visible spectral region at
angles around ~ 60°. For example, for silver, light intensity associated with the field in the z direction
(E7) can be as much as ~ 6x stronger than the intensity in other directions (EZ + Ej) around the
wavelength of 500 nm (Figure 5). The difference tends to be even more pronounced in the IR [37].

2.0

1.5

1.0 4

Relative intensity

0.5 ~

0.0 - Ix

0 30 60 90

Angle of incidence/deg

Figure 5. Calculated near-field intensities in the vicinity of a smooth Ag surface for an arbitrarily
polarized light wave, A = 500 nm. Calculations were performed for different angles of incidence and
the refractive index fis; = 0.05 + 3.09i [38].

Since IR absorption intensity derives from the scalar product of the transition dipole moment
and direction of light polarization, one can deduce that the IR absorption by molecular vibrations
with a nonzero component of the transition dipole moment perpendicular to the surface will be
strengthened, whereas the absorption by vibrations with the only nonzero component parallel to the
surface will be weakened with respect to a “free” molecule [37]. This observation together with the
aid of the group theory becomes useful when aiming to elucidate molecular orientation on the
surface. Let us illustrate this aspect with a simple example. For each individual molecule, a local
Cartesian system of coordinates x’,y’ z’ may be introduced to describe its orientation in space (with
z’ usually being the principal axis of symmetry). Providing that the molecule binds to the surface so
thatx = x',y = ¥y’ and z = Z, the strongest modes observed in the IR spectrum will be those
belonging to the irreducible representation with the same transformation properties as z. By contrast,
in case the molecule is positioned on the surface so that its z’ axis lies parallel to the surface, the modes
spanning z coordinate are expected to be very weak.

In the case of Raman scattering of molecules adsorbed on flat surfaces, a very similar principle
applies in the case of the scattered radiation. Providing that the scattered radiation is collected at an
arbitrary angle 9" as shown in Figure 6, the wavevector of the scattered light will be:
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-

ke = %(0, sind’, cos¥’), (40)
the directly scattered laser field is:

Es. = (ES., —EP.cos®’, EP.sin®9"), (41)
and the contribution to the total detected field experiencing a single reflection from the surface will
be:

(WES., ryEb.cos9’, ryEL.sind"). (42)
Thus, the total detected field will have the components:
E,=E5(1+7), E,=Ehcos? (ry—1), E,=ELsind' (1+r). (43)

Asusual, E, and E3, denote the amplitudes of the electric field vector of the scattered radiation
projected on the plane of incidence and on the direction perpendicular to the plane of incidence,
respectively. The prime in 7y and r; refers to the fact that the scattered radiation is slightly shifted in
frequency and thus also the Fresnel reflection coefficients may be slightly shifted. Combination of
Equations (8), (39) and (43) gives:

Ly ~ a1+ 1) (1 + rs,)lz; (44)
Iy ~ |axy (1 +1)(1 = 1)) cos 9 + a,, (1 + 1) (1 + 1) sin19|2, (45)
Ly ~ |ayx(1 + rs)(rz; —1)cos? + a,(1+1)(1+ 7,) sin 19'|2, (46)

Iy ~ |ayy(1 — rp)(rp’ — 1) cos I cos VI’
+ ayz(l + rp)(rp’ - 1) sind cos 9’ +azy(1 - rp)(l + rp’) sind’ cos Y (47)
+ azz(l + rp)(l + rp') sin¥ sin 19’|2.

Equations (44)-(47) are known as the surface selection rules [34,35].

WA
er’
Scattered beam
é’lp é’S/
- bl 4
é; é,
Incident beam v & Reflected beam
Y- =
/ y
X

Figure 6. Scheme of the geometrical layout and definition of the coordinates. All symbols have usual
meanings as described in the text. The components of the scattered field experiencing a reflection
from the surface (F?rs’ and Ef ") are not included in the scheme for simplicity.
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5. Polarization Effects for Molecules on Plasmonic Nanostructures

Polarization-dependent effects for molecules located in presence of plasmonic nanostructures
are much more complex in comparison to “free” molecules. The principal reason is that the
enhancement provided by plasmonic nanostructures is polarization-sensitive and is therefore
commonly accompanied by dramatic alteration of polarizations of both the incident beam as well as
of the scattered beam. Local field polarization is dictated mainly by coupling of the given light
polarization in the metallic nanostructures and the similar process applies in the case of the scattered
field. As a result, polarization felt by the molecule can be drastically different from polarization of
the incident beam. It causes the depolarization ratio to no longer depend only on the intrinsic
properties of the Raman tensor of the analyte, but also (and often mainly) on the geometry of the
given nanostructure [39-41]. This difference occurs even in the simplest nanostructure geometries,
such as a small sphere in the dipole approximation, it can be commonly observed in arrays of
elongated nanoparticles (NPs) and is most pronounced for molecules in the location of hot-spots
which exhibit anisotropic behaviour [40,42]. Since different polarizations couple to metallic
nanostructures with different efficiency, the enhancement factor (EF) can no longer be regarded as a
scalar but it takes the form of a tensor. In this case, the polarization and angular dependence of the
SERS signal is therefore mostly dictated by the coupling of the laser to the plasmons while symmetry
of the Raman tensor of the analyte often plays a minor role [39,40,43].

5.1. Polarization Properties of Isolated Spherical Particles

The case of an isolated metallic sphere in the dipole approximation was theoretically studied in
[36,44]. Theoretical analysis reveals that the enhanced local field in the vicinity of a small metallic
sphere after illumination with a light wave may be expressed in the electrostatic approximation in
spherical coordinates as:

E= Eo(l + Zg((u)) cos9 é, — Eo(l - g((u)) sin® &g, (48)

i.e., the normal field components with respect to the sphere undergo the enhancement by the factor
of A, = 1 + 2g(w) while the tangential component is enhanced by the factor of Ay = 1 — g(w), where

g(w) = 22X

e(w)+2¢&p
medium is denoted as &,. Therefore, amplification of the surface field for any point on the surface of
the sphere is determined by the matrix:

is the geometrical factor for a sphere. The relative permittivity of the surrounding

1+ 2g(w) 0 0
Argp = 0 1-g(w) 0 . (49)
0 0 1-g(w)

As a consequence, molecules with certain elements of symmetry and preferential orientation
with respect to the surface will exhibit differences in the relative enhancements of modes belonging
to different symmetry classes. Averaging over all solid angles (all positions on the metallic sphere)
reveals that the ratio of tangential to normal intensities is:

(E?) _ |1 +2g(w)|? [ cos?9 dQ 11+ 2g(w) 2 (50)

(E2)  11-g)| [sinz9da 2/1-g(w) |~

In the early 1980s, Moskovits pointed out the existence of three classes of vibrational modes with
distinct spectral behaviour (unique excitation profile) [35,45]: (1) those excited only by the normal
component of the field and resulting in an induced dipole with a strong component only in the
direction perpendicular to the surface; (2) those excited only by the tangential component of the field
and resulting in an induced dipole with a strong component tangential to the surface; and (3) mixed
cases. EF for respective molecular vibrational modes will thus depend on the orientation of the
molecule on the surface. Let us assume that a molecule possessing certain symmetry is adsorbed on
the surface so that its principal axis (z axis) is perpendicular to the sphere. Then, the modes of the
first type are modes spanning the same irreducible representation as a,,. SERS intensity of these
modes is expected to obey the relationship:



Nanomaterials 2018, 8, 418 16 of 37

Inn ~ 11+ 29?11 + 2g(w5) 2. (5D)

By contrast, modes spanning the same irreducible representation as a,,, a,, or a,, benefit only
from the existence of the electric field tangential to the surface. Thus,

Iy ~ 411 = g(w)|?[1 — g(ws)|2. (52)

Finally, modes excited by the normal component of the field and resulting in an induced dipole
with a strong component only in a direction parallel to the surface, or vice versa, will be characterized
by the excitation profile:

1
Int,tn ~ E(ll + Zg(wi)lzll - g(ws)lz + |1 + Zg(ws)lzll - g(wi)lz)- (53)

As usual, w; denotes frequency of the excitation radiation and w; frequency of the scattered
radiation. It is clear that the SERS excitation profiles associated with the three types of modes obey
the wavelength dependence of the right-hand sides of Equations (51)-(53) (Figure 7). By contrast,
when the molecule adsorbs with the z axis tangential to the surface, the role of z and x (or y) in the
character table is to be swapped. This fact provides a unique tool for determination of molecular
orientation on nanostructured metallic surfaces [45-48].
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10-2,
10-3,
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10'6_
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Int, tn

Relative enhancement factor

200 400 600 800 1000
Wavelength/nm

Figure 7. Calculated wavelength-dependent relative enhancement factor for molecules adsorbed in
the vicinity of a small silver sphere for the three classes of Raman modes. &, was assumed to be 1.33.

Due to disrupted spherical symmetry in the case of non-spherical particles, the polarization
insensitive SERS EF is expected to split into two (or more) geometry-dependent components. For
example, in the case of prolate spheroids, only the incident field polarized parallel to the long axis
results in the greatest surface fields [49]. Such electrodynamic calculations were performed already
in the 1980s and their understanding is a key for elucidation of the polarization-resolved optical
response of more complex systems such as elongated particles or nanorods (NRs), which will be
discussed in more detail in the second part of this section.

5.2. Local Field Distribution in Presence of Hot-Spots and Its Relation to Molecular Orientation

Unfortunately, the optical response of very few plasmonic systems can be computed as
straightforwardly as shown in Section 5.1. Both the experimental results as well as the theoretical
calculations show that electromagnetic field can be confined in nanometer-sized metallic clefts.
Analytical treatment of a two sphere system, performed already in the 1980s [50,51], suggests that
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molecules residing in a nanogap between the NPs are subjected to ~ 105x stronger electromagnetic
field in comparison to the field enhanced by one single NP. Due to mutual interaction,
electromagnetic field in such cavities is much larger than the sum of the fields caused by two non-
interacting spheres, which has been explained by strong electromagnetic coupling between the NPs,
giving rise to coupled plasmon resonances [13,35,52-54]. Coupled plasmon resonances are
characterized by much dramatic difference in responses to different polarizations. Such an extreme
enhancement occurs only if the incident polarization is along the interparticle axis. For light polarized
across the interparticle axis, the enhancement is almost negligibly different from its value at a single,
isolated particle [40,42]. Closer analysis shows that with NP radii of 45 nm (average size of the silver
NPs used) and the separation distance of d = 5.5 nm (diameter of a hemoglobin molecule, [52]), the
enhancement effect adds another ~ 2-3 orders of magnitude in comparison to isolated NPs and
further ~ 2-3 orders of magnitude after decreasing the NP gap down to ~ 1 nm, making the total EF
of ~ 10". Nowadays, SERS EFs of ~ 10''-10"2 are considered to be theoretical limits (for silver) on
account of the electromagnetic contribution, sufficient even for observation of single-molecular SERS
[55-57]. Not surprisingly, there often exists an inverse relationship between the EF and
reproducibility of the substrate used (“SERS uncertainty principle”).

The extremely spatially-localized sites providing extreme enhancement were dubbed hot-spots
in the literature [13]. However, geometry of hot-spots is not restricted only to two mutually
interacting spheres. Generally, for systems of aggregated particles with nanoscale crevices or
junctions where interparticle separation can be made very small, extremely localized regions of
ultrahigh enhancement were predicted [53] as well as experimentally demonstrated [56,58-60]. It
means that the enhancement in the gap region where majority of the electromagnetic energy is
packed completely overwhelms the surface average and produces the dominant contribution to
single-molecular sensitivity in SERS. Besides, theory also predicts very strong enhancement of the
electromagnetic field at sharp metallic tips and large curvature regions due to so-called lightning-rod
effect. In hot-spot dominated systems, information on the symmetry of the Raman tensor (or
molecular depolarization ratio, Equation (24)) is almost completely overridden by anisotropic pattern
of the nanostructures.

Let us take a closer look at the simplest case of a hot-spot—a dimer formed by two metallic NPs.
Let us adopt such a Cartesian system of coordinates that the dimer axis is parallel with the x axis as
depicted in Figure 8. In this case, the optical response of a molecule situated in the gap between the
two NPs is completely dominated by polarization in the x direction (Figure 9).

.,
/ -

-y

Figure 8. Geometry of a dimer. The Cartesian coordinate system is chosen so that the dimer axis lies
in the x direction, the excitation beam travells along the z direction with the incident polarization
making an angle 9 with the x axis. Scattered radiation is assumed to be collected in a backscattering
geometry, allowing only the polarization making an angle ¢ with respect to the incident polarization
(i.e.,, making an angle 9 + ¢ with respect to the x axis) to be detected.
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Figure 9. Local intensity enhancement M; = (7 ) in a logarithmic scale in a plane through the

centers of the Ag spheres and perpendlcular to the incident wavevector k versus incident
polarization: (a) 0°; (b) 30°; (c) 60° and (d) 90°. The incident wavelength was 514.5 nm in all cases. The
arrows represent the different polarizations. In (e), the SERS enhancement factor M = M7 is shown as
a function of the incident polarization & for a point in the nanogap located at the dimer axis § = 0.5
nm away from one spherical surface, and the fit (solid line) to a cos*a dependence. In (f), M averaged
over all points § = 0.5 nm outside the Ag sphere surface versus « and fit to a cos*a dependency are
shown. The radius R = 45 nm corresponds to the average size of the Ag nanoparticles used in the
experiment while the separation distance d = 5.5 nm corresponds to the diameter of a hemoglobin
molecule. Reprinted with permission from [54].

As already mentioned, the ratio of obtained intensities for polarization parallel/perpendicular to
the dimer axis may amount to 105. Therefore, the SERS response for polarization perpendicular to the
dimer axis can be neglected (the enhancement effect of the dimer is comparable to that of one isolated
particle in this case). Thus, assuming that the incident wavevector lies in the z direction, local field
strength for polarization making an angle 9 with respect the x-axis will be:

Eiocar = YE, cos 0. (54)

In other words, amplification of the surface field is of tensorial nature and can be expressed as:

y 0 0
= <0 1 0). (55)
0 0 1

The factor y represents amplification of the laser field polarized along the x-axis. Similarly to the
incident radiation, also the scattered radiation exhibits different coupling efficiency depending on
the angle made between the dimer axis. Thus, the local field should scale as ~ cos ¥ and the local
intensity as ~ cos?9. Assuming the backscattering geometry and for simplicity the same EF for both
the incident and the scattered radiation, respective intensities obey the following trends:
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1(180°, 155, 11) = 1(180°,|°,||') ~ cos*9, (parallel polarizations), (56)

1(180°,|1°¢, L") = 1(180°, L°¢,||') ~ cos?9sin®9, (crossed polarizations), (57)
and the depolarization ratio is:
p = tg?9, (58)

which diverges for 9 = 90°. In this crudest approximation, the depolarization ratio is determined
solely by the plasmonic nanostructures and is not by any way linked to the molecular depolarization
ratio.

The theoretical predictions above may be easily verified experimentally in the case of colloids.
Colloids may be regarded as a collection of randomly oriented hot-spots where the overall SERS
signal usually originates from a few molecules residing in the hot-spot sites and the rest occupying
the less enhancing sites [40]. Although an extremely small percentage (difficult to determine
precisely) of molecules actually cover the hottest sites, their presence is decisive for the total
enhancement [61,62]. Integration over random orientations of a collection of dimers in standard
azimuthal coordinates (Equation (5)) yields:

_ Jf cos®9sin®9 cos’pd 1
Bl [ cos*9 dn -3

p (59)
which is the expected value of the depolarization ratio observed experimentally [41,43]. Extremely
low detection limits for molecules adsorbed on hot-spot dominated SERS active systems opposed to
almost complete loss of more detailed information on the symmetry of the vibrations involved may
be viewed as another consequence of the SERS uncertainty principle.

Let us demonstrate some of the previous theoretical aspects on the Raman spectra of methylene
blue (MB) measured in our laboratory in both (90°, L%, L") (I,,,) and (90°,|]°, L") (I,;) experimental
configurations (Figure 10). MB was in the form of a water solution (concentration 10 M) and in
hydroxylamine-reduced Ag NPs (final MB concentration of 10 M), prepared by the standard
procedure [63]. In both cases the excitation wavelength was 532 nm, therefore both spectra should be
considered as preresonance ones. This brings certain difficulty with fluorescence and the need for
baseline subtraction in the case of non-SERS measurements, which makes determination of respective
peak intensities more difficult, however, all basic principles highlighting the differences in
Raman/SERS depolarization ratios are retained.

MB belongs to the C, point group possessing 108 normal vibrational modes distributed among
A and B symmetry species as [*N ¢ = 54A @ 54B (A denoting the totally-symmetric vibrations and B
the non-totally symmetric vibrations). Respective bands in Figure 10 are labelled as A or B on the
basis of theoretical calculations adapted from [64].

From Figure 10, several conclusions can be drawn. First, it is obvious that the most intense bands
in preresonance Raman (non-SERS) spectrum are almost entirely the A species, which is fully
consistent with the theory of resonance Raman scattering. Second, evaluation of the Raman
depolarization ratios reveals that for the A species p lies between ~ 0.19 and 0.23 while for the B
species p is up to ~ 0.45, approximately twice as much as for A. This is again in full compliance with
the theory according to which the depolarization ratio of symmetric vibrations (A) is always lower
than for non-totally symmetric vibrations (B). However, this difference in the depolarization ratios
between A and B species is wiped out completely when the measurement is performed on a silver
colloid where the depolarization ratios are (within the experimental error) all around 1/3, irrespective
of the symmetry of the vibration involved. Since at lower analyte concentrations, molecules are
expected to adopt sub-monomolecular surface coverage and tend stack up in multiple layers at higher
analyte concentrations, series of concentration-dependent polarization-resolved SERS measurements
while monitoring the depolarization ratios could represent a unique way to distinguish these two
regimes.

Figure 11 shows our results from concentration-dependent MB SERS measurements. Singular
value decomposition algorithm [65] based on factor analysis was employed to treat the spectral set.
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Figure 10. Polarized (preresonance) Raman spectra of methylene blue (MB) in a water solution
(excitation wavelength 532 nm; after fluorescence baseline subtraction) and corresponding
depolarization ratios (black dots). Symmetry species of respective vibrational modes are indicated in
the upper part. Comparison with the depolarization ratios obtained from hydroxylamine-reduced Ag
NPs is indicated by red dots (SERS spectra are not shown for better clarity). MB concentration was
104 M, laser power 100 mW, accumulation time 5 min.
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Figure 11. Results of factor analysis of concentration-dependent SERS measurements of methylene
blue (MB). Profile of the Vi1 coefficients reflects the variation in MB SERS intensity with concentration.
Profile of the Viz coefficients and the shape of the second subspectrum reveal a systematic decrease in
the ratio of EFs for B/A modes with increasing concentration (cf. Figure 10).
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Profile of the Vi coefficients reflects the variation in total MB intensity with concentration. As
expected, Raman intensity rises when MB concentration is increased from 10% M to ~ 106 M
concentration but starts to decrease when further increasing MB concentration, probably due to MB
aggregation and less efficiency in occupying the highest-enhancing sites. After normalizing the
original spectral set using the Vi coefficients, the Vi coefficients were found almost perfectly linear
(in a semi-logarithmic scale) with concentration with the second subspectrum highlighting the
differences between A and B symmetry modes. In other words, when increasing MB concentration,
the ratio of EFs for B/A modes is systematically decreasing. This finding clearly reveals a change in
MB adsorption geometry with concentration, adopting a face-on adsorptive stance at lower
concentrations and a preferable edge-on adsorptive stance at higher concentrations [64,66].

Efforts to make use of the enhancement capability of dimers are still very lively in literature,
which can be documented by numerous studies from the last years [67-74], benefiting from extremely
high enhancement between two adjacent metallic NPs or between a metallic NP and a substrate. A
very promising analytical tool for biosensing applications include DNA origami, [75-77] where NPs
with defined distance can be constructed. However, all these illustrations raise a question about
whether or not there exists a general rule to reveal some information regarding the Raman tensor
elements of the analyte (intrinsic properties of the SERS probes) by measurements on nanostructured
metallic surfaces. Correlation between the morphological anisotropy and symmetry of the vibrational
species was found in [78]. Using a well-established pyridine molecule, the authors demonstrated that
the in-plane (ring stretching) vibrational modes are sensitive to the morphological anisotropy while
the out-of-plane (ring deformation) modes are not. A more in-depth approach was developed by P.
Gucciardi et al. [31,39,43], who in his analysis went beyond the commonly used E* approximation.
For a hot-spot represented by a dimer with the axis lying in the x direction, the authors used the field
enhancement tensor in the form:

. y 0 0
Alw) = (0 1 0>, (60)
0 0 1
and the re-radiation enhancement tensor as:
. y(l+¢e) 0 O
Awse) = 0 1 0) (61)
0 0 1

where € is a small perturbation accounting for the difference between the enhancement for the
incident and the scattered radiation. The local field felt by the analyte and the amplified scattered
field are thus:

Elocal = Z(wi)ﬁi' ESERS = AH(wsc)Esc- (62)

These two fields are actually those that enter Equation (8). The theoretical SERS intensity for

many randomly oriented molecules as a function of the angle 9 and ¢ (see Figure 8) was found to be:
I ~y*(1 + £)%(a?)cos?9cos? (¥ + @) + y2(1 + ){a?)[1/2sin 29 sin 2(I + )] +
+yHaf)esind cos(@ + ) + sing]? + (af)sin?Isin? (I + ¢). (3)

Equation (63) indicates that the total intensity contains a term proportional to y* (E*
approximation) but also other terms beyond the E* approximation. More importantly, this equation
also suggests how the molecular depolarization ratio (the quantity corresponding to {a?;)/{af;) that
would be measured for a “free” molecule without the presence of metallic nanostructure) is
influenced by the EF and the experimental geometry. The diagonal terms of the Raman tensor of the
analyte are enhanced as ~ y* but the non-diagonal terms only as ~ y?, which suggests that with
higher y, the effect of the geometrical shape of the nanostructure will be dominant. Since the role of
the EF y in Equation (63) is crucial, virtually causing linearization of the polarization of both the
incoming and the outgoing light, it remains very difficult to verify this formula experimentally
[31,79]. More detailed discussion can be found in [31].
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5.3. Polarization Properties of Trimers and Aggregated NP Domains

Polarization properties of trimers have been studied in [80]. The third particle breaks the dipolar
symmetry of the two-particle junction, generating a wavelength-dependent polarization pattern,
which was not observed in the case of a dimer. In general, polarization-dependent profile of more
complex NP clusters is expected to exhibit multiple maxima and minima, often reflecting symmetry
of the nanocluster array [40] (Figure 12). If the enhancement at one specific point were monitored
(such as a gap between 2 adjacent NPs), full anisotropy would be observed. Although the SERS
characteristics of any single probe-adsorption were found to depend on polarization for trimers in
[81] as well as supported by finite-difference time-domain (FDTD) simulations, the periodic array of
regular Ag NP trimers was found to form a polarization-independent SERS signal. This fact was
attributed to a global structural Dsn symmetry of the nanopit area. The polarization independence
was even better as compared to large-area Ag nanowires and randomly disordered Ag NPs of uneven
size, producing clearly discrepant SERS signals under different incident polarizations. Thus,
supposing the surface is uniformly covered with an analyte, such clusters will show a considerable

degree of isotropy as a whole [58,82,83].
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Figure 12. A simple example of a cluster with quasi-isotropy. In this case an example of a 2D cluster
formed by three cylinders (radii = 25 nm) with a small separation gap (d = 6.7 nm) is shown. The
problem is solved in the electrostatic approximation, wavelength = 357 nm. The polarization is
changed in the plane for different angles  as shown in (a) where the electromagnetic intensity (on a
logarithmic grey-scale) is explicitly shown for the case f = 90°. A hot-spot in between cylinders 2 and
3 can be easily seen. If we look at the maximum enhancement at any point on the surface of the cluster,
there will always be a place that profits the most from the particular orientation of the field and we
obtain the curve labelled as ““total” in (b). The three maxima in the latter are the three possible two-
cylinder hot-spots in this cluster that achieve their highest value when the field is aligned along the
axis joining any two of them. If the surfaces were uniformly covered with analyte, an almost isotropic
response is obtained. The degree of isotropy increases with the complexity of the cluster. However, if
the enhancement at one specific point is monitored (in this case the enhancement in the gap in
between 2 and 3) we obtain the curve labelled as “single”” in (b) which shows the full anisotropy of
any single hot-spot. Adapted from [40] with permission from The Royal Society of Chemistry.

Similar conclusion was supported in [84] using arrays of NRs prepared by inkjet printing
technique, or by Shegai in [85]. Shegai attributed different depolarization ratios of different
rhodamine 6G bands adsorbed on silver nanocrystal aggregates to charge transfer resonances since
the electromagnetic field around the nanocrystals was found near-isotropic. A more theoretical
approach was adopted in [86]. Making use of the group theory, the authors showed that
a nanostructure that belongs to C: symmetry point group (n = 3) has an optical response that is
insensitive to the light polarization when the wavevector is parallel to the C» axis. Attempts have
been made to verify this claim experimentally using arrays of nanotriangles, nanostars and other
nanoobjects [87]. However, due to non-negligible relative standard deviation of the SERS
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measurements and the fact that the theoretical criteria mentioned above are not perfectly met, the
decision whether or not there exists a polarization-dependent pattern is often difficult.

5.4. Polarization Properties of Regular Solid Plasmonic Platforms

Considerations above can be analogously extended to many other plasmonic platforms
possessing anisotropic morphology fabricated using various procedures [88]. For example,
polarization properties of metallic nanocubes [89-91], arrays of silver NP rows [92], gold
nanoassemblies [93], metallic gratings structures [94], half-shells [95] etc. were studied in literature.
A frequently-studied SERS-active system from the point of view of polarization and angular
characteristics are arrays of elongated NPs appearing under different names in literature such as NRs
[96-99], nanowires [43,60,100-103], nanoantennas [104,105], nanorattles [106,107], nanobones [108] or
NP-nanowire systems [109-111] where the ~ cosd trends were often observed (Figures 13-15).
Published results indicate that the optical response for light polarized parallel/perpendicular to the
long axis of the nanoobjects (related to excitation of longitudinal plasmon modes (LM) or transverse
plasmon modes (TM), respectively) is indeed different. However, the SERS intensity profile with
varying angle/polarization is a function of a wide range of parameters, such as the dimensions of the
metallic objects, their aspect ratios and spatial arrangement, material (Ag or Au), the excitation
wavelength or orientation of the probe molecules on the surface [85,112,113], which resulted in
seemingly contradictory accounts appearing in literature. Last but not least, what hampers more
precise analyses of the angular and polarization effects is sample bleaching and photodecomposition
induced by the incident laser, which causes poorer reproducibility and brings further uncertainty to
the set of experimentally measured points. This aspect was usually resolved in the literature by
applying a correction assuming exponential decay of the SERS signal with time [81,97,109].
Polarization-dependent properties of SERS microarrays also found use in elimination of the
polarization insensitive spurious bands originating from the bulk material [94].
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Figure 13. Unpolarized SERS intensity of methylene blue adsorbed on gold nanowires (NWs) versus

excitation polarization 8 as measured in a backscattering geometry. SERS intensity was found

maximum for 6 = 0° (inset, black line), i.e., for incident polarization vector (denoted as €,,.) parallel

to the nanocavity axis 7,, and minimum for 8 = 90° (inset, red line), i.e., €,,, parallel to the NWs long
axis 71,. The SERS intensity profile was well fitted with the ~ cos?9 law (blue line), plus low order

terms (Equation (63)). Excitation wavelength was 633 nm, thus the SERS spectrum is considered as a
resonance one (SERRS). Adapted with permission from [43]. Copyright 2011 American Chemical

Society.
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Figure 14. (a): Polarized SERS spectra of trans-1,2-bis(4-pyridyl)-ethene (BPE) on Ag nanorod
substrates as a function of the incoming polarization angle measured in a backscattering geometry.
(b): Polarized UV/Vis/NIR absorption spectra. Cross-section of the NR array is schematically depicted
in the inset (inclination angle of the nanorods was ~ 71° with respect to the surface normal). Both
diagrams show the p-polarization direction with the incident polarization almost parallel to the major
long axis of the nanorods. The maximum SERS intensity was observed in the polarization direction
perpendicular to the long axis of the Ag nanorods, while the UV/Vis absorbance was strongly
polarized along the direction of the long axis of the NR array. Adapted with permission from [97].
Copyright 2006 American Chemical Society.

Although theory predicts the difference in the EFs for different light polarizations up to ~ 10°
(for an ideal structure [53,54]), in reality, this factor is much more modest. For example, the ratio of
SERS responses in the directions parallel/perpendicular to the NRs was found to be around 0.8 for
silver NRs as reported in [97]. This finding was attributed to the lateral arrangement of the NR lattice
and strong electromagnetic coupling between adjacent metallic NRs instead of preferential molecular
orientation of the probe molecule on the surface. A similar trend was observed for coupled metallic
nanowires [60], oriented silver nanowire films [101], silver nanowire rafts [100] or self-organized gold
nanowires [43]. In all these cases the SERS intensity ratios for light polarized perpendicular/parallel
with respect to the NR axes was found around 5 (see Figure 13) and explained by excitation of a new
plasmon mode trapped in the interstices between adjacent, parallel wires, similarly to the case of a
dimer. However, this only happens if the interwire distance is sufficiently small (< ~ 10 nm) [60]. By
contrast, antenna arrays similar to bent needles [104], nanorattles [106], single gold NRs [99] or
aligned Ag NRs prepared by a dynamic oblique deposition technique [98] were all found to exhibit
the enhancement higher for excitation light polarized parallel to the needle/NR direction than for the
perpendicular case. Such results were, on the other hand, usually rationalized by intense local
electromagnetic fields emanating from points of high curvature, such as NR tips (“lightning-rod
effect”) and the dominant role of the longitudinal plasmon modes. To sum up, the experimentally
measured polarization dependences often may be understood as a result of “competition” between
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the enhancement provided by longitudinal plasmon modes and by transverse plasmon modes. For
example, for NRs growing on a substrate in one specific direction as indicated in Figure 14, the
obtained SERS intensities are expected to be:

(~fan@ D + e - @D far @D +ara- @ D)) 64

where & is the unit incident field vector, 8¢ is the unit scattered field vector, [ is the unit vector
determined by the long axis of the NRs and a; and a, are factors determining the plasmonic response
to polarization parallel/perpendicular to the long axis of the NRs for the excitation light (unprimed
values) and the scattered light (primed values). The first bracket in Equation (64) accounts for the
enhancement of the incident radiation and the latter accounts for the enhancement of the scattered
radiation. What matters is which of the two factors a, and q|| is larger. In general, the answer to this
question is not uniform since it is extremely sensitive to the specific preparation procedure of given
plasmonic nanostructures. As a rule of thumb, for arrays of regular NRs stacked in close proximity
to each other (gap <~ 10 nm), the role of factor a, usually prevails. Similar conclusion holds true for
NP-nanowire systems. On the other hand, for rather isolated or well-separated NRs, the most
contributing term to the biggest SERS sensitivity will usually be the factor a;; [114,115].

Sensitivity of the plasmonic anisotropy to the excitation wavelength was investigated in more
detail in [116] where two different excitation wavelengths were used to study the polarization-
dependent SERS on anisotropic Ag NP array. The study demonstrates that SERS nanostructures can
possess completely different polarization characteristics when using two different wavelengths. The
cos?9 and sin?Y trends were found using the 514 nm and 647 nm excitation wavelength, respectively
(Figure 15). Completely different polarization characteristics were in good correspondence with the
dielectric function parallel and perpendicular to the long axis of the nanostructures as determined by
spectral ellipsometry. This approach is expected to open novel possibilities in biosensing applications
due to increase in the specificity of target detection by using multiple excitation wavelengths.
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Figure 15. Left: Setup for Raman measurements used. Middle: Normalized intensity of the 1079 cm™
band of 4-mercaptobenzonitrile (MBN) adsorbed on anisotropic Ag nanoparticle arrays created by
metal evaporation on rippled silicon substrates as a function of 8 obtained with the 514 nm (green
triangles) and the 647 nm (red squares) excitation. The respective solid lines correspond to fits of
a cos?8 (green) and sin?6 (red) function to the data. Right: Imaginary part of the effective dielectric
function of the Ag film parallel and perpendicular to the long axis of the ripples. Adapted with
permission from [116]. Copyright 2016 American Chemical Society.

5.5. Angular Dependences in SERS

As far as angular dependences are concerned, the situation in SERS is again more complicated
in comparison to classical Raman measurements (Figure 4) due to the presence of a third element—
the nanostructure, which imposes its own anisotropic pattern in the directional properties of the SERS
signal. Moreover, the term angular dependences itself is rather ambiguous since “angle” may be
understood either as the angle between laser wavevector/polarization vector and a specific
nanostructure, or as the angle determining the specific illumination-observation geometry in a way
analogous to that described in Section 3. From the point of view of the latter meaning, the vast
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majority of experiments have been performed only in backscattering geometry, which means that a
detailed inspection on the angular dependence of the SERS signal is somewhat exceptional in the
literature. However, possible optimization of plasmon-based sensors for maximum signal
enhancement relies, among other things, on the right choice of the excitation angle and/or the
scattering angle. Geometric reasons, such as change in the size of the illuminated area and possibly
different efficiency in collection of the scattered radiation must be also taken into account when
aiming to retrieve angular dependences [112,113,117]. This was often neglected. The issue of
optimum excitation and collection efficiency is of great importance also in the construction of optical
waveguides with the aim to minimize losses where coupling of the SERS field to the waveguide
modes must be carefully optimized. This approach is forecasted to open the way towards lab-on-a-
chip sensing systems, allowing multiplexed detection of extremely weak Raman signals on a highly
dense integrated platform [118,119].

A Dbasic idea of the simplest models trying to elucidate the SERS angular characteristics again
lies in the fact that the primary electric field felt by the molecule is the sum of the incident and the
reflected field, which induces an oscillating dipole in the adsorbed molecule. A modified Greenler
model [5] based on classical electrodynamic dipole radiation was used to explain the anisotropic
nature of tilted Ag NRs, producing maximum SERS intensities at approximately 45° relative to the
surface normal [96], but measured still in the backscattering configuration (Figure 16). Although the
length of the NRs used (~ 868 nm) was comparable to the excitation wavelength (785 nm) in this case,
the model was treating the surface of the NR as planar, neglecting the diffraction effect and
calculating near-field intensities using the Fresnel equations. Later, the authors upgraded their
model, assuming that the primary field at the NR surface is the sum of the incident and reflected
fields from the Ag NR and from the supporting Ag film. The authors showed that the presence of an
underlying Ag film plays a crucial role for the SERS enhancement due to its high reflectivity [120].
Although these simple considerations were proven to capture the essential angular characteristics in
SERS, NRs of subwavelength dimensions can be misleading to treat as planar as demonstrated in
[121]. There, a strong difference between the optical constants of the NR films and those of the
constituent materials were found using generalized ellipsometry (Jones formalism).
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Figure 16. Left: Schematic illustration of the modified Greenler’s model of an induced dipole on a Ag
nanorod: Case I, where the dipole is perpendicular to the incident plane; Case II, where the dipole is
on the incident plane. All the induced dipoles are perpendicular to the NR. Right: Representative
SERS spectra of trans-1,2-bis(4-pyridyl)-ethene adsorbed on the Ag NR substrate at different incident
angles 6. The peak intensity was strongest at the angle 8 around 45°, which was in agreement with
the model. Adapted with permission from [96].

Unlike optical constants of homogeneous materials, optical constants of nanostructured layers
depend (due to the presence of subwavelength structures) also on the incident angle. For example,
island-like Ag films in [122] exhibited uniaxial optical properties and NRs in [121] exhibited biaxial
properties with the complex refractive index different for different orientations of the incident angle
with respect to the NRs, similarly to the case of crystals [123]. A very similar conclusion was drawn
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from our work [112] where we showed that the optical constants of silver NR arrays are sensitive to
both the incident angle as well as rotation of the substrate by 90°. On the other hand, they were fairly
insensitive to flipping the substrate by 180°. Moreover, surface roughness or the presence of
plasmonic resonance may invoke a partial depolarization, i.e., a loss of coherence of the phase and
amplitude of the electric field [124]. These phenomena lie beyond the validity of the Jones model and
their full description requires using more complicated Stokes formalism [125].

An important contribution to angular- and polarization-resolved SERS was made in [113],
probing adsorbate-covered gold NPs immobilized on a metallic substrate (Figure 17). Mathematical
background combining local field enhancement tensor, intrinsic molecular Raman tensors and
rotation tensors has been developed in order to elucidate the surface coverage depending on the
analyte concentration. The authors also pointed out the role of the surface tension of the solution
used, preventing access of the analyte molecules in between the nanospheres in the high
concentration regime.
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Figure 17. Left: Scheme of the angular-resolved polarized SERS of aminobenzenothiol immobilized
on gold nanospheres. Right: Observed depolarization ratio (1) profile. The solid lines represent
different n profiles simulated for different 6.4, angles. Adapted with permission from [113].
Copyright 2012 American Chemical Society.

Another approach used for elucidation of polarization and angular dependences in SERS was
employed in our recent work using MB adsorbed on silver NR arrays [112] (Figure 18). Although the
nanostructures were morphologically anisotropic, the plasmonic properties around the excitation
wavelength used (532 nm) were found rather isotropic. Therefore, it could not be the main reason for
the anisotropic behaviour observed in the SERS experiments (anisotropy in the depolarization ratios
measured under selected configurations). Instead, difference in the depolarization ratios after
rotating the sample by 90° was attributed to different refractive indices along different directions
(obtained using spectral ellipsometry) and explained within the framework of the surface selection
rules. This fact was explained by slightly different periodicity along different directions instead of a
specific angle made between the NR axes and incident/collected radiation. These results enabled
quantitative analysis of MB Raman tensor elements, indicating that the molecules adsorb
predominantly with the symmetry axis perpendicular to the surface. Interestingly, the depolarization
ratio computed using Equation (24) produced the value of 0.29, which was in-between the
depolarization ratio of MB molecules measured in a water solution (0.22) and the value of 1/3,
predicted for a set of randomly-oriented hot-spots. It suggests that although the NRs were found
plasmonically isotropic, the role of hot-spots is still manifested in the value of the depolarization
ratio. The importance of the Fresnel mechanism-based enhancement at the metal-dielectric interface
has also been highlighted in [126] where the origin of the additional SERS enhancement was
explained on account of optical interference effects, giving rise to an enhancement ~ 3 times higher
than in the case of direct illumination. The role of the surface-selection rules in SERS has also been
experimentally demonstrated in [117] using a Nile blue molecule. By comparing the EF of various
modes and relating these to their bare Raman tensors, the molecular orientation on a flat gold surface
was inferred. Rich information about the Raman tensor components was obtained by SERS
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measurements as a function of the incident angle and both incident and scattered polarizations. The
authors reported the EF up to ~ 3, but still retained the term SERS for simplicity. In this case, the EF
was caused solely by the geometric factors and interpreted in terms of the Fresnel coefficients. This
concept was extended in [127], investigating the wavelength and refractive index dependence of the
geometrically enhanced SERS signal. In this approach, the effective optical constants of the
nanostructured metallic film were determined by spectral ellipsometry measurements, applying
a homogeneous uniaxial model. This approach highlights the need for application of the surface-
selection rules not only in the case of smooth surfaces, but also in the case of plasmonic
nanostructures.
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Figure 18. Upper left: Scheme of the experimental geometry used for polarization- and angular-
resolved SERS on silver nanorod arrays using methylene blue (MB) as the probe molecule. Lower
part: Depolarization ratio profiles for the 1628-cm™ MB band for different angular arrangements
(colour points) and their fit by the surface-selection rules with pseudo-refractive indices obtained
from ellipsometry measurements (lines). Excitation wavelength was 532 nm. Upper right: Real and
imaginary part of pseudo-refractive index fi = n + ik of silver NR arrays and their variation with both
angles as measured by standard ellipsometry [112].

5.6. Plasmonic Anisotropy in Polarized Absorption and Emission and Their Influence on SERS

Anisotropic optical response of morphologically anisotropic plasmonic nanostructures is not
only restricted to SERS. Polarization dependence of plasmon-enhanced fluorescence on individual
Au NRs was reported in [99,128], producing maximum intensities with the excitation polarization
oriented along the NR axis. Intensity profile obtained when the angle between the excitation
polarization direction and the NR axis was varied was well fitted by a cosine squared function
together with an exponential decay. Very similar trends were observed in [129] using Au NRs of
different aspect ratios, or from a single Ag nanowire in [130]. Contradictory results appeared in [101].
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Other instances where plasmonic anisotropy of metallic substrates is manifested include
absorbance or reflectance measurements. Although the SERS properties of plasmonic nanostructures
are very often derived from absorption or reflection measurements, this relationship works well only
in the average SERS regime where the role of hot-spots is rather negligible, such as regular arrays of
isotropic silver nanoislands [131]. In the case of more complicated (typically anisotropic and/or hot-
spot dominated) plasmonic nanostructures, little correlation between these two phenomena (“near
field” and “far field” properties of SERS substrates) was found [132,133]. Anisotropic SERS response
surely is, in a more or less straightforward way, manifested in polarization-resolved absorbance or
reflectance spectra with the difference in absorbance for different light polarization often even more
pronounced than in the case of SERS. However, the exact relationship between the polarization
providing the highest SERS enhancement and the polarization exhibiting the highest absorbance (or
transmittance/reflectance) remains highly non-trivial.

In the case of NR arrays, absorbance typically features a sharp transverse peak (for Ag generally
below 400 nm) and a red-shifted broad longitudinal peak which spill one into another when rotating
the polarization direction [97,112,134]. For aligned silver NRs in [98], the magnitude of the SERS
enhancement and of absorbance of the same polarization were almost a perfect match (Figure 19)
with the biggest response provided by polarization along the NRs. Counterintuitively, in the case of
metallic grating structures [94], light polarization exhibiting the biggest transmission was also found
to dominate in the SERS spectrum over perpendicular polarization for which the transmitted
intensity was lower. Such trends were also found for silver NR arrays in [97], although a bigger SERS
response was found for polarization perpendicular to the adjacent NRs. In a more elaborate study
[135], the authors investigated changes in absorbance and its polarization characteristics as a function
of the NR height, concluding that smaller NRs are rather isotropic. With the increase of the NR size
(>1000 nm), absorbance splits into at least two plasmon resonant modes.
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Figure 19. Left: The absorbance spectra of the Ag NR arrays tuned to the Raman spectroscopy at
excitation wavelength of 785 nm (1.58 eV). The incident light was either p or s polarized, where an
electric field vibrates parallel or perpendicular to the deposition plane, respectively, as shown
schematically in the upper right box. Right: Polarization dependence of the Raman spectra (a) and
the peak intensity at 1014 cm™ (b). The polarization dependence of the absorbance at the wavelength
of 785 nm is also shown (b). Adapted with permission from [98].

The works mentioned above suggest that in the case of metallic NRs, the basic features or
polarization-resolved absorbance is influenced by the specific preparation procedure of a given
nanostructure less than polarization-resolved SERS. However, it has to be emphasized that
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polarization-resolved absorbance has been studied less intensively in literature than polarization-
resolved SERS and many aspects regarding their mutual correspondence are yet to be fully resolved.

In a study devoted to angle resolved SERS on metallic nanostructured plasmonic crystals [136],
a correlation between plasmon-related absorption in the reflectivity and the Raman enhancement
with the varied angle of incidence was found. The need for absorbance or reflectance spectra may
also be supplemented by ellipsometry measurements [112,116,127]. Although the plasmonic
properties of silver NRs in [112] were found rather isotropic using the 532 nm wavelength, a clear
distinction between the extinction profiles (computed using the ellipsometry characteristics) after
rotating the sample by 90° was observed. This distinction was attributed to different periodicity in
different directions as the NRs used were almost perfectly aligned in one direction, but still exhibiting
slight deviations from the perfectly-ordered state in the perpendicular direction. This slight
inhomogeneity was reflected in the inhomogeneously broadened longitudinal plasmon peak and was
found responsible for orientation-dependent depolarization ratios of the adsorbed molecule,
although the extinction profiles suggested rather plasmonic homogeneity. In [116], the SERS response
for two different wavelengths was in agreement with the imaginary part of the effective dielectric
function of the Ag film.

6. Conclusions

In this review, we have focused mainly on polarization and directional/angular characteristics
occurring in Raman spectroscopy and surface-enhanced Raman spectroscopy (SERS) on anisotropic
metallic nanostructures. We have summarized basic formulas for Raman intensities as a function of
light polarization and angular arrangement used for both liquid samples as well as crystals. We have
demonstrated that polarization- and angular-resolved measurements allow one to retrieve
information on the (orientation-averaged) Raman tensor components, which are useful for symmetry
determination and/or obtaining information regarding the molecular orientation. The complexity of
this problem rises when molecules are adsorbed in the vicinity of nanostructured metallic surfaces,
where not only coupling between light and molecules, but also (and often mainly) between light and
the anisotropic NP arrays determine the total intensity profile. The observed spectral pattern results
from interplay between the material used, size and shape of the nanoobjects, their spatial
arrangement as well as the excitation wavelength used. Periodicity of the NP array is also deciding
since it is manifested in the NP optical properties, which in turn influences the SERS signal. Since
details of the NP fabrication are often very subtle, this process is very difficult to reproduce and
therefore the exact results often vary in literature. It is one of the reasons why all aspects of
polarization- and angular resolved measurements are not yet fully understood and remain a
challenge for future research. It is expected that study of the polarization and angular properties of
molecules on plasmonic nanostructures will contribute to a deeper theoretical understanding of the
enhancement mechanism. It will also provide a theoretical background for the design of plasmon-
based molecular sensors for maximum signal enhancement.
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Abstract

Development of surface-enhanced Raman scattering (SERS)-based sensing platforms has
recently received increasing attention, which relates mainly to the improvement of the Raman
detection sensitivity. The commonly studied SERS platforms are based on Ag or Au
nanostructures that both exhibit localized surface plasmon resonance (LSPR) responsible for
SERS enhancement in the visible spectral region. In this study we demonstrate that sequential
deposition of Ag and Au significantly enhances SERS signal as compared to single metal
nanostructured coatings, which is connected with the possibility to increase LSPR intensity

without alteration of its position in the case of Au/Ag coatings.
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1 Introduction

Since its discovery in the 70s of the last century [1-3], surface-enhanced Raman spectroscopy
(SERS) has become one of the most attractive techniques for molecular detection [4,5]. This
is not only due to the high molecular specificity but also due to very low detection limits of
SERS that make this technique applicable even for the single-molecule detection [6-9]. It is
generally recognized that although the short-distance chemical enhancement may promote the
SERS effect [10], the dominant contribution to the SERS enhancement is due to the
electromagnetic effect [11]. This phenomenon arises from enhanced optical fields due to the
excitation of electromagnetic resonances in the nano-sized metal structures — localized surface
plasmon resonances (LSPRs) [12]. However, in spite of enormous progress in the field of
SERS in the last decades, the development of platforms for SERS still remains an active area
of research that which to the possibility to produce robust, cheap, easy-to-use materials with
sufficiently high enhancement of the Raman signal with good uniformity and spectral

reproducibility.

Due to the fact that the LSPR and consequently the SERS enhancement can be tuned by the
size and the shape of the metallic structures [13], main attention has been devoted to the
production and testing of metallic nanomaterials with architectures that offer good SERS
performance. Large number of different “top-down”, “bottom-up” or template-assisted routes
were already applied for the production of single metal SERS-active nanostructures (usually
silver, gold and copper that exhibit LSPR in the visible spectral region) [14]. They involve for
instance nanorods, nanoparticles, nanoislands or nanoplates with different shapes [15-23].
However, properties of LSPR depend not only on the size and the shape of the produced
nanostructures but also their chemical structure has to be considered. The advantage of silver
is the biggest SERS scattering cross section out of all metals [11]. On the other hand, gold
may be sometimes preferred due to its chemical inactivity, lower susceptibility to oxidation,
high affinity to specific molecular groups and biocompatibility. From this point of view, bi-
metallic materials prepared typically in the form of alloy or core@shell nanoparticles,
nanorods or nanostructured films represent highly interesting option for the production of

SERS-active materials with enhanced performance [24-36].

In this work we present simple, two-step strategy suitable for the production of bi-metallic
Ag/Au nanostructured coatings which is based on the magnetron sputtering. As shown on the

example of methylene blue, selected as a testing molecule in this study, sequential deposition



of Ag and Au significantly improves the SERS signal as compared to single metal

nanostructured coatings.

2 Experimental

2.1 Sample preparation

Silver and gold nanoislands were prepared in the deposition chamber equipped with a DC
water-cooled magnetron with 2-inch Au or Ag targets (both sourced from Safina a.s.). For
both metals, magnetron sputtering was performed in an Ar atmosphere at a pressure of 4.3 Pa.
The distance between the DC magnetron and the sample holder was 7 cm. For the preparation
of Au nanoislands the DC magnetron current was maintained at 50 mA (voltage on magnetron
315 V), while for the deposition of Ag nanoislands the DC magnetron current was 30 mA
(voltage on magnetron 256 V). At these working conditions, the deposition rate of gold and
silver nanoislands was 8 nm/min and 5 nm/min, respectively. The deposition time was limited
to 30 seconds as longer deposition times led to the formation of a homogeneous continuous
metal film. For the fabrication of bi-metallic samples, step-by-step deposition of Au or Ag
nanoislands was performed. We used either glass slides (soda lime glass, 1 mm thick,
Marienfeld) or one-side polished Si wafers (OnSemi, <100>, thickness 525 um) as substrates.
In order to ensure the same properties of deposited nanoisland films, both substrate materials
were pre-coated with 40 nm thick C:F smooth films produced by RF magnetron sputtering

from polytetrafluoroethylene (PTFE) target in an Ar atmosphere (details may be found in
[23]).

2.2 Sample characterization

Optical properties of prepared samples were determined by UV-Vis spectrophotometer
Hitachi U-3300 in the spectral range from 325 nm to 900 nm. Glass slides were used as
substrates in this case. The surface morphology of prepared structures was investigated by
scanning electron microscopy (SEM, TESCAN Mira 3, 15 kV accelerating voltage). The
elemental composition of the produced nanostructures was determined from the X-ray
photoelectron spectra (XPS) acquired by an XPS spectrometer that consists of Al Ka X-ray
source (Specs, XR-50) and a hemispherical electron analyzer (Specs, Phoibos 100). The
spectra were measured from 1100 eV to 0 eV with a pass energy 40 eV and energy step 0.5

eV.



2.3 SERS measurements

SERS testing was carried out using methylene blue (MB, Sigma-Aldrich) selected as a testing
molecule. Si wafers were used as substrates in this case. Before SERS measurements, the
substrates were dipped in MB aqueous solution diluted to the concentration of 1x10¢ M for
30 minutes, then removed from the solution and dried by an air stream. SERS spectra were
acquired at room temperature by means of an integrated confocal Raman microscopic system
LabRam HR800 (Horiba Jobin-Yvon). The Raman microscope was equipped with

a diffraction grating with 300 grooves/mm and a liquid nitrogen cooled CCD detector. He-Ne
laser (wavelength 632.8 nm) was used as an excitation source. The beam was focused onto the
sample to a spot of approximately 1 um diameter, using a 100x objective with the numerical
aperture 0.9. Scattered radiation was collected in a back-scattering geometry and filtered by
an edge filter for Rayleigh rejection before focusing it onto the 100 um entrance slit of the
spectrometer. All SERS spectra presented in this study were collected with the laser power at
the sample of 0.02 mW. For each sample, array of 10x10 spots (increment 5 pm) on the

substrate was measured and statistically processed.

3 Results and Discussion

The first step of this study was the characterization of single metal nanostructured coatings
from the point of view of their morphology and optical properties. In agreement with previous
studies (e.g. [37-40]) island growth mode of Ag and Au nanoislands was observed. This
growth mode supposes several consecutive phases [41,42]. In the initial one, the metallic
atoms arriving from the gas phase diffuse on the substrate until they meet a second diffusing
adatom and create a stable dimer. Such created dimers serve as condensation nuclei that
capture new incoming atoms that in turn give rise to the many small nanoislands randomly
distributed all over the substrate. As soon as the surface density of formed nanoislands
reaches a sufficiently large value, i.e. when the probability that a diffusing adatom encounters
already formed nanoisland is bigger than the probability that the diffusing adatom meets one
of other diffusing adatoms, any further deposition will lead to the island growth. In other
words, in this second phase, created nanoislands grow in their size with increasing fluence of
metallic atoms (deposition time). Examples of nanostructures produced in this phase are
presented in fig. 1A and fig. 2A for silver and gold, respectively. Moreover, due to the non-
wetting behaviour of gold and silver on fluorocarbon substrates the growing nanoislands tend

to minimize their interface to the surface which leads to the formation of structures with hemi-



spheroidal geometry [43]. When the fraction of surface covered by nanoislands reaches about
one half, the third phase starts in which the nanoislands start to coalesce. This leads both to
the reduction of the number of nanoislands and to the increase in their size. Examples of
nanostructures typical for this phase are shown in fig. 1B and fig. 2B. At this point it is
important to note that for approximately the same amount of deposited gold and silver",
formed Ag and Au structures are very similar — according to the statistical analysis of
acquired SEM images the surface coverage for Au films deposited for 12 seconds and Ag
films deposited for 25 seconds is in the range from 55% to 61% and the mean size of
individual grains is between 500-700 nm?. Further prolongation of the deposition time
subsequently leads to the formation of interconnected metallic network and finally to the

creation of a continuous film.
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Figure 1. SEM images of Ag nanostructures produced by magnetron sputtering with
deposition time A) 10 seconds and B) 25 seconds. C) UV-Vis spectra of produced Ag

coatings for different deposition times.

T The difference in deposition times for Ag and Au coatings is due to the almost two times higher deposition rate
of gold as compared to silver at the selected operational conditions.
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Figure 2. SEM images of Au nanostructures produced by magnetron sputtering with
deposition time A) 6 seconds and B) 12 seconds. C) UV-Vis spectra of produced Au coatings

for different deposition times.

The above described evolution of the morphology of Ag and Au films with the deposition
time has a strong impact on their optical properties. As depicted in fig. 1C and fig. 2C,
increasing deposition time causes for both metals shift in the position of the LSPR towards the
higher wavelengths. Observed red-shift in the LSPR is consistent with previous studies that
reported variation in the LSPR peak in dependence on the size [44] and mutual distance
between individual metallic nanostructures [45]. This phenomenon is rather advantageous
with respect to the possibility to tailor, at least in a certain spectral range, the position of the
LSPR peak and thus to optimize the SERS performance of the coatings depending on the
excitation wavelength and a tested biomolecule used. Indeed, significant variation in intensity
of the SERS signal with the change of the position of the LSPR peak was observed (see Fig.
3). For both metals the signal initially increases with the deposition time which is

accompanied by the shift of the LSPR peak and increase in its intensity. The optimal LSPR



position was found to be between 600-680 nm and 670-697 nm for silver and gold,
respectively. In the latter case (gold), the maximal SERS signal seems to be red-shifted from
the excitation wavelength (632.8 nm), which was observed previously in SERS study of
porphyrin adsorbed on immobilized Au nanoparticles [46]. In the case of silver, evaluation of
the optimum LSPR condition is less precise as small increase in the deposition time leads to
significant change in the spectral position of the LSPR maximum. This is also due to rather
broad LSPR curves. Under the optimum conditions, the maximal SERS signal on silver is ~

5% bigger in comparison to gold, which is in agreement with previous studies [5].
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Figure 3. SERS intensity of MB peak at 1632 cm! that corresponds to vibrations of C-C ring
on A) silver and B) gold nanostructured coatings. The numbers display the wavelength of the

maximum of the LSPR peak.

The results presented in fig. 1C and fig. 2C clearly show the main limitation of magnetron
sputtering of single metals — it is impossible by this technique to control independently the
position and the intensity of LSPR peak as these two parameters are coupled. In order to test
the possibility to vary these two parameters independently by use of bi-metallic coatings,

further experiments were focused on the two-step deposition procedure. The substrates were



first seeded with gold nanostructures that were in the second step overcoated with silver. In
these preparations the deposition time of the base gold layer was fixed at 12 seconds, i.e. the
deposition time that offered the highest SERS signal of pure Au coating, and only the
deposition time of Ag was varied (from 3 up to 30 seconds). The examples of SEM images of
such produced nanostructured coatings are given in fig. 4A and fig. 4B. As can be seen, the
resulting structures had almost the same character as the bare Au coating deposited for 12
seconds (compare with fig. 2B) independently of the deposition time of silver. Furthermore, it
was found that the surface area covered by the Au/Ag nanostructures stayed for almost all
deposition times very close to the one observed for Au. Only in the case of the longest
deposition times a slight increase in the surface coverage by Au/Ag was observed (e.g. for
Au/Ag with 12 seconds of deposition of Au followed by 25 seconds deposition of Ag the
surface coverage was 64%). Analogously also the mean size of the grains remained
comparable for Au and Au/Ag coatings. In other words, the nanostructures do not grow
laterally, but they grow mainly in the direction perpendicular to the substrate. This was
confirmed by AFM measurements that revealed a slight increase in the mean height of the
coatings with increasing deposition time of Ag on Au nanoislands (data not shown). This
finding may be explained by the assumption that silver preferentially grows on gold
nanoislands and does not fill the voids in between them. It is consistent also with the XPS
data. As depicted in fig. 5, the increasing deposition time of Ag on top of Au coatings causes
an increase in Ag/Au ratio, but at the same time the signal coming from F that is present in the

base layer stays constant, i.e. the C:F layer is still visible by highly surface sensitive XPS.
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Figure 4. SEM images of Au nanostructures overcoated with Ag. Deposition time of gold
was 12 seconds and deposition time of silver was A) 10 seconds and B) 25 seconds. C) UV-
Vis spectra of produced Au/Ag coatings with fixed deposition time of pre-coated gold (12

seconds) and different deposition times of silver overcoat.
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The fact that the Ag deposition over Au nanostructures does not increase dramatically the
lateral size of resulting nanostructures implies that also the mean distance between the
individual nanoislands remains almost unchanged. Furthermore, as the effective thickness of
deposited silver corresponds only to 2 nm for the longest Ag deposition time (30 seconds), we
can conclude that also the height of produced nanoislands is not substantially changed. This
has a strong impact on the optical properties of produced coatings. In agreement with the
previous study [47], owing to the good miscibility of silver and gold, Au/Ag coatings exhibit
a single-peak LSPR (see Fig. 4C). In addition, due to the very similar morphology of Au/Ag
nanostructures with different Ag fraction, the position of LSPR peak does not change except
for the longest Ag deposition times for which slight deviation in the size of Au/Ag
nanoislands was observed. The only change is thus for Ag deposition times up to
approximately 20 seconds when the LSPR intensity increases with increasing amount of

deposited silver.

The possibility to obtain the higher LSPR intensity without the necessity to change its
position enables to improve also the SERS performance of the produced nanomaterial. This is
demonstrated in fig. 6A where intensities of MB peak at 1632 cm™! are plotted in dependence
on the deposition time of silver over Au nanostructures. As can be seen, the SERS signal
rapidly rises when the silver fraction in the nanostructures increases. After reaching the
maximal value for the deposition time about 15 seconds, the detected signal starts to decrease
with further addition of Ag. This may be explained by slight shift of the LSPR from its
optimal position. In order to highlight the advantageous properties of bi-metallic coatings
SERS spectra recorded on optimized Ag, Au and Au/Ag nanostructures are presented in fig.
6B. According to these spectra, Au/Ag nanostructured films offer almost 4 — 20x higher

SERS signals as compared to single silver and gold coatings, respectively.
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Figure 6. A) Dependence of MB SERS intensity (peak at 1632 cm™') on the deposition time of
silver for Au/Ag bi-metallic nanostructured coatings. B) Comparison of SERS spectra of MB

for optimized Au, Ag and Au/Ag nanostructured coatings.

4 Conclusion

To conclude, we have demonstrated that it is possible in the case of Au/Ag bi-metallic
nanostructured coatings to tune in a certain range independently the position and the intensity
of LSPR peak. It is not attainable for single metal Ag and Au coatings prepared by the same
technique. This difference is connected with different growth modes of Ag and Au coatings
on one hand and Au/Ag coatings on the other hand. In the case of single metals, increasing
deposition time leads to substantial increase in the size of formed nanoislands and to lowering
of the mean distance between them. Both of these effects in turn contribute to the
bathochromic shift of LSPR. In contrast, when Ag is deposited on a substrate pre-coated with
Au nanoislands, no significant variation in the sizes and distances between individual
nanoislands was observed for short Ag deposition times. It is due to the preferential vertical
growth of Ag on top of Au nanostructures. The same morphology of different Au/Ag coatings
then results only in the change of LSPR intensity and has negligible influence on its spectral

position. Finally, the possibility to increase the LSPR intensity with fixed LSPR position by



Au/Ag coatings was demonstrated. It also improved the SERS performance as the Au/Ag bi-

metallic coatings offered much higher SERS signal as compared to Ag and Au ones.
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